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DISTORTION AND ITS CONTROL

Distertion is the change in shape of a welded component
which results from the welding operation., This change in shape may

only be temporary but is more often permwanent.

The principal course of distortion is the physical law of
expansion and contraction. . Generally the metal being weldead is
differentially heated i.e. heating is not uniform. The metal is
subjected to steep temperature gradients and as it is heated it
becomes weaker and more easily deformed in these parts which are the
hottest. Table 1 shows how the mechanical properties of steel change
with temperature, ’

Table I

Machanical Pronerties of Steel at FEleveted Termeratures

Temperature | U.T.S. |Yield Point | Elastic LIMIT | Elongation R.A.
“c 11(-;;/:-;;::;2 Kg/m2 Kg/mmz % on 2in. %
!
;! : i
40 . 37.8 ; 27.5 i 24.0 48 6e
100 ' 31.5 28.4 - 23.0 43 66
150 ; 41.0 32.5 i 21.0 39 65
200 ! 42.0 33,1 i 20.0 37 64
250 | 44.2 i 32.0 ' 12.0 37 64 |
300 ; 46.2 "- 2.0 l 9.5 40 66 !
i 375 , 42.0 | 28.0 i 8.0 1 44 68
425 [ 3.5 26.0 i 7.0 -4 %
500 ; 3.00 . 23.0 6.0 ¢ o 58 i 84 ;
| s40 i 24.00 0 20,0 | 5.0 P 6o P %0 |
- 600 16.20 ; 15.0 ; 3.5 | 64 : 94 |
650 ! 1350 : 12.0 2.5 i 68 ' o |
700 l 9.50 { 9.0 Jl 1.5 ! 72 i 98
!

The tendency to distorticn is aggravated by the restraint
at the weld jc?g,nt. That is to say whiist the weld metal is being
16

h2rated, it is 'prevented £yom expanding as much as it normally would by
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the colder adjacent metal, On the coolinp cycle, the weld metal contracts
but is prevented from contracting fully by the surrounding cooler metal.
However, the weld metal is put into tension and vsually plastic flow occurs
in the weld metal as the asserbly adjusts in dimensions to the lowering
temperature, Obviously as the temperature gets lower, so larger stresses

are required to continue the plastic flow in the weld metal.

If one takes a sirple example of a square block of steel.
If this is heated uniformly and thoroughly, it will expand in all directions;

£ it is allowed to cool evenly and without restraint of any kind, it will

(v

contract to its original shape and size. If however, it is held in a vice
and heated so that it cannot expaﬁd in one direction, it will only be able
to expand din the two lateral directions (see Figure 1). Then upon cooling,
it is able to contract in all directions and therefore does not return to
its original shape and size, but ends up shorter and thicker (Figure lc).
Hence, a return to the original shape and size is only possible when a part

is allowed to expand and contract freely, without restraint,
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Figure 1, Effect of Heating and Cooling on a Restrained
Bleck of Metal,

¥hen a bar is heated over a small area, the expansion is local
and uneven, The mass of cool metal adjacent to the heated area will not
expand, ard will tend to prevent expansion of the heated metal in all
dircctions except at the surface., Consequently, when the yield point is
rcached, perranent deformation takes place and upon cooling the bar does not

return to its original shape, it has become distorted.

As far as welding is concerned, we are usually heating and
cooling a localised area, and distortion will inevitably result unless the
parts are restrained from noving in some way. Generally the greater the

distortion, the smaller the plastic flow or strain in the weld retal.

The factors which govern distortion are as follows:-
a) Resistance to the free cxpansion of the weld metal,
b) The temperature gradient

e) Coefficient of expansion of the material and
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d) Yield strength of the weld metal and the base material.

Factor (a) will depend on the shape and size of the whole
structure and the amount of restraint applied by jigs and fixtures. Factor
(b), temperature gradient, will depend on the rate at which heat is applied
and how quickly it is conducted away from the weld area. The rate of heating
will be governed by the process and the particular process parameters
employed. The way the heat is conducted away will depend on the joint _

" geometry and general configuration of the component near the weld area. It
will also be affected if preheat is applied.

Control of Distortion

There are three main ways of controlling dxstortxon =
a) Forcible restraint of the parts being welded
b) Weld so as to balance the forces which act to
produce distortion
or ¢) Stretch the metal, by mechanical means or by
heating to counterbalance distortion. -

The cffect of all three methods is to increase the plastic
flow of the weld metal as it cools. In consequence, over application of
any of these methods could result in weld metal or h.a.z. cracking. Hence,
they should be applied with care, particularly when the metal is susceptible
to hot or cold cracking. '

Method (c), stretching, is often done by peening, i,e.
stretching the metal by a series of hammer blows, preferably wvhilst it is
still hot. Peeniné exerts a compressive force on the weld metal normal to
the plane of maximum tensile stress and this aids plastie flow.

The greater the amount of weld metal deposited, “the greater
uill be the shrinkage forces, and hence 1: is undesirable to deposit too
ruch wetal, The atrdngth of a joint is determined by its design and nothing
useful is added by filler metal in excess of that required to meet the design.

Shrinkage can also berinimised by control of heat input. This
can be don? by welding at lower amperages or by torch manipulation in gas
velding,

One can also minimise distortion by correct welding procedure
and by careful control of the sequence of welding. Intermittent welding or
the use of a wandering sequence helps to prevent local build up of heat and -

hence reduceslshrinkage.
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The effective shrinkage force can be reduced by placing welds
as near as possible to the neutral axis. The closer to the neutral axis,

the less is the leverage exerted to pull the sections out of alignment.
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Figure 2 Angular Distortion and Shrinkage

An effective way to control and reduce distortion during
welding is to restrain the parts forcibly. This method will even elirinate
distortion cowpletely, in certain operations, if the restrairt is sufficiently
great, Greater restraint,however, increases the magnitude of stresses
during welding. This applies particularly to the transverse stress, hence

the greater the tendency to cracking in this directionm.

Planned shrinkage may solve the problem of distortion when
design permits the desired arrangement of parts. If the vertical plate of
a T weld is positioned out of alignment before welding begins, the shrinkage

during welding will pull it into its 90-deg position. Parts can be positioned
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with sufficient space betwcen them to compensate for shrinkage. When welded,

the contraction of the metal will pull the parts into their correct position.

Shrinkage forces may be balanced one with another either by.
predistortion, such as prebending the parts to be welded, or by the use of

the proper welding sequence,

When the weld metal is deposited at different points of a
structure, it is possible to counteract the shrinkage forces of one weld by
the normal contraction of another weld, A ﬁract{cal application of this ’
technique is thealternate welding of both sides of the neutral axis of a
butt weld. '

Another approach is the intermittent welding of structures
where the shrinkage forces of Deposit One are balanced by Deposit Two.
Deposit Three is applied in such a position that as Deposit Four shrinks,

it will counteract the shrinkage of Deposit Five.,

In all welded operations where distortion is a factor to be
avoided, the direction of welding should be away from the point of restraint,

and toward the point of maximum freedom,

Practical Considerations

In general, fillet welding produces longitudinal and transverse
shrinkage plus angular rotation of the adjaceﬁt plate surfaces. The
longitudinal shrinkage is generally about 1/32 inches in 10 feet of weld,
and transverse contraction about the same order: i.e. for fillet sizes

appropriate to the material thickness (for mild steel).

Butt welds produce longitudinal and transverse shrinkage and
ray.produce an angular rotation of the plate surfaces, depending on the
preparation and veld sequence employed, Transverse contractions for mild
steel are of the order of 1/16 inch, and longitudinal shrinkage about 1/32
inch per 10 feet of weld. Obviously factors such as fit-up, size of electrode,
wvelding process used will all affeet the total weld contraction.

For unrestrained butt welds between mild steel plates, an

(1),

empirical formula has been supggested as follows '  ':

S = 0,18 A3t + 0,12W

where S = the transverse shrinkage in inches (or mm)
A = cross section of weld (sq. in,) (mmz)
t

plate thickness (in.) (or mm)

and W = average width of weld (in.) (or mm)
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Other metals will give greater or less distortion according
to their coefficients or thermal expansion. Aluminium and its alloys show
about twice the amount of shrinkage as does wild steel. Stainless steel

expands just over 1} times as much as mild steel.

Points to consider in relation to avoiding or minimising

distortion are:-

(1) Specify and use the winimum amount of weld metal
consistent with strength requirements.

(2) If possible, balance welding about the centre of
gravity of the job.

(3) Allow extra length tc cater for possible shrinkage.

(4) Pre-bend unbalanced sections so that angnlar distortion
will pull back into line.

(5) Use largest practical size of electrode to deposit
the maxirum amount of metal in the minimum time,

(6) Ensure good fit-up.

(7) 1If using jigs, ensure that they are strong enough and
do not bend as the job moves.

(8) Cut sections to length after completion of all welding.
Pqually,drill aoy important holes, etec, after welding.

The following figures (3-5) illustrate the type of distortiom
experienced in butt and fillet welds and Tables II and II quantify the amount
of angular distortion which may be encountered in butt and fillet weids

respectively.

Figure 6 shows the effect of the number of runs on angular
distortion of a }inch fillet weld (H.V. Position).

Accuracy of fit-up {is important because, if the gap {s too
wide in places more weld metal is required, hence more heat and more

distortion, The thinner the material, the more important the accuracy of
fit-up becomes, -

For the thinner materials a considerable amount of tack
welding wust be done = tack welds light and close together, or the work
wmust be tightly and accurately jigged so that it will not move,

As far as rectifying the effects of distortion is concerned.
It is possible to pull back distorted components Ly the judicious application
of heat in the correct places, This usually done by heating with gas blow= .
pipes,
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Figure 7 illustrates the mathod of straightening the
convexed edge of a plate by selective heating of wedge shapes areas using
gas blowpipes, By this means, using a great deal of skill and experience
on the part of the operator, many distortion effects can be overcome.
However, it is generally better and less costly to do everything possible

to avoid distortion in the first place.

Referring to Figure 7, it is important that the heat is
applied uniformly through the plate section. Po£ this reason, two blow-
pipes are applied, one from each side. With full heating of two thirds
of the width of the plate, heated zone 2 is wide, the straightening effect
is 3/16 to | inch for every 12 feet length of plate. Heating should be to
2 uniform red heat (v 900°C) throughout the segment.



Table 11

Angular Distortion in Butt Welds

3
No of Runs X (in) No of Runs X (in) No of Runs X (in)
1 316 1 15/16 21 1 9/16
2 3/8 12 1 22 1 5/8
3 2/16 13 11/8 23 1 11/16
4 1/2 14 1 1/4 2 1 3/4
s 9/16 15 1 3/16 25 1 11/16
6 5/8 16 11/4 26 1 13/16
11/16 17 1 5/16 27 1 15/16
8 34 18 1 3/8 28 2
9 13/16 19 1 7/16 29 2 1/16
10 /8 20 11/2 30 2.1/8




distortion
"d" in
1/64 in
wvith }
fillet

Table III

Distortion in Fillet Welds

R S— P -.-:h——-_.'.""*— T S - St + - S
Z ¥
wW
Widch " THICKNESS t (in)
W (in)
i i i 1 |1} | 1} 2 124
6 3 2 | 14 1 1 | - |- ”
9 6 | 5 |3 2 2 | 2 1 1
12 9 7 |s 3 2 | 2 2 1
15 12 9 | 6 5 s | 3 2 2
18 15 |11 |7 5 s | 4 3 2
21 18 |14 |9 7 s | s 3 3
2 21 {16 {100 8| 6l6 |a 3
- -
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Thickness Gap Root  |Radius; Inclided | Depth
FPeeparation Process I in, g in. S in. rin, | Auglea din.
(i) Flanged Oxyacetylene
_L Alomic
; Hydrogen 1/16 max, e = - - .
! Carbon Arc
TIG
Submerged Arc | 5/16 max. = = = - -
r 1
Cii) Square Bunt Oxyacetylene, 1/4 max, |zlo -+ —_ —_ -_ —
3 27232
1 side only o
~{aj— both sides 1/6101/2 210 i+3—2~ — — - —_
[: Shielded Metal
Arc 1/16t03/8 )| 01to0 3/32 — — - i
Submerged Arc,
___' 9]..._ both sides 1/8105/8 |1/32 max. — — - -—
Shielded Metal
Arc, steel
backing 1/8105/16 | 01to 5/16 — — —_ —
Dcep penetra-
tion, steel
hacking 3/16105/16| Do 1/8 — — — —
Submerged Arc, .
steel backing | 1/4t03/8 | 5/321t0
316 — — = —
copper .
backing 1/8to5/16| Oto 1/8 — —_ — oo
) [ |
(iii) Single-V Oxyacetylene 1/8101/2 PAPRETS 0 — | 60—=T70° s
i Shiclded 1 k]
\< 7 Mectal Arc 3/16t0 3/4 16 to 16 1/8 max. | — 60 —70° —
1
[D —J" Submerged Arc | 1/4101.1/2 1 max. [1/8to3/8 — |45°min —
o1
(iv) Single-U Shielded 3l 5 H 3 "
" Metal Arc 34102 3—2' lo ]‘i ‘fg to 1_6 1/4 20—45 i
Sub : .
v\ g ubmerged Arc{ 3/4t02 33 Max. 1/4 min. | 1/4 | 20° max, —
3P
(v) Double-V Oxyacelylene | Over 1/2 ;ilo ;i 0 — | 70—80° | Over +
Shiclded Metal 1 7
Are % s/8 101172 Z1055 [0t01/16| — | 60—70° | Over }
' p
1 o
L_) Submerged Arc| 3/4to2 2 max, | 1/4min. | — | 45° min.
a
“ a
4 Shiclded 17 a* 60—70°| d" §¢
Metal Are 1103.1/2 R to ﬁ Oto1/16] — 2''60—90° d” ;f
t
. 1 . dir
Submerged Arc| 110 3.1/2 3 max 1/4min, | — | 45" min. & e
(vi) Double-U Shiclded 1 S| 3 1 N .
1“.” Metal Aré Over 1.1/2 33933 | 33 to T 1/4 | 20°—45
r d
{ 'L' Sub i .
& ubmerged Arc | Over 1.1/2 3 max, | 1/dmin. | 1/4 20 —
]
g

MAT 37

fia. 2.3. Joint preparations recommended for the various processes used for welding mild steel. (See **Recom-
mended Joint Preparations for Fusion Welding of Sicel™, Intcrnational Institute of Welding, Commission XV,
Brit. Welding J., Jan. 1362,9 (1), p. 13. AWS Welding Handhook, Section I, Chapter 6, 1957.)
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MAT .87

VEID TEFECTS

DEFECTS IN MILD OR LOVW 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,

EZ; Selection of materials - optimum weldability consistent with properties.

3 Preparation of materiala ~ cutting to size, edge preparations, clean-
liness,

iu; iquipment - must be adequate for job, well maintained.

5 Wielding - correct preheat, welding conditions, efficient welder,
supervision, electrodes.

(6) Post-heat treatment, (stress relief or anneal etc,) - correct éontrol-
can get crackingif heating too rapid. :

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

Use of detailed records (allocate responsibility;, inspection.
DEFECTS IN iRC WELDS “ | :

is Incomplete penetration.

Yleld 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, Penetrating power of electrode must alsc be considered e.g. - close
butt welds need deep penetration electrodes.), correct welding current, suitable
Joint preparation to allow proper proper manipulation of electrode. Acourate
Jjoint preparation and fit up essential and should be specified.

To obtain complete penetration for double V or V preps. (butt welds)
mey be necessary to chip out or flame gouge the root of first rum - this is
normally always carried out on high class work (Cleas 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 euse of manipulation and
heat capacity of work. Slag inclusions and cracking frequently associated with
this defeot in fillets ~ with very low current may merely bridge gap. .
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V.here practicable welds should be made in DH position - use of
positioncra,

Automatic welding requires care that
machine acourately follows joint - ar get

Incomplete penetration causes local stress concentrations abt root
and under pulsating or fluotuating loads will seriously reduce fatigue life,

kay also reduce strength through shear lock of metal, but not generally serious.
May reduce impact strength.

~ This defect can only be corrected by completely removing defective
seam, Surfaces should be re-cleaned and room altered for necessary manipulation
of electrode,

2 Lack of Fusion

Discontinuity beiween weld metal and parent metal, or weld metal and
weld metal (i.e. lack of inter-run fusion),

Get boundaries of unfused metal, should not be confused with incomplete
penetration.

This defect results mainly from presence of oxides, slag, scale or other
non-metallics which prevent underlying metal from reaching melting point. : Can
nornally be avoided by ensuring cleanliness of joint - with multi-runs careful
attention should be given to deslagging between runs, If individual runs are
badly placed or surfaces hinder deslagging they should be chipped ar ground.

Ceare needed on welding current, too low frequentlygives lack of fusion but if
too high may give excessive deposition rate which may cause operator to increase
welding speed so that underlying weld is not hecated 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 rewelding,
3. Undercut

Groove or channel in parent metal along a toe of the weld. Gives
continuous or intermit{tent reduction in seotion of parent plate, iiay occur

in parent plate at toes of welds or at fusion faces of multi-run welds - butt
or filler,

Defect commonly associated with exocessive welding current but may be
ceused by incorrect technique such as too high a speed, excessive weaving or
wrong angle of electrode. liay sometimes be due to inherent welding characteris-
tics of electrode, use of damp electrodes or presence of heavy mill sgale,
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Fatigue strength reduced even by very slight undercut., Slight
and intermittent undarcut has no effect on static strength.

Fault may be carrected by adding weld metal where it occurs. Deep
undercut, especially if slag present, must be chipped before further deposition,
or will give incomplete fusion. Final control of weld should not be greatly
altered,

With high tensile steels correot welding procedure should be used at
all times. '

4. Edge of Plate Melted Off (Lap Joint) Melting of free
edge of lap welds.

Particular case of incorrect weld size and
profile -~ reduction in thickness of plate
and reduction in throat thiokmess.

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

Lffect on static and fatigue strength of lap or strap joint is reduc-
tion in so far as reduction in true throat thickness. Corrected by additional
run or runs to restore throat thickness to required size,

5. Overlap

Imperfection at toe of weld caused by overflow of metal on to parent

plate without fusion, Nay 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 welding speed can also cause this defect.,

Single run fillets over 5/16" in leg length, if made in HVpos. 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 static loading but under pulsating or
fluctuating loads act as stresc 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,
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Slag or other foreign matter entrapped in weld, Reflers to any non-
metallics, Usual source is slag formed by electrode coatings but also could
form if weld faces, etc, are not clean, i.e, heavy scale, loost rust, dirt and
grit.

kay be forced in by the arc during welding, in vhich case it will
generally be finely dispersed or it may be trapped in cavities caused by under-
cut or uneven or convex preceeding runs. In latter ocases it will appear as long
line of slag,

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

Welding characteristics of electrodes are impartant, particularly
slag viscosity which af'fects ease of contrél, GSlag 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 surfacea or if the wrong electrode
ourrents and voltages have been used. Often associated with lack of pemetration.

For lower runs in V groove the weld bead should have flat or slightly
¢concave surfaoe,

Small globules of slag will not affect statio or even fatigue strength
but large irregular or elongated lines of inclusions may reduce strength. These
may also give rise to radiating hair line cracks, Source of brittle fracture.

Kinor inclusions need not be removed but longer inclusions need
chipping, cleaning and re-welding.

Te Porosity -

Gas pores in a weld may cause :-

Ea; Piping (worn hole) - elongated or tubular (trepped gas)
b) Blowholes,

Piping and large blow holes (sometimes partially filled with slag)
&re fairly rare, but small scattered or olustered porosity is quite common,

Caused by entrapment of gas evolved during welding. Composition of

plate and wire important especially S content, exvessive moisture in covering
or scale on weld preparation also casuses,

Use of low welding ourrent, too long or too short an aro and other
factors which promote rapid freezing promote porosity - sometimes advisable



to "puddle" weld metal,

Small finely dispersed porosity not generally effective in reducing
static or fatigue strength but dense porosity or very large pores cean
considerably reduce load carrying erea and aoct as stress raisers,

Excessive porosity must be removed and the joint re-welded.
8. Cracks

Discontinuities caused by tearing of metal above selidus, , tearing
when in plaatic condition or fracture when cold.

May occur in weld metal or hnz of plate.

eld metal cracks may be classified - longitudinal, transverse,
crater or hairline (often associated with slag).

cracks may be longitudinal (adjacent to edge of weld seam),
transverse iwhich often originate from weld cracks) or "under-bead",

(a) i:eld metal Cracks - caused by highly localised stresses in the joint
arising from shrinkage of weld metal and resistance to movement of
parts during welding: therefore necessary to give consideration to
Joint. conditions and degree of restraint opposing movement caused by
weld shrinkage, Order of aasadbly should allow shrinkage to take
place as freely as possible,

Size of individual runs should be large enough to withstaad shrinkage
stresses, This is partioularly important in welding of heavy plates

or seotions ar under restraint. Repid cooling inoreases tendency to
cracking.

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

Longitudinal cracks more likely to occur in first layer of weld,if
not out out may propogate (one of reasons for back chipping). Cracks
often result from poor shape or position of deposit in which case it
may be neoessary to change welding procedure, Long, cracks may also
originate from orater oracks and dsep craters should be avoided
(craters should be examined and chipped where necessary),

Transferse cracks generally associated with joints having high degree
of restraint end mey extend into parent plate haz, especially if haz
has hardened appreciably during welding.
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S content of most commercial mild steels does not normally affect
weldability. Excess S in plate or core wire may cause weld metal cracking
however, due to low m.pt. wulphides, Other impurities, e.g. Ni, Cu, can
cause hot cracking.

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

Crater cracks

b) Parent ketal Cracking - normally associated with high tensile steels
(medium C, low alloy or high alloy steels) but may oocur in thick
sections of mild steel. Cracks generally within hardened haz and
are attributable to composition of parent plate associated cooling
rate after welding and degree of restraint, thickness of plate rate
of heat input, atmospheric temperature,

dardness 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 thickness especially in joints of high restraint,
therefore rate of cooling should be retarded tc avoid formation of excessively
brittle zone and reduce rate at which shrinkage stresses are developed. Reduction
in cooling rate cen be achieved by pre-heating, immediate post-heating or
increasing rate of heat input by means of suitable welding procedure, e.g. large
runs, heavy weave, MNulti-runwelds should be deposited so that heat is main-
tained in surrounding plate and succeeding runs made as soon as possible.

Small tack welding of hardenable ateels should be avoided if pre-

heating 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 09 and chill should be taken off parts above 1%".
Use of special electrodes may be advantageous - low H rods, = Can also get
hot cracking in the haz if very brittle or low melting point grain boundary

Cracks will seriously reduce static and fatigue 1ife and should
never be permitted,

Can only be corrected by complete removal of cracked volumes -

care needed to avoid leaving crucks, liay be necessery to modify welding
procedure to prevent recurrence of cracking.
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9. Incorrect iteld 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
welcd face or unequal leg lengths,

In Butt welds one has lack of reinforcement, excessive reinforcement,
or irregularity of deposit,

These defects are generally a result of faulty technique, Convexity
or concavity may be a characteristic of the specific electrode but more often is
due to incorrect welding current (convexity - low current, concavity - high
_current.)

Unequal leg lengths in fillet w elds generally caused by f aulty
menipulation ar inccrrect positioning of the workplece vwhen welding in the
downhand position (i.e. work tilted). 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 is caused by use
of vrong welding procedure, and should not arise if joint preparation, rod
size and welding current, number of runs, welding speed and, possible, length
of run per electrode, 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 approval tests,

Excessive concavity and unequal leg lengths reduce the throat
thickness of fillet v.elds and reduce the ultimate strength of weld. Excessive
convexity may give equivelent static strength but often indicates lack of pene-
tration and fusion. Iiay also be associated with overlapping which will
seriously reduce the fatigue strength of the fillet,

Both excessive and lack of reinforcement will reduce fatigue strength
and the second defect may alsocuse reduced static strength.

In 8o far as these faults in fillet welds may indicate other sub-
surface defects, it may be necessary to re-weld for high quality work particularly
if fatigue strength is important. Otherwise concavity and unequal leg length
can be corrected by further (expensive?) runs. Convexity needs the chipping
uway of excess metal, and care should be taken to leave a smooth surface. (NB,
care in cleaning and de-slagging.) '

In butt welds reinforcement may be increased or deoreased by further
runs or chip.:ing and grinding.

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



10. Poor Surface Appearance

Non-uniform ripples, surface porosity, included slag, faulty junction
and craters,

Caused mainly by faulty welding technique although the electrode
characteristics can have an effect, Welding position must also be taken
into account. Note that accessibility is important and the operator must
always be allowed adequate space for manipulating the electrode.

These faults will not normally affect static strength but by acting
as stress raisers may seriously reduce fatigue life.

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

1. Spatter .

Nain objection is waste of metal and cost of removal. Generally
caused by excessive welding current or dampness in the coating, Some electrodes
are naturally more prone to spatter than othera.

Has no effect on strength and may be removed by chipping and wire
brushing the small globules from the surface cf the plate,

OXYACETYLLN WELDING

TR Inadequate or Excessive Penetration - caused by insufficient bevelling

of edges, too wide a root cpening, too great a welding speed, ar
poor torch and filler wire manipulation,

2. b v e m
3. Undercut
4e Overlap

1 = 4 are visual defects.

5 Incomplete I'usion - Insufficient heating of base metal, too mpid
welding speed, gas or dirt inclusions,

é. Porosity - Trapped gases, usually CO or water vapour, may be avoided
by ocorreot manipulation, choice of materials, adequate fluxing.

1. Cracking - Hot or cold - depends on choioe of matarials, welding
technique.

8. Hard Spots - Inoorrect manipulation, parent material (metallographical

chsracteristios).

9. ' sive Grain G HAZ., - excess temperature,



RESISTANCE «wLLING,

1. Lack of Symmetry

Caused by dissimilar thicknesses of same metal, dissimilar metals,
different rates of heat extracticn, electrodes of uneven sizes or different
materials, misshaped electrodes, wrisaligned 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
velding times keeping heat conduction beyond weld zone to &2 minimum.

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

P Surface Melting

Generally a defect

Caused by insufficient pressure or insufficient time with excessive
current, or both., It is aided by inadecuate electrode cooling, inadequate
squeeze and hold times, fouled electrodes or scaby or dirty material surfaces.

Lo 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 indeptation.

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.

Thie 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,



o 10

5. Interface Ixpulsjon

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

Results in intermal cavitation of weld and a reduction in weld
strength.

6. Internal Defects

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

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

Porosity - often present, Caused by overheating, inadequate
pressures, premature release of (adequate) pressure, 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 temperatures and
higher pressures.

Cracks - generally ceuvsed by overheating, improperly applied electrode
forces during welding or use of wrong schedules in crack 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. lietal was not heated above melting point of solder or was heated too
far above this temperature.

B Virong 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 of braze metal, hot cracks (penetration of Cu along grain boundaries)

inclusions, Main cause is incorrect fluxing, flux inclusions, overheating and
underheating.
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Cinad UTLELS

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

INERT GAS 1-ROGESSLS

Most of defects are common with metal arc defects. An addition
is tungsten inclusions,

Common causes of porosity and other troubles are contamination
of Argon or CO, (generally with water vapour) and contamination of electrode
wire, often by adsorption of water vapour on surface.,
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Basic welding metallurgy

WARNING This section contazins some gross
over-simplifications but if the non-metallurgiat
gets some {dea of the meaning of some of the
epoteric worda, that will be useful.

All matter is made up of atoms. Atoms have
a heavy core which ias positively charged and
one or more planstary electrons (negatively
charged).

The electrons are a long way from the core.

In the sketch, if the core is assigned a diameter
of 5 mm then the atom s about 2000 mm in
diameter.

In liquid metals the atoms move about in a
random manner. The hotter the liquid, the
faster the movement.

When pure metals begin to freeze, small
geometric groups of atoms (3-dimensional)
form, and If they become big enough (NUCLED,
they grow larger to form crystals of solid
metal.

Boundary of electron orbifs

Core (nuclaus)

Afemic rmadel of a liguid

Ooo
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OO OO

(o]
o) o
(o] (o]
2 ?Q O PO
(o]
o (o] O
o o (o] (0]

Start of IreeZing



Crystals of solid metal have thelr atoms
much closer together than in the liquid and,
to repeat what has been said before, arranged
in a geometrical pattern,

The number of atoms in a piece of solid metal
{s enormous and the space surrounding them ls
vast. It is possible, therefore, for atoms to
enter a solid metal, to move through a metal,
and for atoms, especially of a gas, to leave a
metal. The hotter the metal the faster and
easier this action is. The process {8 known
as DIFFUSION,

Atoms in a crystal are not in fixed positions,
only approximately so. Imagine atoms as
ships in a convoy. Each ship tries to keep
gtation relative to each other under normal
conditions (at low temperatures in a metal)
and makes quite a good job of it. Under
conditions of alert (at high temperatures in a
metal) there {8 much more agitation and they
move further apart. Melting of a metal can
be likened to the ships scattering during an
attack.

Subsequent sketches of atomic
arrangements {n metals show
the atoms in fixed positions.
Remember that you are looking
at atoms as though photographed
with a stop-action camera (if
that were possible).

Since the original nuclef were randomly arranged
when thev formed, it follows that there must be
a mismatch when the growing crystals (GRAINS)
ultimately meet. The region of mismatch is
called a grain boundary. There is a lot of
room at grain boundaties in cast metals, and
both solid and gaseous impurities tend to collect
there.: Low melting point impurities are those
most likely to be found in grain boundary regions
because they remain ligquid after the grains have
golidified.

Soldification of weld metal

Fusion welding can be llkened to caating., The
main difference is that in fusion welding a part
of the 'mould' dissolves in the 'casting'.

/ymny”

1% men

1, mm

An lron crystal this size contains
about 1,000,000,000,000,000,000,
atoms (a milion atome along each
edge). Even so, this cube of dense

metal consists mainly of empty

space,
Grain
pAahif
Grain
Grain boundary
Solid matal




Consider a single run of liquid weld metal situ-
ated between two fusion boundaries. Heat is
flowing away through, and usually perpendicular
to, the fusfon boundarieas. Nuclel form on the
fusion boundaries and solid crystals begin to
grow from them. The crystals grow preferenti-
ally along the direction in which heat is flowing
but at the same time there ia growth in other
directions leading to eventual infilling and com-
plete solidification,

In alloys, (and impure metals can be considered
to be dilute alloys), there is such a wide differ-
ence i1n composition between the grain interiors
argd grain boundaries that, on etching, a tree-
like (DENDRITIC) structure {8 revealed.

If freezing is slow, grains tend to be longer
than they are wide (COLUMNAR) and if freezing
is fast they tend to measure the same in all
directions (EQUIAXED). Both types can occur
together in welds.

Columnar grains meeting in the centre of deep
narrow welds are an undesirable feature, and
that is why welds are often made in two or
more runs even though the process in use may
be able to do the job in one run. (There are
other reasons).

Fusion
Boundary

Equiaxed grains

Columnar grains
(often dendritic)

Chance of cracking
}'_ wh’i i"Y4

I 3

~— Shrinkage slroin —

Mach boller



Salld metals

The atoms of a crystalline solid are arranged
in a regular three-dimensional pattern called
a crystal structure (LATTICE). Only 14
arrangements are possible and only 6 of these
are important in metallic structures, The 3
most important are sketched.

Solid iron exists in three forms (ALLOTROPES)
when in equilibrium (see later for the signific-
ance of this remark). Thus:

A few other metals behave similarly - but none
of such commercial importance as {ron.

Alloys

Alloys consist of metals, or metals and other
elements, {n amounts deliberately chosen to
procduce certain desirable properties. These
properties are uszually different from, but often
related to, those of an alloy's pure constituents.

Many alloys are SOLID SOLUTIONS. The term
solid solution' is difficult to appreciate. Consider

Body centre cubic (BCC )
eg lron al room temp

Face centra cubic (FC.C.)
eg Capper, Aluminium

Close packed hexagonal (C.PH)
eg Zinc, Magnesium
|

1539 C T
8 -iron(BCC)

1400° C 1+
J -irontFCC.)

910°C+
o -/iron(B.C.C.)




separatelv a cup of unaweetened tea and a spoon-
ful of sugar. Each |s recognisable as a separ-
ate entity. Stir the sugar in the tea. Is the
sugal' now recogniaable as sugar? U it were
posaible to freeze the sweetened tea without the
sugar separating out - that would be a

SOLID SOLUTION.

on um‘-

Atoms in pure metal might look like this in Ltnm
3o N - ST .

2-dimensions. (o YRR o 258

PRy, ST YRR DR RS
A pure matal

On adding an alloying element, the atoms of the © A afoms
added element may replace some of those of the

host metal to form a substitutional solid solution, * 9 e ¢ 9. ®puobom

o L =} L ] o

o o @ o o

A substitutonal solid solution
fe.g Copper-nickel alloys).

or o] (o] (o] 0 0
(]
If the added atoms are very small relative to O O ©Oe O O
the host atoms they may occupy the interstices L
between the host atoms, ©c o o o o
°
o o Oy © ©

o®o0o o 0 o

An inlerstitial solid solufion
(e.g- small amounts of carbon in iron)

Elements in solution cause strengthening by
distorting the lattice.

Special names are given to some of these
solid solutions thus:

Those hased on a-iron are called FERRITE
Thosc¢ hased on Y-iron are called AUSTENITE

Effect ofa large afom



Forces sufficiently high will deform the
material permanently. Plastic behaviour
Plastic deformation is introduced by
rolling, extrusion, forging etc. and
material so treated i8 strengthened.

Staiting with a material like this, and
which is soft and weak,

we can roll it and thus harden and
strengthen it.

On heating to a suitable temperature so that
the atoms can move about appreciably, new
indistorted grains begin to form at certain
iites in the deformed grains. If conditions
are suitable, the distorted grains will be
replaced bv new grains which may be smaller
yr larger that the original grains (depending on
.nany complex factors). There will be an
accompanying fall in hardness and strength.

Thus, work hardened material {8 softened by
Annealing. Some metals and alloys (aluminium,
)pper, cupro-nickel, brass et al.) can only

«¢ strengthened bv work hardening. If you
vweld such work hardened material then some
rt of the heat affected zone (HAZ) will be

rwaled asnd there 18 nothing you can do about
It except keep its width to a minimum by
“~nirolling the heat input.

F
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There are circumstancea when the added atoms
cannot complately dissolve elther substitutionally

or interstitially and this gives rise to mixed

atomic groupings within a single alloy, or to the
production of chemical compounds from the ele-
ments present. Each distinct grouping of atomas
in an alloy is called a PHASE and we speak about

SINGLE-PHASE and MULTIPHASE alloys.

Strengthening of metals and alloys

1. Grain slze
Dirty graln boundaries are weak. If the

grain size is amall, impurities are spread
thinly over the large area of grain surface.
If the grains are large, the same amount of

impurity is concentrated over a amaller

area and |s therefore more harmful. Small

grains are desirable, Indeed strength is

f 1
propostionsl Ao Grain size

e. g. If the grain size I8 made 9 times
amaller the strength is 3 times greater
(don't take this too far.)

2. Solution strengthening

As the amount(s) of alloying element(s)
increnses in solid solution the strength
usually Increases. Incresse the carbon
content of very pure iron from 0.0001%
to 0.005% and the strength increases by
a factor of 4. (Don't take this too far
either.)

3. Work hardening (and annealing)

If a force is applied to a crystal it can
be deformed. I the force {8 small, the

crystal will regain its originai dimensions

when the force ia removed. Elastic
b(-haV'in'\_l_l'_.

Sakfion of A in B

Phase boundary soiulion of 8 in A
(may also be a
grein bauncary)

Before and afler

During straining

)

flstic ceformalion
(returns lo original shape when F remored)



o af lemperalure fo
-~ ‘pltation hardening (age hardening) m' a;fy-r:g e
crtain alloys will dissolve an appreciable
amount of alloying eleraent(s) when hot 2
(but solid) and reject soma of the alloying 1
element(s) in the form of large particles -
of compound(s) when slowly cooled. I 2 §
the hot material {s quenched the alloy E Staarty cool
bacomes super-saturated and will contain £ 3 N
ore of the alloying element(s) than would = —
s.rmally be soluble at room temperaturs,
lumin' is a classic example. I the
~-aaturated alloy is then heated to .
Lome intarmediate temperature, the fime —=
compounds are precipitated as very fine Afler 142+ 3 - Supersaturated solid solution
particles which harden and strengthen the Atler 1+ 2 4 - Alloying elemsnis rejected in the
alloy. form of large particles of
compound(s)
1 Stage!.
-
-g- Solution
§ | [ heat ,
8 |/ treatment Stage 2 Aging
‘-.‘
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Tim¢ ——

Typrcal hoal treatment

—

Nardness
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|
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Time —
Hordress ofter aging al temp. T
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(If aging is conkinued afler paack hardness o
reached, soffening — OYERAGING occurs)

In welding, thercfore, the HAZ of age- Solution freated plate Fully heat trecied plate

tardersble alloys responds in a complex way
to the thermasl cycle.




Martensitic reactions

(4.8

Typical of this type of reaction is the
behaviour of many steelas although some
notr-ferrous alloys can be strengthened
by this mechaniam.

If a plain carbon steel (C 0,06-0.8%) is slowly
cooled from a temperature at which the
structure i3 austernitic the final structure is &
mixture of ferrite and the compound fron
carbide (CEMENTITE). When the ferrite is
forming it rejects carbon which diffuses into
the remaining austenite. The last austenite
to transform deposits alternate plates of
ferrite and cementite which have a character-
istic microstructure which has been given the
name PEARLITE. Pearlite is not a phase,
it is a mixture of phases,

If instead of being slowly cooled, the austenite
i1s rapidly cooled (QUENCHED) there is in-
sufficient time for the above reactions to take
place and 2 new phase, MARTENSITE, is
formed. Martensite is hard and brittle, unless
its carbon content is very low, and can there-
fore be an undesirable constituent in mamy
steels.

In some welding processes cooling {3 rapid
(e.g. in spot welding) whereas In others it is
slow (e.g. In electro-slag welding). ’

In welding processes where the thermal cycles
are intermediate between quenching znd slow
cooling instead of martensite we may get a
constituent which 1s nelther martensite nor
ferrite plus iron carblde. This constituent is
called BAINITE and its mechanical properties
are akin to those of martensite in alloy steels
which are fast cooled, and more like those
of ferrite plus iron carbide in low carbon
steels welded with high heat inputs i.e. fairly
slowly cooled.

There is an appreciable volume change when
martensite forms from austenite and this may
cause cracking especially when hydrogen finds
its way {nto the material (from electrode cover-
ings, grease, scale etc.,).

! Austenile 2 Ferrite begen lo
form.....
@)
3 ond continues . ... &
7 ~ L
.'_\, ,
s /
\ !
- N —--L\

Awslenile

G he end resull
being ferrite plus
pearlile.

Martensite

fon quenching)



Pre-heating will reduce the cooling rate and Huoo'w A material welded
may help in the production of a softer and without preheat

m e ductile HAZ.

Pre-heating, however, has a more important

effect; it delays cooling and enables hydrogen

to escape before it can cause damage to cold 300
HAZ material.

A rough and ready view of the situation is that
if any part of the HAZ has 2 hardness of over
150 Vickers units - look out for trouble,.

Allcring elements other than carbon have an

effect on this type of behaviour and attempts Narrow Unaffected 3
have been made to assign equivalents to these NAZ parent matal
elerrontg. For example, manganese is about
1 % v powerful as carbon in its effect.
MY 400 - The sama material
m wolded with prebeat

g ~ Co

So, in a carbon manganese steel we can use
the concept of carbon equivalent.

Wider
HAZ

Thus, carbon equivalent (C.E.) = Actual carbon content + 1/6 of the Mn content

BS 43G0 also gives

Mn Cr+ Mo + V Ni + Cu
CE,=Cs~g * 5 * 15

for a certain range of steels,

Beware CE values greater than about 0.4%
especially In thick sections. Remember too
that other elements have a carbon equivalent
which must be taken (nto account.



WELDABILITY MAT.NO.156
A major problem lies in obtaining a suitable definition of

weldability that can be interpreted in quantitative terms. If we turn to the
International Institute of Welding we find that Commission IX have defined
weldability:

"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 suitable 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". This

verbogse statement does nothing to advance our search for a definition that we can
express quantitatively. The A.W.S. Welding Handbook gives a definition which
is shorter but no more helpful:

"the ease with which the effects of welding can be controlled". Thus it would
seem necessary to abandon any hopes of expressing weldability in a simple
numerical manner unless, as has been done in some @ses, we are willing to
restrict the term weldability to some specific aspect of welding. This latter
approach has been adopted in some cases, for example with underbead cracking,

but can hardly be related to the widely accepted meaning of the term weldability.

It is suggested therefore that the looseness of the term

"weldability" should be accepted and that the factors that contribute to
weldability should be enumerated, so that these separate factors can be

assessed individually. Then, by consideration of each factor it should be
possible to gain at least a qualitative assessment of the weldability of specific

materials, although a true measure of weldability can only be gained by perfor-

mance in actual service.

FACTORS CONTROLLING WELDABILITY

The weldability of any material will te governed by several factors,



involving: chemical properties

physical properties

metallurgical properties

design of the actual component

to be fabricated.
It may also be suggested that welding processes should be added to this list
since many materials cannot be welded by all processes, but invariably the
linitations set upon possible welding processes and positions are controlled
by the material properties as affected by the thermal cycle.
besign
Design is rarely mentioned in any discussion on weldability although

it may often be the final arbiter in deciding whether a fabrication can be
welded. Two aspects are of particular importance: accessibility and restraint.
If accessibility is limited it will prove difficult, or even impossible, to
produce defect-free welds and the subsequent p2rformance in service will be
lmpaired., Similarly, heavy restraint may lead to high residual stress or

cracking.

Chemical Properties

The oxidation resistance, nature of surface films and impurity
content of a material are of considerable significance in determining the ease
with which it can be welded,

1f a material oxidises readily, and is not protected during
welding, the weld pool will become contaminated. In some cases a joint
cannot be obtained whilst in other cases inclusions and oxide films will drasti-
cally reduce weld quality, Oxidation resistance will also affect the choice
of welding process; a material such as mild steel can be welded by ﬁost processes
without excessive precautions whereas the reactive metals such astitanium and
zirconium need considerable protection if embrittlement is to be avoided.

Surface films may offer a barrier to good cohesion, as in the
fusion welding of aluminium, or may affect the production and distribution of

lieat, e.g. in the resistance welding of heavily scaled sheet. The ease with



which these films can be disrupted and removed either before or during

welding (by flux or arc action) will affect the ease with which a material can
be welded and also the choice of available processes. Surface films may also
affect emission characteristics so that intermittent films may give variable
heat production.

Finally, impurity content can have a considerable effect on weld
quality since it may lead to cracking or porosity. The deleterious effect of
sulphur in promoting cracking in ferrous and nickel-base alloys is well known,
as is the effect of lead in promoting hot shortness in copper-base alloys, but

much more work is required on the effect of other impurities and minor alloying

additions.

