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WELD DEFECTS MAT. 87
DEFECTS IN MILD OR LOW ALLOY STEELS

Should introduce by saying that defects can be introduced as the fault of operator technique,
weld settings, faulty equipment, wrong choice of equipment. First two are most usual, third
growing with automatic welding.

Aim should be to produce defect free welds, which means careful control at all stages i.e.

(1) Design and Drawing Office - detailed for welding with full information, dh welding where
possible,

{2) Selection of materials-.optimum weldability consistent with properties.

{3) Preparation of materials - cutting to size, edge preparations, cleanliness.

{4) Equipment - must be adequate for job, well maintained.

(5) Welding-correct preheat, welding conditions, efficient welder, supervision,electrodes.

{6) Post-heat treatment, (stress relief or anneal etc.) - correct control-can get cracking if
heating too rapid.

(7) Inspection- use of various methods where justified.

Use of detailed records (allocate responsibility), inspection.
DEFECTS IN ARC WELDS

1. Incomplete penetration

Weld metal fails to reach root of joint or to fuse with root faces of parent plate-voids or
slag in root.

Penetration depends on correct electrode size and type in relation to joint (N. B. Penetra-
ting power of electrode must also be considered e.g. - close butt welds need deep penetration
electrodes.), correct welding current, suitable joint preparation to allow proper proper mani-
pulation of electrode. Accurate joint preparation and fit up essential and should be specified.

To obtain complete penetration for double V or V preps. (butt welds) may be necessary to
chip out or flame gouge the root of first run - this is normally always carried out on high class
work (Class I).

In fillet welds too large an electrode can give lack of penetration but the use of a small
electrode does not necessarily give an improvement. Should use largest possible electrode
consistent with ease of manipulation and heat capacity of work. Slag inclusions and cracking
frequently associated with . this defect in fillets - with very low current may merely bridge gap.

Where practicable welds should be made in DH position - use of positioners.
Automatic welding requires care that
machine accurately follows joint - or get

offset welds, i.e,

Incomplete penetration causes local stress concentrations at root and under pulsating or
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MAT. 87

fluctuating loads will seriously reduce fatigue life. May also reduce strength through shear
lack of metal. but not generally serious. Mzy reduce impact strength.

This defect can only be corrected by completely removing defective seam. Surfaces should
be re-cleaned and room altered fer necessary manjpulation of electrode,

2. lLack of Fusion

Discontinuity betwen weld metal and parent metal, or weld metal and weld metal (i.e. lack
of inter-run fusionj,

Get boundaries of unfused metal, sheuld rot be confused with incomplete penetration.

This defect results mainly {rom presence of oxides, slag, scale or other non-metallics which
prevent underlying metal from reaching melting point. Can normally be avoided by ensuring cleanli-
ness of joint -with multi-runs careful attention should be given to deslagging betwean runs. If
individual runs are bad'y plsced or surfaces hinder deslagging they shouid be chipped or ground.
Care needed on welding current, too low frequently gives lack of fusion but if too high may give
excessive deposition rate which may cause cperator to increase welding speed so that underlying
weld is not heated to melting point,

Defect tends to reduce both fatigue and static strength of joint {impact if in right direction).
Again defect can only be rectified by removing the seam and rewe lding.

3. Undercut

Groove or channel in parent meta! along a toe of the weld. Gives continucus ov intermittent
reduction in section of parent plate., May occur in parent plate at toes of welds or at fusion
faces of multi-run weids - butt or filler,

Defect commonly associated with excessive weiding currext but may be czused by incorrect
technique such as too high 2 speed, excessive weaving or wrong angle of electrode. May some-
times be due to inherent welding characteristics of electrode, use of damp electrodes or presence
of heavy mill scile,

Fatigue strength reduced even by very slight undercut, Slight 2nd intermittent undercut
has no effect on static strength.

Fault may be corrected by adding weld metal where it cccurs. Deep undercut, especially
if slag present, must be chipped befere further deprsition, or will give incomplete fusion. Final
control of weld should rot be greatly zltered.

With high tensile steelis correct welding procedure should be used at all times.

4. Edge of Plate Melteda Off /Lap Joint} Meiting of free
edge of lap welds,
Particular case of incorrect weld size and profile = reduction
in thickness of plate and reduction in throat thickness.

b =



MAT. 87

Caused by incorrect manipulation of electrode, insufficient lap or using electrode that is
too large for plate thickness. To avoid melting exposed corner the sze of the weld should be
1/16" less than the edge thickness.

Effect on static and fatigue strength of lap or strap joint is reduction in so far as reduction
in true throat thickness. Corrected by additional run or runs to restore throat thickness to
requiredsize.

. OVEI'lap

Imperfection at toe of weld caused by overflow of metal on to parent plate without fusion.
May exist at isolated points or occur continuously. Often associated with fillets where it gives
an
apparent increase in weld size.

Caused by incorrect electrode manipulation
in flat or HV welds allowing weld metal to flow away
from fusion zone. Too large an electrode for welding position can cause it. Too low a weldinz
speed can also cause this defect.

Single run fillets over 5/16' in leg lenth, if made in HV pos. tend to sag and cause overlap
at toe of horizontal leg. Should use more than 1 run for this size of fillet,

Not a serious fault in stati ¢ loading but under pulsating or fluctuating loads act as stress
raisers and should be corrected.

Overlap can be removed by grinding away excess weld metal but care needed to leave smooth
bead and avoid deep grinding marks.

6. Slag Inclusions

Slag or other foreign matter entrapped in weld. Refers to any nonmetallics, Usual source
is slag formed by electrode coatings but also could form if weld faces, etc. are not clean. i.e.
heavy scale, loose rust, dirt and geit.

May be forced in by the arc during welding, in which case it will generally be finely dispers-
ed or it may be trapped in cavities caused by undercut or uneven or convex precceding rungs. In
latter cases it will appear as long line of slag.

Light scale oxide from gas cutting, light oil layer generally not important but heavy stuff
must be removed. Fusion faces should be smooth and free from irregularities that could cause
pockets.

Welding characteristics of electrodes are important, particularly slag viscosity which affeds
ease of control. Slag should float free and be easily removable after solidification.

Wire brushing and light chipping should remove slag but heavier chipping may be needed with
irregular weld surfaces or if the wrong electrode currents and voltages have been used. Often
associated with lack of penetration,



MAT. 87
For lower runs in V groove the weld bead should have flat or slightly concave surface.
Sm:zil globules of s'ag wi'l not affect static or even tatigue strength but izrge irreguiar
or elongated lines of inciusions may reduce strength. These may also give rise to radiating

hair line cracks. Source of brittle fracture,

Minor inclusions need nct be removed but 'onger inclusioss need chipping, cleaning and re-
welaing,

7. Porosity
Gas pores in 5 weld may cause:

(@) Piping (worn hole} - elorgated or tubular {trapped gas\
‘b} Blowheoles,

Piping and lirge blow holes (sometimes partialiy filled with slag) are fairly rare, but small
scattered or clustered porosity i1s quite commen,

Caused by enfrapment of gas evolved during welding, Composition of piate znd wirve important
especially S content excessive moisture 1n cove ring cr scale on weld preparation also casuses.

Use of low welding current, too long or too short an are and otker factors which promcte
rapid freezing promote porosily - scmetimes advisable to "puddle'’ welid metal.

Small finely dispersed porosity not generally effective in reducing static or fatigue strength
but dense porosity or very large pores can considerably reduce load carrying avez and act as
stress riisers.

Excessive porosity must be removed and the joint re-welded,

8. Cracks

Discontinuities caused hy tearing of meizl abeve solidus, tearing “hen in plastic oondition
or frzcture when cold,

May occur in weld metal or haz of plate,

Weld metal cracks may be classitied - longitudinal transverse . crater or hairlire {eften
associzted vith slagh,

The cracks mey be longitudina! (adjacent to edge of weld seam). transverse (which often
originate from weld eracks) or "under-bezd',

‘a) Weld Metal Cracks - caused by highly localised stresses in the joint arising from shrinkage
of weld meta! and resistance to movement of parts during welding - therefore necessary to give
censideration to joint conditions @nd degree of restraint oppos g movement czused by weld
shrinkage. Oraer of assembly should allow shrinkage to take place as freeiy as possible.
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Size of individuzl runs should be large enough to withstand shrinkage stresses. This is
particularly important in welding of heavy plates or sections or under restraint. Rapid cooling
increases tendency to cracking.

Badly fitted parts or incorrectly prepared joints frequently result in lack of fusion and
penetration or slag inclusions, and these may initiate ""hair~line' cracks which can then propo-
gate through the weld.

Longitudinal cracks more likely to occur in first layer of weld, if not cut out may propogate
‘one of reasons for back chipping). Cracks often result from poor shape or position of deposi
in vhich case it may be necessary to change welding procedure. Long cracks may also originate
from crater cracks and deep craters should be avoided (craters should be examined and chip-
ped where necessary). '

Transferse cracks generally associated with joints having high degree of restraint and may
extend into parent plate haz, especiallyi haz has hardened appreciably during welding.

S content of most commercial mild steels does not normally affect weldability. Excess S
n plate or core wire may cause weid metal cracking however due to low m. pt. ulphides.
Ohter impurities, e.g. Ni, cu, can cause hot cracking.

With automatic welding crater is often large and should therefore use run off plates (manual
a4s well on occasiensy, These plates should be same thickness as joint. - should be welded for
full width to prevent seam opening up during welding and causing cracking.

Crater cracks

I, Parent metal Cracking - normally associated with high tensile steels {medium C, low alloy
or high alloy steelsj but may occur in thick sections of mild steel. Cracks generally within hard-
ened haz and sre atributable to composition of parent plate associated cooling rate after welding
and degree of restraint, thickness of plate rate of heat input, atmospheric temperature.

Bardness of haz results from rapid cooling after welding and so increases with thickness of
plate /rapidity of heat dissipation). Danger of cracking increases, therefore with plate thick-
ness especially in joints of high restraint, therefore rate of cooling should be retarded to avoid
formation of excessively brittle zone and reduce rate at which shrinkage stresses are developed.
Reduction in cooling rate can be achieved by pre-heating, immediate post-heating or increasing
rate of heat input by means of suitabe welding procedure, e.g. large runs, heavy weave. Multi-
run welds should be deposited so that heat is maintained in surrounding plate and succeding
runs made as soon as possible,

Small tack welding of hardenable steels should be avoided if preheating cannot be applied.
Avoid arc strikes outside weld groove as may give local hard spot and small surface cracks.

Low temperature pre-heating recommended even on mild steel if temperature is at or
below 0°C and chili should be taken off parts above 11", Use of special electrodes may be
advantageous - low H rods. Can albo get hot cracking in the haz if very brittle or low melting
point grain boundary.

&g =



MAT. 87
Cracks will seriously reduce static and fatigue life 2nd should never be permitted.
Can cnly be corrected by complete removal of cracked volumes - care needed to avoid
leaving cracks. May be necessary to modify welding procedure to prevent recurrence of

cracking.

9, Incorrect Weld Size and Profile

Undersize fillet welds, fillet welds of variable size as measured by minimum leg length -
may result from excessive concavity or convexity . irregular weld face or unequal leg lengths,

In Butt welids one has lack of reinforcemen , excessive reinfercement, or irregularity of
deposit.

These defects are generaliy a result of faulty teclinique. Convexityor concavity may be a
characteristic of the specific electrode but more often is due to incorrect welding current (con-
vexity - low current, concavity - high current, )

Unequal leg lengths in fillet welds generally caused by faulty manipulation or incorrect posi-
tioning of the workpiece whken welding in the downhand position (i.e, work ti ltad) , Welds of over
5/16'' in any other position than dh should be made in more than one run.

If get poor fit up the effective leg length will be reduced,

Excessive, or lack of reinforcement in butt welds 1s caused by use of wrong welding procedu-
re. and should not arise if joint prepzration. rod size and welding current, number of runs, weld-
ing speed axd, possible, length of run per electrcde, are specified and followed, Note, however,
that some latitude over current and technique should be allowed to the welder, who will have his
own personal idiosyncracies, and on high class work much will be decided by procedure tests
and welder approvel tests.

Excessive concavity and unejual leg lengths reduce the  throat thickness of fillet welds and
reduce the ultimate strength of weld. Excessive convexity may give equivalernt static strength
but often indicates lack of penetration and fusion, May also be associated with overlapping
which will seriously reduce the fatigue strength of the fillet,

Botk excessive an d lick of reirforcemett +1!l reduce fztigue strength and the secon
defect mzy also cause reduced static strength,

In so far as these faulfs in fillet welds may indicate other subsurface defects, it may be
necessary to re-weld fcr high quality work particularly if fatigue strength is important, Other-
wise concavity and vnequal leg length can be corrected by further (expensive ?) runs. Convexi-
ty needs the chipping awoy of excess metal , and care should be taken to lezve a smocth sur-
face (NB. care in clesning and de-siagging}.

In butt welds reinfcreement may be increased or decreased by further runs or chipping
and grinding,

Again it should be emphasized tha! these faults should not occur if the correct procedure is
laid down,



MAT. 87

10, Poor Surface Appezrance

Non-uniform ripples, surface porosity, included slag, faulty junction and craters.
Caused mainly by faulty welding technique althpugh the electrode characteristics can have
an effect. Welding position must also be taken into account. Note that accessibility isimportant

and the operator must always be allowed adequate space for manipulating the electrode.

These faults wil not normally affect static strength but by acting as stress raisers may
serious ly reduce fatigue life.

Can be corrected by grinding or chipping and re-welding.

11, Spatter

Main objection is waste of metal and cost of removal. Generally caused by excessive weld-
ing current or dampness in the coating. Some electrodes are naturally more prone to spatter
than others.

Has no effect on strength and may be removed by chipping and wire brushing the small glo-
bules from the surface of the plate,
OXYACETYLENE WELDING

1. Inzdequate or Excessive Penetration - caused by insufficient bevelling of edges, too wide
a root opening, too great & welding speed, or poor torch and filler wire manipulation,

2. Excessive or Insufficient Reinforcement

3. Undercut

4. Qverlap
1 - 4 are visual defects.

5. Incomplete Fusion - Insufficient heating of base metal, too rapid welding speed, gas or
dirt inclusions.

6. Porosity - Trapped gases, usually CO or water vapour, may be avoided by correct manipu-
lation, choice of materials, adequate fluxing.

7. Cracking - Hot or cold - depends on choice of materials welding technique,
8. Hard Spots - Incorrect manipulation,parent material (metallographical characteristics).

9. Excessive Grain Growth in HAZ - excess temperature.

=10 =



MAT. 87
RESISTANCE WE LDING

1, Lack of Symmetry

Caused by dissimilar thicknesses of same metal, dissimilar metals, different rates of
heat extraction, electrodes of uneven sizes or different materials, misshaped electrodes, misa-
ligned electrodes, too much tip radius,

Can lead to indented surfaces, lack of penetration into one sheet with lowering of strength,

2. Surface Indentations

Cannot be eliminated but can be minimised, i.e. by having short welding times keeping heat
conduction beyond weld zone to a minimum,

Defects characteristic of welds made with too great a heat generation in weld - expulsion of
molten metal often accompanies it. Caused by high welding current, low electrode force, insu-
ficient electrode contacting area, improper alignment of electrodes, dirty metal surfaces,
excessive time of current flow, improperly mating surfaces,

3. Surface Melting

Generally a defect
Caused by insufficient pressure or insufficient time with excessive current, or both. It is
aided by inadequate electrode cooling, inadequate squeeze and hold times, fouled electrodes or

scaby or dirty material surfaces,

4. Excessive Sheet Separation

Pulling apart of mating surfaces of spot weld caused by expansion and contraction of molten
metal and forging effect of electrodes. Similar affect caused by poor fit up of sheets. Related
to surface indentation,

Caused by steeply tapered electrodes at high pressures acting as a male punch, Misaligned
electrodes will also cause it, particularly on one side of weld.

Sheet separation will always occur on gauges of . 060" and up.

This defect is undesirable because it tends to increase the bending moment on joint when
stressed in shear, and it will also increase distortion of assemblies.

5. Interface Expulsion

Indication of incorrect welding conditions. Usually result of too great a rate of heat generatior
caused by excessive current, insufficient pressure, undersize electrode contact area, and dirty
metal interface, or welding too near an edge.

Results in internal cavitation of weld and a reduction in weld strength.
@31



MAT. 87

6. Internal Defects

Cracks, porosity (spongy metal), cavities (caused by expulsion), inclusions (with coated
metal),

In general have no significant effect on static or fatigue strength when located in centre of
weld nugget even if extend to outside surface. Defects at periphery of weld are very serious
however.

Porosity - often present. Caused b overheating, inadequate pressures, premature release
of (adequate) presaure, too late an application of forging, pressure, absorbent gases on sheet
surface. Porosity can be reduced by using lower rates of heat build up, lower maximum tempe-
ratures ard higher pressures.

Cracks - generally caused by overteating, improperly applied electrode forces during
welding or use of wrong schedules in cracks sensitive materials.

In flash and upset welds cracks may be caused by excessive cooling rates or forging at too
high or low a temperature.

SOFT SOLDERING
Causes of failure of soldered joints are:

1. Joint not thoroughly cleaned,

2. Metal was not heated above melting point of solder or was heated too far above this tempera-
ture.

3. Wrong flux used, giving inadequate cleaning.

BRAZING

Voids, lack of wetting of parent material, presence of films, changes in structure of
parent material (caused by overheating and, perhaps, diffusion bf braze metal, hot cracks (pe-
netration of Cu along grain boundaries) inclusions. Main cause is incorrect fluxing, flux inclu-
sions , overheating and underheating.

CLAD STEELS

These steels demand high quality welds to maintain corrosion resistance and strength. Main
causes of trouble are incorrect joirnt preparation and fit—up, departure from correct procedures.

INERT GAS PROCESSES
Most of defects are common with metal arc defects. An addition is tungsten inclusions.

Comrmon causes of porosity and other troubles are contamination of Argon or CO_ (generally
with water vepour) and contamindtiott of elettrodd Wire, bfteh by adsdrptivn of water ¥apout bn

surface, -42 -
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Cracking
Cracking is perhaps the mst serious of weld defects, although fortunately it is nct
as common as poroaity, Three types of cracking may be found in welded ioiats: cold cracking,
hot cracking and delayed cracking, Cold cracking occurs in the weld metzl or heat z2ffected
zone at temperatures well below the sclidus, it may cccur during cocling afier welding or, in
specizl cases, a few hours after welding. Hot cracking occurs during welding at temperatures
at or above the solidus and may occur in the weld metal, heat affected zone or at the fusion line,
Delayed cracking has been found in creep resisting steels and occurs in the heat affected zone
during pest weld heat treatment or in subsequent high temperature service, It has been suggest-
ed that a similar form of cracking is poseible in any material where excessive grain etrengthen-
ing occurs.

Ceold Crackin

:;L_"hls type of cracking can occur in 21l materials where ductility is low and heavy restraint
exists. The shrinkage strains generated during cooling cannot be accommodated because of the
low ductility and cracking cccurs 2f the lower temperatures of the cooling cycle, Cold cracks caus-
ed by restrazin: gererzlly ocecur longitudinzlly in the weld metal and is often initiated by slag
inclusions or lack of fusion in multi-run welds (Fig.1). A special case ¢f cold eracking known
as underbesd cracking can occur in the heat affected zones of hardenable steele when these are
welded by a process which introduces hvdrogen intc the weld. Underbead cracking, which will
be discussed in detail in Chapter 4, takes several hours or even d2ys to appear and this can
be dangerous since cracking may not occur until after inspection,

Hot Cracking

Hot cracking is more prevalent than cold cracking and more difficult to control; it is essen-~
tially inter-crystailine with cracks occurring along grain boundaries or betwen dendrites. The
generzl mechanism for hol cracking is similar for weld metal, heat affected zore or fusion line
cracking although most investigaticns have been conficed o weld metak cracking. The basic expla-
nation lies in the inability of the material to withstand contractional and exiernal stresses impos-
ed during cocling, It is generally agreed that his weakness occurs 4t temperatures st or above
the solidus 2nd is csuced by the presence of liquid metzl at the grzin boundary faces.

Two suggestions bave been made to explzin weld metzl cracking, both of which are
supperted by some experimentzl evidence. One school of thought considers that cracking results
during sclidification when the growing dendrites interlock and prevent free movement of the
remaining liquid metsl, In this temperature range. the ' shrinkage-brittieness' range) the weld
metal has little strength and no ductility, so that Bontraction strazins cznnot be sccommodated,
resuiting in cracking, If sufficient liquid is ?Lyai'lable and can reach the cracks 'healing' can
ocour, but otherwise the cracks will persist, The zlterrative suggestion considers that cracking
occurs 3t or near the sclidus ternperature during the last period of solidification-when the grains
are virtuzlly fully formeéd and cnly z liquid film persists, The ratic of interphase and grain
boundary energies will then define cracking tendency. In contrast to the shrinkage-brittleness
appreach, it is argued that cracking cannot occur At intermediate temperatures between liquidus
and solidus since shrinkage strains are uniformly distributed, In thie second suggestion the

o 18 =
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precence of low melting point segregates which are molten below the equilibrium sclidus
of the metal are particularly dangercus.

Boriand® has recently zttempted to reconcile the above suggestions and fo develop 2
gereralized thecry of super-soiidus cracking. Sclidification may be considered to occur in
three stages (Fig.2).

i) primary dendrije formation,

i} dendri‘e interiocking, during which both the liquid and solid phases zre continusus but the
liquid remains czpable of free circulation around the dendrites,

111) grain beundary development, where solidification is considerably advanced with a semi-
continucus retwork of grains restriciing free pzssage of liquid: 2 stage which continues to the
sciidus temperature 2t which the remzining liquid freezes.

The temperziure {2c) at which derdrites interlock is known 2s the coherent temperature
and crscking is possible once the cocling metil has reached this temperature. Hewever, iree
mcvement of the liquid will allow healing of cracks during this stage, wherezs in the third
stege starting af the critical temperature, ae, and the solidus temperature, ake, The width
cf the criticzl range is alsc important and crack susceptibility should be at a maximum for the
composition possessing the greatest critical temperature range, as shown in Fig, 2, The
grezlesi range coccurs theoretically of the limit of solid solubility, but although experimen:ally
the vamation of crack susceptibility is found to increase o 2 maximum with increzzing alloy
content before falling awsy, the maximum crack susceptibility was found to occur at a lewer
alicy content than the limit of sclid sclubility, Pumphrey? hzs suggested thzt his discrepancy
i1g a result of the ncn-equilibrium cosling conditions which will alter the limit ~f sclubility.
Further depression cof the solidus can also be caused by lack cf diffusion and, in some cases,

Ly the presence of icw melting point segregates. Increase of the alloy content will reeult in
larger quantities of eutectic liquid being available for healing and with a certain critical propor-
ion of eutectin liguid festimated at 20% for alumirium-silicon alloys) cracking will be prevented,

The existence of a critical sclidification range has been argued zbove for 2 eutectic
system with limifed solid solubility but it can alsc explain hot cracking in cther types of zlicy
systems ,

Frem tke above discussion, cerfain cther constitutioral factors might be expecied to
effect zuscepiibility to cracking. Any factor tending to depress the solidus, such as undercocling
or low meliing point segregutes, will increase susceptibility, conversely the prezerce of a
second phzse with & high sclukility for atoms that tend to produce low meiting point films will
be beneficial, The crystal shape and grain size must alsc be considered, A crystal shape
giving 2 high degree of enirapment is detrimental whereas a fine grain size, such as can be
produced by a flat temperature gradient which encourages nucleation will reduce the {endency
to cracking.,

Borland suggesfs that the relative values of interphase (solid-liquid) ard grain boundary
sclid-sclid) free energies are of importance in deciding the dihedrzl angle and hernce the distri-
bution of liquid 2t the grain boundaries. The relaticn is:

L SL s - 1
S8 2 Cos
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where SL = interphase energy (solid-liquid)
SS = grain boundary energy
= dihedral angle
The ratio, , varies upwards from 0.5 ( = 00), At & dithedral angle of 00 liquid

will cover all grain faces, at an angle of 80° ( = 0,57) liquid is concentrated at grain edges,
whilst at angies above 802 ( 0.57) the liquid collects at the grain corners. Where liquid
completely covers the grain faces strains are well distributed and fissures or cracks would not
be expected, provided that sufficient liquid is available, while at dikedral angles of 60° and
above sufficient contact should have developed to give a strong bond and thus prevent fissure for-
mation. With intermediate conditions, however, only emall areas of the sclid grains may be
joined and these may fracture readily under contraction strains, Under these conditions the dihe -
dral angle may prevent healing,

The interphase and grain boundary energies can be found experimentally and it may
be possible to deduce alloy compositions that are not susceptible to hot eracking, once the
effect of minor additions on the energies have been determined. The main problems still to be
evaluated by the theory lie ir the effect of crystal shape and size for example, the significance
of columnar growth), and the effect of the moving weld pool .

Hot cracking in the heat affected zore occurs by a similar mechanism to that operating
in weld metal cracking, and it is suggested that liquid films at the grain boundaries are necessa-
ry for cracking to occur. The same relationship betwen the dihedral angle and interphase free
energies is applicable. In this case, however, a supply of molten eutectic is not available, so
that eutectic healing cannot occur. This mechanism of cracking presupposes the existence of
strain in the heat affecied zone and it follows that if the weld metal solidifies at & lower tempera -
ture than the liquated films, stresses will not be induced until the danger has passed, and crack~
ing will not occur, Thus, choice of weld metal can reduce heat affected zone cracking problems,
and is of particular importance in the welding of aluminium alloys.

This mechanism of cracking assumes & liquid film and the origin of this film is proble-
matical. In a cast structure, coring will give low melting point segregates at grain boundaries,
but this can bardly persist in hot worked material. It may, indeed, be necessary to look at
each material individually, and it has been suggested that a concentration of low melting point
segregates can occur as & result of phase changes. For example, in austenitic steels, Parks3
considers that ferrite stabilisers, such as silicon and phosphcrus, diffuse into the ferrite
since their free energies of sclution are less in ferrite than austenite. On gubsequent cooling
and a5 the ferrite transforms a concentration of these elements occurs and may lead to liqua-
tion of the ferrite/austenite interface during the weld hermal cycle, An experimental correlat-
lon between cracking and the presence of liquid filme has not yet been satisfactorily achieved
and it is suggested that other mechanisms should be considered,

With fusion line crscking, intergranular cracks run into the heat affected zone at right
angles to the weld, and in certain circumstances may also extend into the weld metal, The crack
mechanism is again believed to be similar to those for weld and heat affected zone cracking,
in that a liquid film is necessary at the interface. It has been suggested that preferential absorp-
tion of certain elements occurs at the weld metal/base metal interface, and that these elements
may penetrate the grain boundaries, lowering the solid/liquid interfacial energy and forming
& base metal liquid film. Cracking will then ocour in the presence of stresses znd the abssnce
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MAT. 104

of entectic healing . This suggested mechanism is of interest since, it explains the presence
cf base metal cracks in material that is free from fusible intergranular segregates. If partial
healing occurs from the weld pool these fusion line cracks may, in fact, appear to be heat
affected zone cracks,

Delayed Cracﬁhg_

Delayed cracking is found in high temperature austenitic and ferritic steels after posi-
weld heat treatment or during subsequent high temperature service, These cracks, which have
been particularly troublesome in austeritic superheater steam lines operating at 5500C and
above, are intergranular and occur in the heat affected zcne, In many cases they appear to
originate from a minor weld defect such as undercut or a hot tear at the toe of a weld (Fig.4).
During the welding cycle the cutility of a heat affect ed zone is severely reduced by the strain
assisted precipitation of particles (often carbides) on dislocations. Thus localised strain durirg
postweld heat treatment or subsequent service cannot be accommodated and cracking occurs.
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BRITTLE FRACTURE MAT .110

Steel wiil generally crly fail afler considerable plastic deformation but over the last
100 years there have been reports of sudden failures ocourring without any prior warning, With
mechanically joined steel structures these failures were few and rarely catastrophie but with
the advent of welded structures the incidence of failures and the size of oracks increased marked

lyo

DEFINITION

Brittle fallure cccurs when the material fractures in a sudden extensive manner with
iittle plastic deformation or absorption of energy, often under relatively low mechanical stress,
Failure is generally by cleavage instead cf shear.

