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DISTORTION AND ITS CONTROL

Distortion is the change in shape of a welded cooponent 

which results from the welding operation. This change in shape may 

only be temporary but is more often permanent.

The principal course of distortion is the physical law of 

expansion and contraction. Generally the metal being welded 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 doformed in these parts which are the 

hottest. Table 1 shows how the mechanical properties of steel change 

with temperature.

Table I

Mechanical Pronertles of Steel at Elevated Temoeratures

Temperature U.T.S.' Yield Point Elastic LIMIT Elongation R.A.

°C

i .. .. . • . '

Kg/raa^
2

Kg/mm Kg/ram^ % on 2in. %

.

'

37.8 .

j

27.5

•

24.0 48 68

100 31.5. • 28.4 23.0 43 66

150 41.0 32.5 21.0 39 65

200
.
42.0 33.1 20.0

12.0

9 *5

37 64

250

300

44.2

46.2

32.0
I

30.0
J

37 

! 40

64

66 4
375 42.0 ! 20.0 8.0 44 68 ‘ •

425 36.5 | 26.0 7.0 49 76 i i
500 

540 

! 600 

650

30.00

24.00 

16.20 

13.50

9.50

r

j 23.0 

20.0

15.0

12.01

' 6.0 

5.0

3.5
1

2.5

• 55

• 60
r
! 64

68

84 |

90 | 

94 j 

96 j

700 ! 9.0 1.5 , 72

1

98 |

i

The tendency to distortion is aggravated by the restraint 

at the weld joint. That is to say v/hilst the weld metal is being 

hoated, it is prevented from 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 veld metal is put into tension and usually plastic flow occurs 

in the veld metal as the assembly adjusts in dimensions to the lowering 

temperature. Obviously as the temperature pets lover, so larger stresses 

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

If one takes a simple example of a square block of steel.

If this is heated uniformly and thoroughly, it will expand in all directions; 

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

contract to its original shape and size. If however, it is held in a vice 

and heated so that it cannot expand in one direction, it will only be able 

to expand in 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.

Note original 

shape shown 

dotted in B 

and C 7 7 7 7 7 7 7 /

-r-~--- " v -r— -- 1
* t « •
• • 
• •

• 1 
• t

» l • t
»

» >L  L.
1 » 
* _____y

7 7 * 7 7 7 7 7 7 «  /

A Before Heating B After Heating C After Cooling

Figure 1. Effect of Heating and Cooling on a Restrained 

Block of Metal.

When 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, arid will tend to prevent expansion of the heated metal in all 

directions except at the surface. Consequently, when the yield point is 

reached, permanent deformation takes place and upon cooling the bar does not 

return to its original shape, it has becothe 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 moving in some way. Generally the greater the 

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

The factors which govern distortion are as follows

a) Resistance to the free expansion of the weld metal.

b) The temperature gradient

c) 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 sire 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 

vill 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 distortion:-

a) Forcible restraint of the parts being welded

b) Veld so as to balance the forces which act to 

produce distortion

or c) Strctch the metal, by mechanical means or by 

heating to counterbalance distortion»

The effect 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 whilst it is

still hot. Peening exerts a compressive force on the veld metal normal to

the plane of maximum tensile stress and this aids plastic flow*

. •
The greater the amount of weld metal deposited, the greater 

vill be the shrinkage forces» and hence It is undesirable to deposit too 

much metal. The strength 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 becinimised by control of heat input. This 

can be done by welding at lower amperages or by torch manipulation in gas 

velding.
t,

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 reduces shrinkage.
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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 i* to restrain the part» forcibly. This method will even elirinate 

distortion completely, 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 direction.

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 between 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 practical application of this 

technique is the alternate 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 adjacent plate surfaces. The 

longitudinal shrinkage is generally about 1/32 inches in 10 feet of veld, 

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 

may.produce an angular rotation of the plate surfaces, depending on the 

preparation and weld 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,

welding process used will all affcct the total weld contraction.
. •

For unrestrained butt velds between mild steel plates, an
(1)

empirical formula has been suggested as follows

S - 0 . 1 8  A3t «• 0.12W

where S ■ the transverse shrinkage in inches (or mm)
2

A • cross section of weld (sq. in.) (mm ) 

t ■ plate thickness (in.) (or mm) 

and W  ■ average width of weld (in.) (or mm)



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 taild steel» Stainless steel 

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

Point« to consider in relation to avoiding or minimising 

distortion are:-

(1) Specify and usa the minimum 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 to cater for possible shrinkage.

(A) Pre-bend unbalanced sections so that angular distortion 

will pull back into line.

(5) Use largest practical sise of electrode to deposit 

the maximum amount of metal in the minimum time.

(6) Ensure good fit-up.

(7) If 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. 

Equally#drill ,&ny important holes, etc. after welding.

The following figures (3-5) illustrate the type of distortion 

experienced in butt and fillet welds and Tables II and ÏÏ quantify the amount 

of angular distortion which may be encountered in butt and fillet welds 

respectively.

Figure 6 shows the effect of the number of runs on angular 

distortion of a Jinch fillet weld <H„V. Position)»

Accuracy of fit-up is important because, if the gap lo 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 thinnetr materials a considerable amouqt of tack 

welding must be done - tack welds light and close together, or the work 

must 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 puli back distorted components by the judicious application 

of heat in the correct places. This usually cone by heating with gas blow** . 

pipes.

- 6 -



- 7 -

Figure 7 illustrates the method 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. For 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 I inch for every 12 feet length of plate. Heating should be to 

a uniform red heat 900°C) throughout the segment.



Tabic II

Angular Distortion in Butt Welds

*

No of Runa X (in) No of Runs X (in) No of Runs X (in)

1 3/16 11 15/16 .21 1 9/16

2 3/8 12 1 22 1 5/8

3 7/16 13 1 1/8 23 1 11/16

4 1/2 14 1 1/4 24 1 3/4

5 9/16 15 I 3/16 25 1 11/16

6 5/8 16 1 1/4 26 1 13/16

7 11/16 17 1 5/16 27 1 15/16

8 3/4 18 1 3/8 28 2

9 13/16 19 1 7/16 29 2 1/16

10 7/8 20 I 1/2 30 2.1/8



Table III 

Distortion in Fillet Welds

Width THICKNESS t (in)

W (in)
i 1 i 1 11 u 2 21

distortion
6 3 2 11 1 1 - - -

*d" in 9 6 5 3 2 2 2 1 1

2/64 in 

with i
.12 9 7 5 3 2 2 2 1

fillet 15 12
.

9 6 5 4 3 2 2

18 15 11 7 5 4 4 3 2

21 18 14 9 7 5 5 3 3

24 21 16 10 8 6 6 4 3
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P re pa ra tio n Process

<i) Flanged

4 4
<¡¡) Square B u fi

U p  C Z Z i

i —|sb- 

C p . . C Z3

( i i i )  S in g le -V

Y '  7

Î B Æ ]  

« • H I —  I»

(iv)  S lng le -U

nCB'-Q

(vi)  D o iib lc -U

hr)

LBSJ 7
—T"*
n L

Oxyacet yl ene
A t o m i c

Hy dr o g e n
C a r b o n  A r c
T I G
S u b m e r ge d  Ar c

Oxyacet yl ene ,
1 side only  

bo t h tides

Shielded Metal  
A r c

Submer g ed Arc,  
bo t h sidei

Shielded Metal  
A r c ,  steel 
backi ng

D e e p  penet ra­
t ion,  steel  
backing

Su bmer g ed Arc,  
steel backing

c o pp e r
backi ng

Oxyacc t yl ene

Shielded 
Met al  Ar c

S u b m e r ge d  Ar c

Shielded 
Met al  Ar c

S ubmer g ed Ar c

Oxyaoet yl ene

Sh i e l de d Metal  
A r c

S ubmer g ed Ar c

Shielded 
Met al  Ar c

S u b m e r ge d  Ar c

Shi e l ded 
Met al  Ar è

Submer ged Ar c

Thickness Cap R oot Radius Inc luded P e p ili
/  In. S I»- S  In. r  In. A a g it a J  in.

1 116 max . —

:

— - —

5 / 1 6  max. - — — — —

1/ 4 max.
i  t  1

2 10 2 +  32
“ —

1 / 6  t o  1 / 2
1 1 1

2 * °  2  +  32
— — — —

. 1/ 16 to 3 / 8 O t o  3 / 32 — — — -

1/ 8  t o  5 / 8 1 / 3 2  max. — — — —

1/ 8 to 5 / 1 6 0  t o 5 / 1 6 — — — —

3 / 16  t o  5 / 1 6 0  to 1/ 8 — — — —

1/4 to 3 / 8 5 / 3 2  to
3 / 1 6 — — — —

1/8 to 5 / 16 0  to 1/8 — — — _

1/8 to 1/ 2
i  1 1 

4 * °  4  +  32
0 — 6 0 — 7 0 ° —

3 / 1 6  to 3 / 4
1 3

Ï 6  IO 16
1 /8 ma x . — 6 0  - 7 0 ° —

1/ 4 to i . i / 2 i m a * . 1/ 8  to 3 / 8 — 4 5 °  min —

3/ 4  t o  2
3 5 

3 2 10 3 2

£ 3 

16 , 0  16
1 / 4 2 0 — 45° —

3/ 4  t o  2
32  m 8 X-

1 / 4  min. 1/ 4 20 °  max. —

Over  1/2
1 3 

32  , 0  32
0 — 7 0 — 80° Over  1

5 / 8  to 1 . 1 / 2
1 7

Ï 6 IO 32
O t o  1 / 16 — 6 0 — 70* Over  £

3 / 4  t o  2
1

—  max . 1/ 4  min. — 4 5 °  min.

1 t o 3 . 1 / 2
1 7 

Ï 6 ' °  32
O t o  1 / 1 6 —

a '  6 0 — 70°  
« " 6 0 - 9 0 °

d ' \ t  
d "  \ t

1 to 3 . 1 / 2 ¿ m a x 1 / 4  min. — 4 5 °  min.
d \ ,  
d'  J  /

Ov e r  1 . 1 / 2
1 5 

32 10 32

3 1 

3 2 , 0 7
1/ 4 2 0 ° — 4 5 ° —

Over  1 . 1 / 2 ¿ m a x . 1 / 4  min. 1/ 4 20°

T i g .  2-3.  J o i n t  pr epar a t i ons  r e c o mm e n d e d  for ;hc  various processes  used for  welding rrvld steel ,  ( S e c  " R e c o m ­
men ded J o i n t  Pr epar a t i ons  for Fus i on  We l d i ng  o f  S t e e l " ,  In t e r n a t i o n a l  Inst i tute o f  Wel di ng ,  Co mmi s s i o n  X V ,  
B r i l .  W e ld ing  J J a n ,  1 9 6 2 , 9  (1) ,  p. 13.  A W S  IV ti l lin g  H an d b o o k , Se c t i on  I,  C h a p t e r  6,  1957. )
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MAT.87

TZEID DEFECTS

DEFECTS IN MILD OR LOV? ALLOY STEERS

Should introduce by saying that defects can be introduced a3 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.
Selection of materials - optimum weldability consistent with properties. 
Preparation of materials - cutting to size, edge preparations, clean­
liness.
Equipment - must be adequate for job, well maintained.
Vfelding - correct preheat, welding conditions, efficient welder^ 
supervision, electrodes.

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

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

Use of detailed records (allocate responsibility) f inspection.

DEFECTS IN ¿3C YTSLDS ' *

Incomplete penetration.

Y/eld meted fails to reach root of joint or to fuse with root faces of 
parent plate - voids ar slag in root.

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

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

In fillet welds too large an electrode can give lack of penetration 
but the use of a small electrode does not necessarily give an improvement.
Should use largest possible electrode consistent with euse of manipulation,and 
heat o apacity of work. Slag inclusions and cracking frequently associated with 
this defect in fillets - with very low current may merely bridge gap.
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Y.here practicable welds should be made in DH position - uae of 
positioner«.

Automatio welding requires care that 
machine accurately follows joint - or get

offset welds, i.e.

Incomplete penetration causes local stress concentrations at root 
and under pulsating or fluctuating loads will seriously reduce fatigue life.
May 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 between 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 
normally 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 or ground.
Care needed on welding current, too low frequently gives lack of fusion but if 
too high may give excessive deposition rate which may cause operator to increase 
welding speed so that underlying weld iB not heated to melting point.

Defect tends to reduce both fatigue and statio 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 intermittent reduction in section of parent plate. May occur 
in parent plate at toes of welds or at fusion faces of multi-run welds - butt 
or filler.

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

Fault may be corrected by adding weld metal where it occurs. Deep 
underout, 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 correct 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 thiokness.

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" less than the edge thickness.

Effect 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 0? metal on to parent 
plate without fusion. Kiay 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 on 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 stress raisers and should be corrected.

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



6. Slag Inclusions

Slag or other foreign matter entrapped in weld, defers 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, loose rust, dirt and 
grit.

Iriay be forced in by the arc during welding, in which case it will 
generally be finely dispersed or it may be trapped in cavities caused by under­
cut or uneven or oonvex preceeding runs. In latter oases it v/ill appear as long 
line of slag.

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

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

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

For lower runs in V groove the weld bead should have flat or slightly 
concave surface.

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.

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

7. Porosity •

Gas pores in a weld may cause

Piping (worn hole) - elongated or tubular (trapped gas)
Blowholes.

Piping and large blow holes (sometimes partially filled with slag) 
fere fairly rare, but small scattered or clustered porosity is quite common.

Caused by entrapment of gas evolved during welding. Composition of 
plate and wire important especially S content, exoessive 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 ■v/hich promote rapid freezing promote porosity - sometimes advisable
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to "puddle" Weld metal.

Small finely dispersed porosity not generally effective in reducing 
static or fatigue strength but dense porosity or very large pores can 
considerably reduoe load carrying area and aot as stress raisers.

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

8. Cracks

Discontinuities caused by tearing of metal above splidus, , tearing 
when in plastic condition or fracture -when cold.

I . .
May occur in weld metal or has of plate.

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

gfl&m. craoko may be longitudinal (adjacent to edge of weld seam), 
transverse {which often originate from weld cracks) or " under-bead!1.

(a) Vreld i>,etal 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 assembly should allow shrinkage to take 
place as freely as possible.

Size of individual runs should be large enough to withstand shrinkage 
stresses. This is particularly important in welding of heavy plates 
or eeotions or under restraint. Rapid cooling increases tendency to 
cracking.

Badly fitted parts or inoorrectly prepared joints frequently result in 
lack of fusion and penetration or slag inclusions, and these may 
initiate "hair-line" craoka whioh oan then propogate through the weld.

Longitudinal oraoks more likely to occur in first layer of weld, if 
not out out may propogate (one of reasons for baok chipping). Craoka 
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 oraoks and deep oraters should be avoided 
(craters should be examined and ohipped where neoessary),

Transferse oraoks generally associated with joints having high degree 
of restraint and may extend into parent plate ha*, especially if ha* 
has hardened appreciably during welding.
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S content of moat commercial mild steels does not normally affect 
weldability. Excess S in plate or core wire may cause weld metal cracking 
however, due to low nupt. ulphides. 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 plates should he 
same thickness as joint. - should he welded for full width to prevent seam 
opening up during ’welding and causing cracking.

Crater cracks

h) Parent Metal Cracking - normally associated with high tensile steels
(medium C, low alloy or high alloy steels) but may occur in thick 
seotions 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.

Hardness 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 to avoid formation of excessively 
brittle zone and reduce rate at which shrinkage stresses are developed. Reduction 
in cooling rate can be achieved by pre-heating, immediate post-heating ctr 
increasing rate of heat input by means of suitable welding procedure, e.g. large 
runs, heavy v;eave. Multi-run w  elds 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 steels should be avoided if pre­
heating cannot be applied. Avoid arc strikes outside weld groove as may 
give local hard spot and Bmall surface cracks.

Low teaperature pre-heating recommended even on mild steel if 
temperature is at or below 0°C and chill should be taken off parts above •
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 life and should 
never be permitted.

Can only be corrected by complete removal of cracked volumes - 
care needed to avoid leaving cracks. May be necessary to modify welding 
procedure to prevent recurrence of cracking.



9. Incorrect weld Size and Profile

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

In Butt 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 eleotrode but more often is 
due to incorrect welcling current (convexity - low current, concavity - higji 
current.)

Unequal leg lengths in fillet welds generally caused by faulty 
manipulation or incorrect positioning of the workpiece when 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 wrong 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 welds and reduce the ultimate strength of weld. Excessive 
convexity may give equivalent static strength but often indicates lack of pene­
tration and fusion. ¡«ay 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 also cause reduced static strength.

In so 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 exceBS 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 decreased by further 
runs or chipping 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. N6te 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.

11. Spatter

Main 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 others.

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

CXIACETYLoN , (¿ELDING
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Inadequate or Excessive Penetration - caused by insufficient bevelling 
of edges, too wide a root opening, too great a welding speed, or 
poor torch and filler wire manipulation.

S a g ff l» !V  9 . Q T -Jn g y f fXslXM i s i n f  qr<? o a g n t

Undercut

Overlap

1 - 4  are visual defects.

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

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

Cracking - Hot or oold - depends on ohoioe of materials, welding 
teohnique.

Hard Spots - Inoorreot manipulation, parent material (metallographioal 
characteristics).

ExQS3Blve Grain Growth in HAZ. - exoess temperature.
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RESISTANCE E L D I N G .

1 . Lack of Symmetry

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

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

2. Surface Indentations

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

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

3. Surface Melting 

Generally a defect

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

4. Excessive Sheet Separation

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

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

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

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

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 interface, or 
welding too near an edge.

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

6. Internal Defects

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

I
In general have no significant effect on static orf&tigue strength 

when located in centre of i\eld nugget even if exrtend 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 caused 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 tenperature.
3. ’//rong 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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CLnD L1TU.LS

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 i-ROGBSSr.S

Most of defects are common with metal arc defects. A n  addition 
is tungsten inclusions.

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

WARDING This section contains soma gross  
over-simplifications but if the non-metallurgist  
gets some idea of the meaning of some of the 
eaoteric words, that will be useful.

All m atter is made up of atoms. Atoms have 
a heavy core  which is positively charged and 
one or  more planetary electrons (negatively 
charged).

The electrons a re  a long way from the core .
In the sketch, if the co re  is assigned a diameter  
of 5 mm then the atom is about 2000 mm in 
diameter.

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

When pure metals begin to f r e e z e ,  small 
geometric groups of atoms (3-dlmensional) 
form, and If they become big enough (NUCLEI), 
they grow larger to form cry sta ls  of solid
meta 1.



Cry»13' 3 °f sol'd metal have their atoms 
much c lo se r  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 
Is enormous and the space surrounding them is 
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 is known 
as DIFFUSION.

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

An iron crystal this s i te  contains 

about 1 , 0 0 0 ,0 0 0 ,0 0 0 ,0 0 0 ,0 0 0 ,0 0 0 ,  

atoms (a million atoms along each  

edge). Even so, this cube of dense 

metal consists mainly of empty 

space.

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

Since the original nuclei were randomly arranged  
when thev formed, it follows that there must be 
a mismatch when the growing cry sta ls  (GRAINS) 
ultimately meet. The region of mismatch is 
called a grain boundary. There is a lot of 
room at grain boundaries in cast m etals, and 
both solid and gaseous impurities tend to collect  
there. Low melting point impurities a re  those 
most likely to be found in grain boundary regions 
because they remain liquid after the grains have 
solidifi ed.

Soldlfication of weld metal

Fusion welding can be likened to casting. The 
main difference is that in fusion welding a part 
of the 'mould' dissolves in the 'casting1.

QraJn bound o r j  

Solid mtta!

drain



Consider a single run of liquid weld metal situ­
ated between two fusion boundaries. Heat is 
flowing away through, and usually perpendicular 
to. the fusion boundaries. Nuclei 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 is 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 in composition between the grain interiors  
.Tnd grain txDundaries that, on etching, a t re e ­
like (DENDRITIC) structure is revealed.
Li freezing is slow, grains tend to be longer 
than they are  wide (COLUMNAR) and if freezing 
is fast they tend to measure the sam e in all 
directions (EQULAXED). Both types can occur  
together in welds.

E q u ia x td  gra ins

Columnar grains 
(often dendritic)

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).



Solid irictflls

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

Rod/ c e n tn  cubic (B C C  ) 
t g  Iron  at room  t*m p

Fac* c t n t r i  cubic (FC C.) 
t g  C o & xr, A lum in ium

Solid iron exists in three forms (ALLOTROPES) 1539'C
uhen in equilibrium (see later for the signific­
ance of this remark). Thus:

uar c

A few other metals behave similarly -  but none
of such com m ercial importance as iron. -27TC

$ - iron ( BCC)

%-irontFCC)

oc - IronfB.C.C.)

A 1I OV8

Alloys consist of metals, or metals and other 
elem ents, in amounts deliberately chosen to 
produce certain desirable properties. These 
prop« rb f-s are usually 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



separately a cup of unsweetened tea and a spoon­
ful of sugar. Each is recognisable as a se p a r­
ate entity. Stir the sugar in the tea. Is the 
sitg.lr now recognisable as sugar? If it were 
i>os3lble to freeze the sweetened tea without the 
sugar separating out -  that would be a 
SOLID SOLUTION.

Atoms in pure metal might look like this in 
2 - dimensions.

/Âfomcen /Etectron “gas*
Q ; ;  ; Qv :.\.Qv / - O  v . . • Q

O '; ■ 'Oy . . .  O'.. '•  :.'\ p

o  o  o -  o '  o
A pur* natal

On adding an alloying element, the atoms of the 
added element may replace some of those of the 
host metal to form a substitutional solid solution.

• o o « o
o A atoms

•  o •  o 9 &8 atoms 

o • o • o

o • o • o

O O 0 o o

A substitutional solid solution 
Coppor-nicktl alloys)

or

If the added atoms are  very small relative to 
the host atoms they may occupy the interstices  
between the host atoms.

O 0 , 0  

0 * 0  0

0 , 0  O

O O 
•

o o
i

o o 

o o

ft ® n

An interstitial solid solution
ft-ff 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 thua:

Those h.nsed on o—iron are  called FERRITE  

Thosi- based on Y -iro n  are  called AUSTEN1TE

H I L U
T— 1

H Jo— vS--- ^

>— 1—»> 
h n

Cffect o f a tarçê atom



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

Plastic deform ation
(comer, perm anent change of j hope)

Stalling with a material like this, and 
which is soft and weak.

B ifo re  ro lling  (Annealed)

we can roll it and thus harden and 
strengthen it.

Dn heating to a suitable temperature so that 
the atoms can move about appreciably, new 
indistorted grains begin to form at certain  
lites in the deformed grains. If conditions 
a re  suitable, the distorted grains will be 
replaced by new grains which may be sm aller  
>r larger that the original grains (depending on 

.nanycomplex factors). There will be an 
accompanying fall in hardness and strength.

U nd is to rln ) grains forming 
a t tem perature

Thus, work hardened material Is softened by 
.annealing. Some metals and alloys (aluminium, 

>pper, cupro-nickel, brass et a l .)  can only 
>-<■ strengthened by work hardening. If you 
"e ld  such work hardened material then some 

rt of the heat affected zone (HAZ) will be 
r^-aled and there is nothing you can do about 

it except keep its width to a minimum by 
e-''rurolting the heat input.

Ann&al&d (R tc rp fv fh scd )



There are  circum stance« when the added atoms 
cannot completely dissolve eith er oubatitutlonslly 
o r interstitially and this gives rise  to mixed 
atomic groupings within a single alloy, o r  to the 
production of chem ical compounds from the ele­
ments present. Each distinct grouping oi atoms 
In an alloy is called a PHASE and we speak about 
SINGLE-PHASE and M ULTI-PHASE alloys.