Physical Properties

Several physical properties of the material may afféect its
weldability by certain processes. Thus the thermal and electrical resistivities
will influence resistance spot welding characteristics and in the case of high
conductivity metals such as aluminium and copper will make welding difficult or
even impossible. A high thermal conductivity combined with a high coefficient
of thermal expansion can lead to excessive distortion whilst these properties,
together with the elastic modulus, will influence the level of residual stresses.
The viscosity of the molten material will influence fluidity in the weld pool
and may be of importance in positional welding, although operator technique is
generally the overriding factor, Finally, emission characteristics may be a prob-
lem in arc welding if they result in arc instability - this rarely occurs, but

it can cause difficulties in the automatic arc welding of magnesium and its

alloys.

Metallurgical Properties

Any consideration of weldability must dwell largely upon the

metallurgical properties and the welding engineer must consider two separate

factors:

(1) the effect of the weld thermal cycle on the parent metal,



and

(2) the structure and properties of the weld metal.

The welding cycle will result in an heat affected zone in the
parent material adjacent to the fusion zone. The severity of this thermal
cycle will depend partly upon the welding process and partly on the dimensions
of the structure, typical cooling rates being 30 - 110°C/minute for
oxyacetylene welding, 110 - 4000°C/minute for arc welding and 3000 = 22000°¢c/
minute for resistance spot welding,:whilst the effect of the cycle will depend
upon the material. Thus in pure annealed metal and in many annealed solid
solutions the welding cycle will have little effect other than causing a
little grain growth, whereas if these materials are welded in the work
hardened condition recrystallization and softening will occur in the heat
affected zone, resulting in & low joint strength. if low melting point
constituents are present in the heat affected zone, incipient melting may
occur, leading to hot cracking.

With precipitation hardening alloys the strength and hardness
depend on a finely balanced structure which is almost certain to be affected
by the welding cycle. The overaged region in particular can only be restored
by re-solution treating and re-aging, which is impossible with many structures
so that a full strength weld cannot be obtained with certain treatable alloys.
An exception is provided by the naturally aging aluminium-zinc-magnesium alloys
wnere much of the strength and hardness is recovered by re-aging at room
temperature subsequent to welding. If a wide overheated regiom e#ists it may
result in all the aging elezments being concentrated at the grain boundaries
where they are not available for strengthening. In some cases no heat treatment
will restore properties.

In mild and low alloy steels the heat affected zone temperature
will rise above the Al temperature and become wholly or partially austenitic.

Cooling from this state may result in ferritic and martensitic structures

according to composition and cooling rate. This will generally result in an



increase in hardness and fall in ductility, and if martensite is formed
there is a very real danger of underbead cracking. A knowledge of the
isothermal transformation diagram, or preferably the continuous cooling
transformation diagram will give a good indication of the likelihood of
martensite formation, although some care in interpretation must be
exercised, since these diagrams cannot account for segregation, austenite
grain size etc,

Some creep resisting steels, both ferritic and austenitic,
exhibit strain induced precipitates on dislocations due to the thermal
cycle in the heat affected zone, which can restrict the ability of the
heat affected zone to deform on subsequent heat treatment or service at
elevated temperatures., This can result in re-heat cracking which has
proved particularly troublesome in high temperaturi stcam mains in power
stations. Evidence is now accumulating as to which materials are
susceptible to this form of cracking, but much more work is needed.

The anisotropy of properties and, especially the presence
of aligned non—metallic inclusions can result in low ductility in the short
transverse (i.e. through thickness) direction of steel plate. Certain joint
configurations e.g. fillet and T-butt welds, can result in lamellar tearing
or pull-out cracking.

The weld metal, which may be of parent plate composition or not,
has been heated above the melting point. It may, therefore, be considered as
cast metal although this is not a good comparison since its properties may
vary markedly from the properties of bulk cast material, Our main concern
must be to decide the effect that the process of solidification and cooling will
have upon the joint properties and it is suggested that this can best be achieved
by considering the weld structure and the likelihood of porosity and cracking.

The weld structure will generally be columnar due to the

directionality in the cooling rate, although some equiaxed grains may be found



in the centre or at the fusion boundaries. In many materials the weld
setal strength will be slightly below that of the parent metal although

it way sometimes be improved by alloying additions to the filler rod, or by
peening.

It is fortunate with mild and low alloy steels that weld metal
strengths are higher than those obtainable with hot wrought materials of the
same composition, due to the fine ferrite grain size and high dislocation
density. This increased strength is gained with little loss of ductility
and allows the weld metal to be less highly alloyed than the parent material.
This improved strength is maintained at slightly elevated temperatures.

With the majority of precipitation hardening alloys, whether
aluminium or nickel based, it is virtually impossible to match the properties
of the fully hardened material and the only solution at present lies with the
designer in positioning the welds away from regions of high stress. Some
work is known to be under way at present on thé hardening characteristics
of aluminium-zinc—magnesium weld metal but initial results are far from
conclusive,

Gas—metal and/or slag-metal reactions in the weld pool may give
rise to gas, and if this is trapped in the solidifying weld pool porosity
will result. Minor porosity is insignificant but large pores or regions of
porosity can result in a significant reduction in weld properties.

Weld metal cracking may occur at temperatures near the solidus
due to an unfavourable composition or it may occur at lower temperatures due to
excessive restraint.  Hot cracking depends upon the composition (both alloying
elements and impurities) and cooling conditions in the weld metal; it is
generally due to the persistence of liquid films at the grain boundaries.
Considerable work has been done upon hot cracking in welds and the susceptibility
of many weld compositions are known. In most alloys hot cracking can be

eliminated by attention to filler composition, although this may be at the

expense of other properties. Restraint cracking is poorly documented and is



often attributed to other causes. It is only likely to arise where
exceptionally heavy restraint is applied, and even in these cases the

danger can be minimised by attention to welding procedure and by use of a
ductile weld deposit.

ASSESSMENT OF WELDABILITY

In assessing the weldability of a material for a particular
fabrication one must account for all the factors listed above. Most of this
assessuent can be done by consulting available information, which will enable
many points to be eliminated as unimportant.

The chemical and physical properties will be readily available,
even with regard to new materials, but information on metallurgical behaviour
under welding conditions may be more difficult to obtain since alloys are
generally designed with regard to service performance rather than ease of
fabrication. Even so most material producers will examine the welding
characteristics of new products although they may be rather over-optimistic
regarding the ease of welding. The design of the fabrication falls within
tne sphere of the design engineer but consultation with the welding
technologist is essential to prevent the weldability problems that arise,
or are aggravated by poor accessibility and high restraint.

Thug, much of the information for assessing weldability is likely
to be available. The most difficulty will generally arise in assessing the
susceptibility to cracking of a welded structure - which is probably why
cracking tests have become synonymous with weldability tests. The need to
determine the susceptibility of welded alloys to various types of cracking
has led to the introduction of a large number of cracking tests, most of
wnich were originally designed to examine one specific type of cracking in a
small group of related alloys. Exanples are the Reeve and C.T.S. tests for
underbead cracking in low alloy steels, the Houldcroft test for weld metal

not cracking in light alloys, and the various patch tests., Most of these



tests are perfectly adequate“for the job they were originally designed for,
which was to place a series of alloys in order of susceptibility to a particular
type of cracking. Difficulties arise, however, when engineers attempt to extend
the scope of tests,or assume that avoidance of cracking in a specific test means
that cracking will not occur during actual fabrication.

A cracking test on a new alloy is unlikely to be of use to the
welding engineer unless he is able to place the new alloy within the context
of cracking susceptibility of other similar alloys for which fabrication
experience exists. If this can be done, then a good estimate can be made of
the likelihood of cracking in a fabrication. For commonly used materials,
even information of this nature is likely to be available in the literature.
It is less likely that the effect of segregation or variation in minor
alloying additions and impurities within the specification has been determined,
and cracking tests may prove extremely useful in this context. Even in these

cases, however, a framework of results is needed into which the new cracking

tests can be fitted.
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DEPARTMENT OF MATERIALS

Srackilte
Cracking is perhape the most serious of weld defects, although

fortunately it is not as common as porosity. Three types of cracking

may be found in welded joints: cold cracking, hot cracking end delayed

cracking. Cold cracking occurs in the weld metal or heat sffected zone

at temperatures well below the solidus, it may occur Quring cooling after

welding or, in speclal cases, a few hours after welding. Hot cracking

occurs during welding at temperatures at or above the solidus and may

occur in tiie weld metal, heat affected zone or at the fuslon line, Delayed

cracking hes been found in creep resisting steels and occurs in the heat

affected zone during post weld heat treatment or in subsequent high

temperature service. It has becn sugpested that a similar form of cracking

is possible in any material where excessive grain strengthening occurs.

- -

This type of cracking can occur in all materials where ductility 1is
low and heavy restraint exists. The shrinkage strains generated during
cool ing cannot be accommodated because of the low ductility and cracking
occurs at the lower temperatures of the cooling cycle. Cold cracks
caused by rvestralnt gencrally occur longlitudinally in the weld metal and is
often initlated by slag inclusions or lack of fusion in multi-run welds

(Fig. 1). A special case of cold cracking known as underbead cracking can
occur in the heat affected zones of hardenable steels when these are welded
by a process which introduces hydrogen into the weld. Underbead cracking,which

will be discussed in detail in Chapter 4, takes several hours orcven days

to appear and this can be dangerous since cracking may not occur until after
inspection.

——

Hot cracking is more prevalent than cold cracking and mare difficult
to control; it is essentially inter-crystelline with cracks occurring along
graln vboundaries or between derdrites. The general mechanism for hot
cracking is similar for weld relal, hest affected zone or iusion line cracking
althoush most investigations have peen confined to weld metal cracking. The
basic explanation li2s in the inability of the material to withstand
contractional and external stresses imposed during cooling. It is gensrally
acreed that thie weakness occurs at temperastures at or above the solidus
and is caused by the presence of liquid metal at the grain boundary faces.

Two suggestions lhave veen made to explain weld metal cracking, both
of which are supported by some eiperimental evidence. One school of thouglht
considers that cracking results during solidification when the growing
dendritee interlock and prevent free movement of the remaining liquid metal.
In this teuperature range (the 'shrinkage-brittlencss' ranze) the weld metal
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nes little strenpglh rnd no ductility, so that contraction straing cannot

be accumaoaated, resvltiine in cracking. If sufficient licuid is

available and cen r2ach thie crucks 'healing' can czeur, but otherwise

the cracks wiil persist. The alternctive sugpestion considers that

cracking cceurs at or hear the solidus temperature during the last period

of solidiriention when the grains are virtually fully formei and only a
liquid fiim persists. ; The ratio of interphage and grain boundary energies
will ther cefline cracking terdency. In contrast to the shrinkage-brittlencss
spproach, ft is argued that cracking camnot occur at intermediate temperatures
Between liguifius and solidus cince shrinkage strains are uniformly distrinuted.
n. this se-opd supgestion the presence of low melting point sepregates which

are molten below ‘the equilibrium solidus ol the metal are porcicularly
dangerous.

Borland'has recently attenpted to reconcile the above susgestions and to
develop a generplized tneory of super-solidus cracking. Solidification may
be congidered O occur in three stages (Fig. 2).

i)  primury dendrite formation,

11) dendrite interlocking, during which both the liquid and solid phases
are continuous but the liguid remains canatle of Tree circulation
arovnd thz dendrites.

iii) grain boundary tevelopment, where solidification is considerably
advanced with a scml-conuinuous networlk of giains reciricting free
passage of liquid; a stage which contintues to the solious temperature
at vhick the remaining liouid Treezes.

The temperaiure (ac) at which dendrites interlock is known as the coherent
temperature and cracking is mossible once the cooling metal haes reached this
temperature. However, Irec movenent oi the liguid will allow healing of
cracks durinz this stege, wherecas in the third stage starting at the critical
venperature, ae, and the solidus tLemperature, ave. The wiGath of the criticul

he width of the crilical runge ic elso important and crack “u""nntiuillty
shovld be et a maxinum for the compozliiion poccescing the prentest critical
Lemperature “uﬂ*r, a3z shown in Fig. 3. The preatest ranere occurs lheoretically
at the limi. ot solid soluxfliily, but alithough exinerincninily the variatior
of crack suseeptibility is found to increas: to a maximua with increcsing
alloy concent before felling cway, the maximem craci: susecptibilily was
“ound to oceur at o lower alley conktent than the 1limit of solid solubility.

“unnnxey has supzosted that 1l is discrepancy is a result ol the non—mquilib:iux

cooling conditions which will n]*ﬂ“ the linit of solubility. Turie
ﬁenress}ﬁn ot the solidun can 50 be caused by lack of diiTasion aﬁd in
ome cases, Ly tlie presencs o 1ow melting moint sezrepgates. lncreaee of

e alloy cortent will result in larcer guantitics of eutectic liquld being
& ~luuln for hicaling and will g ce-tain curliiieal proportion of cuisectic

1 uid (estimat nd at 0% for :Juminium-cilicon pllovs) cracking +E11 Le

nr ;utnutd.
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Treri Lhe above d . goucsion, certelin otner eonstitutional Tactors mirht
be cuoecled o cffeet sureentinility to eradeing. Ay Toctor tontiag
o drprete the g0iidus, sucha as undersoniing ¢r Lov nrsliting noint sezregates,

w3l iaercoiss gusCeptibility, conversely The uresence of u secgnd phase with
ni cvnil ity Tor atoms that tend Lo produce low meliinz point films
7 vndal., The crysinl chapeé and oroin £lic2 must also e

consddared. A eryctal shane giving a hich degree o entvacment is detri-
rephol wherzas a i'ine grain size, cueh as can e produced by a flat
temocraturz gradient vhich encourages nucleation will reduce the tendency
to craching

Forland svizeste that the relative velues of interpiiase (soliﬂ-liquid)
ard grain noundory (solidmsolid) Tree energies are of importance in deciding
the dihedral angle and hence the distribution of liquid at the grain
Loundarios. The relation is:

o UBE oo
788 T 2 Cos 9‘.
z
viers FSL = interphase enerpy (solid-ligquid)

¥S8 = graln boundary energy

o = dihcdral ansle.

The ratic, T, varies upwards from 0.5 (6 = 0°). At a dihedral angle of

0° liquid will cover 8ll grein feaces, g% an angle of 60° (T = 0.57) liquid
is concentrated at grain edges, whilst at angles above 60° [T ¥ 0,57) the
liguid collects at the prain corners. Where l‘qu id comple tely cavers the
greain Taces strains arc well distributed eand fizsures or cracke woyld pot he
exrecied, proviéed that sufficient liquid ic available, vhile ut dih=dral
anzlas of €0° and sbove gulTicient contact should have develodred to give a
strong bond and thuc prevert fiscure formaztion. . With iatermedjate eonditions,
however, crly ¢mall areas of the solid crains may bte Jjoined and these iray
fraciure rzadily under coniractlion strains. Uder these condltions the
Cihedral ongle nay prevent heal ing.

The interphase end grain voundary cnergies can te found e:perimentall
and it ray be vossible to cedvee allny corcositions that are not sneceptible
to hot crackiiny, once the effect of minor additions on the energies have
peen determined. The main problems still to be evraluated by the theory lie
in the efiect of crystel shepe and size (for cxemple, the significance of
colurinur growith), and Lthe erTect ol the mosing weld pool.

Hot cracking in the heat a.feched zone occurs by a similar mechanism

to that operating in weld metal cracking, and it is suggoested that liquid
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11ms at the graln boundaries are neccsrary for cracking to occur. The
came relationchip betseen the dihedral angle and interpnace free energles

is applicable. _In this case, however, & supply of molten cutectic is not
available, s0 that entectic healing cannot occur. This mechanism of
cracking presupposes the existence of strain in the heat affected zone and
it follows that if the weld metal solidifies at a lower temperature than

the liqueted ilms, stresses will not be induced until the danger has
passed, and cracking 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 cracling assumes a liquid film end the origin of
this film is problematical. In a cast structure, coring will give low
melting point segrecates at grain boundaries, but this can hardly persist
in hot worked material. It may, indeed, be necessary to look at each
material irdividually, and it has Leen suggested that a concentration of
low meltingy point segregates can occur as a result of phase changes. For
example, in austenitic steels, Parks>considers that ferrite stabilisers,
such as silicon and phosphorus, diffuse into the & ferrite since their free
encrgies of solution are less in ferrite than austenite. On subsequent cooling
and as the fTerrite transforms a concentration of these elements occurs and may
lead to liguation of the Ferrite/austenite interface during the weld thermal
cycle. An cxperimental correlation octween cracking and the presence of liquid
11lms hes not yet been satisfactorily achieved and it is suggested that other
mechanisms should be considered.

¥ith fusion line cracking, integranular cracks run into the heat alfected
zone at right angles to the weld, and in certain circumstances may also e:tend
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 ligquid film is
necessary at the interface. It has been sugpested that preferential
adsorption of certain elements occurs at the weld metal/base metal interface,
and that these elements may penetrate the grain boundaries, lowering the
301id/)iquid interfacinl ener;y and forming & base metal liquid film.
Cracking will then cccur in the presence of stresses and the ebsence of
entectic healing. This sugpgested mechanlism is of interest since, it
esvralns the presence of base metel cracks in materiel that is free from
Meelble intergranular segregates. If partial healing occurs from the weld

pool these fusion line cracks may, in fact, sppear to be heat affected zone
cracks.

—— - —

Delayed cracking is found in high temperature austenitic and ferritic
steels after postweld heat treatment or during subsequent high temperature
rervice. These cracks, which have bteen particularly troublescme in austenitice

superheater steam lines operating at 550°C and atove, are intcrgranular and
occur in the beat affected zone. In many cases they appear to originate from
2 ninor weld defect such as undercut or a hot tear at the toe of & weld (Fig. 4).
Turing the welding cycle the ductility of a heat affected zone is severely
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reduced by the ctra‘n assisted precipitation of pnrticles'(often carbides)
on dislocationg. Taus Jocklised strain during pcstweld heat treatment
or subsequent service cerunot be accamrmodated and cracking occurs.
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DEPARTMENT OF MATERIALS

L L R -

Any cracking test must be designed to investigate a specific type
of cracking and, preferably, a particular range of malerials. Ideally,
a cracking tes* should be:

a) Economicael in material, time and labour.

b) Simple in interpretation of results.

c¢) Capable of giving direct correlation with actusl structure.

d) Tree from the human element.

e) Reproducible and consistent.

£)  Of high sensitivity, to allow distinction between the effects

of all welding variables.

These ideal requirements can never be tompletely reached, indeed some of
them are self-contradictory and demand a compromise with the result that
cracking tests are really only sorting tests, capable of placing a serles
of nmaterials in order of susceptibility to a particular type of cracking,
but not cavable of quantitative interpretation for an individual material.
The main difficulty lies in defining restraint as it occurs in welded
fabrications, end in putting a quantitative figure to any degree of
restraint. Restraint is known to be inportant in most types of cracking
but the quantitative variation of restraint in cracking tests has so far
nroved {mpossible to achlieve.

It is not possible to consider all cracking tests here. Borland®
descrives 70 tests and even this list 1is not complete.

The rajority of cracking teuls were developed for corbon and low alloy
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steels, and very fcw for other materials. iests for underbead cracking
are, of course, restricted to these steels but tests for weld metal cracking
rave found more general application. Cracking test results may be in the
form of crack/no crack indications or on the length of cracking before
arrest. The Tormer tests will require several test specimens in which
the factors affecting craciing (e.g. restraint or cooling rate) can be
varied whereas the latter tests provide a continuous variation in the
affecting factors (e.g. restraint in the Houldcroft fishbone test) and
theoretically a single test should provide a unique indication of crack
susceptibility. In practice, however, control of the variables is never
exiact enough to allow reliance on a single test and several tests are
nccessary to obtaln a positive result. lMost tests involve a butt or
fillet weld, others require simply a bead on plate test, but few bear any
direct relation to actuval welded asscmblies. The B.W.R.A. test for delsyed
crackiing in austeritic steels (sce below), ﬁcwever, relates directly to
the steambdins: neader Jjolnt in which this form of cracking was first
recogniscd, vwnilst some Industrial companies are known to use test spccimens
that simulate the more difficult joints that they actually encounter.
These latier tests are gencially nearer to procedure and welder approval
teets then to tests of the creck susceptibility of a specific parent or
filter material.

Most tests for heat affected zone cracking are concerned with underbead
craciiing in stecls, and these range from a simple bead on plate test
incorporating little restraint, to heavily restrained fillet weld tests

such a8 the Reeve test and Cruciform test. The nost developed test for
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underbead cracking {6 the Controlled Thermal Severity (or C.T.8.) test
which has bcen adopted by the International Institute of Welding as the
standard test for collaberative work. The C.T.S. test incorporates less
restraint then some tests and may give negative results for materials in
which restraint makes a large contribution to crack susceptibility. This
test has been extended to cover electrodes and preheat temperatures but
in these caees great care must be exercised in Interpreting the results.
The B.W.R.A. test for austeritic steels was developed specifically to
exemine delayed cracking in steam leaders; it has been suitable for this
purpose but is unlikely to be used for other materials.

Tests for weld metal cracking generally involve some form of restraint,
e.z. patch test, Lehigh restraint test, although the Murex hot cracking
machine applies strain to a fillet weld while it is being deposited.
Crack length is taken as a measure of crack susceptibility where restraint
is varied continuocusly in a single specimen whereas the crack/no crack
criterion is used in specimens with a specific restraint.

Since no cracking test will give a direct correlation with practice
the utilitly of the more elaborate tests may well be questioned. Unless a
lot of background experience is available or a direct correlation with a
practical fabrication has been ibﬁnd, the authors see an advantage in using
the nore simple tcsots. Tﬁe lnrger'and more complex the test the greater

the cost in materiels and labour.

- Several cracking tests are descrived below, covering some of the more

widely used tests.
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Toats Tor heat nfl'eclad zone crac! ing:

In the simple bcad on plate test used by the Battelle Memorial
Institute a small weld bead is deposited on the steel under test using a
cellulocic coated electrode; this type of electrode cnsures that hydrogen
will be present in the heat affected zone. The welding variables are
all controlled, i.e. electrode size, current, voltage, and welding speed,
as 18 the initial plate temperature. After welding, the steel plate is
held for 24 hours at 15°C to cnable the cracks to develop, tempered for 1
hour at 595°C and sectioned longitudinally (Fig. 1). The longitudinal
sectlon is exemined for cracks metallographically or by magnetic crack
detection. The susceptibility to cracking is indicated by the ratio of
total crack length to bead length; at least ten tests are needed for
reliability.

The C.T.S. test>2%was developed Ly Cottrell at B.W.R.A. and is Lased
on the assumption that underbead cracking is based on the cooling rate_at
300°C (in effect the microstructure of the steel), provided that hydrogen
is present. The decgree of restraint is assumed to have 1i ttle affect on
the amount of cracking. The test assembly is shown in Fig. 2, the contact
surfaces being ground to give efficient thermal contact. The bolting of
the two plates and the anchor welds jprovides sone restraint although this 1is
not as severe as with the Reeve test,Sfrom which the C.T.S. test is derived.

Two test wclde are deposited in the downhand position as indicated, the
assembly being cooled to room teupcrature before each weld ic made. For a
given type end size of electrode and fi:ed welding conditions the cooling rate,

and hence the degree of cracking, is greater with the final (trithermal) weld.

3
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After vwelding the test acsembly ia kept at room temperature for 48 hours
beforg being sectioned and exemined microscopically for cracks.

The 7irst weld has two paths along which heat can be conducted and
the second weld threce paths, which explains the use of the terms bithermal
and trithermal. TFor any given test piece dimensions the trithermal weld
will have a greater cooling rate than the bithermal weld. The unit for
heat conduction has been arbitrarily taken as one section of 1/4 inch
thick plate and from this is derived the concept of themal severity in
terms of plate thickness. Thus the bithermal weld in two sections of 1/4

inch plate has a thermal severity number (TSN) of 2 and the trithermal weld

one of 3. Tor other plate thickneecses the thermal ceverity numbers are
given oy
TSN = 4(t + b) for bithermal welds
and TSN = 4(t + 2b) for trithermal welds

(oee Table I) and the rclation between TSN and cooling rate is shown in
Figure 2 for aifferent levels of heat input and weld sizes.

Cracking at any particular TSN is determined on a cradi/no crack basis
and the concept of a Weldability Index (Table II) has obeen proposed using
fillet welds of' /4 inch leg length. The incidence of cracks at a given
TSN (i.e. cooling rate) results in a material being rated from A to G in
the Index. A rating of A indicates virtual frcedom from underbead crad:ing
whereas & rating ol G indicates a very high susceptability.

The type of electrode coating hoas a large effect on crack susceptability
and hence the Weldabllity Index rating, by controlling the amount of hydrozen

available in the weld mctal. Thue, for the Weldability Index rating of a
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materinl to have any significance 1t must be prefized by the coating
proup of the electrode used: a material may have an Inde: rating of C

or D with rutile electrodes but this may be improved to A for basic
electrodes: For nobt general materiel tests jutile electrodes are used
slnce thesec give the greatest susceptibility to cracking.

Because the electrode coating can afiect the Weldability Index the
C.T.S. test has been used as a test for electrodes whilst it has also
been used to investigate the influence of preheat, which affects cooling
rate and hence the TSN. In other tests the severity of the restraint
has been increased by the use of high tensile weld deposits or by altering
the noteh at the root of the fillet welds. These variations can give
vseful information but care must be taken in comparing teéts made under
these diiferent conditions.

The B.W.R.A. test for delayed cracking in Cr-Ni austeritic steels®
is shown in Fig. 3, wclds are made with coated eclectrodes in the sequence
indicated. Each run is made in two 180° segments followed by cooling to
roam terperature. The rigidity of the specimen is often sufficient to
cause riinor hot craclking at the toe of the weld and these propagate on
subcequent hcat treatuent. A series of tests are necessary tQ define
the temperature range over which crocking may occur.

Tests 1or weld metal cracking:

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

The simplest for weld metal cracking consiste of depositing a pad of

weld metal on a % inch thick plate of the meterial to be welded: cracking
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is then assessed by micro-exanination. This test has been uced largely
for assessing austenitic weld deposits 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 obviously avoided in
this test.

Several versions of T fillet weld test exist, including one adopted
by the British Standards Institution for testing covered electrodes for
mi1d®and medium high tensile steel® Tach test requires a T joint to be
produced in the plate material (3 inch thick for BS 2549),welds on either
side of the T uteing produced successively (sce Fig. 4a). Details of plate
preparation, prcheat and welding conditions are standardised to allow
reproduction of the restraint and the second weld is produced under a
greater degreec of restraint than the first. After visual examination for
cracking the fillet welds may be broken open (Fig. 4b) and examined for
further evidence of hot craocking.

The Lehigh restraint test'©was daveloped to study the effect of
restraint on cracking in steel weld deposits; it consists of a slotted
plate vith a machined centre groove in which the weld is deposited (Fig.
5). The restraint is controlled by the depth of the slots and is measured
ac the width of the plate between the slots. In general only a root run
is deposlted and cracking is determined by macro-examination. The test
nmey algso be used to study crackling in the weld h.a.z,

The Murex hot cracking machine!,®places & stress on a cooling weld
deposit and offers a useful method of distinguishing the hot cracking

tendencies of different elecirodes. TFor this test a 3 inch fillet weld is
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deposited in the V formed between two 3 inch x 2 inch x % inch plates
(see Fig. 6). One of the plates is rotated at a constant speed, 5 seconds
after the welder starts depositing the electrode. A total rotation of 30°
is elfected glving a maximum fillet angle of 120°. The speced of rotation
can be variad for different tests; a speed of 1.10°/sec. has been found
suitable for low alloy electrodes. Any cracks obtained tend to be
longitudinal and the length of crack a good measure of the crack suscept-
ibility of the electrode, but is less sensitive when considering the effect
of plate composition, probably due to the small amount of dilution that
oCCurs.

Patch testsl®r1%have been used extensively Lo examine hot cradcing
in a wide range of ferrous and non-ferrous materials. The most usual test
for materials up to */g inch in thickness (Fig. 7) consists of a 6 inch
square {rom which a 2 inch diameter circular patch is trepanned. The
patch is welded back into the square and the crack susccptibility expressed
as a percentage of total weld leagth or by the angle subtended by the weld
slart and point of crack initiation. The restraint will vary throughout
welding and cracking will not start until a sufficient level of restraint
has been reached. Experiments with austenitic steels have shown that
variation of the plate to patch ratio had no effect on the results but that
an increase in welding speed increases the severity of the test. A
cugcestion has also been made that a simple circular welding bead in a square
of test material would give the same results as the true patch test; a
tect made in a 1light alloy is shown in Fig. 8. Patch tests are also used

for thicker materials}5in which case larger plates are used with an appropriate

cdge preparation.
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The Houlderoft fishbone test was developed to cxamine the crack
cusceptibility of 1light alloy sheet during TIG welding, with or without
filler additions. The test has since been used for other sheet material.
It is bas2d on the cdncept that if a weld is started on the edge of a sheet,
& crack can initiate and will then propagate until the restraint is
reduced. In the lishbone test restraint is progressively reduced by a
series of slots of gradually increasing depth as shown in Fig. 9. The
test weld is made along the centreline of the specimen and full penetration
and a constant bcad width 1s ecssentiel; manual welding gencrally gives a
more uniform bead elthough autamatic TIG welding has also been used. The
tcst specimen 13 not restrained externally but rested cn e ~2r2con block
vwhich provides good electrical contact but poor heat conduction. The
crack susceptibility is measured in terms of crack length, a mean of 6
tests boing teken. On the basis of work on /;g inch thick Al-Mg-Si alloys
Houldcrof{ has suggested that, for welding specds around 8 ins/min. and bead
widths of */4 inch, a crack length of leas than % inch indicetes a fully
weldable material whereas a crack leng th greater than 11/4 inches indicates
a high crack susceptibility. Although the test is generally discriminatory
betveen diflerent alloys it does faill to distinguish beiween the crack
succeptibility of some alloys of similar compositions e.g. A -3.5Mg and
ﬁg-SMg alloys, and soue scatter is found between nominally identical
specimens. It was cugzested*7that these problems rcsulted from a variation
in heat flow pattern at the weld starts and an unslotted portion wae added
to the testniece Lo cnable the heat flow mattern to Lecome steady becfore the

Tirst slot was reached. This nodification improved the discrimination of
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the test at lower weldinpg speeds but did not reduce the scatter.

A recent comparison of the Houldcroft and patch tests’®have shown
that the latter fest covers a nore limited range of crack susceptibilities
than the former. Over this more limited range, however, the patch test

appears to bear a closer relation to practical welding behaviour.
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HEAT TREATMENT TERMS Mat No, 166

1. Preheating = consists of heating the weld joint to a predetermined
temperature before welding in order to produce a satisfactory jeint,
Preheat temperatures vary'from 20°C to 600°C depending on the material,
Preheating of the whole component is desirable. If impractical localised
preheating can be applied preferably over a distance 6-12 times the plate
thickness on either side of the joint.

2. Interpass Temperature = maintaining the preheat temperature between

successive passes in a multirun weld.

3. Post Heatinpg = maintaining the preheat and interpass temperature

after welding is complete.

4, Terpering/Ageing = heating to temperatures below that required for

transformation in order to promote precipitation of a second phase,

5. Solution Treatment = heating to temperatures above the transformation

temperatures in order to redissolve second phases or precipitates, Rapid

cooling then forms a single phase solid solution,

6. Annealing = for steels involves heating to temperatures 20~-30°C
above the upper critical temperature, A3, followed by slow furnace

cooling. Produces a soft structure.

7. Normalising = for steels involves heating to temperatures 20-30°¢C
above A, followed by cooling in still air., Useful for grain refinement

and consequent improvement in mechanical properties.

8, Quenching = wusually involves heating to above the transformation
temperature (20—30°C above A3 for steels) followed by controlled cooling
in water, oil, salt bath, or air blast,

9. Stress-relieving = heat treatment applied after welding in order to

reduce the level of residual stress, Teupering and ageing effects may

also occur, TIn steels susceptible to secondary hardening or temper embrittle-

ment the treatment may have a deleterious effect on mechanical properties.



WHY HEAT TREAT? MAT. NO, 168

This question must be asked, since heat treatments are expensive in
both time and money. The advantages and disadvantages of heat treatment, parti-
cularly related to welding, require a combination of knowledge and experience

to achieve a balance between effective quality and economic vaibility.

The characteristics of a fusion-welded joint, which comprises weld
metal, the heat-affected zone of the parent material, and the unaffected parent
material, are:

(1) change in microstructures, grain size, and properties

(ii) residual stresses from thermal expansion and contraction leading

to distortion,
These factors can be affected by the many variables involved, such as::

(1) type and quality of material being welded

(ii) thickness and condition of the material

(i1i) design and geometric complexity of the wélded structure

(iv) type of welding process and welding consumables selected, the

heat input, and the thermal conditions imposed

(v) Service conditions in which the welded structure is operating.
In many cases heat treatment is essential to restore the desired properties and

reduce the residual-stress levels,

WHEN TO HEAT TREAT?

In many cases heat treatment is necessary before, during, and after

welding.,



Preheat treatment

This operation is practised to achieve:

(i) a reduction in thermal stresses during welding

(ii) control of cooling rate in the heat-affected zone of a weld
(iii) control of the rate of diffusion of hydrogen in a welded joint

(iv) assistance in fusing high thetmal conductivity materials.

Preheat is expensive and should be applied only when necessary to
achieve a satisfactory joint, Preheat is much more expensive if applied
incorrectly, 1f 1imited, or aven avoldad, due td other axternal factors, eh
as:

(i) cost

(ii) 1lack of appreciation of the functian of preheat

(iii) inefficiency of equipment for preheating

(iv) welders' objections to working under "hot' conditions

(v) 1lack of control of temperature

(vi) tack welding without preheat

(vii) inspection authorities' stage inspection requirements.

The great importance of composition, microstructure, stress, and
hydrogen in the weldability of the thicker carbon steels, low- and high-alloy
stecls, and castings in these materials, has been recognized in the voluminous
published literature available, and to a great extent in practice. In practice,
however, the two factors which have given rise to much trouble and expense are

inefficient preheat and lack of effective drying of welding consumables.

Ihatever post-heat treatment and non-destructive inspection is applied
at a later stage, it is nonsensical to start with a cracked component due to

lack of attention to preheat and failure to control the major source of hydrogen

in the welded joint.

The welding of the range of C-Mo alloy steels have provided many
examples of malpractice in welding and heat-treatment procedure. As an example,
rany inspection authorities insist that the root run of one side pipe and tube

welds must be crack-detected or radiographed before proceeding to complete the

weld,  Surely, wherever possible, there is considerable advantage in applying

the correct preheat, then to tack-weld, weld, and preferably post-heat-treat

as one cycle, rather than oscillate in the dangerous lower transformation

regions, All things being equal, there is a much better chance of achieving



sound welds by this procedure than by satisfying what could in some cases be

considered as the 'whim' of the inspecting authority.
P 4 y

Post-heat treatment

Heat treatment after welding may be required

(i) to develop the optimum mechanical properties in the welded
joint

(i1) to reduce the residual-stress level and thus (a) improve the
resistance to brittle fracture or fatigue failure; (b) reduce
the risk of stress-corrosion cracking; (c) maintain dimensional

stability, particularly after machining.

A1l the conventional types of heat treatment are applied to welded
structures, i.,e. normalizing, annealing, quenching, tempering, solution treating,

and stress relieving, the latter being by far the most common.

How these treatments are applied depends upon the type and size of
welded structures involved. Gas and electricity are the main media, for
heating either completely in furnaces, or by specialized induction-heating coils
or other flexible devices, Whatever the means, the equipment must meet the
following requirements:

(i) be capable of achieving the required temperature

(ii) provide uniform heating conditions throughout all section thick-

ness of the component
(iii) control and preferably record the temperature within the limits

of accuracy specified,

Modern equipment can provide these conditions, but adequate attention
to maintenance is essential, In the general engineering industry the availability
of equipment of various vintages and degree of control leaves much to be desired.
Repeat heat treatments, decreed by control tests of hardness and mechanical

properties, can create severe problems of late delivery and escalating costs,

and sometimes outright rejection.



LEFFECTS OF WELDING AND HEAT TREATMENT

WVhenever conditions demand a specific heat-treatment cycle, it is
essential that procedure tests are carried out, These should be as closely
simulated as possible to the actual conditions in practice. This can often be
difficult to satisfy from laboratory to shop-floor conditions. Procedure tests
will give confirmation of the latitude which can be expected in manufacture,

and serve to indicate the likely behaviour of the structure under service

conditions,

It is important to ensure that any testpieces required for approval
are welded under the same conditions as the structure, and that any heat-
treatment procedure is the same, whether an integral or separate testpiece is

used. Much time and cost has been expended in failure to give close attention

to this logical exercise,



MAT. NO, 167

MON-FF'RROUS HEAT TREATMENT

The heat-treatment of non-ferrous metals is a topic which covers a
number of operations but many of the treatments are of the solution treatment

and ageing type.

In the heat treatment of aluminium alloy forgings and pressings, for
esample, furnaces are employed which are capable of operating at any temperature
in the range 100 to 700°C. Because many of the components treated in such
furnaces may be destined for the aircraft industry, such flexibility must not
be gained at the expense of accurate control, correct %:zat treatment being
essential, Throughout the operating range of these furnaces temperature control
is automatic to 2°C, so that they are equally suitable for the solution treat-
ment or ageing stage of the cycle. A typical furnace is rated at 200 kW and it
can carry out various treatments on up to 3 tons of aluminium alloy at one time
with a maximum permissible dimension of 10ft, in the charge. Somewhat similar
furnaces (Fig. 3) are capable of operation at higher temperatures - 400°C to
1000°C - and can be used to heat treat forgings fabricated in titanium and
"Nimonic" alloys. They approach the low temperature furnaces in controllability,

which for the materials involved is naturally all important,

Furnaces covering the above ranges are also quite suitable for other
non-ferrous heat treatment operations which are carried out, such as annealing,
homogenising and treatments of the "quench-and-temper" type, according to the

requirements of the material being processed.

VACUUM BRAZ.ING

The technique of producing brazed joints in vacuum is on the fringe of
heat treatment but it is apprcpriate to m=ntion it here. For exzmple, vacuum
brazing has now been developed to the point where it is capable of producing
joints in high-temperature, corrosion-resistant alloys which are consistently

strong and ductile and do not detract from the properties of the parent natal



(Fig.6). Under the unique conditions of high vacuum, no flux is required and

this makes an important contribution to the quality of the joint. Distortion

is also inherently at a minimum, Filler alloys based cn nickel, with additions

of chronium, manganese, gold, platinum or palladium are used with melting temper=
tures in the range 900-1 300°C. The degree of alloving of the filler with the
base metal must be carefully controlled by suitable adjustment of time and temper-
ture and each new application may require some development work and trials to be
carried out. Once this has been done the results obtained are consistently
reproducible, Useful experience has already been gained in this field (Table IV)

and further applications may be anticipated.

A conventional vacuum furnace can braze a large number of assemblies
at once, but it is still essentially a batch process and unsuitable for very high
production rates when the components are relatively large. A semi~continuous
vacuum brazing unit has been described with an er'try zone, one or more heating
zones and an exit zone, This type cf furnace has been used in the fluxless
brazing of aluminium automotive heat exchangers at 595 to 620°C, It has been
suggested that a similar concept could replace the conventional copper automobile
radiator and that such components would be capable of meeting the requirements
of present day motor car engines and also future types which would operate at

increased coclant temperatures and pressures,

DEVELOPMENTS IN FURNACES FOR STRESS-RELIEVING AND ANNEALING

Weldinglin its various forms is ruch bettef kaown than vacuum brazing
aé a joining process and is nowadays somewhat taken for granted. But engineers
and metallurgists have long been aware that welding can set up severe internal
stresses in a fabricated vessel or component, Also, a large casting may contain
internal stress as a result of differential cooling in sections of varying
thickness., In either case, thermal stress relief may be employed to avoid
subsequent distortion, stress—corrosion cracking or similar problems; for
example, carbon-manganese steels may be prone to cracking when in contact with

caustic or nitrate solutions and austenitic steels subject to attack at chloride=

ion conrentrations of only a few p.p.m.

Standard procedures have been leid down for the stress-relief of welded

rications, For inst structures the tenperature is raised slowly and



uniformly to between 600 and 650°C although for materials such as the austenitic
stainless steels higher temperatures are required. The temperature throughout
the structure being treated should vary by less than 25°¢C although sometimes
20°C is specified and indeed some industrial users of these weldments demand
that 10°C be attained. After heating, slow controlled cooling is carried out

to avoid introducing further residual stresses.

The distinction between stress relief and annealing in the treatment
of welded structures is in practice obscure or one of nomenclature only but
where substantial recrystallisation of the metallurgical structure takes place
the term annealing is appropriate, Until recently furnaces for annealing and
stress relieving were fabricated with relatively heavy insulating materials
which absorbed and stored much of the energy supplied during the heating-up
period. Pecause of the basically batch-type nature of the process, this energy
was largely wasted and thermal efficiency was effectively only 10-15Z. Current
furnaces for these applications employ lightweight materials which are very good
insulators, such as calcium silicate used up to about ?SOOC, or ceramic fibres
with temperature capability of 1 100°¢ or higher. These are often referred to
as "low thermal mass" (LIM) furnaces. This means that the process not only uses

less energy but the cycle time is shorter and better utilisation of the furnace

1s possible (see Fig.7).