RECOGNITION

Brittle fracture can he recognisec by the suddenunsss with which it cocurs and by the
absence of local deformation, Frecture surfaces are characteristic - generally the crystal
faces are quite obvious, Brittle fraciure often occurs at rather icw temperatures although
this is not always the case.

The fracture plane is generally approximately perpendicular tc the plate surface with
less than 2% reduction in plate thickness, Thers is very little plastic deformation and paint or
scale near to the fracture is not cracked or flaked, The fracture surface is bright and granular
(crystzliive as opposed to fibrous) and ofien exhibits a chevron pattern with the apices of the
chevrons pointing to the fracture source. Mary fractures show regions of shear adjacent to
the plate surface (shear lips) which accounts for virtually all the reduction in thickness.

FACTORS INVOLVED IN BRITTLE FRACTURE

1) Liability to brittie fracture is temperature dependent: there is an upper temperature
above which a crack cannot propagate without marked plastic deformation, energy absorptien
and application of considerable stress, whersas below & certain temperature & crack will pro-
pagate with little plastic deformation or energy absorption and at stresses below yield, These
two temperatures corstitube & transition temperature range which can vary widely for steels.

(2) The presence of a stress concentration, e.g. a notch represents a potentiel source
for crack initiation.

3} The gecmeiry of a uotch influences crack initiation but not crack propagatien. The -
sharppess of a noich can influence the transition temperature.

@) Susceptibility to orittie fracture increases with plate thickness. The effect is partly
metzilurgical, but greater thicknesses also restrict freedom of plastic flow, while larger
cefacts remain undetected.

3) Cracks may be initiated and propagated urder a steady stress but only after a high.,,
degree of work hardening at the point of initiaticz. Cracks are mora likely te be initiated by ah
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impact load and in this case the work hardening may be less. MAT-110

) Even in mild steel at low tempe ratures a certain amount of plastic deformation occurs
before the crack develops.

7

7) For propagatior to cccur the applied stress must be such to ensure the necessary in-
tensity of stress at the crack root and to supply the neccesary energy. In general this is suppli~
ed internally.

B8} Brittle fractures are more frequent and extensive in welded than in rivetted structures.
Thus welding is a contributory factor:

(i) residual stresses may facilitate crack initiation and can provide energy for pro-
pagation.

ii) the weided strucfure preovides a continuous fracture path.
{iii) local structurai changes can facilitate crack initiation and propagation.
iv) weld defects can act as crack initiation sources.

9} Metaliurgical structure, composition and prior history can affect susceptibility to
brittle fracture,

{10) Irradiation can raise the transition temperature .

METALLURGICAL ASPECTS OF BRITTLE FRACTURE

@) Carbon content and Manganese: Carbon ratio.

The transition {emperature increases with carbon corntent although the contiticn of
the carbor is importa t. Manganese increases pearlite fineness and refines'ferrite grain size
andis considered tc be beneficial.

) Impurities: Interstitial impurity atoms greatly increases the trarsition te'mperature.
{cy A fine ferrite grain size and fine pearlite give the lowest transition temperatures.
@ Degree and method of deoxidation: Deoxidised steels have lower transition temperatu-

res than rimming cr semi-killed steeis.

e) Finishing temperatures after roiling: This should be low for the best results.
1) Normalising affects the grain size, and hence the transition temperature,
B) Cooling rate from hot roiling or normalising temperature: Effects ferrite grain size

and peariite distribution.

th) Cold work in manufacture and fabrication. Plagtic deformation taiges the transition
temperature.
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) Quench ageing, strain ageing and temper britileness. All these effects will marked-
1y imerease the tramsition temperature,

f:

i3 Stress relieving heat treatment: Very beneficial in reducing residual stress bul also
can remove ageing effects so thal ¢ can be metallurgically worthwhile .

PRODUCTION OF NOTCH DUCTILE STEELS

Steps that can be taken to improve resisiance te britile fracture are

i) reduction of carbon content,

2) requction of phesphorus and nitrogen contentis,

(3) sorease lu maagauese content,

{4) use of & kiiled or semi-killed steel i place of rimming steel.

5) ensure a fine ferrite grain size by contrslling roll fizishing temperature or by nor-

malising.

6} reduction of austenite grain size by fine graiu practice, e.g. addiuon of aluminium
followed by noemalising.

A series of noteh ductile steels have been introuced MBS,2762:1956) which give guaran
teed Lmpact properties; composition and properiies are given in Table 1. W.D.¥. and I are ha-
lanced (or semi-klled) steels, the first "as rolied" and the second ncrmalised. Iv.D.I is silicon
killed and rormalised and MW, D, IV (s alemintum grain refined and normalised.

TAEBLE NOTCH DUCTILE STEELS (BS,2782:1958)
Energy Absorption ~ Cemposition, %
) Oy " - «hi
Specification| Temp,"“C (Ch::tl?y V-notch) Carbon Silicon Manganese
-8 (Max) (Miax)

N.D.1. 0 20 0.20 1.60
N.D.O -15 20 0.20 1.50
VDN -30 20 0.17 0.10-0,35 1.50
M.D.IV -10 45 0.17 0.10-0.35 1.50

~20 40%

-30 35¢%

-40 25+

=60 20* _

According to agreemert betweern macufaciurer and supplier
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DEFINITIONS OF WE LDABILITY MAT. 78
1. Commission IX of the International Institute of Welding:
"A metallic material is considered to be weldable to a certain degree by a given process and
for a given purpose, when a continuous metallic connection can be obtained by welding using
a suitabBle procedure, so that the joints comply with the requirements specified both in regard
to their local properties and their influence on the construction of which they form part',

2. Welding Handbook:

""the ease with which the effects of welding can be controlled'.

FACTORS CONTROLLING WE LDABILITY

Design Restraint
Accessibility
Physical Properties Electrical conductivity

Thermal conductivity
Thermal expansicn
Modulus of elasticity
Viscosity

Emission characteristics

Metallurgical Properties Effect of thermal cycle on parent material

Grain growth

Anpealing

Formation of metastable structures
Strain induced precipitation
Overageing

Underbead cracking

Hot cracking

Delayed cracking

Structure and properties of the weld metal.

Weld metal structure
Porosity

Hot cracking
Restraint cracking

Structure and properties of the weld metal.

Weld metal structure
Porosity

Hot cracking
Restraint cracking

- 20 -



Chemical Properties

MAT. 78

Oxidation resistance
Nature of surface films
Impurity content and minor alloy additions

ASSESSMETN OF WE LDABILITY

Knowledge of design fabrication
Knowledge of chemical and physical properties
Material condition

cold worked

annea led

age hardened etc.
Isothermal and continuous cooling transformation characteristics
Tendency to precipitation hardening
Cracking tests - heat affected zone

- weld metal.

i
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SHIELDED METAL ARC WELDING MAT.89
HISTORICAL BACKCGROUND

Metal sre welding started as bare wire welding with fence wire attached to the
rwormal power lines, Develocpment occurred in a number of ways. It was noticed that rusty wire
gzve hetter stabilisation of the are; sc did z dip coating of lime. Similarly, wrapping the wire
in cotton waste gave some protection zgzinst exidgtion and increased burn-off rate and penetra-
ticn, Development of power sources gave genergliy better results. From these unpromising begin-
vings, metal avc welding began - though its reputation still suffers from those early results.

POWER SOURCES

A welding power source needs to be designed to prevent excessive surges of current
on short circuiting /and so prevent excessive spatter and sticking of the electrode) and to gike
adequate recovery of voltage to prevent extinction of the arc. Thus the source must give sufficient
running volt age i.e., 15 25v for bare or lightly coated electrodes, 20-40v for normal covered
electrodes up to 45v for special electrodes, plus an open circuit voltage for arc re-ignition. This
used to be 90v or so but with better electrodes it now needs to be only 65v. Current range is 30~
500 amps (generally only 300a) for manual welding and up to 700 amps for automatic welding.

Types of Source

1 D.C. Generator or Rectifier with variable voltage characteristic.
2 D.C. Generator with constant voltage characteristics.

3; Existing D.C. supply vith resistors to reduce voltage and current.
4. A.C, transformers.

1 is the most used, 2. is used for multi operator sets and 3. is rarely used as the cha-
racteristics are not suitable - emergency use only, Welding transformers have variable volta-
ge charzcteristics and may be single or multi operator. A.C. electrodes gave arc instability
trouble =t lirst but this was largely cured by icnising constituents in coating. A.C. also has advan-
tages that it eliminates arc blow giving ezsier handling, improved soundness and appearance at
corners. Also gives lower power costs (5-10% of total welding cost) and lower maintenance costs
(RO meving paots).

Volt-Amp Characteristic

To enzble easy manipulsation one does not want change in arc length i.e., arc voltage,
to effect a large change in current. A drooping characteristic will result in constant current
output. Scmetimes with a {luid weld metal or difficult welding position it is an advange to have a
slightly flatter characteristic to ailow grezter operator control. Even so the droop is pronounced.

MANUFACTURE AND QUALITY CONTROL OF E LECTRODES

Tha core wire used normally is rimming steeli.e., a mild steel which has been allowed



MAT. 89

to solidify witheut the addition of deoxidants. Allcy wire is cften used for ferritic weld deposits
but alloying constituents may be added through the coating. Austentic electrodes may use austen-
tic core wires although mild steel wires can be used.

Rimming steel solidifies with an outer rim of almcst pure iron with the impurities
segregated in the centre. This makes it ideal for wire drawing. In addition the gas content is dis-
tributed as micro-porosity which seems to be beneficial and to 2id metal transfer. Finally the
elements used to ' kill * cr deoxidise steel - Si or Al - tend to destabilise the arc.

S The ccating normally consists of a mixture of mineral silicates oxides, fluorides,
carbonates | hydrocarbons and powdered metal alloys, plus a liquid blinder. The coating is
mixed and then extruded on to the core wire at high speeds. Finished electrodes are dried in huge
ovens in batches . which cause the main production delays,

Quzlity control covers aazlysis and mechanical properties of core wire and sampling
of the coating ingredients for grain size impurities, moisture and gas conteats. Finished electro-
des are sampled for checks on concentricity, coating thickness, dryness and welding quality.
Periodic tests are made for mechanical properties of the weld deposit.

ELECTRCDE COATINGS

The co=ting is used to provide: gas shielding for the arc, easy striking and arc stabili-
ty, a protective slag, tc improve bead shape, to improve weld metal quality by slag/metal reac-
tions e.g., deoxidation, and for zlloy additions., The coating is not normelly electrically conduct-
ing.

In mere detzi}, the ideal coating should give:

1. A weld metal with the correct mechanical and metallurgical properties - gas shielding, slag
protecticn, deoxidation. alloy additions.,

2. Ease of manipulation - good slag control.
3. Freedom from eracking.

4. Freedom from porosity.

5. Easy sleg removal,

6. No spatter.

~3

. Arc stability.
8. Ease of striking.
9, Adegquate peretration,

10. High cepositicn rates.
- 25 -



MAT. 89

11. Good surface finish (clean, smooth, even edges).
12. No electrode overheating.
13. Good weld contour.
14. Resistance to moisture pick up.
15. No smell or toxic fumes.
16. Robustness and flexibility of coating.

Many of these points are incompatible and demand a compromise - which probably explains

why there are so many electrode types doing any one job.

Coating constituents

This can best be put in the form of a table:

Coating Arc Slag Reducing | Binder| Coating | Oxidising | Gas |Alloying
Constituent Stabi-| Former Agent Strength- Agent | Shield
liser enter

Gum and/or Resin B A
Cellulose B B A
Feldspar

Clay (AlSilicates)
Tales (MgSilicates)
Titanates (Rutile etc)
Iron Oxides

CaC 03

Asbestos

Ferro manganese
Potassium Silicates
Sodium Silicates
Powdered Alloys A

Wt W W
R R R S
>

W >

(A = principal function B = minor function)

Some of these weé must consider a little further.

The use of titania (Ti 09) as rutile or ilmenite gives a highly fluid, quick freezing slag, as well
as being an arc stabiliser, which makes it a very important constituent in many electrodes. The
carbonates give a basic slag (as does Ca Fg). Iron and manganese pxides are used to adjust the
fluidity and properties of the slag. Mention must also be made of the use of iron powder to increase
the deposition rate for a given size of core wire.

- D




MAT. 89

Recovery of Elements from the coating

Element Form in Coating Recovery %
C Graphite 75
Mn Ferromanganese 75
P Ferrophosphorus 100
Si Ferrosilicon 45
Cr Ferrochrome 95
Ni Electrolytic Nickel 100
Cu Metallic Copper 100
Nb Ferrocolumbium 70
Ti Ferrctitanium 5
Mo Ferrcemolybdenum 97
A% Ferrovanadium 80
Be Copper-Beryliium 0
S 100

In practice never use Ti or Be because of low recovery (toxity of Be}.

Types of Electrodes

{1} Rutile 50% Ti 02 Developed about 1935

General purpose electrode giving easily controllable slag, low spatter, medium penetration
and 2 fairly kigh deposition rate. The low arc voltage makes these rods suitable for AC.

Weld has a good finish and sound properties.

(2)_Gas Shielded 30% organics as alpha flock, wood flour, etc. This gives a voluminous gas
shield which travels at high velecity combined with small amount of slag which gives poor bead
appearance and rather high spatter loss, but good penetration and mechanical properties. Thin
friable slag and slow burn-off rate makes it usable in any position and very suitable for pipelines,
tanks and site corstruction. Can be used for vertical down and stove pipe welding. High arc
voitage necessitates DC. In GB & heavily coated electrode of this type tised for deep penetration.

Very popular in U.S.A. where onginally developed.
= 27 -
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(3) iron Oxiae /Silicate

With thin coatings were used as general purpose all position rods but now superceded and
only used {with thick ccatings) for flat welding.

The voluminous slag makes control difficult but gives good bead appearance and mechanical
properties , high deposition rates low spatter loss and good penetration (can be base for deep pe-
netration electrodes). Slightly concave profile makes it excellent for fillets and deep grooves .
Low arc voltage makes it suitable for DC or AC.

{4) Bzsic ( or Low Hydrogen, Lime-Ferritic, Lime-Fluorspar)

Contains 2 high proporticn of Ca003 and CaF_. Clays, asbestos and other minerals with com-
bined water kept to 2 minimum to ensure very 16w hydrogen content in weld metal (for this reason
they are alsc baked at a higher temperature than other types). Generally all position with a fluid
slag gives a convex to flat profile. Generally DC +, but some can be used with AC.

Mecharical properties (especially impact and reduction in area) are superior to other- types
and they have a high resistance to hot and cold cracking which makes them very good for welding
higher strength steels. In fact, most alloy electrodes are of this type. Low hydrogen electrodes
are less sensitive to plate quality than other types which make them used for high C and S steels
and for unknown compositions,

Electrodes have medium speed of deposition, moderate penetration and good appeerance. Special
techuiques required for good results especially a short arc length - care needed in weaving and
stcps and starts.

The characteristics of electrodetypes can be summarised in tabular form:

Electrode Rutile Gas Iron Oxide Basic
Class Shielded /Bilicate

Ductility 4 2 3 1
Penetration 4 1 2 3
Absence of Undercut ) 4 3 2
Absence of Spatter 2 4 1 3
Deposition Efficiency 1 4 3 2
Deposition Rate 2 4 1 3
Scundness 3 4 1 2
Ease of Handling 1 3 4 2
Ease of Re-striking 1 2 3 4
Resistance to Cracking 2 3 4 1

NB Tkis is cften only a matter of degree - rutile rods give the lowest ductility but this is still
quite adequate for most purposes.

USES OF ELECTRCDES
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We have covered the uses of electrodes in the above. The most used type are the Rutile rods.
These are ezsy to handle and give a good quality weld deposit. However they can give porosity
and rather lower ductibility than the other types. Resistance to cracking is good but there is
a danger of the presence of micro-cracks or fissures (vigible at X 500). For really high quality
work, basic low hydregen electrodes are used. These give better weld metal properties {(especia-
Iy impact and ductibility) and absence of microdefects, but are more difficuit to handle. Also
the fume is more u npleasant.

BASIC ELECTRODES

The importance of these electrodes in high quality work makes it necessary for us to look
at the reason for their usage. This ig due solely to the deleterious effects of hydrogen in weld
metal. The source of this hydrogen is largely the electrode coating {(minor effects are moisture
on parent plate, rust and impurities). Inlow bydrogen electrodes care is taken to avoid the use
of coating constituents that contain combined water, storage is controlled tc avoid moisture pick
up. Typital figures are 2cc/100 gr weld metal compared with 10-15¢cc /100 gr for other types.

Recent work has alsc emphasized the deleterious effects of nitrogen and oxygen on weld metal

properties. Basic coated electrodes are also effective in reducing the amounts of these elements
in the deposited weld metal.

Effects of Hydrogen cn Service Behaviour

(Ref; Christersen, Welding Journel, April 1961, 40 . {4), 145-s}

Hydrogen is present in weld metzal {ind parent metal} in two forms, one as free ztoms which
can diffuse out .of the metal given time or maderate temperature (say 1000C or even less),
the second in & micro-segregated form which cannot be remcved by heating (diffusible and total
hydrogen contents, j.

Diffusible hydrogen can resuit in a temporary deterioration in mechanical properties - lower
ductility and room temperature, impact, raised impact transition temperature. Presence indica
ted by ' fishk eyes ' on fracture surfaces. This hydrogen is lost after storage for a few weeks,-or
on warming s hghtly when properties are restored,

Micro-segregated hydrogen can result in permanent damage - micro-fissures - and these can
result in an increase in the transition temperature and if many micro fissures are present, in
lowered ductility and impaired performance under zlternating stresses. Micro-fissures can
occur in both mild and low alloy steels and tolerance for them must depend very much on service
requirements.

It must be remembered that these can only be seen at about X 500 magnification and would be
missed under normal inspection, They are particularly a problem if low temperatures are likely
in service (brittie fracture’.

Hydrogen can alsc cause permanent damage if martensite forms in the HAZ ( 'underbead crack-
ing’} as it does 1n many high strength steels, Martensite results in severe local stresses and
these, combined with hydrogen. can result in cracking which increase the danger of brittle or
failure urder fatigue conditions,
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EFFECT OF NITROGEN AND OXYGEN IN WELD METAL

Having dealt at length with hydrogen it is convenient to have a brief look at the effect
of nitrogen and oxygen.

Nitrogen increases the ambient and elevated temperature strength of weld metal at the
expense of ductility and notch toughness. If also contributes to the incidence of microfissuring land
porosity.

Oxygen is not sc serious as hydrogen or nitrogen but it can react with the carbon in the
weld metal to give CO. This can result in porosity and even decarburisation. Evidence also points
to oxygen lowecing the impact properties and thus resistance to brittle fracture.

IRON POWDER ELECTRODES

These electrodes are heavily laden with iron powder in the coating and increase the

deposition rate for a given size of core wire.

SELECTION OF ELECTRODES

It is difficult to say anything general asbout electrode selection - it must always depend upon
the specific job. Points to be kept in mind are-

a) Material to be welded - type and condition,

b) The actual fabrication - fit up, position, site or shop.

¢) Quality required - need to meet any standards.

d) Economy - need lowest cost - affected by cost of electrodes speed of construction.

e) Labour available - operating characteristics may affect choice of electrode type and make,



SUBMERGED ARC WELDING MAT. 84
I INTRODUCTION

1. Description of Process

Sthmerged arc welding is a true arc welding process carried out within a blanket of granu-
lated flux, The electrode consists of
sgonsumable filler wire and the arc
operates between this and the
parent material, The whole
operation is protected by a
layer of granulated flux but
around the arc this breaks
down and provides s ome gases
and a highly protective thermally
insulating molten container
for the arc which allows high
concentration of heat making
the process very efficient
ana highly suitable for heavy
deposits at fast speeds, After welding the weld metal is protected bu a layer of fused flux and
then by a layer of unused flux,

This is b far the mest used form of this progess but multielectrode welding is also carried
out,

2. Mulii-E lectrode Processes

Multiple ares increase the deposition rate, help control of arc blow and increase welding
speed.

3. Welding Position

Submergea arc welding is basically a process for downhand welding of butts and fillets, but
it can also be used for HV we'lding of fillets and butt welds. The Russians claim: to have used
it for inclined and vertical welding - there is nothing impossible about this but a number of
purely technological difficulties have to be overcome. Obviously, higher welding speeds are ob-
tained in the DH position.

For mest purposes in butt welds can use a close butt technique and can weld in one or two

passes - single pass generally limited to 3",

Where better quality or ghicker plates are butt welded can use a multirun technique - in
HV welding of nuclear pressure vessels may use 80 or more runs in 3" plate. The more runs
the better the weld metal properties but the greater the cost. Even so joint preparations are
narrower than for manusl welding,

 Fillets can be made smaller than with many other welding processes because of the high
penetration, Again one prefers to weld DH even if it means tilting the work but can do HV fillets
(often from 2 sides at once}. Tillets can be made up to %" in a single pass but above this need
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2 Or more passes,

The deep penetration relatively small weld preparations, high localised heat input and
kigh welding speeds all reduce distorticn which is another useful aspect of the process,

4, Joint Prepzration

FPlzte up to %” thick can be welded quite comfortably without bevelling but above this use a
W or double V preparation,

Even so, a narrow included arngle of 300 is generally satisfactory, although care is needed
in slag remov al,

With deuble-V preparations it is necessary to have good fit-up and an adequate land to prevent
burn-through. Back chipping is only likely to be encountered on high quality work.

Fillets can be made without bevelling in plates up to §" thick.
(J.T. - 2 pass welds on 4" plate - ¢. 2000 amps, )

Backing: This is essential in single pass weld of any size because of the comparatively large
weld pool. Can use:

1)  Backing strip of parent material permanently fused to joint.

iil} A backing bar :

iii} Flux backing - not much used 1n U.K.

iv) Manual backing runs

vy Impregpated tape.

Clearliness: This i8 important and all heavy scale and rust, paint, oil, grease and moisture should
be removed. Light scale (say frem flame cufting) does not need to be removed. Certain fluxes

are more tolerant of dirt than otkers - this can generally be determined from tke mamfacturers.

II APPLICATIONS
%
Submerged erc welding has the advantage of all automatic welding processes - high deposition
rates. in addition absence of glare and spatter and smooth weld finish is important (compare Fusarc
tolerance to rust and dirt, rather better notch toughness).

Applications are varied regarding both msaterials and actual jobs.

The great majority of work is done on mild stes1 of various grades but alloy welds are slso
possible vsing alloy wire or an active flux. Stainless steel can be welded up to thicknesses of
g''. Little is heard in this country or the U.8.A. about the submerged arc welding of non-ferrous
thetals btt in Ruskiz 1t is used for Al, Qu, Ni, Co ahd Ti - quality is not known but depends on
protective and fiuxing actions of the flux, Reports inflicate good quality.

Applications cover thefields of pipes, boildrs, prefab. girders, pressure vesseld . ruilways
rolling etock, cary shipe, aircraft (only a lttle), machinery frames , rotary kilns, aarth moving
equipment, elect: cal equpment and crdenance.
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The process is also usefu! for cladding, hard facing, and building up of worn surfaces.

01 EQUIPMENT

1, Welding Head

This unit. carries the electrode wire with its current contacs, guide tubes and wire feed
motor and contrciler. A flux hepper is included together with means for depositing the flux where
required,

The head may be mobile, i.e. mounted on a tractor (e.g. deck weiders} or a moving boom,
or stationary in whichk case the work is moved undernesth the head.,

2. Contrel of Arc Length

Arc length control 1s necessary to:

(ay control the arc at the instant of striking to prevent it freezing to the work.,
(b} maintain the correct ar: length during welding, even though there are variations in te
distance from the jaws to the work.

Of these striking is the more critical.
Types of control are:

i. Arc voltage control - starting with work stationary, electrode in contact with work,
retract start.In this type of control the wire can be moved either way requirng considerable con-
tro! on the motor,

This type of unit is best for

(a) most sensitive control, especially at high speeds and on any low current density work.
b} starting and stopping on work without run off tabs (unit generally includes crater fill-
ing)

fe} Quick changes in contour.

ii. Arc voltage control in one direction only - simplest control with feed motor armature
directly across the src. Not very sensitive but suitable for high current density work.

‘ay economical installation.
(b} can be used with petrol engined welding machine for field work.
(c) simplest set up for a.c. power souces. Generally start with piece of wire wool,

iii. Curren: contro! - modified constant potential power source. Constant wire feed speed
with ve ry"high short circuit current gives self adjusting arc,

This allows a very short arc length to be hedd without the electrode sticking.

(a) used for 18 swg or other low voltage applicators.
(bt tendency to melt into bakking bars through wide gaps is minimised.

L



c; Allows "bhot'" starts “work or electrode moving before contact)

Self adjustment in submerged src welding 1s little used in this country at present self
adjustmert 18 adequate ith 'drooping power source of higher currents

J. Selection of rrocess

Submerged arc welding can be semi-automatic (hand gunj, automatic (requiring man during
welding) or fully automatic. Selection of process depends very much on the type of work contemplat:
ed.

a. Semi-automatic Welding up to 700 amps) should be used for.

1; Out of position welding where large molten pool would spill (e. g. inclined)
11} Short velds lengths,

1iiy Light gauge weidirg { 10 swg.)

iv) Smzll non-repetitive jobs.

v; Johs where fit up cannot be controlled.

vi) Jubs where it weuld be vif‘icult te retzin flux because of shape of work.

b. Automatic Welding should be used for

1) Jobs where advantage cen be taken of the increased deposition rate at higher cu-rents.
ii) Where ccutinuous vwire feed will increase the duty cycle.

i1, Werk suffic.ent'y repetitive for proper procedure and practice tc he worked out.

iv} Where complicated shzpe makes fixturing too difficult for fully avtomzatic operation,

c¢. Fully Automatic Welding shoulc be used wherever i t is practicz and econcmic. Comple-
te automation shou!d previde

i) Push button automatic arc striking

11} Heavier equipment construction (very high duty cycle)

111} Highker current capzcity

1v) Self contzined travel mechanmism.

Czn be used only for highly repetititve jobs wshick can he well jigged and manipulated.

IV *OWER SGURCES

The first important peint t¢ note with submerged arc welding i1s that the duty cyvele is much
reavier than »ith manuzl metal arc welding . aixd power sources therefore need higher ratings.

Velt-Amp Characteristic

it is usualto use = droopirg ckeracteristic power source the same or similar to those
used for metz! are we ding, Actually a shallower drocp might be movre suitable (ws it would give
maore self adjustment) but there 1s nc published information cn the subject.
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Constant porential ( very slightly drooping) sources are used for seif adjustment with
lower currents {up to 600 zraps) although not to any extent in the U.K. Main advantage is
rapid correction during welding and ' hot' starting,

With a constant potential scurce there is some irdication that better welds result with
mcre even bead confour and penetration, whilst greater variaticns in joint conditions can be
torierated. Also simple control equipment required. Mzin advantages are in high speed welding
of thinner gauges.

Alternating or Direct Current

A .C. and D.C. of both polarities are used at voltages of 25 -~ 40 v,

D.C. provides mcre versatile contrc! over bead shape, penetration and speed, whilst arc
striking is easier, D.C. is preferred where

a) fast, accurzte striking is required.
b close arc conirel ig needed
c) difficult contours are to be followed at high speed.

Control of bead shzape is best with D.C . + which gives better wash in and 2 amalier mol-
ten peol. Highest deposition rate is obtained with D.C. - but penetration is icwer than .C. + on

AC,

A.C. minimises arc blow, which is increasingly important at higher currents - abcve
1000 amps ., A.C. is generally used, as it is in multiple arc welding. The lower cost of A.C.
equipment i3 ancther important factor.