Soijlton of A in B

Pfioi* boundary 
(may also t>* a 
greift boundary)

Solution o f B in A

Strengthening of metals and aUoyg

1. Grain s ite

Dirty grain boundaries a re  weak. If the 
grain size Is sm atl, Im purities a re  spread  
thinly over the large area of grain  su rface. 
If the grains a re  large, the sam e amount of 
Impurity Is con certrated  ov er *  sm aller  
area and Is therefore m ore harm ful. Small 
grains a re  desirable, Indeed strength Is

proportional to J
1

Grain size

e .g . If the grain size Is made 9 tim es  
sm aller the strength is 3 tim es g re a te r  
(don't take this too fa r .)

2. Solution strengthening

As the amount(s) of alloying element(s) 
in creases in solid solution the strength  
uaually in creases. Increase the carbon  
content of very pure iron from 0.0001%  
to 0.005%  and the strength In creases by 
a factor of 4. (Don't take this too far  
e ith e r .)

3. Work hardening (and annealing)

If a force is applied to a cry sta l it can 
be deformed. If the force is sm all, the 
crystal will regain Its original dimensions 
wtien the force is rem oved. E lastic
behaviour.

Betört and a ft tr

During j training

[kjsUc &  forma Hon
(re turn i to original shop» wf»n F removed)



4 . P Uction hardening (age hardening)

Certain alloys will dissolve an appreciable  
dmount of alloying elem ent(s) when hot 
(hut solid) and reject •omt of the alloying 
elimeni(s) In the form of large p article*  
of compound;«) when slowly cooled. If 
the hot m aterial Is quenched the alloy 
becom es su p e rsa tu ra te d  and will contain 

ore of the alloying elem ent(s) than would 
rmally be soluble at room tem perature. 

TA'r-ilumtn' Is a c la ss ic  exajnple. Ef the 
jjv --saturated alloy is then heated to 

Kome Intermediate tem perature, the 
c impounds a re  precipitated as very fine 
p articles which harden and strengthen the 
a ! Ioy.

At h r l*j>*3 - Sup&ncturahd solid s&hitron

At h r  1*2*4- Alloying elf/mots rtiected in I t *  
form of largt parliclts of 
compound^)

Typical hoot tnatm tnt

HanSrœti a fttr aging at forrp. T

T, < ^
(If agmg is mnUnutd a f lt r  p*ak harxirms a  
rtacM d, soft fan g  -OYERAQINC occurs)

In welding, therefore, the HAZ of age- 
Lfcrdentble alloys responds in a complex way 
to the thermal cycle.

S olu tion treated p la t*

Urtatt'jctod
Ovcro£*etf

Fully h&at tr ta in i piaf»

Solution 
h&at treated Unaffected



Martensitic reactions

Typical of this type of reaction Is the 
behaviour of many steels although some  
norrferrous alloys can be strengthened  
by this mechanism.

If a plain carbon steel (C 0 .0 6 -0 .8 % ) la slowly 
cooled from a temperature at which the 
structure is austeritic the final structure is a 
mixture of ferrite and the compound iron 
carbide (CEMENTITE). When the ferrite  la 
forming it rejects carbon which diffuses into 
the remaining austenite. Tlie last auatenite 
to transform deposits alternate plates of 
ferrite and cementite which have a ch a ra c te r ­
istic m icrostructure which has been given the 
name PEARLITE. Pearlite  is not a phase, 
it is a mixture of phases.

to rn .

If instead of being slowly cooled, the austenite 
is rapidly cooled (QUENCHED) there is in­
sufficient time for the above reactions to take 
place and a 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 many 
steels.

In some welding p rocesses cooling is rapid 
(e.g . in spot welding) whereas In others it is 
slow (e.g. In e lectro -slag  welding).

In welding processes where the thermal cycles  
are  Intermediate between quenching and slow 
cooling instead of martensite we may get a 
constituent which is neither martensite nor 
ferrite plus Iron carbide. This constituent is 
called BAENITE and its mechanical properties  
a re  akin to those of martensite in alloy steets  
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.

8 th« end r t iu t l  
being ferrile  plus 
pearlite.

becomes if 6 

l # *
Austenite Martensite 

ton quenching)

There  is an appreciable volume change when 
martensi te forms from austenite and this may 
cause cracking especial ly when hydrogen finds 
its u ay Into the materia l (from electrode cov er­
ings, gre as e ,  scale  e t c . , ) .



Pre-heating will reduce the cooling rate and 
may help in the production of a softer and 
m : r e  ductile HAZ.

Pre-heating, however, has a m ore Important 
effect; it delays cooling and enables hydrogen 
to escape before It can cause damage to cold
HAZ m aterial.

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

Alloying elements other than carbon have an 
effect on this type of behaviour and attempts 
have heen made to assign equivalents to these 
elements. For example, manganese Is about 
1 3 tss powerful as carbon In Its effect.

i. e.
Mn% 
' 6 =

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

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

BS 4360 also gives

^ MnC. E .  = C ♦ 6 5

for a certain range of steels.

C r + Mo + V Ni + Cu +
15

Beware CE values g re a te r  than about 0 . 4% 
especially In thick sections. Remember too 
that other elements have a carbon equivalent 
which must -be taken into 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 

verbose 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 

i_s 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 cases, 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 willte 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 

limitations set upon possible welding processes and positions are controlled 

by the material properties as affected by the thermal cycle.

Design

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 performance in service will be 

impaired. 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.

If 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 most 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 

heat, e.g. in the resistance welding of heavily scaled sheet. The ease with
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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 affect 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,
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(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 

rycle will depend partly upon the welding process and partfy 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 rone, resulting in a 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 

where much of the strength and hardness is recovered by re-aging at room 

temperature subsequent to welding. If a wide overheated region exists it may 

result in all the aging elue n t s  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 

w ill rise above the A1 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 ie 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 temperature steam 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
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in the centre or at the fusion boundaries. In many materials the weld 

metal strength will be slightly below that of the parent metal although 

it may 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 li-ttle 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 the 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 

assessment 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.

Thus, 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 

which were originally designed to examine one specific type of cracking in a 

small group of related alloys. Examples are the Reeve and C.T.S. tests for 

underbead cracking in low alloy steels, the Houldcroft test for weld metal 

hot cracking in light alloys, and the various patch tests. Most of these
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¿ests are perfectly adequate 'for the job they were originally designed for,

V  & t
which was to jSlace 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 

tne 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 CF ̂ MATERIALS

Cracking

Cracking is perhaps the mo3t serious of veld defects, although 
fortunately it is not as cocmon as porosity. Three types of cracking 
may be found in welded Joints: cold cracking, hot cracking and delayed 
cracking. Cold cracking occurs in the weld metal or heat effected zone 
at temperatures veil below the solidus, it may occur during cooling after 
welding or, in special cases, a few hours after welding. Hot cracking 
occurs during welding at temperatures at or above the solidus and may 
occur in the weld metal, heat affected zone ctr at the fusion line. Delayed 
cracking hcs been found in creep resisting steels and occurs in the heat 
affected zone during post veld heat treatment or in subsequent high 
temperature service. It has been suggested that a similar form of crocking 
is possible in any material •Where excessive grain strengthening occurs.

Cold Cracking

This type of cracking can occur In all materials where ductility is 
low and heavy restraint exists. The shrinkage strains generated during 
cooling cannot be accommodated because of the low ductility and cracking 
occurs at the lower temperatures of the cooling cycle. Cold cracks 
caused by restraint generally occur longitudinally in the weld metal and is 
often initiated by slag inclusions or lack of fusion in multi-run welds 
(Fig. l). 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 k f takes several hours oreven days 
to appear and this can be dangerous since cracking may not occur until after 
inspection.

Hot Cracking

Hot cracking is more prevalent than cold cracking and mare difficult 
to control; it is essentially inter-crystalline with cracks occurring along 
grain boundaries or between dendrites. The general mechanism for hot 
cracking is similar for weld metal, heat affected zone or fusion line cracking 
although most investigations have Deen confined to weld metal cracking. The 
basic explanation lies in the inability of the material to withstand 
contractioual and external stresses .Imposed during cooling. It is generally 
agreed that this weakness occurs at temperatures at or above the solidua 
and is caused by the presence of liquid metal at the grain boundary faces.

Two suggestions have uecn made to explain weld metal cracking, both 
of which are supported by some experimental evidence. One school of thought 
considers that cracking results during solidification when the growing 
dendrites Interlock and prevent free movement of the remaining liquid metal.
In this temperature range (the 1 shrinkage-brittleness* range) the weld metal
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has little strength rr.d no ductility, so that contraction strains cannot 
be aceo.nmoa^ted, resulting in cracking. IT sufficient liquid is 
available and can reach the cracks 'heiling' can occur, but otherwise 
the cracks; will persist. The alternative suggestion considers that 
cracking occurs at or near the solidus temperature during the last period 
of solidification when the grains are virtually fully forrr.ei and only a 
.liquid film persists The ratio of interphade and grain boundary energies 
will then define cracking tendency. In contrast to the shrinkage-brittleness 
approach, it is argued that cracking cannot occur at intermediate temperatures 
between liqujySus and solidus cince shrinkage strains are uniformly distributed. 
In, this sP -oad suggestion the presence of low melting -point segregates which 
are molten below^the^ equilibrium solidus of the metal arc particularly 
dangerous.' - ' '

Borland Mi as recently attempted to reconcile the above suggestions and to 
develop a generalized theory of super-solidus cracking. Solidification may 
be considered to occur in three stages (Fig. 2).

i) primary dendrite formation,

i) dendrite interlocking, during which both the liquid and solid phasesX 1
are continuous but the liquid remains capable of free circulation 
around the dendrites.

iii) grain boundary development, where solidification is considerably 
advanced with a semi- c o n tinuous network of grains restricting free 
passage of liquid; a stage which continues to the solidus temperature 
at which, the remaining liquid freezes.

The temperature (ac) at which dendrites interlock is known as the coherent 
temperature and cracking is possible once the cooling metal has reached this 
temperature. However, free movement of the liquid will allow healing of 
cracks during this stage, whereas in the third stage starting at the critical 
temperature, ae, and the solidus temperature, abe. The width of the critical

The width of the critical range is also important and crack susceptibility 
should be at a maximum for the composition possessing the greatest critical 
temperature range, as shown in Fig. 5. The greatest range occurs theoretically 
at the limit of solid solubility, but although e:;pcrincntnlly the variation 
of crack susceptibility is found to increase: to a maximum viih increasing 
alloy content before falling away, the maximum crack susceptibility wa3 
found to occur at a lower alley content than the limit of solid solubility. 
Punphrey ’has suggested that tl is discrepancy is a result of the non-equilibrium 
cooling conditions which will alter the limit of solubility. Further 
depression of the solidus can also be caused by lack of diffusion and, in 
some cases, by the presence of low melting point segregates. Increase of 
the alloy content will result in larger quantities of eutc.ct.lc liquid being 
available iVr healing and wit; a certain critical proportion of eutectic 
liquid (estimated at 2Q p for t J uminium-s.ilicon alloys) cracking will be 
prevented.
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above? Tor a eutecfcic v i ta  l imited ;-.cl.‘d .*_• rO b5.1J.
c&plcin hot. ere .king in other types of alloy systems.

Frcn the a w v e  t> Uc.ussion, certain other constitution*! factors flight 
be cxpec ted to of feet suscenti biiity to cracking. Any factor tending 
vo d-prv.-"'- the solidus, such as undercooling cr low ra~lting point segregates, 
vj.11 incrcese susceptibility, converse]y the presence of a second phase with 
n ’>ii gh so.:jf ity for atoms that tend to produce low Ds.lting point films 
v 111 us h r . . .  -vf ici a l . The crystal chape and groin size must also be 
considered. A crystal shape giving a high degree of entrapment is detri- 
r-ez'tal whereas a fine grain size, rucli as can be produced by a f3 at 
teiupciature gradient which encourages nuclcation will reduce the tendency 
to cracking.

Borland suggests that the relative values of interphone (solid-liquid) 
and grain boundary (solid-solid) free energies are of importance in deciding 
the dihedral angle and hence the distribution of liquid at the grain 
boundaries. The relation is:

ZSL _ _.__1____
T " 7SS 2 Cos t

2

where 7SL - interphase energy (solid-liquid)

7SS = grain boundary energy

0 = dihedral angle.

The ratio, t, varies upwards fronj 0-5 (6 = 0°). At a dihedral angle of 
0° liquid vill cover all ^rsin feces, at an angle of 60° (t = 0*57) liquid 
is concentrated at grain edi0es, whilst at angles above 60° ij S 0.57) the 
liquid collects at the grain corners. Where liquid completely covers the 
[•rain faces strains arc well distributed and fissures or craefce would not- be 
expected, provided that sufficient liquid is available, while ut dihedral 
angles of 60° and above sufficient contact should ha^e developed to give a 
strong bond and thus prevert fissure formation. With intermediate conditions, 
however, only small areas of the solid grains may be joined and these jpey 
fracture readily under contraction strains. Under these conditions the 
dihedral angle may prevent healing.

The .Interphase end grain boundary energies can be found e^ertoentally 
and it may be possible to deduce alloy compositions that are not susceptible 
to hot cracking, once the effect of minor additions on the energies have 
seen determined. The main problems still to be evaluated by the theory lie 
in the effect of crystal shape and size (for example, the significance of 
columnar growth), and the effect of the mo.'ing veld pool.

Hot cracking in the heat aifected zone occurs by a similar mechanism 
to that operating in weld metal cracking, and it is suggested that liquid

':e -jn argrcd 
bu* it c£B also
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i'ilra3 at the grain boundaries are neeospary for cracking to occur. The 
same relationr.hip between the dihedral angle and interphace free energies 
is applicable. ..In this case, however, a supply of molten eutectic is not 
available, so that entectic healing cannot occur. This mechanism of 
cracking presupposes the existence of strain in the heat affected zone and 
it follcrws that if the weld metal solidifies at a lower temperature than 
the liquated films, 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 cracking assumes a liquid film and the origin of 
this film is problematical. In a cast structure, coring will give low 
melting point segregates at grain boundaries, but this can hardly persist 
in hot worked material. It may, indeed, be necessary to look at each 
material individually, and it has been suggested that a concentration of 
low melting point segregates can occur as a result of phase changes. For 
example, in austenitic steels, Parks^considers that ferrite stabilisers, 
such as silicon and phosphorus, diffuse into the 5 ferrite since their free 
energies of solution are less in ferrite than austenite. On subsequent cooling 
and as the ferrite transforms a concentration of these elements occurs and may 
lead to liquation of the ferrite/austenite interface during the veld thermal 
cycle. An experimental correlation between cracking and the presence of liquid 
films has not yet been satisfactorily achieved and it is suggested that other 
mechanisms should be considered.

With fusion line cracking, integranular cracks run into the heat affected 
zone at right angles to the weld, and in certain circumstances may also extend 
into the weld metal. The crack mechanism is again believed to be similar 
to those for weld and heat affected zone cracking, in that a liquid film is 
necessary at the interface. It has been suggested that preferential 
absorption of certain elements occurs at the weld metal/base metal interface, 
and that these elements may penetrate the grain boundaries, lowering the 
Solid/]iquid interfacial energy and forming a base metal liquid film.
Cracking will then occur in the presence of stresses and the absence of 
entectic healing. Thi3 suggested mechanism is of interest since, it 
e/piaina the presence of base metal cracks in materiel that is free from 
•A’.fible intergranular segregates. If partial healing occurs from the weld 
pool these fusion line cracks may, in fact, appear to be heat affected zone 
cracks.

Delayed Cracking

Delayed cracking is found in high temperature austenitic and ferritic 
steels after postweld heat treatment or during subsequent high tepperature 
service. These crackc, which haire been particularly troublesome in austenitic 
superheater steam lines operating at 550°C and above, are intergranular and 
occur in the heat affected zone. In many cases they appear to originate from 
a minor veld defect such as undercut or a hot tear at the toe of a weld (Fig. U ) . 
During the welding cycle the ductility of a heat affected zone is severely
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reduced fry etra<.n assisted precipitation of pp.rtlcles (often carbides) 
on dislocations. Tnus localised btrain during pcstveld heat treatment 
or subsequent service cannot be accommodated and cracking occuî-b.
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DEPARTMENT OF MATERIALS

Cracking Tests

Any cracking test must be designed to investigate a specific type 

of cracking and, preferably, a particular range of materials. Ideally, 

a cracking test should be:

a) Economical in material, time and la’oour.

b) Simple in Interpretation of results.

c) Capable of giving direct correlation vith actual structure.

d) Free from the human element.

e) Reproducible and consistent.

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

of all welding variables.

These ideal requirements can never be completely readied, Indeed acme of 

them are self-contradictory and demand a compromise with the result that 

cracking tests are really only sorting tests, capable of placing a series 

of materials in order of susceptibility to a particular type of cracking, 

but not capable of quantitative interpretation for an individual material. 

The main difficulty lies in defining restraint as it occurs in welded 

fabrications, and in putting a quantitative figure to any degree of 

restraint. Restraint is known to be important in most types of cracking 

but the quantitative variation of restraint in cracking tests has so far 

proved impossible to achieve.

It is not possible to consider all cracking tests here. Borland1 

describes JO tests and even this list 1b not complete.

The majority of cracking tejts were developed for carbon and low alloy

D/M$7
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steels, and very few for other materials. Tests for underbead cracking 

are, of course, restricted to these steels but testa for veld metal cracking 

have found more general application. Cracking test results may be in the 

form of crack/no crack indications or on the length of crocking before 

arrest. The former tests will require several te3t specimens in which 

the factors affecting cradling (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, hovever, control of the variables is never 

e::act enough to allow reliance on a single test and several tests are 

nccessary to obtain a positive result. Most tests involve a butt or 

fillet weld, others require s imply a bead on plate test, but few bear any 

direct relation to actual welded assemblies. The B.V.R.A. test fo_r delayed 

cracking in austeritic steels (see below), however, relates directly to 

the stearapipo: header joint in which this form of cracking vas first 

recognised, whilst some industrial companies are known to use test specimens 

that simulate the more difficult Joints that they actually encounter.

These latter tests are generally nearer to procedure and welder approval 

tests than to tests of the crack susceptibility of a specific parent or 

filler material.

Most tests for heat affected zone cracking are concerned with underbead 

cracking in steels, and these range from a simple bead on plate test 

incorporating little restraint, to heavily restrained fillet weld tests 

such as the Reeve test and Cruciform test. The most developed test for



underload cracking is the Controlled Thermal Severity (or C.T.S.) test

vhich has been adopted by the International Institute of Welding as the 

standard test for collaborative work. The C.T.S. test incorporates less 

restraint than 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 cases great care must be exercised in interpreting the results.

The B.W.R.A. test for austeritic steels was developed specifically to 

examine 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.g. patch test, Lehigh restraint test, although the Murex hot cracking 

machine applies strain to a fillet veld while it is being deposited.

Crack length is taken as a measure of crack susceptibility where restraint 

is varied continuously in a single specimen Vhereas 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 utility 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 found, the authors 6ee an advantage in using 

the more simple tests. The larger and more complex the test the greater 

the cost In materials and labour.

Several cracking tests are described below, covering some of the more 

widely used tests.

d /U6t
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TontB for heat nrj’pctod z,ouo oruc! lug:

In the Binple bead on plate teot'uned 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 ensures 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 is the initial plate temperature. After welding, the steel plate is 

held for 2h hours at 15°C to enable the cracks to develop, tempered for 1 

hour at 595 °C and sectioned longitudinally (Fig. l). The longitudinal 

section is examined for cracks metallo&raphically 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. teat3 >4was developed by Cottrell at B.W.R.A. and is based 

on the assumption that underbead cracking is based on the cooling rate at 

300°C (in effect the microstructure of the Bteel), provided that hydrogen 

is present. The decree of restraint Is assumed to have little 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 provides some restraint although this is 

not as Bevere as with the Reeve test,5from which the C.T.S. test is derived.

Two test welds are deposited in the dovnhand position as indicated, the 

assembly being cooled to room temperature before each weld is made. For a 

given type and size of electrode and fixed welding conditions the cooling rate, 

and hence the degree of cracking, is Greater with the final (trithermal) weld.
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After voiding the teat acsembly is kept Qt room temperature for i+S hours 

before being Bectioned and examined microscopically for cracks.

The first weld has two paths along which heat can be conducted and 

the second weld three paths, which explains the use of the terms bithermal 

and trithermal. For 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 V *  inch 

thick plate and from this is derived the concept of thermal severity in 

terras of plate thickness. Tnus the bithermal weld in two sections of V 4 

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

one of 3 . For other plate thicknesses the thermal severity numbers are 

given oy

TSH 3 4(t + b) for bithermal welds

and TSN =» 4(t + 2b) for trithermal welds 

(see Table l) and the relation betveen TSN and cooling rate is shown in 

Figure 2 for different levels of heat input and weld sizes.

Cradking at any particular TSN is determined on a crad;/no crack basis 

and the concept of a Weldability Index (Table II) has been proposed using 

fillet welds of V 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 freedom from underbead cracking 

whereas a rating of G indicates a very high susceptability.

The type of electrode coating has a large effect on crack susceptability 

and hence the Weldability Index rating, by controlling the amount of hydrogen 

available in the veld metal. Thus, for the Weldability Index rating of a
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material to have any significance it must be prefixed by the coating 

¿3roup of the electrode used: a material may have an Inde:: rating of C 

or D vith rutile electrodes but this may be improved to A for basic 

electrodes. For most general material tests rutile electrodes are used 

since these give the greatest susceptibility to cracking.

Because the electrode coating can affect 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, vhich 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 notch at the root of the fillet welds. These variations can give 

useful information but care must be taken in comparing tests made under 

these different conditions.

The B.W.R.A. test for delayed cracking in Cr-Ni austeritic steels6 

is shown in Fig. 3, welds are made with coated electrodes in the sequence 

indicated. Each run is made in two l30° segments followed by cooling to 

room temperature. The rigidity of the specimen is often sufficient to 

cause minor hot cracking at the toe of the weld and these propagate on 

subsequent heat treatment. A series of tests are necessary to define 

the temperature range over which cracking nay occur.

Tests 1'or weld metal cracking:

A lar^e number of these tests exist ranging from cimple pad tests to 

the production of butt and fillet welds under considerable restraint,

The simplest for veld metal cracking consists of depositing a pad of 

weld metal on a \ inch thick plate of the material to be welded:7 cracking
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Is then assessed by micro-examination. 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 veld metal by the parent plate is obviously avoided in 

this test.

Several versions of T fillet veld test exist, including one adopted 

by the British Standards Institution for testing covered electrodes for 

mildQand medium high tensile steel? Each test requires a T Joint to be 

produced in the plate material (-̂  inch thick for BS 2|?49)>welds on either 

side of the T being produced successively (see Fig. 4a). Details of plate 

preparation, preheat and welding conditions are standardised to allow 

reproduction of the restraint and the second veld is produced under a 

greater degree of restraint than the first. After visual examination for 

cracking the fillet velds may be broken open (Fig. 4b) and examined for 

further evidence of hot cracking.

The Lehigh restraint test10vas developed to study the effect of 

restraint on cracking in steel veld deposits; it consists of a slotted 

plate vith a machined centre groove in which the veld 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 deposited and crocking is determined by macro-examination. The test 

may also be un;ed to otudy cracking in the veld h.a.z.

The Murex hot cracking machine11*12places a stress on a cooling veld 

deposit and offers a useful method of distinguishing the hot cracking 

tendencies of different electrodes. For this test a 3 inch fillet veld is



deposited in th,e V formed between two 5 inch * 2 inch x ^ inch plates 

(see Fig. 6). One of the plates is rotated at a constant speed, 5 seconds 

after the velder starts depositing the electrode. A  total rotation of 30° 

is effected giving a maximum fillet angle of 120°. The speed of rotation 

can be varied for different tests; a speed of 1.10°/sec. lias 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 tests13>14have been uced extensively to examine hot cracking 

in a vide range of ferrous and non-ferrous materials. The most usual test 

for materials up to 1/& inch in thickness (Fig. 7) consists of a 6 inch 

square from which a 2 inch diameter circular patch is trepanned. The 

patch is welded back into the square and the crack susceptibility expressed 

as a percentage of total veld length or by the angle subtended by the weld 

start 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 

suggestion ha6 also been made that a simple circular welding bead in a square 

of te3t material would give the same results as the true patch test; a 

tect made in a light alloy is shown in Fig. 8. Patch tests are also used 

for thicker materialsl5in which case larger plates are U3ed with an appropriate 

edge preparation.