The indirect of resistance furnace is particularly suited to the applica-
tion of the LTM concept, Obviously, unifcrm heating and cooling of the structures
being treated is of prime importance. In the case of large components, especially
where the furnace might become unevenly loaded thermally, the furnace has indivi-
dually controlled furniace zones so that each part of the fabrication may be heated
at the same rate to the desired temperature. To ensure that the intended heating
cycle is closely adhered to, an electrical signal is generated which is propor-
tiornial to the temperature required at any particular point in the cycle. The
method frequently adopted is to use a cam with a profile equivalent to the time/
temperature curve required., A can follower driving a potenticmeter can then be
used to provide the necessary comparative signal, The heating elements are supplid

<1th power as necessary to bring the terperature within each zone to the level
required at that particular time, Such a control system is readily applied to an

electric L™ furnace and indeed the whole heat treatment cycle may be controlled

dutomatically, very often being carried out at night without supervision and

p =Y iaa o2 - o
Laring o [

wvantzge of the favourable energy tariffs available,



TABLL IV Some materials and material combinations suitable for

Vacuum Brazing

Brazing

Tase Materials Brazing Alloys (Filler Metals) Temp, °c
Aluminium alloys 88 Al-12 si 580~-595
2002, 2219, 3003,
6061
Berylium '~ 88 Al-12 Si, 92.5 Ag-7.5 Cu, 780-900

72 Ag~28 Al, 72 Ag-28 Cu,

94 Ti-6 Be, Ti-Cu-In, Ni
Supcralloys
Hastelley X Ni-Mn-Si-Cu, Au-Pd-Ni, Ni-Cr-Si 900-1260
Inconel 718 Au~Ni-Cu, Mn-Ni-Co-B, Cu-Mn-Co-Ni
Udimet 700 Ni-Cr-Mn-Si, Pd-Ni-Cr-Si, Pd-Ni-Cr
Haynes 25 Au-Pd-Ni, Co-Ni-Cr-Si-W-B, Ni-Cr-Si,

Pd-Ni-Cr
TD Nickel 50 Ni-25 Mo-16 Cr=5 W-4 Si,

54 Pd-36 Cr-10 Ni
TD~Ni-Cr 38 Ni-21 Fe—-20 Cr-10 Si-9 Mo-2 Co
Titarium Alloys
Ti-6 Al-4 V Ag-Al, Ag-Cu-Ge 900-1260
Ti-8 Al-1 Mo-1 V Ag, Ti=-43 Zr-12 Ni-2 Be
Ti=5 Al-2.5 Sn Ag-Cu; Ti-15 Cu-15 Ni

Refractory Metals

Columbium Ti-8.5 Si, Ti-33 Cr, 66 Ti-30 980-1790
V-4 Be, 48 Ti-48 Zr—-4 Be, 75
Zr-19 Cb-6 Be, Ti-13V-11 Cr-1 Al

¥Molybdenunm Ti-8,5 Si, 62 Ti-25 Cr-13 Ni 980~1490

Tantalum 34 Ti-33 Zr-33 V, Ti-30 V, Hf-7 Mo, 1650-2050
HEf-40 Ta

Tungsten 90 W-6 Ni-4 Fe, Pt=3.5 B 1093-1920

The main technical benefits of the electric low thermal mass furnace
are the precise and uniform control of terperature and, because of the restricted
access of air resulting from the virtual sealing of the furnace, the low level
,0f oxidation which the treated structure suffers during the cycle. This means
that, while avoiding the complications of a conventional controlled furnace
Atirsphere, it is not normally neccssary to carry out an expensive shot—=

iéstlng operation on the fabrication after stress-relieving.,



PRITISY STARDARDS 1INSTLITTINY : RELEVANT PUBLTCATIONS

1)  Specifications of Welding Requirements

RSA39 : 1972 Covered electrodes for the manual metal-arc welding of

mild steel and mediun—tersile steel

Fequirerents for all! classes bf normal penetration electrodes,
including hydrogen controlled electirodes.and deep penetration electrodes,
Tolerance on diameter of core wire, covering, packing and storage,
marking, certification, initial and production control tests, period
check tests, retests and test certificates,

“.aced
' BS1719 : Part 1 : 1969 Classification and coding of covered clectrodes
3639:1976

for metal-arc welding

Classification and coding of welding electrodes based on
rethod of manufacture, flux covering, welding position, welding current
and voltage. Appendices on characteristics of flux coverings, determina-
tion of diffusible hvdrogen, determination of metal recovery.

3862642 3 1965 Gencral requirements for the arc welding of carbon

manganese steels

acEd Parent metals and carbon equivalents; electrodes; control of
by cracliing and exccssive hardening of heat affected zone; preheat and inter-
6135:1975\ pass temperature; welding procedure; workmanship in joint preparation and
welding; quality of welds. Appendices on design and types of weld prepara-
tion.

LS1R21 : 1957 Class I oxy-acetylcne we]éing of steel pipelines and pipe

assemblies for carrying fluids

NDeals with the shop and site oxy-acetylene welding of steel
pipelines of pipe assemblies for carrying fluids suitable for Class I
conditions in sizes up to 24 inches diameter,

The specification is subdivided into general requirements
and requirements for butt-joints, snd branch and sleeve welds, In each
case details of the preparation and technique are specified,

RS1R56 : 1964 General requirements for the metal-arc welding of mild steel

Specifies the general requirements for the metal-arc welding
of mild steel under normal conditions of manufacture and service. The
standard includes parts dealing with the following:

252493 : 1971 Low alloy steel electrodes for manual metal arc welding

Similar to BS1719:1969 and therefore now due for replacement.

(9]
o
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& ny A " .
1971 Electrode wires and fluxes for the submerged arc welding

of carbon stwel and 1 »dium-tensile steel -



Materials, details of butt and fillet welds, information
required by the welding orpanization, velding equipment, welding proce-
dure, workmanship, welding operators, supervision and inspection, heat
treatment and testing.

The requirements are not all applicable to certain forms
of construction, nor does the standard specify the allowahle stresses
in velds or methods for their testing.

Notes on butt welds and fillet welds are included as appendices,

RE1965 : Butt-welding pipe fittings for pressure purposes

Part 1 : 1963 Carbon steel

Specifies leading dimensions, tolerances and materials for
90 and 45 elbows 180 return bends equal tees, concentric and eccentric
reducers and caps, in carbon steel, for butt welding on to pipes.

NDetails of testing and marding are also piven,

Part 2 : 1964 Austenitic stainless steel

Dimensions, tolerances and raterials for 90 and 45 elbows,
1#0 return bends, coucentric and eccentric reducers, equal and reducing
tees and caps, in wroupght and cast austenitic stainless steel, for butt-
wvelding on to pipes. Details of testinp and marking.

nE2633 : 1973 Class 1 arc welding of ferritic steel pipe work for carrying

fluids

Arc welding using manual, automatic or semi-automatic processes;
parent rietals, welding consumables, preparation for welding, butt joints,

ranches, attachments, flanges, testing and inspection, acceptance require-
ments, procedure and welder approval tests,

nS2971 : 1961 Class 11 metal-arc welding of steel pipelines and pipe

asscrblies for carrying fluids

Specifies requirements for shiop and site metal-arc welding of
steel pipelines and pipe assenmblies for carrying fluids suitable for (Class
1T conditions in sizes up to 24 in diameter. The sprcification is divided
into general requiresents, requircerients for butt joints, Lrauches, slceve
jeints and flanges, requircrients for the rectification of faulty welds,
and testing. In each case, details of the prenaratinn and technique are
e=prejfFind,

o



PSAS15 : 19A9 TField welding of carbon steel pipelines

Arc welding by various manual, automatic and semi-automatic
processes of butt joints, hranch connections, fillet welds and socket
welds in carbon steel transmission pipelines. Qualification of welding
procedure, qualification of welders, general requirements for workman=

ship, inspection of production welds, standard of acceptance, rectifica-
tion of welds.

PS4677 ¢ 1971 Class 1 arc welding of austenitic stainless steel

pipework for carrying fluids

Arc welding using manual, automatic or semi-automatic processes;
parent metals, welding consumables, preparation for welding; butt joints,
hYranches, attachments, flanpes; testing and inspection; acceptance require-
ments; procedure and welder qualification tests.

2) Specifications for Materials

PS1501 1 Steels for fired and unfired pressure vessels. Plates

Part 1 : 1964 Carbon and carbon manganese steels. Imperial
units

General and specific requirements of a range of steels for
plates to specifications 1501-151, 1501-161, 1501-211, 1501-213, 1501-
221 and 1501-224, Chemical compositions, mechanical properties at room
terperature and at elevated temperature, Jow temperature impact properties.
Appendices on (i) stress repture and creep propertics and (ii) influence
of- fabrication and heat treatment on mechanical properties.

Part 2 : 1970 Alloy steels., Imperial units

Requirements for a range of alloy steel plates to specifica-
tions 1501-261, 1501-271, 1501-281, 1501-282, 1501-503, 1501-509, 1501~
510, 1501-620 and 1501-622, Chemical compositions, mechanical properties
at room temperature and at elevated temperatures, low temperature impact
properties. Appendices on creep rupture properties and influence of
fabrication and heat treatment on mechanical properties.



BS1501 : Part 3 : Corrosion and heat resisting steel: Imperial
units

Requirements for a range of corrosion and heat resisting
steel plates (including high proof stress steels). Chemical compositions,
mechanical properties at room temperature and at elevated temperatures,
low temperature impact properties. Appendices on stress rupture properties
0.2 per cent proof stress properties, and influence of fabrication and
heat treatment on mechanical properties.

BS1501-6 : 1958 Steels for use in the chemical, petroleum and allied
industries

Provides for a series of carbon and alloy steel specifications
in the following forms: 1504, castings; 1506, bars for bolting material;
1501, which has been revised and now applies to sections and bars to
specifications 1501-240 to 1501-846 inclusive.

For each of these standards there are general clauses covering
such features as freedom from defects, margins of manufacture, identifica-
tion, mechanical tests, inspection, etc, followed by a series of specifica-
tions which give the detailed requirements of chemical compositionh and
the mechanical properties. An appendix is included explaining the numbering
system which has.been adopted whereby the reference number of the steel
gives a broad indication of the type of steel to which it refers. Further
appendices are included giving comparable British and American specifica-
tions and recommendations for repairs by welding to castings in BS 1504,

BS1502 : 1968 Steels for fired and unfired pressure vessels. Sections
and bars ' :

General and specific requirements for range of steels for
sections and bars to specifications 1502-151, 1502-161, 1502-211, 1502-
221 and 1502-224, Chemical compositions, room temperature mechanical
properties, low temperature impact properties.

BS1503 : 1969 Steels for fired and unfired pressure vessels. Forgings

General and specific requirements for a range of carbon and low
alloy and stainless steels for forgings. Chemical compositions, mechanical
properties at room temperature and at elevated temperatures, low temperature
impact properties. Appendices on crcep and creep rupture properties and
stress relieving.

BS4 360 : 1968 Weldable Structural Steels

Requirem=nts for a range of structural steels in terms of compositic
carbon equivalea; and properties, including Charpy V values. Many steels

need to be normalised to meet properties. For weldability refer to BS1856
and BS2642.



BS1510 : 1958 Steels for use in the chemical, petroleum and allied

industries (Low temperature supplementary requirements to
BS 1501-1506)

Specifies additional requirements for steels covered by BS1501
and BS1506 intended for operation under severe conditions at low tempera=-
tures or for applications where a high degree of notch ductility is
required. Applies to sections and bars having a ruling section not
exceeding 4 in.

BS1515 : Fusion welded pressure vessels for use in the chemical,
petroleum and allied industries

Part 1 : 1965 Carbon and ferritic alloy steels

Pressure vessels subject to internal pressure. Materials,
criteria for establishing design stresses. Calculation of scantlings
of cylindrical and spherical shells, domed, conical and flat ends;
compensation of openings; manhole nad inspection openings; bolted
flanges; supports and internal structures, Manufacturing procedure,
welder performance tests, post-welding heat treatment. Non-destructive
tests (with unacceptable weld imperfections as revealed by radiographs)
and pressure tests., Appendices cover: calculation of stresses arising
from local loads and thermal gradients; avoidance of fatigue cracking
vessels required to operate at low temperatures; pressure relief
devices; welded connections; approximate metric equivalents; design
stress values for materials for which elevated temperature properties
are not specified.

Part 2 : 1968 Austenitic stainless steel

Pressure vessels subject to internal and external pressure,
Materials, criteria for establishing design stresses, Calculation of
scantlings of cylindrical and spherical shells; domed, conical, flat,
spherically domed and bolted ends; flat tube plates; openings and branch
connections; bolted flanges; manholes and inspection openings; jacketed
construction; supports and internal structures. Manufacturing procedure,
weld procedure and welder performance tests, tolerances, surface finish,
Nan-destructive tests (with unacceptable weld imperfections as revealed
by radiography) and pressure tests. Appendices cover calculation of
stresses arising from local loads and thermal gradients; avoidance of
fatigue cracking; descaling; pressure relief praotective devices; welded
connections and welded seams; design of openings and penetrations;

design stresses; selection of economic flange proportions; stages of
inspection,

BS4534 : 1969 VWeldable chromium-nickel centrifugally cast steel tubes

Specifies requirements covering 14 grades of steel, Chemical
composition, mechanical properties, testing, non-destructive testing either
dye-penetrant or acid-etched ring, standards of acceptance, dimensional
tolerances and marking. Charts establish acceptable levels of dye-penetrant
indications for four classes of tube. An appendix shows the relationship
between British and American Standard Specifications,



BS449  : The use of structural steel in building

Part 1 : 1970 Imperial units

Imperial unit version of Part 2., It is not a technical
revision of the standard except that it 1nc1udes the use of steels
to BS 4360

Part 2 : 1969 = Metric units

Metricated version of Part 1, in accordance with the change
to metric system in the construction industry. Also expanded to
cover the use of steels complying with BS4360

Addendum No.l (PD 4064) to BS 449: Part 1 : 1970 The use
of cold formed steel sections in building

For use in conjunction with BS449. Those clauses of BS4LY
which do, and those which do not, apply to the use of cold formed
sections are indicated. The methods of design apply to the basic
shapes given in BS2994 and to other told formed shapes that may be
required for special conditions., Worked out examples illustrate
design methods,

BS4 : Structural steel sections

Part 1 ¢ 1972 Hot-rolled sections

Sizes and properties in metric and imperial units for hot=
rolled structural steel sections, Metric designations are included
for the first time. Prepared in conjunction and aligning with the
BCSA Handbook on Structural Steels 1971.

Part 2 : 1969 Hot-rolled hollow sections

Circular sections (tubes) and rectangular sections (including
squares). Dimensional, out-of-square and weight tolerances. Tables
of dimensions, welgh: per metre and properties, e,g. moment of inertia,
radius of gyration, elastic modulus,

BS4848 : Hot-rolled structural steel sections

Part 4 : 1972 Equal and unequal angles

Dimensions, rolling tolerances and properties of a co=
ordinated metric range of equal and unequal angles. Two tables are
included giving those angles in the RBritish Standard range, whilst
Appendix A gives those ISO angles not included in the British Standard
range. Partially in agrecment with ISO/R657 Parts 1 and 2, '



BS24 : Railway rolling stock material

Part 1 : 1956 Axles

Locomotive crank axles, solid forged; locomotive straight
axles; locomotive straight axles (acid open hearth steel); carriage
and wagon axles. Quality of material, heat treatment, selection
of test pieces and methods of test., 'Form of test pieces appended.

Part 2 : 1956 Tyres

Locomotive tyres; carriage and wagon tyres. Quality of
material, heat treatment, sampling, methods of test. Form of
test piece appended.

Part 3A: 1959 Laminated springs and spring steel

Section 1 : steel for the springs; composition, rolling
tolerances, cambering test, identification, protection, bundling,
Section 2 : steel for buckles; composition, mechanical tests,
Section 3 : quality of material, assembly of springs and buckles,
scragging test, load deflection test, tolerzncez on finished
springs. Form of test piece, in an appendix.

Part 3B : 1955 Helical and volute springs and spring steels

Section 1 : steel for the springs; composition, rolling
tolerances, identification. Section 2 : springs made from hot rolled
steel bars to Sec. 1; quality of material, compression test,
workmanship. Section 3 : steel for helical springs; composition,
grinding tolerance, identification. Section 4: helical springs
made from round ground steel bars to Bec. 3; quality o f material,
compression test, workmanship, tolerances. Mthod of calculating
number of helical coils, in an appendix.

Part 4 : 1956 Steel billets, blooms, bars and forgings

Section 1 : steel bars, billets, blooms and slabs for forging
purpose; quality of material, rolling margins, identification. Section 2 :
steel forgings, forged bars and classes C and D rolled bars; material,
identification, sampling; tensile and bend tests, Form of test piece,
heat treatment, in appendices,

Part 6 : 1957 Steel slabs, plates, sections, bars and
rivets for locomotive boilers, locomotives,
carriages and wagons

Section 1 : boiler (inc. inner firebox) plates, sections,
bars for boilers. Section 2 : plates, section, bars for locomotives,
carriages, wagons., Section 3 : frameplates for locomotives, tenders,
bogies, Section 4 : slabs for locomotive and tender bar frames,

Section 5 : rivet bars and rivets for boilers and rolling stock. Quality
of material, sampling, methods of test, in all Sections. Form of test
pieces, metric tables, in appendices.



BS970 : Wrought steels in the form of blooms, billets, bars and
forgings

Part 1 : 1972 Carbon and carbon manganese steels including
free cutting steels

General requirements: information to be supplied by purchaser,
product analysis and permitted vaiations, condition of material om
deliver, provision of test material, testing etc. .En steels replaced.
Specific requirements for carbon and carbon free cutting steels supplied
to close limits of chemical composition. Specific requirements for
carbon manganese and carbon free cutting steels supplied to specific
mechanical properties., Summary tables. Appendices include guidance
for the purchase of steels to hardenability requirements by special
arrangements. E

Part 2 : 1970 Direct hardening alloy steels, including allgy
steels capable of surface hardening by nitriding

General requirements, Information to be supplied by purchaser
product analysis and permitted variations, condition of material on
delivery, provision of test material, testing, etc. FEn steels replaced.
Specific requirements for alloy steels supplied to close limits of
chemical composition, specific requirements for alloy steels supplied
to harenability requirements and specific requirements for alloy steels
supplied to specific mechanical properties. Summary tables.

Part 3 : 1971 Steels for case hardening

This part of BS970 presently does not cover the carbon and
carbon manganese steels for case hardening. Until requirements for
these steels are added to this part of the standard the provisions
ofBS970: 1955 continue to apply for them.

General requirements, information to be supplied by purchaser,
product analysis and permitted variations, condition of material on
delivery, provision of test material, testing,etc. En steels replaced.

Specific requirements for alloy steels for case hardening
applied to close limits of chemical composition, chemical composition
of individual steels,

Specific requirements for alloy steels for case hardening
supplied to hardenability requirements, purchase to hardenability

requirements, chemical composition of individual steels, hardenability
data.

Specific requirements for alloy steels for case hardening
supplied with specified mechanical properties. Surmmary tables..



Supplement No.l (1973) to BSS970 : Part 3

General requirements, information to be supplied by the purchaser,
product analysis andpermitted variations, condition of material on delivery
provision of test material, testing, etc. Specific requirements for
carbon and carbon manganese steels for case hardening supplied to close
limits of chemical composition, chemical compositionof individual steels;
and supplied with specified mechanical properties. En steels replaced.
Summary tables, (There are no requirements for thses steels supplied
to hardenability requirements and therefore no Section 3 is applicable
to this Supplement.) Supersedes BS970.

Part 4 : 1970 Stainless, heat resisting and valve steels

Information to be supplied by purchaser, product analysis
and permitted variations, condition of material on delivery, provision
of test material, testing, etc. En steels replaced. Chemical
composition, heat treatment and mechanical properties of individual
stainless and heat resisting steels, Chemical composition, condition

of supply, approval test and heat treatment of individual valve steels.
Summary tables.

Part 5 : 1972 Carbon and alloy spring steels for the manu=
facture of hot-formed springs

General requirements, information to be supplied by the pur-
chaser, product analysis and permitted variations, frequency of tests
etc. En steels replaced. Specific requirements for spring steels
supplied to close limits of chemical composition; composition of indivi-
dual steels, Specific requirements for spring steels supplied to
hardenability requirements; chemical compositions of individual steels,
hardenability data. Appendix gives standard sizes and tolerances,

BS971 : 1950 Commentary on BS wrought steels (En series)

Properties in relation to design; ruling sectionj equivalent
section; 'mass effect'; weldability. En steels classification (chemical
compositions, mechanical properties).

BS2853 : 1957 The design and testing of steel overhead runway beams

Specifies the minimum requirements for the design and testing
of fixed overhead runway beams made from rolled sections of steel
complying with BS15. It applies to the runway beams and their components
only; it does not apply to supporting structures, to travelling trolleys,

and lifting appliances operating on the beams, or to crane gantries
or rails,



BS3100 : 1967 Steel castings for general engineering purposes

Comprising:

592 Carbon steel castings for general purposes

1398 Low alloy steel castings for use at elevated temperatures

1456 14 7 manganese steel castings

1457 Austenitic manganese steel castings

1458 Alloy steel castings with higher tensile strengths

1461 37 chromiummolybdenum steel castings

1462 57 chromium—molubdenum steel castings

1463 9% chromium-molybdenum steel castings

1617 Carbon steel castings with high magnetic permeability

1630 137 Chromium steel castings for ‘resistance to corrosionm

1631 Austenitic chromium-nickel steel castings for resistance
to corrosion

1632« Austenitic chromium—nickel-molybdenum steel castings
for resistance to corrosion

1648 Alloy steel castings for use at high temperatures

1760 Carbon steel castings for resistance to wear and suitable
for surface hardening

1956 17 chromium steel castings for resistance to corrosion

4238 Close composition high alloy steels for use at high
temperatures

4239 Carbon steel castings for case hardening

4240 37 nickel-steel castings for case hardening

4241 3}7 nickel-chromiumpmolybdenum steel castings for case
hardening _

4242 TFerritic steel castings for use at low temperatures

Process of manufacture, fettling &nd dressing, heat treatment,
sampling and testing, non-destructive testing, rectification and ins-
pection., Chemical composition and mechanical properties of twenty
specifications covering fifty-nine grades. Appendices include welding
procedures and a tabular summary of compositions and mechanical properties,

BS29 : 1963 Carbon steel forgings for shipbuilding and general
engineéring purposes

Steelmaking process, chemical composition, minimum forging
reduction, heat treatment and mechanical properties, for carbon steel
forgings having tensile strengths 22-45 tonf/in"~ and ruling sections
above 6 in,

BS4670 ¢ 1971 Alloy steel forgings

Specifies requirements for alloy steel forgings for ship-
building and general engineeriag purposes having tensile strengths
between the limits of 600 N/mm~ and 1250 N/mm , and ruling sections
above 150mm and up to 1000 mm. Includes details of steelmaking,
composition, forging and mechanical tests.



3) Codes of Practice

BS153 : Steel girder bridges

Parts 1 & 2 : 1972 1, Materials and workmanship 2, Weighing,

shipping and erection

Materials, standards of workmanship, protection against
atmospheric corrosion. Notes on rivets, bolts and nuts for erection;
measurement for payment by weight, packing marking. Allocation of
responsibility during erectionj special requirements.

Part 3A : 1972 Loads

States loads to be considered in the design of steel girder
bridges.

Part 3B & 4 : 1972 B, Stresses 4, Design and construction

Relaxations in basic stresses, depending on lodd combinations
and methods of stress calculations, Effects of fatigue. Permissible
stresses in welds., Formulae and tables for various combined stresses.
Allowable loads on, roller and spherical bearings. Design of construc-
tion details simulating effective length of struts, compression flanges
and chords under various conditions. Braced structures; rivetting;
bolting; welding.

BS1500 : Fusion welded pressure vessels for general purposes

Part 1 : 1958 Carbon and low alloy steels

Deals with classification of pressure vessels; materials
and design stresses; design of cylinder shells, end plates, conical
ends, flat covers, tube plates, branches and components, stayed
surfaces, manholes and inspection openings, bolted flange connections
-full face joint flanges and narrow face joint flanges; jacketed
connections and internal structures; manufacture and workmanship;
heat treatment; inspection and mechanical tests; welding and radio-
graphic examination; pressure tests and protective devices.

Part 3 : 1965 Aluminium

Two classes of pressure vessels made from aluminium and
aluminium alloys; materials and design stresses; design of vessels and
components; manufacture and workmanship; inspection and mechanical tests;
radiographic examination of welds; pressure tests, marking, and
protective devices. Design methods for flanged connections appended.

1500A : 1960 Carbon and low alloy steels

This publication consists of those sections of BS1500



Part 1, dealing with the manufacture workmanship, inspection and testing
of fusion welded pressure vessels and has been produced in a handy

and convenient form for the use of personnel who are primarily concerned
with the manufacturing aspects of pressure vessels,

The contents of this publication include the whole of
Sections 4 & 5, and Appendix A, of BS1500 : Part 1 : 1958, together
with the relevant illustrations and other appropriate information,

BS1515 : Fusion welded pressure vessels for use in the chemical,
petroleum and allied industries

Part 1 ¢ 1965 Carbon and ferritic alloy steels

Pressure vessels subject to internal pressure., Materials,
criteria for establishing design stresses., Calculation of scantlings
of cylindrical and spherical shells, domed, conical and flat ends;
compensation of openings; manhole and inspection openings; bolted flanges;
supports and internal structures. Manufacturing procedure, welder
performance tests, post-welding heat treatment. Non-destructive tests
(with unacceptable weld imperfections as revealed by radiographs) and
pressure tests., Appendices cover: calculation of stresses arising
from local loads and thermal gradients; avoidance of fatigue cracking;
vessels required to operate at low temperatures; pressure relief
devices; welded connections; approximate metric equivalents; design
stress values for materials for which elevated temperature properties
are not specified.

Part 2 : 1968 Austenitic stainless steel

Pressure vessels subject to internal and external pressure,
Materials, criteria for establishing design stresses, Calculation of
scantlings of cylindrical and spherical shells; domed, conical, flat,
spherically domed and bolted ends; flat tube plates; openings and branch
connections; bolted flanges; manholes and inspection openings; jacketed
construction; supports and internal structures., Manufacturing procedure
weld procedure and welder performance tests, tolerances, surface finish.
Non-destructive tests (with unacceptable weld imperfections as revealed
by radiography) and pressure tests. Appen dices cover calculation of
stresses arising from local loads and thermal gradients; avoidance of
fatigue cracking; descaling; pressure relief protective devices; welded
connections and welded seams; design of openings and penetrations;

design stresses; selection of economic flange proportions; stages of
inspection,

BS487 : Fusion—welded steel air receivers

Part 1 : 1960 For pressures not exceeding 500 1b/sq.in.

Class 1II and III air receivers for design pressure not
exceeding 500 1b/sq.in. and the product of the design pressure in 1b/sq.in.
and internal diameter in inches not exceeding 21,000; does not apply to
compressed gas cylinders. Materials and formulae for the calculation
of shell and end plate thicknesses, types of welded joints, particulars
of welding procedure and weld tests, dishing and flanging of end plates;
inlet and outlet connections, access, compensation for openings,
hydraulic test, Includes 40 illustrations.



B6487 i Part 2 : 1963 Receivers to Class 1 requirements

Class I air receivers with no limitations on size or design
pressure, Typas of welded joints with particulars of welding procedure,
materials of construction, formulae for calculating scantlings; inlet
and outlet connections, access holes, compensation for openings.,
Inspection procedure, hydraulic test, tests of welded seams and welder
competence, marking and certification,

BS1019 : 1963 Photographic lenses. Definitions, methods and accuracy

of marking

Defines the parts of a photographic lens, focal length and
associated quantities and the aperture and related quantities, Marking
requirements, accuracy of markings and sequence of markings are specified.
Appendices cover the methods of measurement of focal length, effective
aperture and aperture ratio,

BS1113 : 1969 Water-tube steam generating plant (including super=
heaters and steel tube economizers)

Applies to parts of water—-tube steam generating units
subject to internal pressure, and similar parts of steam and water
heating units used in association with steam generating units. Revised
in metric units and also meets requirements of ISO/R 831, Materials
and design stresses, design, manufacture, workmanship, inspection
and testing.

BS3915 : 1976 Carbon and low alloy steel pressure vessels for primary
bircuits of nuclear reactors
BS5500 : 1976 Unfired fusion welded pressure vessels

Covers carbon, ferritic alloy and austenitic steels and
incorporates 150 proposals.



BS5135 : 1974 Metal arc welding of carbon and carbon-manganese steels

Major standard incorporating new thinking on preheat
requirements.

BS4870 g 1974 Approval testing of welding procedures

BS4871 : Part I 1974 Approval testing of welders working to approved
walding procedures

BS4872 : Part I 1972 Approval testing of welders when welding procedure

approval is not required




FERROUS WELDING METALLURGY - | MAT. NO. 157

Weld Thermal Cycle

The weld thermal cycle will, after the carbon and alloy content of the
steel, be the most significant factor in influencing welc and heat affected
zone structure and properties. The cycle will depend upon the welding process,
the heat input and the workpiece dimensions. Significant aspects of the cycle
are: |

(1) maximum temperature reacted;

(2) time at elevated temperatures i.e. at or above Al and A3

temperatures;

(3) ccoling rate.

The relative importance of these factors will depend largely upon the
composition and structure. In mild (plain C below 0.25%C) steels, the maximum
temperature is the most important factor since it determ nes the austenite
grain size. Time at elevated temperatures may be significant in determining
the extent of dis.olution of carbides and re-distribution of non-metallic
inclusions.

Cooling rate will influence the austenite transformation products and
is thus most important with steel compositlions or dlmensions where transfor=
mations to non-equilibrium structures such as bainite or martensite is
critically dependent upon the actual cooling rate. Examples include low alloy
steels, thicker sections of carbon-manganese stecl; and high strength low alloy

(micro alloyed) steels.

Structure of Weld Metal

Most deposited weld metal contalns only about 0.1%C and no alloying
elerents other than Mn and perhaps Si. Impurity elements such as S and P are
maintained at very low levels.

The structure of the weld metal consists in weld metal with strengths
up to 600 N/mmz, of procutectoid ferrite outlining the ariginal columnar grain
bouncaries with the centre of the '"grains' consisting of a more acicular
ferrite together with small amounts of distributed carbides.

This ferrite is characterized by a fine grain size (the actual grain
size depends upon the heat input/arc energy and cooling rate) and a high dis-

location density., Small glebular inclusions are often visible in weld metal



deposited by slag shielded welding processes.

Subsequent weld runs give ''refined" weld metal due to reheating the
original '"as deposited' weld metal above the Ac3 temperature, i.e., re-
austenitization. This refined weld metal has a similar grain size to as
deposited or unrefined weld metal but is more equiaxed. Refined and unrefined
weld metal can be readily detected by macro-etching.

The mechanical properties assoclated with these we'd metal structures
are good. Tensile strength Is higher than that of hot wrought metal of
similar composition with unrefined weld metal being somewhat stronger than
refined weld metal., No yleld point may be detectable but proof strength is
also high and the ratio Proof Stress : Tensile Stress Is above 0.75. Ductility
remains adequate with tensile elongations generally above 25%, although flux/
slag constitution is Important In manual metal arc weld deposits. Notch
impact behaviour is generally better in refined weld metal but interstitial
Impurities and alloying elements are more important: baslc fluxes are highly
beneficial in MMAW and SAW and inert gas shielded processes give even better
results. For the welding of steels with proof stress atove SSON/mmz It
becomes more difficult to obtain weld metal of overmatching strength, ductility
and notch toughness. It Is necessary to use alloying elements, minimise
Impurity elements and carefully control the welding procedure; further
developments in this fleld are required, however.

Structure In the Weld Heat Affected Zone

The HAZ is defined as the region extending from the fusion boundary to
the unaffected parent material., It is usually tefined in terms of changes in
microstructure although there is evidence that loss of notch toughness can
oceur in regions outside the visible heat affected zone.

In mi1d steels four distinct regions can be observed in the HAZ:

(1) Reglon of graln coarsening = a coarse
Widmanstatten structure heated between 1100°C and the melting
point;

(2) Region of grain refinement - a fine grained intermediate
transformation product resulting from heating to just above
the A3 temperature (900° = 1100°¢C);

(3) Region of partial transformation resulting from heatilng in
the temperature range Al = A3 (750° = 900°C);



(4) Region of spheroidization, a narrow region heated just
below Al (750°C) where some partial spheroidization of

carbide has occurred (very difficult to detect).

Changes in properties accompany the changes in structure, these changes are
generally an increase in strength at the expense of ductility. Notch ductility
may be improved in the region of grain refinement but may Le drastically
reduced in the grain coarsened region. :

A redistribution of non-metallic (generally by liquidation) may also
occur in the grain coarsened region resulting in hot tears or embrittlement.

Regions of grain coarsening, grain refinement and partial trans-
formation may be noted also in the HAZ of low alloy and microalloyed steels.
However the initiél parent metal structure may not have been the equilibrium structur
but a ferrite plus tempered bainite or tempered martensite structure. Equally
the steel composition will be more hardenable so that martensite may occur,
particularly in the coarse gralned region. Twinned martensite is the most
dangerous structure being hard and brittle with a high susceptibility to
hydrogen induced cold cracking. The hardness and susceptibility of the
martensite will depend on the carbon content and in some cases an immediate

post weld tempering treatment will be essential.

The Carbon Equivalent Formula

Accurate prediction of the behaviour of the HAZ of C-Mn and low alloy
steels requires knowledge of carbon and alloy contents, transformation
characteristics under continuous cooling conditions, and the cooling rate.,
This information is cften not available and even where it is known the welding
engineer may not have sufficient expertise to use it.

To ease the welding engineer's task many workers have expressed the
hardenab#lity of a steel in terms of the effect of each alloying element
relative to carbon, which has the most marked effect. The result has been
the postulation of '"carbon equivalent formulae'" which indicate the hardenability
of a weld HAZ and, combined with the welding procedure, indicates the
probability of hydrogen induced cold cracking. Carbon equivalent formulae are
generally formulated after work on a restricted range of steels and only aﬁply
to that composition range.

The most used formula (IIW formula) applicable to C-Mn and slightly
alloyed steels (approximately 0.13 - 0.25% C, 0-2% alloying elements) is:

Carbon Equivalent = C _ Mn Cr + Mo +V _Ni + Cu

e 5 ¥ E




The maxifmum C.E: level te aveid éracking depends upen steel thickness restraint
ahd welding parameters but for thicknesses up te 50mm and ambient temperatures
above 5°C the C.E. sheuld net exceed 0.45 HAZ hardness ean be approximately
related to C.E. by the expressien

Hv = (1200 x CE) = 260

2 ]

and to avoid cracking HAZ hardness should net |lexceed 350 Ky,

It eannot be everemzhasized that all earbon equivalent formulae are
restricted to specifie, often quite narrew, compesitien ranges. Additionally,
while hardenability depends upen all alleying elements hardness and eraek
susceptibility in the HAZ depends strengly upen earboR content.
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EOT TEARING AND BURNING

If a wrought steel is overheated in the austenitic region a
re—distribution of non-metallics can occur, aligning them at the grain
boundaries. This re-distribution is generally attributed to local melting
of the non-metallic inclusions, sometimes with eutectic dissolution of metal.
On cooling the liquid non-metallics solidify as grain boundary films which
embrittle the steel. This phenomenon is known as burning and cannot be
rectified by subsequent heat trecatment. If stress is present, the grain
boundaries may part during cgoling - hot tearing. Re-distribution of non-
metallics to give hot tearing and burning can occur during the welding of steels
in both the weld metal and hcat affected zones; the problem is most prevalent
with those welding processes which involve a slow thermal cycle,such as oxy-
acetylene welding and electroslag welding. It_is fortunately rare in most
welding situations.

The weld thermal cycle can give grain bounda:y films in the
HAZ if suitable non-..>tallics are available; 1if sufficient thermal stress is

present, hot tears will occur instead of plastic deformation within the

grains. If hot tearing does not occur the HAZ may still be brittle and

incapable of plastic deformation.
HAZ hot tears may be recognised by:

(1) They are intergranuliar with respect to the rrior austenite
grains;

(2) Their length varies from very short to a few grain diameters;

(3) They are usually accompanied by re—~distribution of non-metallic

inclusions and formation of grain boundary arrays similar to
burnt steel;

(4) Hot tears may be observed in structures where there is no
chance of HAZ cold cracking.

The significance of hot tears are:

(1) 1In thin secticns with prolonged heating they may reduce
static strength;



(2) They may initiate fatigue cracks or a brittle fracture;

(3) Cold cracks may propogate from hot tears after transformation
to an acicular microstructure;

(4) Rcheat cracks may propogate from hot tears in ferritic heat
resisting steels;

(5) Burning or tearing may result in reduced ductility or notch
toughness.

Hot tearing in the HAZ is aggravated by high sulphur and
high carbon contents, so that problems are more likely in medium carbon
steels; segregation in mild steels can, however, lead to hot tearing.
Experimental evidence points to manganese and iron sulphides being the
main source of boundary films rather than silicaFes or phosphides.

Similar problems can be found in ferritic weld metal: high
sulphur (around 0.1%Z) is needed for hot tearing and although this level
is unusual it can occur due to segregation. Manganese siiicate can also
liquate at austenite grain boundaries but this form of hot tear generally
are often referred to as refined zone fissures.

The significance of planar and bulk non-metallic
inclusions in weld metal are:
(1) Grain boundary films can give liquation cracking;

(2) Non-metallics may serve as nuclei for fissures after
transformation to ferrite;

(3) Non-metallics may cause microcracks on heating by
subsequent runs (refined zone fissures);

(4) Large angular inclusions may cause internal necking
‘and reduced ductility;

(5) Thin films provide easy fracture paths for fatigue
and brittle failure,

The non-metallics available are very important in promoting
weld metal hot tearing so that deoxidation practice, filler composition
and the type of welding slag (if any) are significant. Rutile slags give

good protection from deoxidation so that only a little ferro-manganese is

used., These slags cannot cope with high sulphur or silicate contents and the weld



deposit can exhibit porosity, thick cracks filled with iron oxide, thin
cracks filled with iron sulphide and refined zone fiséures. Oxide-silicate
coatings give a highly oxidized weld metal and although weld properties may
not be high, the large amount of silicate and oxide inclusions effectively
scavange sulphur and prevent hot tearing. Basic coatings give reasonable
but not complete protection from oxidation and also contain ferro;mangaﬂese
and ferro-silicon. Basic slags were found to scavange suiphur inta
complex spheroidal inclusions and to prevent hot tearing at all but the
highest levels of sulphur. However, if aluminium, which is sometimes used
as a deoxidizer in basic slags, was present in the inclusions, sulphur was
aot absorbed and hot tearing occurred.

HIG—CO2 welding using wires deoxidized with manganese and
silicon gave no hot tearing and only a little porosity even with high
sulphur contents, the sulphur being effectivaly scavanged by the manganese
silicates produced during welding. However the use of wires deoxidized with
manganese, silicon anu aluminium, which generally give superior welding
qualities, again resulted in hot tearing as the sulphur was not effectively
removed from the weld metal.

It must be emphasized that hot tearing is unusual in the welding
of structural steels with carbon contents below 0.2-% and sulphur below 0.05%;
problems generally arise through segregation. Equally, any coatéd electrode
can generally be used without problems, If hot tearing or embrittlement
problems do arise, however, then attention has to be paid to the steel

composition and welding consumables,
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LAMELLAR TEARING IN STEEL PLATE

Cracking in steel plate, lying in the plane of the rolling direction
was first reported in 1961 and has been observed frequently since that date.

It occurs in any joint in which the welding has applied tensile stress in the
short transverse direction, i.e. fillet, T-butt and edge jcints, and where the
ductility in the short transverse direction has been exceeded. The characteristic
fracture is step-like and does not necessarily appear at a surface. Originally
termed "pull-out cracking" this type of fracture is now designated “lamellar
tearing”.

Lamellar tearing was first observed in silicon-killed steels of 25 -
50mm thickness containing multi-run fillet or T-butt welds but it has sub-
sequently been found in a wide range of steels from 2.0md upwards. In fact,
there is some indication that thin materials are more susceptible to lamellar
tearing if they are restricted from bending and strained in the thickness
direction.

Metallographic Features of Lamellar Tearing

Originally, lamellar tears were illustrated which appeared to propogi.2
from the root or toe of a weld, possibly from an initial defect. Although there
was some initial confusion with underbead cracking, lamellar tears often
traversed the whole of the heat affected zone and could even extend beyond the
visible heat affected zone. In other cases the tear terminated at the fusion
boundary. Subsequently lamellar tears were observed away from the toe or the
root of a weld, and occasionally well away from the heat affected zone. 1In
places, twin tears cc.. occur, or minor discontinuities are visible away from
the main tear.

The characteristic stepped formation of lamellar tears may be
divided into flat terraces linked by shear walls. Considerable evidence exists
to emphasize the Importance of inclusions in lamellar tearing. The terraces
contain many inclusions identified as silicates, sulphides or mixtures of the
two. Silicates tend to form irregular p1ate-1iﬁe inclusions at the lower
temperatures of rolling, and are often cracked, whereas sulphides are more
spheroidal. Silicates may also form sharp extensions from sulphides. Thus
silicates appear to be the more cangerous but in the absence of silicates the
sulphides can elongate and contribute to tearing., Alumina inclusions are also



significant. The appearance of the terrace surfaces, as revealed by the
scanning electron microscope, is largely of ductile fracture, although there

is some evidence of small areas of brittle fracture. The shear walls are often
undercut and again the appearance is largely of ductile fracture.

High temperature metallography has shown that inclusions tend to
separate from the matrix on heating. This separation has been termed
"decoherence" and may be due to differential thermal exparsion or incipient
melting; void formation may also occur. These phenomena partially explain the
contribution of the heat affected zone to lamellar tearing.

Parent Steel

Lamellar tearing is associated with low ductility in the short
transverse direction. The occurrence of this low ductility has been known to
steelmakers for many years but it is only recently that its significance has
been realized. Short transverse or through thickness tensile tests often show
low reduction of area values of 0-20%, well below those obtained with con-
ventional tensile tests on steel plate. These low tensile ductilities are not
solely due to the presence of small non-metallic inzlusions.

Steelmaking practice and subsequent treatment is very important in
determining susceptibility to lamellar tearing. The significance of treatment
prior to welding depends on the type, incidence, distribution and morphology ¢¥
non-metallic inclusions. In general silicates are worse than Type II sulphides
which are worse than Type I sulphides and aluminates because they become
brittle at higher temperatures and are therefore likely to crack or shatter
during hot rolling. Equally, flat plate-like inclusions, especially if
cracked, are worse than linear or spheroidal inclusions. It is possible to
list steels in order of approximate decreasing susceptibility to lamellar
tearing: fully killed steels deoxidised by silicon or silicon plus aluminium
containing silicates and Type II sulphides, fully killed steels containing
only Type II sulphide stringers, semi-killed steels containing duplex sulphides
with silicate tails, fully killed thick plate with ellipsoidal sulphides, REM
treated steels with spherical sulphides, special steels with sulphur content
reduced below 0.01%. Rolling practice can also influence inclusion
distribution: the lower the finish rolling temperature the greater the danger
of cracking the inclusion. Initial rolling of an ingot, to some 75mm thickness,
will tend to maintain inclusions in a spheroidal form, so that material abocve
this thickness should be reasonably safe although lamellar tearing has been
reported in thicknesses of 200mm.



Thin steel, below 15mm thickness, was considered to be non-susceptible
because the material would bend if load was applied in the thickness direction,
although as mentioned earlier, this is not always the case. It may be noted
that the requirements of high finish rolling temperature and low plastic
deformation are contrary to normal good practice.

Any tendency to strainageingmay make a secondary contribution to
lamellar tearing in or near to the visible heat affected zone. Some susceptible
steels have been shown to exhibit a low ductility trough in the 200° - 300°C
region whereas a non-susceptible steel plate maintained high ductility at all
temperatures. Dangerous temperatures can be incurred and maintained for
several minutes during welding. Prior cold work may also contribute to low
short transverse ductility. The significance of a ductility dip at temperatures
around 1000°C has not been investigated in detail but there is no evidence
that this phenomena is important. Similarly no evidence has been presented
to indicate that creep relaxation properties are significant for lamellar
tearing.