Currect densitiez of up to 100,000 amps/sq.in, are used. Generally 20,000 - 70,000 amps/
sq.in, compzred to 3,000 -~ 10,000 emps/sq.in. fer metal arc welds. (Welding speeds of over
20 izt/min. compare with mznual speeds of 2 in/min,)

V ELECTRODE WIRE

The wire needs tc be clear with a bright surface to zllow easy and continucus current
pick up, and reduce corresion and improve weld metal. For this reason generzlly use Cu coat-
ed wire, although the Ruseians do cocasicrally use mill coils direct in integrated works (weld
qualiity might cuffer in consequence, )

In the welding of ferritic and martensitic steels m:ld steel wire (rimaming quality) is
gereraily used. '
However, zlloy wires f&.g. (/14 41 & 42) can be used with an inert or an zctive fiux for low alloy
and eustezitic steels  Again, s fabricated cored elecirode may be used with siloying elements
in the core.,

Electirode consumption 18 relatively low because of no cr small edge preparation thigh
dilution) and absence of spatter and stuh ends,
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The high dilution of heavy deposits can be good or bad. It can mean wire composition
is of little importance. If bad, can be reduced by multi-run welding.

VI NATURE OF THE PROCESS

At one time there was considerable discussion as to whether the Submerged Arc Process
was a true arc process or not. Then it became generally acceptable that it was an arc process-
looking at bead on plate sections one would endorse this view since most sections show a typical
arc "finger" effect that originates
probably from the plasma
jet effect.

Work was done in 1947 by L,N,Kushnarev (reported in Welding Journal, 1951, 30,340-8),
when he examined submerged arc welding from 200 - 1500 amps . {A.C. Voltage not given)
Using a C.R.O. he took voltage traces arguing that an arc would give & ""square' wave and a
resistance slag bath a sinuscidal wave!

A sinusoidal wave was obtained at 300 - 400 emps. with a smell electrodeplate gap, low
welding speed, so that at low currents the process may hot be an arc process, under some con-
ditions. He also found cases of alternating arc and resistance heating.

This seems falrly conclusive although one is still not sure whether Kushnarev obtained
resistance heating under true welding oonditions,

One may aiso wonder if thin was the original guide to electro-slag welding.

VIl PROPERTIES OF SUBMERGED ARC WELDS

Referernces: I.L.Stern, N.A .Kahn & H,Nagel,Welding J.,1867,38,226-s,
B Au:land & N.Christensen, Brit . Welding J., Oct, 1961 8 (10),473.
W.Bantini & V,.Cirardl, Symp.on Welding in Sh.lpbuﬂdms.otat Nov,1961,
Paper 23,
(other papers also of interest)
J.Wilson D.A .E.Thesis, 1863,

It is first neceseary to make the point that very few published results are available,
This is probably because only recently has submerged arc welding been considered for quality
work,

Christensen looked at both single and multilayer welds and found that both gave acoepta-
Lle transverse tensile and bead results, With impaot tests multi-layer deposits gave transition
temperatures markedly lower than those for parent material. Single layers welds gave consi-
derable variation in impact results on either side of those for parent plate. Transition tempe-
ratures were not good erough for N,D,111 or NDIV, steel but were adequate for mild steel of
N.D.1 or even N,D,11 quality,

Christensen makes the comment that the notch toughness seems more dependt on base
material tpa,p} number of runs. This is probably due fo heavy djlution,
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Santini locked zt bend and impact properties in welds in 15 mm, and 35 mm. plate.

With 15 mm , plaie joint bends were satisfactory for plate compositions of .19% C.,
.035% S, but failure occurrred at a composition of .23% C, .05% S. Results were similar for
35 mm. plate but the chamfered edge preparation gave less dilution and results were better
though more scattered.

Impact values were given for several wire/flux combinations. Transition curves are
given as energy absorption and i2terial expansion. Wire/flux combinations give a wide range,
but geoed results, {.e. low transition temperatures} could be obtained by careful selection. With
15 mm. plate best resulis were obtained with .18%C steel but this was not observed with 35 mm.
plete {less dilution?). Multi-iayer welds gave better results than double pass welds with certain
fluxes.

1 have done some tests with 33 ins. plate using wide vee multipass techniques. No
difficuities were found in meeting nuclear Class I requirements for doundness, tensile and
bend prcperties, whilst impact properties were also within specification, though less good than
those of manual metzl arc welds.
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RESISTANCE WELDING MAT. 85

PROCESSES
The processes marking up resistance welding are linked together because they
utilise the contact resistance of metal surfaces for the welding heat source. The exception is

flash welding and this is an historical effect - due to this process being developed from resistan-
ce butt welding:

The distinguishing factors are:
1. Heating the interface to be welded by passage of current.
2. Joining by pressure.
3. A third characteristic is the short time cycle of the operation.

These processes depend on there being sufficient interface resistance to bring the
necessary currents down to an acceptable level. Even so currents of 100, 000 amps. or more
may be used.

a) Spot welding: the most common process, Cu-bar electrode to locate current.

b) Seam welding: multi-spot welding with cverlapping spots to give leak tightness. Cu bar electro-
des replaced by wheels.

c) Projection: in this projections are made in one of sheets to be welded and these are used to
locate and concentrate the current.

d) Resistance Butt Welding: for butt welding wire and light gauge rod.
e) Flash butt welding: if the rods to be welded aye connected to the power source before being

brought together arcing occurs. Heat generated is much more because the current path resis-
tance is increased, allowing heavier gauge to be flash welded than resistance butt welded.
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POWER SUPPLY

The requirement is high currents for short times. Current ranges (peak current)
from €00 amps. for fine wires (valve filaments) to 220,000 amps. for 3/16 in. Al. Potential need-
ed to overcome contact resistance is 1 -20 V.

Time is short and generally ne asured in cycles. Times are generally from 1/50
sec. (1 cycle) to 2 secs. (100 cycles).

The simplest way of getting this current supply is by means of a transformer with
a very heavy single turn secondary winding reducing the voltage to 20 or less and increasing
current proportionally.

Single phase transformers are by far the most used, but two other methods can
be found:

1) Three phase welding utilises 3 phase supply giving low frequency current pulses in (balanced
power supply) the secondary. Initial cost is higher but power costs are cut markedly, a longer
electrode life is obtained and weld quality is improved. In fact, for the thicker gauges of light
alloy 3 phase welding is a must.

Slower bull@-up of current .. less pick-up.

2) Energy storage, say by capac'tor discharge machines, giving a d. c. pulse. Battery sources
are also used occasionally.

The use of single phase transformers gave problems in the welding of the high
conductivity light alloys. First, was the problem of getting sufficient heat at the interface
beforeiit was conducted away. Secondly, high electrode wear occurred due to the 50 cps giving
skin effect and uneven heating.

A general disadvantage of single phase is unbalanced loading, low power factor.

This led to the development of energy storage machines that gave a single d. c.
pulse. The most common, and cne still found in the U. K., was the capacitor discharge machine
which used a 3-phase suppl y to charge a bank of capacitors (for circuit see Bv J. Sept. 1959.
Capacitors discharged at a predetermined
pressure - high current, short period.

Also use induction storage. In neither |

case can the discharge time to be controlled. | I ssure
\ rrent
With both these machines the sharply o £ ?‘;
rising current can lead to sticking and laisc P ;:dt
contamination cf electrodes or work. | ¢A dyin
| choke 4
D

uring thel950's came the development of 3-phase welding using 3-phase trans-
former - balanced load low frequency (2 - 3 cps) - virtually d. c. for most welding ops. Even
heating, low wear. Now, trend for 3-phase, rectifier welding.
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ADVANTAGES

Resistance welding processes are basically automatic processes, the automa-
tion varying cnly in degree. This gives several advantages:

1) Use of semi-skilled or unskilled labour.

2) Machines can be readily built into production lines.

3) Can use autematic loading, unloading and transfer of components.
4) Ne filler metals or fluxes required.

5) Heat treatment can be carried out on the machine.

6) No subsequent treatment (except in flash welding).

7) Distortion minimised as heating confinéd tc a very small area.

Disadvantages of the process avre the restrictions of the types of joint (lap welds
enly for seam, stitch, spet and projection welding), the limitation on component thickness and
size, and the lack of pertability of units.

The percentages of fusion und resistance wclding are an indication of the degree
of the develocpment of a country.

Reasocn for this lies in the relative fields cf application of fusicn add tesistante
welding. Fusicn welding covers fabricaticn cf capital and heavy goods, which are most needed
in under developed countries. Resistance welding is mainly used tor the less necessary con-
sumer gocds such as cars, washing machines etc.

In the U.S.*. resistance welding has tended to catch up with fusion welding, even
surpass it. IN Great Britain, fusion welding has reached a plateau; applications cf resistance
welding are still growing rapidly.

PROCESSES

Spot Welding

This 1s used for lap joinis where leak tightness is not required - the most common
resistance welding process. Single spot welds made by two electrodes. Applicable to all types
of stcels, Al alloys, Mg alloys, Ni alloys, Ti alloys, and some Cu alloygthose with the higher
resistivities).

Thicknesses range from 30 s.w.g. up toc 3/16" or even more in some specialist
applications. Generally, however, used in sheet metal fabricaticns.

Its main features are its versatility (making it suitable for small production runs)
and the simplicity of most spet welding machines.

Stitch Welding

This is spot welding but cperation of the foot pedal produces automatic welding
- 40 -



cycles, the electrodes opening between each cycle to enable the work to be moved. Quicker than
straight spot welding. Can be used for overlapping spots.

Seam Welding

Lap welds, occasionally mash welds, bar electrodes replaced by wheels one of
which is power driven to move the work. The current passes intermittently with wheels rotating
continuously, giving a series of overlapping spot welds.

Used for pressure tight lap welds, e.g. fuel tanks.

Roller Spot Welding

Here the wheels move intermittently stopping for each spot. Used for normal
spet welding in long production runs. Quicker but less versatile than spot welding.

Projection Welding

This machine uses flat platten electrodes, the projections replacing the bar
electrodes of spot welding. Enables 3 - 5 welds to be made at a time - machines normally of
larger electrical capacity than spot welders.

Used for joining sheets and attaching studs, washers, bolts, etc. to plate, T
joints.

The making of projections puts up component cost, and the process is used main-
ly for mass production.

Weld appearance often better than in spot welds (less depression).
Electrodes have a longer life and require only infrequent dressing.

Resistance Butt Welding

In this process the transformer circuit is similar to those used for spot welding.
Cuirrent is not passed until the faces of the rods or wires are in contact.

In this process it is essential that the end faces should be clean and flat (prefe-
rably machined). Otherwise there is a danger of oxide inclusions at the weld interface with
subsequent loss in strength. Dz1e to the upset there is some thickening of the rods around the weld
but this is generally low, so that subsequent machining is unnecessary.

Flash Butt welding

In this process the welding transformer gives a higher voltage than with other
resistance welding processes. Power is on as the components are brought together at a slow con-
trolled speed. Faces of joints not cleaned up or machined. This results in heavy power passing
through the first points in contact, causing them tc melt explosively. The process continues in
this way with considerable removal of metal, heating the ends of the component.

When the temperature is high enough the ends are forced together by an increase
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in pressure and the current switched off. This sudden loading squeezes out all the overheated
metal and gives a good quality pressure weld between the bot uncontaminated metal behind.
(N. B. Flashing can be used to give pre-heat).

Welds can be made without prior preparation but the flash on the finished product
often needs tc be removed (especially inside of tube bones). A.S.E.A. method. As with other
resistance processes heat treatment can be incorporated.

Compared with resistance butt welding heating is more localised, power consum-
tion is less and the process is faster. In addition, it gives easier welding of .dissimilar metals.

Uses cover bar to bar joints (e.g. drills), tube to tube, sheet and strip (in conti-
nuous mills), Longitudinal tube welds; Bevel joints (e.g. window frames), Rail sections.
CONTROL

The factors that affect weld quality are (in order of importance):
Welding current.
Weld time.

Electrode force.
Resistance.

= W N =

These variables are interelated and in general

{a) weld time may be reduced by increasing the curren.
(b) increasing the pressure decreases interface resistance, thus needing an
increase in current for good results.

There are other effects, of course, that are important. Thus increasing the force and current
can give excessive indentation and sheet separation, expulsion of metal, or cold collapse of
projections in projection welding. Too low a force can lead to severe internal defects in the
weld.

Electrode Force

Problem is the short time cycle high reproducibility required. On smaller
machines electrode force is governed by a spring and loading is applied by pressure from the
foot. On larger machines electrode force is governed by an Air cylinder on the machines, or
even an oil cyclinder (though most machines are air operated). The accuracy of control depends
on the pressure regulator and circuit which in some machines can be very accurate. Our Sciaky
projection welder has a diaphragm in the air cylinder with varying pressures on either side,
which allows fine control of electrode loading and a 3~pressure cycle during the welding operation.
This gives low inertia - rapid response.

Current Control

Current is switched on and off by either an electromechanical contactor (in the
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ciase of the lewer current and less complex machines) or by ignitron valves. both located in
the primary Jow ¢ irrent) circuit. Each “switch' is controlled by a timer which is. in turn.
Initiated by some device on the welding machine, e. g. air pressure switch WEId times may
vary from 1/100 sec. to 2 secs {5 - 120 eyeles) for spot welds or even longer for resistance
butt or tlash butt welds.

Fhe amount of current can be controlled in two wayss

11} Changing the transformer tappings, 1. e. the number of turns on the primary side
Fressure swifch

__ii =@—=Q—— Air lne
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ail machines but
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::.:}-f.i).m.].m il)“lhl" f_ g Y/ \\W-\J Eleclrome chonrcal
HPEr ones , ! —— _ tonlacter
J < e AN
- L
et T \VARVA"Y:
2) B_\‘ altering the amount of each half eyvele of 4. ¢ flowing in{c the work - Phase-shilt heat

cuntrol™. This 1s done hy ti lggering the ignitions te conduct current for only part ol each half
cycie

This method 1s much more caccurate and conmirollalble. and is generally used in conjunction with
i) above for the better machines
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A further refinement - synchronous time control - ensures that the current is
always switched on at the start of a cycle 1 e, no veltage. Thig stops initial current surges
atid ensures cemplete reproductbility in regard to the total numbet of weid eycles - important
in 5 -5 cycles range

These units can alsc be arranged to give constant welding current irrespective of
changes in mains voltage or amount of magnetic material within the jaws of the welding machine.
Additional modifications can give gradual increase and decrease in power at the start and finish
ol welding (slope control, and the use of lower current lends for post heat treatment

44 -



MAT. 85

The point is, that with the use of electronic switching and control any sort of
heating cycle can be used and can often be combined with a variable forge pressure cycle.

Resistance

Heat Generated, H =12 Rt 1= current) _ readily controllable.

= time )

-
|

The resistance is a problem.
{i) Contact resistance, electrodes - workpiece. Need for cleanliness of electrodes.
(ii) Interface resistance.

Contact resistance needs to be kept low, but interface resistance shoud be high
and uniform to facilitate welding.

(iii) Secondary circuit - amount of steel within jaws - magnetic effect.

(iv) Electrode force as pressure increases, resistance decreases.

For reproducibility we need toc keep the resistance constant - consistent surfaces on workpieces.
This generally means that one carries out some surface preparation - removal of heavy seale,
loose rust, paint, degreasing. Maintenance of correct tip size is also important.

MATERIAL PROPERTIES THAT AFFECT RESISTANCE WELDING

1. Electrical and Thermal Conductivity

"“he higher the electrical and thermal conductivities the more difficult it is to
make welds - less heat is generated and it is conducted away quicker.

Spot welding of pure Cu is impossible and for Al heat input must be as rapid as
possible { . . 3-phase welding). Rapid coolirng also presents problems of shrinkage necessitating
maintenance of electrode force.

With lowconductivity materials (stainless steel) the problem is to get rid of heat-

otherwise get boiling and expulsion. Lowering current and increasing time gives excessive
distoriton so that one normally uses short welding times and very high pressures.

2. Surface Condition

Uniform, natural oxide films can give irregular welds due to irregular break down
of the film {which is an insulator) . Weld shape can be affected and local overheating can result
in expulsion,

it 1s important, therefore, that the oxide is removed before welding - chemically,
- il
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wire woel, or wire brushes. This applies to 241 and Mg.alloys but with stainless steel and the _
Ni alloys (mimonics) the films cause no trouble and are not removed.

Localised defects such as rust, mill scale, paint, and grease give similar effeots
to thick oxide films.

Metallic coating (Zu, Sn) do not generally interfere with welding but reduce elec-
trode life.

3. High temperature Strength

This effects the electrode force necessary to prevent expulsion - hence high pre-
ssures needed for heat resistant alloys.

4. Expansion Coefficient

Affects contraction during cooling. High contraction necessitates high pressure
(maybe a 2 pressure cycle) to prevent shrinkage defects.

5. Oxidation Resistance

Not generally a problem except with the most reactive metals.

PRACTICAL CONSIDERATIONS IN SPOT WELDING

We need to know a few points about fit up, tip diameter and shunt losses, before
going on to consider evaluation of weids.

Fit-up is important in quality work. If the electrodes are used to bring and hold compo-
nents together we have an effective loss of electrode force, inconsistent heating, and also wrong
positioning of the spot is possible.

Shunt losses through previous welds. The first weld is larger than subsequents ones, therefore
do not test first weld normally.

Spot size , This should be governed by penetration. Require . 60% penetraticn of total thickness.
Overlap, e, = 13d

Distance between spot should be not less y

than 3 x spot diameter (For closer welds L‘ =

must increase current to aliow fer shunt
losses. )

e—+¢*
Electrode Tips \V €L f*d

Tip diameter = V/t (UK, ) 2t + 3 mm on Continent (smaller)
Tip pressure= 10, 000 psi for low C M. S., Cr - Cu electrodes
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Electrode either tuncated cones or domed.

=

i
T4

D
o =20C (U.S.A.)
~ =30° (G. B.)

Evaluation of resistance Welds

We shall consider non-destructive (BWRA Bulletin Nov. 1961) and destructive
{BWRA Bulletin September 1962) tests.

Non-Destructive Tests: Ref: BWRA Bulletin November 1961.

1) Importance of material control-electrode cleanliness and reproducibility workpiece surface
quality and dimensions

2) Welding Conditions- record force time and current - not a complete but a reliable guarantee
of consistent weld props. Expense makes complete record including oscilloscope trace not
feasible but O. K. for periodic check test.

, Commercial current meters and cycle counters (e.g. our Hirst) are widely used.
Good for trouble shooting, BUT:

a) Current meter only reads peak current, nor variations in current level during welding.
b) Phase shift and slope in and cut can give misleading readings.
c) For repetitive welds (seam and stitch) interpretation is difficult, not permanent record.

3. Radiography. The depression will show dark on a radiograph but does not necessarily indi-
cate finish - it is claimed one can tell by experience (Handley Page).

Large defects show, but not small or wrongly oriented cracks. Since size is not too important
compared with location this may be a problem.

4. Dye penetrént - leak tightness.
5, Magnetic - maybe.

o,
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6. Vacuum leak detecticn.
7. Ultrascnics - Russian work Recent develcpments in U. S A and U. K.

8. Other methods used are surface coloraticn after welding, surface hotness after welding and
amcunt of indentation

9. Head Movement

Destructive Tests

hese are generally more useful and more used. One cannot rely solely on n-d
tests, not even head movement

Uses are:
1) Setting up of mac hine
Selection of welding conditions - trial and error, experience, books
Effect of variations from recommended settings - would expect tolgeration of
variables as below
Current + 107
Time + 3 cycles
F(}T ce :“ IOL,:—_.’
2 Test piece production - strength values.
3) Check tests - during production run.

it must be accepted that good test piece results do not guarantee satisfactory
producticn welds - problems of cenfiguration and fit up.

The tests and their value and limitations are covered in the hand-out

The most used are chigel or peel test {crude but effective) and shear test (not
much usej. The cross tension test is very useful but stili not widely used.
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TABLE 1 Tensile Properties of Mild Steel Weld Deposita
Welding Process  |U.T.8. [Vield Point | Elongation | Reduction|  Impact Hardness
tsi tsi on3.54x |Area % ft - 1bs VPN
diameter %
Shielded Metal Acc
Cellulosic Class 1 32 26 30 60 - -
Rutile Class 2 30/34 26/29 28/32 45/65 56/70 Izod 170/1%0
31/34 24/30 28/38 50/65 45/65 1zod 180/200
32 25 34 65 73 -
35 31 32 61 55 Izod 176
Rutile Class 3 30/33 24/28 29/33 50/65 50/60 Izod 180/200
31 25 33 62 68 Charpy -
32 26 33 60 62 Izod -
34 24 38 66 85 Izod -
Iron Onide-SHicate I S
Class 4 31 24 36 62 65 Izod -
34 27 33 60 55/80 Izod 170
Basic Low Hydrogen | 27/32 22779 33/41 70/71 60/150 Charpy -
Class 6 29 £¥ 38/41 75/77 100/170 " -
32/36 28/30 30/34 55/70 100/170 " 180
34 26/29 37 75 8o/100 " 170/200
Iron Powder 30 - 34 57 - -
32 26 28 61 63 Izod -
34 26 33 69 - -
Submerged Arc 28/32 1 19/20 32 60/65 65/72 Charpy -
30 ; 27 3 33 62 | 51/6%9 " -
33 29 I 30 65 38/73 " -
36 28 28 55 78/74 " -
36 30 30 62 52/74 " -
Electro Slag 31 22 35 63 42/76 Charpy -
33/35 24/217 28/31 57/63 48/109 " 150/160
84/35 - 30 64 42/60 " -
36 23 30 57 22/26 " -
MIG/CO2(Dip
Transfer) 38 31 25 58 58 Charpy
39 35 26 59 36 "
40 32 29 63 43 Charpy
45 36 24 46 40 "

40 «
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TABLE 0  Effect of Electrode Coating on the Usability, Performance and
< uality of Ferrous Weld Deposits

This table indicates the relative characteristics obtained from the use of various
types of coatings '

- ————

Blectrode Class Rutile | Gas Shielded [Iron Oxide-Silicate Basic
Dutility _ 4th 2nd 3rd "'”"“"""""“"1“;;“‘"'“"
Penetration 4th 1st 2nd 3rd
Absence of Under- :

cutting 1st 4¢h 3rd 2nd
Absence of Spatter 2nd 4th 1st 3rd
Deposition Tfficiency| 1st 4th 3rd 2nd
Deposition Pate 2nd 4th 1st 3rd
Coundness 3rd 4th 1st 2nd
Arc Force 4th 2nd 1st 3rd
Ease of Handling 1st 3rd 4th 2nd
Ease of Re-striking | 1st 2nd 3rd 4th
Current Carrying

Capncity 3rd 4th 2nd 1st
T.esistance t(?rack_i_gg;_ 2nd 3rd 4th ist

Rockweld "Electrtc Are V/elding Equipment”
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JOINTS PREPARATIONS

{Thickness Gap “Roeot 'Radius {Includ--{Depth
Preparaticn| Preocess t ins. g ins. § ins. rins |ed d ins.
. Angle®{
(i) Flanged Oxyacetylene
Atomic Hydrogen
{Carbon Are 1/16 max. - - - - -
ITIG
iSubmerged Arc 5/16 max, | - - - B -
i . A Lol d - - = =
(u)Sgt.lale Oxycacetylene, 1 side 1/4 max. 2f02+32
Butt only
i t . - - - -
| both sides 1/8 to 1/2 2tc-5+32
Shielded Metal Arc L/G to 3/8 10to 3/32 - - - -
Submerged Arc, both e
sides 1/8 to 5/8 {1/32 max; - - - -
Shieided Metal Arc,
steel backing /8 to 5/16 10 to 5/16 - - - -
ideep penetration, steel
backing 3/16t05/16 |0 tc 1/8 - - & -
'Submerged Arc, steel
;backing 1/4 to 3/8 5/321:03/111} - - - -
! ] !
. copper backing 1/8 to 5/16 | 0 tc 1/8 - - - -
 {1iL) Single-V hl Oxyacetylene 1/8 to 1/2 ﬁto;‘-!- -312 | 0 - 50 - 700 -
v ) ;
Y [shieided Metal Arc  B/i6 o 3/4 Ltod |i/smax. | - le0-709 -
o
% @ Submerged Arc 1/4t01.1/2 31:2- max |1/8t03/8 | - 450min!{ -
: 3
(iv} Single-U |Shielded Metal Arc /4to2 |3—to 529 ils to—. | } |20-450| -
57/ Submerged Arc 3/4to 2 élﬁ max.! 1/4 min. 3 209max| -
? | |
T |
; i
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i
| Thickness | Gap Root | Radius | Included Depth
Preparation '| Process t ins. s ins, s ins. ‘|rins. Anglcex d ins
: |
| Oxyacetylene Over 1/2 :13-5 to -2—2 0 - 70 -800 |over }
| Shielded Metal Arc  [5/8t01.1/2 il-ﬁto L|otw1/16 | - [60-700{overd
Submerged Arc 3/4 to 2 ?% max. | 1/4 min, - 450min
| Shielded Metal Arc {1 to 3.1/2 H to T3 |0 to 1/16 - |60-700 d‘%t
160-900 |dr 1 ¢
3
| Submerged Arc gl to 3.1/2 :335 max.| 1/4 min. - 450 mind* % t
. : | d! l t
hield 1 . ltod | 3 1 0-450 -
Shielded Metal Arc  |Over 1.1/2 |35 to J | Sto & & [200-45
. Submerged Arc Over 1.1/2 éli max. | 1/4 min. % 200 -

References:

"Recommended Joint Preparations for Fusion Welding of Steel", International
Institute of Welding, Commission XV, Brit, Welding J, Jan . 1962, 9, (1), page
13. AWS Weldiag Handbook, Section I, Chapter 6, 1957.
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RESISTANCE WEIDING ELECTRODES
o
Material Hardness | Oonduotivity | Softening | 0.2% Proaf | U,T.S. | Elanga- Uses
V.P.N, Temp, O | Stress tsi +tai tion %
Hard Irawn Spot~sean
high con~ welding of Al
ductivity %5 %0 150 20 2l 10 & its alloys
copper
Cd - Cu 9 - 114 85 250 25 30 20 |Spot-seam
welding of
coated steels
Cr - Cu 138 - 150 8o 500 bl 34 15 | Spot-seam
welding of
steels
Be - Cu 363 - 4,20 23 300 67 4] L |Flash welding
dies, spot-
scam welding
high temp,
alloys,
Cu~Co-Be 180 - 240 50 500 Lo L5 10 |As ebove
Cu=-W Flash - butt
composites welding dies
Projection
welding
electrodes.
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TABLE HI Scope of Non-Destructive Testing Techniques
Position of Defect Present
NDT 555 Permanent Usage
Method R i Cost Safety on
Surface | Sub-Surface| Internal
Welding
!
Visual T . No Low Good  [Wide-
! spread
[Dye Penetrant! v : - - No High if Can Cause |Fairly low
used skin
widely troubles in
e some cases,
Tlagnetic b v - No Low Good |Moderate
Ve
ladlographic ! 7 4 Yes Expensive |Radiation |Wide-
! problems |spread
| I
Ultrasonle [ Difficulties] v s Only with  |Moderate Good | Fairly
with un- expensive wide,
dressed ecording increasing
welds quipment,

n
W
i
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Welding Defects in Steel

One may distinguish betwen two groups of welding defects.

a) The commonplace defects that are caused by erroneously chosen welding conditions , poor
edge preparation and positioning, negligence on the part of the welder while carrying out the
work such as incomplete slag removal between individuali passes etc. The subsequent defects
may be insufficient penetration, lack of fusion, slag inclusions etc.

b} The welding defects that are contingent upon the material and which are to be discussed in
the following. These cefects will be closely associated with the kind of materials used;
parent metal and filler metal.