D/k6 7
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The Houldcroft fishbone teBt was developed to examine the crack 

susceptibility of light alloy sheet during TIG welding, with or without 

filler additions. The test has since been used for other sheet material.

It is based on the concept that if a weld is started on the edge of a sheet, 

a crack can initiate and will then propagate until the restraint is 

reduced. In the fishbone test restraint is progressively reduced by a 

series of slots of gradually increasing depth as shown in Fig. 9* 

test wold is made along the centreline of the specimen and full penetration 

and a constant bead width is essential; manual welding gene-rally gives a 

more unifora bead although automatic TIG welding has also been used. The 

test specimen is not restrained externally but rested on a carbon block 

which provides good electrical contact but poor heat conduction. The 

crock susceptibility is measured in terns of crack length, a mean of 6 

tests being taken. On the basis of work on V 16 inch thick At-Mg-Si alloys 

Houldcroft has suggested that, for welding speeds around 8 ins/min. and bead 

widths of x/4 inch, a crack length of le3s than £ inch indicates a fully 

weldable material whereas a crack length greater than 1V 4 inches indicates 

a high crack susceptibility. Although the test is generally discriminatory 

between different alloys it does fail to distinguish between the crack 

susceptibility of some alloys of similar compositions e.g. ki> -3 *5^3 and 

A&-5Mc alloys, and soiae scatter is found between nominally identical 

specimens. It was sucgested17that these problems resulted from a variation 

in heat flow pattern at the weld starts and an unslotted portion v a E  added 

to the testpiece to enable the heat flow pattern to become steady before the 

first slot was reached. This modification improved the discrimination of

d / i+67
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the test at lower welding Epeeds but did not reduce the scatter.

A recent comparison of the Houldcroft and patch testslshave shown 

that the latter test covers a uore 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 weldirg behaviour.
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Fig.7. Jig for patch test in 
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1. Preheating - consists of heating the weld joint to a predetermined 

temperature before welding in order to produce a satisfactory joint.

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 Heating - maintaining the preheat and interpass temperature 

after welding is complete.

4. Tempering/Apeing - 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 form* a singly phase solid solution.

Annealing - for steels involves heating to temperatures 20-30°C 

above the upper critical temperature, A^, followed by slow furnace 

cooling. Produces a soft structure.

7. Normalising - for steels involves heating to temperatures 20-30°C 

above Aj followed by cooling in still air. Useful for grain refinement 

and consequent improvement in mechanical properties*

8. Quenching - usually involves heating to above the transformation 

temperature (20-30°C above A^ for steels) followed by controlled cooling 

in water, oil, salt bath, or air blast.

5» Stress-relieving - heat treatment applied after welding in order to

reduce the level of residual stress. Tempering and ageing effects may

also occur. In steels susceptible to secondary hardening or temper embrittle-

r>2nt the treatment may have a deleterious effect on mechanical properties.
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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:

(i) 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:

(i) type and quality of material being welded

(ii) thickness and condition of the material

(iii) design and geometric complexity of the welded 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 c a s e s  heat treatment is essential to restore the desired properties and 

reduce the residual-6tres8 levels.

WIEN 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 thermal conductivity materials.

Preheat is expensive and should be applied only when necessary to 

ar hi evf i  n satisfactory joint. Preheat is much rtore expensive if applied 

! ii. nrri'iM 1 y , i f  limited, or <»vrn «voided, dup td other external f / i c t o r « ,  •mrli 

as:

(i) cost

(ii) lack of appreciation of the function of preheat

(iii) inefficiency of equipment for preheating

(iv) welders’ objections to working under ’hot’ conditions

(v) lack 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 

steels, 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.

Whatever 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 

wolds 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.

Post-heat treatment

Heat treatment after welding may be required

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

joint

(ii) 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.

All 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 limit6 

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.



EFFECTS OF WELDING AND HEAT TREATMENT

Whenever 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, arid 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.
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NON-FERROUS 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 hiat 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 BRAZING

The technique of producing brazed joints in vacuum is on the fringe of 

heat treatment but it is appropriate to mention it here. For example, 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 it-etal



(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 on 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 alloying 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 result« 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 eftry 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 coolant temperatures and pressures.

DEVELOPMENTS IN FURNACES FOR STRESS-RELIEVING AND ANNEALING

‘ ' 1
Welding in its various forms is much better known than vacuum brazing 

as 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 

intc-rnal 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- 

: or. concentrations of only a few p.p.m.

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

"r:cations. For most structures the temperature 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 stressest

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. Because of the basically hatch-type nature of the process, this energy 

was largely wasted and thermal efficiency was effectively only 10-15%. Current 

furnaces for these applications employ lightweight materials which are very good 

insulators, such as calcium silicate used up to about 750°C, or ceramic fibres 

with temperature capability of 1 100°C or higher. These are often referred to 

as "low thermal mass" (LTM) furnaces. This means that the process not only uses 

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

is possible (see Fig.7).

The indirect of resistance furnace is particularly suited to the applica­

tion of the LTM concept. Obviously, uniform 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 furnace 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

tional 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 potentiometer can then be 

used to provide the necessary comparative signal. Tne heating elements are supplied 

with power as necessary to bring the temperature within each zone to the level 

required at that particular time. Such a control system is readily applied to an 

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

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

taring r>¿vantage of the favourable energy tariffs available.



TABLE IV Some materials and material combinations suitable for

Vacuum Braz

Brazing

Base Materials Brazing Alloys (Filler Metals) Temp. °C

Aluminium alloys 
2002, 2219, 3003, 
6061

88 Al-12 Si 580-595

Berylium 88'Al-12 Si, 92.5 Ag-7.5 Cu, 
72 Ag-28 Al, 72 Ag-28 Cu,
94 Ti-6 Be, Ti-Cu-ln, Ni

780-900

Superalloys 

HastellCy 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

Titanium Alloys 
Ti-6 Al-4 V 
Ti-8 Al-1 Mo-1 V 
Ti-5 Al-2.5 Sn

Ag-Al, Ag-Cu-Ge
Ag, Ti-43 Zr-12 Ni-2 Be
Ag-Cu, Ti-15 Cu-15 Ni

900-1260

Refractory Metals 
Columbium Ti-8.5 Si, Ti-33 Cr, 66 Ti-30 

V-4 Be, 48 Ti-48 Zr-4 Be, 75 
Zr-19 Cb-6 Be, Ti-13V-ll Cr-1 Al

980-1790

Molybdenum 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, 
Hf-40 Ta

1650-2050

Tungs ten 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 temperature and, because of the restricted 

acccss of air resulting from the virtual sealing of the furnace, the low level 

of oxidation which the treated structure suffers during the cycle. This means 

tiiat, while avoiding the complications of a conventional controlled furnace

l. <■ sphere, it is not normally necessary to carry out an expensive shot- 

blasting operation on the fabrication after stress-relieving.



’’K IT  If/i! STANDARDS IN ST .l'iV T in ”  : RELEVANT PI 11VL T f. AT in : ;S

1) Specifications n f Welding Rpgui rpnents

RS6 39 : 1972 Cove fed el octrodes for the manual metal-arc welding of 

mild steel and nediurr,-torsi 1 e steel

"aced
r

3639:1976

Requirements for all classes bf normal penetration electrodes, 
including hydrogen controlled cl p c  trodes . 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.

BS1719 : Part 1 : 1969 Classification and coding of covered electrodes 

for metal-arc welding

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

'BS2642 : 1965 General requirements for the arc welding of carbon 

manganese steels

. aced 
by
: r' 13 5 :19 7 5'

Parent metals and carbon equivalents; electrodes; control of 
cracking and excessive hardening of heat affected zone; preheat and inter­
pass temperature; welding procedure; workmanship in joint preparation and 
welding; quality of welds. Appendices on design and types of weld prepara­
tion.

E S1R 21 : 1957 Class I oxy-ace tyl ene weltling of steel pipelines and pipe 

assemblies for carrying fluids

Deals 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, and branch and sleeve welds. In each 
case details of the preparation and technique are specified.

RS1K56 : 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 vith the following:

BS2493 : 1971 Low alloy steel electrodes for manual metal arc welding

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

?iS4165 : 1971 _Electrode wires_ and fluxes for the submerged arc welding
of carbon steel and r idi urn-tens:. le steel



Materials, details of butt and fillet welds, information 
required by the welding organization, welding 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 allowable stresses 
in welds or methods for their testing.

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

BP. 1965 : Butt-weld ing pipe fittings for pressure purposes 

Part 1 : lq63 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.

Details of testing and mar’ ing are also given.

Part 2 : 1964 Austeni t ic s ta 1 n 1 e s s steel

Dimensions, tolerances and materials for 90 and 45 elbows,
IPO return bends, concentric and ecccntric reducers, equal and reducing 
tees and caps, in wrought and cast austenitic stainless steel, for butt- 
welding on to pipes. Details of testing and marking.

HS26 33 : 1973 Class 1 arc welding of ferritic steel pipe work for carrying 

fluids

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

nr,2971 : 1961 Class II metal-arc welding of steel pipelines and pipe 

assemblies for carrying fluids

Specifies requirements for shop and site metal-arc welding of 
sttel pipelines and pipe assemblies for carrying fluids suitable for Class 
II conditions in sizes up to 24 in diameter. The specification is divided 
into general requirements, requirements for butt joints, branches, sleeve 
joints and flanges, requirements for the rectification of faulty welds, 
and testing. In each case, details of the preparation a m 1 technique •>tp 
c -or i P i p'1.



PSA51 5 : 1969 Field welding of carbon steel pipelines

Arc welding by various manual, automatic and semi-automatic, 
processor, of butt joints, branch connections, fillet welds and socket 
wolds 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.

P.S46 77 : 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, 
branches, attachments, flanpes; testing and inspection; acceptance require­
ments; procedure and welder qualification tests.

2)  S p e c i f i e n t i o n s  f o r  M a t e r i a l s

I’Sl 501 : 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 
temperature and at elevated temperature, low temperature impact properties. 
Appendices on (i) stress repture and creep properties 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.



I

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 composition 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 creep and creep rupture properties and 
stress relieving.

BS4 360 : 1968 Weldable Structural Steels

I
Requirements for a ranye of structural steels in terms of compositic 

carbon equivalent 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. 
Non-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 protective devices; welded 
connections and welded seams; design of openings and penetrations; 
design stresses; selection of economic flange proportions; stages of 
inspection.

BS4534 : 1969 Weldable 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 includes 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 
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 cold formed shapes that may be 
required for special conditions. Worked out examples illustrate 
design methods.

BS4 I 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, weight 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 British Standard range, whilst 
Appendix A gives those ISO angles not included in the British Standard 
range. Partially in agreement with ISO/R657 Parts 1 and 2. '



BS24 : Railway rolling stock material

Part 1 : 1956 A^les
I

Locomotive c^ank 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, tolerances 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 A: helical springs 
made from round ground steel bars to Bcc. 3; quality o f material, 
compression test, workmanship, tolerances. ifethod 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 on 
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.

Part 2 ; 1970 Direct hardening alloy steels, including alloy 
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. En 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 
ofBS9 70: 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 càse hardening 
supplied with specified mechanical properties. Summary tables.



Supplement No.l (1973) to BS970 ; 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 composition of 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 délivery, 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 section; equivalent 
section; 'mass effect'; weldability. En steels classification (chemical 
compositions, mechanical properties).

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

Specifies the minimum requirements for the design and testing 
of fixed overhead runway beams nwde 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

Comprisirig:
592 Carbon steel castings for general purposes 

1398 Low alloy steel castings for use at elevated temperatures
1456 lj % manganese steel castings
1457 Austenitic manganese steel castings
1458 Alloy steel castings with higher tensile strengths
1461 3% chromium-molybdenum steel castings
1462 5% chromium-molubdenum steel castings
1463 9% chromium-molybdenum steel castings
1617 Carbon steel castings with high magnetic permeability
1630 13% Chromium steel castings for resistance to corrosion
1631 Austenitic chromium-nickel steel castirigs 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 1% 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 3% nickel-steel castings for case hardening
4241 3£% nickel-chromiumpmolybdenum steel castings for case 

hardening
4242 Ferritic steel castings for uSe at low temperatures

Process of manufacture, fettling ând 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 
■englneéring purposes

Steelmaking process, chemical composition, minimum forging 
reduction, heat treatment and mechanical properties, for carfeon 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 engineering purposes having tensile strengths 
between the limits of 600 N/mm and 1250 N/mm , and ruling sections 
above 150ram 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 erection-; 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 o ^  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 A & 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,
? ,v : petroleum and allied industries

.........  » 1 .. }■ "■ J. •*'

Part 1 : 1965 Carbon and ferritic alloy staels 
..'.ù S i r.- . -j-i • . . ■■

5 i . ; 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.

BSAÔ7 : Fusion-welded steel air receivers

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

Class II and III air receivers for design pressure not 
exceeding 500 lb/sq.in. and the product of the design pressure in lb/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 A0 illustrations.



BS487 : Part 2 : 1963 Receivers to Class 1 requirements

Class I air receivers with no limitations on size or design 
pressure. Types 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 t6 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 s 1976 Carbon and low alloy steel pressure vessels for primary 
Circuits of nuclcar reactors

BS5500 : 1976 Unfired fusion welded pressure vessels

Covers carbon, ferritic alloy and austenitic steels and 
incorporates,15Q proposals.



BS5135 :

requirements 

BS4870 : 

BS4871 :

BS4872 :

1974 Metal arc welding of carbon and carbon-manganese steels 

Major standard incorporating new thinking on preheat

1974 Approval testing of welding procedures

Part I 1974 Approval testing of welders working to approved 
welding procedures

Part I 1972 Approval testing of welders when welding procedure 
approval is not required



FERROUS WELDING METALLURGY - 1 MAT. NO. 157

V/eld Thermal Cycle

The weld thermal cy c le  w i l l ,  a f t e r  the carbon and a l lo y  content o f  the 

s t e e l ,  be the most s ig n i f i c a n t  fa c to r  in in f luenc ing  wel( and heat a f fe c ted  
zone s t ru c tu re  and p ro p e r t ie s .  The cyc le  w i l l  depend upon the weld ing process, 
the heat input and the workpiece dimensions. S ig n i f i c a n t  aspects o f  the cyc le  

a re :
(1) maximum temperature reached;
(2) time a t  e leva ted  temperatures i . e .  a t  or above A1 and A3 

temperatures;
(3) c co l i  ng ra te .

The r e la t iv e  importance o f these facto rs  w i l l  depend la rg e ly  upon the 
composition and s t ru c tu re .  In mild (p la in  C below 0.25%C) s t e e l s ,  the maximum 
temperature is the most important fa c to r  s ince i t  determ'nes the aus ten ite  
gra in  s iz e .  Time a t  e leva ted  temperatures may be s ig n i f i c a n t  in determining 
the extent o f d isso lu t io n  of carbides and re - d is t r ib u t io n  o f non-m etallic  
i nclus ions .

Cooling rate w i l l  in fluence  the austen ite  transformation products and 
is thus most important w ith  s tee l compositions or dimensions where t ra n s fo r ­
mations to non-equilibrium s truc tu res  such as b a in i te  or m artensite  is 
c r i t i c a l l y  dependent upon the actual cooling ra te .  Examples include low a l lo y  
s t e e ls ,  th ick e r  sections o f  carbon-manganese s te t i l ;  and high strength  low a l lo y  
(micro a l lo ye d )  s te e ls .

S tru c tu re  o f Weld Metal

Most deposited weld metal contains only about O.l^C and no a l lo y in g  
elements other than Mn and perhaps S I .  Impurity elements such as S and P are 
maintained a t  very low le v e ls .

The s t ru c tu re  of the weld metal cons is ts  in weld metal w ith  strengths 
2

up to 600 N/mm , o f p roeutecto id  f e r r i t e  o u t l in in g  the o r ig in a l  columnar g ra in  
boundaries with the centre o f the "g ra in s "  cons is t ing  of a more a c ic u la r  
f e r r i t e  together w ith small amounts of d is t r ib u te d  carb ides.

This f e r r i t e  is cha racte r ized  by a f ine  gra in  s ize  (the actua l gra in  
s ize  depends upon the heat input/arc energy and cooling ra te ) and a high d is ­
lo ca t ion  d ens ity .  Small g lpbu la r  inc lus ions are o ften  v i s ib l e  in weld metal



deposited by s lag sh ie lded  welding processes,
Subsequent weld runs g ive " re f tn e d "  weld metal due to reheating the 

o r ig in a l  "as deposited" we 1d metal above the Ac3 temperature, i . e . ,  re- 
a u s te n it iz a t io n .  This re fined  weld metal has a s im i la r  gra in  s ize  to as 
deposited or unrefined weld metal but is more eq|jiaxed. Refined and unrefined 

weld metal can be re a d i ly  detected by macro-etching.
The mechanical p ropert ies  assoc iated  w ith  these weld metal s tru c tu res

are good. Tens ile  strength  is  h igher than that o f  hot wrought metal o f
s im i la r  composition wtth unrefined weld metal being somewhat s tronger than
refined  weld metal. No y i e ld  po in t may be detec tab le  but proof strength  is
a lso  high and the r a t io  Proof S tress  : Tens i le  S tress  ts above 0.75• D u c t i l i t y
remains adequate w ith  te n s i le  e longations gen e ra l ly  above 251, although flux/
slag co n s t i tu t io n  is  Important in manual metal a rc  weld deposits . Notch
impact behaviour is g en e ra l ly  b e t te r  in re fined  weld metal but i n t e r s t i t i a l
Im purit ies  and a l lo y in g  elements are more Important: bas ic  f luxes are h igh ly
b e n e f ic ia l  in MMAW and SAW and in e r t  gas sh ie lded  processes g ive  even b e t te r

2r e su lt s .  For the welding of s te e ls  w ith  proof s tress  above 550N/mm i t  
becomes more d i f f i c u l t  to obta in  weld metal of overmatching streng th , d u c t i l i t y  
and notch toughness. I t  Is necessary to use a l lo y in g  elements, minimise 
Impurity elements and c a r e fu l ly  contro l the welding procedure; fu r th e r  
developments in th is  f i e ld  are requ ired , however.

S truc tu re  in the Wold Heat A ffected  Zone

The HAZ is defined as the region extending from the fusion boundary to 
the unaffected parent m a te r ia l .  I t  Is  usua lly  -Ipflned in terms o f  changes in 
m icrostructu re  although there is evidence that loss o f notch toughness can 
occur in regions outs ide the v i s ib l e  heat a f fe c te d  zone.

In mild s te e ls  four d i s t in c t  regions can be observed in the HAZ:
(1) Region o f g ra in  coarsening - a coarse

Wi dmans ta t  ten s t ru c tu re  heated between 1100°C and the melting 
p o in t ;

(2) Region of g ra in  refinement - a f in e  grained intermediate 
transformation product re su lt in g  from heating to ju s t  above 
the A3 temperature (900° “  1100°C);

(3) Reg ion o f  p a r t ia l  transformation re su lt in g  from heating in 
the temperature range Al - A3 (750° “  300°C )  ;



(k) Region o f  sphe ro id lza t ion , a narrow region heated ju s t  
below A1 (750°C) where some p a r t ia l  sphero id ization  of 
carb ide has occurred (very d i f f i c u l t  to d e te c t ) .

Changes in p ropert ies  accompany the changes in s t ru c tu re ,  these changes are 
g e n e ra l ly  an increase in s trength  a t  the expense o f d u c t i l i t y .  Notch d u c t i l i t y  

may be improved in the region o f gra in  refinement but may ‘je  d r a s t i c a l l y  
reduced in the gra in  coarsened region.

A re d is t r ib u t io n  o f non-m etallic  (genera lly  by l iq u id a t io n )  may a lso  
occur in the gra in  coarsened region re su lt in g  in hot tears or embrittlement.

Regions o f grain coarsening, gra in  refinement and p a r t ia l  trans ­
formation may be noted a lso  in the HAZ o f low a l lo y  and m icroalloyed s te e ls .
However the i n i t i a l  parent metal s tru c tu re  may not have been the eq u il ib r ium  s t ru c tu r  
but a f e r r i t e  plus tempered b a in i te  or tempered m artensite s t ru c tu re .  Equally  
the s tee l composition w i l l  be more hardenable so that martensite may occur, 
p a r t i c u la r l y  in the coarse grained region. Twinned martensite is the most 
dangerous s tru c tu re  being hard and b r i t t l e  w ith  a fiigh s u s c e p t ib i l i t y  to 
hydrogen induced cold crack ing . The hardness and s u s c e p t ib i l i t y  o f the 
m artensite  w i l l  depend on the carbon content and in some cases an immediate 
post weld tempering treatment w i l l  be e s s e n t ia l .

The Carbon Equ iva len t Formula

Accurate p red ic t ion  o f the behaviour o f the HAZ o f  C-Mn and low a l lo y  
s te e ls  requires knowledge o f carbon and a l lo y  contents, transformation 
c h a r a c te r is t ic s  under continuous cooling cond it ions , and the cooling ra te .
This information is often not a v a i la b le  and even where i t  is known the welding 
engineer may not have s u f f i c i e n t  expert ise  to use i t .

To ease the welding eng ineer 's  task many workers have expressed the 
hardenabM ity  o f a s tee l in terms of the e f f e c t  of each a l lo y in g  element 
r e la t iv e  to carbon, which has the most marked e f f e c t .  The re su lt  has been 
the p os tu la t ion  of "carbon equ iva len t formulae" which ind ica te  the hardenabi1i t y  
o f  a weld HAZ and, combined w ith  the welding procedure, ind icates  the 
p ro b a b i l i t y  o f hydrogen induced cold crack ing . Carbon equ iva lent formulae are 
gen e ra l ly  formulated a f t e r  work on a r e s t r ic te d  range o f s tee ls  and only apply 
to that composition range.

The most used formula (1IW formula) ap p licab le  to C-Mn and s l i g h t l y  
a l lo ye d  s te e ls  (approximately 0.13 ~ 0.251 C, 0-2% a l lo y in g  elements) i s :

Carbon Equ iva len t = C Mn Cr + Mo + V Ni + Cu
+ _ T  + -------5------ + — T5—
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HOT TEARING AND BURNING

If a wrought steel is overheated in the austenitic region a 

re-distribution of non-taetallics 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
i

embrittle the steel. This phenomenon is known as burning and cannot be 

rectified by subsequent heat treatment. If striess is present, the grain 

boundaries may part during cooling - 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 heat 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
i

welding situations.

The weld thermal cycle can give grain boundary films in the

I
HAZ if suitable non-^^.tallics are available; if 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 intergranular with respect to the ’■rior 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:

CD In thin sections with prolonged heating they cay reduce 
static strength;
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(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) Reheat 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 silicates or phosphides.

Similar problems can be found in ferritic weld metal: high 

sulphur (around 0.1%) is needed for hot tearing and although this level 

is unusual it can occur due to segregation. Manganese silicate can also 

liquate at austenite grain boundaries but this form of hot tear generally

are often referred to as refined zone fissures.
i • ,

The significance of planar and bulk non-raetallic 

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) Noh-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

£ood protection from deoxidation so that only a little ferro-r.ianganes£ 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 fissures. 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-nlanganese 

and ferro-silicon. Basic slags were found to scavange sulphur into 

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 

not absorbed and hot tearing occurred.

MIG-CO^ 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 effectively 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.?Z% and sulphur below 0.05%; 

problems generally arise through segregation. Equally, any coatfed 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 joints, 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.Omni 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 

di recti on.