Hydrogen does not appear to contribute to decoherence at the inclusion/
steel interface but its presence does make it easier for cracking to occur
between decohered inclusions. Thus good low hycregen practice will not eliminate

lamellar tearing bul it can increase the minimum strain level at which it will
occur.

Mechanism of Lamellar Tearing

The original view of the propogation of a lamellar tear from some
initiating point is now recognised as incorrect. As the steel is strained in
the thickness direction, decoherence or, possibly, void formation will occur at
steel/inclusion boundaries. Decoherence in regions where clusters of inclusions
are present may result in multiple micro-cracks at several levels. In some
cases decoherence may occur during the final stages of hot rolling as shown
by cracked silicates. Sound metal at the tips of inclusions in the same plane
will then suffer heavy plastic straining and eventually fracture in a ductile
(or occasionally brittle) manner giving the characteristic terraces. Around
a cluster of inclusions on the same plane the sound material will possess good
strength and ductility and will resist propogation of a tear. At this stage
the weakest 1ink between adjacent terraces will fracture giving shear walls,
which are often undercut.

Some sort of tear propogation may be achieved by the tensile strain
applied by successive weld runs, which would explain the progressive nature of



Tests for Susceptibility to Lamellar Tearing

The determination of the susceptibility of a particular plate to
lamellar tearing is obviously desirable, but considerable disagreement exists
with regard to a satisfactory test. Ideally, a non-destructive test is required
but even a generally accepted cheap and simple small-scale destructive test
would be an improvement over the existing situation.

The only two non-destructive tests that have been suggested involve
the use of ultrasonics. The use of conventional longitudinal waves to locate
individual inclusions is of very little value, however, since the minimum
detectable size is much greater than the smallest inclusions than can contribute
to lamellar tearing. Attentuation measurements offer greater hope of success
although difficulties exist in separating inclusion attentuation from that
caused by'grain boundaries. Meyer claims considerable success from uitrasonic
attentuation measurements but U.K. workers have been less successful. The
discrepancy may be due to the choice of ultrasonic wave frequency, most U.K.
work has been below 10 Mc/s whereas 15 - 20 Mc/s has been reported as desirable.
It should be noted that ultrasonics is highly successful in detecting lamellar
tearing once it has occurred.

Several destructive tests have been devised and used although, they
have the general disadvantages of destructive tesis for quality control
purposes. These tests include the measurement of mechanical properties and
actual weld tests.

Metallographic inclusion counts are claimed to be extremely useful
but the method is time consuming. Through thickness tensile tests are the
most useful method for 'steel thickness  above 25mm but the’ minimum dcceptable
reduction of area needs further definition. Current practice requires a 25%
RAz mean for 4-6 specimens of 6.4mm diameter with a 10% or 15% minimum but
IIW ha$ suggested a lower mean of 15-20%. Node plates for offshore platforms
generally require 30% or even 35% mean RAz . For larger diameter specimens
the mean RAz can be reduced, for example to 15% for 18mm diameter specimens.
With plates of 25mm thickness or greater the complete tensile specimen can be
machined from the plate but for thinner plate or where the behaviour of the
sub-surface layers is important, extension pieces can be attached by friction,
stud or arc welding. In the latter process low hydrogen procedures and 150°C
preheat should be used.

A number of tearing tests such as notched bend tests and COD tests
have been suggested but rcmain to be proved. A through thickness bend test
on sample slices from suspected plates has given encouraging results but the



test needs to be more closely defined. It is suggested that steels that give
crack lengths over 30mm for surface strains below 6% are susceptible and if
cracking shows at strains below 2% lamellar tearing is highly probable.
Several welding tests are useful for examining crack morphology but are not
sufficiently selective. The Cranfield test is very severe and will cause
tearing in almost any steel. However, the method of causing tearing by
rotation of the fillet stem is not characteristic whilst the use of crack
length or number of weld runs to cause detectable lamellar tearing is in-
sensitive. A window frame test is nearer the practical situation but remains
insensitive. More recently the U.K. Welding Institute have introduced a "box"
welding test which uses edge welds and Lehigh have suggested a "restraint”
test which may prove more selective.

Avoidance of Lamellar Tearing

Four methods are in present use to avoid lamellar tearing:

(1) The use of steel with guaranteed through thickness properties;

(2) Metallographic examination for inclusions with rejection
of unsatisfactory material;

(3) Use of buttering techniques below thz stem of the fillet
or T - butt joint;

(4) Re-design of the joint detail to avoid stressing in the

short transverse direction.

The ideal method to avoid lamellar tearing is to use clean vacuum
degassed steel with low sulphur content and a guaranteed RAz value. The cost
of such stéel is double that of silicon-killed steél but it doés have
genuinely isotropic properties which ensures more effective utilisation: Z
quality steel should always be used when joint design and high restraint
makes Yamellar tearing probable.

The second method has worked quite well but it is costly and cannot
completely avoid lamellar tearing. The third method which aims at removing
inclusions and replacing susceptible parent steel by clean weld metal has
worked very well and is a good alternative to Z quality steelfin all but the
worst situations. The fourth method which aims at reducing the direct tensile
loading is the most desirabie but it does demand that the problem is
appreaciated at .the design stage. Some of the current suggestions such as
the use of special forgings are 1ikely to prove more expensive than Z quality
plate and may replace lamellar tearing by other problems.



Practical Significance of Lamellar Tearing

It has been difficult to point to service failures that have
occurred due to lamellar tears. Since lamellar tears have been generally
found in important structures no one has been prepared to risk leaving them
and considerable effort has been spent in eradicating thc defect. However at
least one high pressure boiler drum is known to contain a lamellar tear at a
nozzle weld and the tear is being monitored to determine any propogation.
More recently, examples of lamellar tears in jacketed reaction vessels have
been shown and these have led to faiiure over a period of years, probably due
to thermal fatigue. However, lamellar tearing was not a sudden occurrence in
1961, although the use of thicker plate was increasing dramatically at that
time, so that many structures must be giving satisfactory service despite the
presence of lamellar tears. Fracture mechanics is attempting to define
acceptable 1imits but until codes and standards are modified it appears to
apply the same restrictions of lamellar tearing as are applied to lack of
fusion, incomplete penetration and undercut. |
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THE ROLE OF HYDROGEN

Hydrpgen is a major factor in séveral of the problems that can

arise In the welding of steel. These include:

(1) Fish-eyes; .

(2) HAZ hydrogen ¥nduced cold cracking (HICC)
(3) Fissures;

(4) Chevron cracks;

(5) Weld metal HICC.

Hydrogen can be available from several sources. In manual metal
arc welding several coatings break down to give a shielding atmosphere that
contains hydrogen {often up to 30%), whilst in inert gas shielded processes
moisture in the shielding das may break dowh to give hydrogen. Moisture on
the parent steel and filler wires, often absorbed in rust, or hydrogen
present in surface oil grease is also a potential source of hydrogen in-the
welded joint.

Hydrogen goes into interstitial solid solution in steel, its
solubility is greatest in molten steel, and higher in austenitic structures
than ferritic structures. On weld metal and heat affected zone cooling the
tendency is for hydrogen to be present as a supersaturated sollid solution
unless cooling has been delayed in order to allow the hydrogen to diffuse -
to atmosphere.

Much of the hydrogen in solid solution in a ferritlic steel
Strucpuré will diffuse away over a few months storage or by heating at 200° -

'300o for 4 - 16 hours. This essentially mobile hydrogen has been termed
"diffusible hydrogen''. However, not all the hydrogen in solid sﬁlut!on Ean
be removed so easily and a proportion remains in solution - "fixed hydrogen'.
As the tcmperature of the welded ferritic steel is raised, ﬁore and more of
the fixed hydrogen iIs evolved, but the last remnants can only be removed by
vacuum fusion. It must be emphasized that tﬁere is no intrinsic difference
between fixed and diffusible hydrogen although much of the welding

literature does differentiate between the two.

Fish-eyes

These are bright spots of cleavage fracture surrounding a dark

spot, occurring on predominantly ductile fracture surfaces that have been



produced by slow straining, for example in a tensile test, Slight heating
(to about 100°C) or long storage before straining avoids fish-eye formation.
It is notable that high speed fractures such as those obtained in impact
tests, do not exhibit fish-eyes, indicating the existence of a diffusion
type mechanism. Fish-eyes can often be observed on weld metal fracture
surfaces where the weld metal has been deposited from arcs with considerable
hydrogen in the arc atmosphere, for example from rutile and cellulosic
electrodes.

The pupil of the fish-eye may be an inclusion, defect or fissure
and the iris consists of cleavage facets that have undergone some plastic
deformation. Since plastic deformation is required for fish-eye formation
they are of little practical significance in welded structures except for
plastically designed structures,

The first explanation of fish-eyes was that interstitial
hydrogen diffused to voids or non-metallic inciusions and combined to form
molecular hydrogen. High pressures developed which caused local fracture,
triaxility caused by surrounding steel resulted in the fractures being
brittle. This hypothesis is less popular now although the diffusion of
interstitial hydrogen towards voids is still considered necessary. The
diffusion gives a hydrogen concentration and diffusion gradient around
small voids which lowers ‘the cleavage stress locally below the yield stress.
Plastic deformation then results in local brittle failure. The hydrogen
diffusion gradient only becomes significant when the defects open up so
that rapid straining does not allow time for the cleavage stress to be
lowered and fish-eyes to form.

Fish-eyes have been found, but only rarely, at plate-like
inclusions in weld metal when no hydrogen is present. The cause may be
other interstitial elements that lower the cleavage stress or perhaps

merely triaxiality at a stress raiser.

HAZ Hydrogen Induced Cold Cracking

HAZ cold cracking occurs in the weld HAZ within the
temperature range +160°C to -20°C (some authorities extend this range
from +200°C to -100°¢) by c]eavagé;it occurs spontaneously after welding,
often after a delay period of several hours. Sometimes the cracking
is continuous but at other times it propagates in a series of steps. The
cracks do not necessarily appear at a free surface and are often very
narrow so that detection may be difficult. Where the cracks lie

exclusively in the HAZ below the weld bead they are referred to as underbead



cracks but where they propogate from the toe of the weld they are known as

toe cracks.

There are three requirements for hydrogen induced cold cracking:

(1) a susceptible microstructure;

(2) hydrogen;

(3) restraint or residual stress

The most susceptible microstructure is twinned martensite i.e.
acicular martensite containing over 0.20% carbon and internally twinned, but
bainitic structures consisting of ferrite lathes separated by carbide
particles or retained austenite is also susceptible to cracking. Auto-
tempered martensite is not susceptible but mixed autotempered martensite
and bainite structures may be. Structure and not composition is the
important factor and susceptibility is related to the ease in initiating and
propagating fracture in the various structures. The significance of alloying
elements especially carbon is in increasing hardenability, hardness and the
short range stresses.

Hydrogen is introduced to the HAZ from the weld metal: since
hydrogen is more soluble in austenite than ferrite and the weld metal re-
transforms to ferrite before the HAZ (because of the difference in harden-
ability), hydrogen in the weld metal migrates to the still austenitic HAZ
when the weld metal transforms. On transformation of the HAZ the hydrogen
is trapped and contributes to HAZ cracking. Where a susceptible microstructure
is present, cracking may be triggered by provision of hydrogen from external
sources. Thus chemical plant has suffered from HICC years after construction
due to a bulld up of hydrogen in the HAZ,

At one time stress (or restraint) was thought to play no
significant part in HICC but it is now known to be inter-related with
hydrogen, presumably by providing a source of energy for «crack propogation.
The exact significance of stress is difficult to evaluate since stresses
will always be present due to transformation and welding.

The amount of hydrogen for HICC varies with the steel and with
the restraint. Less hydrogen is needed as the carbon content and/or alloy
content is increased, and the hydrogen is very low indeed for cracking in
high strength medium carbon steels. Impurity levels are also important
since non-metallic inclusions can act as sinks for hydrogen reducing its
influence. Cracking at very low hydrogen levels (below 10 m1/100 gm of

weld metal) have been found in forged vacuum melted steels with very low sulphur

contents and the reason has been attributed to the absence of sulphides and



other non-metallic inclusions acting as hydrogen sinks.

As the restraint is increased, less hydrogen is required to
cause HICC. At medium carbon contents (leading to high HAZ hardnesses) or
high restraint HICC may occur immediately after welding but as the HAZ

hardness, hydrogen content or restraint §s reduced the delay between
' welding and cracking Is increased,often up to several days. This feature
can cabse problems since, 1f ultrasonlg Ingpection is carried out

immediately after welding {which is normally considered desirable, inspection
may have bcen'completed‘before the onset of cracking. However, tha delay
may have advantages if its extent is known, in that post weld heat treatment
may eliminate the susceptibiiity of the joint to HICC. For highly
susceptible steels immediate PWHT of the welded joint after welding may be
essential ko prevent cracklng, by tempering of the HAZ to produce a non-
.$uscept|bla mlcrastructuré af by elimination of hydrogen.

. The ortginal explanat:on of HICC was in terms of interstitial
hydrogen dlffualon to voids, microcracks, ete. where it recombined to form
folecular hydrogen at high prgssure. An alternative mechanism still requires
?ydrogen diffusion gradients around volds but the role of the hydrogen lles
fn lowering the cleavage stres? of ferritic éé?uatUres and possibly in
lowering the ﬂs temperature to.glve greater strésses. Transformation with
its high tensiie strains will form micro-voids at the tips of dislocations,
| défects or inclusions, hydrogen will diffuse to these voids setting up
diffusion gradients with consequent regions of low cleavage strass. The
residual long and short range stﬁesses then cause cracking. The delayed
and occasional intermittent natyre of underbead cracking can be explained in
terms of the time meeded for hydrogen d!ffusion;; ,

The whple question of the role of-ﬁydrogen in causing cracking
in steel weldments s stil) undar Investigation and generates considerable
contraversy. Recent researches suggest that hydrogeh encourages whatever
mode of cracking.ls makt probable in a glven steei, so that hvdrogen should not be
solely associated with cleavage or [ntergranular brittle fracture

The avoidance of Hltt in steels Is oE tonsiderable and
growrng |mportance particularly Nlth the Increased’ u!age of hardenable steels.
'Although it may ba theoret:cally p055lble to eliminate HICC by attention to
only HAZ microstruetyre hydrogen content or restralng It is more usual to try to
influence bencficlally all three factors. . |

Thug, where a steel is considered to be suscepiible,

'%ttempts will be made to reduce reétraint by careful attention to weld

detall and set-up. Joint c1ean1ines% and welding consumables will be
' \



controtled to fedJce weld hydrogen levels to a minimum; in many cases welding
electrodes or fluxes will be baked and stored in heated ovens while
electrodes issued to a welder may be kept in a heated quiver. Arc energy
will be controlled.

The use of preheat is often quoted as a means of controlling
the HAZ microstructure by slowing the cooling rate and hence raising the |
austentte transformation temperature. However this change is rarely achieved
fn practice and could well be undesirable if it were since it would reduce
the strength of the HAZ., Preheat is used more reallstically to allow time
for hydrogen to diffuse from the welded joint to the atmosphere and so
reduce hydrogeﬂ‘content; it may &lso reduce transformaflon strgsses
sufficiently to reduce crack susceptibility. Preheat is often specified
for welded joints between certain specific limits: the minimum preheat is
sufficient to slow the cooling rate sufficiently to allow hydrogen
removal and the maximum prcheat is such as to avoid undesirable metallurgical
transformations that would lower the fracture toughress of the HAZ. Since
preheat levels are chosen to influence cooling rates they will obviously
be chosen in relation to arc energy, joint designland steel thickness as well
as steel composition. ' _
' The susceptibility of any given joint to HICC wil) depend upon
nardenabilify and potential HAZ microstructure as well as joint design and
dimensions. The continuous cooling transformation diagram will indicate
hardenability whilst the carbon content particularly, together with other
alloying elements will indicate the susceptibility of the resultant
microstructure. However, even if all the metallurgical data were available,
not all welding engineers are metallurgists so that it is necessary to
develop a simple method to assess the susceptibility of any steel composition
to HICC. This has resulted in the development of carbon equivalent formulae
which by ‘expressing composition in terms of the influence of carbon attempts
to indicate hardenability in terms of an equivalent percentage of carbon.
Within quite specific limits the CE formula works very well and several
formulae have been suggested for various ranges of composition. However, it
must be remembered that the CE formula indicates hardenability not gusteptibility,
which is largely governed by carbon content. Restraint, joint design and
Jjoint thickness will also influence hardenability and/or susceptibility and
must also be taken into account

The standard IIW formula:

Mn | Cr + Mo + V Ni + Cu,

CESC 4+ g+ . T



applies to conventional structural steels with 0,13 = 0.25%C, 0.0 - 1.6%Mn
and up to about 2% of other alloying elements. Standards for weldable
steels generally limit the CE to a minimum of 0.43 or 0.45 which means that
such steels can be welded without precautions at thicknesses up to about 50mm.
At lower carbon contents much higher CE values can be tolerated before HICC
becomes a problem. Thus two steels with similar CE values only have
similar susceptibility to HICC if the carbon contents coincide. This
situation has become more important with the increasing introduction of
microalloyed steel which may have CE up to 0.6 but in which carbon content
may be well below 0.1%. These steels are far less susceptible to HICC in
the HAZ but in some cases the problem may be transferred to the weld metal.
In some recent standards such as B.S.5135 the carbon
equivalent of the parent steel has been related to the joint shape and size,
the intrinsic hydrogen content of the welding process, the preheat, welding
heat input and joint restraint in such a manner that the welding parameters
can be chosen to avoid HICC. This approach has been very successful and is

iikely to be more widely adopted.

Fissures

Fissures are microcracks in mild and low alloy steel weld metals
which form in the ferritic temperature range (1000 N ZOOOC) by cleavage
without external loading. There has been considerable controversy about
their formation, morphology and influencing factors.

In single run weld deposits three types of microcracks have
been observed.

(1) Transcrystalline fissures caused by cleavage cracking in
alpha ferrite by a combination of high hydrogen content and internal stress.
The fissures are very narrow and difficult to detect; they sometimes pass
through large spherical inclusions.

(2) Inter-columnar fissures formed by the same mechanism as
above but associated with non-metallic particles lying between columnar
crystals., These fissures are of irreqular appearance and sometimes with
parallel multiple paths formed by nucleation on both sides of an inclusion=-
mztal interface. At their tips these fissures may become transcrystalline.

(3) Small hot cracks similar to HAZ hot tears caused by liquid
or semi-liquid non-metallic films at grain boundaries have been termed
fissures although the mechanism of formation is quite different.

In multi-run deposits micro-cracks have been observed in both

Bl el ’ : : .
Fetined and ron-refined regions but are often more intense in later runs,



even with basic electrodes, and may even be confined to refined regions.
Fissures in non-refined zones and some of those in refined zones are
presumably of the same variety as for single run deposits. Refined zone
fissures, however, have largely been shown to result from the melting of
mangangse silicates reheated above the A3 temperature, that is a special
form of hot cracking.

It is this variety of fissures that has led to much of the
confusion about true a~ range fissures.

A number of facts are known about fissures although there are

some discrepancies.

(1) High hydrogen is generally reported as the major cause of
fissures as it lowers the cleavage stress.

(2) Nitrogran has also been reported td have a major effect on
fissuring by reducing cleavage stress.

(3) Alloying additions, particularly chromium, molybdenum and
vanadium influences fissure formation and are generally considered to be
detrimental.

(4) High cooling rates increase the tendency to fissure
formation due to a greater retention of hydrogen and higher internal
stresses.

(5) Increasing the restraint increases the fissure density; hence
weld geometry is important.

(6) Rutile weld deposits exhibit the most fissures; this is
attributed to high hydrogen and nitrogen contents, and low ductility.

(7) Non-metallic inclusions often lie in the path of fissures,
possibly due to decoherence.

Fissures are generally aligned perpendicular to the direction
of welding and hence the greatest internal stress, they are generally small
but can‘develop to macroscopic size in conditions of high restraint and
cooling rate. Other evidence indicates that more fissures form close to
the weld surface, especially at the root of weld ripples where there are
marked stress concentrations. There is a little evidence to show that
fissures can link to form macrocracks under favourable circumstances.

The significance of fissures is much disputed. Micro-fissures
in small quantities have not been considercd to detrimental in weld metal
but in large numbers or sizes they may reduce ductility or become an
initiation for other forms of cracking or fracture. It may be significant

that fissures are most prevalent in rutile weld deposits which exhibit



the lowest ductility.
Precautions against extensive fissuring are those needed for

the prevention of other defects. Rutile electrodes should not be used under

conditions of high restraint or high cooling rate - if these conditions
exist then well-baked basic electrodes should be used. Additionally,
clectrode condition should be good since spplled coatings may lead to

nitrogen contamination of the weld metal,



Mechanical Properties

Even if hydrogen does not result in weld defects its presence
in welded joints can lead to a loss of ductility and a reduction in failure
stress. These effects could lead to low ductility failures on overloading

or to brittle failure.
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DEPARTMENT OF IiIATERIALS

BRITTLE FRACTURE MAT.110

Steel will generally only fail after considerable plastic
deformation but over the last 100 years there have been reports of
sudden failures occurring without any prior warning. With
mechanically joined steel structures these failures were few and
rarely catastrophic but with the advent of welded structures the
incidence of failures and the size of cracks increased markedly.

Definition

Brittle failure occurs when the material fractures in a
sudden extensive manner with little plastic deformation or absorp-
tion of energy, often under relatively low mechanjcal stress. '
Failure is generally by cleavage instead of shear.

Recognition

Brittle fracture can be recognised by the suddenness with
which it occurs and by the absence of local deformation. Fracture
surfaces are characteristic - generally the crystal faces are
quite obvious. Brittle fracture often occurs at rather low
temperatures although this is not always the case.

The fracture plane is generally approximately perpendicular
to the plate surface with less than 2% reduction in plate thick-
ness. There 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 (crystalline as opposed to fibrous)
and often exhibits a chevron pattern with the apices of the chevrons
pointing to the fracture source. Many 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 brittle fracture is temperature dependent:
there is an upper temperature above which a crack cannot
propagate without marked plastic deformation, energy absorption
and application of considerable stress, whereas below a
certain temperature a crack will propagate with little
plastic deformation or energy absorption and at stresses
below yield. These two temperatures constitute a transition
temperature range which can vary widely for steels.



(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

The presence of a stress concentration, e.g. a notch
represents a potential source for crack initiation.

The geometry of a notch influences crack initiation but
not crack propagation. The sharpness of a notch can
influence the transition temperature.

Susceptibility to brittle fracture increases with plate
thickness. The effect is partly metallurgical, but
greater thicknecses also restrict freedom of plastic flow,
while larger defects remain undetected.

Cracks may be initiated and propagated under a steady stress
but only after a high degree of work hardening at the point
of initiation., Cracks are more likely to be initiated by

an impact load and in this case the work hardening may be
less.,

Even in mild steel at low tennperatures a certain amount of

'plastic deformation occurs before the crack develops.

For propagation to occur the applied stress must be such
to ensure the necessary intensity of stress at the crack
root and to supply the necessary energy. In general
this is suppliec internally.

Brittle fractures are more Irequent 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 propagation.

(ii) the welded structure provides a continuous fracture
path.

(iii) 1local structural chances can facilitate crack initia-
tion and propagation.

(iv) weld defects can act as crack initiation sources.

Metallurgical structure, composition and prior history can
affect susceptibility to brittle fracture.

Irradiation can raise the transition temperature.



Metallurgical Aspects of Brittle Fracture

(a)

(b)

(c)

(d)

(a)

(£)

(g)

(h)

(i)

(3)

Carbon content and Manganese: Carbon ratio.

The transition temperature increases with carbon content
althougn the condition of the carbon is important.
Manganese increases pearlite fineness and refines ferrite
grain size andis consiuered to be beneficial.

Impurities: Interstitial impurity atoms greatly increase
the transition temperature.

A fine ferrite grain size and fine pearlite give the
lowest transition temperatures.

Degree and method of deoxidation: Deoxidised steels have
lower transition temperatures than rimming or semi-killed
steels.

Finishing temperatures after rolling: This shoﬁld be low
for the best results.

Normalising aifects the grain size, and hence the transition
temperature.

Cooling rate from hot rolling or normalising temperature:
Effects ferrite grain size and pearlite distribution.

Cold wo?k in manufacture and fabrication. Plastic deforma-
tion raises the transition temperature.

Quench ageing, strain ageing and temper brittleness. All

these effects will markedly increase the transition tempera-
ture.

Stress relieving heat treatment: Very beneficial in
reducing residual stress but also can remove ageing effects
so that it can be metallurgically worthwhile.

Production of Notch Ductile Steels

Steps that can be taken to inprove resistance to brittle

fracture are :-
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(1) reduction of carbon content

(2) reduction of phosphorus and nitrogen contents
(3) 4increase in manganese content

(4)° use of a killed or semi-killed steel in place of rimming
steel.

(5) ensure a fine ferrite grain size by controlling roll
finishing temperature or by normalising.

(6) recuction of austenite grain size by fine grain practice,
e.g. addition of aluminium followed by normalising.

A series of notch ductile steels have been introduced
(BS.2762:1956) which give giuaranteed impact properties:
c omposition and properties are given in Table Il. N.D.I. and 11
are balanced (or semi=killed) steels, the first '"as rolled" and
the second normalised. N.D.III is silicon killed and normalised
and N.D.IV is aluminium grain refined and normalised.

TABLE HOTCH DUCTILE STEELS (BS.2762:1956)
. o _ o. |Energy Absorption Compossrion,
Specification |Temp. C (Chagpy V=notch) Carbon 8414con Manganese
gl (Hax) (Max)
N:D.1 € 20 0.20 1.50
N.D.II =15 20 0.20 1.50
N:iD;II1 <30 20 0.17 0.10-0.35 1.50
N.D. IV =10 - 45 0.17 0.10-0.35 1.50
=20 4Ok
=30 35%
-40 25%
s Jo=s0_ 1 .. ze-. b .o Ao d -
5

According to agreement between manufacturer and supplier.



PREHEAT GUIDE for estimating purposes only and assuming low 129
hydrogen electrodes are used. Joint type, welding process
and consumables will affect the choice of temperature for

production use.

Minimum
Preheat
B.S.1501 Thickness Tempcrature
Number (in.) (°c)
151 A
B <2 0
e
161 A 2 0
B 2 to 4 50
C
22X £ 1 100
1l to 2 150
l to 2 S0
2 to 4 100
503 < 3 50
z to 1 150
l to 2 200
620 A )
B ;3 150
625 v R , 250"
Minimum
ASTM Thickness " Preheat
Number (in.) empegatyre
' ¢ (°C)
2 to 4 50
4 to 8 100
8 to 12 - 150
B &2 0
2 to L 50
4L to 8 100



ASTM
MHumber

A203 A

Ac03 C

A 204 A

2,

Thicliness
(in.)
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N e e

N pe A

£ RO

N =

L I e .

to
to
to
to

to
to
to
to

o F N O+

s

to 1
to 2

to 4

to 1

to

to U

to

to 2

to

to 2

to 4
to 6

to 2

-

L0
to

1l to 2

1o 4

Viinimum
Prehecat
Terperature

(°ry

50
100

150
150
250

50
100
150
150
250C

100
150
200
200

50
150
200
250

50
150
200
200

50
100
150

50
50
loo
150

50
100
180



ASTM
Mumber

A212 A

A225 A

A28S5 A

A239

A302 A

L)

Thickness
(in.)

:;‘\

£ ke

1l to 2
2 to 8

N

)
£ks

[FD

,-.
H P e e

E= O

R N N N N K

pb]

to 2
to 8

to 2
to 4

to 2
to Y

to

to

to

to

to

to 2
to 4

Minimum
Preheat

Temperature
{20)

100

50
100

50
100

50
100

100
150

100
150
150

50
100
150



ASTM
Number

A357

Mmoo w >

*Tmmediate

Thickness
(in.)

Minimum
Preheat
Temperature
(°C)

250%

150
150
150
200
300*

stress relizf after ecach weld may be necessary.



MAT, NO, 161

TZE WELDING CF STAINLESS STEELS

When over 117 of Chromium is added to iron it imparts
a considerable improvement in corrosion and oxidation resistance — hence
the term stainless steels., The corrosion resistance is a result of the
developuent of an impervious surface film of chromium oxide which is self-
bealing if scratched or damaged. Further improvement in the oxide film
czn be obtained by a passivating treatment in an oxidising acid, for
exanple nitric acid or a nitric acid-hydrofluoric 2cid mixture. Increase
in the chromium content will improve the oxidation and corrosion fesistance,
Other alloy additions may be made to increase corrosion (e.g. molybdenum)
or oxidation rcsistance or to give other desirable mechanical properties
(e.g. nickel).

The majority of these steels can be readily welded although
the oxide film, metaliurgical structure and properties may all offer some
difficulties, the magnitude of the problem varies with the specific steels.

Types of Stainless Steel

Division of these steels is generally according to
metallurgical structure - austenitic, ferritic, martensitic, etc. The
mest useful steels are those with an austenitic structure containing about

18%Cz and 87.wi, which accounts for some 907 of all usage of these steels.

Steel Type Composition, % Weldability Exam,’es
c Cr N1 Mo
Ferritic 0.05/0.20 13/25 - - Quite good- Types 442,
poor 443, 446,
Martensitic 0.15/1.0 13/18 - - Poor Types 403,
405, 410,
414, 416,
420,
Austeaitic 0.02/0.10 18/25 8/20 0/5 Good-very Types 302,
good 304, 321,
347, 3le6,
- 317, 310,
Ferritic/ 0.08 approx.26 approx.5 0/1.5 Quite good
Austenitic
Martensitic/ 0.05 approx.1l5 approx.5 1.0/2,0 Cood AM350,A'(355,
Lustenitic 17/7 PH,
PH 15/7 Mo,
Fv520.

The addition of Ni gives a ductile notch tough, corrosion and

oxldation resistant austenitic steel with good high and low tasperzture

properties,

Austcenitic

stcels Liave a wide industrial usage based on the

i ; i ; ]
avove cnaracteristics and some d¢ weStic use because of corrosion resistance

and a decorative appearance,
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Tae mertensitic steels are those which transform to martensite
on cooling; they can be brittle and those with higner carbon contents (above
0.27) are crack prone, Ni additions up to 5% are sometimes added to reduce
the crack susceptibility., Except in sheet form, welding can be difficult and
special precautions are needed. In sheet form these steels may be used for
decoration (e.y. car trim) and in heavier sizes for cutlery, tools, chemical
structures and nydro-electric turbines.

At high Cr contents the austenitic phase may be suppressed
giving a ferritic structure at all temperatures. high Cr content gives good
corrosion and oxidation resistance which may be better than austenitic stainless
steels in certain environments e.g. in the presence of Sulphur. With the
carbon levels used in the Western world the main problems with these steels
are brittleness and low notch touphness below 100/200°¢C together with hcavy
carbide precipitation aza grain growth in weld heat affected zones.

Weldability tends to be from poor to fair depending on carbon content and
material thickness, and pre-and post— weld heat treatment may be necessary.
Uses are mairly restricted to the oil and petrochemical industries where
the specific properties are required; vessel lining is a major use,

A variety of special steels give higher strengths combined with
ease of fabrication and corrosion resistance, These steels are designed for
processing in tre ductile austenitic form and then strengthened by transformation
to martensite and precipitation hardening. Most but not all of these steels
are readily weldable by the inert gas procecses but need one or more post-—
weld heat treatments to give good joint strengths,

The high price of these steels demand good stock control so that
full information should be available for the welding cngineer regarding steel
type and potential welding problems. It is Iwmportant that the steel snould
be 1dentified before welding if subsequent problems are to be avoided. A

simple magnetic test will often serve to identify an austenitic stainless steel,

Welding the Austenitic Stainless Steels

After the elimination or minimisation of the standard weld
defects, the main nced is to maintain corrosion and/or oxidation resistance.
In general filler metals with similar alloy additions to the parent stecel
are used, although often with slightly higher Cr and Ni contents to maintain
corrosion or oxidation resistance in the “cast" weld metal and with a correction
to eliminate weld wetal cracking. The nced to match weld metal colour,
strength and other propertics to those of the parent steel also lead to the
use of weld filler compositions similar to the parent steel,

The high ccefficient of thermal expansion and low thermal
conductivity of these steels can lcad to high distortion or, if weldments

are rijidly clamped high internal stress, Welding processes with a diffuse



- 3 -
heat source give more problems than those with concentrated heat sources.
Distortion leads to problems of fit and residdal stress can lead to cracking
or stress corrosion in certain media.

To maintain corrosion resistance it is necesssry to maintain
the appropriate Cr content in solution. Some weld deposits contain up to
102 delta ferrite to reduce the risk of weld metal hot cracking but this has
no effect upon corrosion resistance except in the most reactive media.

With 18Cr 8 Ni steels containing 0.05ZC or higher the steel can
be sensitized by holding in the temperature range 500° = 900°C for several
minutes. This treatment results in the precipitation of Cr rich carbides,
Crz3 C61 at the grain boundaries but these teﬁperatures will not allow
widespread Cr diffusion so that Cr depleted zones with reduced coxrosion
resistance occur around grain boundaries. Sensitization can occur in part of
the heat affected zone during welding and subsequent exposure to mildly corro-
sive eanvironments results in accelerated corrosive attack in the haz or weld
decay. Therefore,plain 18Cr 8Ni steels with over 0.03%C should not be welded
unless a post-weld heat treatment at 950°C or 1050°C can be applied to re-
distribute the Cr or to dissolve the Cr,4Cee Alternatively low carbon (0.03%
or less) stainless steels with insufficient C to deplete the Cr can be
used, although these steels are expensive, A cheaper method of avoiding
sensitizatior is to add to the steel an element which has a greater affinity
for C than Ci. Ti and Nb (Cb) can be used and lead to the stabilized stainless
steels (Types 321, 347). These types are fully weldable but Ti cannot oe
transferred across a welding arc so that weld filler metals contain Nb.

No post-weld heat treatment is used.

Although stabilized steels do not suffer from weld decay they
can exhibit knifeline attack in certain media, which is the intergranular
corrosion of a narrow region of the haz clce: to the fusion boundary. This
region of the haz is heated to a high enough temperature to dissolve the
carbides of Nb or Ti and if the region is rcheated to 650°C (perhaps in
multi-run welding) precipitation of Cr2306 can occur in preference to carbides
of Nb or Ti. dowever if the region is hcated to around 870°C the carbides of
Nb or Ti are precipitated and corrosion resistance is maintained,

In chloride solutions, welded stainless steels with high
internal stress can suffer from stress corrosion cracking. Where service is
required in such media a high temperature stress relief above 950°C is
nec:u.:sary.

Despite the generally good weldability hot cracking can be
encountered in weld metal, or occasionally the weld haz, This cracking
is caused by a low ductility at 1300°C, possibly due to low melting point
segregates, and is increased by the prosence of S, P and pessibly Si.
If hot cricring does occur, high impurity levels should be suspected.

High
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restraint can also increase cracking so that the problem is worse in thick
steels (where segregation can .ead to high S and P levels), Cracking can be
reduced or even eliminated by keeping restraint to a minimum (good joint
fit-upl), low weld heat input and rapid cooling. The presence of 4 - 87 of
delta ferrite in the 2ustenitic weld metal can reduce the danger of cracking
by holding the dangerous impurities in solution. The ferrite does not
adversely affect joint properties. Electrodes and filler wires for welding
all but the 25 Cr 20Ni ste=ls are often chosen to give this delta

ferrite content. The welding engineer can choose an appropriate composition
with the aid of the Schaeffler Diagram which relates composition to the
ferrite content for weld metal, Dilution must also be taken into account.
In general,the aim is to keep a largely austenitic structure with less than
10% delta ferrite.

The weld haz thermal cycle can result in fine precipitation
within the haz grains in nany austenitic steels which greatly increases the
hot strength of the grains, If the welded structure is subsequently heat
treated or placed in elevaced temperature service, the thermal strains are
applied directly to the haz grain boundaries and cracking can occur =
rce-heat cracking. In many cases an initiation point such as a hot tear at
the weld toe or another stress raiser, 1s rcquired to initiate cracking.
Re-neat cracking raises problems of steel selrciion for high temperature
service since steels with the highest creep strength are the most
susceptible. Nb containing steels are the most susceptible to re-heat
cracking; Mo stcels are resistant since they do not contain these fine
intra-granular precipitates.

The austenitic stainless steels can form a brittle intermetallic
phase,sigma Fe Cr,on prolonged heating at 565° - 925°C, The times for sigma
formation are generally scveral hundred hours even if delta ferrite is present,
which accelerates sigma formation, liowever, several weld metals can form
sigma phage during post-weld heat treatment and in the long thermal cycles
associated with strip cladding (where delta ferrite contents can reach 147)
sigma pnase has been claimed to form during welding., Sigma phase can cause
severe eambrittlement at room temperatures and loss of creep strength above

700°¢C.

Most fusion welding processes can be used for the austenitic
stainless steels. General welding precautions include the maintenance of good
accessibility, wide edge preparations and low restraint, Short arc lengths
are necessary to eliminate porosity and heat build-up must be prevented or
distortion, high residual stresses or cracking can occur.

Manual wretal arc welding generally utilizes btasic coated

electrodes with stainless steel core wires, Rutile coatings are also used and
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give better handling characteristics anda head appearance, Synthetic
electrodes with mild steel core wires and coatings Joadea with alloying
elements are also usea, 1TIG welding is widely used on thinner materials
using DC electrode negative or AC., Argon or helium shiclding is used ard
2 - 52&1z ahd may be added to eliminate porosity. Pulsed TIG is useful
with thin material as it reduces distortion and controls penetration.
MIG welding with spray transfer is widely used for hcavier sections and
A!OZ or AICOZ gas mixtures give better wetting and bead appearance than argom
alone. C02 is not generally recommended because of C pick-up and Si and
Mn loss. ~ Short circuiting transfer techniques can be used but better results
are obtained witn pulsed current techniques. Plasma welding at all current
raﬁges gives good resulcs; AIHZ mixtures are generally used. Pulsed current
tEChniqﬁcs at higher currents have been shown to have advantages of easier
control, minimal distortion, lack of surface undercut and uniform éenétration.
Submerged arc welding can be used for the 18/8 steels but the la¥éﬁ'éﬁld pdﬁls_
give inercased cracking tendency and 107 delta ferrite is recomaended in the
weld metal. Cfﬂdding by this process is widely used. Electroslag welding
is possible but not widely used. Electron beam welding gives e%tfémei} good
results and the weld section makes for low distortion, Finally, oxy-acetylene
welding is widely usced for repair work «nd minor jobs.,  Special fluxes and care
in cleaning is esscntial and the spread heat source can lead to high distortion
and residual stresses.

No preheat should be used for the austeritic steels and
interpess temperaturces should not exceed 100°C. Post—-weld heat treatient
is not generally recomncnded because of problems of carbide precipitation,
siyma forimation and re-heat cfacking. Where heat treatment is.neccssary,
950°C is the minizum for stress relief and diifusion of Cr and 1050°C is
necessary for full dissolution of carbides.  Heat treatwent times must be
rcstricFed to 3 mins, for every 2.5mm (0.lin.) of thickness to avoid grain
growtn followed by quenching use of water spray or, for thin wmaterial, air
cooling,
‘Martensitic/mustenitic Steels .

These steels obtain their properties by carefully controlled
heat treatuents and sometmes by controlled working, so welding problems

way be anticipated. Fortunately, most of these steels are readily weldable

1 2 3 . . :

vy the 1pprt LAS procaosses al:nmubn subsoguint post weld heat trcat:wnt(s) oay
A : - - ) ~ il

be required Lo retain sroperties. The rule must always be to follow the wanu-

f - Y 1
: .I-‘.CL urers IlnSt.l‘n_Cl‘.) ONS.

ot Al containing alloys e.g. 17=7 PH are not weldable by covered

) " - v . . .
€ vrire.cs beenise of problens of tronsfirring Al svross the are while

curtain otutr ceupesitions e.g. 17-10 P, cannot be welded becavse of cracking
tenceacies,) |
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These alloys are best welded in the austenitic or martensitic
condition before precipitation hardening, but many can be welded after
nardening. It is generally claimed that only a final precipitatioﬁ hardening
treatment 1s required for steel welded in the martensitic or fully hardened
condition, to restore joint properties, but some strength is generally lost.
The best results are obtained by full heat treatment but this is not always
possible.

Ferritic Stainless Steels

These ste:1s, with their intrinsic lack of ductility at
ambient temperatures require a prcheat of 200°C when welded in neavy sections
with a ferritic weld deposit. Preheats can be reduced or avoided when
austenitic deposits are used. With sheet material no preheat is needed.
Manual metal arc welding with matching ferritic deposits or austenitic
deposits are used, submerged arc welding with austenitic deposits
and TIG welding are also possible. Since no solid phase transformations
occur, post-weld heat treatment cannot be used to refine the haz grain size.
However, treatment at 750 - 850°C to relieve residual stresses and spheroidise
haz carbides is useful in reducing brittleness and eliminating intercrystalline
corrosion,

It should be noted that these steels can suffer from weld decay
and sigma phase formation,

Martensitic Stainless Steels

These steels can be dealt with directly as martensitic steels
and have the usual welding problems of underbead cracking and loss of
ductility. Carbon content is of greatest importance.

Although sheet material can be welded autogenously without pre-
heat precautions are generally required with thicker sections. In extreme cases,
to avoid cracking and maintain joint properties, preheat from 200 - 370°¢C
(near or above Ms) is required, followed by slow cooling to 100°C and then
inmwediate post-weld tempering at 750 - 800°C is required., Tempering

- (o] i P~ "
in the range 550 - 700 C must be avoided or sensitization can occur.
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MEZTALIURGICAL TrCTS DURING STRESS RELILE ; AUSTEINITIC 5

Mat No. 219

‘TAINLESS STETLS

After C. L.Cole and J. D .Jnes

Material Ctress relief heat treatgent &
- 200-400°C  350-650°C 50-900°C  950-1050"C
Type Condition A0 peak ~e35%% ~85% 955
18-8 SHT,SA® NME IGP IGP 1GP(C)
e.g. 04s15 weldments® NME IGP & SIP IGP . SIP  IGC{C)&SIP(H)
18-8-1 ST SA NME NME NME NME
e.Z. 321512 weldments SIP 51IP SIP(H)
18-8-0.03C 3HT,SA and NMI NME NME NME
 e.g. 04S12 weldments
| 18-12-Yo SHT,SA® and NME IGP IGP IGP(C)
b e.ge 316816 weldments®
13-12-Mo-Ti 57,54, and NMB NME "NME NME
e.z. 320317 weldments
18-12-0-0.03C HT,8A, and NME NME NME WME
e.g. 316512 weldments

SHT
3A

section size and/or low carbvon ceontent

IGP
NME
5IP

weldments over 0.75 in.