Hot cracks

Hot cracks in the weld are formed. as indicated by their name, at elevated temperatures,
usually at a temperature just below cr just zbove the solidus temperature. These cracks are in
steel characterized by oxidized crack faces znd irterdendritic paths that show how the cracks were
formed betwern the original, sclidified, columnar crystals. Such hot cracks will normally result
from shrirkage when this begins before all the metal has sclidified. The larger the solidification
range for a material is, the greater is the danger of hotcracks. Mezinly sulphur ard carbon are
responsible for ket cracks in steel. Both these elements shcw = marked tendency for segregation.
Crystals grow perpendicularly out from the liquid solid interface when the molten metz1 starts
solidifying and the content of sulphur as well as of carbon is low in the crystals firs formed. The
moiten metal in between the constantly growing crystsls is gradually enriched on carbon and sul-
phur and finally 2 ragher thin film which stays molten down to & relatively low temperature, may
exist between the crystzls, If shrinkage stresses now are created in the weld. no tension can be
carried b the molten material on the grain boundaries and cracks are ezsily formed between the
crystals. The shrinkage stresses are especizlly dangerous at the time when only a very thin film
of molten material exists betwen the crystals because mclten material will be urable to flow in
from other locztions and fill the void if a crack is formed. Weld meta! with a large solidification
range is most prone t¢ hot cracking because the metal is in an unfavourable state throughout a long-
er period of time ana down to lower temperatures were the shrinkage effect is increased.

I Fig. 45 is shown how hct cracks appear in a fillet weld. The cracks tend to lie about in the
centre of the weld ard along the lengitudinal direction of the weld.

It is obvicus that electrode composition plays an impertant part in deciding whether or not hot
cracks are to be formed. The metal in the weld zene will, on the other hand, have mixed into it
melted parent metal to = larger or lesser degree, and one should be aware of the fzct that even
though a steel has low nominal carbon and sulphur contents , these elements may, because of se-
gregation, exist in higher concentrztions in certain parts of the parent metal. In rimmed steel there
will be a segregaticn zone in the ceatre, with kigher concentration of carbon and sulphur than in
the material close to the surface, end with certain shapes of grooves one may be welding right
in this segregation zcne, fig. 46a and 46b. The weld may here be so enriched on sulphur and/or car-
bon thzt Lot cracks are easily formed. Rimmed steel will. on the other hand, exhibit an outer
zone relatively free from carbon and sulphur, and if the weld is located as in fig. 46c, the segre-
gation zone 1s of no consequence.
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Hydrogen in Steel Welding

Hydrogen is of special interest as a contributing factor in formation of various welding
defects in steel,

The solubility of hydrogen in steel is very low at room temperature and atmospheric pres-
sure. It increases with increasing temperature and pressure, see fig. 11, and is greater in
austenitic { -crystals) than in ferrite ( -crystals) for the same temperature and pressure,
The solubility in the molten state is about 2.5 times what it is after solidfication.

Water vapour will, during arc welding, be dissociated in the arc atmosphere and yield atomic
hydrogen that is rapidly dissolved in the molten metal. Sources of water vapour and consequently
of hydrogen in the welding arc, are

{1) Humidity of the air (this has littie direct bezring),

{2) Groove surfaces, dirty snd rusty grocve surfaces usually contain considerable amounts of
humidity that can cause water vapour in the welding arc.

{3) The electrode ccating {see table 4),

TABLE 4

Hydrogen in the Deposit from Covered Mild Steel Electrodes

Hydrogen contents in the deposit

Type of electode ml Hs /100 g deposit % by weitht

Acid electrodes 15+~ 25 0.0013 - 0,0022
Rutile electrodes 15 - 25 0.0013 - 0.0022
Norma!l basic electrodes 5= 10 0.00043 - 0. 00087
Especially low hydrogen 2-3 0.00017 - 0. 00026

basic electrodes

It should be noted that TIG and MIG welding, as well as C0, shielded arc welding are
"low hydrogen welding processes'' when care is taken that electrodes are clean and dry and the
shielding gases are pure and dry.

The major part of the hydrogen in the arc atmosphere and consequently of the hydrogen sup-
plied to the weid, comes from the electrode coating as water of crystallization, water of hydration
and humidity abscrbed from the surroundings. Another source of atomic hydrogen in the welding
arc is disscciation of organic elements in the coating, for example, cellulose.

Hydrogen absorption in the molten metal is extremely rapid during welding. The solubility
drops drastically during solidfication and the hydrogen does not always manage to diffuse out fast
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encugh and a supersaturated soluticn results in the weld. The solubility decreases further dur-
ing cooling in the solid state and the hydrogen constantly tries to escepe. Usually only part of
the hydrogen manages to diffuse out to the surface and escape to the atmosphere,

The parent material close tc the weld zone has a low hydrogen centent ard is during welding
austenitized, Beczuse cf the relztively high solubiiity of hydrogen in austenite, part of the hydro-
gen in the weld zone will diffuse into the heat affected zone. Curing the subsequent cocling of the
material the solubility sudeerly drops as the austenite is transformed to ferrite and continues to
decrease as the temperature goes down further. As s result even the heat affected zone close to
the weld zone receives hydrogen from the electrode coatings or other sources, but that also the
heatr affected zone close to the wela zone can receive hydrecgen via the 2rc atmosphere and the weld
pool,

“he most dangerous effect of the hydrogen appears to be that when the steel becomes super
saturated with hydrogen, then the hydrogen atorns, which diffuse very rapidly, will have z tenden-
cy to diffuse to minor defects in the materia!, These defects may be microscopical in the form
of fine slzg inclusions cr pores. Or they may be submicroscopical defects such as dislocations cr
defects in the crystal lattice, When atomic hydrogen is concentrated in such defects molecular
hydrcgen H2, with a low diffusicn velocity, will be formed. A substantizl g2s pressure mazy build
in this locations and is calculated possibly 1o rise to several thousand atmospheres. This hydrogen
pressure causes a triaxial state of stress which again lezds 1o embrittlement of the material. in
the mest criticzl cases the pressure may be so great that the ultimate strength of the material is
exceeded and cracks result.

Cold Cracks in the Weld Metal Zcre { Microcracks)

A varying number of fine cracks /aormally not larger then 0,05 - 1 mm} will once in a while
show up in mild steel weids, The cracks usually lie perpendicul arly cn the weld direction, fig. 47,
These cracks which may be found in large quantities , have nc connection with hardening effects
in the meta! and they may be found in steel of very low carbon content (0. 06%C). It appezrs to be
quite clear that hydrogen is a geverning factor in crezting cracks. Thke cracks . called microcracks,
appezar only when electrodes are used that yield a hydrogen coanternt in the depesit above 10 - 12 ml
per hundred grams of metal deposit, The tendency of forming microcracks increzses clearly with
increasing hydrogen content ir. the metal depogit. Other fzctors of importance are cocling rate and
degree of restrzint. The cracks first appezi after the temperature has dropped below 200 - 2500C,

Tre foliowing explanation of hcw these cracks are initiated has been ¢ ffered by Dr. N.
Christensen (7}
The solubility cf hydrogen is grezter in austenite than in ferrite. When the transformation of
austenite tc ferrite begins during the cooling down of the weld . the remazining austenite will constant-
ly be enriched on hydrogen zs the ferrite grains grew (micro segregztion}, Thus tigh hydrogen con-

centraticns may arise on the boundaries between growing ferrite grains and remaining austenite,
It has a'sc been shewn metallographically that most cracks are found close to the grzin boundaries
of the relstively large ferrite grains in the weld. To produce a high hydrogen concentration on the
boundzries between growing ferrite graius ard 2usterute, a high cocling rate is required so that
the hydrogen concentration is given no time to distribute throughcut the avstenite by diffusion. At
extremely hugh cooling rates, however, the hydrogen is trzpped i the ferrite and no cracks are
formed. 57 -
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The zactval forming of cracks is probably czused by the hydrogen atoms where the concentra-
tion is supersaturited, diffusing to dislocations and other locations of defects in the metal where
they associate to form H, molecules. The molecules diffuse very slowly and a high hydrogen
pressure gradually builas up in these locations and may create local stresses that exceed the ulti-
mate strength of the metal,

The cracks can be avoided if the cooling of the weldis slow. The primary precautionary measu-
re to aveid microcracks is to choose electrodes that yield a low hydrogen content in the weld. In
actual practice this means low hydrogen electrodes. Secondly one may choose welding conditions
to ensure sufficiently slow ccoling. If the cooling is halted at 200 - 250°C for a few minutes . a
homogenization of the hydrogen distributicn occurs through diffusion ard cracks are avoided.

Micrecracks are very small as already mentioned, but may occur in large numbers. It is
obvious that a series of small cracks in a weld will lower the strenght and notch ductility. Because
they are sc finy and besides very narrow, the cracks are often hard to find by normal testing
methods. The cracks can be shown metallographically, but this requires a very thorough prepara-
tion of the specimen.

Fish Eyes

A pehnomenon closely related to microcracks are the so-czlled fish eyes. They can sometimes
be observed in fracture surfaces through arc welds and they appear as circular or oval bright
spots with the appearance of brittleress. The spots will be noticeably brighter than the rest of the
fracture surface and is essily distinguishable from it. One normally finds a tiny slag inclusion
or pere in the centre of the spot. Examinations have shown these spots that in reality are local
brittle fractures, tc appear only after the metal has been strained beyond the yield point. In a
welded tensile specimen for example, these mirniature fractures or fish eves shown up during
loading when the metal is stressed above the yield point.

A clear connecticn has been shown between hydrogen content in the weld and the occurrence
of fish eyes. A large number of fish eyes in a weld will lower the ductility, The fish eyes are not
cracks existing before the metal has been deformed plastically. This is indicated for example
by the fzct that one can prevent the formation of fish eyes by heating the metal somewhat above
room temperature for a sufficiently long time to let the hydrogen diffuse cut of the weld. Had the
cracks existed even before heating, they would alsc have existed afterwards. Cracks can never
be removed by heat treatment. As opposed tc fish eyes microcracks can not be removed by heat
treatment because they already exist when the metzal is cooled dovn after welding. One must
believe that fish eyes are caused by local hydrogen pressures that build up in and around metal
defects such as slag inclusions and small pores, as hydrogen diffuses to such defects when the metal
yields. Specimen broken impact tests do not show fish eyes, as yielding takes place too fast
for diffusicn to take place before the specimen is broken.

Underbead Cracks { Quenching Cracks)

Underkead cracks are cracks in the heat affected zone of the parent metal i.e. outside the
weld metal zone itself, but 28 indicated by the name, the cracks are located close to it and
usually rather paraliel to the weld fusion line. The underbezd eracks do not normslly extend
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out to the surface and this frequently makes them difficuit to find by non-destructive testing. Fig.
48 shows underbezd cracks from a single bezd weld a* and from a fillet weld . bj.

One does not foday have any fully acceptabie explanaticn of the mechanism responsible for
underbead cracks. Varicus theories have been propcsed, but none thzt have received generzl
recognition. Ore thing is clear, however that several factors contribute in producing the cracks.
They are:

1. Quenching effects in the heat affected zone close to the weld.
2. Hydrogen in the heat affected zone,
3. Degree of restraint,

The tenderncy for martensite formation caused by rapid cooling, is greatest close to the weld
fusion line. Here the maximum temperature has been very high znd the temperature gradient will
therefore be correspondingly high. Besides, the high austenitizing temperature increzses hardena-
bility. Even in mild steels with low carbon content, the critica’ cooling rate may under adverse
conditions be exceeded so that a layer of martensite is fovmed close to the weld fusion lire.

As previously mertioned, hydrogen has = tendency of diffusing from the weld into the parerit
metal while this is austenitic. When the cooling is sc rapid that the austenite is subcoocled with
subsequent trarsformation to martensite | then the hydrogern will be trapped in the marteasitic lat-
tice structure because of the sudden drop in hydrogen sclubility end thus increzses the brittleness
of the martensite. A rapid cooling #iil alse cause considerabie residua’ stresses in the material
because of the steep temperature gradient. In addition to this . the transfcrmation from zustenite
to marteusite is accompanied by 4 volume expansion which alsc creates stresses in the material,
All these factors together, i.e. the tendency of hydrogen to make the material brittle . stresses
caused by steep temperature gradients and stresses from volume expansicn is connection with
transformaticon from austenite t¢ martensite, can result in underbead crscks. There sppears to be
two conditions that have to be fulfilled for underbead cracks to be fermed 2t ali: firstly, martensite
has to be produced zlong the weld bourdzry. Secondly. a certain amount of hydrcgen must be
present.

Martensite of low carbon centent such as in hormali structurzl steel, has a relative iy low
hardness, see fig. 28 and is also comparatively ductile. Uncerbead cracks are therefore not
produced only as a result of stresses arising during rapid cooling. For the cracks to be preduced ,
a relatively large amount of hydrogen must be present at the same time. Underbead cracks do rot
cn the otker hand appear even with high hydcogen content if the transformation of austenite tekes
place at a higher temperate so that no martensite is formed.

The forming of underbead cracks is closely cennected to the cecoling rate in the temperature
range 400 - 100°T, i.e. in the range of martensite formation, see fig. 27. The faster the cocling
is in this temperature range, the grezter is the danger of cracking,

Because the cance of martensite appearing in the weld zone ircreases very rapidly with
increasing carben content in the steel and similarly with increase in zmousts of other alloying
elements, the danger of underbead cracking increases @ rres pondingly. One must be zltogether
very careful with welding steel when the carbon contert exceeds .20 - 0. 25%. Similarly one
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must take great care when welding low alloy structural steels.

Concerning precavticnsry measures to avoid underbead cracks, one may concentrate on
one cr more of the factors that are of important to their formation:

1. One tries to prevent the weld from picking up hydrogen. This can be done by choosing elec-
trode types that yield very low hydrogeun content in the metal deposit. or welding methods
that introduce very little hydrogen.

This means in reality that when there is danger of martensite in the heat affected zone . one
shouid select special, low hydrogen, basic electrodes. Beside, one must take care to store
the electrodes in 2 dry place until use to prevent the coating, which often is kydroscopic,
from absorbing moisture from the air. If necesszry one should dry out the electrodes before
use. Also one should take care that the groove faces are clean, free from rust and other
kinds of contamination and that they are dry.

2. Tke cocling rate in the weld zone can be adjusted so as to aveid martensite formation. This .
however, usually requires so much prehesting of the parts to be welded, that cne rzther
settles for a sufficiently slow cocling through the critical temperature range, below about
400°C , to prevent underbezd cracks. Frejuently it is sufficient to provide adquate heat supply
per unit length of weld during welding (high welding current, low weldirg speed) or one may
regulate the cooling rate by preheating, Even a slight prebeating may have decisive influence on
the cocling rate below 400°C.

From fig. 3a is seen that in a specific case (the welding conditions are stated on the diagram} a
preheat of 100°C (from 200 to 1200C) reduces the cooling rate at 3000C, w300, from about 100C /sec
at room temperature to about 2. 50C /sec. The higher the carbon conternt of a steel is or the higher
alloyed it is, the more preheating is required to avoid underbead cracks.

It may even be necessary with postheating for steels with slow transformation and this must
then be done before the temperature of the heat affected zone has dropped to the Mg tempersture,

One should specificaily note the danger of underbead cracks in short weld beads and particular-
ly in tack welds where Leat supplied is very little and cooling rates become high, If it has been
established that the material requires preheating to be welded, then prehkeating must be removed
by the subsequent weld bead and thus remain in the weld as hazardous stress risers. It is a further
rule in arc welding that tack welds be above a certain minimum length, They should at least be
2-3 cm long.

Pores

Pores are gas evolved during solidification that is trapped in the weld. The three gases oxygen,
hydrogen arnd nitrogen are all soluble in relatively large quantities in molten steel. Ako they all
have much greater solubilities in molten than in solid steel. Considerable amounts of gas are there-
fore liberated during solidificaticn. Normally, however, the gases will escape because the sclidifi-
cation starts on the bottom of the weld pool and there is also viclent mction of the metal in the weld
poel whick aid in bringing the gas bubbles to the surface so that the gas escapes to the atmos phere.
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Nevertheless gas pores are not rare in steel welds and are usually caused by either carben
monoxide or hydrogen. Carbon monoxide is formed during solidification when oxygen is present

to react with the carbon of the metal. This may, for example occur when welding steel with

heavy mill scale. The scale is iron oxide and a reaction between the carbon in the steel and the
oxygen in the scale may occur because the carbon has great affinity tc oxygen. Acid electrodes
(iron oxide inflated slag) will also supply the weld pool with some oxygen and may when used for
steel of high C-content, give pores . The gas shield provided by the electrodes may nct be suffi -
cient to keep the air away from the weld pool if 2 long arc is used in welding and & rezction between
oxygen from the air and carbon from the steel may result and give peres. Bisic electrodes (low
hydrogen) are normally so well deoxidized that pores do not appear. These electrodes have so much
deoxidizing elements added , usually silicon or mangauese that the oxygen appearing during weld-
ing is taken care cf. On the other hand basic electrodes when the arc length 1s great, do not give
sufficient protection frcm the air and this may lead to pores in tke weld.

Hydrogen pores in stee! may occur when using hasic ({low hydrogen) electrodes that have absorb-
ed moisture. Another type of hydrogen pores appear when welding sulphur containing steels with
acid electrodes or rufile electrodes. The pores are often called sulphur pores. The mechanism of
producing the pores is not quite understocd, but it is believed that hydrogen and suiphur rezcts te
form HyS during the solidification. This type of pores may appear even when welding steels of reia-
tively low sulphur content when the welding is done in the segregation zone where the sulphur con
centration can be relatively high. The danger of getting this type of pores is also much less when
using basic electrodes (low hydrogen) than when using acid or rutile electrodes because 2 certain re-
fining of the weld pool for sulphur takes place through reactions hetween the siag and the molten
metal and partly also because the hydrogen content is sufficiently low <with these e'ectrodes , if they
are kept dry.

Weldability of Steel

Every experienced welder know that to obtain sound welds without deiects is not as‘easv with =1l
types of steel. Some obviously do not present any difficulties, cthers on the contrary. require
special precautions or techniques in order to secure a satisfactory weld quz ity and te avoid welding
defects as pores, hot cracks, underbead cracks, and others. in this coanection one tzlks about
"Weldability'",

Weldability, hcwever, is not a property that is easy tc express precise ly and quantitatively, it
is a very complex quality. The folllowing definition is formulated by commission IX of the IIW
{International Institute of We!ding)(9):

"A metallic material is considered to be weldable to a certain degree by 3 given process
and for a given purposie, when a continuous metallic connection can he obtained by welding
using a suitable procedure, so that the jeints comply with the requirements specified both
in regard to their local properties and their influence on the construction of which they
form part''.

As seen from this definition, weldability is not purely connected to the metzl as & metals
property, but is also connected to the welding processes, as cne metal may well show 2 high
degree of weldability when one welding method is used, weldabi lity, however, may be pocr with
another welding pracess.
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A high degree of weldability actually means that satisfactory weld quality may be obtained
without special precautions and that the welding conditions may be chosen within a wide range
A low degree of weldability on the other hand, usually requires special precautions to ensure sa
tisfactory welds, and also that welding conditions have to be kept within very close limits.

The properties that primarily determine the degree of weldability, may vary for different
types of steel. For most types the mechanical properties obtainable, are of greatest importance,
but when it comes to austenitic stainless steels, weldability usually means to what degree weld-
ing will reduce the corrosion resstance in the heat affected zone.

Plain Carbon Steels

For the unalloyed structural steels, weldability comprises the following:

(a) Tendency to the formation of hot cracks, pores and other defects in the weld metal.

(b) Hardenability or tendency to martensite formation in the heat affected zone, which again
increases the risk of underbead cracks, etc.

{c) Risk of brittle fracture.

The tendency to hot cracks, pores, and other defects in the weld metal does not depend entire-
ly on the base metal, but often to an even greater extent on the filler metal. In arc welding with
covered electrodes the main part of the weld metal is deposited metal, and molten base metal is
rather small part.

Hardenability

Hardening effects in the weld zone appear by preferences in the heat affected zone when unalloy
ed and low alloy steels are welded with appropirate electrodes. Martensite as mentioned before, is
most often found in a narrow zone up to the fusion border and martensite here is a condition for the
formation of underbead cracks. Such cracks often will be normal to the tensile stresses in the finist
ed part, and act as dangerous stress risers,

Whether martensite is formed adjacent to the fusion border, depends on the hardenability of the
base metal, and the actual cooling rate. The hardenability is greatly increased by additions of car-
bon, and also by additions of other elements although their effect is never as pronounced as the
effect of carbon.

Martensite is but one of the contributions to the formation of cracks in the heat affected zone,
hydrogen and stresses being the others. However, hardenability is the factor which is most closely
connected with the properties of the base metal. Because the carbon content has such strong influen-
ce on the hardenability and because increasing carbon content so strongly increases the hardness
and brittleness of martensite, it is most important from a weldability point of view tc restrict the
carbon content, and keep it as low as possible.

Efforts have been made to find a method of determining the hardenability and thereby find an
equation whereby weldability can be expressed quantitatively and calculated on the basis of the
composition of the steel, In the literature many formulas have been suggested for calculation of
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a Carbon Equivalent which is the zmount of carbon that alone should give the same "hardenzbi-
lity" zs zll the alloying elements together. Such Carbon Equivalents as a mezsure of weldabili-
ty do rnot seem to apply generally, and will not be dealt with any further 28 a2 means tc express
weldability and to clussify steels. The reason why it is difficult to formulite equations for the
caleuvlation of a Carbon Equivalent which is generally applicable  is that the effect of =1 elemert
on hardenability is not always the same, but is more or less influenced ky tke presence of other
elements.

Tendency to Brittle Fracture

One of the mzin characteristics of brittle fractures | is that they are generally fermed with-
out plastic céeformaticn. The faces cf the fracture normally have a brittle appearance and the ener-
gy absorption which is necessary for initiation and propagation cf britte fracture is very small,

Propagation is extremely fast, the velocity approaching the velocity of scund in the metz1,
A\ y app g

The reason the question of brittle fracture is of suchk importance in conrection with we lded
structures is that conditions often are favcurable for the inmitiation as well as the propagation of
brittle fracture. In welded structures there will be continuous metzilic cermecticn betvween the diffe-
rent parts and thus brittle fractures can easily propagate zcross the welded jernts from one part
to another., There zre several examples where brittle {racture has started in = secondary member
of no importance to the actual strength of the structure | the fracture, hcwever } 2ving propagated
across welds into the main parts of the constructicn vith the resuit of complete hreakdown.

Usually the initiation of brittle fracture is due to various factors, Hi gh stress concentrations
together with triaxial stress conditions whick prevent plastic flow, are ceoatributing factors, and
likewise the properties of the steel at the actuzl service temperature,

The propagation of an initiated brittle fracture aiso depends on the st:te of stress and the
mechanicalproperties of the steel at the service temperature

In welded structures welaing defects often act 2s dengerovs stress risers  and So do pocrly
designed joints. {n large structures complicated stress conditiors are citen urzvoidal e and the
risk of brittle fracture is usuvally greater the larger and more compheeated the structure becomes
2nd increases zlsc with increzsing plete thickness,

As a rule brittle fractures that hzve occurred in welded constructions have sta-ted from we Ids,
from severe welding defects, or places with skarp nctches heczuse of poer design. One factor
that should not be overlooked in this cennection is the presence cf residuz! stresses, weld stress
whick ncrmally will be of the mzgnitude of the yield stress of the metal. These neld stresses

increzse the rick of brittie fracture,

Both the iritiation and the propagaticn of brittle fracture strongly depeind ¢ the tougkness
of the seel (expressed by the notch ductility). in a brittle steel the rick of hritile {racture is much
grezter than in e steel with better notch ductility. if the notch ductility (8 suliiciently great
& brittle fractures that bas started my come tc a stcp as conditicos for furtker propagation are
lacking.
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Because welding defects are dangerous from a brittle fracture point of view and must be
avoided, it i8 necessary to state certain minimum requirements to the quality and composition of
steels for welding purposes. As both initiation and propagation of brittle fracture depend on the

notch ductility of the steel, this property is of major importance when weldablhty of steels is
considered.

The notch ductility is strongly dependent on temperature. All steels having good notch duc-
tility at room temperature, become brittle at some lower temperature. The transition from notch
ductile to brittle behaviour usually takes place over a temperature range, transition range, in
which the steel becomes brittle. Several test methods exist for determination of notch ductility.
Traneition temperature or rather temperature range determined b the different methods vary
from one method to the other, and none of the methods tells us how a steel willbehave in service,
that is to say in different constructions, under different loading conditions and service tempera-
tures,

Even if test results cannot be directly used to determine the service behaviour of a steel,
the transition temperature measured by the Charpy V-notch impact test seems at present to be
the best basis for evaluating the tendency to brittle fracture.

Fig. 49 shows schematically a characteristic transition curve of a structural steel, where
the fracture energy determined by the Charpy V-notch impact tests is plotted against testing
temperature. he Charpy V-notch transition temperature is defingd as the temperature corres-
ponding to a fracture energy of 2. 8 kgm (20 ft. Ibs) or expressed specifically 3.5 kgm/cm?2.

The transition temperature of a steel is determined by several factors as chemical composi-
tion, mechanical and thermal treatment, grain size and type of structure. Additions of nickel
or manganese up to about 2% normally lowers transition temperature. Most other elements,
however, carbon inclusive, raises transition temperature. Silicon and aluminium in small
amounts as deoxydants may tend to lower transition temperature. The effect of the single
element may vary from one steel to another depending on the amount of other elements present.

Nitrogen increases the transition temperature of the common structural steels considerably,
Ageing effects, quench ageing as well as strain ageing, raises transition temperature and both
types of ageing are supposed to be due mainly to nitrogen in solid solution. Altogether in the
plain carbon structural steels, nitrogen is thought to be one of the most important factors rais-
ing the transition temperature and increasing the tendency to brittle fracture,

Steel produced by the converter methods (acid and basic Bessemer) where air is blown
through the molten iron, generally has a higher nitrogen content than steels produced by the
open hearth, and electro-furnace methods, or £ a pure oxygen blast is used as for instance
in the L.D. process. From this reason many specifications and standards require that steels
used in welded structures should be produced by one of the latter methods. Bessemer steels
being disapproved of.

The Choice of Steels for Use in Welded Structures

In document IIW-22-59(9) directions are given for the choice and classification of mild and
C-Mn structural steels of grades from 34 to 52 kg/mm? (22 - 33 tons/in2),
(minimum specified tensile stength),
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The steels are classified in four qualities from A to I}, where A offers the lowest and D the
greatest resistance to brittle fracture. The criterion used in this classification is the Charpy
V-notch transition temperature. Because the notch ductility of steel as cther properties, sc
strongly depend on the mechanical and thermal processing, selection of steel should be based
upon the properties of the final product. The IIW -22-59 also gives directions for the selecticn
of steel quality taking into account conditions of loading, service temperature, section thicknesses
and so on.

The IIW - classification is in the main presented in table 6 for steels with an actual ultimate
tensile strength up to 52 kg/mm2 (33 tons/in?j.

Note: This table is not complete and only meant for informaticn, tjerefore anyone who
intends to use the ITW-classification of steels is referred to the original document(9).

For C-Mn structural steels with an actual ultimate tensile strength between 52 kg/mm?
(33 tons /in2) and 65 kg/mm2 (41 tons /in2) the following limits of compositior should rct be
exceeded.

[}

Qualities Band C: C = 0.22%, Mn = 1.50%, 8i = 0.55%, S = 0.05%,

P = 0. 06%,
Quality D: C=0.22%, Mn=1.50%, Si =0.55%, S =0.05%,
P =0.05%.

Low Alloy Structural Steels

Today there is an increzsing interest in using steels with higher ultimate tensile strength
for welding purposes. These steels also have a higher yield stress in proportion to the uitimate
tensile stress than the mild carbon steels.

An increase in ultimate tensile stenth and in yield stress may be cbtained by increasing
the carben content, but this should be avoided because of the risk of hardening effects and cold
cracks.

In high tensile steels for welding purposes, the carbon content must be kept at a low level,
instead higher strength is obtained by additions of other elements arnd also be heat treatment
processes. Today a great many high tensile steels are commercially availabe, which show great
differences in compositions. To make the situation somewhat more simple, only three main
classes are dealt with as most of the steels can be classified in one of these.