Metallographi'c Features of Lamellar Tearing

Originally, lamellar tears were illustrated which appeared to propog:.^ 

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. In 

places, twin tears c<.;i 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 plate-like 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 dangerous 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 

i s  some evidence o f  s m a ll  a r e a s  o f  b r i t t l e  fracture. The s h e a r  w a l l s  a r e  o f t e n  

undercut and again the appearance i s  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 expansion 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 +e.sts on steel plate. These low tensile ductilities are not 

solely due to the presence of small non-metallic inclusions.

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 o* 

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 orde^ 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 above 

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 strain ageing may 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 hydrogen practice will not eliminate 

lamellar tearing but 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 link 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 ultrasonic 

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 ulttasonics 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 testb 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 acceptable 

reduction of area needs further definition. Current practice requires a 25%

RA^ mean for 4-6 specimens of 6.4mm diameter with a 10% or 15% minimum but 

IIW haS suggested a lower mean of 15-20%. Node plates for offshore platforms 

generally require 30% or even 35% mean RAj? . For larger diameter specimens 

the mean RA£ 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 remain to be proved. A through thickness bend test 

on sample slices from suspected plates has given encouraging results but the



t e s t  needs t o  be more closely defined. I t  is suggested t h a t  s t e e l s  t h a t  g iv e  

crack lengths over 30mm for surface strains below 6% are susceptible and i f  

cracking shows at strains below 2% lamellar t e a r i n g‘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 the stem of the fillet 
or T - ^utt 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 RA^ value. The cost 

of such steel is double that'of silicon-killed ste£l but it does have 

genuinely isotropic properties which ensures more effective utilisation: Z 

quality steel should always be used when joint design and high restraint 

makes lamellar 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 2 quality steel in all but the 

worst situations. The fourth method which aims at reducing the direct tensile 

loading is the most desirable 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 likely to prove more expensive than 1 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 the 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 failure 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 limits but unti1 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

i ; '

Hydrpgen is a major fac to r  in sdveral of  the problems that can 
a r i s e  In the welding of s t e e l .  These inc lude:

(1) F ish-eyes;
(2) HAZ hydrogen induced cold cracking (HICC)

(3) F i s su re s ;
(*0 Chevron cracks;
(5) Weld metal HICC.

Hydrogen can be a va i l ab le  from severa l sources. In manual metal 
arc welding severa l  coat ings break down to give a sh ie ld ing  atmosphere that 
conta ins hydrogen (o f ten  up to 30%), w h i l s t  in in e r t  gas shie lded processes 
moisture in the sh ie ld ing  gas may break dowh to give hydrogen. Moisture on 
the parent s tee l  and f i l l e r  w ires ,  often absorbed in ru s t ,  or hydrogen 

present in surface  o i l  grease is a lso  a po ten t ia l  source of hydrogen in the 
welded j o i n t .

Hydrogen goes into  i n t e r s t i t i a l  s o l id  so lu t ion  in s t e e l ,  i ts 
s o l u b i l i t y  is  grea tes t  in molten s t e e l ,  and higher in a u s t e n i t i c  structures 
than f e r r i t i c  s t ru c tu res .  On weld metal and heat a f fec ted  zone cool ing the 
tendency is fo r  hydrogen to be present as a supersaturated solid so lut ion 
unless cool ing has been delayed in order to a l low the hydrogen to diffuse 

to atmosphere.
Much o f  the hydrogen in s o l id  so lu t ion  in a f e r r i t i c  steel 

S t ruc tu re  will d i f fu s e  away over a few months storage or by heat ing at 200° - 
300° fo r   ̂ - 16 hours. This e s s e n t i a l l y  mobile hydrogen has been termed 
“ d i f f u s i b l e  hydrogen". However, not a l l  the hydrogen in solid solution can 

be removed so e a s i l y  and a proportion remains in so lu t io n  - " f i x e d  hydrogen". 
As the temperature o f  the welded f e r r i t i c  s tee l  is ra ised ,  more and more of  
the f ixed  hydrogen is evo lved ,  but the l a s t  remnants can only  be removed by 
vacuum fus ion.  It must be emphasized that there is no intrinsic difference 

between f ixed and d i f f u s i b l e  hydrogen although much of  the welding 
l i t e r a t u r e  does d i f f e r e n t i a t e  between the two.

Fi sh-eyes

These are b r igh t  spots o f  cleavage f r a c tu re  surrounding a dark 
spot, occurr ing  on predominantly d u c t i l e  f r a c tu re  surfaces tha t  have been



produced by slow s t r a in in g ,  for  example in a t e n s i l e  test» S l ig h t  heating 
(to about 100°C) or long storage before s t r a in in g  avoids f ish-eye formation. 

I t  is notable  that high speed f rac tu res  such as those obtained in impact 
t e s t s ,  do not e x h ib i t  f i sh-eyes ,  ind ica t ing  the existence of a d i f fu s io n  
type mechanism. F ish-eyes can often be observed on weld metal f r a c tu re  
sur faces  where the weld metal has been deposited from arcs w ith  cons iderable 
hydrogen in the a rc  atmosphere, for  example from r u t i l e  and c e l l u l o s i c  

e 1ec t  rodes.
The pupil  o f  the f ish-eye may be an in c lus ion ,  defect  or f i s su re  

and the i r i s  cons is ts  o f  c leavage facets  that have undergone some p l a s t i c  
deformation.  Since p l a s t i c  deformation is required for  f ish-eye  formation 
they are  o f  l i t t l e  p r a c t i c a l  s ig n i f i c a n c e  in welded s t ruc tu res  except for 

p l a s t i c a l l y  designed s t ru c tu r e s .
The f i r s t  explanat ion of  f ish-eyes was that i n t e r s t i t i a l  

hydrogen d i f fused  to voids or non-metal l ic inc lus ions  and combined to form 
molecular  hydrogen. High pressures developed which caused local  f r a c tu re ,  
t r i a x i l i t y  caused by surrounding s tee l  resu l ted  in the f r ac tu res  being 
b r i t t l e .  This hypothesis is  less popular now although the d i f fu s io n  of 
i n t e r s t i t i a l  hydrogen towards voids is s t i l l  considered necessary . The 
d i f fu s io n  gives a hydrogen concentrat ion  and d i f fu s io n  grad ient  around 
small voids which lowers the cleavage s t ress  l o c a l l y  below the y i e l d  s t re ss .  
P l a s t i c  deformation then r e su l t s  in local  b r i t t l e  f a i l u r e .  The hydrogen 
d i f f u s io n  grad ient  only  becomes s i g n i f i c a n t  when the defects open up so 
that rapid s t r a in in g  does not a l low time for  the cleavage s t re ss  to be 
lowered and f ish-eyes to form.

Fish-eyes have been found, but only r a r e l y ,  at p l a t e - l i k e  
inc lus ions  in weld metal when no hydrogen is present .  The cause may be 
other i n t e r s t i t i a l  elements that lower the cleavage s t ress  or  perhaps 
merely 1 : r i a x i a l i t y  a t  a s t r e s s  r a i s e r .

HAZ Hydrogen Induced Cold Crocking

HAZ cold crack ing  occurs in the weld HAZ w i th in  the 
temperature range +160°C to -20°C (some a u th o r i t i e s  extend th is  range 
from +200°C to -100°C) by c l e a v a g e ; i t  occurs spontaneously a f t e r  weld ing, 
o ften a f t e r  a delay per iod o f  severa l  hours. Sometimes the cracking 
is continuous but at o ther  times i t  propagates in a se r ies  of steps. The 
cracks do not n e ce ssa r i l y  appear at a f ree  sur face  and are o f ten  very 
narrow so that detect ion may be d i f f i c u l t .  Where the cracks l i e  
e x c lu s i v e l y  in the HAZ below the weld bead they are re fe r red  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 suscep t ib le  m icrostructure ;
(2) hydrogen;
(3) r e s t r a i n t  or residual  s t ress
The most suscep t ib le  m icrostructure  is twinned martensite  i . e .  

a c i c u l a r  martensite conta in ing over 0.20% carbon and in t e r n a l l y  twinned, but 
b a i n i t i c  s t ruc tu res  cons is t ing  of  f e r r i t e  lathes separated by carbide 
p a r t i c l e s  or re ta ined aus ten i te  is a lso  suscept ib le  to crack ing. Auto­
tempered martensite  is not suscept ib le  but mixed autotempered martens ite 
and b a in i t e  s t ruc tu res  may be. S t ruc tu re  and not composition is the 
important fac to r  and s u s c e p t i b i l i t y  is re la ted  to the ease in i n i t i a t i n g  and 

propagating f rac tu re  in the various s t ru c tu res .  The s ig n i f i c a n ce  of  a l loy ing  
elements e s p e c i a l l y  carbon is in increas ing hardenabi1i t y , hardness and the 

short  range s t resses .
Hydrogen is introduced to the HAZ from the weld metal: since 

hydrogen is more so lub le  in aus ten i te  than f e r r i t e  and the weld metal re­
transforms to f e r r i t e  before the HAZ (because of the d i f fe rence  in harden- 
a b i l i t y ) ,  hydrogen in the weld metal migrates to the s t i l l  a u s t e n i t i c  HAZ 
when the weld metal transforms. On transformation of the HAZ the hydrogen 
is trapped and contr ibutes  to HAZ cracking. Where a suscept ib le  microstructure 
is present,  cracking may be tr iggered by p rov is ion  of  hydrogen from external  
sources. Thus chemical p lan t  has suffered  from HICC years a f t e r  construction 
due to a bu i ld  up of hydrogen in the HAZ.

At one time s t re ss  (or r e s t r a in t )  was thought to play no 
s i g n i f i c a n t  part  in HICC but i t  is now knowp to be in te r-re  1 a ted with  
hydrogen, presumably by prov id ing a source of  energy for  crack propogation.
The exact s ig n i f i c a n ce  of  s t ress  is d i f f i c u l t  to eva luate  s ince  s t resses  
w i l l  always be present due to transformation and welding.

The amount of hydrogen for  HICC va r ies  with  the s tee l  and with 
the r e s t r a i n t .  Less hydrogen is  needed as the carbon content and/or a l lo y  
content is increased, and the hydrogen is ve ry  low indeed fo r  cracking in 
high strength medium carbon s t e e l s .  Impurity le ve ls  are a lso  important 
s ince  non-meta11ic  inc lus ions  can act  as sinks for  hydrogen reducing i t s  
in f luence .  Cracking a t  very low hydrogen levels (below 10 ml/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 ( lead ing to high HAZ hardnesses) or 

high restraint HICC may occur immediately after welding but as the HAZ 

hardness, hydrogen content or restraint is reduced the delay between 

welding and cracking Is increased, oftert up to several days. This feature 

Can catifee problems since, If ultrasoni« inspection is carried out 

immediately after welding (which is normally considered desirable, inspection 

rtlay have been completed before the onset of cracking. However, the delay 

may have advantages if its extent fs known, in that post weld heat treatment 

may eliminate the Susceptibility of  the joint to HICC. For highly 

susceptible steels Immediate PWHT of the welded joint after welding may be 
essential Jto prevent cracking, by tempering of the HAZ to produce a non- 

¿usceptible microstructure Of by elimination Of hydrogen.

the original explanation of HICC was in terms Of Interstitial 

hydrogen diffusion to voids, microcracks, etc. where It recombined to form 

ptolecular hydrogen at high pressure. An alternative mechanism still requires 

hydrogen diffusion gradients around voids but the role of the hydrogen lies 

In lowering the cleavage stress Of ferritic structures and possibly in 

lowering the M temperature to  9 1 ve greater stresses. Transformation with
w  . ‘

its high tensile strains will form m|cro-voids at the tips of dislocations, 

defects or inclusions, hydrogen will diffuse to these voids setting up 

diffusion gradients with consequent regions of low cleavage stress. The 
* • 

residual long and short range stresses then cause cracking. The delayed 

and Occasional intermittent nature Of underbead cracking can be explained In 

terms of the tlrtie needed for hydrogen diffusion. ;

The whple question of the role of<hydrogen in causing cracking 

In Steel weldmentS fs still under Investigation and generates considerable 

controversy. Recent researches suggest that hydrOgeh encourages whatever 

mode of cracking.fs mofct probable In a given s t e e ^ s o  that hvdroflen should not be 

solely associated with cleavage or fntergranular brittle fracture

The avoidance of H i c i  in steels is of considerable and 

growing importance particularly with the IncreasedNuisage of hardertable steels. 

Although it may bfc theoretically possible to el¡miners HICC by attention to 

only HAZ microstrupture hydrogen content or restraint It is more usual to try to 

influence beneficf^lly all th ree factors.

Thuj, where a steel is considered to be susceptible,

‘attempts will be made to reduce restraint by careful attention to weld 

detail and set-up. Joint cleanliness and welding consumables will be



con t ro t led  to reduce weld hydrogen leve ls  to a minimum; in many cases welding 
e lec t rodes  or f luxes w i l l  be baked and stored in heated ovens wh i le  
e le c t rodes  issued to a welder may be kept in a heated q u ive r .  Arc energy 

11 be contro l  led.
The use of p reheat  is often quoted as a means of  co n t ro l l i n g  

the HAZ microstructure  by slowing the cooling rate and hence ra is ing  the 
aus ten l te  transformation temperature. However th is  change is ra re ly  achieved 
I n  p ra c t i c e  and could wel l  be undesirable  i f  i t  were s ince i t  would reduce 
the s t rength  of  the HAZ. Preheat is used more r e a l i s t i c a l l y  to a l low  time 
fo r  hydrogen to d i f fu se  from the welded j o in t  to the atmosphere and so 
reduce hydrogen content;  i t  may ¿ I s o  reduce transformat ion s t resses  
S«#f  i c i e n t l y  to reduce crack  s u s c e p t i b i l i t y .  Preheat; j s  often sp e c i f i e d  
f o r  welded j o in t s  between ce r t a in  s p e c i f i c  l im i t s :  the minimum preheat is 
s u f f i c i e n t  to slow the cool ing rate s u f f i c i e n t l y  to a l low hydrogen 
removal and the maximum preheat is such as to avoid undesirable m e ta l lu rg ica l  
t ransformations that would lower the f rac tu re  toughness of the HAZ. Since 
preheat leve ls  are chosen to in f luence cooling rates they w i l l  obv iously  
be chosen in r e l a t io n  to a rc  energy,  j o i n t  design and s te e l  th ickness as we l l  
as s tee l  composit ion.

The s u s c e p t i b i l i t y  of any given j o i n t  to HICC w i 1> depend upon 
hardenabi1»ty and p o ten t ia l  HAZ microstructure as wel l  as j o i n t  design and 
dimensions. The continuous coo l ing transformation diagram w i l l  ind ica te  
hardenabi1i t y  w h i l s t  the carbon content p a r t i c u l a r l y ,  together w ith  other 
a l lo y in g  elements w i l l  ind ica te  the s u s c e p t i b i l i t y  o f  the resu l tan t  
frii cros t ruc tu re .  However, even i f  a l l  the m eta l lu rg i ¿a l  data were a v a i l a b le ,  
not a l l  welding engineers are m e ta l lu rg is t s  so that i t  is necessary to 
develop a simple method to assess the s u s c e p t i b i l i t y  o f  any s tee l  composit ion 
to HICC. This has resu l ted  in the development of  carbon equ iva len t  formulae 
V^hich by 'express i ng composit ion in terms of  the in f luence  of carbon attempts 
to ind ica te  hardenabi1i t y  in terms o f  an equiva lent  percentage of  carbon.
W ith in  qu ite  s p e c i f i c  l im i t s  the CE formula works very we l l  and severa l  
formulae have been suggested for  var ious ranges of composit ion. However, i t  
must be remembered that the CE formula indicates hardenabi1i t y  not s u s c e p t i b i l i t y ,  
which is l a rge ly  governed by carbon content. R e s t r a in t ,  j o i n t  design and 
j o i n t  thickness w i l l  a lso  in f luence  hardenabi1i t y  and/or s u s c e p t i b i l i t y  and 
must a lso  be taken in to  account

The standard I1W formula:
Hn Cr + Mo + V Ni + Cu,
< r  + — 5------ + — 15” • ■ '



appl ies  to conventional s t ru c tu r a l  s tee l s  with'  0.13 “ 0.25%C, 0.0 - 1.6%Mn 
and up to about 2% of other a l lo y in g  elements. Standards for weldable 
s te e ls  genera l ly  l im i t  the CE to a minimum of 0.^3 or 0.^5 which means that 
such s te e ls  can be welded without  precaut ions a t  thicknesses up to about 50mm. 
At lower carbon contents much higher CE values can be to le ra ted  before H1CC 
becomes a problem. Thus two s tee ls  with s im i l a r  CE values only have 
s im i l a r  s u s c e p t i b i l i t y  to HICC i f  the carbon contents co inc ide .  This 
s i t u a t i o n  has become more important with  the increas ing introduction of 
ini c roa 1 1 oyed stee l  which may have CE up to 0.6 but in which carbon content 
may be we l l  below 0.1%. These s tee ls  are far  less suscep t ib le  to HICC in 
the HAZ but in some cases the problem may be t rans fe r red  to the weld metal.

In some recent standards such as B . S . 5135 the carbon 
equ iva len t  of this parent s tee l  has been re la ted  to the j o i n t  shape and s ize ,  
the i n t r i n s i c  hydrogen content of the welding process,  the preheat, welding 
heat input and j o i n t  r e s t r a in t  in such a manner that the welding parameters 
can be chosen to avoid HICC. This approach has been very successful  and is 
l i k e l y  to be more w ide ly  adopted.

Fi s_s_ures

F issures are microcracks in mild and low a l lo y  steel  weld metals 
which form in the f e r r i t i c  temperature range (100° - 200°C) by cleavage 
without  external loading. There has been considerable  controversy about 
th e i r  formation, morphology and in f luenc ing  fa c to rs .

In s ing le  run weld deposits three types o f  microcracks have 
been observed.

(1) T r a n s c r y s t a l l i n e  f i s su res  caused by cleavage cracking in 
alpha f e r r i t e  by a combination of high hydrogen content and in terna l  s t re ss .  
The f i s su res  are very narrow and d i f f i c u l t  to detec t ;  they sometimes pass 
through large spher ica l  in c lu s ions .

(2) In ter-col  urnnar f i s su res  formed by the same mechanism as 
above but assoc iated with non-metal l i e  p a r t i c l e s  ly ing  between columnar 
c r y s t a l s .  These f i s su res  are o f  i r r e g u la r  appearance and sometimes w ith  
p a r a l l e l  mul t ip le  paths formed by nuc leat ion  on both sides o f  an inclusion- 
neta l  in t e r fa c e .  At the i r  t ip s  these f issures  may become t r a n s c r y s t a l l i n e .

(3) Small hot cracks s im i l a r  to HAZ hot tears  caused by l iqu id  
or semi- l iqu id  non-metal l ic f i lms a t  gra in  boundaries have been termed 
f i s su re s  although the mechanism of formation is qu i te  d i f f e r e n t .

In multi-run deposits micro-cracks have been observed in both 
re f ined  and non-refined regions but are often more intense in l a te r  runs,



even w ith  ba^ic e le c t ro d e s ,  and may even be confined to refined regions. 
F issures  in non-refined zones and some of  those in refined zones are 
presumably of the same v a r i e t y  as fo r  s in g le  run deposits .  Refined zone 
f i s s u r e s ,  however, have l a rge ly  been shown to r e su l t  from the melting of 
manganese s i l i c a t e s  reheated above the A3 temperature, that is a spec ia l  

form o f  hot crack ing.
I t  is th is  v a r i e t y  o f  f i s su re s  that  has led to much of the 

confusion about true a" range f i s s u re s .
A number of fac ts  are known about f i s su res  although there are 

some d isc repanc ies .

(1) High hydrogen is gene ra l l y  reported as the major cause of 

f i s su res  as i t  lowers the cleavage s t r e s s .
(2) Nitrogran has a lso  been reported to have a major e f f e c t  on 

f i s s u r in g  by reducing cleavage s t r e s s .
(3) A l lo y ing  ad d i t io n s ,  p a r t i c u l a r l y  chromium, molybdenum and 

vanadi'-'m in f luences f i s su re  formation and are genera l ly  considered to be 

d e t r i  mental.
(A) High cool ing rates increase the tendency to f i s su re  

formation due to a g rea te r  re ten t ion  of hydrogen and higher in terna l  

s t re sses .
(5) Increas ing the r e s t r a in t  increases the f i s su re  dens i ty ;  hence 

weld geometry is important.
(6) R u t i l e  weld deposits e x h ib i t  the most f i s s u re s ;  th is  is 

a t t r ib u te d  to high hydrogen and n itrogen contents , and low d u c t i l i t y .
(7) Non-metal l ic inc lus ions  often  l i e  in the path o f  f i s su re s ,  

poss ib ly  due to decoherence.
F issures are  gene ra l l y  a l igned  perpendicu lar  to the d i re c t io n  

o f  welding and hence the grea tes t  in te rna l  s t r e s s ,  they are genera l ly  small 
but can develop to macroscopic s ize  in condit ions o f  high r e s t r a in t  and 
coo l ing  rate .  Other evidence ind ica tes  that more f i s su res  form c lose to 
the weld sur face ,  e s p e c i a l l y  at the root of  weld r ipp les  where there are 
marked s t ress  concentra t ions .  There is a l i t t l e  evidence to show that 
f i s su re s  can l ink  to form macrocracks under favourable  circumstances.

The s ig n i f i c a n c e  of f i s su res  is much disputed. M icro-f issureS 
in small q uan t i t i e s  have not been considered to detrimental  in weld metal 
but in large numbers or s izes  they may reduce d u c t i l i t y  or become an 
i n i t i a t i o n  fo r  other forms of crack ing or f r a c tu re .  I t  may be s ig n i f i c a n t  
that f i s su res  are most p reva len t  in r u t i l e  weld deposits which exh ib i t



the lowest d u c t ! 1 i t y .
Precaut ions against extens ive  f i s su r in g  are those needed for  

the prevention of  other defects .  R u t i l e  e lectrodes should not be used under 
condit ions o f  high r e s t r a in t  or high coo l ing rate - i f  these condit ions 
e x i s t  then well-baked basic  e lec t rodes  should be used. Additionally, 

electrode condit ion should be good since spe l led  coatings may lead to 

nitrogen contamination o f  the weld metal.



Mechanical Properties

Even i f  hydrogen does not resu l t  in weld defects i t s  presence 

in welded j o in t s  can lead to a loss of d u c t i l i t y  and a reduction in f a i l u r e  
s t r e s s .  These e f f e c t s  could lead to low d u c t i l i t y  f a i lu re s  on over loading 

or to bri  t t l e  f a i 1ure.
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DEPARTMENT OF MATERIALS

BRITTLE FRACTURE H A T . 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 mechanical 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 tvjo temperatures constitute a transition 
temperature range which can vary widely for steels.



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

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

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

(5) 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.

(6) Even in mild steel at low temperatures a certain amount of 
plastic deformation occurs before the crack develops.

(7) 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 supplied internally.

(8) Brittle fractures are more frequent and extensive in welded 
xhan 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) local structural changes can facilitate crack initia­
tion and propagation.

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

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

(10) Irradiation can raise the transition temperature.



Metallurgical Aspects of Brittle Fracture

(a) Carbon content and Manganese: Carbon ratio.
The transition temperature increases with carbon content 
although the condition of the carbon is important.
Manganese increases pearlite fineness and refines ferrite 
grain size andis consiuerea to be beneficial.

Cb) Impurities: Interstitial impurity atoms greatly increase 
the transition temperature.

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

(d) Degree and method of deoxidation: Deoxidised steels have 
lower transition temperatures than rimming or semi-killed 
s t e e l s .

(e) Finishing temperatures after rolling: This should be low 
for the best r e s u l t s .

(f) Normalising affects the grain size, and hence the transition 
temperature.

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

(h) Cold work in manufacture and fabrication. Plastic deforma­
tion raises the transition temperature.