(H)
()

Descrintion of

950 - 10507 %
850 - ©900°%¢
550 - 3550°

200 - Loo°c

during neating
during coolirng

jiviq“ the maxiium relief of about 254
Drovi n;q" ~bout 650 relief,

convantional hozi-trzeirent facilities
sromoiing dinmensionnl sicuility,

ut with pessible diT

giving only adout 55 .onersl stress relief,
pedl: strecses W up to 407,

further fabric: tion, or for redncing
COIQ0s. 0N

Heat rnwbwent

— s

(assumed always to be slow)

solution licat treatment, rapidly cooled fr0m~w1050 °c
solution annesxled, slowly cooled from~1050 %
likely to be sensitized prior to stress relief, unless of small

intergranular precipitation of chromium carbide (sensitization)
no metallurgical effect
strain-induced precipitation of cuarbides

but permitting the use of more

and thercfore sui
t}'x (=

with about
cnliiese {rom sensitization

tindency io

355 relaxation,

out reducing
caple for asristing

stress




JLS 4 - PRZIZAT LEVELS
ATERIAL CODZE VIN. NOTES ]
PECHEAT
%
Nl Trickness < 1% uym, C = 0.26?
BS.2633 10C Thickness > 19 =2, C = Q.26%
00N 150 411 thickmess, c>. O. 26%
STe=L s
10 Trickness < 25 mm and C = 0.3%
A'SL:B. " . e > (
BQ Mhigsigians > 25 oh ana C- C.}/O
BS. 2633 150 *1 Thicwmess
1 .
Gex Ko p— 10 Thickness < 16 == or UZS < 48 h bar (70,000 paig
S0 Thicknesa > 4€ mm or UTS > 48 h bvar (7C,000 psi
B8S,.2633% 130 £11 Thislzmesa
Cr——-} Mo "]
15 Cr-3 Mo ASYZ® 10 Thickness < 12.5 mx cr U'TS < 4145 h bar (60,000 ps:’
12C . Thicknesz > 12,5 az or UT3 > 41.5 h bar (60,000;ni:
BS.2633 200 All Thicmess
cr—-1 Mo
c:-i ¥o 150 Thickness < 12,5 m + Cr < 6% or UTS
7 Cr—3 Mo ASKTe < 41.5 h bar (60,000 psi)
Cr=1 Mo 200 Thickness > 12.5 mm + Cr > 6% or UTS
> 41+5 h dbar (60,000 psi)
BS.2633 250 1 All Tnickness
5% R4
ASNZEY 150 All Thiclkness
ASVE Section VIII P35 " 14 and 2

ASYZ Section IIT
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Review of codes 45

Table 4 Goneral PWHT requirements: USA and 1SO codes: C and C-Mn steels

ASME Scction VI
Division |

T Above316°C
Max. 205 C;h or 205°C/h

Code Division 2

Heating rate

t
Need not be less than 38°C/h
t=max, thickness

I Down to 310°C
Coplinp.cots 235°C max. or 235 C/h
t
Need not be less than 38°C/h

Below 310'C may cool in still air

Temperature and time at
temperature

Tem:. below that specified
50:

IW°F 3
150°F 5
200°F 10

Temperature of vessel.
Where more than one
pressure vessel are
PWHT together in one
charge, thermocouples
attached to coafirm
temperature

During heating not
more than 120-C within
any 4 500 mm interval
of length

During holding not
more than 70°C

For shell circ. seams
width of heated band on
each side of weld >2x
shell thickness. For nozzle
welds heaced band 6 x
plate thickness.

For pipe circ. butt welds
heatc$bmd 3x width

of finished we'd

Temperature measurement

internally

Thermal gradients s pe
Division |

Local stress reliefl : pe
Division |

ASME Section Vill

I h/25 mm (1 h min. for ASME VIl Division 2) 593°C min.
Note: When it is impractical to PWHT at above temperature PWHT.at
lower temperatures for longer times permitfed
Time h/25 mm
2

Onl!y references related
to eating vessel

As per ASME VIl

During holding not
more than 35°C

As per ASME VIII

ASME Section 1l
Category A (Catcgory B
as per ASME VIl Div. 1)

SO 'Pressure vessels'

(Drafc)
" Above 400°C

Max. 220°C/h or 220°C/h

t
or 55°C/h whichever is
the greater
t=max. thickness

Down to 400°C
Max. 275°C/h or 275°C/h
t

or 55°C'h whichever is
the greater
Below 400°C may cool in
still air
2 min/mm 550°-600°C
Note:

h minimum

h maximum

As per ASME VIlI

As per BS 1500 : 1958
Division 2

As per ASME VIl

As per BS 1500 : 1958
Division |

As per ASME VIl During holding entire

Division 2 vessel in range 550 —600°C
As per ASME VIiI For circ. seams, heated
Division | region, =54 ‘Rt on each

side of centreline of weld.
Temp. at edge of heated
region =4 peak temp.
For nozile welds, heated
band>2-25, Rt on each
side of centreline of weld

should not exceed 300°C'h (presumably from ambient),
all the codes infer that the heating rate from ambient to
3tuf-400°C is not critical. Presumably it is argued that
stress relaxation only becomes signincant in the creep
range, and that at temperatures below this, heating rate
is rolatively unimportant. However, ambient to 300°-
400'C 1s precisely the temperiture range in which
uncontrolled  heating rates can  produce excessive
teinprerature zradients and thermal stresses. More than
onc failure eitlier during stress relief or on subsequent
Livdraulic testing has been reported from cracks develop-
ing during the initial stages of the heat-treatmept cvcle
as a result of thermal stresses being superimposed on the
residual welding stresses.?

Above 3007-300°C most of the codes specify maxima
and minima heating and cooling rates: these range from
2%0°-250°C h maximum to the requirement that the
rates nced not be slower than 38°-55°C/h.

Such general requirenients are of little value in guiding
tha fabnratar faced with the problem of avoiding
rehegt craeking such as that cncountered in Cr-Mo-V3
ard Cr-Mo sicels when heating rate above 450°C is
critical or with aveiding temper embnttlement when the

5'44--?‘3 I:tc in the range 350°000°C must be as fast 2s
Trasbie,

‘{:‘F‘:wnn'w AND TIME AT TEMPERATURE
N .“}' thie M-:.-;.::-_»n nf_ 1S 3915 and BS 4208, the general
=6 in Tmast codes with respect to soaking time is ‘one

hour per 25 mm of thickness’. BS 1500 and the ASME
codes lay down longer soaking periods when temperatures
lower than the recommended minima are emploved.

The PWHT temperatures recomimended by the
several codes are given in Table 5. For alloy steels the
UK codes generally indicate that these are given as a
guide and that the effect of heat treatments proposed
should be considered in regard to any special require-
ments. However, no instructions are given on how to
assess the optimum PWHT temperature.

The UK code recommendations with regard to
temperature are reasonably consistent, with the exception
of BS 13500, which only applies to C and C-Mn steels and,
like the ASME codes, permits the use of temperatures
lower than the recommended minimum (see Tables
3and 4).

ASME codes are unique in that they specify minima
values only. The ISO draft recommends a Jower ternpera-
ture range for C and C-Mn steels than other codes,
550°-6u0°C as opposed to 3%0°-620°C in the UK codes,
and 393°C min. in ASME codes. The maximum tempera-
ture recommended in the 1SO draft for 31N cosresponds
1o the minimum reconimended in the UK codes. For
2)JCr-1Mo and 5Cr-1Mo, the ISO draft permits a much
wider temperature range than the UK codes with the
exception of BS 2633 as applied to 23Cr-1Mo.

This Tatter code 1s the only UK code attempting to
cater for service conditions when crcep properties are
important, and for others, such as hydrogen service when



44 Nicholson and Brook

Taole 5§ Detailed PWHT conditions !or. varlous materizls

Code
¥ ASME Section Vil
BS I500:Parcl:  BSISIS:Parcl: Div. l and 2
Material 1953 1965 BS 1113 :1969¢ BS 2633 : 1966§ ASME Section Ill 15O
Carbon stecl 600 -650°C*  580~620°C 580°-620°C3 580°620°C3 PI 593°C min.* 550°—600°C
I h/25 mm | hj25 mm I hj25 mm | h/25 mm 1 hj2S mm 2 min/mm
: (f b min)) (4 h min., 2 h max.)
C~{Mo — 620°-660°C — 630°-670°C 580°-620'C
| h/25 mm 1 h/25 mm P3 593°C min.* | h/25 mm
(1 h min.) (1 h min.) J I h2S mm (1 h min.)
4Cr—Mo e -— — —
1Cr—M — 630°-670°C 630°-670°C
1R I hj25 mm | h/25 mm 620°-6£0°C
620°-660"C G- h mln.) 593°C min.* | h;'25 mm
| h/25 mm 630°-670°C P4 V25 mm | (1 h min)
14Cr Mo — A Xming I h/25 mm
. (4 h min) /
24Cr-1Mo — 660°-700°C 650°-700°C 660°-690°Cjj \ 625°-750"C
2 h/25 mm 1 hj25 mm or 1 h/25 mm
(2 h min) 700°-750°C<. (2 h min.)
_ | h/25 mm
(1'h min) \ 670°-740°C
5Cr-jMo — 700°-740"C —_ P5 676°C min.* 3
& 2 h/25 mm 710°-760°C (25 mm [ h/25mm
2 h min.) (2 h min.)
( 1 h/25 mm
7Cr4Mo — —_ — (2 h min.) —
9Cr-1Mo — — — / —
34N — 580°-620°C — $90°-620°C P9b 620°C min.*@ 550°-5%0°C
| k{25 mm I hr/25 mm | hf25 mm | h/25 mm
(1 h min.) (1 h'min.) (1 h min.)
rAModV  — - £60°-700°C 670°-710°C - -
{Cemitiod I h/25 mm I hf25 mm
(3 h min.)

* Sec alternative permissible temperature/time combinations (Tables 3 and 4)
+ Plate natcrial, for forgings, pipe, tube, temperatures may be different

¢ 630 -670 C when C20-25% :
§ Heat trcatment of welds only

. Cptimum creep propertiss

€ Saftaning ‘~eids where creep properties unirportant

o Max. PWHT temp. 675'C

BS 3915 : 1965 and BS 4208 : 1967 do not have specific requirements relating to Iow;liloy steels. Generaty BS 1515 : Part | : 1965 is used to

cover such materials

full softening is required. In that BS 2633 clearly de-

lincates the optimum temperature ranges for the
drvelopment of maxitawum creep properties and for

;ofl{cning in 2]Cr-1Mo it is more useful than the ISO
raft,

The ASME codes are the only onés which comment on
PWHT of dissimilar mietal joints; they state that in such
cases the PWHT shall be that specified for the matenal
requiring the higher PWHT temperature. Clearly it is
danperous to take such recommendations at face value.

The majority of codes do not refer to the use of
nurmalizing as a means of PWHT, although, e.g. in the
case of electroslag welds, such a trcatment may be
necessary to produce propertics adequate for design.

The only UK codes referring to normalizing used as
a PWHT, as distinet from an operation to rcinove
haninful erects of forniing, are BS 2633 and BS 1113.
Bath these detail the PWHT to be given to pipe taking
the condition of the pipe before welding into account.
Table 6 rcproduced from BS 2633 illustrates when
normalizing is considered necessary.

The footuote to the table is most significant. As far
as the authors arc aware, it represents the anly reference
in UK cudes 1o the marked drop in weld-metal properties
which cun ocear during normalizing. '

TLMPI KATUKE MEASUKEMENT AND THERMAL GRADIENTS

AU UK codes, except BS 2796, and the draft 1SO
n.'ton;.."...—n-i.nions lay down that the temperatures
?:'-‘H.-'-d shiall Le the actual termperature of any part of
the vecsel ASME codes state that the minimum PWHT

temperatures given shall be the minimum temperature
of the plate material of the shell or head of any vessel.
The only reference to thermocouples attached to vessels
in ASME Section VIII Division 1 relates to the case when
nmore than one vessel is subject to PWHT in one furnace
charge and in Section VIII Division 2 and Section III to
the case of vessels which are heated internally.

The danger of rzlving solely on measuremnent of furnace
temperature is well illustrated by the failure of the
Immingham pressure vessel for which a P\WHT tempera-
ture of 620°-660°C had bezn specified.” Although the
furnace recording thermocouple indicated that the
PWHT had been carried out correctly, the actual
temperature reached in one part of the vessel was of the
order of 525°C maximum. The vessel failed on hydraulic
test, and it was concluded that the incomplete removal
of residual stresses and insufficient tempering of weld
metal and HAZ were priume factors in causing bnttle
fracture.

BS 2633 and BS 2790 make no reference to thermal
gradients. BS 3915 has the vague requirement that
tempcrature gradients be controlled ‘so as to hmit
theimal stress to an acceptable value and to avoid
unacceptable locked-in stresses being present on com-
pletion of the aperation’. The remainder of the codes
listed give a maximuin permitted differential during
heating and during soaking: BS 1515, for examnple,
specifies a maximum of 150°C within any 4 500 mm
(15 ft) length on heating. The justification for such
requirements is obscure, and they can be interpreted in
several ways. For example, it could be taken to imply
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ALUMINIUM ALLOYS AND THEIR WELDABILITY

L. The Alloy systems

There are many aluminium alloys and grades of 'pure' algminium
(the American Aluminium Association currently lists 50-60 different wrought
alloys) but many of these are for very special purposes e.g. foil containers,
can ends,lithographic plates which are not relevant to general engineering.
It is convenient for descriptive purposes to divide the wrought alloys into 3
main groups - pure aluminium, non-heat treatable alloys and heat treatable
alloys. Table 1 lists the more important alloys. -

a) Pure aluminium

‘There are a number of grades of pure aluminium with purities
ranging from 99.99% to 'electrical grade' (99.5%) with a guaranteed conductivity
of 61.52 I.A.C.S. to 'commercial purity' (99.0%Z). The principal impurities
are iron and silicon. The strength of pure aluminium is low (U.T.S. 70-150 N/mm
depending upon the amount of (cold work) but the ductility and corrosiom resistanc
are high. It is used mainly for electrical conductors, lightly stressed and
decorative assemblies and for some food and chemical plant.

What can be considered as a slightly stronger grade.,of "pure’
aluminium is the Al-1}Z Mn alloy which has a U.T.S. of 90-195 N/mm . This is
used widely for sheet metal work, hollow—ware, packaging and vehicle panelling.

b) Non-heat treatable alloys

These are based on the aluminiym-magnesium system and obtain their
strength principally by solution hardening from Mg and , in some alloys, Mn + Cr
although there is some contribution from,the work hardening resulting from rollin
Strengths range from a U.T.S. Of 180N/mm~ for Al1-Mg2 to 275 N/mm min. for the
strongest alloy Al-Mg4.5 Mn. This alloy family is much used in welded construc-
tion because of its high strength, weldability and good corrosion resistance.
Application include road and rail transport vehicles, pressure vessels, LNG
storage tanks and ships superstructures. .

The alloys are normally supplied as sheet or plate, less commonly
a8 extruded sectjons.

c) Heat treatable alloys

TheSe alloys obtain their strength as a result of a precise heat
treatment, normally given by the supplier, which promotes precipitation hardening
The specific heat treatment varies with the alloy but will always comprise a
high temperature solution treatment (450-500 C for 1-2 hours) followed by =&
quench to room teiperature followed by a Brecipitarion treatment for, say, 16
hours at an elevated temperature (150-180 C) or some days at room temperature



or a combination of both. Heat treatments are highly specific to a given alloy
and need to be closely controlled.

The very high strength aircraft alloys of the Al-Cy-Mg, Al-Cu-
Mg-Si and Al-Zp-Mg=Cu alloys with U.T.S. values of up to 500 N/mm~ come into
this group but they are only welded under very special circumstances and in
general engineering terms are usually desecribed as 'unweldable'. A newer class
of strong but weldable alloys based on the Al-Zn-Mg system is now being widely
used for armour plate and military bridges.

The most important heat treatable allpys in terms of tonnage
produced,are the Al-Mg-Si alloys which have strengths in the range U.T.S. 150~
300 N/mm~ and relatively high 0.2% proof stresses (yield strengths) in the range
100-270 N/ (the strongest non=heat treatable alloy has a 0.2% proof stress
of 130 N/mm“). The alloys are very easy to extrude and are widely used for
such applications as window frames, motor car trim, structural members in road
and rail transport vehicles, cranes, bridges, roof trusses, etc. These alloys
are easily welded but the as welded strengths are naturally much lower (up to
50% lower sometimes) than the heat treated parent material. Consequently their
use in welded construction is limited to situations where the joint tensile
strength is not the eritical factor e.g. as extruded stiffeners fillet welded
to plates or in structures where fatigue loading i8 the deciding factor. Post
weld heat treatment to improve the weld strength is rarely practicable and is
only ever used on small components,

2 Welding Metallurgy

Compared to ferrous alloys, the welding metallurgy of aluminium
and its alloys is very simple because apart from precipitation hardening in the
heat treatable alloys, which is a low temperature reaction, there are no phase
changes below the solidus. In practice, the main consideration is the selection
of consumables (filler alloys) to achieve a weld metal of adequate tensile
strength and freedom from solidification cracking (hot eracking). Fraeture
toughness does not need to be considered because all the weldable aluminium
alloys are 80 tough even at very low temperatures that it is difficult to
measure the fracture toughness.

_ There are 3 types of filler metal normally available: pure alumi=
nium, Al-5% Si and A1-5% Mg, some varieties of the latter containing Mn' and/or Cr
also. The normal rule is to use pure aluminium or A1=5ZSi for welding pure
aluminium, A1-5Z Mg for welding Al=Mg alloys and either A1-5% Mg or A1-52Si for
welqing Al-Mg=51 alloys. This rule can be expressed slightly differently by
saying that a filler of 'matching'composition should normally be used but one
with, if possible; a higher alloy content than the parent material. The higher
alloy content will help to improve the strength of the weld metal and will also
reduce the hot cracking tendency (see figiures 1 & 2).

It is a good, general rule that the 'as welded' tensile strength
of a veldable aluminium alloy (i.e. as measured by a transverse tensile test on
a bu?t weld) is equivalent to that of the parant material in the annealed ('0')
C°“dlti?n- A weld is rarely stronger than this although of course it can be
weaker if an inappropriate welding technique is used or defects are present.



3. The differences between Aluminium & Steel which are of significance

to the Welding Technology

The welding technology of aluminium alloys is different from
that of steel in certain important areas - welding processes, metallurgy and
quality control standards and it is convenient to discuss this by first describ-
ing 5 major differences in the chemical and metallurgical properties between
aluminium and steel which are significant to fusion welding:

1) Aluminium has a tenacious, rapidly forming and protective
oxide film.

2) Suitable welding fluxes for aluminium leave corrosive residues
and do not have very good electrical properties.

3) Aluminium alloys undergo no phase changes in the solid state
and have a F.C,C. crystal structure.

4) Aluminium weld metal is always weaker and more ductile than
wrought material of the same composition.

5) Aluminium has a low solubility for hydrogen when in the
solid state.

Factors 1 & 2 mean that flux welding processes (manual metal arc, submerged arc
and electroslag) are not very satisfactory and cannot be relied on to give good
quality weld deposits. Almost all fusion welding of aluminium is done by inert
gas shielded arc processes (TIG or MIG) using argon or helium as the shielding
gas. Some pre-cleaning to loosen the oxide film is frequently carried out
particularly for high quality work.

Factor 3 means that there are no cooling rate sensitive phase
transformations (e.g. bainitic or martensitic reactions) as a result of welding
and no ductile to brittle transition temperature. Consequently cbntrol of weld
heat input, preheat and post weld stress relief or tempering are mot required
for aluminium alloy welding. Preheat is occasionally used on very thick sections
(>100 mm) but merely as an aid to obtaining good weld penetration not for any
metallurgical reason.

Factor 4 & 5 mean that as the weld metal does not 'overmatch'
the plate as is normal in welding ferrous metals there is a fear that small weld
defects will be more serious in their effect on weld strength. Also, under
given conditions of cleanliness, i.e. a given concentration of H2 in the arc
atmosphere arising from moisture and grease on the plate and consumables, there
is more chance of getting porosity in the weld., In practice the effect of weld
defects on the strength of welds in aluminium alloys is directly proportional
to the loss in thickness they create allowing, of course, for any bending stresses
(figure 3 & 4) and since, say, 37 porosity is excessively bad by any standards
the significance of porosity in aluminium welds is frequently overemphasised.
Table.3 lists some actual test results showing the effect of varying amounts of
porosity on the strength of welds in Al1-Mg4.5Mn. Because the fracture toughness
of weldments in aluminium alloys is always high there is no need to consider
veld defects in terms of their tendency tofnitiate unstable ('brittle') fracture.
Ther?ere the whole subject of the significance of weld defects in welded
Alurinium structures subjected to static loading is described by figures 3 & 4.
For welds subjected to fatigue loading the importance of weld shape is paramount
as f?r.velds in steel and B.S. code of practice CP118 'The Structural Use of
Aﬁnmlnlum' classifies joint types in terms of fatigue loading and specifies design
stresses, Table 4 gives some exawples from this - standard.
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Table 2

Physical Properties of Aluminium *

density
coefficient of expansion
Thermal conductivity
- - . +
melting point

elastic modulus (E)

*

2.705 g/ml.

34 % 160 per °C
220 W/m°C

660°C

70,000 N}mm2

These vary slightly with alloy composition.

+ The solidus of some alloys is below 600°C.



Table 3

EFFECT OF UNIFORM POROSITY ON THE STATIC TENSILE STRENGTH OF BUTT WELDS

IN Al.Mg4.5 Mn

Weld strength (percentage of specified minimum |
e o tensile sirength of anncaled plate) |
Grade of porosiiy .
| ! Bead on Bead removed
i parse A 100
!Scattered A 100 100
|
Dxtensive A 100
Extensive A 99
mrtensive A 100 97
Spurse B 100
Sparase B, scattcred A 100 98
L e e mem s mom m
| Scattered B 92
Scattered B 100 99
Scattered B, scattered A 95
Scattered B, extensive A 100
Extensive B, sparse C €8 ‘
| Extensive B 91 95
Sjarse C, scattered B, 88
!extensive A
!Scattered C 89
iScattered'C, scattercd B, 98
| extensive A
- _ e S SR — !
LIx;nnsive e i 76 ! 74
e ieraa ! s | =
¥ As classified in B.S.499, Part 3. where

. . ‘ g "
Az 1/6& in. dia. pores, sparsg‘: 4t-40t per in~ of radiograph

1 . ; ) 3 ;
B : "/32 in. dia. pores, ;cattcred: L0t-160t per lnz of radiograph

1 i : ¢ ; .
C : "/16 in. dia. pores, extensive : more than 160t per in

2

of radiograph

where t = metal thickness (in.)



Table 4

CLASSIFICATION OF WELD TYPES ACCORDING TO THEIR FATIGUE STRENGTHS

(Derived from the B.S. code of practice 'The Structural Use of Aluminium' CP 118)

—

f
Cleso of joint Weld type

DaX. N/nng*

Contirmous, full penetration longitudinal or
transverse butt welds with the reinforcemcnt dressed 58

1 flush with the plate surface and the weld proved

free fron defects by non-destructive testing.

Full penctration transverse butt welds nmade {rom
both sides with the reinforcement on each side 38

III b having a naximua height of 3 m or 1/5th of the

parent plate thickness, whichever is snaller end

blending smoothly with the parent natericsl,

( Full penetration, continuous, longitudinal, autonatic
butt welds frce {rom ripple and other truansverse
surface irregularitics and with no intorruption in
welding either the root pass or the final pass.

v Contiruous, longitudinal fillet welds with no inter- 29
8 ruption in welding either the root or the final pass.

Transverce butt welds made from both sides with the
b height of the reinforcenment bead greater than
pernitted in class III b,

Va Transverse butt welds made from one side with an 24
underbead.

Transverso butt welds made on a permanent boacking
b strip attached with full length fillet welds
parallel to the butt welds,

c Transverse non load carrying fillet welds.

Vla Transverse butt welds made on a pernanent dbacking

strip not attached by full length fillet welds. 20

Transverse load carrying fillet welds oxr cruciforn
b welds, either weld being with or without full
| penetration,

Continuous longitudinal fillet welds with unrepaired
Vil a . X 16
interruptions,

T-joints, the welds being with or without full
| b penetration if welded from both sides but with full
penetration if welded from one side,

] VIII Intermittent, longitudinal, non-load carrying fillet 12
or butt welds,

I X Intermittent, longitudinal, load carrying fillet or 9
i i' butt UGlds.
1

f nax for an endurance of 107 cyclzs at a otress range of %—Eﬁ% = =1

L
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Hot Cracking Tendency

Magnesium (Wt %)

FIG. 1. HOT CRACKING SUSCEPTIBILITY OF Al-Mg Alloys.

Increasing Cracking
Tendency.

Magnesium (Wt %)

Silicon (W1t.%)

FIG. 2. HOT CRACKING SUSCEPTIBILITY OF Al-Mg-Si Alloys.
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[FUSION V ELDINC OF M/ GN«<3IUi4

Severzal properties of magnesium and its alloys can affect fusion weluing
characteristics. The oxide film on magnesium-base materials presents problems
" of reinoval and protection similar to those with aluminium alloys whilst the high
thermal conductivity and coefficient of expansion can lead to distortion, restraint
cracking, end residual stresses. These problems may be minimised by 2ttention
to technique but stress relief (at 150° - 35000) is necessary with alloys susccptible
to stress corrosion, i.e. aluminium containing alloys. The wide freezing range
of some nlloys 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 oxyacetylene welding, using highly active chloride-base
fluxes, was the only suiteble fusion welding process,until the TIG process was
introduced in 1940. At present TIG welding is the most widely used process for
magnesium and has almost completely replaced oxyacetylene welding, whilst IMIG
welding is also used in the United States.

TIG welding was originally developed for magnesfum, 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 adequate oxide removal (with helium or argon shielding) and lower

power consumption, with better penetration and narrower heat affected zone, and
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a.c. with rgon, helium or argon-heliuin mixturcs has now completely succeeded
the uso of d.c., clectrode positive. The use of d.c., electrode ncgative with
helium shielding has been reported but Tockvood has recently stated that it is
unsuitable, resulting in serious oxide contanination of the weld deposit and arc
instability at currents above 170 amps.

Some arc instability is often found during a.c. TIG welding, particularly
with argon shielding, and this can cause difficulty in welding. This 2rc instability
which is characterised by a change in arc appearance (from a blue to a green
colouration) cnd sound, has been studied by ‘Cenyon using a high spoed camera,
oscilloscope and visual examination 2nd a superimposed high frequency current
component was detected when the magnesium wes in the negative half cycle. The
result of this instability, which has been attributed to a variation in electron
emission froim the magnesium, is surface roughness and occasional surface
cracking (Fig. ). It had earlier been found empirically that the addition of 0.15%
nitrogen to the argon shield eliminated arc instability when welding "agnox A 1.80
and gave a smooth surfoce (Fig. ), but had apparently no effect on other alloys.
It was found to be due to the eliraination of the high frequency coinponent in the
magnesium negative half cycle and att ributed 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 wes presumed that nitrogen was generally effective

proviced that the shiclding atmosphere was largely argon and not magnesiuin

vapour.
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£ rgon shielded MIG welding (direct current, 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, V-ith spray transfer in
particular, burn-off rates are much higher than with aluminium (Fig. )
requiring high wire feed rates and welding speeds. A problem with both types
of metal transfer is that the arcs are stable only 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 aluminfum - 137% manganese and magnesium - 6% aluminium - 1% zine
alloys. In addition to the general problems of a distributed heat source with
wide heat affected zone and considerable distortion, the chloride-based fluxes
used for oxide removal are highly reactive and can lead to rapid weld corrosion
if left on ihe weld surface. ¥lux entrappment in zirconfuin containing alloys
cannot be avoided due to interconnecting inicroporosity and these alloys must not
be gas welded. /ttempts have been made to modify existing fluxes and to
develop new non-corrosive fluoride-based fluxes but these have been unsuccessful,

largely due to the high melting points of these non-corrosive flux mixtures.

" eld Defects

A number of defects can occur in magnesium alloy welds, the majority
are due to incorrect welding techniques although some are influenced by arc
instability or mctallurgical factors,

The weld profile can be very di fficult to control in manual welding and

this can lead to poor appearance and reduced fatigue strength. A poor weld
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profile {8 often accompaniod by heavy surface oxidation; this is generally causcd
by insufficient gas shiclding although occasionally heavy arc instability inay cause
turbulence in the inert gas shield. Oxide and nitride films (Fig. ) may also be
entrapped in the weld, reducing static and fatigue strength. These films may

be caused by insufficient shielding, draughts, dirty weld edges or filler rod;
welding technique is al so important. The low volume heat capacity of magnesium
alloys can m_a.ke control of weld penetration difficult and even with trained welders
it is possible to get uneven penetration or even drop-through if backing is not used.
(ficroporosity is found in several alloys, particularly those containing zirconium
or with high aluminium contents, but is not detrimental unless the mi_cropores
entrap flux and interconnect with the surface, in which case rapid corrosicn can
occur, G'.as cavities and massive porosity will result from the presence of
moisture or oily weld surfaces or filler wire and may he detrimental to weld
strength. DBecause of arc instability, tungsten inclusions occur in TIG welding

in magnesium rather more frequently than with many other materials, but they
appear to havc little effect on weld properties.

Hot cracking can occur in several magnesfum alloys and may appear in
the weld metal, weld/heat affected zone junction or weld crater. Heavy restraint
markedly increases the incidence of cracking and manual welds are more sensitive
than machine welds. However the problem of hot cracking should not be over-

emphasized and it is less of a problem than with many aluminium alloys. The

=

presence of zinc reduces the resistance to hot cracking in both the ab;#xj.nfum and

zirconium containing alloys. Cuggested reasons for this reduced resistance are




w5 %
the increased solidification range and the présence of a grain boundary zinc-rich
phase (possibly 1MgZn). The 67 aluminium 1% zinc alloy has good weldability
but increase in either zinc or aluminium content markedly increases the crack
susceptibility, Zirconium gives a fine grain size and confers some resistance
to cracking but this tends to be overshadowed by the detrimental effect of zinc in
the magnesium-zirconium-zinc alloys. Thorium or the rare carth elements tend
to offset the effect of zinc by producing a crack resistant grain boundary phase
and thorium or rare earth additions are matched to the zinc content in many
alloys. Oince the high temperature magnesium alloys invariably contain thorium
or mischmetal they tend to be fully weldable. Kinor additions of calejum
between 0,34 and. 0,27 greatly increase the susceptibility to junction cracking;
v est attributes the effect of calciuin to 2n increase in the solidification range
but Emley considers it is due to low melting point grain boundary films. Early
versions of the rfagnox 2 L80 nuclear c~aning alloy contained calcium, which was
beneficial for oxidation behaviour, but its use had to be discontinued due to severe
hot cracking in the end cap sealing welds.

4 further form of cracking is stress corrosion cracking which is found

in aluminiuin containing magnesium alloys. It can be preveated by stress relief

after welding.
Filler ./etal

Iiller materials are generally of identical or similar compositions to
the parent material. Ilore highly alloyed filler compositions with lower melting

points and narroveer solidification ranges are sometimes beneficial in reducing



.
weld cracking and may also give higher streng\‘.h:a. farticular care must be taken
to avoid welding zirconium containing alloys with fillers containing aluminium or
manganese, since this results in insoluble intermetallics in the weld metal.

V" eld deposits generally have a fine grain size (Fig. ) and show
reasonable strength and ductility, V:ith TIG welds joint efficiencies of 90% are
possible in all wrought alloys except magnesium - 13475 manganese and failure
generally occurs in the heat affected zone where grain growth has occurred.

' ith the magnesium - 1} manganese alloy joint efficiencies are reduced to 60%
for both TIC and gas welds due to the very coarse grain size, although peening
can improve the efficiency to 757 or more. Typical joint properties are shown
in Table I.

costweld heat treatment will improve properties only rarely, but it is
generally employed for stress relief and to correct distortion. Postheat
treatment is essential for aluminium containing alloys to prevent stress corrosion.
" ith castings, postweld stress rellef in the range 250° - 30000 (according to the

particular alloy) is mandatory, whilst preheat in the same temperature range is

also generally employed.



MAT .No.1G4&
Tk WELDING OF  CUPPER _ARD _ITS ALLOYS == 2o

Copper 1s a face centred cubic metal, welting at 1083°°C,
with a pleasant lustre and exceptionally good ductility and malleability.

Ine principal properties of copper are shown in Table I; the
very aiph electrical and thermal conductivities are of particular intcerest when
asscssiag weldability,  The high electrical conductivity is likely to make
resistance welding difficult wnilst the high thermal conductivity could cause
gifiiculty in fusion welding Ly allowing rapid heat dissipation. The
coefficient of thermal expansion lies midway between those of steel and
zluminium, and combined with the high thermal conductivity can result in
aistortion and high shrinkage stresses.

Copper and several of its alloys have been known and used
since antiquity for both decorative work and more practical applications.

At present copper alloys find widespread use in many fields of engineering
altiough its annual tonnage consumption is comparatively small. The

uses of copper and its alloys depend largely upon its clectrical and

Ltacrmal conductivities, its corrosion resistance and the bearing properties of
come of its alloys.  Thus copper or its alloys find extensive use in the fielus|
of ¢lectrical, chenical and marine engineering, whilst tue attractive

appearance of tne metal and many of its alloys give a widespread use for coins,
nweaals and geuneral decorative work.

Lopper

Copper is used quite extensively in its commercially pure forms
o with winor alloying additions.
Tough pitch nigh conductivity copper contains up to U.1%

oivpen in the fori of cuprous oxide, Cu,0, which forms a copper—cuprous oxide

2
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duteécae ‘melting at I0657°C. In wrought form this eutectic is widely dispersec

ang s little effect on strenpgth but in cast form, or weld metal, the cutectic

corws prain bouncary filwms that result in brittleness and hot shortness. Tn

Lae presence of hiydrogen tie cuprous oxide 1s reduced and the resultant steam

ives risc to porvesity and voilds(Mpassing''). ilowever, the cuprous oXide das
virtually e offect on electriecal or thermal conductivity and tough pitch
cupper fings ¢ wiae use in the electrical field.

Where “cassing'

"1s likely to be a problem deoxidized or oxvicen

STes Coppor must be used. Oxveen free high conductivity copper retains the

Concuctiviey of tougn pitch copper, but is cxpensive, and wiere

suciriecal conductivity is relatively unimportant it is more usuval to adu a
2llder, fnospiorus (in amounts up to 0.087Z) is the most cormonly used

=di agent, 1t removes the problem of “gassing' Lut reduces the

veveliical conductivity by up to 407%. Arsenical copper (0.3 - Q.54 arsciic)



aan slightly nigher strenglh and resistance Lo scaling but Tovers the
conductivity cven furcher. Many elements are added to copper in small
amounts in order to improve specific propurties; Thus silver up to 0.17
and caumium up to 17 (Caumium Copper) increase the softening temperature,
sLreijty and toughness without decreasing electrical conductivity.

For nigh strength, chromium (0.4 - 0.87) or beryllium
(1.1 - 2.0U%) additions are used, which allow precipitation hardening. In the
Lardencue condition caromium copper bas a strength of 35 tsi combined with an
clectrical conductivity of B0OZ IACS and beryllium copper strenpgths of
75 - luu tsi and conductivity of 247 1ACS. These alloys are widely usced vhere
nign strength combined with some electrical conductivity is required, includin
spot welding clectrodes.

ine Alloys of Copper

i .l_l'. -{b_:':_l’.:‘_b'_

The alloys of copper and zinc cover a vide ficld and their
applications are extensive., Up to 38% zinc is soluble in copper giving a lace
centred cubic a solid solution. Above this zinc content a g phase 1§

,tecipitated from a peritectic reaction, the structure being fully B - phasc
avove 407 zinc, In fact only the @ and @ +B bhrasses are of comaercial
interest, containing up to 40%Z zinc, sometimes with minor additions of
2luiniam, iron, manganese, nickel, silicon, tin or lead. The a brasses are
jrimarily cold working alloys and the a +B brasses hot vorking and castiny
Jlloyvs.
Additions of 2 - 5% Zinc produce cap copper which 1s really
sine deoxidised copper, whilst alloys containing betveen 5% and 207 zinc are
cucwic as pilding metals because of their pleasant golden shades, varving from
red to vellow. sotic these series of alloys, which have extremely good
cnllesbility, are largely used for decorative purposes anag the most ihportant
G alluy counaercially is cartridge brass, containing 70Z copper and 30X zinc.
fuls brass 1s tne nost walleable of all the o - brasses and is suitable for
11 could working operations including deep drawing. Variations are allovs
coutaining 35 - 377 zinc, which are cheaper, and admiralty brass (17 tin)
tie aluiiinlum brass (2% aluminium) which have improved corrosion resistance.
iuitrons of nickel ang aluminium to @ brass allows precipitation hardening.
veced fected, Ldving, an increase in tensile streaptn from 23 Lo 36 tsi.
I'ne duplex alloys are based upon the 000 copper 40% zing

sitien (vellow wetal) and dare basically hot worhing and castins allovs,

Sevin Legperature malleabilicy is quite low, The hizh tensile rasser,
Yoot aneae bronzes are wuplex alloys contalning additions of aluminium,
SPOn, s dnese, nickel and tin up to a maximum of 7%,  These alloys, whiceh

t nally uscu in cast or extruded fonm, have tensile strenstus of 30 - S3ts:



comparcu to 24 tsi for yellow metal.
Lead is often added to brasses in amounts up to 3.57 in orucy

to improve wacuivability.  Since lead is immiscible in all copper basc

—
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alleys, tne lead bearing alloys are hot short above the melting point of
(527°¢)-
pronzes and Gunnet als

sronzes arc alloys of copper and tin but other alloving
clewents 1.¢. zine, phosphorus, nickel and lead, are frequently present.
Alluys of copper, tin and zinc are known as gunmctals. Additions of
,10Spuvrus up to 0.4% - the phosphor bronzes, arc also popular, since

cunsiuverable ilmprovement in mechanical properties can be obtained.

Tin is soluble in copper up to 16% at 5507C and although
tue solubility falls rapidly with temperature, a solid solutions can be
ritained readily, The cold working alloys are all a phase allovs and
contain less than 107 tin, these alloys are not norially hot worked since
t..c plastic range B very narrow and the hot short ranze fairly wide. The
cast bronzes and gunmetals are all complex structures ceontaining the
trittle tiu-rich € phase. The composition and properties of several
wrougit and case bronzes are given in Table III.
The applications of the bronzes and gunmetals arce quite limitced:
viounit alloys are used penerally for small components such as gauge and Springs,
iwercas tie cast bronzes are used mainly for bearings and patterns.
3 Ticon Bronzes
The addition of silicun to copper improves corrosion resistance,
tensile strenpti (23 tsi) and also weldability. The wrought alloys, containing

g to 34 silicon and 17 panganese consist solely of the @ phasce but the casting

4lleys, whicn contain 4 - 5% silicon together with zinc, iron and manganese
¢ cunlex structure of aand y phases. Silicon bronze 1s used in the

colcal englaeering field for storage tanks, piping, picklipg crates, etc.

Lipper - Qipncl Alloys

Copper apd nickel have mutual solid solubility and form a
useiul range of hot and cold working alloys. Compositions rangce from

=3, copper, 5T nickel, which is really a toughened copper up to 707 copper, '

s nlenel, Inicreasing nickel content gives good resistance to sea water
cupro nickels are used extensively for condenscr tubes. Addition
Lo tue b - 10 nickel alloys also gives an alloy with poed resistance

thbace Byoacerated sea owater.
: J.]\‘t'l L
Tace nickel silvers, contaiuing 55 - 037 copper, 10 = 30

sdsance zine, are single phase alloys uscd mainly for decorative “urpDScJ




Alutl nlum bLronzes

These alloys are based on copper and aluminium but frequently

contain iron, nickel and mzngancse; they are characterised by good oxidatic

and corrosion resistance imparted by a self healing impervious alumina surface

film. The solubility of aluminium in copper extends up to 9.4Z2 and all

tae colu working alloys are in this range. With greater amounts of aluminium,

can break down to an o + YZ mixture, in which the Y,

a suplex a + B alloy occurs at higher temperatures, although the B phase

phase 1s considecrably

wore brittle than the Bphase., Fortunately the transformation is sluggish

and air cooling will normally result in retention of the B phase.

The single phasc alloys contain 4 - 8% aluminium and frequently

up to 44 iron,nickel and mangancse. These alloys, which can be worked cold

i : o . ) : :
or not worked in the range 790 = Y00 C., have a teunsile streapth of 20 - 30ts1

in the anncealed condition, but this can be increasced to 5S0tsi by cold work.

Jue alloys are suitable for use up to about 300%C in the vork hardened
condition and 4u0’C in the annealed condition. A hot shkort range ocours
vetvcen 500° ana 700°C. The single phase allovs are largely used for
wecorative purposes, although in plate and tube form they have been uscd
for heat exchangers.

The duplex alloys contain 8 - 117 aluminium and frequentl:
iron, unanganese and nickel. Iron and manganese improve the niechanical
croperties but have lictle effect on the structure, but nickel cdan also
confer age aaraening characteristics in certain composition ranges. The

gut wornin, duplex alloys normally contain up to 52 alloyinpg additions otl
e i ¥ y ! ¥y 1

Y

Loan alumimlua,and, since there 1s no hot short ranpe, can be worlbed at all

Lueiperatures up to 9507C. Some cold drawing, of hot rolled and cxtruded bars
is carriec out but cold working is not generally reconmended.  The casting
cllovs cover a wider composition range than the hot working allovs. Iron

1z frequently added to prevent the transformation of tne Bphase at slow
cooling rates ang wanganese and nickel also refine the structure and j;ive
yuproved mecnanical properties. Up to 27 lead may be addeu to tie duplex

#lloys to iuprove the machining properties of tne hot worlhing alloys and the

earin, projpertics of tie casting alloys. As witn other copper allovs, lead

id Liwilscible in aluninium bronze and leads to hot shortness.

Foe duplex alloys are of preater industrial importance than
« ciapde paasc allorys and are extensively used 1n marine, ciemical and pone
TR o O poviever asny Industrial allovs have wide composition ramos

S Bve Lderocstructures that are mainly @phase or a + B phasces,
-4eowwdiironal fron or nickel rich precipitates. Trpical applications

itfas, valve fittings, propellors, gears and shafts.