Class 1 comprises steels with an ultimate tencile strength of approximately 52 - 60 kg/mm?2
(33 - 38 tons/in2). The steels in this class are mainly of the carbon - manganese type with
maximum 0.22% C znd up to 1.6% Mn. Normally they do not present great welding probkems and
when moderate thicknesses are welded, no preheat is necessary if basic (low hydrogen) electrodes
are used. They have good notch ductility and a low transition temperature, Welding of heavier
plates may require a moderate perheat.

Class 2 comprises ferritic-pearlitic steels which as a rule is supplied in nermalized and
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tempered condition. The rise in tensile stength is principally attained by additions of the
elements Mn, Ni and Cu, of which Mn and Ni are soluble in ferrite and the solution leads to
an increased strength of the ferrite. The steels in this class too will normally have a good
notch ductility and a very low trandt ion temperature.

Class 3 are steels which in addition to Mn mainly contain Cr, Mo, and V which all
combine readily with carbon, forming carbides. The increase attzined in tensile strength for
these steels are mainly due to finely dispersed carbide precipitations. The steels are either
supplied normalized and tempered, whereby the structure normally becomes bainitc or they
are quenched and tempered, the tempering temperature being relatively high. This latter treat-
ment renders a considerably higher tensile strength than normalizing and for these steels also
a better notch ductility, + he low alloy steels in the quenched and tempered condition, have the
highest strength with an ultimate tensile strength up to about 100 kg/mm2 (64 tons /in2) and
yield stress up to 90% of the ultimate tensile stress.

In normalized high tensile steels, the strength is not appreciably influenced by welding.
In the quenched and tempered steels, however, the strength and toughness may be considerably
altered in the heat affected zone.

Generally speaking, in low alloy structural steels, even if the carbon contents are low ,
there is always a risk of cracks forming in the heat affected zone, and thus the welding condi-
tions must be chosen after careful considerations, and often weldability tests should be perform-
ed. Only basic (low hydrogen) electrodes should be used.
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Any cracking {est must be designed to investigate a specific type of cracking and,
preferably, a particular range of materiais. jdeally, a cracking test should be:

2) Ecoromical in material, time and labour.

k) Simple in interpretaticn of resulis,

c) Capable of giving direct correlation with actuzl structure,

d) Free from the human element.

e) Reproducible and cousistent.

f) Of high sensitivity, to allow distinction between the effects of all welding variables.

These ideal requirements can never be completely reached, indeed some of them are
self-contradictory and demand a compromise with the resuit that cracking tests are realy culy
sorting tests, capable cf placing a series of materials in crder of susceptibility to a particular
type of cracking, but not capable of quantitative interpretaticn for an individuzl material, The
main difficulty lies ip defining restraint as it occurs in welded fabrications, and in putting a
quantitative figure o any degree of restraint. Restraint is known toc be importart in most types
of cracking but the quantitative variation of restraint in c¢racking tests has sc far proved impos-
sible to achieve.

it is nct possible to coesider all cracking tests here. Borland! describes 30 tests
and ever this list is not complete.

The majority cf cracking tests were developed for carben and low alloy steels, and
very few for other materials. Tests for underhead cracking are, of course, restricted o these
steels but tests for weld mefal cracking have found more generai appiicaticn. Cracking test
results may be in the form of crack/nc crack indications or on the length of cracking before
arrest, The former tests will require several test specimens in chich the factors affecting
cracking {e.g. restraint or cooling rate) can ke varied whereas the latter tests previde a con
tinuous varistion in the affecting factors fe.g. restrairt in the Houldcroft fishbone test) and theo-
retically a single test should provide a unique indication of crack susceptibility. In practice,
however, control of the variables is never exact enough to allow reliance ou a single test and
several tests are necessary to cktain a positive resuit. Most tests invclve a butt or fillet weld,
others require simpley a bead on plate test, but few bear any direct relation ic actual welded
assemblies. The B.W.R.A. test for delayed cracking in austeritic steel {see below), however,
relates directly to the steampipe: header jcint irnwhich this form eof ¢cracking was first recognis-
ed, whilst some industrial companies are krown to use test specimens that simulate the more
difficult joints that they actually encounter. These latter tests are generally nearer to procedure
and weider approval tests thar to tests of the crack susceptibility of a specific parent or filler
material .

Most tests for heat affected zone cracking are concerned with underbead cracking in
steels, and these range from a simple bead on plate test ircorporating little restraint, to heavi-
ly restrained fillet weld tests such as the Reeve test and Cruciform test. The most developed
test for underbead cracking is the Coniroiled Thermal Severity for C.T.S.) test which has been
adopted by the International institute of Welding as the standard test for collaberative work. The
C.T.S. test incorporates less restraint than some tests and may give negative resuits for mate-
rials in which restraint makes a large contribution (¢ crack susceptibiliiy. This test has been
extended to cover electrodes and preheat temperatures but ic these cases greal care must be
exercised in interpreting the results, The B.W.R.A. test for austeritic steels was developed
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specitically {2 examine delayed cracking in steam leaders; it has heen suitable for this purpose
but is inlikely to be used for nther matevials

Tesis Ior weid mefal cracking generally involve some form of restraint, e.g, paich
test, Lehigh restraint test, zltho 1gh the Murex het cracking machine applies strain to a fillet
weld while it is being dcpvs ited, Crack lengih is taken as a measure of crack susceptibility
where restraint is varvied contin JOIHIT’ in a single specimen whereas the crack/no crack crite-
richa is used in specimens with 4 specific restraint,

Since no cracking test wiill give a direct correlation with practice the utility of the
more elahorate tests may well be questioned, Tnless a lot of background experience is availa-
ble or a direct correlation with a practical fabrication has been found, the authogs see an advan-
tage in using the more simple tesis. The larger and mcore complex the test the greater the cost
in materials and lahaour,

Severa!l cracking tests are described below, covering some of the more widely used
tests,

[

Tests for heat affected zone cracking:

T the siraple head on plate test 2 used by the Battelle lMemomal Institute a4 small weld
bead is deposited on the steel under test usmg a ceilulosic cnated elecirode; this type of electro-
de eusures that hydrcgen will be present in the heat alfected zone. The welding variables are
all controlled, i.e, electrode size, current, voltage, asd welding speed, as is the initial plate
temperature, After welding, the steel plate is held for 24 hours at 150C to enable the cracks to
develop, tempered for 1 hour at 595°C and sectioned longitudinally (Fig.i). The longitudinal

section is examined for ¢racks metallographically or by magnetic crack detf-a‘,wa*\, ['he suscep-
tibility to cracking is indicated by the ratio of total crack lenth to bead length; at least ten tests
are needed for reliability,

The C.T.8. testd, * was developed by Cottrell at B.W.R.A, and is based cn the assimp
tien that underbead ‘,raulung" is based on the cooling rate at 300°C (in effect the microstructure
of the steel}, provided that hydrogen is present, The degree of restraint is assumed to have
Little affect on the amount of cracking, The test assembly is shown in Fig.2, the contact surfa-
ces heing ground fo give efficient thermal contact, The bolting of the two plates and the anchor
welds provides some restrairt although this is not as severc as with the Reeve test®, from
which the C.,T.S. test is derived,

Two test welds are deposited in the downhand positios as indicated, the assembly be-
ing ccoled to rocem temperature before each weld is made, For a given type and size of elecirode
and fixed welding conditions the cocling rate, and hence the degree of cracking, is greater with
the firal Erithermal) weid.After welding the test assembly is kept at room temperature for 48
haurs before being secticned and examined microscopically for cracks,

The first weld has two paths along which beat can be conducted and the second weld
three paths, which expalins the use of the terms bithermal and trithermal, For any given test
piece dimensions the triffiermal weld will have a greater cooling vate than the hitherinal weld,
The unit for heat conduction has been arbitrarily taken as one section of } inch thick plate and
frora this is derived the concept of thermal severity in terms of plate thickress, Thus the
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bitbermal weld in two seciicns of § inch plate has a thermal severity number (TSN} of 2 and the
trithermal weld cne of 3, For other plate thicknesses ‘he thermal severity numbers are given
by

TSN =4 (t +T) for bithermal weids
an TSN =4 (t + 2b) for trithermal welds
(see Table I) and the relation between TSI and cccling rate is shown in Fig.2 for different levels
of heat input and weld sizes,

Cracking at any particw!ar TSN is delermined on a crack/no crack basis and the con-
cept of a Weldakility Index (Takle T/) bas been proposed using filiet welds of % inch leg length.
The incidence of cracks at a given TSN {i.e. cocling rate) resulls in a material being rated from
A to G in the Index. A raling of A indicates virtual freedom from underbead cracking whereas
a rating of G indicates a very high suscepiatility.

_ The type of electrode coating has a large effect on crack susceptability and hence the
Weldability Index rating, by controiling the amcurt of hydrogen availzble in the weld metal. Thus,
for the Weldability Index rating of 2 material t- bave any siguificance it rust be prefixed by the
coating group of the elecircde used: a maferial may have an Index rating of C or D with rutile
electrodes but s may be improved to A for basis electrodes. For most general malerial tests
rutiie electrodes are used since these give tne greatest suscepiibility to cracking,

Because ‘he elecirode ceating can affect the Weldability Index the C.T.S. test has
been used as a tes: for electrodes shilst it has also beex used to investigate ihe influence of
preheat, which affects cocling rate and hence the TSN, In cther tests the, severity of the restraint
has been increased by the use of bigh tensile weld deposits cr by altering the notch at the root
of the fillet welds. These variations can give useful information but®are must be taken in com-
paring tests made under these different conditions.

The B.W.R.A. test for delayed cracking in Cr-Ni austeritic steels® is shown in Fig.
3, welds are made with coated eleciredes in the sequence indicated, Each rua is made in two
1800 segments fcliowed by cocling to rocm iemperature. The rigidity of the specimen is often
sufficient to cause miner hot cracking at the toe of the weld and these propagate on subsequent
heat treatment. A series of tesis are necessary to define the temperature range over which
cracking may occur,

Tests for weld metal cracking:

A large number of these tesis exist ranging from simple pad tests to the production
of butt and fillet welds under considerable restraint.

The simplest for weld metal cracking cousgists of depositing a pad of weld metal on
a 3 inch thick plate of the material tc be welded? . cracking is then zssessed by micro-examina-
tion. This test has been used largely for assessing ausienitic weld depesifs but since it Involves
little restraint it does not always give positive results, The effect of dilution of the weld metal
by the parent plate is obvioulsy avoided ir this test.

Several versions of T fillet weld n‘.ee:é:5 éexﬁ.st, including cne adopied by the British
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Standards Institution for testing covered electrodes for mild® and medium high tensile steel?.
Each test reguires a T joint t¢ te produced in the plate material { 5 inch thick for BS 2549),
weids on either side of the T being produced successively {see Fig.4a}. Details of plate prepa-
ration, preheat and we'ding conditions are standardised to allow reproduction of the restraint
and the second weld is produced urder a greater degree of restrairt than the first. After visual
examination for cracking the fillet welds may be broken apern (Fig. 4k} and examined for further
evidence of hot cracking .

The Lehigh restraiat test10 was developed to study the effect of restrzint on cracking
in steel weld deposits; it consists of a slctted plate with a machiced centre groove in which the
weld is deposited (Fig.5). The restraint is controlied by the depth of the sicts and is measured
as the width of the piate befween the slots. in geraral ooly a root run is deposited and cracking
is determined by macro-examiration . The ‘tes: may aiso be used f¢ study cracking in the weid
h.a.z,

The Murex hot cracking machinell, 12 places a stress on a cecoling weid deposit
and offers a useful methed of distirguishing the hor cracking tendencies of different electrodes,
For this test a 3 inch fillet weld is depesited in the V formed between two 3 inch x 2 inch x 3
inch plates {see Fig. 6}. One of the plates is rotated at a consant speed, 5 seccnds after the
welder starts depositing the elecirode. A total rotation of 302 is effected giving a maximum
fillet angle of 120°. The speed of rotaticn car be varied for different tests; a speed cf 1,100/sec .
has been found suitable for low ailoy electrodes. Any cracks cbtained tend to be longitudinal and
the length of crack a good measure of the crack susceptibility of the electrode, but is less sen-
sitive when considering the effect of plate composition, probabiy due to the small amount of
dilution that cccurs .

Patch tests13,14 have been used extensively tc exaraine hot cracking in a wide range
of ferrous ard non-ferrous materiais. The most usual test for materials up to 1/8 inch in
thickness (Fig. 7) consisis of a 6 inch square from which a 2 inch diameter circular patch is
trepanned. The patch is welded back inio the square and the crack susceptibility expressed
as a percentage of total weld iergth or by the angie siubtended by the weld start and point of
crack initiation. The restraint wiil vary throughout welding and cracking will not start until
a sufficient level of resiraint has been reached. Experiments with austenitic steels have shown
that variation of the piate to patch ratio had no effect cn the results but that an increase in weld-
ing speed increases the severity of the test. A suggestion has alsc been made that a simple cir-
cular welding bead in a square of test material would give the same resuits as the true patch
test; a test made in a light alloy is shown in-Fig. 8. Patch tests are alsc used for thicker mate-
rialsl5, in which case larger plates are used with an appropriate edge preparation.

The Houldcroft fishtione test was developed to examine the crack susceptikility of light
alloy sheet during TIG welding, with or witheut filier additions. The test has since been used for
other sheet material. !t is based on the concept that if a weld is started on the edge of a sheet
a crack can initiate and will then propagaie until the restraint is reduced . In the fishbone test
Tesiraint is progressively reduced by a series of slots of gradually increasing depth as shown
in Fig. 9. The test weid is made aleng the centreline of the specimen and fuil penetraticn and a
cengtant bead width is essential; manup! wejding senergily gives a more uniform bead aithough
automatic TIG welding has also been used. The test specimen is not restrained externaily but
rested on a carbon block which provides good elecirical contac but poor heat conduction. The
crack susceptibility is measured in terms oi crack length, a mean of 6 tests being taken . On



MAT.102/RLA

the basis cfwork on 1/16 inch thick Al-Mg-Si alloys Houldcroft has suggested that, for weld-
ing speeds zround 8 ins/min.and bead widths of } inch, a crack leath of less than 3 inch indica-
tes a fully weidable material whereas a crack length greater than 1} inches indicates a high
crack susceptibility, Although the test is generally discriminatory between different alloys

it does fail to distinguish betweer. the crack susceptibility of some alioys of similar composit-
ions e.g. Al-3,5 Mg and Al-5Mg alloys, and socme scatter is found between ncminally identi-
cal specimens, It was suggestedl? that these problems resulted from a variation in heat fiow
pattern at the weld staris and an unslotted portion was added to the testpiece tc enable the

heat flow pattern ic become steady before the first slot was reached. This modification im-
proved the discriminaticn of the test at Jower welding speeds but did not reduce the scatter.

A recent comparisen of the Houldersfi and patch tests1® have shown that the latter
test covers a more limited range of crack susceptibilities thar the former. Over this more
limited range, however, the patch test appears o bear a closer relation to practical welding

behaviour,
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FUSION WELDING OF MAGNESIUM MAT.88/RLA

Several properties of magnesium and its alioys can affect fusion welding characteris-
tics. The oxide film on magnesium-base materials presents problems of removal and protection
similar to those with aluminium alloys whilst the high thermal conductivity and coefficient of
expansion can lead to distortion, restraint cracking, and resdual stresses. These problems may
be minimised by attention to technique but stress relief fat 150 - 350°) is necessary with alloys
susceptible to stress corrosion, i.e. aluminium containing alloys. The wide freezing range of
some alloys can lead to hot cracking in heavily restrained joints although cracking is not such a
problem as with the aluminium alloys, and can generally be avoided.

For many years oxygcetylene welding, using highly active chloride-base fluxes, was
the only suitable fusion welding process, until the TIG process was introduced in 1940, At pre-
sent TIG welding is the most widely used process for magnesium and has almost completely
replaced oxyacetylene welding, whilst MIG welding is also used in the United Stafes,

TIG welding was originally developed for magnesium, using helium shielding and
direct current, electrode positive, This technique was inefficient since 60% of the heat produced
appeared at the tungsten anode, necessitating a large diameter electrode to prevent melting and
giving shallow weld penetration, wide weld beads and wide heat affected zones. It was soon found
that alternating current gave adquate oxide removal (with helium or argon shielding) and lower
power consumption, with better penetration and narrower heat affected zone, and a.c. with
argon, helium or argon-helium mixtures has now completely succeeded the use of d.c., electro-
de positive. The use of d.c., electrode negative with helium shielding has been reported but
Lockwood has recently started that it is unsuitable, resulting in serious oxide contamination
of the weld deposit.and arc instability at currents above 170 amps.

Some arc instability is often found diring a.c. TIG welding, particularly with argon
shielding, and this can cause difficulty in welding. This arc instability which is characterised
by a change in arc appearance (from a blue to a green cclouration) and sound, has been studied
by Kenyon using a high speed camera, oscilloscope and visiual examination and a superimposed
high frequency current compoment was detected when the magnesium was in the negative half
cycle. The result of this instability, which has been attribute tc & variation in electron emission
from the magnesium, is surface roughness and occasional surface cracking (Fig. ). It had
eralier been found empirically that the addition of 0.15% nitrogen to the argon shield eliminated
arc instability when welding Magnox AL80 and gave a smooth surface (Fig. ), but had apparent-
ly no effect on other alloys. It was found to be due to the elimination of the high freguency com-
ponent in the magnesium negative half cycle and atrributed to a change from a plasma emission
to a field emission mechanism for producing electrons. Nitrogen is larger quantities and at
longer arc lengths was also found to be effective with other magnesium-base alloys and it was
presumed that nitrogen was generally effective provided that the shielding atmosphere was
largely argon and not magnesium vapour.

~ Argon shielded MIG welding (direct gurrent, electrode positive) is feasible using
spray transfer arcs for thicknesses above 0.190 in. and a short circuiting arc for thicknesses
down to 0,025 in. With spray transfer in particular, burn-off rates are much higher than with
aluminium (Fig. ) requiring high wire feed rates and welding speeds. A prcblem with both
types of metal transfer is that the arcs are stable ounly over limited current ranges; excessive
currents lead to turbulence with high spatter and contamination.

Oxyacetylene welding is now obsolescent but is still used occasionally for the alumi-
=T5 =



MAT . 88/RLA

nium - 137 manganese and magnesium ~ 6% aluminium - 1% zine alloys. In addition o the ge-
neral problems of a distributed heat scurce with wide heat affected zone znd considerable dis-
tertion, the chioride-based fiuges used for oxide removal are highly reactive and can lead

to rapid weid corrosiorn if left o the weld surface. Flux entrappment in zirconium containing
alloys cannot be avoided due to interconnecting microperosity and these allcys must not be
gas welded, Attempts have heen made to modify existing fiuxes and to develop new non-corro-
sive fluoride-based fluxes but these have been wisuccessful, largely due to the high melting
points of these non-corrosive flux mixtures.

WELD DEFECTS

A rumber of defects can cecur in magnresium alloy welds, the majority are due to
incorrect welding techrigues aithough some are infivenced by are imstability or metallurgical
factors,

The weld profile can be very difficult to cortrel in manual welding and this car lead
to poer appearance and reduced fatigue strength. A poor weld profile is often acoonmpanted
by heavy surface oxidaticr: this is generaliy caused by insufficient gas shielding although
cccasionally heavy are instability may cause turbulence in the inert gas shield. Oxide and
nitride fitms (Fig, ) may alsc be entrapped in the weld, reducing static and fatigue strength,
These flims may be caused by insufficient shielding, draughts, dirty weld edges or filled rod;
welding technique is alss important, The lsw volume heat capacity of magnesium alloys can
make control of weld peretration difficult and even with trainec welders it is possible to get
unever. peneiration c¢r even drop-through if vacking is not used, Microperesity is found in seve-
ral alloys, particiiarly those containing zirconivm or with high aluminium contents, but is not
detrimental uciess the micropores entrap flux and interconnect with the surface, in which case
rapid corrosion can occur. (Gas cavities and massive porosity will result from the presence
of moisture or cily weld surfaces or filler wire and may be detrimental o weld strengih,
Because of arc insiability, tungsten inclusions ocour in TIG welding 1 magresiuin rather more
frequently than with marv cther materiais, but they appear to have litile effect or weld proper-
ties,

Hot cracking can ocour in several magnesivm 2iloys and may appear ir the weld metal
weld/heaf affected zere junction o+ weld crater, Heavy restraint markediy increases the inciden-
ce of cracking and avual welds arve more sensitive than machine welds. However the prablem
of hot cracking sheuid not be overemphasized sod it is less of a prohlem than with many aluminium
alloys. The prese:ce of zine reduces the resistance to hot crackiag in both the aluminium and zir-
conium cenfaining alloys. Suggested reasons for this reduced resistance are the increase solidi-
fication vange and the presence of a grain bourdary zinc-vich phase (possibly MgZn). The 8% alu-
minium 1% zinec alloy has good weldability but increase in either zire or aluminium content mar-
kedly ircreases the crack susceptibility. Zirconivm gives a fine grair size and confers some
resistance to cracking buot this tends to be overshadowed by the detrimenta! effect of zine in the
magnesium-zircenium-zine alloys, Thorium or the rave earth elements tend to offset the effect
of zinc by prodicing a crack resistant grain boundary phase ard thorium or rare earth additions
are matched to the zinc content in many allcys, Since the high temperatire magresium alloys
invariably contain thorium or mischmesal they tend to be fully weldable. IMinor additions of
calciur between 0,04 and 0,27 greatfly increase the susceptibility to junetion cracking, West
afiributes the effect of caleiurm to an increase in the solidification range but EFmley considers it
is due to low meiting point grain boundary films . Early versions of the Magrox 4160 nuclear
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canning alloy contained calciug, which was beneficial for oxidation behaviour, but its use had
to be discontinued due to severe hot cracking in the end cap sealing welds.

A further form of cracking is stress corrosion cracking which is found in aluminium
containing magnesium alloys. It can be prevented by stress relief after welding.

FILLER METAL

Filler materials are generaily of identical or similar compositions to the parent ma-
terial. More highly alloyed filler compositions with lower melting points and narrower solidifi-
cation ranges are some times beneficial in reducing weld cracking and may also give higher
strengths. Particular care must be taken to avoid welding zirconium containing alloys with
fillers containing aluminium or manganese, since this results in insoluble intermetall ics in
the weld metal,

Weld deposits generally have a fine grain size (Fig. )and show reasonable strength
and ductility. With TIG welds joint efficiencies of 90% are possible in all wrought alloys except
magnesium - 1% manganese and failure generally occurs in the heat affected zone where
grain growth has occurred. With the magnesium - 1% manganese alloy joint efficiendesare re-
duced to 60% for both TiG and gas welds due to the very coarse grain size, although peening
can improve the efficiency to 75% or more. Typical joint properties are shown in Table I.

Postweld heat treatment will improve properties only rarely, but it is generally
employed for stress relief and to correct distortion. Postheat treatment is essential for alumi-
nium containing alloys to prevent stress corrosion, With castings, postweld stress relief in
the range 2500 - 300°C (according to the particular alley) is mandatory, whilst preheat in the
same temperature range is alsoc generally employed.
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OXYGEN CUTTING MAT. No. 91

DEFINITION

Severence of metals by means of chemical reaction of high purity 0, with base metal at elevated
temperatures,

I INTRODUCTION

1. Principles . Metal preheated in small area to a given temperature. Confined stream of 0g
blown onto area. 0_oxidises metal in a narrow area and the molten oxide and metal is removed
by the kinetic eneréy of the 0g stream, leaving a parallel sided gap between the cut edges.

2, Essential Qualities of the Cut

A high quality cut must have the following essential features:

1. Squareness of top edge
2. Smoothness of the cut surface

3. Cut face must be at the predetermined angle to the top and bottom surface
4. Absence of tenaciaus slag

Direction_of motign
Cut should be a * drop-cut?,
3. Drag = measure of trailing angle of the 02 stream, or
the lag of the cutting stream at the bottom of t
the cut, |
Drag is expressed as % of thickness of plate. e L

= distance between top and bottom of cut in direction of travel
plate thickness x 100

=%/t x 1009
Zero drag - 0, stream along axis of nozzle,

Get drag if a) high speed - if speed too high will lose cut.
b) too little cutting 02

Obviously require low drag to get more efficiency - high drag = in a sense, to increase in plate
thickness

4. Kerf = gap created by cutting jet.

For accurate cutting it is essential that the kerf width is kept as nearly constant as
possible. On plates up to 2in. thick kerf width can be maintained to a limit of + 1/ 64",

Since the metal from the kerf is obviously wasted, kerf width should be kept to the
minimum consistent with goed cutting.
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Kerf width depends cn: MAT. Nc. 91

size of nozzle

speed cf cutting

quantity of gas used

. pressure of gas stream at mcuth of nozzle
type of nczzie

[ L < B S I

Thicker marerial requires mere Oy .. greater kerf width.

II CHEMISTRY

1 ._02 Igniticn Temperature = Temp at which materiai will ignite when subject to an atmosphere
of high purity 0y.

2. Reactions. When iron or stee} is heated to 09 ignition temperature in an atmesphere of 09,
Fe wiil oxidise rapidly.

Fe + 0 FeO + 64,000 cal. {1)
3Fe + 209 F3204 + 266000 cal, (2)
2Fe + 3/209 Fezo3 + 190,700 cal. 3)

Eqn. 3) occurs to some extent in heavy cutting, but (i) and (2) predominate .

Stcichemetrically 4.6 cu.ft 0, oxides 1 1b Fe to Fe3{]4 - in practice less 09 is requir-
ed because not al! Fe Feg0,4. Slag analyses show 30% Fe not oxidised .

3. Sequence

a) Heat generated by combustion of Fe to cxide melts scme of the metal adjacent tc reaction
surface .

b} Molter Fe swept away by cutting stream .

¢} Concurrert oxidising reaction heats layer of Fe at active cutting front - not instantaneous . °
heat liberated at lcwer level .. must supply heat at uppermost ievel of kerf to maintain ther-
mal balarce .. must keep preheat flame burning .

Alioying elements in small amounts are disscived in slag and removed. In large
quantities, hewever, alloying elements, especially Cr, wiil retard and even stop cutting, by
either decreasing the fiuidity of the slag or producing a tenacious oxide film over the surface,
which prevents further oxidation of the iron which is essential to the cutting operation., Over-
come by the use of an iron rich powder which is introduced intc the cutiing area and which
increases the fluidity of the slag and removes the cxide layer on the surface of the cut - known
as ' Powder cutting *.

4. Oxygen Purity . The speed ard efficiency of cutting is related to the purity of the oxygen
used.
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MAT. No. 91
For guod cutting the oxygen must be better than 99,5% pure.
A 1% decrease in purity gives:-
a) 25% drop in cuiting speed
b) 25% increase in 0y used
c) poor quality cut

d) slag increases in baulk and tenacity

Belocw 95% purity get ' melt and wash ',

I BOUNDARY LAYER THEORY

In the practice of oxygen cutting many anomalies have been observed. Desirable
to have a consistent theory which would explain these.

Work at B.W.R.A. by Wells (British Welding Jnl., March '61, p.86) has produced
the Boundary Layer Thecry.

Have seen that the rate of combustion depends on oxygen purity. With impure mate-
rials can explain the reduced rates by the presence of a gaseous layer at the surface - products
of combustion + impurities from 02 - through which 0g must permeate to continue cutting. This
theory can be applied to oxygen cutting if the effect of thin molten oxide Iayer can be ignored.

For steady diffusicn, at consiant temperature, of a given gas through a stagnant
layer of a 2nd gas, Stefan has shown that the rate of diffusion can be expressed by:-

1 {in gm.mol/sec.

N= log —- D = diffusion constant
RTx et P = total pressure
R = gas ccnstant
T =CK

X = thickness of boundary layer
- = volumetric fractional impurity of
diffusing gas.

Rate will be lower as x and 1. 1i.e, rate of cutting will be lower.