(i) Quench ageing, strain ageing and temper brittleness. All 
these effects will markedly increase the transition tempera­
ture .

(j) 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 improve resistance to brittle
fracture are :-
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reduction of phosphorus and nitt'Ogen contents 

increase in manganèse content

use of a killed or semi-killed steel in place of dimming 
steel *

ensure a fine ferrite grain size by côntirolling roll 
finishing température or by normalising i

reduction of austenite grain size by fine grain p r a ctice, 
e.g. addition of aluminium followed by norm a l i s i n g .

d e d u c t i o n  o f  C a r b o n  c o n t e n t

A series of notch ductile steels have been introduced 
(BS. 2762:1956) which give guaranteed impact properties i 
c opposition and properties are given in Table Ils N * D . I . and II 
are balanced (or Semi-killed) steels, the f irét "as rolled11 and 
the sec©nd no^îi'.aliâèd» N *6*111 is silicon killed and normalised 
and W.D.IV is aluminium grain refined and normalised.

TABLE NOTCH DUCTILE STEELS (BS.2762i 1956)

Specification Temp,°C
Energy Absorption 
(Charpy V-notch) 

ft * lbs *

Composition %
Carbon 
(I lax)

Silicon Manganese
(Max)

N . D * I 0 20 0 * 2 0 1.50

N.D.II -15 20 0 * 2 0 1 » 50

: N.D.III d 30 20 0*17 0.10-0.35 1.50

N * D.IV -10 45 0.17 0*10-0* 35 1*50

-20 40*

= 30 S5*

-i+O 25*

L =50- - „ ...1-4*

* According to agreement between manufacturer and süpplieï'.

(2 )

(3)

( U ) ;

- (5)

(5)

(1)



PREHEAT^ G U I D E  for estirivati^nr p u r p o s e s  only a n d  Assuming low 
Hydrogen electrodes a r e  used. Joint type, welding process 
and consumables will affect the choice of temperature for 
production use.

B.S.1501 
Number

151 A

B

C

Thickness 
(in. )

< 2

Minimum
Preheat

Temperature
(°C)

161 A 

B 

C
2 to 4

0

50

2 2 1 4 1
1 to 2

100
150

240 ' 1

1 to 2

2 to 4

0

50

100

503

2 tO 1

1 to 2

50

150

200

620 A 

B 150

625 250*

ASTM
Number

Thickness 
(in. )

Minimum 
Preheat 

Temperature 
( (°C)

A201A

2 to 4 

4 to 8 

8 to 12

0

50

100
150

2 to 4 

4 to 8

0

50

100

I 2 9

* I :,vned ia t e s t r e s s l i e f  a f t e r  each w e l d  m a y  be n e c e s s a r y



2.

A S T M
Mu mb or

A203 A

B

Th i c k n c s s  
( i n . )

fiininum
P r e h e a t

T e m p e r a t u r e
C°r)

1 50

i to 1 1 00

1 to 2 150

2 to 4 150

4 to 6 250

i 50
1r; to 1 100

1 to 2 150

2 to 4 150

4 to 6 250

A'<03 C i 1 0 0
i to 1 150

1 to 2 20 0

2 to 4 200

A 204 A

D - 1 50
I to 1 150

1 to 2 200

2 to 4 2 50

E - i 50

1 to 1 150

1 to 2 2 0 0

2 to 4 20 0

A •:c 1 0

1 to 2 50

2 to 4 1 0 0

4 to 6 150

D ¿ 1 50

1 to 2 50

2 to 4 1 0 0

4 to 6 150

C ' 1 50

1 to 2 10 0

2 "l O 4 150
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ASTîl
Number

Thickness
(in.)

Minimum
Preheat

Temperature
(°C)

A212 A 1

1 to 2

2 to 8

0

0

100

B 1

1

2

to 2 

to 8

0
50

100

A225 A < 1

1 to 2

2 to 4

0

50

100

B ■- 1

1 to 2

2 to 4

0
50

100

A ? 85 A 3

I to 2

0

0

B 0

A299

-= 3

3 to 2 

l

1 to 2

0

0

100
150

A302 A

B

A 3 5 3 A

1 to 1

1 to 2

2 to 4

1

1

2

2
2

to

to

to

1

2

4

0

100
150

150

0

50

100
150

0
0



AS TM 
Number

A3 57

A3 87 A 

B 

C 

D 

E

M i n i m u m
Preheat

Thickness _
,. \ Temperature
( m . )  ( oC)

250*

150

150

150

200
3 00*

*Immediate stress relief after each weld may be necessary.



MAT. NO. 161

THE WELDING CF STAINLESS STEELS

When over 112 of Chromium is added to iron it imparts 

2 consider.'ible improvement in corrosion and oxidation resistance - hence 

the term stainless steels. The corrosion resistance is a result of the 

development of an impervious surface film of chromium oxide which is self- 

healing if scratched or damaged. Further improvement in the oxide film 

can be obtained by a passivating treatment in an oxidising acid, for 

example nitric acid or a nitric acid-hydrofluoric acid mixture. Increase 

in the chromium content will improve the oxidation and corrosion iesistance. 

Other alloy additions may be made to increase corrosion (e.g. molybdenum) 

or oxidation resistance or to give other desirable mechanical properties 

(e.g. nickel).

The majority of these steels can be readily welded although 

the oxide film, metallurgical 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 

most useful steels are those with an austenitic structure containing about 

l&ZCr and 8£ M ,  which accounts for some 90% of all usage of these steels.

Steel Type Composition, %
Cr Ni Mo

Weldability E x a m es

Ferritic 0.05/0.20 

Martensitic 0.15/1.0

Austenitic 0.02/0.10

Ferritic/ 0.08
Austenitic

Martensitic/ 0.05 
Austenitic

13/25

13/18

18/25 8/20 0/5

Quite good- 
poor 

Poor

Good-very
good

approx.26 approx.5 0/1.5 Quite good 

approx.15 approx.5 1.0/2.0 Good

Types 442, 
443, 446. 
Types 403, 
405, 410, 
414, 416, 
420.
Types 302, 
304, 321, 
347, 316, 
317, 310.

AM350,AM355, 
17/7 PH,
PH 15/7 Mo, 
FV520.

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

OAidation resistant austenitic steel with good high and low temperature 

properties. Austenitic steels have a wide industrial usage based on the 

“J°ve characteristics and some domestic use because of corrosion resistance 

and a decorative appearance.
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The martensitic steels are those which transform to martensite 

on cooling; they can be brittle ani t’nose with higher carbon contents (above

0.2%) 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.g. car trim) and in heavier sizes for cutlery, tools, chemical 

structures and hyaro-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 toughness below 100/200°C together with heavy 

carbide precipitation aaa 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 mainly 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 the ductile austenitic form and then strengthened by transformation 

to martensite and precipitation hardening. Most but not all of these steals 

are readily weldable by the inert gas processes but lieed 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 engineer regarding steel 

type and potential welding problems. It is important that the steel should 

be identified 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 r-ain need is to maintain corrosion and/or oxidation resistance.

In general filler metals with similar alloy additions to the parent steel 

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 metal cracking. The need to match weld metal colour, 

strength a.id other properties to those of the parent steal also lead to the 

use of weld filler compositions similar to the parent steel.

The high coefficient of thermal expansion and low thermal 

conductivity of these steels can lead to high distortion or, if weldraents 

are rigidly clamped high internal stress. Welding processes with a diffuse



heat source give more problems than those with concentrated heat sources. 

Distortion leads to problems of fit and residiial 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 

10% 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 precipitat_on of Cr rich carbides,

Cr, _ C,. at the grain boundaries but these temperatures will not allow 
23 61

widespread Cr diffusion so that Cr depleted zones with reduced corrosion 

resistance occur around grain boundaries. ¿ensititation can occur in part of 

the heat affected zone during welding and subsequent exposure to mildly corro­

sive environments 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„^,C£. Alternatively low carbon (0.03%
Z3 6

or less) stainless steels with insufficient C to deplete the Cr can be 

used, although these steels are expensive. A cheaper method of avoiding 

sensitization is to add to the steel an element which has a greater affinity 

for C than Cl. 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 De 

transferred across a welding arc so that veld 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 clc=> 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 reheated to 650°C (perhaps in 

multi-run welding) precipitation of C r ^ C g  can occur in preference to carbides 

of Nb or Ti. However if the region is heated 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 

necessary.

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 presence of S, P and possibly Si.

If hot cracking does occur, high impurity levels should be suspected. High

- 3 -
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restraint can also increase cracking so that the problem is worse in thick 

steels (where segregation can ..ead to nigh S and P levels). Cracking can be
» t % 

reduced or even eliminated by keeping restraint to a minimum (good joint 

fit-up!), low weld heat input and rapid cooling. The presence of 4 - 8% of 

delta ferrite in the austenitic 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 steals 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 

107. delta ferrite.

The weld haz thermal cycle can result in fine precipitation 

within the haz grains in niany austenitic steels V7hich greatly increases the 

hot strength of the grains. If the welded structure is subsequently heat 

treated or placed in elevated temperature service, the thermal strains are 

applied directly to the haz grain boundaries and cracking can occur - 

rc-heat cracking. In many cases an initiation point such as a hot tear at 

the weld toe or another stress raiser, is required to initiate cracking.

Re-heat cracking raises problems of steel selrcLion 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 steels 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 signa 

formation are generally several hundred hours even if delta ferrite is present, 

which accelerates sigma formation. However, several weld metals can form 

sigma p‘na§e during post-weld heat treatment and in the long thermal cycles 

associated with strip cladding (where delta ferrite contents can reach 14%) 

sigma phase nas been claimed to form during welding. Sigma phase can cause 

severe embrittlement 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 metal arc welding generally utilizes basic ccaied 

clectrodes with stainless steel core wires. Rufile coatinrs are also used and

i



give but ter handling characteristics and head appearance. Synthetic

electrodes with mild steel core wires and coatings loaded with alloying

elements are also uscu, TIG welding is widely useu on thinner materials

using DC electroue negative or AC. Argon or helium shielding is used and

2 - 5Zh^ 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 heavier sections and

A/0., or A/CO^ gas mixtures give better wetting and bead appearance than argon

alone. CO^ is not generally recommended because of C pick-up and Si and

Mn loss. Snort circuiting transfer techniques can be used but better results

are obtained with pulsed current techniques. Plasma welding at all current

ranges gives good results; A/H^ mixtures are generally used. Pulsed current

techniques at higher currents have been shown to have advantages of easier

control, minimal distortion, lack of surface undercut and uniform penetration.
- **•» — >. *

Submerged arc welding ¿an be used for the 18/8 steels but the large weld pools . 

give increased cracking tendency and 10% delta ferrite is recommended in the 

veld octal. Cladding by this process is widely used. Electroslag welding 

is possible but not widely used. Electron beam welding gives extremely good 

results and the weld section makes for low distortion. Finally, oxy-acetylene 

yelding is widely used for repair work and minor jobs. Special fluxes and care 

in cleaning is essential and the spread heat source can lead to high distortion 

and residual stresses.

No preheat should be used for the austaritic steels and 

interpass temperatures should not exceed 1U0°C. Fost-weld heat treatment 

is not genera iiy recommended because of problems of carbide precipitation, 

sigma formation and re-neat cracking. Where heat treatment is necessary,

950° C is the minimum for stress relief and dixcusion of Cr and 1050°C is 

necessary for full dissolution of carbides. Heat treatment times must be 

restricted to 3 mins. for every 2.5mm (O.lin.) of thickness to avoid grain 

growth followed by quenching use of water spray or, for thin material, air 

cooling.

W *r~t ensi tic/AustLiii t ic Steels

These steels obtain their properties by carefully controlled 

heat treatments and somet.mes by controlled working, so welding problems 

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

by the inert gas processes although subsequent post weld heat treatment(s) may
' ‘i ' r

be required to rei lin properties. The rule must always be to follow the vranu- 

. facturers instructions.

..... AX containing alloys e.g* 17—7 PH are not weldable by covered

f ♦•rtrt- :es because of problems of transferring Al across the arc while 

ciri.-.iii or.jer cf;i..pc>5.i t-i ons e.g. 17-10 P, cannot he welded because of cracking 

tcnte.ncies.v
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austenitic or martensitic 

can be welded after

hardening. it is generally claimed that only a I m a l  precipitation hardening 

treatment is 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 steals, with their intrinsic lack of ductility at 

ambient temperatures require a preheat of 200°C when welded in heavy 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 ore 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 

immediate post-weld tempering at 750 - 800°C is required. Tempering 

in the range 550 — 700 C must be avoided or sensitization can occur.
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Mat No. 219

METALLURGICAL '¿FfZCTS DICING STRESS R33LIUT : AUSTENITIC STAINLESS STEALS

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

Material 

? Type Condition

Stress relief heat treatment 
200-i+00°C 350-650°C 850-900 C 

peak ^357'j ***'85%
950-1050oC

^ 9 5 f i

18-8 SHT,SA* NME IGP IGP IGP(C)

e.g. 30^S15 weldments* NME IGP 8c SIP IGP w. SIP IGC(C)8cSIP(H)

18-3-1 s h t .s a NME NME NME NME

e.g. J21S12 weldments SIP SIP SIP(H)

! 18-8-0.03c 
[e.g. J04s12

SHT,SA and 
weldments

NME NME NME NME

\ 18-12-Mo 
e.g. 316SI6

SHT,SA* and 
weldments*

NME IGP IGP IGP(C)

l3-12-Mo-Ti 
e.g. 32031?

SHT,SA, and 
weldments

NME NME ' NME NME

l8-12-Mo-0.03C 
e.g. 316312

jHT,SA, and 
weldments

■ NME NME NME NME

SHT solution heat treatment, rapidly cooled from-'■'1050°C 
3A solution annealed, slowly cooled from-^1050OC
• likely to be t-ensitized prior to stress relief, unless of small 

section sine and/or low carbon content 
IGP intergranular precipitation of chromium carbide (sensitization) 
NME no metallurgical effect
SIP strain-induced precipitation of carbides 

weldments over 0.75 in.
(H) during heating
(C) during cooling (assumed always to be slow)

Descri 7ition 0"

950 - 1050°C
850 - 900°C

550 - 550°c

2-DO - 4̂00°c

giving the maximum relief of about 95fj
providing about oj'/c relief, but permitting the use of more
convon11or./u. hoat-tr jLtrent facilities
p r o m o c m g  dirner.sion.'J. stability, with about 33rJ relaxation, 
but with possible di'7/icullies from sensitization 
giving only aoout 'j;o general stress relief, but reducing 
peak r/:reoses V- up to and. therefore suitable for assisting
;,;nrther fabric Lion, or for reducing the tendency to stress 
corroo‘on.



MATERIAL C0D2 MIN.

PH2KSAT
°C

NOTES J

013 ON 
STZZL

BS.2633

Nil
10C
150

Thickness < 1? T-U, C 3 0.2ofo 
Thickness > 19 C S 0.26*o 
All thickness, C >  0.26^

AS ME*
10
80

Thickness < 23 nun and C = ‘0*3% 
This Is: os." > 23 nun arid C > C.3^

C-'j Mo

BS.2633 150 M l  Thickness

ASMS*
10
SO

Thickn<?33 < 16 rrji or UTS < 48 h bar (70,000 ? 3i) 
Thickness > 4.C nm or UTS > 4.8 h bar (70,000 psi)

Cr->- Mo 
1j Cr-? Mo

3S.2633 130 All Tluclx.esa

AS M2*
10 

120
Thickness < 12« 5 ex cr UTS < 4 1 . 3  h bar (60,000 ps:’ 

. Thickr.es3 > 12.3 212 or UTS > 4-1*5 h bar (60,000 psi'

Cr—1 Mo 
Cr-i Mo 

7 Cx~4 Mo 
Cr-1 Mo

BS.2633 200 All Thickness

ASMS*

150

200

Thickness <‘ 12.3 ^  * Cr < Sfo or UTS 
< 4.1.5 h bar (60,000 psi) 

Thickness > 12.5 nan ♦ Cr > Sfe or UTS 
>  41*3 h bar (60,000 psi)

J* Ni

BS.2633 250 j All Thickness 

i

asi.cs* 150
.. .....  — . -- ... -. ----

All Thickness

A£]£B Section VIII J 5 i v ) 1 ,-..nd 2 

ASk3 Section III
/
/■
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Review o f  c o d a  4b

T a b l e  4 G o n e r a l  P W H T  r c q u l r e m c n t s :  U S A  a n d  I S O  c o d e s :  C  a n d  C - H n  s t e e l s

C o d e

H c i t i n f  r » t *

C oo ling  r a t «

T c m p t r i t u r *  m d  cime i t  
t e m p e r a t u r e

T h e r m a l  g ra d ie n ts

local « t r e s t  relief

ASME S e c t io n  VIII 
Division I

AS ME S ec tio n  VIII 
Division 2

AS ME Section III 
C a t e g o r y  A ( C a t e g o r y  B 
as p er  ASME VIII D i v . l )

A b o v e  3 1 0  C  
M i x .  JOS C , h  o r  2 0 S : C /h  

t
N e e d  n o t  be less th a n  38  C /h  

m i x .  thick ness

D o w n  t o  3 IO C  
2 3S  C m ^x.  o r  2 3 5  C /h

N e e d  n o t  be less th a n  3 8 3C /h

B elo w  3 1 0  C  m i y  co o l  In still a ir

I h /2 5  m m  (I h m in. for  ASME VIII Division 2) 5 9 3  
N o t e :  W h e n  it is im p ra ctica l  t o  P W H T  at ab o v e  t 
l o w e r  t e m p e r a t u r e s  for  l o n g e r  t im e s  p e r m i t t e d

C  min.
e m p e r a t u r e  P W H T  a t

T e m p e r a t u r e  m e a s u r e m e n t

T e m p ,  b e l o w  t h a t  specified
S 0 cF 

100 F 
ISO1?
2 0 0  F

T e m p e r a t u r e  of vessel ;  
W h e r e  m o r e  than  o n e  
p r e s s u r e  vessel  a r e  
P W H T  t o g e t h e r  in o n e  
ch a rg e ,  t h e r m o c o u p l e *  
a t t a c h e d  t o  c o n firm  
t e m p e r a t u r e  

D uring  heatin g  n o t  
m o r e  th an  120 C  w ithin  
i n y  4 5 0 0  m m  interv al  
o f  length
D uring  h o l d i n ;  no t  
m o r e  th a n  7 0 C

F or  shell c i r c .  sea m s  
w id th  of h e a te d  band on  
each  side of w eld > 2 x  
shell th ick n ess .  F o r  n o z i l *  
w elds h e a t e d  band 6 x  
p l i t e  th ick ness .
F o r  pipe c i r c .  b u t t  w e ld *  
h e a te d  ban d 3 x w id th  
of finished w t 'd

T i m e  h/25  m m
2 
3 
S 

10
O n 1,- r e f e r e n c e  r e la te d  
to  I.eating  vessel  
internally

As p e r  ASME VIII 
Division I

D uring  holding n o t  
m o r e  than 3o~C

As p e r  ASM E VIII 
Division I

As p e r  ASME VIII 
Division 2

As p e r  ASME VIII 
Division I

As p e r  ASME VIII 
Division 2  

A s p e r  ASME VIII 
Division I

ISO 'P r e s s u r e  vessels '  
(D raft )

A b o v e  4 0 0  C  
M i x .  2 2 0  C / h  o r  2 2 0  C /h  

t
o r  5 5 ' C / h  w h i c h e v e r  is 
t h e  g r e a t e r  
t =  m a x .  th ick n e ss

D o w n  t o  4 0 0 C  
M i x .  2 7 5  C / h  o r  275jC/_h 

t
o r  5 5 : C /h  w h i c h e v e r  is 
th e  g r e a t e r
B e lo w  4 0 0 ' C  m ay co o l  in 
still a i r

2  m i n /m m  5 5 0 ° - 6 0 0 ~ C  
N o t e :

ih m i n i m u m  
h m a x i m u m

As p e r  BS 1500  : I9S8

As p e r  BS ISOO : I9 S8

D u rin g  holdin g e n t i r e  
vessel in r a n g e  5 5 0  - 6 0 0  C

F o r  c i r c .  s e a m s ,  h e a te d  
r e g i o n ,  > 5 \  Rt o n  each  
side o f  c e n t r e l i n e  of  w eld.  
T e m p ,  at  e d g e  o f  he a te d  
r e g i o n  peak t e m p .
F o r  n o i z l e  w e ld s ,  heate d  
b a n d ^ 2 - 2 5 \  Rt o n  each  
side o f  c e n t r e l i n e  o f  weld

should not exceed 400 ’ C h  (presumably from ambient), 
■ill the codes infer that the heating rate from ambient to 
3<nje-4r>o'C i> not critical. Presumably it is argued that 
strci< relaxation only bccomes signiricant in the creep 
range, and that at temperatures below this, heating rate 
is relatively unimportant. However, ambient to 300c-  
■joo'C is precisely the temperature range in which 
uncontrolled heating rates can producc excessive 
temperature gradients and thermal stresses. More than  
one fnilure either during stress relief or on subsequent 
hydraulic testing has been reported from cracks develop­
ing during the initial stages of the heat-treatm ept cvcle 
j s  a reMilt of thermal stresses being superimposed on the 
residual welding stresses.7

Above 3oo: - 4oo°C most of the codes spccify m axim a  
and minima heating and cooling rates: these range from 
it>oe-?5o 'C  h maximum to the requirement that the 
rates need not be slower than 3 8 ’ 55 C/h.

Such grnrral requirements are of little value in guiding 
th* i ib n ca io r  fared with the problem of avoiding 
rrh-.Mt cracking such as that encountered in Cr-M o-V *  
and Cr-Mo steels when heating tnte above 45o°C is 
critical or with avoiding temper embrittlement when the 
c<jo..ng u t c  in the range -Goo'C must be as fast as 
poivb’e.i

As.11 t i m e  a t  t e m p h r a t u k e

• > * the cxci ptjon of RS 3915 and I>S 4208, the general 
r --c in codi-s with respect to soaking time is 'one

hour per 25 m m  of thickness’. B S  1500 and the ASME  
codes lay down longer soaking periods when temperatures  
lower than the recommended minima are employed.

The P W H T  temperatures recommended by the 
several codes are given in Table 5. F o r  alloy steels the 
UK codes generally indicate th at these are given as a 
guide and th a t  the effect of heat treatm ents proposed 
should be considered in regard to any special require­
ments. However, no instructions are given on how to 
assess the optimum P W H T  temperature.

The U K  code recommendations with regard to 
temperature are reasonably consistent, with the exception  
of BS 1500, which onlv applies to C and C-Mn steels and, 
like the ASM E codes, permits the use of temperatures  
lower than the recommended minimum (see Tables
3 and 4).

ASM E codes are unique in th at they specify minima 
values onlv. The ISO draft recommends a lower tempera­
ture range for C and C-Mn steels than other codes,
550°-Th)0 cC as opposed to 5So'-6.?ocC in the U K  codes, 
and ¿ 9 3 =C min. in ASME codes. The m axim um  tempera­
ture recommended in the ISO draft for 3 ' X i  corresponds  
to the minimum recommended in the U K  codes. For 
2 }C r- iM o  and ¿Cr-JM o, the ISO draft permits a much  
wider temperature range than the U K  codes with the 
exception of BS 2633 as applied to  2 }C r - iM o .