R
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fusion Welulng

The fusion welding of copper and its alloys can be affecten

ty a nunber of properties common to many of these alloys 1.e.

thermiil conductivity
thermal expansion
oxidation resistance
hot shortness
porosity,

Tue high toermal conductivity of many of the alloys can lead to rapid

dissipation of heat and necessitates a high rate of heat input. Combined

vith the comparatively high coefficient of thermal expansion of many alloys,
the nigh conductivity can lead to severe distortion and shrinkage stresscs,
and of ten welder discomfort due to the proximity of large areas of hot metal.
Tue practical solution of such problems may cover
(1) the use of an intense heat source with a high welding
speed to limit the total heat input
(11) slow preheating of the complete workpicee (by the
use of oryacetylene torches or coal gas burners)
(111) avoidance of restraint

(iv) slow, uniform cooling after welding.

lue hilgh conauctivity can also be advantageous where rapid cooling is required
to reduce sepregation or hot shortness.

Oxide films form rapidly at elevated temperatures in copper
and many of 1its alloys. These filins can be removed by use of deoxidants
(silicon, ziuc, phosphorus) in the filler wire, or a bhorax flux, Problems
ire most lilkely to be encountered in aluminium or beryllium containing allovs
vnich form tenacious oxide films.

Hot short temperaturc ranges occur in several alloys in which
the wuctility 1s extremely low, and in these ranges cracking can occur at
lows stress levels. Alloys exhibiting hot short ranges include some grades of
tougn piten arsenical copper, lead bearing coppers and alloys, tin bronzes
aind single phose aluminium bronzes, In some cases tne hot short ran,
1s Lusediately sub-solidus, for example the narrow hot short range in silicon
LrOnZus (Bbuo = UUHOU) but in other cases it can be much lower.

Uccurrence of porosity is erratic, and rarely a problem with

e ol s, It 1s affceted by filler wire composition, welding speed and
i Lrpe and [low rate of shielding ras. In general well deoxidized fillers
ivisanle, especially viiere nitrogen is used as the shieldiug o 3

The restrictions covered above are not a sovere limitatien

vio in Claing, of copper ang its alloys and most conventional DrOCEeSSCOs Ty

s b SO cRYenL . The processces normally encountoered arce:
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shielded metal arc welding

TIG and MIG welding usiny argon, nitropen
or argor—mnitrogen mixtures

oxyacetylene welding

carbon arc welding with orwithout a flux.

Lupjer
Tough pitch copper is difficult to weld because of steam
porosity and "passing,'", and welds tend to suffer frow brittlencss, porosity
and noL tears, Uxypen contents as low as 0.05Z can result in porosity
altioupih ULL0 - 0.15% oxygen 1s necessary to give brittle prain boundary
cutectics, o process is iucal but joint efficiencies of up to 80OZ can be
eutained with the argon shiclded processes, which pgive narrow heat affected
AUNES ., Filler wires should be heavily loaded with deoxidants. Onypen
Iree bigh conuuctivity copper is readily welded with tne iaert gas shiclded
srucesses, but 1 the wela needs to retain good comductivity the filler wires
soula contein only boron, silver, zinc or zirconium as ucoxidants,

Tue deoxidized coppers can be welded quite readily, piving

joint cificiencies of 80 - 1007 although arsenic containin, filler wvires
coula pe avoided due to the danger of hot shortuess. The oxyacetylene

crucess 1s still used quite widely although the inert gas shielded arc
Lrocesses are preferable. Lecause of the need for high heat input the
tungsten arc process should be restricted to sheet.

ot shortness problems arise with lead containing coppers
tecause of Loe low melting point of lead (327°¢) and alloys containing
pore toan U.14 lead are virtually unweldable. The oxide film formed
o berylliuin coppers can also pive difficulty although the inert gas
wiileldeu metal are processes can be used.

nelium, argon, nitrogen or theilr mixtures can be uscu for

Low luert pas salelded processes, altiough helium is not used in the

.

culted niungdom because of its high cost. Nitrogen is attractive becausc
of 1ts lower cost and the greater heat intensity of the arc., For tungsten

arc welulng nitrogen snielding requires the use of thoriated tungsten
civetroues and special filler wires, whilst with metal arc welding transfer
Cauracteristics arce puor and there is a danger of oxide inclusions.  hecent
“T on the laert pas metal are process nas indicated that arpon-nitrogen
Pelares can pive the sdvantages of o more Intense heat source and lower
s vosls topetner with pood metal transfer, and it has been shown that

S Xtures cndole the elimination or reduction of prehicac.

In general the brasses, other than ledied Drasses, are resdily

s by Gll rocesses, although shielded nmctal arc wveluing utilizes 57

nize clectrodes., The inert pas shielaed processes also use tin, silicon
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or aluminiui bronze filler wires, Preneat of 200 - 400 C 1s reconmended,
particularly wita castings. Joint efficicencies of 1007 are attaiuable.

ine most serious weldiny problem is zinc fumes which obscure
the welu andg are unpleasant, and even harmful in large amounts to the welder.
hespirators may be worn, and in oxyacetylene welding the use of an oxidising
flame anu sultanle {luxes 1s recommended. The thermal conductivity of the
Lrasses 1s aucn less tnan that of copper and this reduces distortion and
residual stress problems, altiough the welding of cold workeu material can
,ive serious uistortion. For use in corrosive atmospheres, particularly
thuse containing ammonia, stress relief at 250° - 270°C. should be carried out,
to avoiu "scvason-craciking'.,
i1 wronzes

Fortunately the welding of these alloys is not often required,
since tne wide freczing range (which increases with tin content) leads to hot
SHUTLNLSS 2hd Shrinkagce volus. Moderate preheat (200 - 300°C) is desirable
to avold shrinkage stresses, and rapid cooling +ill reduce the danger of hot
Crdcaing dnu Surinkage porosity. For these reasons oxvaccetylene weldiug is
Aot recormended; where it is used an oxidising flame should be emploved to
avolu sbean or nydrogen porosity. The tungsten arc welding is used falrly
Licely but tie salclded nietal arc process using clectroues containing 5 = 97
tin did up te UL50 puuspnorus 1s most popular. A stringer bead nulti-run
cecnnlgue gives sone refinement of the "as cast" weld metal structure and hot
pecning below tie not short range also pives grain refinement and reduces
vistortion.
bilicon bronze

Tie silicon bronzes are the easiest of the copper allovs to
Lodu because tae silicon acts as a deoxidiser and the thermal conductivity is
1o, A fwot short range does ovccur, however, just below the solidus, and care
cavwlu be tasen to avold overheating. Preheat should not be useu and
interpass temperatures shoulu be limited to IOOOC., and for this reason a strinsc:
boad welding tecnulque should be used.

In the as welded condition the joint strength should approach
Luuwt of tne parent wmaterial i.e. 20tsi, whilst cold peening can give a
furt.r iaprovement,

ATl toe processcs listea above can be used for welding silicon

Shev dlUeugn Loe Tnert pas shiclded processes arc preferred.

R TL i.t";\‘l'_..[_ _;\'I_J_L'_}’_S_

Toe only probiem with these alloys is sulphiur cubrittloment

Pelival e controlled by magnesium and mangancese addiiions. e tungsten

s onvacetylene processes are the wost uwsed in this country but vetsi

= EES Cas woelding also gives pood results.



sekel silvers

The nickel silvers are generally oxyacetylene welded, using
uigit 2ilnc bronze or nigih zinc nickel silver for colour matching. A suitablc
flux is essential to uissolve any nickel oxide and avoid porosity.

Slunmlnius bronze

With these alloys, welding is largely useu for repair work,
cltinoupn sone dactual welved fabrication is carried out for reaction vesscls
to nold saline and other corrosive liquors at moderately clevated
temperatures.  The sulelded metal arc and wetal arc inert gas processes are
tne nost widely used, but tungsten arc (with alternating current) and
nyacetylene welding 1s quite satisfactory. The metal arc inert gas process
gives.thc best results with positional welding. The oxide film can be
troublesone and careful scratch brushing and degreasing should be carried out
imucdiately before welding. Electrode coatings and gas welding {luxes should
contain nign pruportions of {luorides.

The single phase alloys are more difficult to weld than the
Cuplex alloys because of a lhiot short range between 700°% and 450°¢. e Lids
suculd be cooled rapidly tirougn this tewperature range to avoild oot craching g,
e slugle or double run veposits are preferable to multi-run welds.

Lodrogen porosity can also be a problem with single phase aluminium bronzes.
aatcning weld metal couwpositions are used satisfactorily in many cascs, but
Luele hot Crackliyg and porosity is encountered in the weld, a duplex veld
ueposit Lay be used. nowever, in corrosive media there is a danger of
jreferenticl attack on the B phase in the weld metal, known as
sealuminification. in these cases it 1s advisable to secal the weld with
Capplig runs giving a4 single phase deposit.

Tie duplex aluminium bronzes can be welued comparatively
canily jproviged tnat attention is paid to cleanliness., The hot short rauve
1o very narrow in thesce allovs, so that hot crackiag is not a probles,
wallst nyurogen s sufficient solubility in the Bphase to elimiuate the
Canper of porosity. The distribution of Bphase is also inportaat and in
st alloys a4 continuous grain bounwary network of 8 phasc can lead to
~ul cracnli, dnu .rain boundary corrosion.

sracing and Soldering

Copper and most of its alloys can be readily soldered using

tin-leaa selaers and proprictary flusces. Intergranular penetration and

¢Toelelng can oceur in itign zine brasses in the cold worked condition,

Ve, und prior stress relief at 250 = 270%C. is advisable. Difficults
boowlse expericenced witn aluminium or beryllium containing alleys due te the
oty ool tenacious oxide 11 lus, ighly active {luxes are nevessary and

S deas to o corregion problems 1 inadequate cleaning 1s carrica out



af Ler soldering.

Lrazing, using a straight brass or a silver-copper—zine al b
(silver uolder), is an extremely effective method of joining copper and most
of its alloys. Torch and furnace brazing are equally suitable althou;h
& flux is nccessary in all cases. In the case of the oxygen contaihing
tougn pitch coppers brazing is more suitable than any welding process, since

bl >~}
Lissing 1s avoided. Similarly, Lrazing 1s the most suitable process for
the leaded coppers and copper alloys. Aluminium containing alloys can be
hrazed altuough an active flux is necessary, the difficulty increases witi
aluminium content and special techniques are necessary with aluminium
bronzes containing 8 - 127 aluminium. Intergranular penctration can
pccur witn several alloys in the cold worked condition; these alloys
iaclude the nickel silvers, leaded brasses, silicon bronzes and cupro-nickels,
unz stress relief should be carried out before brazing.
tesistance Neluing
The factors influencing the case of resistance wvelding are
toe clectrical and thermal conductivities, The problem 1s to et
sufificient heat penerated at the interface 1n a4 short time, despite the
sow Interfacial resistance and high rate of heat dissipation and, in
ceneral, weldability varies inverscely with the electrical and thcermal
conductivities. The problem is most acute with scam welding anu least
acute witin flash butt welding.
Seam welding 1s impractical for allovs with an clectrical
veasuctivity predater than 200 IACS, and this eliminates all the coppers
sid oSt vrasscs and tin bronzes, The most suitable alloys for scawm
wielein, dre tne cupro-nickels, silicon bronzes, nickel silvers and
gluninlum LrouzZes. iligh quality spot welds can be produced in allovs
il conauctivities of 307 TACS or less, altuouph less consistent welds
vw b omade wits conductivities of 602 [ACS. Apain the hest results
Lre obtalneu with silicon bronzes and cupro nichels, followed by aluminiue
Lronzes Leaded coppers and alloys are virtually lmpossible to veld
secause of hot cracking in thae weld nugpet and adjacent parent weial.,
Conductivity problems are not so apparent iu resistance butt
«ud flasa butt weldip; and these processes can be used for wost coppers and
dilars, Flash butt welding Is particularly useful since 1t can be used

sl alloys with lead contents up to 1.05.



MAT .No. 8
TITANIUM AND ITS ALLOYS MAT.No. 83

Titanium has only become a commercial material in the last few
years and even now, its metallurgy is imperfectly understood. Despite its
high cost it is an important material in the fields of aeronautical and
chemical engineering and its use is likely to increase. From the welding
viewpoint it has a further significance: it was the first of the reactive
cetals to reach commercial importance and many of the problems solved in

welding this metal can be applied to the other 'new'metals, for example

zirconium, hafnium and niobium,

ProEerties.1

Titanium is a comparatively light metal (507 denser than aluminium)
with a melting point of 1668°C. Its thermal and electrical conductivities
are low, as is its coefficient of thermal expansion. At atmospheric
temperatures titanium has excellent corrosion resistance to all except
strong reducing agents but at elevated temperatures (above 600°C) the metal
is extremely reactive and will absorb oxygen, nitrogen, hydrogen and carbon.

Tne major effect of hydrogen is to reduce the notch toughness, whereas oxygen
and nitrogen, and to a lesser extent, carbon, strengthen and embrittle the metal.
Thus pure titanium is relatively soft and ductile but with increasing impurity
content it becomes much stronger with a strength to weight ratio that compares
very favourably with other materials.

Below 882.500, titanium has a close packed hexagonal structure
with a {% value of 1.587, which is slightly less than the ideal value for
close packing (1.633). Above this temperature however, a body centred cubic
form is stazble. The lower temperature structure is referred to as a - titanium
and the high temperature one as B - titanium. The high temperature structure
cannot be retained at lower temperatures by quenching, although high cooling
rates result in an acicular or basket weave structure which is believed to result
from a martensitic type of transformation. This structure remains soft and
ductile and cannot be heat treated to give improved properties.

Allozing of Titanium

=

Alloying additions to the metal may act as either a or B
stabilizers extending the temperature range over which either phase is stable,
Most alloying atoms form substitutional solid solutions but oxygen, nitrogen,
carbon and hydrogen, form interstitial solutions. The majority of elements
tend to stabilize the B phase.

In low alloys rapid cooling will result in the formation of
-artensitic a, but with higher alloy contents it is possible to retain

soze or all of the B phase on cooling. The @ alloys cannot be heat treated

L) . #
“ut alloys retaining some B phase are amenable to heat treatment.



The commercial alloys of titaniun fall into four groups:-
(i) Commercially pure titanium, with controlled impurity contents.
(i1) o stabilized non-heat treatable alloys.
(iii) B stabilized alloys giving a heat treatable a * B structure.
(iv) B stabilized alloys giving a metastable B structure that is
amenable to heat treatment.

The commercially pure titaniumsare still the most widely used
because of their superior ductility and malleability. However, extensive
alloy development is still being carried out and a range of a, a ~ B
and B alloys is available.

The mechanical properties of a range of titanium alloys are given
in Table III. Commercially pure titanium is reasonably ductile and in-
sensitive to notches, whereas the a alloys have increased strength at the
expense of ductility, and are rather more notch sensitive. The a -8
and B alloys in the heat treated condition exhibit the highest strengths
but do tend to exhibit a greater notch sensitivity. Notch sensitivity is
particularly influenced by interstitial impurities, with hydrogen being the
worst offender, and a hydrogen level of 200 ppm is sufficient to reduce notch
toughness.

The strength:weight ratios of titanium alloys are extremely good
dt low and moderate temperatures but unfortunately, these ratios are not
maintained above 500°C. 1In addition, rapid oxidation occurs above this

temperature and alloying has also failed to solve this problem.
Alpha Alloys.

These alloys which were the first to be developed are basically
single phase, although small amounts of precipitates, due to impurities,
can generally be observed in the microstructure. The a alloys give an
improvement in strength compared to the commercially pure material, at
the cost of some ductility. Further hardening can only be attained by
cold working since quenching from the B phase results in soft acicular a
with no tendency to delayed precipitation.

The original alloys gave only moderate strength increases
over the commercially pure metal and it appeared that alloy contents
were strictly limited by loss in workability. More recently however,
'super - a ' alloys have been developed with increased alloy contents,
giving markedly higher strengths and acceﬁtable ductility (Table III).
Soze of these alloys contain very small tfaces of B phase, but the amount
1s generally insufficient to alloy any marked precipitation hardening.

Alpna-Beta Al 1025

Alloys containing moderate amounts of B stabilizing elements



may exhibit duplex o + B structures,

The B phase is metastable and ageing which can occur at
fairly low temperatures may result in embrittlement. However, overageing
of the Bphase will often give alloys with good strength and ductility.
he ageing treatment results either in finely dispersed @ or in the
non-equilibrium @ phase.

Commercial @ - B alloys fall into two distinct groups:

(1) those containing only B stabilizing transition elements
(2) those containing an a stabilizer i.e., aluminium, in addition to B
stabilizers.

Into the first group fall the titanium-manganese alioys,
which appear to be little used nowadays, and more recently developed alloys
containing small quantities of several elements. Alloys in the second
group normally contain one or more 8 stabilizers plus aluminium.

The transition elements are virtually insoluble in a titanium
so that the @ phase will be unalloyed and soft in alloys containing only
these elements. The retained B phase will be metastable and quite low
temperatures may be sufficient to cause ageing and embrittlement. It is
generally necessary, therefore, to ensure that the structure is overaged
if adequate ductility is to be guaranteed. However, the thermal history
of the alloys has a marked effect on properties.

The aluminium addition to the second group of @ -8 alloys,
results in a marked strengthening of the aphase. Aluminium is also
soluble in the B phase and increases the rate of overageing so that a ductile
overaged structure occurs even on quite rapid cooling.

Beta Alloys

Larger amounts of B stabilizing elements allow metastable B
phase to be retained on rapid cooling to ambient temperatures, which
permits subsequent precipitation hardening treatment. These alloys have
the great advantage that in B form they are soft and readily workable
whilst subsequent precipitation hardening can give tensile strengths of
80 tsi and above.

The ageing process will depend upon the temperatures: at high
temperatures the « phase will precipitate first, followed by the intermetallic
compound, but at lower temperatures an intermediate non-equilibrium

phase, designated ® is formed first.

The fully B stabilized alloys have been introduced in the last

few ycars and only one or two alloys are commercially available.
advantages of good

However, the
formability in the solution treated condition and high
strength when heat treated may be expected to lead to considerable usage,

and these alloys may well replace the a - B titanium alloys.



Fusion Welding.

The basic problem in the fusion welding of titanium and its alloys
is the problem of eliminating atmospheric contamination, as it is with all
the rcactive metals. This is not to state that no other problems exist,
but in the commercially pure material and a alloys at least, other problems
are merely secondary. With the heat treatable alloys, the thermal
cycle that is unavoidably connected with fusion welding can result in the
formation of extremely brittle structures, and most a— B alloys must be
considered unweldable. The other properties of titanium tend to favour

welding and the low conductivity and thermal expansion of the metal and its

alloys cause few problems of extensive heat affected zones or distortion,

The Gas Shielding Problem.3

The high reactivity of titanium and its alloys restrict fusion
welding methods to the inert gas shielded processes. The majority of
fusion welding utilizes the TIG process, although MIG welding is perfectly
feasible and is used for thicker material. However, even the conventional
TIG process may not give adequate protection against atmospheric zcntamination
and the use of auxiliary gas shielding or even a closed welding chamber may
be necessary.

The effect of atmospheric contamination is given in Fig. 3. The
rost likely contaminants are oxygen and nitrogen, picked up due to air
entrainment, but hydrogen may be absorbed if moisture is present. The maximum
limits of tolerance for oxygen and nitrogen in weld metal have been estimated4
at 0.37 and 0.15% respectively, whilst hydrogen should not exceed 150 ppm.

The carbon level in parent material is restricted to .07%, and further pick
up in the weld is unlikely unless surface contamination has occurred;
levels likely to cause embrittlement have been estimated at 0.1 -

0.256%Z, the actual figure being dependent upon other impurities and-alloying
constituents.,

. Surface discoluration may give some iadicatiom of contamination.
Thus, under the best conditions of gas shielding the weld bead and heat affected
zone will be bright whereas slight contamination will result in a light straw-
coloured appearance. Increasing contamination results in the appearance
cnanging from straw to blue. The absence of surface discolouration does
not neccessarily mean freedom from contamination: if a second melt run is made
over a discoloured weld bead it may result in a silvery bead, but bend tests will

snow very low ductility. In this case, the surface contamination has been

B e s 2
d4vzoroed 1nto the metal,

Slight surface contamination (light straw colour) can generally

’-_J& Toras B . .y » . . o -
tolcrated 2s the fall in ductility 1s small, but with higher levels of
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contamination the joint and heat affected zone must be cut out, and the
component rewelded. Where only surface contamination has occurred, removal
of the surface layers (mechanically or by pickling) will be sufficient.

With these limitations it is obvious that care must be taken to
ensure the cleanliness of parent material and filler wire, and to prevent
entrainment of air into the inert gas shroud. Material cleanliness can be
readily achieved by careful pre-weld preparation - scratch brushing with a
stainless steel brush and degreasing, but adequate inert gas protection
during welding may be more difficult. With parent sheet levels of oxygen and
nitrogen that may reach 0.2% and 0.05%, and maximum permissible levels of
0.3% and 0.15%2 in the weld metal, it is clear that practically no contamination
is permissible.

Protection against contamination of the weld and heat affected
zone may be attained by the use of welding chambers filled with an inert gas
or by open air welding using supplementary gas shielding.

The use of a welding chamber offers the greatest opportunity
of weld protection since air can be completely excluded from the work piece.
The disadvantages of such a chamber are that the chamber size will generally
restrict its use to small components and the amount of inert gas required.
Types of chamber may vary from a rigid cabinet with facilities for evacuation,
to flexible chambers and plastic bags which can be collapsed to remove air
prior to filling with the inert gas. _

The highest weld quality is obtained with chambers that are
evacuated to at least 200 microns (O.2mm mercury) prior to argon or helium
filling. The main problem with this type of chamber is to keep vacuum and
pas lines to a minimum in order to reduce the danger of air pockets or
leaks. With larger chambers where it may be impossible to evacuate to
200 microns or prevent minor leaks, double purging may be used, i.e.,’
evacuating, filling with inert gas and re-evacuating, to reduce the
residual air content before finally filling with gas. Final traces of air
may be gettered by making trial weld runs on scrap titanium. With these
types of chamber a standard TIG torch may be unnecessary and a simple
electrode holder with a tungsten electrode, can be used, giving improved
accessibility and visibility for the operator. However, if leakage of
air into the chamber can occur, it is better to use a standard torch with a
separate gas flow to give extra protection.

With simpler chambers, air may be displaced by collapsing the
chamber or simply purging with the inert gas. This method cannot be

»

generally recommended since it is virtually impossible to reduce air levels

Lo an acceptable value. Under some conditions contamination may be worse

than with normal open air welding. However, for large fabrications or site
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work, these methods may prove adequate provided that TIG torches are used
with separate inert gas supply.

When open air welding is used, attention must be paid to the
weld pool during melting, solidification and subsequent cooling, and to those
parts of the heat affected zone that are raised above 550°C. Heavy jigging
is generally used to reduce the size of the heat affected zone to a minimum
and this jigging is often designed to form'a baffle and channel the shielding
gas along the joint line. The back of the weld is generally protected
by a subsidiary inert gas supply, although in some cases adequate protection
can be achieved by clamping the parent metal to an ungrooved copper backing
strip. The arc is protected by a normal shroud and thelcooling weld and
heat affected zone by a trailing shroud with its own inert gas supply.

This type of system, i.e. use of a trailing shroud, works very well with
automatic welding but is cumbersome for a manual operator.

For manual welding it is still quite common to rely on the
skill of the operator to shield the weld zone, without using a trailing
shield. This method cannot be generally recommended although it often
gives good results with a skilled welder.

Borland and Hull5 have designed a nozzle suitable for manual
TIG welding of sheet up to 0.1 inch thickness. This nozzle is designed
to give main shielding to the arc together with outer peripheral shielding
and shielding to the rear of the arc. This nozzle was designed from a
congideration of:-—

(1) the length of argon coverage required to protect the weld zone
during cooling, and
(ii) the degree of coverage provided by gas flow from a nozzle.

In the first instance the length of coverage can be calculated

from the welding speed and the time to tool below, say, 550°C, whilst in

the second it is necessary to consider the onset of turbulence (and hence
air entrainment) in the inert gas flow from the nozzle.

Commercially Pure Titanium.

Once the gas shielding problem has been solved the fusion
welding of the coummercially pure metal presents few difficulties. The
harder grades of commercial titanium are not generally recommended for
welding, however, since oxygen and nitrogen contents are very near the

limit for acceptable ductility, and allow no margin for even slight

contamination during welding. Transverse tensile tests exhibit failures

vell away from the weld zone but longitudinal bend tests reveal a lower
ductility in the heat and weld affected zone than in the parent sheet, with

failure occurring in the heat affected zone. A slight increase in tensile

strength with welding speed may be noted.



Commercial Alpha Alloys.

Commercially the welding of the a alloys has been confined to
the 52 aluminium 2.5% tin alloy, although all alloys are reported to be
weldable. The weld properties match parent sheet properties extremely well
except for a slight drop in ductility.3 Porosity has been a problem with
these alloys, being particularly associated with poorly cleaned plate and
roughly prepared edges; TIG welds have shown a greater tendency towards
porosity than MIG welds. The cause of the porosity is not certain although
argon entrappment between rough edges of a closing joint gap has been
suggested. It is certain that porosity can be reduced by the use of smooth,
milled sheet edges, by increased welding speeds and, on occasion, by remelting.

Cracking is rarely a problem with the 57 aluminium 2.5% tin
alloy although cases of micro-cracking, hot cracking and delayed cracking,
have been reported.? Micro-cracking in TIG welds in 0.125 in. - 0.180 in.
sheet has been attributed to high restraint and microembrittlement not
detectable by normal testing techniques; rather surprisingly, MIG welds
were not susceptible to cracking. The other forms of cracking have been
attributed3 to contamination or excessive impurity contents: hot cracking
is considered to be caused by high oxygen and nitrogen contents (causing
low hot ductility) and delayed cracking to a high hydrogen content (over
350 ppm). Hot cracking and delayed cracking were of particular concern when
titanium technology was not so advanced as at present and impurity contents
are now unlikely to give these problems.

The super-alpha titanium alloys are also reported8 to exhibit
good weldability., Ambient temperature properties of welded sheet compare
well with parent material properties, although ductility is reduced slightly.
In the as welded condition the tensile and yield strengths are higher than the
parent material but ductility is generally lower. Response to heat treatment
is a little variable but unless ageing occurs it is generally possible to
improve ductility at the expense of strength. It appears impossible to fully
restore the tensile elongation of welded joints but weld bend ductility can be
matched to that of the parent sheet. Good creep stability has been observed
at 420°C but some deterioration in tensile elongation at 540°C, particularly

if some precipitation occurs. Cryogenic properties of the alloys are also
satisfactory.

Alpha-Beta Alloys.

The only a - B alloy that has been welded commercially

1s the 62 aluminium, 4% vanadium alloy. All other a - B alloys tend to

be seriously embrittled in the 'as welded' condition due to breakdown of
the

8 phase on cooling., In some cases the ductility can be restored by

- [ e i . . .
7o8tveld heat treatment but such treatment is often lmpracticable.
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The 6 Al 4V alloy can give 100Z joint strengths in the
'as welded' condition but some deterioration in tensile elongation and
bend ductility does occur (Table VIII) whilst there is also an increase
in notch sensitivity.g Tensile strength and elongation are maintained
at a satisfactory level up to 520°C.  Some improvement in bend ductility
can be obtained in TIG welding if autogenous filler wire is replaced
by commercially pure titanium filler,lo but even in this case the improvement
is only partial, Postweld heat treatment will give further recovery of
ductility if practicable.

Some work has also been donell on a recently developed
alloy containing 6% aluminium, 6% vanadium, 2% tin, 0.37 copper and 0.5%
iron. This alloy exhibited serious loss of notch toughness and heat
affected zone cracking on welding and notch toughness could not be improved
by subsequent heat treatment. It was found however, that a preheat of
260°C prevented cracking and allowed maximum retention of toughness. It
is possible that similar levels of preheat may be beneficial for other
alloys.
bBeta Alloys.

The single phase B alloys are readily welded by TIG
and MIG processes; welds in solution treated plate have good ductility and
low strength. Welding of precipitation hardened material appears less
successful.

The American alloy containing 13% vanadium, 11Z chromium
and 37 aluminium, can be readily weldedlz in the solution treated condition,
but a complex double ageing treatment ('low-high' treatment) is necessary
to obtain parent metal strength. Such a treatment may not be possible
in commercial practice.

The 157 molybdenum B alloy is also readily weldable6 in
the solution treated condition. After ageing tensile strengths of
78.5 - 81 tsi and an elongation of 127 on 1 inch can be obtained, compared to
65.7 - 89 tsi and 9 - 4.5Z on 2 inches for parent sheet. The microstructure
in the 'as welded' condition shows grain growth with a little a
precipitate in the heat affected zone and large B grains in the weld.
Ageing gives overall @ phase precipitation. Welds in the aged material
exhibit grain growth and grain boundary precipitation in the heat affected

zone, whilst the weld consists of large B grains.

Resistance Weldiq&.

e e ——————— — — =

Spot, seam and stitch welding can be readily utilized for

titanium and its alloys. The low electrical and thermal conductivities, and

low thermal expansion coefficients of these materials allow adequate welds
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to be made with little distortion, welding conditions being very similar
to those used for stainless steel. The time cycle for welding is short so
that inert gas shielding is unnecessary.

Spot welds in all alloys exhibit good tension shear strengths
that compare with strengths obtained in stainless steel, but cross tension
strengths are quite low indicating poor weld ductility.13 This poor
ductility may be due to slight contamination of the weld nugget during
the welding cycle. The low cross tension strength has led to the suggestion12
that the ends of spot welded seams should be rivetted to prevent peeling.
It is interesting to note that the weld strengths are similar for @
and a - B alloys, irrespective of condition (Table X) although a
post weld heat treatment on the welding machine has been found to increase
the cross tension strength of the 6 Al 4 V alloy.14

Flash butt welding has proved successful15 for the joining
of bars of commercially pure titanium and the 5 Al 2.5 Sn alloy. Argon
shielding is essential, however, to prevent contamination and embrittlement
of the joint. This welding process. if properly applied, results in a hot
worked pressure weld, since all the melted metal is squeezed into the weld

fin, and afterwards removed, and exceptionally good joint properties are
obtained (Table X1).

Brazinﬁ.
The main problems that are encountered in the brazing of
titanium and its alloys are:-
(1) prevention of contamination and subsequent embrittlement.
(2) selection of brazing alloys that will give sufficient alloying for
joint formation without forming brittle intermetallics.
(3) prevention of the impairment of parent metal properties by the
brazing cycle,
Tne fact that titanium can be brazed by a number of processes, including
furnace, inductien, resistance and torch brazing, is a fair indication of the
success achieved in solving these problems.l6
Prevention of contamination is normally achieved by inert gas
shielding, which may be used for induction or furnace brazing, or brazing
with a TIG torch. A vacuum can also be used where appropriate.  Surpris-
ingly oxy-acetylene torch brazing has been used successfully for titanium
although special fluxes are needed to prevent contamination.2 These fluxes

generally consist of mixtures of chlorides and fluorides, and their exact

Operating mechznism appears uncertain. In some cases a simple exclusion

of air may occur but with other fluxes it appears that electrochemical
Ceposition of a metal film occurs protecting the titanium from oxidation.

C. “
JU=€ suggestion has been made that the chloride content of these fluxes can
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r sult in stress corrosion crackiné_if flux entrapment occurs.

Titanium alloy;n?:adily with most molten brazing alloys, but
it is important to chose a composition where excess alloying does not occur,
since this will result in base metal undercutting and erosion. The formation
of brittle intermetallics must also be avoided. Silver and its alloys are
used almost exclusively for brazing titanium,l7 giving a bond that consists
largely of a solid solution of silver in titanium. An intermetallic compound
i Ag, is formed in some circumstances but is reasonably ductile. Optimum
hrazing teuperatures for silver are 990° - 1040°C for times of 1 minute, which
give shear strengths of 21000 - 24000 psi. A brazing temperature of
LISOO - 12600C for 10-15 minutes gave a much higher shear strength of
35000 psi but slightly impaired parent metal properties. Several silver
base alloys have been deveIOped18 for titanium but in most cases it is
doubtful whether they offer any advantages. However, alloys containing
aluminium or manganese have been reported as exhibiting good properties
up to 205°C and resistance to salt spray corrosion. For the brazing of
very thin sections e.g. honeycombslg, it is preferable to use lower
tewperatures of 760° - 815°C to prevent erosion of the thin parent sheet
and a number of low melting point silver alloys have been developed,
including some alloys containing 2-3% lithium. Joints with adequate
strength can be obtained but resistance to oxidation and salt spray corrosion
is low.

The temperatures employed in brazing have little effect on the
properties of commercially pure titanium and the a phase alloys. With the
heat treatable a - B or B alloys, however, care must be taken that the
parent metal properties are not impaired. Alloys in the annealed condition
may be re-annealed after brazing or the cooling rate may be controlled to
give an annealed structure, but the problem is more difficultwith age
hardened alloys. Re-solution treatment and ageing are reported2 to be
possible-with B alloys which exhibit sluggish transformation but are
difficult to achieve with many a - B alloys which need rapid cooling
after solution treatment if precipitation is to be avoided,

A brazing development20 which offers many advantages is
vacuum diffusion bonding in which the brazing time is extended to give
diffusion of the silver braze metal into the parent material. This
method is reported to give tensile and shear properties equal to that of the
base metal, The same paper also states that diffusion bonding can be

achieved in the same temperature range (990° - 1040°C) without filler metal,
provided that metal to metal fit occurs.
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THE WELDING O | NICKEL AND ITS ALLOYS MAT.No.l165

Nickel is a ma, eable face centred cubic metal melting
at 1440°C; its physical prop¢/ ties are given in Table I. Nickel itself
is ferromagnetic, although moic of its alloys do not show any strong ferromag-
netism, with electrical and thermal conductivities similar to those of steel.
Cormercially, the attractive properties of nickel are its high resistance to
corrosion and oxidation, and these properties are generally found in the
nickel-base alloys, often combined with excellent high temperature strength.
Nickel is a fairly expensive metal so that it is used sparingly, and
generally under rigorous conditions.

Most of the cubic metals are soluble in nickel to a greater
or lesser extent. Copper and cobalt exhibit complete solubility in nickel
whereas iron, chromium and molybdenum have solubilities of 60%, 35% and 207
by weight, respectively.

ponmmrcial Alloys of Nickel

The commercial nickel alloys are all basically face centred
cubic structures in which the alloying additions provide solid solution
strengthening. However, very often additions are made to give pfecipitation
hardening characteristics and many of the stronger alloys need artificial ageing
to realise their maximum properties. Thus the microstructures of the nickel-
base alloys is generally largely single phase, although discrete precipitates
are often visible in the grains or grain boundaries as particles or needles.
These precipitates may be due to impurities, as in the case of carbides, or
they may be precipitation hardening constituents.

Commercially pure nickel is used in chemical plant because of
its high degree of resistance to caustic alkalis, certain organic compounds,
and to the halogen gases and hydrides. It often contains up to 0.06%
carbon and small amounts of manganese, iron, copper and silicon. An age
hardenable form contains 94% nickel with small amounts aluminium and titanium.

The high nickel-copper alloys, known as Monel, contain
58 - 657 nickel and 40 - 30% copper, often with up to 1.5% iron as an
impurity. Certain of these alloys also contain aluminium and titanium to make
them age hardenable. These alloys again exhibit good corrosion resistance
and are used in chemical plant, land and marine power plants, textile and
pickling equipment, and in the food industry.

Nickel-Chromium Alloys

These alloys, excluding the Nimonic series, are important

for their excellent oxidation and corrosion resistance, which is often

cosbined with good high_ temperature strength. The Inconel alloys generally



contain 75 - 80Z nickel and 15 - 207% chromium, although in some

instances iron or cobalt may replace some of the nickel. For the highest
strengths, aluminium and titanium are added to give age hardening properties.
These alloys are used for heat treatment and furnace equipment, pickling racks
and in the food industry. Other alloys may contain up to 33% iron and are
generally used for heating elements.

The Nimonic Alloys

The high temperature or super alloys - the Nimonics -
are the most important of the nickel-base alloys. Originally developed
for aircraft gas turbines, which is still their major use, they have found
increasing applications in other fields such as steam turbines for power
generation where highly stressed components are required to operate at
elevated temperatures.

Development of the Nimonic alloys (Table II) started from a
basic 80%Z nickel 20% chromium alloy, Nimonic 75.

This composition is very nearly that of Inconel, which was known
to have good oxidation resistance, whilist the strength was improved by the
addition of 0.57 titanium. Nimonic 75 is a single phase alloy, although
some carbide precipitates may occur, and is not amenable to precipitatiom
hardening. This alloy was a major improvement on previous high temperature
alloys, but it was found that the high temperature properties varied markedly
with prior treatment and an alloy with more stable creep properties was
desirable. Additions of titanium and aluminium showed that satisfactory
creep resistance was obtained when the limit of solid solubility was
excecded by a moderate amount (at the testing temperature), allowing
precipitation hardening to occur. This work led to the introduction of Nimonic
80 and Nimonic 80A.

Considerable work was done upon this type of age hardening nickel
alloy, which has led to the introduction of Nimonic 90, 95, 100, 105, 110 and
115. This work showed that the hgh temperature properties were influenced by

(1) Composition of the base matrix

(2) Constitution, amount and distribution of precipitated
phases

(3) presence and distribution of primary compounds.
Addition of up to 207 cobalt (Nimonic 90) goes into solution in the y phase
but has considerable influence on the characteristics of precipitation. The
alloys in the Nimonic 100 - 115 range have an increased aluminium content and
additions of molybdenum, and exhibit improved oxidation resistance and creep

properties. However they retain the precipitation hardened face centred

cubic structure of the other alloys.
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The microstructure of all the Nimonic§ is similar, exhibiting
a face centred cubic matrix (y) plus precipitated carbides and intermetallics
such as the ‘7 phase (Nig Ti) and Y' phase (Niy (Al,Ti). The Y' phase is
face centred cubic in structure and is isomorphous with the matrix, on
metallographic examination it shows as a speckled effect within the grains.
The } phase occurs as lines or needles within the grains. All these alloys
contain up to 0.17%7 or 0.15% carbon and chromium carbide, Cr,C3 occurs as
discontinuous particles within the grain boundaries. The chromium carbide
can be partially replaced by titanium carbide, which occurs as discrete
particles within the grains. Additions of cobalt have the benmeficial effect
of reducing the amount of chromium carbide present in the alloy, and also
of aiding the preferential formation of titanium carbide.

The heat treatment of the precipitation hardening alloys has
an important influence on creep characteristics. The recommended heat treatments
for several alloys are given in Table II; slightly better results can be
obtained by more complex treatments but these are industrially impractical.
The effect of solution treatment is

(1) Dissolution of the y' and } phases which are then available for
precipitation

(2) Grain growth

(3) Carbides left in matrix not dissolved

Dissolution is a constant effect above a minimum temperature but grain growth
is temperature dependent so that the solution temperature is critical, which
shows the effect of temperature on creep life. At lower solution temperatures
a fine grain size occurs, and increasing the grain size improves stability,
and hence creep life, but above a certain optimum grain size the creep life
again falls. Solution of carbides does not occur below 1200°C so that for
most of the Nimonic alloys the carbide will remain undissolved. However,
Nimonic 110 and 115 have solution treatments of 1200°C.and 1190°C.
respectively and solution of carbides is distinctly probable. The ageing

temperature is also important, and variations in temperature can markedly

influence creep properties.

A recent development in the Nimonic series is Nimonic PE.7,
a heat treatable alloy designed to have good properties in the intermediate
temperature range up to 700°C. In this alloy approximately 377 of the

nickel is replaced by iron, presumably to reduce the cost of the alloy.
Fusion Veldin

The physical properties of nickel and its alloys impose no
€xceptional welding problems and most alloys are readily weldable. However,
~#ny alloys are prone to cracking in the work hardened condition and should be

welded in the annealed condition. The non-heat treatable alloys generally




structyre
present no difficulty and welding has little affect on the metallographic

except some grain growth in the heat affected zone, and joint efficiendes
of 100% are obtainable. Cleanliness is also important, oxide films can

result in arc instability, whilst oil films, etc., can give porosity and

cracking.

The precipitation hardening alloys are best welded in the
solution treated condition, and the best joint properties are obtained by
re-solution treating and ageing after welding. Fortunately most compomnents
in these alloys are small enough to allow complete heat treatment after
welding, although distortion may be a problem. It is often possible to
weld fully heat treated material but, invariably, joint properties will be
well below the properties of the parent material. In these cases the weld
should be positioned away from the critical load bearing regions of the
component or structure.

Most of the major alloying additions have no effect on
weldability, except in so far as they introduce impurity elements. Thus
chiromium has no effect in itself, but nickel-chromium alloys are more
sensitive to hot cracking in the presence of silicon than other nickel alloys.
Sulphur has the most serious effect since it results in the formation of a
nickel/nickel sulphide eutectic melting at 650°C., and so gives rise to
serious hot cracking. Lead and phosphorus also lead to hot shortness,
but are rarely found in nickel alloys. Zirconium and boron are often
added to improve high temperature properties, but severe hot cracking is found
if more than .02%Z zirconium or 0.001Z boron is present. Calcium and
magnesium are often added to improve casting properties. In small amounts
they are not harmful, but above .015Z calcium and 0.0207 magnesium can lead
to hot cracking. Some disagreement exists over the effect ofmagnesium,
since in the presence of sulphur it can form magnesium sulphide, and so reduce
hot shortness due to sulphur.

Silicon can also produce hot cracking in nickel alloys, although
the threshold varies with the alloy. Chromium bearing alloys are particularily
susceptible and the silicon content of the Nimonics and Inconels are carefully
controlled. Alternatively, additions of niobium can be made which reduce the
influence of silicon. Aluminium and titanium, which are often added to give
ageing characteristics, have little effect on weldability, although in large
=nounts they can increase the sensitivity to hot cracking. Carbon, which is
present as an impurity in amounts of 0.01 - 0.20Z, has
little effect on weldability. In commercially pure nickel, graphite can be
forved in the grain boundaries after long exposure at 315 - 760°C., leading

to rupture, whilst chromium carbide can form in the grain boundaries of
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chromium-bearing alloys. This is not detrimental unless fully continuous
boundary precipitates are formed or unless chromium depletion impairs
corrosion or oxidation resistance.
All the conventional welding processes can be applied to nickel
and one or more of its alloys. The choice of process will depend partially
on the normal accessibility and economic factors, but the service application is
generally of paramount importance in these alloys, which are used under severe
corrosive conditions or where oxidation and creep resistance are essential.
The most used processes are shielded metal arc and argon shielded welding.
For shielded metal arc electrodes the technique required is generally a
little more difficult than, say, the use of austenitic stainless steel
electrodes, but porosity and hot cracking can be avoided by a skilled welder.
Argon shielded tungsten arc welding is perhaps the most used
process, and automatic welding without filler wire is often used on thinner
sheets. Porosity can be a problem with this process, although modification
of filler wire compositions has largely eliminated it. Alternatively, additions
of 5 - 157 hydrogen to the shielding gas will reduce or eliminate porosity,
although in excess it will cause severe piping. The advantages of hydrogen
additions are only evident in single pass welds or for root runs in heavy
sections. Porosity may also be reduced by increasing the speed of welding,
although this is only practicable in automatic welding. Argon shielded metal
arc welding is also used for nickel,and alloys in the Monel, Inconel and
Nimonic series. Wire compositions approximate to parent metal compositions
plus additions to control porosity and hot cracking. Metal transfer is by
the spray mode, although the transition from globular transfer is not very

marked; the use of fine wire welding may be expected to increase.