In accordance with this theory would expect increasing C, P and S content in steel will
reduce rate of combustion - agrees with practice, carben being most effective. The carbon will
form C0, which rust be removed by diffusion back into the main gas stream which must .. be
contaminated. Independent factors can be calculated for these impurities = , and
which must be added to  in the above equation. Obviously the distribution of carlg,on is impor-
tant. Thus flake graphite in cast iron will cause high local cort amination and no combustion, If
the carbon is well distributed as spheroidised giobules combustion proceeds at normal or calcu-
lated rate. Similarly with Swedish and Armco Irons, anomalies can be explained by the presen-
ce of grain boundary carbide films which affect combustion rate.
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MAT. No. 91
IV FUEL GASES

1. Choice of gas. Various gases can be used for the preheat flame. Must be evaluated for a
specific application. The factors which must be taken into consideration:-

a) Time differentials when preheating for various locations - sq. edge
: rounded corners

piercing

b) Effect on cutting speeds for various types of cut

c) Effect of 1 and 2 on work output and cutting 02 consumption

d) Cost of fuel gas

e) Cost of preheat 09

f) Ease of handling and availability of cylinders,

Torches and tips must be specifically designed for gas being used.

2. Function of Preheat Flame

1. To raise tempe rature to 0y ignition temperature and to maintain it during cutting
2. Dislodges rust, sclae, paint, etc. that would otherwise retard progress of cutting

3._Acetylene
Advantages are:
1, availability

2. high flame temperature - very useful when preheat time is an appreciable % of total time.
Against - somewhat costly.

4. Hﬂrogen

Preferred for underwater cutting because can be compressed safely to high pressures - cannot
do this with acetylene - high cost, low c.v.

5. Propane

Low cost, high c.v. Requires 3} to 44 x 09 (by vol.) for combustion a factor which offsets low
cost,

6. Towns Gas

i.ow flame temperature - can be adv. for thin materials. Low c.v. , low supply preasures, use
depernds on local economics.

V EFFECT OF OXYGEN CUTTING ON BASE PLATE

- 8ince oxygen cutting is basically a thermal process a heat affected zone will be produc-
ed in the base plate adjacent to the cut edge. In very low carbon steels this will be of littie signi-
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ficance but with higher carbon contets, important
metallurgical changes can occur. These will be
dealt with in a later lecture. It will be seen from
the Fig. that the extent or depth of the heat
affected zone varies according to the thickness
of the plate. There is also a slight difference
between square and bevel cut edges,

Z. width

2\ \2
3\ \&
-

HAZ.

Plate thickness

It is also of interest to compare the extent of the affected zone in oxygen cutting
with those ohserved in other cutting processes., Oxygen cutting compares very favourably
with machining and is appreciably beiter than sheering or friction sawing.

VI EQUIPMENT

The equipment used for oxygen cutting is basically quite simple. The main points of
interest lie in the torch. Provision must be made for independent control of the fuel gas and of
both the oxygen used for preheating and that for cutting .

Unlike the oxy-acetylene welding flame, the preheat flame is operating under condit-
ions where a considerably back pressure is being applied to it and the danger of ' back-fire ' or
" burn-backs ! is very real.

Modern torches have eliminated this by the use of one piece nozzles used in conjunct-
lon with a nozzle mixing device. The nozzles are swaged from solid copper and hence operate
at a lower temperature and nozzle mixing eliminates the presence of a long column of pre-mix-
ed gases which can burn back into the body of the torch itself.

With machine cutting, the same nozzles asthose used for manula cutting are employed.
Most of the problems of the design of the machines lie in the mechanics of producing devices
which will propel the cutting nozzles along predetermined paths - achieved either by means
of a template or a photoelectric tracing head. Recently computer controlled machines have been
developed which facilitate the programming of quite complex cutting operations ,

VII SCOPE AND ECONOMICS OF PROCESS

Oxygen cutting can be used on a very wide range of thicknesses of steel from sheet
material to ingot

Economies result from the use of 09 cutting because of the following factors:-

1 Speed

2 Wide application (i.e. versatility)

3 Material can be used in the ' as-cut' condition
4 Portable

VIII STACK CUTTING AND GOUGING

Two special applications are worthy of consideration,
= 62 =



1, Stack Cutting

MAT' No. 91

Technique used when a number of pieces of the same shape are to be cut from sheet or thick
plate.

The sheet or plates are clamped together to give a ' stack’
The sheets must be clean and clamped tightly in order to avoid cutting back between sheets.

The operation is ideally carried out on a machine cuiter and considerable skill is required in
preparing the stack and setting the cuiting conditions,

Accuracy of cut appears to be related to total thickness of the stack:-
2 in. - edge tolerance 1/32 in,

2-4 in. - edge tolerance 1/16 in.

2, Gouging

If an oxygen cutting torch is inclined at an acute angle to the surface of the plate a gouge or
groove can be produced - special nozzles have been developed for this and the process carn be
used for gouging cut the back of welds or for removing surface defects in plates etc. Considera-
ble skill is required to achieve uniformity of the cross-section of the groove.

. .



OXY-ACETYLENE WELDING MAT.No. 90

I INTRODUCTION

A heat source for use in fusion welding must satisfy four basic requirements:

(1) It must produce heat at a high rate of availability.

(2) It must produce heat at a high temperature .

(3) It must produce heat in a sharply delineated zone.

(4) It must not infiict metallurgical damage on workpiece or filler.

In conjunction with (4) it can be reasoned that the process must be able to provide
adequate protection of the weld pool against the atmosphere .

Probably the first heat source used for fusion welding was a gas flame. A variety
of fuel gases can be used to produce a high temperature flame:-

Av. flame tem. O°C - (note average)

Oxy-acetylene 3,000°C
Oxy-propane 2,5000C
Oxy-hydrogen 2,2000C
Oxy-coal gas 2,0000C

Of these the only one that satisfies the first 3 requirements is oxy-acetylene, Acety-
lene (CoH,) has a high heat of combustion and gives an intense, concentrated flame when burnt
in oxygen. It is therefore suitable for welding,

II THEORY

The fame can be considered in two distinct parts. It consists of an inner cone surrond-
ed by an envelope. Combusticn takes place in both zones.

In the presence of excess oxygen, acetylene burns according to the following reaction:-

CgHp + 5/209 = 2002 + Hy0 + 542,700 B.T.U.

In an oxy-acetylene welding flame, this reaction takes place in two stages, firstly in
the inner cone where the oxygen is supplied via the torch, and secondly in the envelope where

some or all 6f the oxygen will be drawn from the atmosphere .

If the mixed oxygen and acetylene supplied by the torch are in a 1:1 mole (or volume)
ratio, the reactions will be as follows: -

Inrer cone: CgHy + 0, =2C0 + Hy + 193,000 B.T.U.
Envelope: CO0 +Hg + 0y = COy + HZO + 349,700 B.T.U. (=542,700 -

193,000)

By varying the ratio of oxygen: acetylene in the mixed gas supplied by the torch, it
is possjble to vary the efficiency of the combustion and thus alter the nature of the flame.
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102H2:1.1_1.702 - " Oxydizing' flame - most complete combustion, temperature at the
tip of the inner cone is hottest with 2n oxy-acetylene welding flame -
advantage when welding materials having a high thermal conductivity
€.g. Cuand Ag. The flame will desarburise steels and deplete the
weld pool of silicon,

1CgHy:10, - "neuvtral' flame - most commonly used. Temperature at tip of
inner cone is somewhat lower than with oxidizing flame (c.500°F low-
er). o excess oxygen.

1C9H i | 02 - ' carburising ' flame - get excess C_Ho which decomposes.
C2Hg 2C + Hg + 133,000 E. T.U.
Produces sub-microscopic particies of carbon which readily go into
solution in molten steel - used in "Linde welding® {see later). High
carbon content in ferrous based material gives greater fluidity. Some-

times used with stainless steel - very dangercus metaliurgically.

2:

The ratio of CoHy: 0y alsc has marded effect on the appearance of the flame.

The temperatures observed in the flame have been estimated by varicus authorities.
In a neutral flame, near the tip of the inner cone temperatures of the order of 3,0000C can be
observed, whilst in the centre of the flame and at the tip of the envelope, temperatures are
about 21000C and 1,260°C respectively.

The temperature of the flame depends orn:

1. specific heat cf gases involved
2. rate of heat loss from the flame

If it is assumed that heat leaves the fiame cnly via the reaction products then it is
possikle to calculate the theoretical maximum or adiabatic flame temperature.

The calculation is simplified if it is remembered that the enthalpy change is indepen-
dent of reaction path, Thus it can be treated as though the reaction went to completicn at room
temperature and that the enthalpy wert entirely to heating the reaction products.

With these assumptions

H = nC dT C_ = specific heat
R.T. m R.T. P g

summation taken over n moles of each ¢f m reaction products.

The reaction products may undergo change of state . . deduct Latent Heat from
Hp v A further deduction must be made from Hpp to allow for the heatl required fo
raise the temperature of the nitrogen intrcuced into the outer envelope.
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(For use of this eqn. see Udin, Funk and Wulff Chp, 9, p., 213)

In actual fact the temperature of the flame as a whole is less than adiabatic, Whilst
the inner cone, being surrounded by hot gases is only slightly below adiabatic, heat losses
occur in the outer envelope giving rise to a marked difference from the theoretical maximum,
Also, since the envelope reaction relies on diffusion of air from the atmosphere, the tempera-
ture will be far from uwniform;

(For a theoretical treatment of combustion of oxy-acetylene refer to Miller, 'Acety-
lene' Vol. 1),

It will be seen that whilst the oxy-acetylene flame provides a gas 'blanket' which will
to some extent, protect the pool, it will not remove oxides etc. - i.e. it will not clean the sur-
face. It is therefore necessary to use an active flux with metals which have refractory oxides
e.g. stainless steel and aluminium .

L]

III APPLICATION

1, Thickness of material

Oxy-acetylene welding tends te be slower thamother fusion welding processes for two
reasons:

a. The super-temperature over melting temperature is low.
b. Heat mus* te transferred from the flame to the plate,

Typical welding speeds en mild steel are:

1/16 in. thick plate 25-30 ft/hr.
1/8 in. thick plate 18-20 ft/hr.
1/4 in. thick plate 10-12 ft/hr,
1/2 in, thick plate 44-5 f¢/hr.
1  in. thick plate 2-2% ft/hr,

2. Techniques

a. Leftward and Rightward Welding

Two main techniques exist - Leftward and rightward, sometimes called forehand
and backhand or forward and backward, welding. Terms confusing

In Leftward welding terch heats plate ahead of weld
In Rightward welding toreh heats weld pool,

(i) Leftward - C.1. and mest non ferrous materials
Mild steel up to 3/16 in, thick,

(ii) Rightwardm,s, 3/16 in, - on thicker sections faster than leftward.
Narrcwer heat affected zone.
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Cost

szperdtfﬂ!

o —
istance from weld Plate thickness

b. Linde Welding.Technique used to increase carbon content of a mild steel pool. Carburising
flame used (1 CgHg: 0.90). Excess carbon in flame is absorbed into weld - can get up to 0.5%C.
@ote:- this lowers m.p. ard hence incidentally increases speed by 30% because less heat requir-
ed - however main object is to increase strength). Use Si-Mn rods with the rightward technique.
Skilled coperator required.

IV. EQUIPMENT

General layout @an be seen in laboratory. Consider at present only torch and regula-
tors.

1. Torch - Twe problems exist in torch design:

a. mixing of oxygen and acetylene to get uniform combusticn
b. stable flame

a. Mixing - Method depends cn acetylene supply.
Acetylene 11b/in2 - use positive pressure mixer (Fig. 1).
Since Loth gases urnder positive pressure will feed readily intc chamber and mix.

Acetylene 1 1b/in2 - as supplied from carbide generator - not often used now. Acety-
lene must be drawn into the mixing chamber - therefore use injector type where oxygen is introduc-

ed in centre into a Venturi arrangement which acts like a pump. {Fig. 2).

b. Flame Stability

For a stable flame the rate at which the mixed gas is supplied must balance the rate at
which the flame moves backwards. Must therefore have good valves. Also good mixing essential ,

Nozzle must not overheat otherwise gases will be a) preheated give v. high, unmapa-
geable rates of flame propagation or b) be raised above the ignition temperature giving spontaneous
combustion in the mixing chamber.

Overcome by using long copper rozzles with heavy cross section.

2. Regulators

Oxygern: supplied in cylinders at 1500 - 2000 1b/in2 .
Acetylene supplied in cyiinders at %QO - 220 1b/in? (note-acetylene cannot be compress-



MAT.No. 90
ed it is therefore dissolved in acetone).

Regulators need to reduce pressure to workable level and to give constant pressure
irrespective of level in cylinder.

a, Reduction

Consider a simple orifice which restricts the flow of gas. After passing through the
gas expands and the pressure is, therefore, reduced.This is the basic principle upon which all
regulators cperate. The gas flow and pressure on the outlet side will depend on the size of the
orifice for a given input pressure,

b. Simple Regulator

Reduces from cylinder pressure to operating pressure - known as single stage (Fig.3).

Gas from cylinder flows in at A - opens seating, against spring H . . flows into cham-
ber F and expands. As F fills, diaphragm G moves upwards acting against pressure on stirrup
at D .", acts with spring. At given pressure, valve at D will close. Level will depend on tension

in spring H, which can be preset. Gas, at reduced pressure, flows out at K - pressure in F redu-
ces - valve at D opens #ic. Known as nozzle type (fig. 4). Alternative is stem type (fig. 5).

)
St
S -
& oxzle type
EN
s
3

Cylinder Pressure

c. Two-stage regulators

With bcth these simple singie stage types, the output pressure for a given setting of
the spring depends to some extent on the inlet (cylinder pressure).

To achieve constant output pressure, two stages are normally used,the first stage
giving a fixed reduction to about 30 1b/in2 and the second being fitted with a larger diaphragm
or lighter springs is left to reduce the pressure to that required for the torch. This gives the
additional benefit of finer adjustment. Two stage regulators may be a combination of the nozzle
type for Stage 1 ard stem type for stage 2 or both stages may be modified forms of the stem
type. Later developments have led to the introduction of more refined single stage regulators.

General references:-

Welding Engineer, 1961, Feb. p. 34.
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T.I.G. WELDING MAT. 86

I. DEFINITION

T.I.G. Welding = Tungsten inert gas welding. (Also known by various trade names
e.g. Argonare). Basically consists of a tungsten electrode surrounded by an inert gas shield.
(Fig. 1) Either d.c. or a.c. can be used.

Electrode
Inert =
gas _U_n FPower
Shield 3 0we Fig. 1
Are
Workpiece

The arc is used as a heat source and filler metal, if required, is added to the weld
pool .

II. THEORY

()D.C.Arcs. A d,c. tungsten arc can obviously have two configurations i.e. elec-
trode. (The cathode spot can wander over the surface due to changes of the work function with
temperature, etc.) Conventionally the electrode is tapered to concentrate the cathode spot onto
the end of the electrode and thus provide a more stable arc. The emission of electrons is from
the electrode to the plate and more heat is developed in the plate than in the electrode. Good
penetration is obtained.

b. Electrode positive: Here the cathode spot is formed on the plate and the flow of
electrons is from the plate to the electrode. More heat is developed in the electrode than in the
plate. Compared with electrode negative using the same electrode diameter and current, the
temperature at the tip of the positive electrode is much higher and normally a molten globule
is formed. The tip is thus rcunded in shape. A given size of electrode can carry as much as
five times more current when connected to the negative pole. Penetration with electrode posi-
tive is low and a wide pool is fermed,

A particularly desirable property of this type of arc, however, is its ability to dis-
perse the tenacious oxide film which occurs on aluminium and magnesium. This property is not
possessed by electrode-ve systems and is said to be the result of cathodic emission from the
base plate,

(2) Arc characteristics.

A specific relationship exists betwen arc voltage and arc current for a given value
of arc length (Fig. 2). Except at the low current end, the curves have a small positive slope.
Similar curves apply for both electrode negative and positive, but for a given arc length and
current, the voltage is higher with electrode positive.
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MAT. 86

=

‘Q = Aﬂ'." (engfﬁ

Za_.‘ > Zaz > La,

Arc voltage

Fig.2

Are eurrent

It will be seen that a small change in voliage cr arc length will preduce a larger chan-
ge in current. For a stabie arc in manual welding it is necessary, therefore, to use a power
source which has a ' drocping’ characteristic i.e. shows iittle change in current for a larger in
voltage. A stable werking point will thus be obtained at the intersection cof the power source and
the arc characteristic curves.

) Ark Igaiticn

Before an arc can be established it i8 necessary fo ionise the gap between the eleciro-
de and the workpiece. This means that the applied potential must be high excugh to exceed the
ionisation poteriial of the gas in the gap. Such a high vcliage is undesiravle for safety reasons
and because it increases the difficulties of designing a suitakle power source.

At the same time as the high pctential is applied it is desirable that the surface fem-
perature of the cathode should he raised to facilitate the emission of elecirons necesszry for the
estaplishing of an arc,

These two requiremerts can be realised by the use of a sparik or high frequency dis-
charge across the gap. To achieve this the ar~ gap is incorporated in a fured discharge circult;
an H.F. discharge having a high potential aad a frequency of between 350 ke/s and 3 Mc/s is
injected 17t~ the arc gap. Having a nigh putential thie discharge will loaise the gas in the gap ard
will, at the same time, raise the suriace ‘empe ratuvre ~f the cathode - it ghould Ye stressed that
this is a surface phenomenon, Note: the H. ¥ . flows along the surface of the elecirode., An are
can now be establiched at aboat 30 V &.¢.,v.

It is chserved that the arc is easier io iguite when ‘he electrode is negative, This is
a functica of the relative ease with which emission of electroas can he produced tn a lungsién
cathode as compaved with a base metal cathode,

it should also be noted that the physical features cf the electrode wiil have an eifect
because of their influence on the fermation, dimeasion etc. of a cathode spot. Further, a hot
electrode will sirike more readily than a coid one and with eiectrode regative it is of'er possi-
ble tc establish an arc witheut the use of H. F.

@i A.C Axcs

Reference has teen made to the ability of electrede positive arcs o remove cxide
film on aluminium,This advantage is offset by the difficidty of cooling the electrede and by the
small penetration obtainabie . A soluiion to the problera is to use a.c. in which oxide removal
occurs during the positive ha'f cycle and electrode coeling and base piate peneiration are

achieved during the negative haif cycle. 5
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MAT. 86

inan a.c. tungsten arc the arc current and voltage are in phase but the arc current
flags the cpen circuit voitage (Fig. 3).

N Qpen circuit voltage
+Vv.C 4 \ <
/
Arc current
" / ; ,L_—
‘; Arc voltage .
\
. -
\ / Te me
\
\
-v;C \ g
L

{5) Rectification in a.c, arcs.

The arc veltage and current, therefore, go threugh zero every 1/100th of a second
i.e. the arc is extinguished and needs to be reignited 100 times per second. At the instant the
arc is extinguished the vcitage rises to O.C.V, and if a high enough potential is reached re-
ignition will occur, If., hawever,6 the O.C.V. is not sufficiently high for self re-ignition ancil-
liary means, e.g. H.F. discharge can be used. it is important to note that both self and assis-
ted re-ignition depend on havirg a suitable O.C.V. available at the instant the arc extinguishes.
There must, therefore, be sufficient lag, due to circuit reactance, to allow for this. If the de-
gree cof lag is too smalil the restrike will he delayed and the positive current will be reduced.
(Fig. 4) (A delay of 1 millisecond reduces the r.m.s. current by about a third). This effect is
known as PARTIAL RECTIFICATION.

+V;C

I /
/
c-PV'c I

' Arc vdfage ¥ A Arc current
If there is no reignition at all durmg fhe positive half cycle COMPLETE RECTIFICATION
occurs (Fig. 5).

Fig. 4

+V.c Arc current
(] gz
Time Fig. 5
-vie

Note that problems rarely exist when the arc is going from positive through zero to negative,
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A further form of assymetry resul's frem the difference netween rthe arc voltage for a posiiive
and a negative electrode, A higher arc veltage during the positive half cycle means that a smal-
ler positive current ficws for a shorier period. (Fig. 6) The general effect cf this assymeiry

is similar to that of a shift in the time axis such as would resuli from a d.c . hias vaitage heing
zpp.ied to the arc, This is kncwn as
IWHERENT RECTIFICATION, The dura-

+v;¢ . tion ¢ itive half cycie is “OXi -
Bisia s tion of the pos ..1 e.}‘a__f C_,L.s& is a.pprulﬁ.{
/ mately proporticnal to the inverse ratio
W B Rk o of the arc vcitages
Time
Fig. 6
-V
Arc voltage
Note that: {a; Complete and partial rectification result frem the prebiem of arc reignition.

(c) Intherent rectification arises from a fundamental property of the arc.

(6) The d.c. compcrent ina.c. arcs.

The combined effect of partiai and inherent rectification is to produce an excess nega-
tive current which can be measured on a d.c. meter. This is conventionally called the d.c.
component, Inherent rectification alone can account for a d.c. component equai tc 20% of the
r.m.s. current, The presence of a d.c. composent means that there is iess oxide removal cn
Al and Mg. At the same tuume it can cause maguetic saruraric o of the ocre <f a transformer
giving overheating and distortion of the primary waveform . in additicn it can result in a peer
power facter. Thus it is desirable to suppress the d.c. compaaent,

The method of suppression depernds on the scurce of the component -

(a) if due to partial or complete rec’ificaticn-lntroduce auxitliary are initiaticn devi-
ces.
%) if due to inherent rectification- 1) supplv an e.m ., exnner from a storage battery
or rectifier, tc oppose the d.c. component

i1} couple large capacitoy in series with the arc.

Note: The d.c. componen: is riot removed by these devices since the basic cause, i e, the diffe-
rence between arc voltages during ihe pesitive and negative haif cycles, 1s stil! present, The
actior. of a capaciter or a batftery 1s to cancel cut the effect by adding a voltage to ba.ance the
waveform.

The capacitcer works thus:

(@) electrode negative: - capacitor charged: positive charge on elecirode sice
{b) electrode positive: transformer voltage is .acreased by capaciter charge and macre positive
current flows,

The positive current wili only partially discharge the capaciicr because initially nega
tive current is greater than positive current
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During the next negative half cycle the applied transformer) voitage is effectively

lower, thus the regative current is lower. The positive current steadily increases and the
negative current decreases until a balance is reached.

(1) Inverse rectification in a.c. arcs.

The inclusion of a capacitor in the circuit of an a.c. arc sometimes makes initial ig-
nition of the arc difficult. In this case the arc conducts only during the positive half ¢/ cle - hen-
ce the name ' Inverse Rectification'. This situation persists for several cycles until the electro-
de has reached a temperaiure at which sufficient emission occurs at which point current is con-
ducted during the negative half cvcle.

Striking is hindered by the fact that during this time the capacitor is charged in opposite sense
(cecause there is no negative current) and the positive current is therefore reduced. Thus a long-
er time 1s required for the electrade to heat up,

8) Electrode considerations
Sc far have cnly considered the electrode as being tungsten. Any electrode for T.I.G.
welding must give ezsy emissicn of electrons, Attemps have
beer made, therefcre, to increase the level of emission. |
Normally achieved by adding Thoria or Zirconia to the
electrode. The henefits achieved by these additicns are
illustrated in Fig. 7. from which .t wil] be seen that a
high level of emissicn is achieved with theriated electro-
des at appreciakly locwer temperatures. Must beware of
too high a level of emission, (resulting from composition
physical form, etc.) It is believed that if emission is great-
er than the needs ci the arc a negative space charge is built
up at the cathode and a cathode spot is not formed. it is
suggested that this affects the arc in a similar way to a
decrease in arc length, ir. which case over the original arc
length, cathode potentiai part is too low,

Emission

{9) Gas shield

The gas shield fulfills twe functions {a) to provide suitable, ionisable atmosphere for
the arc,

from contamination by oxygen etc.

(o) to protect the weld pool from contamination by
oxygern ehe .

ideally the gas should flow in a laminar, non-turbulent stream. Can design nozzles
to ernsure Reynclds Number below 2,300 for a cold gas.
-9



= diameter of nozzle in ft.
air velocity in ft/sec,
=kinematic viscosity.

Reynolds Number = R = %ﬂ

]
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Little is known, however, about the behaviour when the arc is conducting, Two effects
are observed fa) effect of high temperaiure ou properties and velocity of gas
(&) "pumping" effects in the arc due to pressure variations.

Experience has shown that for 2 in. diam. rozzies a maximum flow rate of 29 cu.ft./
hr. of argon is acceptable, whilst with 5 in, diam. rozzles this fugure can be increased to 38 cu.

ft. In some cases these figures can be exceeded with safely.

The rozzle tc plate distance is aisoc impertaat because even under laminar flow condi-
tions can get diffusion of nitrogen against the flow of argon.

(10) Thermal pinch effect

if the temperature gradient from centre of arc column to cutside is increased the arc
is constricted and the diameter of the arc cclumn is decreased. This is known as the "Thermal
pinch effect”, Can be achieved by increasing the gas flow (Fig.8.) or by physically reducing the
orifice through which gas flows. For a given arc length and current,
the arc veitage is increased. (Fig. 9.) and pecetration is increased.

$ 1
rolé '
w

s \M

L

A .

<

. Gas flow rate
Arc curren? Fig, 8.
Fig, 9.

III EQUIPMENT
(1, Power Source Transformer (plus rectifier for d.c.) with either:

{ay moving core - not very often used.
(b} variable or tapped reactor {if.a.c.)
¢} saTurable reactor - most common .

Alternatively, a motor generator for d.c. can be used; rectifier sets are becoming more common
for d.c. because less maintenance etc. '
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Ford.c. welding o.c.v. = 85 - 80V
For a.c. welding c.c.v. = 80 - 100 V. (except when Surge Injector used- see below).

All these power scurces prodice a drooping static characteristic.
Usuaily the pocwer scurce incerporates control vaives for gas and cooling water, with"
suitable delay devices tc ensure that the tungsten is protected frem the atmosphere during the

cocling period after the arc has beern extinguished,

(2) High Frequency units

The basic iayout of a high-frequency unit is shown in Fig. 10, The operation is as
follows:

Transformer charges capacitor - when Power
the voltage is sufficientiy high the spark S o
gap breaks down and an osciilatory dis-

charge is produced with a frequency from

300 Kc/s. tc 3 Me/s. The cutput is

inductively coupied into the welding line. HV.
The cscillatiors are heavily damped and Spark , Co;m'lft'-'l-'-f'f'
last for about § rd of half cycle, after ap —

which the process is repeated. A "'gead" )
period cf 1 rd of half cycle is thus

produced, 3 Fig. 10.

= K. Condenser 1o
protect PS.

m HV. Transformer

The simple unit just described has a wide bandwidth and gives severe interference
with ratic cernmurnicaticns. Modern sets aim at limiting the frequency band, This has lead to the
development of the spark starter which generates a series of discrete high voltage sparks (see
Walker, B.,W.J. Sept. '58, P. 407).

When an H.F. unit is used for a.c. reignition the dead period may coincide with
the arc current zerc. This may give delayed reignition and partial rectification. In this case
it is essential tc arrange fhe circultry so that there is scme degree of phase shift between the
mains supply tc the welding trausformer and the supply to the H.V, transformer of the H.F.
unit,

{3) Surge injectors

Fer many appiications a H. F. unit with a 100V transformer is satisfactory for a.c.
reignition. However, in scme applications (e.g. automatic welding, where there is no opportu-
nity te "improve' the bead as would exist with manual welding) and with certain materials (.g.
magnesium ) the risk of partial rectification cannot be tolerated and 100% reignition is required.
In these cases a surge injector is desirable.

- Basically the surge injector is a device which feeds into the arc a high voltage surge
at the precise instant of the current zero. A block diagram of such a urit is shown in Fig. 11,
The high voltage source 7H; is normally not conducting. The trigger (T) senses the arc voltage
and causes the high voitage source to conduct at the arc voitage and current zero, A high volta-
ge surge is therefore injected into the arc to promote instantaneous reignition.
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In addition ‘o precise reignition the
incorporaticn of a surge injector enables
a low c.c.v, transformer {50 voits)
to be used {(ref. Walker). The surge

High voltage

injector carnnot be used succesfully unit
to give initial ignition of the arc and
it 1s usual tc inciude some starting device
as part of injector unit.
Fig. 11,

Althcugh these urits are highly successful they tend ¢ be expensive and to require
careful maintenance if the correct triggering is to be consistently achieved. They are also
less robust than the H.F. or spark starter unit.