This latter code is the only U K  code attem pting to 
cater for service conditions when creep properties are 
important, and for others, such as hydrogen service when
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T a b l o  5 D e f i l e d  P W H T  c o n d i t i o n s  f o r  v a r i o u s  m a t e r i a l s

I

i- iateri»l  

C a r b o n  s te e l

C - J M o

^Cr-jMo
I C r - ^ M o

I ¿ C r  - j M o  —

2 j C r - I M o  —

S C r - J M o  —

7 C r - 4 M o  —

9 C r - I M o  —

J J N I  —

* C r - J M o - * V  -

C o d e

OS 15 00  : P a r t  I 
1 9 5 3

BS ¡S I S  : P a r t  I 
1965 BS 1113 : 1 9 6 9 !  BS 2 6 3 3  : I 9 6 6 §

A S M E S e ctio n  VIII 
Div. I and 2  
ASM E S e c t io n  III ISO

6 0 0  - 6 5 0  C *  
I h/2S m m

5 8 0 ‘ - 6 2 0 ' C  
I h / 2 5  m m

6 2 0 C- 6 6 0 ° C  
I h / 2 5  m m  
(I h m in .)

I6 2 0 ° - 6 6 0 X  
I h / 2 5  m m  
(2 h m in .)

6 6 0 ° - 7 0 0 ’ C  
2 h / 2 5  m m  
( 2  h m in .)

7 0 0 ° - 7 4 0 pC  
2 h / 2 5  m m  
(2 h m in .)

S80o- 6 2 0 cC  
I h /2S  m m  
(I h m in.)

S 8 0 : - i 2 0 ' C ;  
I h /2 5  m m

6 3 0 : - 6 7 0 ° C  
I h /2 5  m m

6 5 0 C- 7 0 0 ’ C  
I h /2 5  m m

6 6 0 5- 7 0 0 = C  
I h /2 5  m m  
(3  h m in.)

S 8 0 5- 6 2 0  C J  
I h / 2 5  mm  

h min.)

6 3 0 ° - 6 7 0 iC  
I h / 2 5  m m  
(I h min.)

6 3 0 = - 6 7 0 cC  
I h / 2 5  mm  
( j  h min.)  

6 3 0 ' - 6 7 0 " C  
I h / 2 5  mm  
( j  h min.)

6 6 0 ° - 6 9 0 <,Cli
o r
7 0 0 ° - 7 5 0 t C *‘ 
I h / 2 5  m m  
(I h min.)

I7 I 0 ° - 7 6 0 ° C  
I h / 2 5  m m  
( 2  h min.)

5 9 0 ° - 6 2 0 ’C  
1 h r / 2 5  m m  
(I h min.)  

6 7 0 5- 7 l 0 ° C  
I h / 2 5  m m

PI

P3

P4

S 93°C m in .* 5 5 0  - 6 0 0 CC
1 h / 2 5 m m 2  m i n /m m

( i  h m in . , 2  h

5 8 0 J- 6 2 0 ' C
5 9 3 = 0 m in .* 1 h /2 5  m m
1 h /2 5 m m

\

(1 h m in.)

l 6 2 0 <’- 6 6 0 ° C

5 9 3 3C m in.*  j\  1 h /2 5  m m

1 h /25 m m (1 h m in.)

J

6 2 5 ° - 7 5 0 " C
1 h /2 5  m m
( 2  h min.)

6 7 6 °C m in.* 6 7 0 ”- 7 4 0 r C

1 h /2 5 m m 1 h /2 5  m m  
( 2  h m in .)

P5

P9b 6 2 0 CC  m in.*®  
I h / 2 5  m m

5 5 0 ° - S 9 0 oC  
I h /2 5  m m  
( I  h m in .)

*  Sec a l t e r n a t i v e  perm iss ib le  t e m p e r a t u r e / t i f n e  c o m b i n a t i o n s  (Tables 3 and 4)  
t  Plat«  n a tc r ia l .  for  forcin gs ,  pipe, t u b e ,  t e m p e r a t u r e s  may be different
:  6 3 3  - 6 7 0  C  w h e n  C » 0  2 5 %
$ H e a t  t r e a t m e n t  of  w e ld s  only  

O p t i m u m  c r e e p  p r o p e r t i e s
*  S i f t e n m j  w elds  w h e r e  c r e e p  p r o p e r t i e s  u n l r . t p o r t a n i
*  M i x .  P W H T  t i m p .  6 7 5  C
BS 3 91 5  : I96S a.-.d BS 4 2 0 8  : 1967 d o  n o t  h a v e  specific r e q u i r e m e n t s  re la t ing  t o  low -alloy  s teels .  G en era lly  BS ISIS  : P a r t  I : 1965 is used t o  
c o v e r  such m ate ria ls

iuH softening is required. In that B S  2633 clearly de­
lineates the optimum tem perature ranges for the 
development o i m axim um  creep properties and for 
softening in 2 ]C r - i M o  it is more useful than the ISO 
draft.

The ASME codes are the only ones which comm ent on 
PWHT of diiiimilar metal joints; they state that in such 
caies the P W H T  shall be that specified for the material 
requiring the higher P W H T  tem perature. Clearly it is 
dangerous to take such recommendations at face value.

The majority of codes do not refer to the use of 
normalizing as a means of P W H T , although, e.g. in the 
c a v  of eiectroslag welds, such a treatm ent m ay be 
ntr.eisary to produce properties adequate for design.

The only U K  codes referring to  normalizing used as 
a P W H T , as distinct from an opeiation to remove 
harmful erfects of forming, are BS 2633 and B S 1 1 1 3 .  
Both these detail the P W H T  to be given to pipe taking 
the condition of the pipe before welding into account.
1 able 6 reproduced from BS 2633 illustrates when 

normalizing is considered nccessarv.
The footnote to the table is most significant. As far 

as the authors arc aware, it represents the only reference 
in L  K cvdes to The marked drop in u cld-meini properties 
vliich c.m occur during normalizing.

T L K f - J  H A T O < E  M E A S U R E M E N T  A N D  T H E R M A L  G R A D I E N T S  

V K  except BS 2796, and the draft ISO
iccorr.r.irndai ions lay down that the temperatures  

>.,.;d shall Ik: the actual temperature of any part of 
\esvr!. ASM E codes state that the minimum P W H T

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 ASM E Section V III  Division 1 relates to the case when 
more than one vessel is subject to P W H T  in one furnace 
charge and in Section V III  Division 2 and Section III to  
the case o( vessels which are heated internally.

The danger of reiving solely on measurement of furnace 
temperature is well illustrated by the failure of the 
Immingham pressure vessel for which a P W H T  tempera­
ture of 62o6- 6 6 o ;C had been specified.7 Although the 
furnace recording thermocouple indicated that the 
P W H T  had been carried out correctly, the actual 
temperature reached in one part of the vessel was oi the  
order of 5 25 ;C m aximum. The vessel failed on hydraulic 
test, and it was concluded that the incomplete removal 
of residual stresses and insufficient tempering of weld 
metal and H A Z were prime factors in causing brittle 
fracture.

BS 2633 and BS 2790 make no reference to thermal 
gradients. B S  3915 has the vague requirement that  
temperature gradients be controlled ‘so as to limit
thermal stress to an acceptable value and to avoid 
unacceptable locked-in stresses being present on com­
pletion of the operation’. The remainder of the codes 
listed give a m axim um  permitted differential during 
heating and during soaking; BS 1515, for example, 
specifics a m axim um  of I50°C within any 4 5 0 0  mm  
(15 it) length on heating. The justification for such 
requirements is obscure, and they can be interpreted in 
several ways. F or  example, it could be taken to imply
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ALUMINIUM ALLOYS AND THEIR V7ELDABILITY

There are many aluminium alloys and grades of 'pure* aluminium 
(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 61.5% I.A.C.S. to 'commercial purity' (99.0%). The principal impurities  ̂
are iron and silicon. The strength of pure aluminium is low (U.T.S. 70-150 N/mra 
depending upon the amount of (cold work) but the ductility and corrosion 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^% 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
j

These are based on the aluminium-magnesium system and obtain their 
strength principally by solution hardening from Mg and , in some alloys, Mn + Cr 
although there is some contribution fronuthe work hardening resulting from rollin 
Strengths range from a U.T.S. Of 180N/mm for Al-Mg2 to 275 N/nm min. for the 
strongest alloy Al-HgA.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, L.NG 
storage tanks and ships superstructures.

The alloys are normally supplied as sheet or plate, less commonly 
as extruded sections.

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 hardeninj 
The specific heat treatment varies with the glloy but will always comprise a 
high temperature solution treatment (450-500 C for 1-2 hours) followed by a 
quench to room temperature followed by a grecipitafion treatment for, say, 16 
hours at an elevated teniperature (150-180 C) or some days at room temperature

I. The Alloy systems
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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-Cu*-Mg, Al-Cu“ 
Mg-Si and A1~ZR-Mg-Cu alloys vith U.T.S. values of up to 500 N/rnm come into 
this group but they are only welded under very special circumstances and in 
general engineering teems are usually described as 'unweldable1. 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 an£ relatively high 0.2% proof stresses (yield strengths) in the range 
100-270 N/m^ (the strongest non-heat treatable alloy has a 0.2% proof Btress 
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 critical factor e.g. as extruded sfciffeflers fillet welded 
to plates or in structures where fatigue loading is the deciding factor. Post 
weld heat treatment to improve the Weld strength is rarely practicable and is 
Only ever used on small components.

2 s Welding Metallurgy

Compared to ferrous alloys, the Welding metallurgy of aluminium 
an d  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, thé main consideration is the sélection 
of consumables (filler alloys) to achieve a weld metal of adequate tensile 
strength and freedom from solidification cracking (hot cracking). fracture 
toughness does not need to be considered because all the weldable aluminium 
alloys are so tough even at very low temperatures that it is difficult tô 
measure the fracture toughness.

There are 3 types of fillet tnetal normally availableî pure alumi­
nium, Al-5% Si and Al-5% Mg, some Varieties of thé latter containing Mn‘ and/or Cr 
alsOi The normal rule is to UBé pure aluminium Or Al-5%Si for welding pure 
aluminium, AÎ-5Z Mg for welding Al-Mg âîloÿë and either Àl=â% Mg ©r Al-SlSi for 
welding Al-Mg-§i alloys. This rule can be expressed slightly differently by 
saying that a fillet of 'matching'composition should normally be used but one 
With, if possible, a higher alloy content than thé 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 figurés 1 & 2).

It is a good; general rule that the ’as welded' tensile strength 
of a weldable aluminium alloy (i»ês às measured bÿ â tranS'vèrse tensile test on 
a butt weld) is equivalent to that of the parent material in the annealed ('0 ') 
conditions 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.
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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.CVC. crystal structure.

A) 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 not required 
for aluminium alloy welding. Preheat is occasiona U y  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, 3^ 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 Al-Mg4.5Mn. Because the fracture toughness 
of veldments in aluminium alloys is always high there is no need to consider 
veld defects in terms of their tendency to initiate unstable ('brittle') fracture. 
Therefore the whole subject of the significance of weld defects in welded 
aluminium structures subjected to static loading is described by figures 3 i 4.
For welds subjected to fatigue loading the importance of weld shape is paramount 
«s for welds in steel and B.S. code of practice CP118 'The Structural Use ofA "1 • • f * .
iUTsiniuni classifies joint types in terms of fatigue loading and specifies design 

stresses. Table 4 gives some examples from this standard.
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f i K U J L

Physical Properties of Aluminium *

density 2s 705 g/tnl* 

Cbeffigitefifc 6i gxpansiati 2A x 10 ^ per ^6

Thermal fcbndufctivity 120 W/m°G

meltingpoint * 660°G

elastic modulus (E) 70,000 N/trah

* These vary slightly with alloy fcomp©siti©ft* 

+ The solidus of some alloys is below 60O°G*



Table 3

e f f e c t  o f u n i f o r m  p o r o s i t y  o n  t h e  s t a t i c  t e n s i l e  s t r e n g t h  o f b u t t wf.l d s

IN Al.MgA.5 Mn

/'

Grade of porosity*

l

Weld strength (percentage of specified minimum 1
tensile strength of annealed plate) !

i

Bead on Bead removed

Sparse A 100
- H

| Scattered A 100 100

j Extensive A 100

Extensive A 99

| Extensive A 100 97

j Sparse B 100

J Sparse B, scattered A 100 98

Scattered B 92

Scattered B 100 99

Scattered B, scattered A 95

Scattered B, extensive A 100

Extensive B, sparse C 88 !

Extensive B 97 95

| S;arae C, scattered B, 
extensive A 88

Scattered C 89

I Scattered'C, scattered B, 
j extensive A

coO',

' Extensive C ! 76 ! 74 
L . i i

* As classified in B.S.499, Part 3. where

A : /64 in. dia. pores, sparse : 4t-40t per in^ of radiograph

1 . < \ 2
B : /32 m .  dia. pores, scattered: 40t~160t per in of radiograph

r 1 , .., . . ( . 2
. /lb in. dia. pores, extensive : more than I60t per in 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)

Class of joint Weld, type ^ max. N/nn2*

11

Continuous, full penetration longitudinal or 
transverse butt welds with the reinforcenont dressed 
flush with the plate surface and the weld proved 
free fron defects by non-destructive testing.

58

III b

Full penetration transverse butt welds nade fron 
both 3ides with the reinforcement on each aide 
having a maximum height of 3 ®  or l/5th of the 
parent plate thickness, whichever is smaller and 
blending smoothly with the parent material.

38

(
0

Full penetration, continuous, longitudi:ial, automatic 
butt welds free from ripple and othet transverse 
surface irregularities and with no interruption in 
welding either the root pass or the final pass.

IV a
Continuous, longitudinal fillet welds with no inter­
ruption in welding either the root or the final pass.

29

b
Transverse butt welds made from both sides with the 
height of the reinforcement bead greater than 
permitted in class III b.

V a Transverse butt weld3 made from one side with an 
underbead.

24

b
Transverso butt v/elds made on a permanent backing 
atrip attached with full length fillet welds 
parallel to the butt wolds.

c Transverse non load carrying fillet welds.

(
VI a Transverso butt weld3 made on a permanent backing 

strip not attached by full length fillet welds.
20

b
Transverse load carrying fillet welds or crucifora 
weld3, either weld being with or without full 
penetration.

VI1 a Continuous longitudinal fillet welda with unrepaired 
interruptions. 16

1 b
T-joints, the welds being with or without full 
penetration if welded from both sides but with full 
penetration if welded from one side.

1 m i Intermittent, longitudinal, non-load carrying fillet 
or butt welds. 12

1 IX Intermittent, longitudinal, load carrying fillet or 
butt welds. 9

i...... ....
* f max for an endurance of 10^ cycles at a stress rpjige of c _i1 H3.X
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l:U T . 88/1'. L/

FUSION V-ELDING O F ;fl/ G N 43II jUj 

Several prop erties  of magnesium and its  alloys csn  affect fusion weluing 

c h a r a c te r is t ic s .  The oxide film  on m agnesiu m -base  m ate r ia ls  p resen ts  problems 

of rem oval and protection s im ila r  to those with Aluminium alloys w hilst the high 

therm al conductivity and coeffic ient of expansion can lead to d istortion , re s tra in t  

c rack in g , ?nd residual s t r e s s e s .  T h ese  problem s may be m inim ised by attention 

to technique but s t r e s s  re l ie f  (at 150° -  350°C ) is  n e ce ssa ry  with alloys susceptible 

to s t r e s s  c o rro s io n , i . e .  aluminium containing a llo y s . The wide freez in g  range 

of som e nlloys can lead to hot cracking in heavily restra in ed  jo in ts  although 

cracking  is not such a problem  as with the aluminium alloys, and can generally  

be avoided.

F o r  many y e a rs  oxyacetylene welding, using highly active ch lo rid e-b ase  

f luxes , was the only suitable fusion welding p rocess ,u n til  the TIG p ro c e s s  was 

introduced in 1040. M p resent TIG welding is  the m ost widely used p ro c e s s  for 

magnesium and has alm ost completely replaced  oxyacetylene welding, whilst MIG 

welding is a lso  used in the United S ta tes .

TIG welding was orig inally  developed for  m agnesium , using helium 

shielding and d ire c t  cu rren t,  e lectrode p osit ive . T h is  technique was inefficient 

s ince  G0,7> of the heat produced appeared at the tungsten anode, necessita ting  ?. 

la rg e  d iam eter e lectrod e  to prevent melting and giving shallow weld penetration, 

wide weld beads and wide heat affected zones. It was soon found that alternating 

cu rren t gave adequate oxide rem oval (with helium o r  argon shielding) and lower 

power consumption, with b etter  penetration and narrow er heat affected zone, and



a . c .  with argon, helium or  argon-helium  m ixtures has now completely nuccecded 

the usa of d . c . , e lectrode positive. The use of d . c . , e lectrode negative with 

helium shielding has been reported but lockw ood has recen tly  stated that it is  

unsuitable, resulting in seriou s  oxide contamination of the weld deposit and a rc  

instability at cu rren ts  above 170 am ps.
t-

Some a rc  instability  is  often found during a . c .  TIG welding, particu larly  

with argon shielding, and this can cause difficulty in welding. T h is  r r c  instability 

which is ch ara c te r ise d  by a change in a rc  appearance (from a blue to a green 

colouration) and sound, has been studied by Xenyon using a high spoed ca m e ra ,  

o sc il lo scop e  and visual examination and a superimposed high frequency current 

component was detected v hen the magnesium was in the negative half cy c le .  The 

resu lt  of th is instability , which has been attributed to a variation in electron  

e m iss ion  from  the magnesium, is su rface  roughness and occasional surface  

crack ing  (F ig . ) . It had e a r l ie r  been found em p irica lly  that the addition of 0.15?-. 

nitrogen to the argon shield eliminated a r c  instability  when welding Magnox /. L80 

and gave a smooth su rface  (vig.  ), but had apparently no effect on other a llo ys .

It was found to be due to the elim ination of the high frequency component in the 

magnesium negative half cycle  and attributed to a change from  a plasm a em ission  

to a field em iss ion  m echanism  for producing e le c tro n s .  Nitrogen is  la rg e r  

quantities and at longer a r c  lengths was a lso  found to be effective with other 

m aghesium -base al lo ys  and it wps presum ed that nitrogen was generally  effective 

provided that the shielding atm osphere was larg e ly  argon and not magnesium 

vapour.

- 2 -



/ rgon shielded MIG welding (direct c u rre n t,  e lectrode positive) is  

feasib le  using spray tra n s fe r  a r c s  for th icknesses  above 0 . 1 9 0  in. and a short 

c ircuiting a rc  for th ick n esses  down to 0 .0 2 5  in . V i t h  spray tra n s fe r  in 

p articu lar ,  burn-off ra te s  a re  much higher than with aluminium. (F ig . ) 

requiring hi^h v/ire feed r a te s  and welding sp eed s. A problem  with both types 

of metal tran sfe r  is  that the a r c s  a re  stable only over lim ited cu rren t rang es; 

e x c e ss iv e  currents  lead to turbulence with high spatter  and contamination.

Oxyacetylene welding ia now obsolescent but is  s t i l l  used occasionally  

for the aluminium -  1 m anganese and magnesium -  6 fo aluminium -  1% zinc 

a llo ys . In addition to the general problem s of a distributed heat source with 

wide heat affected zone and considerab le  d istortion , the ch loride-based  fluxes 

used for oxide rem oval a re  highly reactive  and can lead to rapid weld co rro s io n  

if left  on ¡.he weld s u r fa c e .  Flux entrappment in zirconium  containing alloys 

cannot be avoided due to interconnecting m icrop orosity  and th ese  alloys must not 

be gas welded, /ttem pta have been made to modify existing fluxes and to 

develop new n o n -co rro siv e  f luorid e-based  fluxes but these have been u nsuccessfu l, 

large ly  due to the high melting points of these n o n -co rro siv e  flux m ix tu res .

T.' eld D efects

A number of d e lec ts  can occu r in m agnesium  alloy welds, the m a jo rity  

a re  due to in c o rre c t  welding techniques although som e a re  influenced by a r c  

instability  or m eta llu rg ica l fa c to rs .

The wold p rofile  can be very d iff icu lt to control in manual welding and 

th is  can lead to poor appearance and reducod fatigue strength. A poor weld



profile 1b often accoinpaniod by heavy surfnee oxidation; this is generally caused 

by Insufficient gas shielding although occasionally heavy arc instability m a y  cause 

turbulence in the inert gas shield. Oxide and nitride films (Fig. ) m a y  also be 

entrapped in the weld, reducing static and fatigue strength. These films m a y  

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 k e  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. 

t/Ticroporosity is found in several alloys, particularly those containing zirconium 

or with high aluminium contents, but is not detrimental unless the micropores 

entrap flux and interconnect with the surface, in which case rapid corrosion can 

occur. Gas cavities and massive porosity will result from the presence of 

moisture or oily weld surfaces or filler wire and m a y  be detrimental to weld 

strength. Because of arc instability, tungsten inclusions occur in TIG welding 

in magnesium rather m o r e  frequently than with m a n y  other materials, but they 

appear to have little effect on weld properties.

Hot cracking can occur in several magnesium alloys and m a y  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 m o r e  sensitive 

than machine welds. However the problem of hot cracking should not be over­

emphasized and it is less of a problem than with m a n y  aluminium alloys. The

- 4 -

presence of zinc reduces the resistance to hot cracking in both the aliu^inium and 

zirconium containing alloys. Suggested reasons for this reduced resistance are



the increased solidification range and the presence of a grain boundary zinc-rich 

phase (possibly MgZn). The 6% 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 s o m e  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 earth 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 m a n y  

alloys. Gince the high temperature magnesium alloys invariably contain thorium 

or mischmetal they tend to be fully weldable. Minor additions of calcium 

between 0. 04 and-0.2^ greatly increase the susceptibility to junction cracking;

V est attributes the effect of calcium to an increase in the solidification range 

but E m l e y  considers it is due to low melting point grain boundary films. Early 

versions of the r.'iagnox P L80 nuclear canning 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.

A  further form of cracking is stress corrosion cracking which is found 

in aluminium containing magnesium alloys. It can be prevented by stress relief 

after welding.

Filler r/i'etal

Filler materials are generally of identical or similar compositions to 

the parent material. Mo r e  highly alloyed filler compositions with lower melting 

points and narrower solidification ranges are sometimes beneficial in reducing

- 5 -



weld cracking  and may also  give higher stren g th s. P a rticu la r  c a re  must be taken 

to avoid welding zirconium  containing alloys with f i l le r s  containing aluminium or 

m anganese, s in ce  th is re su lts  in insoluble in te rm e ta llics  in the weld m etal.

V eld deposits generally have a fine grain  s iz e  (F ig . ) and show 

reason ab le  strength  and du ctility . With TIG w elds Joint e ff ic ie n c ie s  of 90vo are  

p o ssib le  in a ll wrought alloys except m agnesium  -  m anganese and failure 

gen erally  o ccu rs  in the heat affected zone w here grain  growth has o ccu rred .

ith the m agnesium  -  m anganese alloy jo in t e ffic ie n c ie s  a re  reduced to 60% 

fo r both TIG and gas weld3 due to the very co a rse  grain  s iz e , although peening 

can im prove the effic ien cy  to 75^  o r m o re . T ypical jo in t p ro p erties  a re  shown 

in T ab le  I .

Postv/eld heat treatm en t w ill im prove p rop erties  only ra r e ly , but it is  

gen era lly  employed for s tr e s s  re lie f  and to c o r r e c t  d isto rtio n . Postheat 

trea tm en t is  essen tiu l for aluminium  containing alloys to prevent s t r e s s  co rro sio n . 

’ ith ca s tin g s, postweld s tr e s s  r e l ie f  in the range 2 5 0 °  -  300°C  (according to the 

p a rticu la r  alloy) i s  m andatory, w hilst preheat in the sam e tem p eratu re range is  

a lso  gen erally  em ployed.

- 6 -



, ___ MAT.No.164
Tilt WhLnnvG OF COPPtR _ANl;__ ITS ALLOYS -----------

(i
Copper is a face centred cubic metal, melt in);, at 10113 C, 

witn a pleasant lustre and exceptionally good ductility and malleability.