Oxyacetylene welding is still used quite extensively,
although it is losing ground to the tungsten arc process. It can be used for
all the non-heat treatable alloys but is generally confined to nickel, Monel,
Inconel and Nimonic 75.  Carbon pick-up can reduce corrosion resistance.

No flux is used for weldinz nickel but special boron-free fluxes are used for
the other alloys.

Specific filler materials are available for most but not all
of the nickel-base alloys. The filler is generally chosen to give matching
corrosion or oxidation resistance rather than properties, and matching of weld
and parent metal compositions is rare. In most cases the filler wire will

contain additions to reduce, or eliminate, porosity and hot cracking.



The Nimonic Alloys

The wrought Nimonic alloys, and the equivalent casting alloys
in the Nimocast series were originally developed for small components that
did not require welding. However, the usefulness of these alloys in high
temperature applications has extended their use so that the welding of
Nimonic sheet, and more recently of heavier gauges has become necessary.

Nimonic 75 (and also Nimocast 75) is basically a single
phase alloy, although some chromium carbide is generally found at the grain
boundaries, or within the grains. Welding is straightforward and the only
change in microstructure in the heat affected zone is a slight grain coarsening,
accompanied by a small decrease in hardness.§hielded metal arc or inert gas
shielded welding may be used; the recommended filler metal composition is
807 nickel, 207 chromium which gives weld metal creep strength above that of
the parent metal. With heavier sections of Nimonic 75 up to 1 inch
thickness shielded metal arc welding giving a deposit of 757 nickel,

15% chromium, 107 iron was found to be satisfactory, but with thicker sections
weld metal cracking occurred. With these thicker sections a weld deposit
containing 5 - 107 manganese and 1 - 2.57 niobium appears to be the most
sultable. '

With the heat treatable alloys i.e. Nimonic 80A and 90, a serious
drop in strength occurs in the weld metal and heat affected zone, joint
efficiency falling well below 507. In welds in these alloys the heat affected
zone is single phase with all precipitates dissolved, including carbides whilst
tne weld structure is columnar with very few precipitated particles.
Improvement in weld strength can only be obtained by a complete solution treatment
and ageing treatment, which will give joint strengths equivalent to those of
the parent materials. Intergranular cracking in the heat affected zone is
a problem with welds in thicker sections of Nimonic 80A and 90. This
cracking has been attributed to low melting point grain boundary eutectics
f;rmed by zirconium and boron, which are present in these alloys. Weldable
grades of Nimonic 80A and 90 have been developed which contain less than
0.027% zirconium and 0.0017 boron, although a slight loss in creep strength
results. The equivalent grades of casting alloys, Nimocast 80 and 90,
exhibit the same sensitivity to zirconium and boron. The casting alloys also
frequently contain residual amounts of the deoxidants calcium and magnesium
which have also been shown to cause hot cracking in amounts greater than
0.015% and 0.020% respectively. Fortunately, the residual percentages of
these elements are generally much less. With thick sections, inert gas
netal arc welding of thick sections of the modified Nimonic 90 has been
found to give fine intercrystalline cracks, although tungsten arc welds

~&Tre quite satisfactory. This has been overcome by the use of a short
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circuiting arc technique which reduces the heat input to the weld.

The more recently developed alloys Nimonic 100 - 115 are
very similar to the earlier precipitation hardening alloys in microstructure,
consisting of a Y phase matrix together with precipitated y' phase and complex
carbides. Thus welding will again result in solution of the Y' and carbide
phases in the weldmtal and heat affected zone,and to develop full weld
strength a complete sqlution and ageing treatment is necessary after welding.
With Nimonic 100 sheet, micro-cracking has been found in the weld heat
affected zone after solution treatment. It was established that cracking was
influenced by the time and temperature of heat treatment and that 800 - 950°C.
constituted the critical range. By heating and cooling rapidly through this
range it was possible to avoid cracking.

The lower nickel content of Nimonic PE.7 is beneficial for
welding and no heat affected zone cracking has been found in alloys containing
the normal amounts of zirconium and boron. Again, however, a full solution
and ageing treatment is required after welding to develop high joint strengths.
Brazing

Brazing and silver soldering can be used for joining nickel
and its alloys, although, since these materials are generally used for
corrosion or heat resistance, it must be accepted that there may be a deteriora-
tion in these properties at the joint. Torch brazing and silver soldering
can be used, as can salt bath and dip brazing, but the best results are
obtained with electric furnace brazing in vacuo or a dry hydrogen atmosphere,
using high melting poimnt brazing alloys (Table IV). In all these processes
cleanliness is very important, and care must be taken to remove all possible
sources of lead, sulphur and phosphorus.

High temperature brazing has the advantage that it avoids the
extreme thermal effects produced by welding, although the high temperature
properties of the joint are inferior to those of the parent material. In
general the brazing temperatures correspond to the solution treatment
temperatures of the Nimonic alloys and, in these cases, brazing and solution
treatwent may be carried out simultaneously. The tenacious oxide films
that are formed on the surface of the Nimonic alloys demand considerable care
in the exglusion of moisture and air from the furnace atmosphere, and vacuum
brazing is normally preferred.

Some success has been achieved with the Nimonic alloys using

@ pressure brazing technique, combining brazing and solid phase welding.

Ihis process employs a nickel-manganese-palladium filler and, after a

. - o 7 .
diffusion treatment at 1200°C. the interface almost completely disappears.
After an ageing treatment the stress-rupture properties of the joint were

Simllar to those of the parent material.



Resistance Welding

A1l the resistance welding processes can be readily applied
to the nickel base alloys, although spot and seam welding are the most used.
Projection welding is used for cross wire welding of meshes and flash butt
welding is used for the joining of bar sections, particularly for gas
turbine components,

The electrical and thermal conductivities of the nickel-base
alloys are similar to steel, so that power requirements for welding are
similar. However, the hot strength of many alloys is high and
more closely controlled pressure cycles are essential. The relevant
factors governing resistant welding conditions are:

(1) Surface cleanliness,
(2) Current,

(3) Weld time,

(4) Pressure.

Cleanliness is more important than for most other metals.
In particular all sulphur and lead containing contaminants must be removed
or serious not cracking will result. Surface oxide is also important as it
can greatly affect interface resistance, and inadequate removal will give
inconsistent results., Pickling is generally sufficient for nickel and
Monel, but snould be followed by mechanical abrasion in the case of the other
alloys. The welding current is somewhat higher and time chorter than with
steels, to prevent sticking of the electrodes. With thinner sheets weld
times can be as low as 2 - 3 cycles and phaseshift heat control is essential.
ror adequate forging, pressures of 20,000 - 40,000 p.s.i. are required,
depending on the alloy, and electrodes should be made from the high strength
copper alloys e.g. beryllium - copper.

The importance of the Nimonic alloys for use under rigorous
conditions has again led to considerable work being done on the resistance
welding of these alloys, principally by the British Welding Research
Association. Satisfactory welds can only be obtained over a narrow range
of welding conditions, although the current range can be extended by using
larger electrode tip diameters for any given nugget size.

In the case of the non-heat treatable alloy, Nimonic 75, weld
properties are satisfactory although post-weld stress relief has been claimed
to enhance the subsequent perforuance of the welded component. Spot welds
in Nimoaie 75 often contain large intérnal cavities; it is debatable whether
these cavities are detrimental to weld quality, but they can be greatly reduced
vy tioe use of high post-heat after welding.

Spot welds in the age hardening Nimonic alloys, Nimonic B0A

#¢ %0 zre susceptible to hot cracking, which is believed to be due to the

T T - P S T T . % P ,
#s1tion of high cooling stresses on weld nuggets containing low strength
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segregates. Any means of consolidating the weld nugget and reducing the
cooling rate will reduce the likelihood of internal cracking and increased
electrode pressures and longer welding times have been found particularly succ-
essful. The use of post-weld heating and forge pressures have also been found
to be advantageous. Weld nuggets in these alloys often appear to have
peripheral cracks which have been sealed with molten metal. It is considered
that this phenomenon has no effect on weld properties or service life.

The problem of seam welding the heat treatable Nimonics is very similar to

that of spot welding. Particular attention must be paid to correct nugget
overlap if cracking is to be avoided, whilst slower wheel speeds and longer
on/off times are also helpful. Good results have been obtained with
continuous current seam welding, which reduces heating and cooling rates.

~ Post weld solution and ageing treatments are required to obtain optimum

properties,



Residual siresses

Part |

by T. R. Gurney, M A., CEng. AM.ICLE.

It is not very many years since any failure that occurred in a welded structure was
almost automatically ascribed to the effect of residual stresses. Although recent
work has tended to show that this view was misplaced, there still seems to he doubt
in the minds of many people as to what exactly is the role of residual stresses in
the behaviour of welded structures. This is the first of a serics of articles in which we

shall explore this subject.

What are residual stresses ?

Althouyh stresses are often thought of as being
the iniensities of the ferces c=t ¢ in a body in
arder to balance the external loads, stresses can
neveriheless exist in the absence of any external
load. T'hese are normally called residual stresses,
In fact residual stresses can be defined as the
stresses existing in a body, or part of a body, in
the absence of any externally applied load.

Strictly speaking residual stresses are of two
distinct kinds. The first kind of stresses, which
have on occasions been termed ‘local residual
stresses’, can be defined more accurately as the
stresses existing in a mnember in the alisence of
any exiernal load, which are at the same time
self balancing within that member. Thus, in
the context of welded structures, they are con-
fined to the ncighbourhood of a weld, and de-
ciease rapidly on each side of it. The second
type, which is normally referred to as ‘reaction’
stresses, arc stresses in a member which are
balanced by the reaction of other members in the
systemn, but are not self balancing within the
meinber,

These definitions can perhaps be clarified by
considering, by means of simple examples, how
the two types are formed.

The formation of residual stressas
As an examiple of the formation of *local’ residual
stresses consider a solid ‘anchor ring’ ol material
initially in a stress free state. If a small section of
the ving were to be cut out (Fig. 1) so that a gap
vaas formed in the ring, this could be closed hy
applving suitable external forces, and as a result,
vieeses would be produced in the ring. 10 the
o ends of the ring (A and B} were then joined
together, the closing forces could be removed, but
ff;e wresses would rernain in the ring as a system
90 dirtal residual stresses.,

Foiually, if a yreater amount of fresh material
«~sic 1o bLe interted in the gap than was just

e

couited 1o Al it the ring would he expanded in

b/

Fig. 1
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As Fan s the formation ol residual stresses is
comeerned, the essential featine of these operations
is that material was either removed hom or added
to the vine, thereby cansingg a0 permanent aliera-
ton in the origimal body, "Ulas principle i
iniversal, Residual stresses can only Le produced
by processes which involve o detie and per-
manent alteration ol the body as compared with
its form in the stress free state. In this way a
veometrivally incompatible system ol deforma-
tons is produced, and it is these which aie the
origin of the stresses. The wsnal way in which
this occeurs, of course, s not by cutting and jon-
g, but by plastic flow, "Thus, i the case ol the
ving, if a small part of the circumlference were
plastically deformed so that it became shorvier qin
the circumierential divection) the net vesylt would
be the same as cutting out a part of the ring and
then rcjoining the ends. In other words, 1esidual
stresses would be ereated.,

Consider now, as another idealised example.
the case of the vigid frame WXYZ  Fig. 2) into
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which v 1o be fixed o central crossaimember
ABC which consists of two halves; AB i B
attached to the [rame at A and C respectively.
Suppose that at this stage there is o slight gap at
B. This means that; in order to imake the joint at
B, tensile loads would have to be applicd to the
members AB and BC, and these loads wanld be
peacted by compressive reaction stresses in the
members WX and YZ. Note that in this case
the stresses, although sell” balancing within the
structire as o whole, are not sell halineing within
each individual member.

[t is important 1o grasp this general principle.
Locked-in stresses” ca term covering bhoth local
residlual stresses and reaction stresses) are subject
to exactly the same laws of equilibrimn as apply
1o ordinary stresses produced by external loads.
The only ditlerence is that the external loads are
zero, so that the locked-in stresses must he sell
balancing within the structure.

Residual stresses caused by walding

It is often thought that the residual stresses
produced by welding are ‘special’; in the sense
that they are a form of thermal stress. This
is not correct. The locked-in stiresses of interest
arc those that exist alter the structure has cooled
down to ambient temperature after welding,
and since it can be shown without difficulty that
no thermal stresses can exist in the absence of a
temperatuwie gradient in the body, it is immediate-
ly obvious that the residual stresses existing after
welding e not thermal stresses.

Once avain, they are; in fact;, the result of
plastic delormation. During welding severe ther-
mal stresses must arisc because the temperature
distribution in the body will be far from uniform,
and it is these thermal stresses which cause the
relevant plastic deformations. While the body is
hot a compatible system will exist between the
plasiic and thermal deformations, but in the
course of cooling the thermal strains disappear
and the plastic deformations remain. By them-
selves, however, these plastic deformations will
not satisfy the compatibility conditions so that a
residual stress system is formed.

Let us now consider, in a simplified manner;
the wav in which residual stresses are [ormed
around a hutt welded joint, Immediately afier

welding: the aweld and the region adjacent o
will B¢ hot but the renainder of the plaes will
be cold, Thus, if we consider the weld cined the
two cold plaes as thiee separite elements: all
will e ol the sune length; as shinwn in Fig, 3a
Now, s the weld cools it will decrease in length,
so thiat when it temperature is the sime as thi
of the plaes the sitation will be as showin i
Fig: 3. From this it will be seen that the weld
is now shorter thin the two plites, In faer hos -
ever, the weld and the plates e the Sune Tengh
but this can only e achieved by applying aowen-
sile toad 1o the weld and compressive loads i the
two plues (Fig, 3e). Tnorder o maintain eouili
Lrinin the tensile il compressive loads must; ol
cotnse, halance, These forees e ellectively the
lomgitudinal stresses inand around the joint, In
ather words, the weld is s region of high rensile
residual stress and this is balanced by eonmpressive
residual stresses in the surrounding nmuaterial,

The real sitation in a welded joint is o litde
more complicated; since the weld is made by
progressive  dcposition of  metal rvather thun
instantancous deposition of a strip. Nevertheless
the principles described above are generally
valid. The simplification ol considering the joint
as three clements waould result in i residuil stress
distribution with sudden steps in it. In fact. of
course, this does not happen s the veal vesicdual
stresses sicting ina direction pavallel t the weld
are as shown in Fig. 3d. In addition, there will be
residual stresses transverse o the weld and these
will be tensile near the centre and compressive
ncar the ends, as shown in Fig. 3c. Normally
the residual stresses will reach yield point in
tension parallel to the weld and quite often in
the transverse dircction.

Concluding note

In this introductory article an explanation has
been given of what residual stresses are and how
they are formed. In subsequent articles such
subjects as the effect of residual stresses on strue-
tires subjected to statie and fatigue loading. their
role in brittle fractire, their measurement and
come asprets of stress relieving will e considered
In this way it is hoped that i comprehensive
review of the subjeet will be presented.
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Part 2 Stresses and strains:

Stress is o concept wsed 1o describe the intensity
of forces acting withnn bodies. and caunot be
measured diveetly. Whar we mean when we
talk abom IMeasuring stresses 13 the measurement
of displacements over finite gauge lengths, from
which we calculate strains and then stresses. In
most cases the strain measurements can only be
made conveniently on a free surface. Whether
o1 nni we are justified in inferring stresses from
~train measurements needs careful con-ideration.

Beating in mind that residual stresses arc
usnaily the result of pladtic deformation ‘see
Part 1. B\WRA Bulleting Narch, 1463, it is clear
that displacements based on measurements before
and after stresses have Leen inuoduced in a
bodv. may Le partly elastic and parly plastic.
Residual welding stresses or residual flame
cutting stresses recult flom piastc deformations
canseel by

the different heatine and coolin
: E4 g
ovoies

experienced by adjacent volumes of
material. These effects aie complicated by the
fact that the material vield strength decreases
with increasing temperature. Also. in welded
Juints. adjacent volumes of material mav have
different yield strengths at the saine temperature.

-\fl'-'ha\_\r\ v a Serior Esperiinental Officer in the
Leghieering Seetion,

measurement

In addition to residual stresses the plastic de-
formations may also lead to distortion on cooling
to room temperature. In these circumstances
the calculation of stress from strain may bring
about completely misleading’ results. The only
reliable way to get an indication of residual
stress is to make measurements before and afier
relaxing the residual stresses. This is known as
the relaxation technique and relies on the elastic
recovery of stressed ratcrial when it is removed
from or relieved of the restraint imposed on it by
the surrounding material. A more detailed
description of the various relaxation techniques
is given later on,

It can be concluded from this that there are
two procedures for measuring residual strains.
one relevant to elastic/plastic strains {distortion)
and one relevant to elastic strains and residnal
suesses. If both procedures are used we can
obiain the purely plastic strains alo. Examples
of all three coudmrns of strain, in the flange of
a welded plate girder, are shm\n in Fie. 1. In
this figure (@) shows the distortion or the lougi-
tudinal clastic/plastic strains  caleulared  from
micasurements before and afier welding. Figure
1.6) shows the clastic strains. These werc cal-
culated fom measurements before and afier




ieasuromnents have Leen found 1w awice with
tho-e obtained by maechanical methnds,  the
camie azreement has not been found where plastic
arams occur, Other factors known to affect the
aceuracy of Xerav measurements are grain size
and the presence of wwo or more phases, e.g.,
sustenite and mariensite in steel.

Seume investigatorst have suggesied that the
N-rav  determination  of residual  stresses i
feasible only for pure materials. The biggest
drawback 1o this method is probably the fact
that it involves point by point measurements; it
15 time consurning and can only be used con-
venienty in a Jaboratorv. Some examples of
N-rayv mezsurements in weided structures were
viven recently by Hughes™.

>

Relaxation techniques

As defined earlier. the relaxation techniques
allow the elastic recovery of siressed material
when it is relieved of the restraint imposed on it
by sinrounding materizl. More speaifically, these
techniques can be defined as those which relieve
aressed material by separating it from its sur-
rounding material. Thus, the relaxation techni-
aues eiiher damage or counpleiely destroy the
structme concerned.

For comenicence 1he compleiely desructive
will be desesibed fist. The-e include
Stablien’sy meithod. machining frem one side,
and Sachs” boring eut iechnigque. which have
heen mientioned previowsly. and what areknown

incthinds

sencrally as the dividing methods. Sume examples
of the dividing methods are shown in Fig. 3. In
this figure. a, ustrates the method of Campus®
in which the specimen is reduced to sjuare ele-
ments, each containing a sirain rosette. For the
special case where the principal swress directions
are known, the author ™ wsed the technique for
overlapping gauge lengihs <hown in Fig 3(b.

When using the dividing methods for thick vlaies
and shells 3t is usually necessary o aelas the
stresses in the lavers of material Leneath the
plate swifaces. This is normally ciavvied oot as

shown in Fig. 3(c).

A less destructive method, and one which i
ideal for both laboratory and ficld use, 15 the
trepanning technique developed by Gunuert.?
In this technique a hollow drill is used 10 make a
circular groove around the strain rvoscite. For
thin plates a circular disc containing the strain
rosettes can either be drilled ourt of the plaie or
left attached 1o the plate by a thin annulis of
material. Guunert® suggests that, to relax the
surface stresses in plates greater than 10 mm
thick, it is only necessary to drill 1o a depth of
6 - 8 mm (approximately 0-3in.). It should be
noted, however, that the 6 -8 mm applics 10
9 mm gauge lengths on a 13- 16 mm dia. disc.
and decper drilling is needed for discs of greater
diameter. An cxample of the trepanning techni-
que applied 10 a welded girder 1s shown in Fig. 4.
A sirnilar method to Gunnert’s® was developed In
Meriam, De Garmo and Jonassen 2. Instead of a
hollow drill, these investigators used overlapping
} in. dia. holes on a 2} in. dia. pitch circle.

The hole method  developed by
Mather? s probably the least desuuctive of the
relaxation techiniques. This method is based on
the fact that a drilled hole will relicve stresses in
radial directions close to the hole. 1t has the
disadvantage that the stresses tangential o the
hole are the product of the stress concentiation
factor for the hale and the residual stresses, and
they can be expected to influence the values of
strain relaxed, Notable adaplations of Mather's
original 1echnique were made by Campus®, for
use with mechanical gauge lengths, and In
Soete?” for use with electric resistance strain
gauges; two examples are shown in Tig. 5.

drilling

Bal ot leour g 7

With all the technignes described great core s
i b

*artn gue asdher

e tef goRer

necessary to ensure that the machining operations
do not introduce further residual stresses. Such
sdditional stresses can arise from the generation
of heat, the material work hardening, and in seft
materials (e.g.. anuealed copper), by clamping
the specimen to a2 machine base. Obviouwsly,
these effects can be minimised by using adeguate
amounts of coolant and sharp cutting tools. In
very soft materials acid etiching and spark crosion
techuiques ™ have been used to onercomie some
ol the difficultics deseribed above. The extent of
siresses caused by machining can be  casily
determined by taking measurements on stress
firce material before and after machining.
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relanation, thiv case stress relaxation

stress b 3 : ;
cooy cartied out by cunting the specimen into

Ll Blocks. each containing a gauge length.

* Clearly, the distortion gives a nusleading indica-

tion of the clistic strains, Figure 1(c) shows the
< stic or permanent strain. This is the dilference

aveen a) the elastic plastic strain and (8) the
Pll”'l" clintic strain. It is worth noting when

_eoalvsing elastic plasic mcasuvements  that a

straction  incdicates  a strain,
WLercas a contraction when clastic strains are
relaxed indicates that a tensile strain was pre-
-« anly present. Thus. great care is necessary
th the «izn coventions used for strain measure-

compressive

" ments to give distortion and residual stresses.

Having oliained the clastic residual strains
= calculations of residnal stiesses are made
Jding Hooke's law. In cases where the strain
measurements are made over gauge lengths on
-« 1ece surface, thie siress normal to the surface
st be 2c1o, and a biaxial state of stiess exists.
In thick sections. the stress normal 1o the surface
can build up away fiom the free surface and
idual stress measurements for this component
]st:css need special techniques. To determine
completeiv the swresses at a point on a given
woofuce 1tis necessary to have strain measurerments
three directions, or to assume the two principal
watess directions and align the gauge lengths with
these. When the principal suess divections are
'=own, the stress magnitude can be calculated
m the [Ellovwiny equations:

O, = L. =t
¢
\:jut'nc g,. G, arc the principal stesses carrespond-
ing 10 principal swrains €, and €,.

o Finally, it must be peointed out that residual
€Al messulements on o Spechinens vepresenta-
the of strucnural parts may not give a tiue
indication of all the sfrains in the same detail,
1§ hese specimiens are integral paris of a structure.
R ather words. measnrements on specimens will
give only the local strains causing sell balancing
stiesses, and nnt the sum of the local and long
1ge rczcton strains which might exist in a
inplete structure. Where it is possible to extract
a sprcimen from a struciure, stiess relaxation
“n he comsidered a two stage process. In this
se measm ements made before and afier exuract-
& the specimens will allow the reaction stresses
10 Le determined.

- 10ice of measuring technique

By now it will be clear that the choice of a incasur-
T 1 technique will depend upon what is known

out the viatcof stres. in the body 1o be ineasured.
For examiple. it may be necessary 10 measure the
strains 1 several directions about a point. Also,

e gange leasths st be anall enough tg give
- true indication of suain in vones where steep
Mrain gradients are present,

Thie analyvais of stiesses in actual stiuctures ray
cessitate using only a semi-destructive relaxa-
hon techuigue, the resuhis of which can be left
or casily repaired. Some anethods can only be
=d Inhweratory eonditions, while soime
vy be impracticable for ather casons, rog.
they wmay be labe:ious or time constning,

undes

]
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Different methods of measurement

There are many techinigues and types ol apparatus
available for measuring residual strains and
many of them have been the subject of critical
reviews' &,

In this article it is sufficient to give a simple
description of the principles and  techniques,
together with selected Jiteratuie references for
more detailed information.

Although  the measwrement of  changes  in
overall dimensions may ndicate residual stresses,
such measurements cannot normally he used for
obtaining stress magnitudes. A notable exception,
however, i1s Sachs' boring technique used for

cireular cylinders and thick walled tubes. In’

this mecthod the triaxial suesses are calculated
from the incremental changes in diameter and
length on bLaring ont in steps.

For bars and 1ods uniaxially stiessed, the
deflections accompanying machining frorn one
side can be used 1o caleulate the residual sticsses
from siinple bearn formulac, This wechnigue is
aoften referred 1o as Stabilein’s® miethod.

Probably ihe most widely used methods of
residlnal stress analysis ave those which mease
the changes in length over ssuface gange Tengihs,
These methods usually involve clectric 1esistunce

1 Residual stramns in the
flange of a welded plate
girder.

(2) Longuudinal  elastic/
piastic strains (Meas
vraments balore and
atier walding).

(&) Langitudinal elastn
slresses (Measure
ments belore and atie

relaxation)
Longitudinal plastic

strain, (By subtraction
of strains).
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stiain ganges or special measming goavzes and
extensometers. The choice of gauge lenyths is
usually a compromise between being  short
enough to be unaffecied by strain gradients and
long enough to enable the changes in length to
be measured with cuflicient aceuracy using the
cquipment available. Figure 2 shows the ac-
curacy required of measuring equipment, using
difficrent gauge lengths 10 give stresies within
4+ 0:3 tons/in?, for severzl materials.

It is clear that for materials with a high
modulus of clasticity, the use of small gauge
lengths calls for extremely accurate measuring
equipment. \While electric resistance strain gauges
are undoubtedly more accurate than the best
dial gauges and exiensomcters, the mechanical
methods might be preferred under certain
conditions, e.2.. where damage to the clectric
resistance strain gauges could occur between
measuremnents made before and after straining
or between initial measurements and measure-
ments after relaxation.

For extreme conditions. such as thosze close to
welds during welding. special mechanical methods
have been developed in which lhc gauge lengths
are marked by drilled holes®® or sicel balls 1!
Snme investizzaiors have even mrd gazuze lengths
marked by harduess indentations or _~.-mply by
ceratches. With all these maethods. ithe measuring
instruments are not fixed 1o the wesipiece during
straining. but can be adjusied 10 rezisier on the
gauge lengths when required. Because severc
strain gradients exist near welds the shortest
gaugs lengths arve used consistent with measuring
accuracy. Gunnert® for example. developed an
exucmely  sentitive  dial  gauge for making
meastements over Y mm gauge lengths.

In this instrument it is claimed that friction is
eliminited 1o such an extent that repeated
readings can be taken to within =0-3 microns

= 0050012 inss The other ancthods ™™ 1 are
zenerally used with gauge lengths of between 10
and 20 mm. In addition 1 friction. other lactors
which influence the resulis when using such short
gauge lengiths are cleanliness. the <kill of the

operator and iemperaiure. Tt is obviously easier
10 keep gauge lenzthe marked with sicel balls
cleanier than those marked with holes,
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Temperature s particdarly  iportant. A
10 deg C change in tempuerature, for example. will
cause a (hzmgc n gauge length equivialent o a
sLIrss 0 1-5 tonsin® in steel and 1-0 tons in?in
aluminium. The effect of changes in temperame
can be climinated if the measurements are referred
to similar measurements on gauge lengths of the
same nominal length on unstressed material, at
the same temperature. Suppose that measurc-
ments arc made before and after the relaxation
of residual stress. If L, and R, are the inital
measurements of the testpiece and reference
gauge length respectively, and L, and R, are
the corresponding measurements after relaxaton
when the ambient temperature has changed by
AT, then the dilferences are:

D, =L, -R,and D, == L,-R,

From thesc equations it can be shown that the
change in length of L;:

D,
AL, =Dy +aAT

where a is the coefficient of linear expansion and
AT is the temperature change. Because co-
cflicients of expansion for most cngineering
materials are less than 0-0003 per deg C then, for
practical purposes, the value of @AT will be small
compared with 1-0 and may be neglected.

Thercfore:
AL, =D, -D,
- - - A[q D| oy DAI
and the engincering strain, ¢ = —=— = i
‘ !

As mentioned previously, in all the mcthods
which measure strains over surface gauge lengths,
unless the principal strain directions are known.
it is necessary to measure strains in at least
three directions about a point. It is preferable
however to measure strains in four directions
using a four gauge 437 rosetre bhecause this allows
a check on the assumptions concerning strain
gradients. Thus, if a, b, ¢ and d are the axes of
the gauge lengths, then the sirains along them
will be compatible when e, -cc=ep—=e4. In
many cases it is possible to reduce the error
caused by strain gradients by overlapping or
staggering the gauge lengths (Fig. 30,

While the use of surface measarements is
strictly applicable only to uniaxial and biaxial
strese states such measurements have been used
in conjunction  with other measurements i
attempts to determine triaxial states of stress.
Apart from the special case of Sachs™ boring out
method, and the improvements on this by
Biihlei??, the methods developed by Rowenthal
and Novton ", Gunnert™ and others '™ for
thick plates nre worth mentioning

The two main disadvantages of the streas
analysis methods  which  measure changes in
length over individual sirfiee gauze lengths ave
fist, that even with the smallest wange lenaths,
criors may avise as o result of strain cradients
and seeond, in complicated structnres, 1o
pecessary to cavry ont alarge number of neasee-
ments to obtain even an approxinzie indication
of the principal stress trajectovics.




Two methods which can be used 1o overcome
these disadvintages are the photo-elastic coating
rechmgue and Noivé fringe wechnique. Both of
these weire deseribed by Hardv ¥ inoa
Dhalicin,

recent

Somne applications of the photo-elastic coating
technigue w welded structures are desaribed by
Zandman®. In this technigue the surface 10 be
measred is coated with a laver of wansparent
rmaterial which is double 1efracting when sub-
jected 1o stresses. When polariced light passes
shrough the Taver. and it is viewed through a
polarising element. a coloured image is obtained
from which the redadual suesses can be deter-
mined.

A limitetion of the method is that auxiliary
infeimation is required to separate the principal
stresses 2t positions remote from  boundaries.
Alo. because the photo-zlastic coating is sensi-
Uve ta temperaiure variations, it cannot be used
to measwre the strains close to welds during
welding., Apart from the fact that the coating
matcrial might meit or burn under these condi-
tions. a <econdary patiern of fiinges may arise as
a result of the difference in expansion between
the tesipiece and the plastic coating.

The Noiré technique is fiee of these dis-
ativantages. The Noisé i
of v gnds of closely

go meihiod makes use
spaced fine lines. The
model grid s fined o ihe sperlmen and distors
with the specimen and the other grid. the masier,
is ixed 1 s ransparent plae cach asovlass, When
the distarted e undicoried
master grid are saperiinposed, either directy or
photowraphicallv. Ninge paterns are formed.
These patierns are the Jocd ol puints of caual
reiative surfuce displacerment, and  aliow
caleula

model aid and

the
of strain perpendienlar w the gnd
Jines. While carlv attempis 1o use the Maie
techuiove of strain analvsis were luniied 1o
strains greater  than  approximaicly 0-13%
grestritban the elastie soraing in many maserizls
iecent aennements i und reproduction  and
measuring 1echnignes now make it posible 1w
detect sirans of both elastic and elastic plastic
maziiiudes By using grid densities of up o
2000 Tines 1o, and aabvnateh  rechniques  of
micasurement. such swrain: can be compited hom
the Jine density and the distonee hetween pains

LR ¥

of fhinge- or divecdy from v Sinee inclination:
with vespect tothe coscndhinane axes,

The Noivd grids can be conddercd equivaien:
tooan nbimbie manber of shiaan cances auae hed
to the spedimen surlece. Provided precantions
e taken to protect the grids, ineastaements can
be made close 10 weld: during welding. The
meilod fias been oused with great success by
Snewe of ! e

w reeord transient sirains oe-

crrring ar nntches near welds and alse by Riles

depermmtuation of wasient
¥

SHCs i 10 amaadct Jnsded models. Beeavee of the

and IDuell ™ I the
versatlity of the Mone pechimgue it wili un-
il i . . . %
Gonbted®  Ye pomrensinziv vsed ot detcoming-
ton nf e ice saine,

T all the
scribeed s Gy

icchiioues o G-

tae exalusiion of the elasiie stiains

strain annhyais

and the wiviense of yeddual siresses drpend on

the partiad o coaaplete desinueton of the speei-

men. This disadvantage is overcomne by the N-ray
diffraction technique. The measurcinent of struin
by N-rav diffraction consists of ¢valuating the
chanues in the atomic distances within metal
cryvstals. Decause the mnteratomic distances are
affected i a manner proportional to stress they
can be considered to be small gauge lengths and
their changes in length as strain. In theory,
therefore. the Neray technique will allow the
detection of peak sucesses. Either X-ray back
reflection photographs or Neray diffractometers
can be used 1w measure the interplanar spacing,
but diffraciomciers are more accurate for the
diffuse diffraction pauerns yielded by most
materials of practical use.

Any curface strain component at a point can
be obtained from two irradiations, both taken in
the strained state. One is taken perpendicular to
the surface and one obliquely, To determine the
principal strains, one irradiation is made per-
pendicular 1o the surface and three obliguely.

A clear description of theory of X-ray stress

measureinent is given in a standard work Dby
Cullitv**. Although in the elastic range X-ray
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3 Dividing methods of

stress relaration.

{#) For3 gauge longta 45
rosatles

(b} Overlopping 2 gauge
length 8Cf rpscttes

{€) 4 gouge lengith 45°
1osettes.
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thuee obtained by soochanical mettinds, the
came agreerment has not been found whiere placiic
cirams occut, Other faciars known o ofTeer the
accuracy of Xeray messurements are 2rain size
and the presence of two or more phises, e,
sustenite and mariensite i seel.

Some investigators®® hiave sugyesied that the
N-rav determination  of gestdual  siresses s
frasible onlyv for pure marerials, The biguest
drawback 1o this methind is probably the fact
that it involves point by point micisurements; it
is time consmning and can only bLe sed con-
veniently inoa laborsonys Some exsmples of
Neray aneasutenents in o weided <tiicisies were
g]'. enore r’nII)' 1-} “ut:‘_: £y,

Relaxation techniques

As defined carhier. the relaxation techniques
al'ow the elastic recovery of stressed material
when it is velieved of the restaint imposed on it
by surtounding maienzh More specifically, these
technigues can be defined as those which relieve
aressedd minterial by oseparating i from s sure-
veunding material. 1us, the aelavatian weehni-
ques ciiher demage or coanpieich destroy the
arucitre coroerned.

For convenicnce the camphaely Ceruetive
peethndds sl bie decetbied fiest, Thiese include
Sablien'sy nethod, poshintng from one side.
and Sach” bewing ot rechnique. winch have
bevin mwestinned }':("-.iw.:\f‘\..'n.‘;d what aiebaown
geneoally as the dividing methods, Somc examples
of 1hie dividing rmerthods are shown in Fig. 3. In
this froure. oy illusiees the methiod of Campns®
in which the «pecimmen ic reduced e spnare ele-

mients, cach cuntaiming @ sain rosctte. For the

specicl case where the piincipal stress directions

are xuown. the amthor ™ used the wec! nigue for
1

overfapping gouge leesthe <hown in Fig 3th .

SAterE = p ey

S

Wien ueing the diniedineg e obods for shick e
and ~]'|(‘”5 it i'~ l:~-‘..‘1l]'_. PHEC OSSN i <|"|.1'. r].--
ctresses in the lavers of aterial beneat)s the
plate «umfaces. This is narmally ciniied o s
shown in Fig. 3(c)

A dess destructive method, and one which s
ideal for hath laboratory and ficld use, 1s the
vepanning technique developed Ly Gunnert.?
In this techinigue a hollow drill is uced 1o make a
citeular groove around the strain toscrte. For
thin plates a civcolar dise comtaining the suain
roseites can cithier e drilled out of tlie plaie or
left ztrarlied 1o the plate by a thin annilus of
mtterial. Guonert® sugeests that. to relax the
surface stiesses i plates greater than 10 mm
thick it is only necesary to drill 1o a depth of
6 fBorun fepproximately 0-31in)). Tt should be
noted, however, that the 6 - 8 mr applies to
9inin gavge lenzthy on a 13- 16 mm dia. disc.
and decper drilling 1> needed for dises of greater
dizrneter, An example of the trepanning techni-
que applied to a welded girder i< shown in Fig. 4.
A dimilar method 1o Gunnert’s® was developed Iy
Meriaim, De Gaemo and Jonassen ??. Instead ol a
hallow dnll, these mvestigators used overlapping
Vino dhal holes anoa 2} in. dia. pitch cirele.

The hole drilling method  develaped s
Mather? is prebably the least desuuedive of the

|
el

tion techuigues. “This method is based on

the fact that a drilled hole will relicve stiesses in
verdial dibections dlase 1o the hole. Tt Las the
disadvamage that the siresses tangential 1w the
Lole ave the joodact of the stiess concentiation
lieior for the hole and the residual srpesses, and
they can be expected o influence the valnes of
strain relaxed. Notable xdaprations of Mather's
ariginal 1echmique were made by Campus®, for
wse with anechanical gauge leagihs, and n
Socte? for use with electric resisiance smain
ganyes: two examples are shown in Tig. 3.

With ol the techinigues described grear cpe s
necessary to ersare that the machining operations
do not annodure Tunther residual stresses. Such
additional stresses can arise from the generation
of hear, the material work hardesing, and in ~oh
poderials el annealed copper), by clamping
the sprimen 1o a machine base, Obwviously,
these efferts can be minimised by asing .‘ﬂini'mTﬂ'
sinoants of coatiat and sharp cutting taok, In
'.I'I'}. 5 ur'. ‘]Jrltl"lll-l.:‘ 1 1.] g }I;II; .'J;it‘u \i).li:‘. ('I’I’hi'l.’]

teed uir]m--.-“ have Leen used 10 o crcone suine

G the ditTiealtios deserilied above, The estent of

cireeses ecansed byoanachining can he radh

deverinined Iy aabing measiiemienis on siress

free mocerial hetore and after machining.
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Lonclusions

The present article summarises strain measuring
techniques based on changes in overall dimen-
dons. deflections, displacements  over surface
gauge lengths, photo-clastic  coatings.  Moiré
frinves and XNerav diffraction. All these techni-
gues ave in regular use throughout the world.
The application of the different incthods 10 the
measmement of elastic and clastic plastic strains
i~ considered for both static and wransient states
of ~train. It is concluded that noe one method of
vesidual strain measurement is suntable for all
applications. Probably the nearest 10 an ideal
meihod is the Moiré fringe technigue. But even
with the most recent developments in this techni-
gue it cannot measure elastic strains with the
devree of accuracy obiained with most of the
gauze length measuring methods.
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Residual stresses

by G. G. Saunders, B.A.

Part 3 Thermal stress relief and
associated metallurgical phenomena

The first two articles in this series described how residual stresses arise and how they
may be measured. The
thermal treaiment and

present article deals with the removal of residual stress by
will be followed by an article on mechanical stress relief.
Since post weld thermal treatments are used mainly on ferritic steels, illustrations
based on these materials will be used, except where necessary to do otherwise. It
should be emphasised that post weld heat treatments are expensive, and that they
should be used onlv in cases where the need for heat treatment and the subsequent

effects can be clearly identified.

It was dermonstrated ino#n earlier article’ that
welding resiclual stresses arise from the plastic
deformation “produced by thermal strains) of the
material in and around the while it is
restrizined by the conler surrounding material. It
s sometitnes necessary tn remmove these residual
streses. which can atrain vield point magnitude® S
impair the subscouent per-
formznce of the weldment in service. For instance.
if vield point stresses are present, the nddition of
service siresses immediately causes plastic de-
formaten. If deferts or strain concentrators are
present in the region of sesicual stress, it s
possible for the residual stresses 10 cause crack
extension by one of several modes. In the case of
siructural steels, this could give rise to a brirtle
fraciure,

weld,

since  they may

The presence of residual stresses also increases
the iikelthnod of stress corrosion cracking for
certain megerial and environment combinations.

The presenice of compress ceiddual siresses can
in cerain cases improve the properties of a
but  the
tensile residoal <tresses hias nnt been

under condinnons,

wam®
TCIv v an il

structare fativue
observed o mprove fitivue resistance, except
where nart of the fatigue cyele s compressive.

A funther problem that may arise is that
velaxation of residual stresse: during machining
operations. in which the arevuraming bulk of
material i rernoved, can cause elastic distortion
to occur. I bieli o miclining telerances  are
stresses must first be

refaved bnoa thermal veaunent before machin-

reguaed. tnen the redadnal

Ing noerations are carried out,

THE EFFECT OF POST WELD HEAT
TREATIMENT CN RESIDUAL STRESS

If resicdual stiesses e considered detrimental 1o

the service performarnce of a particular weldment,
the problem of removing them must be faced. The
most commonly accepted method is that of
thermal stress relief. This will not only have the
cffect of relaxing residual stresses, but can also
bring about beneficial metallurgical changes, as
we shall see later. The thermal treatment is
zpplied in order to raise the temperature of the
weldment o a level where the yield stress of the
material is lowered considerably.

Figure 1 shows typical figures for the variation
of 0:29, proof stress with increasing temperature
for three tvpes of steel. If we consider a weld in
C: Mn cicel, residual stresses of at least 18 tons/in®
will be developed when it is cooled to room
temperature. 1 the weld is uniformly heated to
300°C, the yield stress of the material around the
weld will be lowered to about 9 tonsfin® and it
will be unable to support the initial level of the
residual stresses, which will be relaxed by plastic
deformation to the Jevel of 9 tons/in?. In addition,
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creep will take place at high terniperatur ¢ and
strain will occur by a diffusion mechy ism,
relaxing the residual stiesses further. 11 th « veld
1 then uniformly cooled to room tempeis ure,
the level of residual stress present will rems n at
some level below 9 tons/in?,

The which residual stievies are
relined will depend on temperature for any
given material, and on atenal for any given
temperatute, as can be seen from Fig. 1. For
exarnple, low alloy steel welds usually require
higher temperatures than mild steel welds to
teduce their residual stresses to the same level, for
icasons which will becomie clear later.

cxtent to

The vse of uniforin temperature distribution
has been  cmnphasised,  beczuse  temperature
gradients cause thermal stresses which, if they
exceed the yield point of the material at the
temperature at which the stress is developed, can
give rise on cooling to a new set of residual
stresses. T'his is particularly important in the
apphcation of local stress relief, which is used
when stress relief of the total structure is im-
practical. For instance, a large pressure vessel
which is 100 big for available furnace capacity
mayv be constructed in two halves, cach of which
is stress relieved in a furnace before being welded
to form the complete vessel. Tt is then necessary
1o «tress relieve the final weld by a local ueat-
ment Lefore putting  the vessel into  service.
However, since the weld is resirained by the two
halves of the veswel, the temperature distribution
of the mea hicated nust be such that gross yield-
ing caused by thermal stesses does not occur.