4) Supression of D.C. Cocmponent

(@) Batteries: must balance d,c. component o be satisfactory.
cumberscme, required maintenance,

(o) Capacitor bank:- autematic cerrection, therefore nc balancing required.
Capacity must be large encugh to avoid large vcitage drop.
Nc maintenance required. May make starting difficult.

(c) Bias suppliv: ina.c./d.c. units, rectifier can be used tc provide a d.c.
bias to offset d.c. comporent. Again, must iry to
achieve gond balance, Mot as satisfactery as a capacitor,
specially at high currents, but is cheaper.

(5) Crater filling

As many T.1.G. welds in thin sheet are made without the use of filler metal, a crater
is commonly found at the end cf a weld run. Frequently severe cracking is associated with this
crater. In many materials the crater can be eliminated by either:

{a) reducing the current gradually at the end of the run, or
o) retracting the elecirode ard thus increasing the arc length.

The precise mechanism of crater filling is not fully understocd but it has been estabiish-
ed the degree of filling obtainabie is related to the thermal conductivity of the metal. Thus with
a low thermal conductivity fe.g. stainiess steei, Nimonic alloys etlc.) the surface of the weld
bead is raised above that of the parent metal. With high values, however (e.g, aluminium} crater
filling by these techniques is not possible. In titarium, which has a cenductivity between those
of stainless steel and aluminiuy, the surface of a filled crater is flat and almcst coincides with
the surface of the parent metal.

Of the twe techniques quoted akove, current decay is most common since it is simple
to apply. Retracting the electrode can sometimes give better results but can also lead tc
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complications in torch design. Current reduction can be continuous or stepwise. The latter is

particularly suitable with saturabie reactor controllied pswer sources and is achieved by
automatically switching resistors in the d.c. control supply to the reactor,

IV' CHOICE OF GAS SHIELD

(1) Argon (a) Smooth, quiét arc action.
{b) Low arc voltage at given current value-useful in welding thin
material .

{c) Good cleaning action in a.c. arcs on aluminium etc.
{d) Good for positional work.

Hydrogen can be added, raising the arc voltage slightly. It is claimed that hydrogen additions
give improved penetration and increased speed of welding on stainless steel (McElrath and

Gorman, Jan. 1947, p. 28 . Am. Weld. Jnl).

(2) Helium High arc voltage, useful for welding thick material and metals with
high thermal conductivities.

(3) Nitrogen Cheap. Canbe used for weldingof coper.

{4)Hydrogen Has been ue ed for the welding of molybdenum. Very high arc voltage.

V. APPLICATION

(1) Range of materials

T.I.G. welding can be use on a very wide range of metals. It is especially valua-
ble for the welding of highly reactive materials where by use of an argon chamber or of a special
nozzle, welds virtually free from contamination can be produced.

The behaviour of metals during T.I.G. welding can be related to the free enery
of formation of the oxide and therefore to the stability of the oxide.
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METAL BEHAVIOUR iN T.1.G. WELDING ( AFTER LANCASTER)

Oxide Type Metal Free Energy of Typical Defect Method of over-
Formation at M. P. coming Defect
(Kcal/mole)
Easily Ag not stable )
reducible. Cu 38 ) Porosity Deoxidiser in
Ni 35 ) filler wire
Fe 70 )
Stable- St. Steel ) Surface oxi-
insoluble in  Inconel Approx. 100 y dation, oxide  Protect under-
metal. Nimonics ) entrapment. side of weld.

} Wrinkling of
) under-bend

Stable- Nb 80 ) Hardeningand Extensive
soluble in Ta 86 ) embrittlement protection of
metal Zr 171 ) due to 09 and weld metal and
Ti 180 ) No absorption parent metal.
)
Refractory Al 215 Removal of
oxide Mg 240 oxide film Use A.C.

(2) Thickness and Types of Joint

T.I.G. welding is not normally used on thicknesses above }in. and finds its main
application in sheet welding. in some cases however, it may be used on thicker sections, e.g.
multi-pass, stringer bend techniques to avoid hot cracking; thick sections in reactive metals;
root runs in joints to be subsequently completed by M.1. G. or metal arc. The latter is a parti-
cularly important application especially in pipe work where by use of a pesitive pressure of argon
on the underside of the joint, controlled penetration can be achieved.

Since filler metal is added toc the pool, either manually or automatically, the pro-
cess tends to be slow. Welding can be achieved in all positions on butt and fillet welds, but it
should be emphasised that this process, when used manually, requires a highly skilled operator
if satisfactory results are to be achieved.

(3) Automatic welding
The process lends itself to inclusion in automatic and fully automated production
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lines. Examples are: tube production (longitudinal seam); end cap welding; butt welds between
sheets in rolling mills; automatic welding of bellows units in thicknesses from 0. 003 in. to
. 065 in.

(4) Time to start weld

Especially important in automatic welding. Before weld run can be commenced,
must establish a pool of suitable size. For a given thickness and current the time to produce a
pool is inversely proportional to the thermal diffusivity. With diffusivities greater than 1 start-
ing a weld can be difficult.

Silver 1.8 Aluminium 0. 81
Copper 1.1 Iron 0.11

{5) T.1I. G. Spot Welding

Introduced to meet the need to spot weld from one side only. Achieved by fusing
a slug between the two sheets. Typical applications are sandwich sections, attachements etc.
Used widely in the construction of Bristol Supersonic Fighter (T. 188).

Equipment consists of a d. c. power source, timer and crater filler. The arc length
is preset and is maintained long enough to just penetrate the two sheets - attempts have been made
to control this by the use of photo-cells on the underside. The degree of penetration is a useful
inspection check.

Strengths achieved are comparable with resistance spot welds, but note that
process does net compete with resistance spot welding; it supplements it.

Has been applied to mild and stainless steel, Nimonic, Titanium and aluminium.
(Ref: Copleston & Gourd, B.W.J. 1958, Sept. p. 394.
Gourd & Copleston, W. M. F. 1960, Sept. p. 368).

The crater filled surface can be ground off to give a smooth finish; sometimes
advantageous. On aluminium, however, it is not possible to achieve crater filling by current
decay and a small amount of metal must therefore be added. (Ref: Clayden & Copleston, W. M. F.
1963, p. 303).
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FRICTION WE LDING MAT. 94

The first patented use cof friction as a heat source occurs in 1944 i, the U.K. taken out
in the name of Frictionheat Ltd,

The idez was not exploited commercizlly until 1957 when Fr iction Welding as a process was
announced in Czechoslovakiz and Russia.

I PRINCIPLE

The principle of the process is to rub two surfaces together at high speed under pressure.
Heat is generated at the interface. When the meta!l is sufficiently plastic the jeint is upset and bond-
ing occurs at the interface the upsetting having removed any oxidised metal,

Only a small volume heated b fast direct conversion cf energy . . relatively low energy consum-
tion.
II PROCESS

Consider process in greater : Igm
detail. Surfaces brought together . ‘/’\ I
Start to rub. Friction moment rises Fower [ L
until surface becomes plastic - . -

Cohtlv 5 ‘

then falls shght} to more or less Fotchon /\ g
constant level. It should be noted momant | )
that during this period of "dry' @ 0 @pm————e—aoo__ [
friction any surface roughness wili '/
be removed - hence a straightforward [~
saw cut is a sufficient preparation. 3&«!4 _______ s

The heat developed is pro- l
sortional to (linezr vel)2 and in the |
nitial stages the distributicn of Usset

- | -

1eat and therefore of temperature, is
sarabolic. Heat developed is a'so Time

lependent on pressure snd heunce zs th2

rocess developes areas will become

>lastic and greater pressure will therefore be exerted on the cold areas where more heat will

be developed. This, coupled with the normal process of thermal transfer, leads to a more uniform
listribution of temperature i.e. the ' equilibrium ! temperature is reached,

When the surface become plastic, axial flow begins and upsetting occurs.

At the end of tke preheating period, pressure is increased and the upsetting pressure is applied
vefore rotation is stopped - the plastic metal at the interface is forced cutwards.

Opinicns differ about the possible existernce of a fiuid layer at the interface just prior to upsetting .
Russian work suggests that in a properly conducted operation, the temperature of the metal does not

exceed its melting points. Work at Central Research Laboratory (Am. Machine and Foundry Co.)
has shown fluid layer exists.
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It is possible therefore to consider friction welding as a specific case of hot pressure weld-
ing in which Iriction is used te generate the heat.

III EQUIPMENT

Original machines were converted lathes. Essentially machine consists of a rigid bed onto
which are mounted chucks to hold the workpiece. A means of rotating one or both of the compo-
nents must be provided either one component can be rotated, the other being clamped, or both
can be rotated in opposite directions.

The biggest problem in the construction of a friction welding machire is the provision of some
means cof rapidly stopping relative motion. Various methods can be employed - hold one piece
clamped and then release and allow to rotate with moving component, use brakes etc.

Almost any form of motor can be used provided it is possible to obtain constant speed suffi -
cient torque and a good control of speed.

IV WELDING VARIABLES
Four main variables must be considered:

1) Speed range from 1,000 - 6,000 rev/min. Lower speeds give finer grain size. This suggest
lower equilibrium temperature.

2) Preheating pressures will vary according to material. Range from 2.2 11.0 Kg/mm2. Must
remember that a high preheat pressure requires high power.

3) Upsetting pressure. May be equal to or greater than preheating pressure depending on plastic
properties of the parent metal at elevated temperatures. The pressures required for upsetting
in friction welding are much the same as those employed in flash butt welding. Upset pressure
is also important in controlling the grain size - if sufficient deformation during uptset

]

( 50%) get marked grain refinement.

4) Time delay between applying upset and stopping motion - if braking is not sufficiently rapid
can get shearing at the interface

The time of welding is governed by all these factors and ranges from 3- 40 secs.
5) Power Consumption is low compared with flash but welding.

8 - 20 VA/mm?
5,200 - 12,900 VA /in?.
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6) Typical Conditions 20 mm. bar (rod)

Material Pressure (Kg/mm2) We lding Time
Preheat Upset (Bec.}
Mild steel 3.2 6.4 10
I% Cr stee! 3.2 6.4 i4
4% C to 129, Crsteel 6.4 6.4 17
4% C to 16/98/5 6.4 6.4 9
C.lL 6.4 6.4 25
A /A 0.8 0.8 4
Brza=s 3.3 5.3 3

V META LLURGICAL EFFECTS

The process gives a satisfactory metailurgical joint. The heat affected zone is very small
marrov; and within this zone a fine grain size is usually chserved, This results from the hezvy
deformation that takes place in the interfacial layers, There is a danger however that grain
growth can take plice if the criticz! combinsticn of deformation 2nd temperatfure occurs,

Joints between dissimilar metals can be readily preduced,
in tensile tests on jeints in ferrous materials fractures normally occur away from the icint
and the weld can be bent round 1800 without failire except in the case of high carbon materizl

where 200 is readily cbtained,

In nenferrous materials if [racture does not oceur in the parent material joint efficiencies

are usuzlly above 804,

VIAPPLICATIONS

Priction Welding is applicabie to a wide variety of materials but only where the materials 1s
availzble ia circular eress section, Where the components are too large to be rotated an insert
can be rotated between the two surfaces.

Stud welds can be produced. Will recommends thet the ratio of the thichness of sheet to the
diameter of the peg should not be greater than 9,28 - 9. 3.

The process can also be used for surfacing.
[n general. 11 i8 desirable to autematically control the process to glve consistency of results

Friction weldlng is especially sulted to inclusion in mass productios lines, Lut would appesr
to have only limited potential for ' vne-off ' work,
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Advan ages claimed for the process are:

Simplicity.

Suited to repetition work and automatic operation.

Low installed energy input.

Absence of ' peak loading .

No sparks or flashing - ideally suited to use in production lines with other machines.
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BRA ZING MAT. 92

I INTRODUCTION

Brazing consists of introducing, between the sheets to be joined, a filler metal whose
liquidus is below the solidus of the parent metal. Thus in the strict sense of the word brazing
includes soldering, but conventionally the term brazing is used where the filler metal melts
at a temperature above about 4000C. Soldering is usually confined to the application of fillers with
melting points below 3000C,

In brazing, unlike welding, the workpiece must be heated uniformly. Thus a variety of heat-
ing methods can be employed - the most common are oxy-gas glame, furnace, salt bath, high
frequency and resistance, '

The filler metal must have certain attributes :

1. It must wet the surface of the' parts to be brazed - may have to use flux.

M. p. (liquidus) must be below the solidus of the plate.

3. It must form a good diffusion bond with the parent material without the formation of brittle
intermetallic compounds .

[RV]

II THEORY

When a droplet of liquid is dropped
onto the surface of a plate, it will take X
. Ly
up a shape which minimises the surface
energy of the system.

Vqpour

) ' Liqui(l

At the point of contact, the <~ -
angle between the tangent and the surface yw . XLS Solid
will be characteristic of the system =
contact angle = 8 .

£ will depend on:

a) surface tensions of the solid and liquid phases,

b) interfacial tensions between the two phases.
References: Funk and Udin, Welding Jrl. Feather: Mass, Length and Time

31, 247s, 1952
Udin, Funk and Wilff -
Chapter 14,

On the line of contact of the gas, liquid, and solid phases, the surface forces are in
equilibrium, parallel to the solid surface,
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Then

Usy= Y+ ¥ O 6

In brazing, we are concerned with the case where complete wetting occurs. For this 6
will=0and cos @ =1,

xsv: Vls + f LV

In the usual solid metal-liquid metal- air systems @ is usually greater than zero. To
achieve wetting the vapour (i.e. air) phase is replaced by a flux. Under these conditions :

KSF: Yis + (LF

With this arrangement it is easier to find a combination of flux and filler metal which will give
wetting of the surface of a given metal. It should be noted that the flux itself must wet the surface
completely, i.e. @ for the flux-solid must be zero, and:

gsv: ErFs + ¥ Fv

2. Capillarity

In confined spaces the same tendency to minimise the surface energy occurs and a meniscus
is formed - hemispherical in small bore tubes and semi-cylindrical between // plates; in larger
tubes flatter surfaces occur. In brazing consider as semi-cylindrical or semicircular.

Because the surface is curved, the pressure under the surface is less than that of the surround
ing atmosphere. It can be shown that the pressure across the surface

AP = 2‘0059

f= sfce tension
D

Consider two plates thrust into liquid, surface energies cause contact angle 8 to be deve bb—
ed.

Pressure under the surface away from the plates = atmospheric
Pressure under curved surface =atmospheric - Ap
". column rises until weitht of column =A P at heitht ' h'.

Then AP = Pgh f= density of liquid
g = acceleration due to gravity

Thus if liquid is rising between infinite plates

-pen _Ap- - 2Afcosp
D
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For complete wetting cos 8 = 1

then {= ]lz'ﬁg}“

miXimum height that can be reached, hmax D/"g

Consider now u borizontal lapjoint.
Advancing iront 18 curved as a result
of surface tension. The pressure
driving the liquids between the plates =

AT

=

s
AP = f_-

3

Can zssume iiminar flow - gives non-lirear velocity distribution, car be shown that if
is the time taken tc flow a given distance x

Then = -—

o V{Jl}; t /u viscosity.

distince flowed in a given tim2 is related to

a) PLysical properties of brazing alioy ( / :md/u 3
b) Plate separation ( I}

. - } - . v . .
Por brazing a high Y/, ratio is therefore required. Usually achieved by reduci ng visco-

sity.

Effect of temperzture 1 implicit in . As the temperature rises, the value ol /M falls
and that of the ratio ¥/ therefore increases. Thus a high temperature would appear to he
advantageous but this i$ limited . however by metallurgical factors,

A cemparison of the times te flow a given distance in horizentslor vertical joints shows that
times are of the same order when "’Ih'n'ax in vertical is low, but horizental can be faster when

L
h hmax is high. However times are very short, therefore differences are hardly significant
4 Coptllary Dams obstruction caused by change in cross-section

Consider vertical joint.
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2f _ Y

max JPgD }a gD /o

é{ml).ﬂ; If plates are close, D/2 = radius of curvature = R.

e ()
g/ R
a
oD > 1 as R increase, hmax

the wider the dam the lower the height reached

h
max .\ )
If dam occurs between hm'w and iow will be stopped
- n+i
5 Constrictions - may aifect time. but will only affect height if sufficient!y small to serious-

ly impede ilow

Avoid dams and constrictions in joint design. Also aveid deep machine marks at righ angles
to directicn of [low
NI METALLURGY

1. General considerations

In the brazing process a molten metal is brought into intimate contact with a clean surface
Because a concentration gradient exists diffusion will occur, the rate being accelerated by the
temperature This diffusion is not an essential part of the hondmg process, but will almost
always occur = The extent of the diffusion is a function of .

a) temperature
b time
¢, diffusion characteristics of system

Thus at the interface, dilution of the filler metal by the plate material can occur and brittle
intermetallic phases can be produced. Dilution of the filler m tal as a whole is not appreciabie.
The formaticn of brittle intermetallics is obviously a serious problem and temperature and time
must be kept at the minimum consistent with adquate filling of the joint. Selection of the filler
wire must take into consideration the formation of brittle intermetallics

With alloys for high temperature use, however, attempts have been made to utilise the
diffusion process. Alloys containing appreciable amounts of boron are used. The boron is very
mobile and diffuses into the parent plate

Since it will be distributed over g wide area, the horon concentratjon {n the plate will be
low. The filler matal wil thys be low in boron and will therefore have a higher melting point. It
can thus be used at temperatures higher than the melting point of the original filler

108 -



MAT, 92

2. Filler metals for brazing

a) Aluminium - 10% Silicon used on aluminium and alloys containing less than 2%Mg.
Melting range 520 - 630°C.

b) Copper based

Cu for steels - use H, atmosphere 0. 002" maximum clearance allowable . 1085°C.

Cu-Ph - usually used for Cu alloys. Phosphorus content may cause embrittlement with
ferrous based materials. Self fluxing on Cu. 640 - 900°C.

Cu-Zn - very widely used for steels etc. - Zn volatilisation will cause blow holes if
overheating occurs. Not used on S/S or Cu because of corrosion problem. Must flux.

855 = 9350C

c) Silver based (Silver solders)

Applicable to wide range of materials. In the main, contain Cu and Zn as alloying elements.

Cadmium, phosphorus or nickel may be added. Sometimes Lithium added to give self fluxing
properties,

By adjusting the composition can get melting points within the range 600-790°C.
Appropriate fluxes must be used.

d) Nickel based used for high temperature wark., Main alloying elements are Cr, Si and boron.
Alloys tend to have high solubility for many base plate materials. 960-1140°C,

Newer materials containing Palladium and Chromium are being developed.

e) References

Colbus et. al. Welding Jnl, Sept. '62, pp. 413s.
B.S. 1723: 1951

3. Fluxes for Brazing

A flux used in brazing must fulfill two basic functions :
Firstly it must cause the filler metal to wet the surface of the parts to be brazed.

Secondly it must also dissolve oxides on the surfaces (this is of course a pre-requisite for wet-
ting) and provide protection against further oxidation.

It follows that usually the flux should melt at a temperature lower than the melting point of
the filler metal.

In the majority of work, the flux ig applied tp the workpiece in the form of a paste, hut in
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some applications a volatile flux can be introduced into the gas flame. This latter method can
only be used where the flame can impinge directly onto the surface to be covered with filler
metal. It is not very effective on joints relying on capilliary flow to give filling.

a. Borates Na, K and Li. For use above 769°C. Good oxide dissolving characte-
ristics and good protection. Alkyl borate used as vapour flux.

b. IFluoborates Na and K - better oxide dissolving and better fluidity than borates .
Used for high temperature materials - shorter duration of protection .
Must beware of fumes. Some authorities suggest boron contamination
in certain materials,

c. Fluorides Na, K, Li - Very active - increase capillary flow. Used especially
on Al and cv materials - dangerous fumes. Rapid corrosion is left
on component. Various authorities argue about the importance of
water of crystallisation.

Boron trifluoride is used as vapour flux but special precautions
must be taken because of high toxicity of gas.

d, Chlorides Similar to fluorides but less effective.

e. Boric acid calcined base for many fluxes - good cleaning agent - reduces viscosity of

flux - makes removal easier,

IV PRACTICE

1. Methods of Heating

A variety of heat sources can be used. The main essential is that the heating should be uni-
form and easily controlled. Two broad types exist - 1. hand operated and 2. permanently installed.

The first group offers the advantages of low capital cost and flexibility. Complex work can
often be successfully completed although unsuitable for other methods. The main objections to
manual brazing lie in the need for skilled operators and the effect of the human factor on the
quality and consistency of the process. The fuel gas used will dictate the type of torch used.

Acetylene ,with oxygen, enables welding type torches to be employed. With this fuel gas high
rates of heating and high temperatures are obtainable and in complex jobs heat can be localised if
necessary. The high temperatures can, however, be a source of danger - i.e. overheating can
readily occur. The use of coal gas and compressed air can be atractive on smaller components
and the danger of overheating is negligible,

Permanent installations vary in size and complexity. The more commonly used types include
fixed gas burners, muffle furnaces (with or without protective atmospheres), H.F. induction
heaters, and electric resistance equipment. Flux and molten metal baths are used for some
special applications, All these equipments suffer from having a relatively high initial cost and
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usually some specialist knowledge is required to develop the technique but once this has been
established, relatively unskilled labour can be used to operate the equipment. Maintenance or
servicing costs must also be taken into consideration. These methods are ideal for mass
production or where a reproducible standard is required. It is almost essential to employ sim-
ple joints which can be readily assembled before brazing.

(Ref. : Low Temperat ure Silver Brazing - J. and M. Industrial Brazing - Brooker and Beatson).

2. Strength of Brazed Joint

Before considering brazed joints in practice, it is as well to consider first the strength of
a brazed joint.

Normahlly, the material used as a filler for brazing has a lower strenth than the parent
metal. The strength of a brazed joint can, however, be appreciably higher than that of the
filler. Consider a butt joint between two rods.

If plot strength, in tension,

=D
against D get curve thus: =as

Joint strength

|
| : | il
000z 2006 in,
0,003 .

Consider joint - when stress applied brazing alloy starts to yield, having lower yield stress
than parent metal. oo A ;

The plastic deformation of the filler will be constrained by the presence of the parent metal
to an extent dependent on the spacing between the faces of the parent metal. When this cons traint
occurs shear stresses will be set up at the interface
normal to the longitudinal axis of the sample.

Com,oress:on
Consider an element of the filler. The

stresses can be represented thus: Gy

G.l >0‘2 or 0'3

tension

- G,
y 2
This stress system can be considered in two parts:
. ﬁ;'ﬂ € G.'l_ﬁ;
2
+
Gs

..11;..
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i.e. it can be visualised as a balanced system (hydrostatic) onto which is applied a vniaxial
stress. In the case of the balanced (hydrostatic) system no deformation will occur. Any further
deformation which occurs in the filler metal will therefore be produced by the uniaxial stress
(Gl = 0'?). This uniaxial stress is a measure of the resolved shear stress in the slip planes
and yielding and fracture will occur at the normal levels of this stress. In terms of the load
applied to the sample as a whole, fracture will occur therefore at a higher level than the
U.T.S. of the filler because the uniaxial stress which produces fracture is only a part of the
applied stress.

Note that the above treatment is only strictly correct for a butt joint (which is not common
in brazing). The sample principles apply, however, to lap joints but the analysis is complex.

3. Joint Design for Brazing

Much has been written about the correct design of joints for brazing. Attention has already
been drawn to the need to avoid capilliary dams and the importance of the gap between parent me-
tal surfaces.

As a general principle, the actual brazed joint should be in the form of a lap. The method
of achieving this is not always obvicus e. g. a

corner <\oi nt

tube to plate

The exact type of joint used will depend on whether the filler metal is to be preplaced or fed
by hand; thus in the case of the end cap, b. would be used for a preplaced filler where a. would be
preferable for hand feeding of the filler.

In specifying tolerances account must be taken of expansion, especially if dissimilar metals
are being joined.

When using preplaced fillers, incidentally giving the maximum economy of filler metal, the
size of the preformed ring must be determined carefully. Various formulae exist for this, but the
calculations are based on simple geometric considerations. Generally an excess of 25% of brazing
metal over the theoretical requirement is recommended.

(R f.:J. and M. - Low temperature silver brazing).

4. Brazing of Electrical Conductors

Whilst electrical conductivities of various filler metals can be obtained by experiment , these
give little guide to the effect of a brazed joint on the resistance of e.g. a copper busbar.

Consider a butt joint betwen two pieces of Cu.
- 112 -



MAT. 92
Filler Can be reprQSen+Ed '“\Uﬁ:

G Zrcw —AMA—MWM—WN~

Rey, Re Rew

R =2R +R ,
T cu F

If the filler metal is removed i.e. a solid copper is substituted as a simple approximation,
the total resistance will be 2Roy-

RT - 2R
.. 9% increase in resistance = 4 x 100
2R
cu
R
= x 100
2R0u

Example

If the ratio of the conductivities of Cu amd filler is 100:6

1 2
% 1ncrease = —-/-6-——);—-— x 100 -pf = lengt h of filler
2x xQ
100 e« 0 = length of Cu
cu
- ¥ =13
suppose Qf . 002" | Fcu 3 1n.

% increase = 3.3%

Will be seen that the longer the gu bar the smaller the percentage increase in resistance.

In practice would use lap joints (1-3 x thickness) when increase in resistance becomes
negligible.
V BRONZE WE LDING

Sometimes known as Braze Welding. Not strictly welding and not used to weld bronze.

An oxy=-acetylene welding torch is used and the techniques employed are very similar to
those used in the oxy-acetylene we lding process but the parent metal is not melted. On thick

plate bevelled edges are employed. Butt and fillet joints can be completed in all positions.

Three main types of filler metal are used - all based on Cu - Zn alloys.
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Filler Composition M.P. U.T.S. Y.S. Application
ton/in?  ton/in?

Silicon bronze Cu/Zn/Si/etc. 875°C 29.0 11.0 Brass and Cusheet
and tubes-domestic

Nickel bronze Cu/Zn/Ni 910°C 37 17 Steelor malleable
iron-building-upof
wearing surfaces

Manganese bronze Cu/Zn/Mn £95°C 30 14 Alltypes of C.I.
Bearingsurfaces

where Nickel
undesirable,

Must use appropriate flux.
Main outlet for bronze welding is in the joining or repair of C.I.
Is used on steels where undesirable to use high temperatures. Finds wide application on galva

nised sheet where the presence of a full fusion steel joint would lose the corrosion resistant
properties of the zinc coating.
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i INTRODUCTION

Whilst investigating methods of improving the resistance spot welding of aluminium
ailoy sheets and ways of simplifying pre-weld cleaning techniques  Jones and his co-workers
i U.S.A . found that by super:mpoesing an ultrasonic pulse on the welding current, a marked
reduction in electricul resistance at the interface could be achieved Thus it appeared that
the use of ulirasonics assisted in the dispersion of the oxide fllm separating the two sheets
Subsequently, Jones et al found that satisfactory welds could be made by the use of ultrascnics
alone ,

In its basic form ultrasonic welding is the application of ultrasonic vibrations to x
Jomt which 15 clamped locally so that the area to which the vibrations are applied 1s under
pressure

The essential part of an ultrasonic spot welder are shown in Fig. 1.