Tne principal properties of copper are shown in Table I; the 

very nigh electrical and thermal conductivities are of particular interest when 

assessing weldabi1ity. The high electrical conductivity is likely to make 

resistance welding difficult wnilst the high thermal conductivity could cause 

difficulty in fusion welding by allowing rapid heat dissipation. The 

coefficient of thermal expansion lies midway between those of steel and 

a 1 uiiiinium, and combined with the high thermal conductivity can result in 

distortion 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 

although its annual tonnage consumption is comparatively snail. The 

uses of copper and its alloys depend largely upon its electrical and 

tnermal conductivities, its corrosion resistance and the bearing properties of 

some of its alloys. Thus copper or its alloys find extensive use in the fielus| 

of electrical, chemical and marine engineering, whilst the attractive 

appearance of the metal and many of its alloys give a widespread use for coins, 

mecials anu general decorative work.

Copper

Copper is used quite extensively in its commercially pure forms 

or witn minor alloying additions.

Tougli pitch high conductivity copper contains up to 0.1% 

oxygen in the form of cuprous oxide, Cu^O, which forms a copper-cuprous oxide 

eutectic melting at 101>5°C. In wrought form this eutectic is widely dispersed 

.¡nu nas little effect on strength but in cast form, or veld metal, the eutectic 

¡or:.is grain boundary films that result in brittleness and hot shortness. Tn 

i.ie presence of hydrogen the cuprous oxide is reduced and the resultant steam 

0 :ves rise to porosity and voi d s ("g.iss i ng") . however, the cuprous oxide a as 

virtually no effect on electrical or thermal conductivity and tougli pitch 

cupper finds a wide use in the electrical field.

Where "gassing" is likely to he a problem deoxidized or oxygen 

;re-. copper r ust be: used . Oxygen free high conductivity copper retains the 

: tonuiict i vi tv ol tougli pitch copper, but is expensive, and where

■ ierirjcal conductivity is relatively unimportant it is more usual to adu a 

■••.■e/.iLiicr. Pnosphorus (in amounts up to 0 .0i.<%) is the most commonly used 

o:-.; w i i  ;;g a0ent , it removes the problem of 'gassing" but reduces the

• cctric.ii conductivity by up to 407.. Arsenical copper (0.3 - 0.5% arsenic)



slightly Higher strength and res i •. L .lnci1 In sea J in;-, l>ul lowers the 

conductiviLy even further. Many elements are added to copper in small 

amounts in order to improve specific properties. Thus silver up to 0.1% 

and cadmium up to 1% (Cadmium Copper) increase the softening temperature, 

strengtn and toughness without decreasing elcctrical conductivity.

For nigh strength, chromium (0.4 - O.aZ) or beryllium 

(l.j _ ¿.0%) additions are used, which allow precipitation hardening. In the 

hardened condition cnromiuin copper has a strength of 35 tsi combined with an 

electrical conductivity of 80% IACS and beryllium copper strengths of 

7j - 100 tsi and conductivity of 24% IACS. These alloys arc widely used where 

high strength combined with some electrical conductivity is required, including 

spot welding electrodes.

'jHe Alloys of Copper 

wrasses

The alloys of copper and zinc cover a wide field and their 

appi icati ons are extensive. Up to 3b% zinc is soluble in copper giving a face 

Centred cubic a solid solution. Above this zinc content a g phase is 

(recipitated from a peritectic reaction, the structure being fully d - phase 

above 4j% zinc. In fact only the a and a +3 brasses are of commercial 

interest, containing up to 40% zinc, sometimes witli minor additions of 

aluminium, iron, manganese, nickel, silicon, tin or lead. The a brasses are 

, rimarily cold working alloys and the a + B brasses hot working and casting 

a 11ovs.
(

Additions of 2 -  i>% Zinc produce cap copper which is really 

zinc deoxidised copper, whilst alloys containing between 5% and 20% zinc are 

.-now;; as gilding metals because of their pleasant golden shades, varying from 

red to yellow. jioth these series of alloys, which have extremely good 

..-a 1 i eabi 1 i ty, are largely used for decorative purposes and the most important 

a .alloy coi:t:ier ci ally is cartridge brass, containing 70% copper and 30% zinc, 

inis brass is tne most malleable of all t|ie a - brasses and is suitable for 

-.11 cold working operations including deep drawing. Variations are alloys 

containing 3b - 37% zinc, which are cheaper, and admiralty brass (1% tin) 

ano aluminium brass (2% aluminium) which have improved corrosion resistance. 

'•.ad.il ions of nickel anu aluminium to ct brass allows prec ipi tat i on hardening, 

elfectee, .ivin,'. an increase in tensile strength from 23 to 36 tsi..

T:ie duplex alloys are based upon tile M Z  copper -'*0% r.)iK 

'' ‘ i t i on (yellow metal) and are basically hot working nnu casting, alloys.

I.e.; pel ature malleability is quite low. The high tensile brassed.

* aiicsc bronzes are duplex alloys containing additions of aluminium,

;*'o:i, aiigaucsc, nickel and tin up to a maximum of 7%. These alloys, which 

-C -'.ally used in cast or extruded form, have tensile strengths of 30 - -ot?



compareu to 24 tsi for yellow metal.

Lead is often added to brasses in amounts up to 3.5% in nr^ir 

co improve macninability. Since lead is immiscible in all copper base 

alleys, tne lead bearing alloys are hot short above the meltin'* point of lead 

(327°C).

i,run;:es and Gunmetals

bronzes arc alloys of copper and tin hut other alloying 

elements i.e. zinc, phosphorus, nickel and lead, are frequently present.

Alloys of copper, tin and zinc are known as gunme tals. Additions of 

.aospnorus up to 0.4% - the phosphor bronzes, are also popular, since 

consiuerable improvement in mechanical properties can be obtained.

Tin is soluble in copper up to 16% at 550°C and although 

tne solubility falls rapidly with temperature, a solid solutions can lie 

retained readily. The cold working alloys are all a phase alloys and 

contain less than 10% tin, these alloys are not normally hot worked since 

t..c plastic range b very narrow and the hot short range fairly wide. The 

cast bronzes and gunmetals are all complex structures containing the 

brittle tin-rich €  phase. The composition and properties of several 

v rougiit and case bronzes are given in Table 111.

The applications of the bronzes and gunmetals are quite limited: 

vxougiit alloys are used generally for small components such as gauge and springs, 

viiereas the cast bronzes are used mainly for bearings and patterns.

.Silicon bronzes

The addition of silicon to copper improves corrosion resistance, 

tensile strength (23 tsi) and also weIdabi1itv. The wrought alloys, containing 

up to 3% silicon and 1% manganese consist solely of the a phase but the casting 

alloys, wiiica contain h - 5% silicon together with zinc, iron and manganese 

a duple:-: structure of a and y phases. Silicon bronze is used in the 

. v ical engineering field for storage tanks, piping, pickling grates, etc. 

rJliii 1tirL iiCL_Kc 1 1 l°ys

Copper apd nickel have mutual solid solubility and form a 

useiul range of hot and cold working alloys. Compositions range from 

- a .  copper, 5% nickel, which is really a toughened copper up to 70% copper, 

nic.Kol. Increasing nickel content gives good resistance to sea water

• i.i'. qupro nickels are used extensively for condenser tubes. Addition

“ to tni j  -  11)1* nickel alloys also gives an alloy with good resistance

1 1 •11 t . i i ' i, by ,!(.• rated sea water.

• • • ‘ i J V  i I

The nickel silvers, containing 55 - o3” copper, 10 - 30'.

'a.ance zinc, are single phase alloys used mainly for decorative purpose

- 3 -
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A 1 Uliii 11 1 uID lir ull Ze s

These alloys are based on copper and aluminium but frequently 

contain iron, nickel and manganese; they are characterised by good oxidatio.. 

and corrosion resistance imparted by a self healing impervious alumina surface 

film. The solubility of aluminium in copper extends up to 9.4% and all 

tne colu working alloys are in this range. With greater amounts of aluminium, 

a ouplex a + 3 alloy occurs at higher temperatures, although the 6 phase 

can break down to an a + Y 2 mixture, in which the phase is considerably

¡,iore brittle than the 3phase. Fortunately the transformation is sluggish 

and air cooling will normally result in retention of the 8 phase.

Tiie single phase alloys contain 4 - fc>% aluminium and frequently 

up to UL iron,nickel and manganese. These alloys, which can be worked cold 

or not worked in the range 790 - 900°C., have a tensile strength of 20 - JOtsi 

in the annealed condition, but this can be increased to 50tsi by cold work.

'j . 1 e alloys are suitable for use up to about 300°C in the work hardened 

condition and 4U0°C in the annealed condition. A hot short range occurs 

1.ctween 500° and 700°C. The single phase alloys are largely used for 

decorative purposes, although in plate and tube form they have been used 

for neat exchangers.

The duplex alloys contain 8 - 11% aluminium and frequently 

iron, M a n g a n e s e  and nickel. Iron and manganese improve the mechanical 

properties but have little effect on the structure, but nickel can also 

confer age naruening characteristics in certain composition ranges. The 

:iot won. i ng duplex alloys normally contain up to 3 ',1 alloying additions other 

iii.ui a 1 umi ni iim , and , since there is no hot short range, can be worked at all 

temperatures up to Some cold drawing of hot rolled and extruded bars

is carried out but cold working is not generally recommended. The casting 

..*3 Joys cover a wider composition range than the hot working alloys. Iron 

is frequently added to prevent the transformation of tne 6 phase at slow 

cooling rates and manganese and nickel also refine the structure and give 

improved mecnanical properties. lip to 27, lead may be added to tiie duplex 

alloys to improve tiie machining properties of tne hot working alloys and the 

!earin,_, properties of tiie casting alloys. As with other copper alloys, 1 cad 

is ii:u:ii scibl e in aluminium bronze and leads to hot shortness.

The duplex alloys are of greater industrial importance than 

*• ; ;\.j v pans». alloys and are extensively used in marine, chemical and gcaoia 

' ■ .--i :•> eri .1, . nowevcr many industrial alloys have wide compos i t i on ranp.es 

‘•tii n.ive ;,iicro -structures that are mainly a phase or a + £5 phases, 

p.u., i 1 i oua 1 iron or nickel rich precipitates. Typical applications are 

- v.s . valve fittings, propellers, gears and shafts.
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The fusion welding of copper and its alloys can be affects 

fcy a number of properties coinmon to many of these alloys i.e.

thermal conductivity 
thermal expansion 
oxidation resistance 
hot shortness 
poros i ty.

Tue high tiiermal conductivity of many of the alloys can lead to rapid 

dissipation of heat and necessitates a high rate of heat input. Combined 

v:ith the comparatively high coefficient of thermal expansion of many alloys, 

tiie high conductivity can lead to severe distortion ana shrinkage stresses, 

and often welder discomfort due to the proximity of large areas of hot metal. 

Ine practical solution of such problems may cover

(i) the use of an intense heat source wi th a high welding 

speed to limit the total heat input

(ii) slow preheating of the complete workpiece (by the 

use of oxyacetylcue torches or coal gas burners)

(iii) avoidance of restraint 

(iv) slow, uniform cooling ^fter welding.

'ine high conuuctivity can also be advantageous where rapid cooling is required 

to reduce segregation or hot shortness.

Oxide films form rapidly at elevated temperatures in copper 

and many of its alloys. These films can be removed by use of deoxidants 

(silicon, zinc, phosphorus) in the filler wire, or a borax flux. Problems 

;re most likely to be encountered in aluminium or beryllium containing alloys 

which form tenacious oxide films.

Hot short temperature ranges occur in several alloys in which 

the uuctility is extremely low, and in these ranges cracking can occur at 

low- stress levels. Alloys exhibiting hot short ranges include some grades ol 

tougn piicn arsenical copper, lead bearing coppers and alloys, tin bronzes 

■md single phase aluminium bronzes. In some cases the hot short range 

is immediately sub-solidus, for example the narrow hot short range in silicon 

M'or.zes (yi>0° - o00°C) but in other cases it can be much lower.

Occurrence of porosity is erratic, and rarely a problem with 

a t  alloys. It is affected by filler wire composition, welding speed and 

'■ 4-nd flow rate of shielding gas. In general well deoxidized fillers

' •: vi s m , 1 e , especially where nitrogen is used as the shielding gas.

'ine restrictions covered above are not a severe limitation 

”!' L ' i liiin,, of copper and iLs alloys anti most conventional processes arc 

; ' some extent. The processes normally encountered are:

Fu s io n  '.-.'b lu in g
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shieldeu metal arc welding 
TIG and MIG welding using argon, nitrogen 

or argon-nitrogen mixtures 
oxyacetylene welding
carbon arc welding with or without a flux.

l.upp er _

Tougii pitch copper is difficult to weld because of steam 

porosity and "gassing", and welds tend to suffer from brittleness, porosity 

arid noL tears. Oxygen contents as low as 0.05% can result in porosity 

although U.lU - 0.15% oxygen is necessary to give brittle grain boundary 

eutectics. No process is ideal but joint efficiencies of up to 80% ran be 

obtained with the argon shielded processes, which give narrow heal affected 

¿iints. filler wires should be heavily loaded with deoxidants. Oxygen 

lret high conductivity copper is readily welded with tne inert gas shielded 

processes, but if tne weld needs to retain good conductivity the filler wires 

suoulo contain only boron, silver, zinc or zirconium as ueoxidants.

The deoxidized coppers can be welded quite readily, giving 

joint efficiencies of 80 - 100% although arsenic containing filler wires 

:,i.ntjlu ue avoided due to the danger of iiot shortness P The oxyacetylene 

process is still used quite widely although the inert gas shielded arc 

processes are preferable. because of the need for high heat input the 

tungsteu arc process should be restricted to sheet.

HoL shortness problems arise with lead containing coppers 

D e c a u s e  of tne low melting point of lead (327°C) and alloys containing 

more tuan 0.1% lead are virtually unweldable. The oxide film formed 

on beryllium coppers can also give difficulty although the inert gas 

siiieldeu metal arc processes can be used.

ueliuni, argon, nitrogen or their mixtures can be useu for 

t.:e inert gas shielded processes, although helium is not used in the 

united K i n g d o m  because of its high cost. Nitrogen is attractive because 

of its lower cost and the greater heat intensity of the arc. For tungsten 

arc welding nitrogen shielding requires the use of thoriated tungsten 

electrodes and special filler wires, whilst with metal arc welding transfer 

; .-.uractcristi cs are poor and there is a danger of oxide inclusions. Recent 

or,, on tiii.- inert gas metal arc process has indicated that argon-nitrogen 

‘ ¡.lores can give the advantages of a more intense heat source and lower 

, as costs together with good metal transfer, and it has b e e n  shown that'

■ -id. , ixtures enable the elimination or reduction of preheat.

In general'- the brasses, other than leaded brasses, are readily 

by all processes, although shielded metal arc welaing utilizes 5”

’ • 'jize electrodes. The inert gas shielded processes also use tin, silicon



or aluminium bronze filler wires. Preheat of 200 - AOO°C is recommended, 

particularly witn castings. Joint efficiencies of 100% arc attainable.

ine most serious welding problem is zinc fur.ics which obscure 

tne weId anu are unpleasant, and even harmful in large amounts to the welder. 

Kespirators may be worn, and in oxyacetylene welding the use of an oxidising 

flame anu suitaule fluxes is recommended. The thermal conductivity of the 

brasses is mucn less tnan that of copper and this reduces distortion anu 

residual stress problems, although the welding of cold worked material can 

j^ive serious distortion. For use in corrosive atmospheres, particularly 

those containing ammonia, stress relief at 250° - 270°C. should be carried out, 

to avuiu "season-cracking", 

j i;; .iro11zos»

Fortunately the welding of these alloys is not often required,

~ i cl t;ie wide freezing range (which increases with tin content) leads to hot 

shortness ana shrinkage voius. Moderate preheat (200 - 300°C) is desirable 

to avoid shrinkage stresses, and rapid cooling '.'ill reduce the danger of hot 

cracking anu shrinkage porosity. For these reasons oxyacetylene welding is 

not recommended; where it is used an oxidising flame should be employed to 

uvoiu steam or hydrogen porosity. The tungsten arc welding, is used fairly 

iuely but tne snielded metal arc process using electrodes containing 5 - CJ% 

tin and up to 0. phospnorus is most popular. A stringer bead multi-run 

tecnniijue gi ves some refinement of the "as cast" weld metal structure and hot 

pec ni ng below Liie not short range also gives grain refinement and reduces 

distortion.

Si1ic on hronze

Tne silicon bronzes are the easiest of the copper alloys to 

\.vju liecause tiie silicon acts as a deoxidiser and the thermal conductivity is 

j. A hot siKjrt range does occur, however, just below the solidus, and care

. iouju be tiio.en to avoid overheating. Preheat should not he used and 

interpass temperatures should be limited to 100°C. , and for this reason a strin>jc 

htau welding teennique should be used.

In the as welded condition the joint strength should approach 

t.iot of tne parent material i.e. 20tsi, whilst cold peening can give a 

f u i t r  i :npr ovement .

All tne processes listed above can lie used for weldin',; silicon 

: "•**•* •iliu.iugn t ne i i.rrt gas .shielded processes are preferred .

1 • '  •> i eki-J A1 1 oys

Tne only problem with tliese alloy:; is sulphur emhr j ft 1 emenl 

C..U ue control leu by magnesium and manganese additions. Tne tungsten 

‘ 1 orgvacety 1 ene processes are the most used in this country but v.eta 1

; • g‘->s Welding also gives good results.

- 7 -
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Tiie nickel silvers are generally oxyacetylene welded, using a 

nigh zinc bronze or nigh zinc nickel silver for colour matching. A suitable 

flux is essential to dissolve any nickel oxide and avoid porosity.

A 1 u::ii niuiii bronze

W i tii tiiese alloys, welding is largely used for repair work, 

altnougn some actual welded fabrication is carried out for reaction vessels 

to hold saline and other corrosive liquors at moderately elevated 

temperatures. The siiielded metal arc and metal arc inert gas processes are 

tne most widely used, but tungsten arc (with alternating current) and 

oxyacetylene welding is quite satisfactory. The metal arc inert gas process 

gives the best results with positional welding. The oxide film can be 

troublesome and careful scratcli brushing and degreasing should be carried out 

i;!C:.ediately before welding. Electrode coatings and gas welding, fluxes should 

contain nign proportions of fluorides.

The single phase alloys are more difficult to weld than the

• j up I e x alloys because of a hot short range between 700° and 4 5o°C. Welds 

siioulu he cooled rapidly through this temperature range to avoid hot crack i n; , 

.mu single or double run deposits are preferable to multi-run welds, 

j.ynrogen porosity can also be a problem with single phase aluminium bronzes, 

.latcuing weld metal compositions are used satisfactorily in many cases, but 

-.were not cracKing and porosity is encountered in the weld, a duplex weld 

deposit may be used. however, in corrosive media there is a danger of 

¡referential attack on the 0 phase in the weld metal, known as 

vj e.i 1 umi nif ication. In tiiese cases it is advisable to seal the weld vi til 

capping runs giving a single phase deposit.

ihe uuplex aluminium bronzes can be wclued comparatively 

«..asily proviueu tnaL attention is paid to cleanliness. The hot short range 

i very narrow in these alloys, so that iiot cracking, is not a problem, 

u..i‘ist nyurogeii n.ib sufiieient solubility in the 0 phase to eliminate the 

canger of porosity. The distribution of 0 phase is also important and in 

so.ie alloys a continuous grain boundary network of 0 phase can lead to 

..ol cractviag and grain boundary corrosion, 

crazing and Soldering

Copper and most of its alloys can be readily soldered using

11 p. - ] can solders and propr i et ary fluxes. Jnt or granular penetration and 

>racting can occur in iiigii zinc brasses in tiie cold worked condition,

•• ' - ver, and prior stress relief at ¿ 5 0 °  - 270°C. is advisable. Difficulty 

i •• also experienced witu aluminium or beryllium containing, alloys due to tiie

• «.'in ;,j t) '¡i of ter.ac i I'«:; oxide films. highly active fluxes are necessary and 

' ai h',H. to uiri'i'jiion problems il inadequate cleaning. is carried out

- 8 -



brazing, using a straight brass or a si lver-c'opper-zinc al 107 

(silver colder), is an extremely effective method of joining copper and most 

of its alloys. Torch and furnace brazing are equally suitable although 

flux is necessary in all cases. In the case of the oxygen containing 

tougn pitch coppers brazing is more suitable than any welding process, since 

passing is avoided. Similarly, brazing is the most suitable process for 

the leaded coppers and Copper alloys. Aluminium containing alloys can be 

brazed although an active flux is necessary, the difficulty increases with 

aluminium content and special techniques are necessary with aluminium 

bronzes containing 8 - 12% aluminium. Intergranular penetration can 

occur witn several alloys in the cold worked condition; these alloys 

include the nickel silvers, leaded brasses, silicon bronzes and cupro-nickels , 

and stress relief should be carried out before brazing.

Resistance Welding

The factors influencing the case of resistance voiding arc 

I. (*ii; electrical and thermal conductivities. The problem is to j;ct 

sufficient beat generated at the interface in a short time, despite the 

jow interfaeial resistance and high rate of heat dissipation and. in 

general, veldability varies inversely with the electrical and thermal 

coiiductivit i es. The problem is most acute with scam welding anti least 

acute with flasii butt welding.

Seam welding is impractical feu- alloys with an electrical 

conductivity greater than 2 0 Z IACS, and this eliminates all the coppers 

a no most orasses and tin bronzes. The most suitable alloys for seam 

w.'loing are tile cupronickels, silicon bronzes, nickel silvers and 

aluminium bronzes. high quality spot welcjs can be produced in alloys 

wit;: conductivities of 30Z JACS or less, although less consistent welds 

be made wit,, conductivities of 602 IACS. Again the best results 

;.re obtained with silicon bronzes and cupro- niche 1 s , followed by aluminium 

bronze. i.eaue.j coppers and alloys are virtually i:;ipossibl e to veld 

aeCciuse of hot cracking in the weld nugget and adjacent parent metal.

Conductivity problems are not so apparent in resistance butt

• ¡¡id flash butt welding and these processes can be used for most coppers and 

■' ¡Joys. n  ash b m  t welding is part icn] arly useful since it can be used

• : •''-lui.r. alloys vi t.i lead contents up to l.O.h

- y -
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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 cob t 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 

metals 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.
1

Properties.

Titanium is a comparatively light metal (50% 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.

The 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 882.5°C, titanium has a close packed hexagonal structure
C . . .

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 stable. The lower temperature structure is referred to as a - titanium

and the high temperature one as 6 - 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.

Alloying of Titanium

Alloying additions to the metal may act as either o or 3 

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 

-«rtensitic a t but with higher alloy contents it is possible to retain 

6o_.e or all of the 0 phase on cooling. The cl alloys cannot be heat treated 

but alloys retaining some 0 phase are amenable to heat treatment.



The commercial alloys of titanium fall into four groups

(i) Commercially pure titanium, with controlled impurity contents.

(ii) a stabilized non-heat treatable alloys.

(iii) 8 stabilized alloys giving a heat treatable a + 3 structure.

(iv) 3 stabilized alloys giving a metastable 0 structure that is 

amenable to heat treatment.

The commercially pure titaniunSare 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 ~ 3 

and 3 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 ~3 

and 3 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 

at low and moderate temperatures but unfortunately, these ratios are not 

maintained above 500°C. In 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 0 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 1 alloys have been developed with increased alloy contents, 

giving markedly higher strengths and acceptable ductility (Table III).

So^e of these alloys contain very small traces of 3 phase, but the amount 

is generally insufficient to alloy any marked precipitation hardening.

Alpha-beta Alloys

Alloys containing moderate amounts of 3 stabilizing elements



may exhibit duplex a + 3 structures.

The 3 phase is metastable and ageing which can occur at 

fairly low temperatures may result in embrittlement. However, overageing 

of the 3 phase will often give alloys with good strength and ductility.

The ageing treatment results either in finely dispersed “ or in the 

non-equilibrium w phase.

Commercial cl -  £ alloys fall into two distinct groups:

(1) those containing only 3 stabilizing transition elements

(2) those containing an a stabilizer i.e., aluminium, in addition to 3 

stabilizers.