In paerticular, the thermal stiesses in arcas
above 500°C where thie matenal has very low
vield stiess, raust be hept low, especially during
cooling. If care is not taken to ensure strict con-
ol of the temperature distribution of local heat
veatments, the thermal stresses generated at
high iemperatures may give rise to a residual
siress systen which, although less severe than the
welding residual stresses, inay be sufficient to
cause faihire in scivice. ITn the Hinit, the addition
of Mirither runs of weld netal may be considered
as a local heat uteatment, but the associated
rermperature distribution during cooling crcutes
new residual stresses, and mukirun welds require
the same degree of stress relief as single run welds.

In addition, thick plate reqpeires lor sor tines
at ternperature than thin plate in oider v enane
cqualisation of temperature through the tinrk-
ness, since it is important for the whole of (he
structure to be at the required temperatuie {o)
the correct time.

It will be scen that residual stresses can be
removed by raising material 1o a temperature ag
which its yield stress 1s very low, while main-
taining a ternperature gradient Tow enough 1o
prevent gross plastic strain at high temperatures,
The vesidual stress level remaining when the
material is cooled to room temperature wll be
somewhat lower than the vield stress at the
teinperature of stress relief as a result of further
relaxation of stresses by crecp processes at clevated
temperatures.

METALLURGICAL CHANGES
OCCURRING DURING WELDING

When a ferritic steel is heated above its critical
temperature it transforms into a high tempera-
ture form of iron known as austenite. Norinally,
austenite is not stable at room temperature and,
on cooling, it transforms 1o other, more complex
microstructures. The exact microstructure formed
depends largely on the cooling rate, once the
cornposition of the stcel has been fixed. In
general, during the heating process, vaious
interstitial and =V=ying clements which formerly
existed as carbides or nitrides, are taken into
solid solution. In particular, carbon and scine
manganese in C: Mn steels, and in additon to
these two, chromium, molybdenum, vanadhim
and niobium in alloy steels, becomne dissolved in
the austenite. If the subsequent ccoling ratc of
the austenite is not slow enough to allow e
for these elements to come out of solution to forin
carbides and niuides, as in the original condition
of the material, they form a supersaturated solid
solution in the iron matrix, This puts the bon
lattice urder high internal strain which, coupled
with transforrmation, usnally inceeases dislocation
density as illustiated in Fig. 2, thereby raising
yield strength and hardness.

In the particular case of welding, the material
adjacent to the weld metal - ie., the licat
affccted zone (HAZ) -undergoes a very repid
heating and cooling cycle which, depending on
the severity of the quench and the composition
of the steel, can give rise to different amicro-
structures, ranging from twinned martensile,
auto-temnpered martensite and lower hainiie 'n
very hardenable steels, to upper bainite and
pearlite in less hardenable siecls. In general. the
greater the guantity of alloying clements a steel
contains, the more hardenable it will be. Since
the temperature gradient around the weld will
vary with distance from the weld pool, the
cooling rate will alko viry and so give 1i' ¢ 10
the TIAZ.

Haowever, these microstructura! variations o ross

AifTerences In AHCrOSIGETNNE  across

the HHAZ will, in general, be quite small. ih
the result of welding is 10 vansform 2 vohue of

A,

metal around the weld into material watly po-

perties which can be very different fioni thete of
the original sieel,

In addition 10 the transfuimed TIAZ, thair cue
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two othier regions of imnporiance in the vici oty of



a weld. The first is the weld metal dself, which
consists of the filler material from the clectrode or
welding rod diluted by melied parent material.
che dilution Lieing greatest adjacent to the fusion
boundary. As it cools and solidifies, the weld
metal will become aunstenitic in the appropriate
temperature range. s with the HAZ. maost of
the clements present in the weld mietal will be in
solid solution in the iron mawrix, and 1t will
undergo a quenching rate similar 10 that of the
HAZ. It is normally found that vweld mewal with
mechanical properties matching those of the
sarent plare has a chemical composition different
rom ihe parent plate. It is thus 10 be expecied
that microsiructures occurring in weld me:als
will difier from those of the HAZ, and it has
been noted that the microstructures developed
in weld metals cannot be classified in rerms of the
common structures to be found in the HAZ* 3,

The <econd rcgion ouside the wtransformed
HAZ is that which is heated to temperatures
above 100°C. but below the lower cniical
temperaiure. In this temperature range, dynamic:
strain-ayeing can occur as a result of the com-
bined thermal and sirain cvele. If a noich, crack.
or similar sirzin concentrator is present in ihis
region of the HAZ, the thermal strain 15 con-
centrated at its tip and a high dislocation densiw
may Le generated locally, This effect is itlustrated
in Fig. 3. Such regions ar the tip of a sirain
concentraior have been thown to have greaily
reduced resistance w ftacture initiation® 7.

METALLURGICAL CHANGES
OCCURRING DURING POST WELD
HEAT TREATMENT

Disiocation movement

When the temperature of ferritic matenal is
raised, the reason for the decrease of the vield
stress of the iron matrix is that the increased
mobility of the iron atoms allows easier rnovernern:
of disiocations. 1T the maierial contains residnz!
stress, raising ine temperature allows the dis-
locztions to move more easily, lowers the vield
point and causes the material o strain plasdcally.
thereby relaxing the residual stresses. At hivher
temperatures, diffusion mechunisms become pro-
minent and the process of recovery, invoiving
the anmwhilation of dizloriors and the formeation
of small celld or sub-grainy within the larger
grains, is accelerated. Al these processes may be
grouped under the weneral heading of creep.
althougl this termm is usually reserved for proceses
inviaving @ diifusion mechanism. Toas the abilin
of wreep processes to eifect plastic sirain bhelow
the fiow stress at temperature, that enables
residual sire -ex 10 be reduced below this level.

Precipitation
[Fearbonis i
weld aneal o

cepersaturated selid solutinn in the

BAZ, cathnn aioms will diffc-e.
daring the posy weld hear tentment, o suhizble
rucleaiion these
cdistocation-, sod will form carbides. At 1eInpera-
tures Leioa 33070 the carbide formed in G M
and low alluy steels is usualle a form of tron
carbide

Gies  within arveas. such as

Wit as cementie, with seae iron

atoms heing replaced Ly manganese, or peshaps
chiomium if piesenty, I

the  transformaiion

G NS vy
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product is martensite, then in the early stages of
tempering 'up to 200°Cj, platelets of a form of
iron carbide known as ecpsilon carbide are
produced. Each carbide platelet grows in a
particular orientation with respect to the matrix
in a crysialiographic plane with which it has a
nearly identical lattice parameter. Because the
lattices do not maich exactly, a coherency strain
field is set up which takes up the mismatch
between ithe lartice spacings of the particle and
the matrix, which are then said 1o be coherent.
This coherency strain field, combined with the
smazll size of the particle, makes it an cfficient
dislocation barrier.

As a resuit of this precipitation, dislocation
inovemnent is restricted and the vield swess and
hardness of the HAZ would be expected to
incrcase. This would be the case, if it were not for
the fuct tRat the vield stress and hardness of the
1t e Leing aeduced by the removal of
alloving c¢lements from solid solution. The net
cffcct of precipitation is usually to produce a
retardation in the softening process. Above 250°C,
a second iempering stage sets in and overageing
of the carbides occurs. As the size of the carbides
incienses, coherency (e, matching of the matrix
and precipitate lattices by the aciion of a strain
ficld, hiecomes impossible, and a massive form of
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cementite 15 obscrved  These more  inassive
particles are less eflicicnt dislocation bartiers, and
so the yield stress and hardness decrease s nine
carbon is removed fiom the matrix.

If bainite or pearlite is present in the HAZ,
massive cementite is already present and temper-
ing produces further precipitation of ccmentite,
resulting in a decreased overall yield stress. Fo
certain materials and cooling rates, austenite
may be retained in the HAZ or weld metal at
room temperature and, if present, will decompose
to ferrite and iron carbide during the early stazes
of tempering up to 300°C. As the temperature is
raised above 300°C the cementite particles
coarsen in size, particularly at grain boundarices,
with large particles growing at the expense of
smaller ones. The particles also tend 1o hecome
spherical in shape and large platelets will ofien
break up into spheroids, although this process of
spheroidisation is not appreciable below 350°C.

At higher temperatures (> 450°C) the presence
of alloying clements such as Cr, Mo, V or Nb
gives rise to other tempering rcactions, and
carbides of these clements are nucleated on dis-
locations or cxisting carbide particles and grow
at the expense of the cementite particles. This
process is usually referred to as secondary harden-
ing. Initially, coherent precipitates are formed,
and these, by preventing dislocation movemnent,
can give rise to cracking problems, as will be
scen later. Higher temperatures (between 600°C
and 700°C) cause overageing of these alloy
carbides, and softening of the HAZ i cffected.
The temperaturc at which this lauer process
occurs depends critically on the chemicai com-
position of the steel as is shown in Fig. 4. Examples
of the type of precipitation that occurs in alloy
steels after welding is shown in Fig. 5. It is the
occurrence of precipitation and secondary harden-
ing phenomena in Jow alloy steels which inakes
it necessary to use higlier temperatures, to relieve
residual stresses in such steels, than s the case
for mild steels.

From the foregoing paragraphs a will be
appreciated that welding gives risc 10 a volume
of material which is ofien inferior to the original
steel, because of its greater yield strength and
hardness and reduced ductility compared with
the latter material. Heating to clevated tempera-
tures allows metallurgical changes to occur
which causc softening of this HAZ. but in the
case of alloy steels this softening may be retarded
by precipitation processes. Hardened structiress
generally have poor ductility, so that the softening
of such structures is a very impaortant concomitant
of post weld heat treatments.

PRACTICAL CONSIDERATIONS - WHEN
IS THERMAL STRESS RELIEF
NECESSARY?

C:Mn steels
Thermal reliefl of C:Xun sieels is not
always necessary, since HAZ microstructures can
afien Le controlled by hieat input and preheat if
required, unless the steel is very hardenabie, and,
provided that the HAZ is adequarely ductile,

stress

the presence of )'i(‘k! i;(:".nl, l'('\'.L'.".ml sIFessCs €an
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vevally be talerated i the final weldment unless

distortion during machining is a potennal pro-



plem. However. cuess relief is vequired in critical
applications such as pressure vessel construction.
wheie it can wreatly reduce the risk of catasuro-
phic failure by biinde fracture. In paricular.
thermal siress redief is the only treaiment that
will soften hardencd HAZ siructures and cli-
mminate strain azeing embrittlement of the tvpe
ilusirated i Fig. 3,11 present. Siress relief o5 also
neces=ary when there 15 a risk of stress corrosion
cracking in subsequent service, and thermal
aress relief, with its accompanving merallurgical
benefits, is the best treatment in this case, hecause
the change in meuwallurgical structure produced
in ferritic steels usually incrcases the corrosion
resistance.

Low alloy steels

In these rather more complex siecls. thermal
rreatinents at clevated temperatures can have
borh heneficial and adverse effects on properties,
and if heat treaunentis 1o be applied to them it is
important to know which cffects operate.

Most low alloy steels are designed 10 bz used
in the normalised and ternpered, or the guenched
ané terpered, condition. It can therefore be an
cconomic advantage to weld these steels in the
normahsed or quenched condinon and subjecs
the whole vweldinent 1o a caombined stress reliev-
ing and wmpering treatmient. This s not always
possible or corvenient, in which case the weld-
ment is made in fullv heat weated maierial and
put into service without further treatrnent afier
welch

ng. other than a local siress rvelief treatment
epplied 1o the weld if necessary. However, while
heat treaunent m the tempering ranze mayv be
beneficial for the unwelded plate matenal. it
max be very had for the weld HAZ.

At elevared temperatures there ave several
prucesses aperating within the HAZ. Firsty
there are the processes of shp and creep. which
allony dislocaiions to move and the mairix 1o
sirain. These result in 2 reduction of the arix
vield suress and of the level ol residual stresses.
Secondly, there is the precipitation of alloy
carbides which comes into operation at temnpera-
tures above 430°C. In the inital stages of temper-
ing. these curlides vesist the movement of
dislocations by slip, and the process of stress
relacation s slowed down. Onee wemperatures
greater than A0 C are reached. dislocations are
able 1o elimb around the precipiaies® and the
cicep piocess is allowed o take place,

The balance between these various Processcs
varies with :naterial and wemperanre, but a
termperatures below 600°C tlie usual eifect is 1o
stienginen the HAZ mairix. The residual wresses
arc still high in this wemperature range. o hat

the :strain necs=sary 10 reduce the  residual
stresses 15 wansfrroed 1o the prior ausicnite 2rain
bosndaries, winich N Ctl}a‘t'.'_r:.f‘:';ll_\ crpck du <

Ass

¢ of this nype of cracking

aure 7 shows i gieater derail
v of this type of crackinz, prodacedd

racked Taboratory specimen iesied
at GO Chvder ddecreasing load. Thas plienainenon
1s hnown

as past weld heat veatment crark

stevls,

and s o considernide viobilean in low sl

in partionlar

the ferritic creep reisiing sicels,
which, by :

tion, have ligh icsistance 1o

creep at elevated tomperatures. It s most con-
monly found in vanadium bearing steels,

Austenitic materials

In practice it is generally observed that stress
relief treatmnents on this class of material fall mto
two groups. Low temperature treatments up to
730°C which effect partial stress relief, and high
ternperature treatrnents above 950°C, which are
designed 1o give almost complete stress relief.

Low temperature treatments are used when
dimensional accuracy is required for a machin-
ing operation as discussed earlier. This problem
is more common in austenitics than in ferritics,
because the former develop much more severe
thermal strains adjacent to the weld metal. A low
temperature stress reliel treatment afier welding
may be sufficient to avoid this trouble.

In principle, high temperature treatments can
be used 1o eiiminate stress corrosion cracking in
service. alikough, in practice, the problem is
usually overcome by altering the material or the
environment. The main use of such treatments
is to avoid reheat cracking in components for
high temnerature service. This is similar to the
stress relief cracking observed in high strength,
low alloy ferritic steels. As with the latter materials,
cracking can occur during the stress relief treat-
ment, and care in the choice of stress relief

temperature. heating rate and temperature

diciribution must be 1aken.
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As with the ferritic steels, thermal stress reliel
can have adverse effects on the properties of
austenitic steels as well as beneficial ones. For
exaimnple, the use of low temperature treatments
can increase the susceptibility of stabilised
austenitic steels to knife-line artack adjacent to
the fusion boundary, while extended treatments
at temperatures between 600°C and 880°C can
produce sigma phase in weld metals containing
ferrite. The sigma  phase is brittle at room
temperature and could give rise to failure in
service. A further problem experienced with

nstabilised 18 — 8 ausienitic stainless steels dur-
ing hcat treatment is chromium depletion
adjacent to grain boundaries, associated with
precipitation of chromium carpide in  the
boundaries. This can give rise to grain boundary
corrosion in service following treatments between

500°C and 900°C.

Weld metals

The difficulty in classifying weld metal micro-
structures, in terms of those microstructures
usually met with in the HAZ, has alrcady been
mentioned. However, it would be expected that
the same processes of creep and iecovery that
arisc in the HAZ would occur in weld structures
when heat treated.

In conirast to the HAZ, where neat treatment
produces beneficial effects in the majority of
cases, the properties of ferritic weld metals tend
to deteriorate when heat treated®. In particular,
fracture toughness as measured by the Charpy
test, is obnerved to decrease on heat treatment in
a larce number of weld metals. Care must be
taken in such cases to ¢nisure that the heat treat-
ment necessary to obtain adequate HAZ, tough-
aese does not give rise to a brittle weld metal.

1'he problem of heat treatment cracking is not
comnmonly found in weld metals. One of the
mauin reasons for this is that susceptible steels
(usually vanadium bearing) are normally welded
with non-vanadivm bearing weld metals. For
example, $Cr:dMo: }V steels are most frequently
welded with 21Cr: 1Mo weld metal, because the
use of the latter, instead of creep resistant
Cr:Mo:V weld metal, reduces the risk of heat
treatment cracking in the HAZ. Apart from a
possible deterioration in toughness, weld metals
in gereral do not pose any problems when heat
treated, although reheat cracking  problems,
associated with 2]Cr: 1Mo weld mictals in the
welding of thick plate, have recently been ex-
pericnced, and 5Cr: Mo weld mnmetals do suffer
fromm this problem.

Non-ferrous metals

The use of post weld stress relieving thermal
treatments on non-ferrous weldiments is very rare.
They are used 1o sclieve residual stresses in
aluininium, brasses and
wion f':“;"!-;i!'.”:; 1% 1':;'.1'1} to Le o ;;Ii-l-‘.r.n in
service, In the temmperaiire of ucat-
woabant 2307°C. Post weld heat treaninents
ey he non-ferrous  allays for
resrnns other than clief of residual stresses, r.g.,

Irotizes, where stress
T

this case

t ol 6 )

Lecessary  in

o deweinp ndequalte strength in the joint,

FRACTICAL PROCEDURES

i YR - Y 1 1
Wheie PIst weid heat treatment cracking s a

potential problem, itis mostimportant o choose
the correct temperature range for the stress ichel,
tempering treatment, 7., that temperaturs at
which maximumn rclief of stresses 15 nohieved
without overageing of the material. However the
problem may still remain because the maximum
heating rate that can be used is slow enough to
cause cracking before the optimum temperature
is recached. In such cases it is possible to adjust
the heat treatinent procedure so as to hold the
weldment for as little time as possible in the
critical precipitation temperature range. For
example, a common procedure is to soak the
weldment at a temperature between 400°C and
450°C until an even temperature distribution is
achieved, and then heat to the stress relief]
tempering temperature as quickly as possible. An
additional precaution in critical cases is to use a
weld metal of the lowest possible strength, or to
butter the weld preparation with low strength
weld metal. Since stress relief cracks usually
initiate from other defects such as hot tears, the
grinding of weld toes before heat trecatment can
be beneficial, because this will remove a large
number of potential initiation points at the
position of greatest stress concentration in the
weld. The example of a heat treatment crack
shown in Fig. 6, which is scen to originaie from
the toe of the weld, is very typical.

Temperature control during heat treatinent is
of pritne importance, particelarly in ailoy steels
where precipitation processes are critically de-
pendent on temperature. It is very necessary to
ensure an even temperature distributinn, which
rmust be done by monitoring various remote
parts of the weldment during the treatment. In
particular, both the top and botiom of the
structure must be monitored. It 1s an established
fact that a number of failures in low alloy sicels
can be attributed to the metallurgicul eflects of
stress rcliclftempering treatments that were not
appicciated prior to the failure.

Once heat treatment of a welded commonent is
complete, no further welding should be carried
out, otherwise the benefit of the treatment may be
completely eliminated, espedally in respect of
brittle fracture. In particular. there inust be no
further additions, such as ladder attachments, to
case the job of instailation. If these are required,
they must be added before the treatment and
praperly designed into the structure, so that
they can remain on it during service and do not
cause stress concentration,

OTHER POST WELD STRESS
RELIEVING HEAT TREATMENTS

Solution treatment

The use of solution treatients alier welding fol-
lowed by annealing, normalising or guenching s
very rare, except perhaps nnanalll casily handied
components. Quenchiing a welded component of
any appreciable size will introduce a new residnal
stress systein. Normalisiug treatinents are oc-
cnsionglly vsed on Large steel components welded
by the electiosiag process. This has the effeet of
vefining the grain size in the HAZ regians
adincent to the Pision boundary and alsoe in the
weld gnetal,  thus improving  their fractuce
tonghiness, Extrenie care his ro be exercised in
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the application of solution teatinents. parti-
culmlyv in large  steel constructions: ar the
Lemperatures in\'nl\'m!..ihc material has very low
wieneth and, with inadeguate suppaort. lf}c
weight of the component cratnlld cause p};mac
deformation or even collupse. The main aim of
all these treaunents is 1o improve the meta'-
lurescal condition of the material afier welding:
P reliel is just a bonus obizined in the process.

CONCLUSIONS

The retief of 1esidual stewces by the uwe of a
ili=snal teatment is often & necessary adjunct of
welding. to ensure adequate <service performance,
Krivue being applied. it is important to know the
c'Terte of Leat treaiment on the material used.
and equaihy mporiant o eisure that no further
velding or heat ueatment is carrvied out afier
the o vredunent without adeguate klw\\}cdgc
ol v el on service behaviour. In one cir-
cum~antes should heat vearment be applied
withont estahlished veasons.

It corizin anstances the vse of a thermal stress
selicving veatment is unnecessary, In other cases
1t as dradviszble, in purticelar when post weld
hrat cearment oracking is viavoidable or wlen
macenial iy welded in the opiimum aved condi-
nes aod fastlier trezunent causes overageing, In
vioa teees the druciure is best put ine service in

tre s welded condition. or residual s ecses mest

be reduced by moechimical means, as will be
deseribed in the next article in this Serics.
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The face associated with the temnsile part of
this stress distribution is balanced by an equivalent
compressive force which gives rise to a compres-
sive stress distribution of equal arca to the tensile
stress distribution,

I an external tensile load is now applied, local
vielding will occur wherce residual stresses ave of
vicld point magnitude. Further application of
load which gives an increcase in stress will result
in a local stiess distribution as shown in Fig. 1b,
in which the areas of clasticity and plasticity are
indicated. As the externally applied load is
increated, the load carrying capacity of the
yiclded region wili be rcached, and the load is
shed 1o the elastically loaded part of the structure.
The amount of local strain which occurs will be
reiated to the magnitude of the overload and the
post vield characteristics of the material. With
the release of the externally applied load the
pattern of the stress distribution will remain
unchanged and it will return to a condition in
which the mean stress level s zero. The release
of the applied load results in a stress distribution
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before, as shown in Fig. Te. Tins, the hivh peak
values of Jocal restdual stress have been vedistr -
Luted to give a much lower peak value.

From the above description of the prineiples
of inechanical stress reliel it can be seen thin the
amount of stress reliel achieved meveases as the
external ioad is increased. Hence, the optinian
conditions can be obtained by using high external
loads, provided that these loads do not impuir the
scrvice performance of the structure. In general,
cxternally applied loads will be less than the
corresponding yicld load. To acliieve an ac-
ceptable level of stress relief the structure has to
be subjected to loads which will Le in excess of
Joads likely 1o be encountered during service and,
since nominal stresses will exceed the permitied
working stress, this procedure should be applied
with some caution. Also, since the stress reliel 1s
cavsed by yielding, resulting from the additve
effect of two stress systerns, it s only possible 10
achieve a measure of stress relief when a tensile
overload is applied to a tensile residual suess
system.

The relief of residual tensile stresses will be an
advantage only in applications in which the
service load produces tensile stresses, and if they
are to be effective, overlaads must be applicd in
the same direction as the working loads.

EFFECT OF A PRE-EXISTING STRAIN
CONCENTRATOR

A defect, crack, or geomnetric discontinuity cxist-
ing before the overloading will act as a suruin
concentrator during the process of mecharical
stress relief. Lavger amounts of local plastic
deformation, which are contained by suriound-
ing elastic material, will occur at the tip of this
defect, When the external loads are released the
clastic stress field will impose a compressive
stress around the crack tip as shown in Fig. 2.
This can be illustraied by considering the output
of a strain gauge attached adjacent oo suaia
concentrator. 1If, for exainple, a pressure com-
ponent is considered, then the output from the
strain gauge will be as shown by the line ! - 4
in Fig. 3a. As the pressure is applied the sirain
increcases proportionately up to the point 1.
where yielding cornmences. Continued increases
of applied pressure result in a non-lincar increase
in strain to the point 2, the test or overdoad
pressure. Releise of the applied prossure prodaces
clastic unloading along the line 2--3 10 give a
no load, permanent, strain condition at point 3.
Warking pressures will result an strain/pressure
traces up and down the line 3 - 4.

If we now consider the local stresses associated
with this Joading cycle as in Fig. 3b, it can he
scen that up 1o point 1 the stresses increase in
propostion to the strain, Becacse the amount of
permanent steain is small U i reasenable 1o
resteet work himdening, and for the process 1 -2
there is 1o increase in stress, The elastic modulus
L has not changed and clastic nnloading
2 - 3 gives the location of the point 3, -

Thus, not ouly has the prak valie ol stuess
Leen ceduced. bBut a

f'rr_-m

stress af ui;,--rn':lr ~i_'_:l'. has
been introdived at the crack tip. Mareover,
further applicaiions of 1ensile fond  will net



Part 4 [Mechanical stress relief

by G. R. Egan, B.E.Mech.(N.Z.)

Where it 1s essential 10 relieve residual welding stresses, and where thermal stress

relief is impractical, it may be possible to stress relieve welded constructions by a

mechanical process. Mecchanical stress redistribution resulting in favourable stress

systems around critical regions of welded structures can also be achieved. This

article explains the principles involved in processes commonly referred to as mechani-

cal stress relief treatments.

The integrity of anv structure or structural
member depends on its suitability to susiain the
service loads to which it is subjected. For any

right hand side of this figure represents the yield
stress of the material, and it will be scen that the
maximum tensile stress is of yield point magnitude,

structure the failure mode is dictaied by the as described in the second article of this series?.
types of load vwhich oceur during service and the
environment present when these loads arc applied.
For critical applications such as Jow temperature
service, ot procecures beenme mceaningless
it residual stresses resulting fiom welding are
additionally  present. Local residual  welding
siresses ave usually of vield point magnitude!
and any additien of tensile stre-s 1o such a system
will cuine Jocalised yielding which may lead 1o
premntove Milure, Resdual steesces will inflnence
such fulure modes as latigue, suress corrosion,
local buckling and brittle [racture, so that in
some critical applications 1t may be necessary to
remove Lhe reridual welding stresses. Whiere
stress reliefl is required and it is not possible w
use thermal stress relief (1., the structiyre is too
large or facilities are not availabie on site), it may
be possiblie to suess relieve the structure by a
miechanical process,

PRINCIPLES OF MECHANICAL STRESS
RELIEF '

1

{a) The dsiriibution of resi-
dual stresses parallel w0 2
longitudinal  buit  weld
(Refcrence 1)
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(b) Stress disiribution ater
the application of an external
load
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Mechanical stress 1elief is 2 process of stress re-
distribution diring which the high peaks of the
existing re-idual tensiie stress disuibution are
remaved by controlled localised vielding, Ex-
ternally apnlied loads. in the <ame divection as
the resideal stiess, will cause vielding in regions
where o Nigh reddual stress alicady existed. The

T L :
teiease of thiy externally appiied load rakes place

(c) Sreess distribution after
the release of applied
externsl load

oy

l‘l.:-llr'.‘r”}' and results ina rednced peak value of
residial srress.

; A miore denaled t";i')!.\:i.‘!twn f:ft]li.\ JHOUCAS can
€ given by considering the distribation of local

Sunl Creses parallel 10 o longitudinal bhan
cid ae shienen in Pie, 1o The vertical line on the
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The fuice associated with the temsile part of
this stress distribution is Lalanced by an equivalent
compressive force which gives rise to a compres-
sive stress distribution of equal avea to the tensile
stress distribution.

Il an external tensile load is now applied, local
vielding will occur where residual stresses ave of
vield point magnitude. Further application of
load which gives an increase in stress will result
in a local stiess distribution as shown in Fig. Ib,
in which the arcas of clasticity and plasticity are
indicated. As the externally applied load is
increased, the load carrying capacity of the
yielded region will be reached, and the load is
shed to the elastically loaded part of the structure.
The amount of local strain which occurs will be
related to the magnitude of the overload and the
post yield characteristics of the material. With
the release of the externally applicd load the
pattern of the stress distribution will remain
unchanged and it will return to a condition in
which the mean stress level is zero. The release
of the applied load results in a stress distribution
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manitaun value Loan
before, as shown in Fio be. Thus, the hivh peak
qalues of Jocal residual stress have been vedist -
buted to give a much lower peak value.

which now has a lewer

From the above description of the prineiples
of mechanical stress reliel it can be seen thue the
amount of stress relief achiieved imcreases as the
external load is increased. Hence, the optimn
conditions can be obtained by wsing high external
loads, provided that these loads do not impuir the
service performance of the structure. In general,
cxternally applied loads will be less than the
corresponding  yicld load. Te achicve an ac-
ceptable level of stress relief the siructure has to
be subjected to loads which will be in excess of
loads likely to be encountered during service and,
since nominal stresses will exceed the permitied
working stress, this procedure should be applicd
with some caution. Also, since the stress reliel is
cansed by yiclding, resulting from the addiuve
cfTect of two stress systerns, it is only possible 10
achieve a measure of stress reliel when a tensile
overload is applied to a tensile residual stress
system.

The relief of residual tensile stresses will be an
advantage only in applications in which the
service load produces tensile stresses, and if they
are 1o be cffective, overloads must be applicd in
the same dircction as the working loads.

EFFECT OF A PRE-EXISTING STRAIN
CONCENTRATOR

A defect, crack, or geomnctric discontinuity exist-
ing before the overloading will act as a suain
concentrator during the process of mecharical
stress relief. Larger amounts of local  plastic
deformation, which are contaimed by sarround-
ing elastic material, will occur at the tp of this
defect. When the external loads are veleased the
clustic stress field will imposc a compressive
stress around the crack tip as shown in Fig. 2.
‘This can be illustrated by considering the output
of a strain gawge atrached adjacent W oa stoain
concentrator. I, for exainple, a pressure com-
ponent is considered, then the output from the
strain gauge will be as shown by the line ! - 4
in Fig. 3a. As the pressure is applied the siiain
increases proportionately up to the point 1.
where yielding cornmences. Continued increases
of applied pressure resalt in a nen-linear increase
in strain to the point 2, the test or overload
pressure. Release of the applied pressure produaces
clastic unloading along the line 2--3 10 give a
no load, permanent, strain condiion at point 3.
Warking pressures will result an strain/presove
traces up and down the line 3 - 4.

If we now consider the local stresses associated
with this Joading cycle as in Fig. 3b, it can be
scen that up to point 1 the stresses increase in
proportion to the sirain. Becawse the amount of
I—J('] manent l"l'.'n‘-rlﬂd.ll:c 10
neglect work hindening, and for the process 1 - 2

ot

sirain as small s
there s no incrense in stress, The clastic modulus
L has not c¢hanged and clasiic unloading from
2 - 3 gives the lucation of the point 3.
Thus, not ouly has the prak vidue of steess
Leen teduced, but a stiess of opposite sign has
Leen invoduced at the ernck tip. Moreover,
further applicaiions of 1ensile foad  will not



subjeet the crack tip 1w the hizh tensile strains

which were imiposed ar first beeanse subsequent

tensile loading et finst overcome the residual
compressive stress. For loads of the same magni-
wadde this also precludes any further growth of the
pl;,.:ir zone at the tip of the crack. This has
distinct  advantages hecause favourahle stress
disributions can be introduced into critical aicas
of a welded fabrication by the application cf an
overload which is in the seme direction as the
«ervice load. but is greater in magniwude. Practi-
cal methods of achieving mechanical stress re-
dissribution will be outlined later.

PRACTICAL CONSIDERATIONS

The greatest probiem is 1o decide how much
overinad iy necessary to achieve an acceptable
level of swress velief without jeopardising the
intewriny of the structure. Obviously, the even-
uaiities of buckling and plastic collapse must be
avoided in the structure or structural member 1o
which the overload is heing applied. It seems
yeasonabie to limit the stress resuliing from the
overload 1o some fizcton of the nominal vield
«ness. Also, the prevention of britle fracture
durinz the overlozd rmust be considered. For
moierials which exhibit a brittle-ductile transi-
ton behisviour with temperature, 1t s best to
rake ad.antaze ol this and ensure thar the material
Lehaves in a ductile manner when the overload
1 epplied, For other materials @ mnie detailed
anaivais of the respanse of the rmaterial to the
overivad is 1equirerd.

TREATMENTS

A measure of mechanical stess reliel can Le
achieved simply by overioading a stracture above
the permutied working loads. A proof test. for
example. on u siructure which has not Leen
thermally  swress relieved  will provide  <ome
measzure of stress redief. Alihough this is usualiv
regarded as an added benefit fiom 1he proof test
znd not the veason for i1, overload tevrs are carried
out 1or the speciiic purpose of achieving stress
reliel*. Proof test pressures for internally loaded
boiler shells for lates: desizn principies are based
on the cquivalenr design pressure’. which gives
unde: these conditdons a naminal stress in the
shell of abour two-thirds of the vield stress. Thus,
it seems reasonable 1o mit external overloads for
mechanical siress reliel «n et nominal stresses
ave of 1his order.

Bridige girders i service ioday have been
mechanicaliv sivess relieved by gacking apan
pars ol giders steped tnrethior atothe ends,
Mechanical stress reliel ef 1his tvpe has alia Leen
cariied out alfter consruction. in which case the
overioads are nsuallh Emited to a value which
marvinaily exteeds the warking ioads?, Siress
refiel of this wvpe vl only be effcctive 1f the
Yades are not subdeced 1o peversals of load.

LOW TZMPERATURE STRESS
RELIEF

Sivee the recidual qresses adjacent 1o welds ke

up. afler caobiyg, the diference in leneth Hetween
v plate mucrind and the weld meeial. vhich has
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able 1o saanae tha the svstens can be nadified

i somne way by a further application of hieat. This
is the basis of a controlled low temperature stress
rehief treatment in which a zone on cach side of
the weld is expanded by the application of heat.
The rapid heating to a controlled low temperature
imposes ten:ile plastic strain on the weld metal,
thus changing the length relationship betwcen
the plate material and the weld.

The mecheanical overload of the residual stress
svstem is achieved by expanding the material
adjacent 1o the system by the application of heat.
This process overloads the stress system in a
similar manner to that achieved by an applied
external load. To obtain an acceptable level of
stress relief, the plastic strain induced in the
weld meral should be of the same order as the
elastic strain set up by the post weld residual
stresses. Without restraint, this order of strain
can be achieved with a temperature difference of
about 125 Centigrade degrees, but when addi-
tional restraint is imposed by the material ad-
jacent 10 the heated zones a wider temperature
differential is required. Water sprays are used to
cool the weld and the heated zones, but it is still
necessary to heat the plate to about 200°C to
achieve this temperawure differential. Provided
that the maximum temperature is kept below
200°C it is unlikely that anv detrimental metal-
lurgical effects will occur during this process.
Low temperature siress relief has been used for
butt welds. intersecting butt welds and fillet
welds in ships and 1anks®. but becuuse it is
difficult 10 establish the correct heating position
and conditions, it s limited to velatively simple
detail desiuns,

VIBRATCGRY TREATMENTS

The use of applied vibrations to ebtain resonance
in a structure has been described recently®, and
it is claimed thart this technique achieves mech-
anical stress relief. A mechanical vibrator is
attached 16 the component or structure. and the
ficquency oi the forced vibrations is adjusted until
resenance occurs. This is maintained for a time
which depends on the weight of the structure
Leing twreated. Tvypical times for structures of
2000 - 10 040 b would be about 20 — 30 minutes.”

No experimental results {residual stress levels
after this treaiment; have been provided, so the
amount of stress reliel achieved is unknown.
Decause a single application of a tensile load to a
structure wiith residual tensile stresses will cause
vielding on a local seale, as deseribed previously
and shown in Fig. 3, 1t scems unlikely that any
subsequent application of load of the same magni-
tide will induce further vielding, because of the
raised vield point of the material caused by work
Lardening. Hence. mechanical stiess reliel will
probably be achieved only in the first few tensile
half eveles of this process, and subsequent cycles
of load will have Jiiile effeet on the residual stress
svatem. Also. the application of a cvclic load of a
rngnitude required 10 achieve an acceptable
level of siress relief wauld probably introduce a
fatigue probtlem’.

Ancoealier fnvestigation® <howed that for the
faeds nosmetiy applicd during this provess the
arnount of siress reliel vwas sniall; and even under
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Conditions of Jesonatie wo marked r‘.l's....g(-_\. Jln
resicdual stress distribution were detected. Some
measure of dimensional stability will be achieved
by this process as a result of the removal of the
peaks of residual stress by the application of a
cvclic load of unknown magnitude.

1SCUSSION

Unlike thermal stress reliel heat treatments,
mechanical stress relief treatments do not improve
the metallurgical properties of a structure®. In
fact, maicrial damage may occur during and
subsequent 1o overloading if the matcrial is
susceptible  to  strain ageing  embrittlement®.
Therclore, the mechanical process should be used
when stress relief is required only when it is not
possible 1o use thermal stress relief.

Mechanical stress relief treatments do, hawever,
induce favourable local stress distributions around
notches and stress concentrators —an important
effect which isnotachieved by thermal treatments.
This effect requires that overload treatments be
applied in the same direction as the service loads,
which in some cases may be difficult to define.
The benefits of mechanical stress relief can only
be relied upon if the working loads do not exceed
the applied overload. This requires a comparison
of test and service conditions to ensure that un-
ustally high stresses, resulting from such things
as supports, attachments and thermal grzdients,
du not occur.,

Local treatments which nodify existing stress
distributions are useful methods of achieving
betier siructural properties, but they should not
be applied without a comprchensive knowledge
of the response of the material 1o such treatments.

CONCLUSIONS

It is ofien possible to use a mechanical process to
relieve residual stresses produced by welding.

Mechanical stress relief may be used, if stress
relief is required, when it is not possible to use
thermal  stress reliel wwreatments. Mechanical
treatments cannot be used as a chicap alternative
to thermal treatinents to obtain full reliel of
residual  stresses and  improved metallurgical
properties.
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be achicved by the application of a io 4 in the
same direction as the residual sresse., «nd the
overload must be in the same directico: as the
service load. The process will be ineffectsve if the
structure is subjected ‘o reversals of load

Overloads used to achieve mechanical stress
relicl should be limited to some fraction of the
vield load of the structure or structural member.

The response of the structure should be as-
seesed 1o ensure that the structure can tolerate
the overload without failure.
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"CHEVRON CRACKING - CURRENT EVIDENCE

Moisture content of the flux (5AW, MMAW) is a major controlling factor.

Also weld metal hydrogen correlates directly with in~idence of cracking.

Size and incidence of cracks relate directly with alloying content and/or

strength. Above a certain level cracking became vertical.

From MMAW with different batches of the same electrode, moisture is not
the only criterion. 0One suggestion is that hydrogen availibility may be

influenced by inclusions acting as hydrogen sinks.

Nickel up to 3% did not increase the amount of chevron cracking, but at
4-8% and 8-7% gave large vertical cracks. Socme of these may have been hot

cracks.

In SAW metal -hevron cracks were often confined to a single run, apparantly

stopped by upper and lower reheated regions.

In MMAW deposits many chevron cracks occurred in refined and intercritical
regions of weld metal. These cracks occurred on or after reheating since
they did not shov thermal facets. Crack features were generally smaller

and more regular than in as deposited weld metal.

In as deposited weld metal vertical components were generally associated
with proeutectoid ferrite veins, though deviation occurred in many cases.
These vertical components were similar to vertical microfissures.

Vertical components mainly quasi-cleavage; horizontal showed dimples.

Vertical comporents often radiate from a microvoid. In highest strength

weld metals the vertical components showed some intergranular failure.

Some thermal facets - these were associated with reheating.

Staircase nature also evident inweld netal cracks in Y-Tekkon tests -

SEM showed same fractographic features.




Zapfes planar pressure theory (1947) considered that dissolved H atoms
diffuse through the lattice to voids and discontinuities, combining there to
form molecular Hy at high pressure, which resulted in premature failure. Further
diffusion would be necessary to maintain these high pressures (i.e stresses),
as a crack propogates explaining the time and temperature dependence of HICC.
Further refinements have applied dislocation concepts. This theory is still
used to explain blistering in steel and has not been completely rejected as an
explanation of HICC. It should be noted that the theory runs counter to some
ideas that weld metal and HAZ non-metallic inclusions act as 'sinks' for hydrogen

and so reduce susceptibility to HICC.

The surface absorption theory (Petch 1952) proposed that absorption
of hydrogen on potential crack surfaces lowered the surface energy making propo-
gation easier in front of an array of dislocations piled up against a grain
boundary. Depcndonce wn hydrogen diffusion explained the influence of tempera=

ture and strainrate.

Troiano's iattice interaction theory suggested hydrogen diffusion to
highly stressed regions (stress-induced diffusion), the magnitude depending
upon the initial hydrogen concentration, the hydrogen diffusion rate and the
time for diffusion. At a critical hydrogen concentration and stress state
a crack forms in the lattice at the point of maximum triaxility. The cause
is a lowering of cohes. ve strength of the lattice. Modifications have attempted
to shew that abnormally large hydrogen concentrations can occur and also the
presence of 'non-Hookean' elastic stresses. Crack propogation speed is governed

by the rate of transport of hydrogen.

Beacham (197z) found evidence of microscopic plasticity on the surfaces
of surfaces suffering hydrogen emorittlement which, combined with existing
evidence, there was no single mode of hydrogen cracking, led him to propose
that hydrogen diffusing ahead of a crack tip aids whatever deformation process
the matrix will allow. Thus hydrogen allcws dislocations to multiply or move
at rcduced stresses rather than locks dislocations. Subsequently, dislocation
movement has been suggested as a means for rapid transformation of hydrogen

atoms forming 'atmospheres' around dislocations.



Sorage (1978) has used the Beacham approach to put forward a seven

point argument for hydrogen assisted crackiné based on observations in HY 130
steel.

1. Hydrogen must be present at or above a critical concentration at the
crack intiation site or crack tip. This critical concentration is
a function of the ratio of the local stress at the crack tip to
yield stress and will depend upon microstructure. The lqcal hydrogen
concentration may greatly exceed the overall nominal concentration
due to segregation at grain boundaries or dislocations (Cottrell

atmospheres).

2. The critical stress level for cracking must be exceeded at the
crack initiation site or crack tip and will depend upon residual

stress, external stress and local stress concentration.

3, Local plastic flow~ occurs at the crack initiation site (or crack tip

resulting in dislocation pile ups at barriers such as inclusions or

grain boundaries which deactivate the dislocation sources.

L. Hydrogen transported to the pile ups by dislocation movement will

diffuse across the barrier and initiates a microcrack.

5. Once formed the microcrack absorbs the dislocation pile up and
reactivates the source giving additional plastic flow and hydrogen

transportation.

6. Hydrogen transportation is more rapid than by diffusion above
and aids crack propogation although propogation will stop when

hydrogen falls below the critical concentration.

7. At the above stage crack propogation ceases until sufficient hydrogen

is transported for further cracking.

It should be noted that the above argument does not explain the process
wSich hydrogen actually assists cracking. However it is implied by Savage that

the hydrogzn reduces the 'bording energy' at the interface. |If the bording
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ts recuced sufficiently @ crack can form without plastic deformation
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1ion roverent) but at higher levels deformation will occur before crack

ion,