The Ultrasonie Generator produces electromagnetic waves having a frequency which (s
usually between 5 Kc/s and 60 Ke/s. These waves are fed to a Transducer which conver:s the
cleetrical eneray into mechanical energy in the form of a reciprocating motion. This luteral
displacement 1s ampiificd by means of a coupl ing horn and is then translerred to the upper
memler of the welding system the Upper Sonotrode). The top end of the upper sonctrode 1s [1x
ed and thus the lower end or tip is displaced lateraily in sympathy with the movements of the
transducer and therefore at the same frequency as the output from the uitrascnic generater

The two sheers to be weided are clamped between the tip of the upper sonotrode and
the Reflector Sonotrode which is designed so that it will not vibrate at the ultrasonic frequency
Thus assuming no movement of each sheet relative to the sonctrode with which it is in contact
the sheets will move relative to one another causing sliding at the interface Under pressure
this sliding resuits in a metallurgical bond between the two surfaces

By varying the form of the upper sonotrode the process can be used to produce cont. -
nuous seam welds in sheet or buit welds in red (Fig. 2).
I EQUIPMENT

Consider now each section in detail .
1. Ultrasonic Generator - can he either a motor generator or valve oscillator. Whilst the for-

mer is more reliable it is prebably not of great use because control of the frequency is not
easily achieved

For the welding of foil and thin sheets, relatively low powered units have been used
having outputs of 300 - 400 watts but according to American work optimum results on i§ swo
Al require an cutput of about 4 kW  Work in the U.K. . however, suggests that with a more eff; -
cient coupling system the figure coud be reduced to about 1 kw,

In most reported work frequencies between 16 and 20 Kc/s have been used- the latic:
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hzving the edvaft&ge cf being outside the audible range. Frequencies should be stable to within
+ 4e ) .
- 15 ¢/s, i.e. = 0.1%.

2. Transducer - the function of the transducer is to convert the electrical energy into mecha-
nical energy. Electrostrictive transducers {specially cut crystals) suffer from the disadvantage
of low resistance to mechanical shock and a2 low Curie point (i.e. the temperature above which
the electrostrictive properties are lost). Lead zirconate is the exception, having a high Curie
point.  Difficulty is also experienced in honding the crystal transducer to the coupling horn.

Magnetostrictive transducers are most commonly used since they are more
robust and, with adequate water ccoling, will handle large powers. This type of transducer
consists of a stack of nickel laminations arcund which is wound the output coil of the generator.

3. Coupling system -

This is perhaps the most critical part of the equipment since for maximum power
efficiency both the acoustic horn and the upper sonotrode must resonate at the same frecuency
a8 the transducer.

The ccupling horn empiifies the displacements produced by the transducer. - The
determination of the correct dimensions for the horn follows standard acoustical theory but
various opinions exist about the most suitable shape, In American practice the cross-section
of the horn varies exponentially along its length or consists of twc cenes (truncated'.

Muilards suggest, hovever that better results cana be achieved with 2 straighforward
two diameter array.

The effective iength of the horn should be such that a node occurs at about the centre

The horw shouid be mace of 2 material having 2 low damping capacity if power icsses
are to be avoided, Inthe U.S.A., Mcnel is widely used, but Mullards claim that greater
efficiencies are achieved by the use of titanium. They also recommend that the Upper Senctrode
should be an integral part of the horn for maximum efficiencies. Under these conditicns | it is
suggested that 1 kW should be sufficient for 16 s.w.g. sheet.

The coupling system must be carefully designed and manufactured if premature
failure by fatigue is to be avoided.

III MECHANISM OF BONDING IN ULTRASONIC WELDING

Very little infermation has been published on the mechanism of bonding in u!trasonic
welding,

Hoimes has shown in pressure welding that bonding can occur below the threshcid
value of deformation if sliding occurs between the surfaces to be welded. In uitrasonic welding
although clamping pressures are between 200 - 500 Ib, , the amount of deformation 1s cnly of the
orderc of 5 per cent. At this ievel of deformation, according to Holmes . the beneficiz! effect of
siiding is very marked.

The role of ciamping pressure ig not clear at present but it has been cbserved that
the shear strength of the weid increases with increasing pressure up to a given value of lcad,
after which the increase is less market. It has been suggested thzt, since the amount of
defoermation is small, the main function of the clamping icad is to provide intimate contact
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between the surfaces to be welded. Thus the optimum load required will depend on the
properties of the alloy, This is a consistent with the observed relationship between shear
strength anrd load. It should be noticed that higher loads require greater power to overcome
the compliance of the welding arrangements.

Due to friction, heat will be generated at the interface. Various estimates of this
temperature have been made which range from 100 - 500°C depending on the material, The
temperature at the interface will be a funeticn of the rate of energy dissipation and Antonevich
propeses the following expressicn for this rate:

E = 2 gNX E = Rate of energy dissipation
K = Coefficient of kinetic friction
N = Clamping force
f = Frequency
X = Displacement

Note inclusion ef clamping force.

It has been shown by Jones and Meyer that the shear strength of an ultrasonic we!ld
is related to the temperature,

The heat generated at the interface will also allow flow to take place in this region
in many materials which are brittle at room temperatures.

It would seem that in its simplest from, ultrasonic welding can beconsidered zs 2
special from of pressure welding in which ultrasonic vibrations are used to disperse the oxide
film and tc raise the temperature at the interface, which is maintained in intimate ccntact by
the clamping pressure, will occur. The elevated temperature will increase the mokility of
the atoms . *. assisting diffusion and will encourage re-crystallisation of the heavily worked
surface layers,

iV APPLICATIONS

By far the largest amount of development work has been done on aluminium and its
alloys. The efficient cleaning of surfaces during the welding cycle itself means that pre-
cleaning costs are reduced to a minimum. This, together with the absence of heat except in
the interfacial layers, makes the process attractive for the welding of heat treated aluminivm
alloys. Jones and Collins have indenpendently obtained results on a range of alloys which are
well in excess of the minimum specified by the U.S, Army for resistance welding,

Ultrasonic welding has also been used to weld dissimilar joints in a range of ferrous
and non-ferrous materials. In theory the process can be applied to any metal which has
sufficient rigidity tc transmit the ultrasonic vibrations to the interface. Soft materials such =s
lead, except in thin sections, may give problems due to the sheet material being deformed remote
from the interface.

The main limitations to the process, at the moment appears to be the problem of
designing and constructing systems capable of delivering sufficiently high levels of pewer to the
interface. Probably one of the biggest outlets is in the continuous seam welding of foil to
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produce zir tight packages for foed etc. , in the preduction of such things as insulation blzarkets
for jet engines a2nd in the manufacture of electronic components.

"Pulsonic' welding has been advertised in the U.K. and would appear to be an

ultrasonic system using resistance heating, presumably to reduce the power required. Little
information is available,

Ref.: Neviile - B.W.J. April ' 61, p. 177.
A.W.S. Hauadbook,
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EIG.1 BLOCK DIAGRA!A OF ULTRASONIC SPOT WELDER
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FIG2 BLOCK DIAGRAMS FOR :-— (1) CONTINUQUS SEAM WELDING
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INERT - GAS SHIELDED METAL-ARC wmnm (Mig)
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M.I.G. =~ Metal Inert Gas

-

Principles

An electric arc is formed bztween a consumable wire electrode and the
work; the electrode is melted and the metal transferred across the arc.
The arc and weld pool is surrounded by a gas which may be completely inert
or relatively inert under a particular set of conditions. The best welding
charactér istics are obtained with a D.C. power source, electrode positive.

Shielding Gases Used Application

Argon ' Non-ferrous metals

Argon + 1% 0o Austenitic steels

Argon + 2% Op Ferritic steele (downhand)

Argon + 5% Oz Ferritic eteels downhand (sheet)
Argon + 20% CO2 Ferritic steelm 811 vogitions.
Argon + 15% COz + 5% Oz Ferritic and austenitic steels - ¢
COE FerT‘A-, steels - all POs ition

Arc Characteristics

Unlike welding with covered electrodes, where large:
for higher currente, the same diameter wire can be used over -
current. 'A near linear relationship existe between the rate at which wire
is fed into the arc and the current required to burn it off to maintain an
equilibrium arc length'. This ie known as the burn-off relationship and ie
a characteristic property of each filler wire camposition and diameter.
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The curves (Sketch Pageikz)illustrate the burn-off characterletics
of aluninium in argon and stecl in alﬂpn/oxynnn mixtures and COz. ik
will be ceen that to alter the welding current a proporticnate inerease
in the wire feed rate ie required. The anall the diane ter of the wire
the faster the wire speed required to reach the same current.

The related curves shown below define precisely the variables
controlling the arc characteristice in gas shielded weldling.
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The upper graph (a) is the volt-ampere' characteristice of two power

sources. The curves labelled (d) are those of a ! drooping characteriztic!

(constant current) power so
characterietic' (constant potential).

The lower graph (b) re

urce and the one labelled 'f' the 'flat output

preeents the typical burn-of f characteristice

of a wire and depicts the increase in current which results from an increase
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in wire epeed. With the wire speed set at W, ing/min. the lower grajh
chows that A, amperes are required to burn off this particular wire diomcher
at thie speed.

Projecting up to the source curves shows that thie current can be supplicd
at, V5 volte on both power eources (f) and (dy). If the wire feed ir now

increased to Wo in/min, the burn of f characteristic corve (b) indicate:s fhnk
A~ omperes are required to burn off this amount of wire. Projeccting o
graph (a) showe that the constant potential power source ca gupply ihiic

hirher current at practically the same voltage as previously (Vp compnvad
with V3) but the drooping characterietic eource can only supply A, omps

at V; volts (a.). This is an impractical low arc voltoge and thc arc worn
be extinguished. A new curve ds muet be selected on the drooping power
gource (current ie increased) so that the desired current Ap can be gupplicd
at the right voltage V2.

Because of the greater latitude in setting welding condltions, angd the

independent control of current by the wire feed speed, coustant poteiit i,
povwer sources arc by far the moet popular for MIG welding. The conircl of
current with thlz type of power source merely involves gelecting a wire

epeed from Lhe burn off characterietic, the current will rise antoma.lally
to the mquired value at a voltage not greatly below the gelecltod opent circull
voltage.

Another important property of the conctant potential power source Jjo
ite ability to produce a self adjusting arc length.

'ﬁ \ DRCCPING
Z\v '
—Z
(RTY I
ekt CORNSTAMNT
‘;Eﬁ el __ ——  POTENTIAL
uﬁT | —
f .
0
|
3 |
Q
> f
fo— oMALL CURRENT] g ™
- =N
CHANGE CURRE
LARGE CURRENT.
CHANGE

The sketch above illustrates the output curves of a drooping and a
constaat potential power source. The former used in menuel metal arc welding
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will produce little change in current due to fluctuations in arc voltare.
Changes in arc voltage will however produce marked changes in current with
a congtant potential power esource. Thus, if the arc lenglh is shortenced,
there will be an increase in current resulting in a faeter burn off rate
and the arc length will be adjusted. A longer arc length would increace
the arc voltage resulting in less current a glower burn of £ rate; the arc
length would ghorten.

Sell adjustment will only operate successfully when the change in
current, produced by voltage fluctuations is sufficiently large to produce
a large alteration in burn off and a rapid response rate and correction
which the disturbance cannot beat. With large wires the change of current
will not alter the current sufficiently to produce a marked change in burn
off and the disturbance will be faster than correction. A 100 amp change
in current will produce a 10 in/min change with 1/3 inch wire in COp,
conpared with 30 in/min with 3/52 inch, 70 in/min. with 1/15 inch and 400
in/min with 1/3%2 inch wire. It is necessary, therefore, with large dj:meter
vires (and with drooping power sources where the current change iz incuilielent
to correct an arc disturbance) to use a controlled arc gycetem of machine
control. VWhen the arc gets too long the wire feed motor speeds up and o
Lelps the inherent self-adjusting arc action. The controlled arc machine
functiong by meane of an arc voltage sensing circuit which controls the vime
foed motor spced. Since wire speed rate is not set on the machi:c, but i=
a varying quantity controlled by fluctuatione in the arc voltage, current is
controlled on the power source go that drooping power sources are uced with
controlled arc machines.

All manual CO> guns and most automatic heads use wirec not greater than
1/16 inch in diameter and operate on a self adjusting arc principle.

iMetal Transfer
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The curves (Sketch page L) {llustrate the mode of tranefer of various
wires in different atmospheres. In argon gae the arcs magnetic field
produces a streaming action or anode Jet which detaches emall globules in
rapid succession to produce what is known as SPRAY transfer. With dissociable
pases such as Ny and COp the rapid detachment of emall globules, if it occurs
at all, does o only when high current densitiee are used. To achieve a
rate of 50 drops/eec. requires about 500 ampe with a 1/16 in. diameter esteel
wire in COs but only 250 amps in argon.

Trane ition current
This ie the current at which the mode of transfer changee from globular
to epray and will depend on electrode composition, diameter, extension of

the electrode (distance between point of current pick up and the arc) and
arc atmosphere.
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The maximum current which can be used is determined by the formation
of a spatter-forming rotation of the arc and electrode tip, termed 'jet
rotation' . Can be minimised by the use of large diameter electrodes and a
ghort extension.

Electrode Negative

e a5 SN AN B AR EE S5 S5 Su S5 S SR SN B S -

Not effective, arc unstable much epatter. Large globules are
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formced, thece are propelled awvay from the workpiece.  Appears to be due to n
concentration of current on the cald cathode spot which is due to poor
thermionic emisesion. Metal transfer in steel can be improved by the use of
wach coatings on the electrode or, when using argon, the addition of a ocmall
amount of oxygen. Fomrme surface oxides which have better thermionic propertice.
Melting rate of electrode higher with electrode negative.

| curren“: flow

J' | |
Seel | ffi | eteel and AL
n COa o~ a in Argon
= <~ | ) f\dS\
0 |

77777777777 7777777 7777

The sketches above illustrate typical plasma shapes obtained in argon
and CO». In argon the plasma surrounds the molten globule, electro magnetic
compression produces axial transfer. In CO» repuleive force and he local
interaction of compreseive forces sete up a torque or motor effect. The
magnitude of the current will detemmine the predominant force. At low
currente the globulee have been seen to move 'saway' from the weld pool.
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Spray transfer will produce maximum penetration which increaees
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approximately linearly with current. It 1= important that the
relationship between voltage and current be obeyed. /f
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If the arc voltage too low penétratiém is increased at the expense
of bead width (heat transfer most ei‘ﬁcg. ent when electrode tip below surface
of plate). Thie produces a deep narrow:fused zone which is susceptible
to solidification cracking. ! Cracking can usually be avoided with a penetration
depth to w. .th ratio of not mgre than 1.2 to 1./ Arc voltege can be ad justed
to control arc characteristice up to 900 amps.-

Short Circuitin{;_ or IDJ.E 'I‘ranﬂfer
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Metal ie trancferred during contact between wire and work i.e.
~mt cireuiting conditions. In the gketch (page 3) at (a) wire in
o nbnet, with vork, voltage falle and there ie a eharp increase in current
"ag sopne bic pinch effect and surface teneion detach molten globule.
Lb) Globule dctached arc formed. Current falle, volte increasge.
{c) Molten globule forming.
1) Short circult, cycle repeats.

"2 AFTER A.A.SMITH
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Sketch shows rclationship between ehort circuiting frequency and arc
voltage for three common wire cizee. At fairly high arc voltages (approx.
30v) few chort circuite, spray type tyansfer. Low voltage (18-22V approx.)
many short circults dip transfer. Medium voltage= transition zone.

Larger globules traneferred during ghort circuiting conditions This 1ie
often used for downhand welding at medium currente where penetration, gimilar
to that obtained with spray is possible without spatter associated with non~
axial droplet transfer.
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The table below gives the operating ranges for the three main types
of metal trancfer in COs.

Operating Range

Mode of Transfer Arc Type
Arc Volte Current Application
Short Circuiting 16-22 40~190 Sheet in all pos.

overhecad poesition=

Plate in vertical and

Semi=-ghort 2L »28 200-300 Medium gauges
Circuiting downhand
Spray 28-40 200~500 Plate dowvnhand

currenNT (AMPS)

After A.A. Smith

Short circuiting metal transfer makes special demands on the power gourcce.

Spray transfer depends on the static output curvee; for short circuiting
dynamic conditione must be satisfied. When short circuiting occurs current
mucst be supplied at the correct rate to enable melt off of the molten rlobule
and re-establieh the arc, e.g. 300 ampe required in 0.005 esece for 3/64 in.
wire. Too high a response will produce heavy current surges and au explocive
effect during shart circuiting resulting in high espatter loss. To obtain
optimum welding conditions it is necessary to use a constant potential 7 ver
source fitted with a 'tuned choke'. Thie consists of an iron cored he vy
copper coil which can be made infinitely variable by using a rotary coicach.
With this it is poseible to control the current surge during ehort circuiting.

2000
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SPATTER
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|

1/32 in 3/64 in 1/16 in !

|I )
Wire Fecd Rate ;
in/min =0 = 0 !

! Arc Voltage ' 18 19 20 ?
‘ .
' Average %
| Dupeen 100 130 160 {
| Response Rate 50-150 40-130 20-T75 5.
| gec. t
| i

After A.A. Smith

Optimum Short Circuiting Arc Operating Ranges for 3 Wire Diameters.

The use of dip transfer techniques for the posilional welding of
etieel plate has led to problems associated with lack of fusion. Heating
of the workpiece is obtained during the 'arcing time' of the welding sequence.
Tne uee of 1/16 in. wire and 1ittle choke will produce quick melt off during
chort circuiting and provide maximum arcing time thue providing maximum Leatin:
of the parent metal. Lack of fueion however still occurs. Research into
the problem has produced a new technique known as 'Pulsed Arc' welding.

Pulse Controlled Arcs

- -

This is a new technique developed to give the control required for
positional welding with free flight (spray type) transfer. The following
advantagesare claimed for the process.

Complete spatter-free welding.

Exceptional regularity of weld finigh.

Unusually constant penetration.

Ability to weld in all positions.

Higher ratio of heat input to metal deposition then with dip transfer.
Reduced weld metal carbon content than with COp welding. (Argon or
argon mixtures used).

Extended amperage range on all wire diameters.

-] (o) N1 BN A SV I

Principle of Controlled Transfer

The forcees necessary to detach and transfer the molten globule from
the wire to the weld pool is pioportional to the.square of the current.
With low current densities, large globulee form and transfer is due mainly
to gravity, high current densities provide high detachment forces and spray
transfer ie achieved. 'In pulsed arc welding the high current density is
provided at suitable intervals to detach and transfer the molten globule
which has been forming during a period of relatively low density current flow'

Two D.C. power sources are used; one to supply the 'background' current
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sufficient to maintain an ionized medium. The other provides high denzity
current pulsee to provide high detachment forces. The average total currcnt
will determine the burn off rate of the electrode.
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Cycle of evente in pulsed-arc welding '
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There ie a minimum value of peak current required which ie dependent
of the average total current. By fixing the mean pedc value for any given
pulse frequency, variation in average total current can then be made by
adjusting the background current. Too high a peak current will produce
undercutting, too high a background current leads to globular transfer.
(Molten globule builds up faster than pulses).

Fulge Frequency

The lower the current density the lower the pulse frequency required.
With low frequencies, travel speed is restricted (wetting problems) and
the 'flicker' may disturb the operator. TFor a given current density, the
emaller the wire diameter, the higher the pulse frequency. Recent development
work indicates that the use of 50 or 100 pulees/sec allow controlled transfer
over a wide range of currents using 1/32 in., 3/64 in. and 1/16 in. wires.

Applications
U preparation with no root gap.
Root gap necessary with Vee preparations.

Operating conditions for 11/, in. butt weld in vertical position. Double
Vee preparation, 1/16 in. wire, 98/2% Argon-oxygen.

Root run Intermediate Cavping
Wire feed spced in/min 96 72 68
Average total welding current, amps. 185 155 140
Average arc voltage, V 20 el 20
Pulee frequency, cycles/sec. 50 50 50

This welding technique may be the answer to controlled penetration beads;
resulte to date are encouraging ~ Best results obtained with Argon plus 1
to 5% oxygen.

Eow_Alloy Steels

Only a limited amount of work to date, but resulte indicate that the
recovery of alloying elemente ie better than with COz shielding.

Stainlese Steel

-

CO- not really satisfactory tecause of carbon pick-up. No increase
in carbon ueing controlled transfer with argon + 1% oxygen.

Aluminium

- -

Conventional MIG epray transfer techniques are used for thin materials



but require thin wires (0.030 in. diam. and less) and spool on gun equipment.
(Difficult to 'push' soft thin wires). Controlled transfer techniques will
allow thicker wires to be used therefore leses expensive equipment, Also,
thicker wires decrease the surface area to volume ratio which will reduce
hydrogen pick-up from surface films. '

Operating conditions for a vertical butt weld in /4 inch thick aluminium
plate, single Vee preparation, 90 included angle, 1/16 in. wire, pure argon
shield. Made in two passes.

Wire feed speed - 100 in/min
Average total welding current - 120 amps .
Average Arc voltage - 21V

Pulee frequency 100 cycles/=ec.

Welding speed 13 in/min.

------------------- -

Power Source

Three basic types, &ll of which have D.C. output.

1. Motor generator, flat characteristic. Voltage 16 - 50V. Will supply

-

up to 00 or 750 ampe. Short circuiting current up to 1500 amps.

2. Constant Potential Transformer-Rectifier

Switched tappings on primary or secondary to alter turns ratio and give
voltage control. Choke to alter current rise during short circuiting.
Selenium and silicon (most recent) rectifiers used. Voltage range from about
14 to L2v. Short circuit current can be fram 1,000 to 4,000 emps dependant
on capacity of power source which is usually 200A, 4OOA, 600A or 850A.

B Slope Controlled Transformer-Rectifier

----------------------------------

Tapped cecondary glves open circuit voltage and a magnetic amplifier
gives fine voltage control and elope control. Some power sources rely on the
reduced current riese during short circuiting obtained by the alteration of
slope. This ie satisfactory with 1/32 inch wires but for 1/16 in. wire a
choke is necessary to prevent excessive rise in current and spatter loss.

L. Wire Feed Unit

-

A.C. or D.C. motor driven, 50 - 1,000 in/min. Speed controlled by
variable speed motor or variable speed gear box. Turbines with valve to
control air supply aleo used. Wire fed by rollers, knurled or plain,
straightening rollers, located in advance of feed rolle, are necessary with
herd wires. Roll drive control is usually electronic though mechanical methods

methods are ucsed.
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Guna

Lightweight, air-cooled, up to 200 amps.
Water-cooled hand gun up to 400 amps.

A self contained 200 amp unit which has the wire drive motor in the
gun butt and carries a 2 1lb. reel of wire. Used far 'fine wire welding'
(0.020 in. dia.).

Water-cooled automatic, up to about 600 ampe.

All guns are designed to provide laminar gas flow. VWire feed and
gas flow are controlled by a trigger switch.

Contact Tube

Prov.des current pick-up. Wear is inevitable and regular inspection
is required. 'The point of current pick-up may wander resulting in unstable
arc conditions and uneven penetration. Continued cleaning up not recommended.
Regard as consumeble and carry sufficient spares.

Ancillaries

Necessary to reduce cylinder pressure. (300 = 1,000 loe/1in2) to a
normal working pressure of 10 to 4O 1lbs/inZ.

Flow Meter

20 = k5 £t3 /hr of gas required depending on nozzle dilameter and embient
conditione.

Heater

Used to prevent freezing of the regulator when the liquid COz is changed
to a gas. 'It does not dry the gas'.

WELDING WIRE FOR MILD STEEL

Must be smooth and drawn close tolerances (+0, =~0.025 mm). Copper
coated to improve current pick-up and extend shelf life. Correct temper
(hardness) to ensure free running.

Composition

Special composition required to withstand the oxidizing nature of the
arc atmosphere.

€0z HEFh CO+0
Temps

C+0 - Cco

i e ana Result porosity (gas holes)
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This is prevented by overkilling with silicon and manganese. Aluminium,
titanium and zirconium are also used. The reaction of these deoxidizing
elements produce small islands of slag on - the surface of the weld.

Type 1 Type_2
Carbon 0.12 max. 0.12 max.
Silicon 0.9 - 1.2 0.3 = 0.9
Manganese 0.9 -« 1.6 0.9 = 1.6
Phosporus 0.03 max. 0.03 max.
Sulphur 0.03 max. 0.03 max.
Copper 0.2 max. 0.2 max.
Aluminium - 0.6

About 50% of the silicon and manganese may be lost in the arc. With
a relatively slow rate of droplet transfer, reaction time between the globuie
and arc atmosphere ie increased and can lead to porosity due to excessive
loss of eilicon. At least 0.3% silicon is required in the weld metal to
avoid porocity. Silicon content of more than 1% can lead to hot cracking
problems. Increasing the arc voltage fram 30V to L5V with a 0.8% Si 1.4% Mn
wire will reduce the silicon content of the weld metal from 0.45% to 0.16%
and the manganese from 0.9% to 0.6 and produce porosity.

Welding Rimned and Killed Steels

The production of rimming steel requires residwal oxygen in the molten
steel when teaming into ingot moulds. Killed steele are fully deoxidized.
The table below indicates the effect of killed and rimmed steels on the recovery
of silicon and manganese aml subsequent weld quality.

C Si Mn Radiograph
Wire 0.12 0.84 1.58 -
Rimming Plate 0.18 0.03 0.54 -
Weld 0.13 0.02 0.62 Porosity
Killed Plate 0.18 0.16 s (5 s | -
Weld 0.12 0.34 1.2 Sound

Mechanical Properties

Teneile strength can vary between 35 and 45 tons/sq.ins; it depends
on weld metal composition and an accurate assessment can be obtained from the
carbon equivalent of the weld metal. '

U.T.S. = 33 (c. equiv.) + 26 tons/sq.in.

.s.i‘-.‘.bﬂ%
Where (C. equiv.) = C + T 5
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Impact properties of the as deposited metal give a Charpy energy

absorption of 15 ft lbs at .about = 30°C.
silicon manganese wires, by stress relieving at

transfer welds.

(%]

This can be improved on, with

650°C, e.g. 15 ft lbs at = 50°C.
Dip transfer weld metal has slightly better impact propertics than spray

(2} 100~
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TEMPR °C
% __Impact Props. ft.lbs at - 60 C
[ Si Mn Cu As Vielded Stress Relieved 650°C
Wire 1
Copper Coated 0.21 | 1.0k 1.46 0.41 - e -
Short Circuit 0.11 | 0.67 101 0.41 20 20
Spray 0.11 | 0.69 1.03 0.39 5 5
Wire 2 0.13 | 0.96 1.44 0.0k - -
No Coating
Short Circuit 0.12 | 0.69 112 0.0k 22 30
Spray 0.13 { 0.7 1.1k 0.0k 10 30

Spray = 300 amps, ggv

—— - - -

Short Cirggit

- - - - - - -

Copper reduces impact properties at low

- 159

. 1/16 in. wire

amps. 20V. %{

available for critical applications.

témperatures.
Shelf life is limited.

16 in. wire.

-

Uncoated wire is
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T

Available in the solid, liquid or gaséous form. Liquid CO, isg the
most popular for welding. Supplied in cylinders or bulk storage tanks
(up to 15 tons capacity) used with a ring main system.

- -

Gaseous COz ie drawn off from the top of the cylinder, some lignid
CO> evaporates to replace that removed. High discharge rates may result
in freezing of the 1iquid COz. Discharge rates should not exceed 6 1b/hr.
(k3 cu. ft/nr) to prevent freezing. High moisture content in the lact 25%
of pae uced.

00z_Syphon Cylinders
Plastic syphon tube extends to bottom of cylinder ensures that COs 1=
alvays drawn from liquid phase while liquid is present. Provides COz with a
reiatively low moisture content at all times and this type is normally
“lied for welding. An clectrical heater is required to vaporise the COo
bcfore it passes to the pressure reducing valve.

Gos Tlow

The width of the shielding gas flow, its 'stiffness' to resist deflection
by draughte and ite smooth flow is determined by the gas flow rate and the
diameter and length of the nozzle. The gas nozzle shculd be as long as poseible
to obtain streamline flow and best shielding characteristics. Spatter build
up on the inside of the nozzle can lead to turbulence and nitrogen pickup.

No preparation required up to about 1/4 in. Joint design important with
thick plate to avoid hot cracking.

Bead Factor - F =-§
P = depth of penetration

==
S \/__;P } W = bead width

When F ie greater than unity an unfavourable weld metal crystallization pattern
resulte which can lead to cracking. The deep penetration characteristics of
COz welding can produce this condition.