Into the first group fall the titanium-manganese alloys, 

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 3 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 3 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 a ~ 3 alloys, 

results in a marked strengthening of the a phase. Aluminium is also 

soluble in the 3 phase and increases the rate of overageing so that a ductile 

overaged structure occurs even on quite rapid cooling.

Beta Alloys

Larger amounts of 3 stabilizing elements allow metastable 3 

pnase to be retained on rapid cooling to ambient temperatures, which 

permits subsequent precipitation hardening treatment. These alloys have 

the great advantage that in 3 form they are soft and readily workable 

whilst subsequent precipitation hardening can give tensile strengths of 

tiO tsi and above.

The ageing process will depend upon the temperatures: at high 

temperatures the a phase will precipitate first, followed by the intermetallic 

compound, but at lower temperatures an intermediate non-equilibrium 

phase, designated w is formed first.

The fully 3 stabilized alloys have been introduced in the last 

few years and only one or two alloys are commercially available. However, the 

advantages of good 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 - 0 titanium alloys.
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Fusion VJelding.

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 reactive 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- 0 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.
3

The Gas Shielding Problem.

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 contamination 

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

most likely contaminants are oxygen and nitrogen, picked up due to air

entrainment, but hydrogen may be absorbed if moisture is present. The maximum
4

limits of tolerance for oxygen and nitrogen in weld metal have been estimated 

at 0.3% 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 .2b%, the actual figure being dependent upon other impurities and alloying 

consti tuents.

Surface discolairation may give some indication of contamination. 

Tnus, under the best conditions of gas shielding the weld bead and heat affected 

¿one will be bright whereas slight contamination will result in a light straw- 

coloured appearance. Increasing contamination results in the appearance 

changing from straw to blue. The absence of surface discolouration does 

not necessarily 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 

£>"Ov very low ductility. In this case, the surface contamination has been 

absorbed into the metal.

Slight surface contamination (light straw colour) can generally 

"ue to^era‘~ed as the fall in ductility is 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% 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 (0 .2mm mercury) prior to argon or helium 

filling. The main problem with this type of chamber is to keep vacuum and 

yas 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 

to an acceptable value. Under some conditions contamination may be worse 

thnn 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 the cooling 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 Hull"* 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 

consideration of:-

(i) 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 cool 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 conmercially 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 

well 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.
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Commercial Alpha Alloys.

Commercially the welding of the a alloys has been confined to 

the 5% aluminium 2.5Z 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. 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 5% 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 
3

attributed 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.
g

The super-alpha titanium alloys are also reported 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 A20°C but some deterioration in tensile elongation at 540°C, particularly 

if some precipitation occurs. Cryogenic properties of the alloys are also 

sati sfactory.

Alp'na-Beta Alloys.

The only a - g alloy that has been welded commercially 

is the 6% aluminium, 4% vanadium alloy. All other a - g alloys tend to 

be seriously embrittled in the 'as welded' condition due to breakdown of 

tne 8 phase on cooling. In some cases the ductility can be restored by 

j-oscveld heat treatment but such treatment is often impracticable.



The 6 A1 AV alloy can give 100% 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.^ 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,^ 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 d o n e ^  on a recently developed 

alloy containing 6% aluminium, 6% vanadium, 2% tin, 0.3% 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.

Beta Alloys.

The single phase 8 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, 11% chromium
12 . ■

and 3% aluminium, can be readily welded 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 15% molybdenum 8 alloy is also readily weldable^ in 

the solution treated condition. After ageing tensile strengths of 

78.$ - 81 tsi and an elongation of 12% on 1 inch can be obtained, compared to 

65.7 - 89 tsi and 9 - 4.5% 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 6 grains in the weld.

Ageing gives overall a 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 8 grains.

Resj. stance Welding .

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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co 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
13

strengths are quite low indicating poor weld ductility. This poor

ductility may be due to slight contamination of the weld nugget during

tne welding cycle. The low cross tension strength has led to the suggestion

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 - 3 alloys, irrespective of condition (Table X) although a

post weld heat treatment on the welding machine has been found to increase
14

the cross tension strength of the 6 A1 4 V alloy.

Flash butt welding has proved successful^ for the joining 

of bars of commercially pure titanium and the 5 A1 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 XI).

Brazing.

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 

farnace, induction, resistance and torch brazing, is a fair indication of the 

success achieved in solving these problems.^

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
r\

although special fluxes are needed to prevent contamination. These fluxes 

generally consist of mixtures of chlorides and fluorides, and their exact 

operating mechanism appears uncertain. In some cases a simple exclusion 

of <air Ciay occur but with other fluxes it appears that electrochemical 

deposition of a metal film occurs protecting the titanium from oxidation.

Scrae suggestion has been made that the chloride content of these fluxes can



r.-suit in stress corrosion cracking if flux entrapment occurs.
f&ajcX

Titanium alloys readily with most molten brazing alloys, but

ic 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 intermetallies must also be avoided. Silver and its alloys are

used almost exclusively for brazing titanium,^ giving a bond that consists

largely of a solid solution of silver in titanium. An intermetallic compound

Ti A g , is formed in some circumstances but is reasonably ductile. Optimum

brazing temperatures for silver are 990° - 1040°C for times of 1 minute, which

give shear strengths of 21000 - 24000 psi. A brazing temperature of

1150° - 1260°C for 10-15 minutes gave a much higher shear strength of

35000 psi but slightly impaired parent metal properties. Several silver
18

base alloys have been developed for titanium but in most cases it is

doubtful whether they offer any advantages. However, alloys containing

a l u m i n i u m  or manganese have been reported as exhibiting good properties

up to 205°C and resistance to salt spray corrosion. For the brazing of

19
very thin sections e.g. honeycombs , it is preferable to use lower 

temperatures 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 - 3 or g 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
2

hardened alloys. Re-solution treatment and ageing are reported 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,
20

A brazing development 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 C ( NICKEL AND ITS ALLOYS HAT.No.165

!

Nickel is a m a . cable 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. 

Commercially, 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 20% 

by weight, respectively.

Commercial 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 precipitation 

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. 

Monel

The high nickel-copper alloys, known as Monel, contain 

58 - 65% 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 A lloys

These alloys, excluding the Nimonic series, are important 

for their excellent oxidation and corrosion resistance, which is often 

combined with good high,,temperature strength. The Inconel alloys generally
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contain 75 - 80% nickel and 15 - 20% 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 A lloys

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% nickel 20% chromium alloy, Nimonic 75.

This composition is very nearly that of Inconel, which was known 

to have good oxidation resistance, whilst tne strength was improved by the 

addition of 0.5% titanium. Nimonic 75 is a single phase alloy, although 

some carbide precipitates may occur, and is not amenable to precipitation 

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 

exceeded 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 20% 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.



The microstructure of all the Nimonicf is similar, exhibiting 

a face centred cubic matrix (y) plus precipitated carbides and intermetallics 

such as the ^  phase (Nij Ti) and Y* phase (Nij (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 J phase occurs as lines or needles within the grains. All these alloys 

contain up to 0 .1% or 0.15% carbon and chromium carbide, Cr^C^ 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 beneficial 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 j 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 37% of the 

nickel is replaced by iron, presumably to reduce the cost of the alloy.

Fusion Velding

The physical properties of nickel and its alloys impose no 

t-xceptional welding problems and most alloys are readily weldable. However,

■■:ay alloys are prone to cracking in the work hardened condition and should be 

«elded in the annealed condition. The non-heat treatable alloys generally
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structure
present no difficulty and welding has little affect on the metallographic / 

except some grain growth in the heat affected zone, and joint efficiencies 

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 components 

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 

chromium 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% 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 .015% calcium and 0.020% magnesium can lead 

to hot cracking. Some disagreement exists over the effect of magnesium, 

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 particularly 

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 

^".ounts they can increase the sensitivity to hot cracking. Carbon, which is 

present as an impurity in amounts of 0.01 - 0 .20%, has

little effect on weldability. In comroercially pure nickel, graphite can be 

*.or;:.ed 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 

b oun dary precipitates are formed o r  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 - 15% 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 welding 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 roost cases the filler wire will 

cor,tain additions to reduce, or eliminate, porosity and hot cracking.

- 5 -
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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.Shielded metal arc or inert gas 

shielded welding may be used; the recommended filler metal composition is 

bO% nickel, 20% 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 75% nickel,

15% chromium, 10% iron was found to be satisfactory, but with thicker sections 

weld metal cracking occurred. With these thicker sections a weld deposit 

containing 5 - 10% manganese and 1 - 2.5% niobium appears to be the most 

sui table.

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 50%. 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 
%

formed 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 .02% zirconium and 0 .001% 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 

metal arc welding of thick sections of the modified Nimonic 90 has been 

found to give fine intercrystalline cracks, although tungsten arc welds 

~ere quite satisfactory. This has been overcome by the use of a short



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 weldnetal and heat affected zone,and to develop full weld 

strength a complete solution 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 

che 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 point 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 

treatment may be carried out simultaneously. The tenacious oxide films 

that are formed on the surface of the Nimonic alloys demand considerable care 

in the exclusion of moisture and air from the furnace atmosphere, and vacuum 

brazing is normally preferred.

Some success has been achieved with the Nimonic alloys using 

a pressure brazing technique, combining brazing and solid phase welding.

This process employs a nickel-manganese-palladium filler and, after a 

diffusion treatment at 1200°C. the interface almost completely disappears.

«¿>-er an ageing treatment the stress-rupture properties of the joint were 

si^ixar to those of the parent material.

' I
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Resistance Welding

All 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 

mere closely control led 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 hot 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 should be followed by mechanical abrasion in the case of the other 

alloys. The welding current is somewhat higher and time shorter than with 

steels, to prevent sticking of the electrodes. With thinner sheets weld 

times can be as low as 2 - 3 cycles and phase shift heat control is essential. 

For 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, Niinonic 75, weld 

properties are satisfactory although post-weld stress relief has been claimed 

to enhance the subsequent performance of the welded component. Spot welds 

m  Nimonic 75 often contain large internal cavities; it is debatable whether 

t n e s e  cavities are detrimental to weld quality, but they can be greatly reduced 

oy tne use of high post-heat after welding.

Spot welds in the age hardening Nimonic alloys, Nimonic BOA 

bQ are susceptible to hot cracking, which is believed to be due to the 

■-¡•c-iuion of high cooling stresses on weld nuggets containing low strength

- 8 - i



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.

- 9 -



Part I
by T. R. G u rn e y , M A., C En0 . a m i  c.e.

It  is not very m a n y  years  since an y failure that  o ccu rr cd  in a welded s tr ucture  was 
a lmost  a u t o m a t i c a l l y  ascr ibed  to the effect  o f  residual stresses. A l t hou gh  recent  
work lias tended to sho w that  this view was mispla ccd,  there  still seems to b e  d o u b t

in the minds o f  m a n y  people  as to w h a t  
the b e h a v i o u r  o f  welded s tructures.  T h i s  is 

shall explore this su bj ec t .

W h a t  a r e  re s i du al  s t r e s s e s ?
Although stresses are often thought of as being 
the intensities of the forces set ::p in a body in 
order to balance the external loads, stresses can 
nevertheless exist in the absencc of any external  
load. These 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 
sti esses existing in a ¡ m e m b e r  in the absent e of 
any external load, which are at the same time 
self balancing w i th in  t h a t  m e m b e r .  Thus,  in 
the context of welded structures, they are con­
fined to the neighbourhood of a weld, and de­
crease rapidly on each side of it. The second 
tyj>c, which is normally referred to as ‘reaction’ 
stresses, are stresses in a member which arc 
balanc ed by the reaction of other members in the 
system, but arc not self balancing within the 
rntrinber.

These definitions can perhaps be clarified by 
considering, by means of  simple examples, how 
the two types are formed.

The formation of residual s tresses
As jii  example of the formation o f ‘local’ residual 
suesses consider a solid ‘anchor  ring’ of material 
initially in a stress free state. If a small section of  
the ling were to be cut out (Fig.  1) so that a gap 
was formed in the ring, this could be closed by 
applying suitable external forces, and as a result, 
'  i rvsr\ would l>e produced in the ring. If the 

ends of the l ing (A and B) were then joined
1 ’¿ether,  the closing forces could be icmoved,  but 
toe stresses would icmain in the ring as a system 
'>f i'Kal residual stresses.

F.'jually, if a greater amount of fresh material
<e to Le inserted in the gap than was just 

r .wired to fill i t i d ic ring would be expanded in

e xac t ly  is the role o f  res idual stresses in 

the first o f  a series o f  art icles in which  wc
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As l.u as tlic tin inatioii ul irsidual stresses is 
concerned.  (lie rsscntial feature of these operations 
is that material was eiihei removed lioin or added 
to the mu' ,  thcichy causing a peniiaiient allria-  
tion in the in ¡initial body. ’I 11is prim iple is 
universal. Residual siicsses rail only I«' produced 
liy proeesses which involve a deliuiie and |x-i- 
manrnl alteration ol the body as compared with 
ils form in the stress (Yce state. In this way a 
ncometrically incompatible system ol deloi ina- 
lions is produced, and it is these which ai r  the 
origin of the stresses. The  usual way in which 
this occurs,  of course, is not by cuttinn and join­
ing, hut by plastic llow. I In is. in the case ol (lie 
rin^, if a small part of the circumlcrence wire 
plastically deformed so that it became shorter (in 
the circumferential direction) the nei result would 
be the same as cutting out a part of the lini; and 
then rejoining the ends. In other words, residual 
stresses would he created.

Consider now, as another idealised example,  
the case of the ri^id frame W X Y 7 .  Fii;. 2) into

F i g  3



7 0

wlii< h is to be lixed a central eross-meml>er 
A ik :  which consists ol two halves, AH and BO. 
attached to the frame at A and Cl respectively. 
Suppose that at this stage there is a slight gap at 
B. This means that; in older to make the joint at 
B, tensile loads would have to l>c applied to the 
members AB and B(! ;  and these loads would l>e 
l ea de d  liy compressive r e a c t io n  stresses in the 
members VVX and YZ.  Note that in this ease 
I he stresses, although self balancing within the 
sli in ture as a whole, are not self balancing within 
each individual member.

It is important to glasp this general principle.  
‘ I.ockcd-m stresses' la term covering both local 
residual stresses and reaction stresses) arc subject 
10 exactly the same laws of  equilibrium as apply
10 ordinary stresses produced by external loads. 
The  only dillcrencc is that the external loads arc  
zero, so that the loeked-in stresses must be sell 
balancing within the structure.

Residual stresses caused by w elding
11 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 sticsscs of interest 
are those that exist after the structure has cooled 
down to ambient temperature after welding,  
and since it can be shown without difficulty that 
no thermal stresses tan  exist in the absence of a 
tcmperaim c gradient in the lx>dy, it is immediate­
ly obvious dial the residual stresses existing alter 
welding an  not thermal stresses.

Once  again, they are,  in fact, the result of 
plastic deformation. During welding severe ther­
mal stresses must arise 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 
plastic 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.

I .ct us now consider, in a simplified manner,  
die wav in which residual stresses arc (in med 
around a but I welded joint.  Immediately alter

welding, the weld and the icgittu adj.u enl lo it 
will Ik- hot, but the ieniaiiidei ol the pl.iie: will 
be cold. Thus,  if we consider the weld and the 
two cold plates as three separate elements, all 
will lx' of the same iciiglh, as shown in Fig. la. 
Now, as the weld cools it will decrease in length, 
so that when its temperature is the same a- tliai 
of the plates the situation will lie as shown in 
Fig. 3b: From this it will lie seen tliai the weld 
is now shorter than the two plates. In lad .  how­
ever. the wold and the plates aie the same length, 
bill this can only bo achieved b\ applying a ten­
sile lo'atl to ¡lie weld ¡¡¡id eiiinpiessive Iliads iii die 
two plates ¡'Fig. :»cj. In order to maintain equili­
brium the tensile and compressive loads must, ol 
course, balance.  Those lories ate clleciively the 
longitudinal stresses in and around the joint. In 
othei words, the weld is a region ol higli tensile 
residual stress and this is balanced by compressive 
residual stresses in the surrounding material.

The real situation in a welded joint is a little 
more complicated,  since the weld is made by 
progressive deposition of metal hither than 
instantaneous deposition of  a strip. Nevertheless 
the principles described above are generally 
valid The  simplification of considering the joint 
as three elements would result in a residual stress 
distribution with sudden steps in it. In tact, ot 
course, this does not happen and the real residual 
stresses acting in a direction parallel to the weld 
aie as shown in Fig. 3d. In addition, there will he 
residual stresses transverse to the weld and these 
will be tensile near the centre and compressive 
near the ends, as shown ill Fig. 3e. Normally 
the residual stresses will reach yield point in 
tension parallel to the weld and quite olten in 
the transverse direction.

Concluding note
In this introductory article ail explanation has 
been given of what residual stresses arc and how 
they arc formed. Iti subsequent articles such 
subjects as the effect ol residual stresses on struc­
tures subjected to static and fatigue loading, their 
role in brittle fracture, their measurement and 
some aspects of stress relieving will be considered.  
In this way it is hoped that a comprehensive 
review of the subject will lie presented.
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Part 2 Stresses and strains

Stress is ¡1 concept used to describe the intensity 
of forces acting within bodies, and cannot be 
measured diiectly.  What  we mean when we 
talk about measuring stresses is 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. hether 
or no« we arc  justified in inferring stresses from 
'•train measurements needs careful con-ideration.

Beating in mind that r e s i d u a l  s t r e s s e s  arc 
usually the i esult of  pkiitic deformation 'see 
Part 1. I5WRA Bulletin, March .  1968.  it is clear  
that displacements based on measurements before 
and after stresses have been introduced in a 
body, may be partly elastic and partly plastic. 
R e s i d u a l  w e l d i n g  s t r e s s e s  or res idu al  f l a m e  
c u t t i n g  s t r e s s e s  result from plastic deformations 
«■.-.used by the difTeicnt heating and cooling 
cycles experienced by adjacent volumes of  
material.  These effects nic complicated by the 
fact that the material vield s t r e n g t h  decreases 
with increasing temperature.  Also, in welded 
joint». adjacent volume* of material may have 
different yield strengths at the same temperature.

M r   ̂ l )a\\rs is a S r n t o r  K \ p u r l : n r n ; a l  Oi T i i r r  in i he
i . n g : : i f r r : n g  Sort Urn.

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 mislea/ding results. The only 
reliable way to get an indication of residual 
stress is to make measurements before and after 
relaxing the residual stresses. This is known as 
the relaxation technique and relies on the elastic 
recovery of stressed material 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 arc  
two procedures for measuring residual strains, 
one iclevant to elastic/plastic strains (distortion) 
and one iclevant to elastic strains and residual 
stresses. If  both procedures are used we can 
obtain the purely plastic strains also. Examples 
of all three conditions of strain, in the flange of 
a welded plate girder,  are shown in Fig. 1. In 
this figure (a) shows the distortion or the longi­
tudinal elastic/plastic strains calculated from 
measurements befoi e and after welding. Figure 
1 b) shows the elastic strains. These were cal­
culated from measurements before and after



nic.-i'tiK incuts have been found 10 aziee with 
tho-e obtained bv mechanical  methods. the 
' ¡ ime agreement ha3 no:  been found where plastic 
strains occur.  Oilier factors known to affect the 
acema cy  of X - r a y  mca-uremcnts  aie  grain size 
and the presence of two or more phases, e.g., 
austenite and m a n e n jk e  in steel.

Some investigators21 have suggc?ted that the 
X - r a v  determination of  residua! stresses is 
feasible only for pure materials.  The biggest 
drawback to this method is probably the fact 
that it invokes point by point measurements;  it 
is time consuming and can only be used con­
veniently in a laboratoiy.  Some examples of 
X -r a y  measurements in welded structures were 
given recently by Hughes- ' .

Relaxation techniques

As defined earlier,  the relaxation techniques 
allow the elastic recovery of  stressed material 
when it is relieved of  the restraint imposed on it 
bv surrounding material.  More  specifically, these 
techniques can be defined as those which relieve 
stressed material by separating it from its sur­
rounding material.  Thus,  the relaxation lechni- 
ciuc-i either damage or completely destroy the 
structuie conceined.

For convcnicnce ti.-e completelv destructive 
methods '■'ill be described first. 1 :ic?c include 
S'abl ienV method,  machining frcrn one side, 
and Sachs" boring out technique,  which have 
be> n mentioned previously, and what  are known 
generally as the div iding methods.  Some examples 
of the div iding methods are shown in Fig. 3. In 
this figure. ■ n) illustrates the method of Campus“ 
in which the specimen is reduced to square ele­
ments.  each containing a strain rosette. For the 
special case where the principal stress directions 
a ;e  known, the a u t h o r ’1 used the technique for 
overlapping gauge lengths shown in Fig 3(b .
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When using the dividing methods for thick p'ates 
and shells it is usually necessary to vela', the 
stresses in the layers of material beneath the 
plate surfaces. This is normally carried out as 
shown in Pig. 3(c) .

A less destructive method,  and one which is 
ideal for both laboratory and field t^e, is the 
trepanning technique developed by Gunner t . ’ 
In this technique a hollow drill is used to make a 
circular groove around the strain rosette. For  
thin plates a circular disc containing the strain 
rosettes can either be drilled out of  the plaie or 
left attached to the plate by a thin annuhis of  
material.  Gunnert5 suggests that,  to relax the 
surface stresses in plates greater than 10 mm  
thick, it is only necessary to drill to a depth of
6 -  8 m m  (approximately 0-3 in.).  It should be 
noted, however,  that the 6 - 8  m m  applies to 
9 mm  gauge lengths on a 1 5 - 1 6  mm  dia. disc, 
and deeper drilling is needed for discs of greater  
diameter.  An example of  the trepanning techni­
que applied to a welded girder is shown in Fig. 4.  
A similar method to G u n n c r t V  was dev eloped by 
Meriam,  De Garmo and Jonassen 23. Instead of  a 
hollow drill, these investigators used overlapping 
\ in dia. holes on a 2 J in. dia. pitch circle.

The  hole drilling method developed by 
M a t h e r 26 is probably the least destructive of the 
relaxation techniques. This method is ba^ed on 
the fact that a drilled hole will relieve stresses in 
radial directions close to the hole. It lias the 
disadvantage that the stiesses tangential to the 
hole are the product  of  the stress concentration 
factor for the hole and the residual stresses, and 
the) can be expected to influence the values of 
strain relaxed. Notable adaptations of M a t h e r ' s  
original technique were made by Campus“, for 
use with mechanical  gauge lengths, and bv 
Soete27 for use with electric resistance strain 
gauges;  two examples arc  shown in Tig. 5.

Wi th all the techniques described great caic  is 
necessary to ensure that the machining operations 
do not introduce further tesidual stresses. Such 
additional stresses can arise from the generation 
of heat,  the material work hardening,  and in soft 
materials {e.g.. annealed copper) ,  by clamping 
the specimen to a machine base. Obviously,  
these effects can be minimised by using adequate 
amounts of coolant and sharp cutting tools. In 
very soft materials acid etching and spark erosion 
techniqucsu  have been used to overcome sonic 
of the difficulties described above.  The  extent of 
stresses caused by machining can be easily 
determined by taking measurements or. stress 
free material before and after machining.

f
i > vs-Vfi'■.'-."xi'-.v- -i-a

1 i:r



sires* i «'(:iv;\I¡011. In this case sues-. relavation 
• \ s carried out by cutting the specimen ink) 

' a || blocks. each containing n gauge length.  
C:lc;ii'ly. the distortion gives a misleading indica­
tion of the clastic strains. Figure 1(f) shows the 

*istic or permanent strain. This is the difference 
. ¡.ween a) the elastic plastic strain and (b) the 

purely elastic strain. It is worth noting when 
;---alvsing clastic plastic measurements that a

1
 inaction indicates a compressive strain,  
icreas a contraction when elastic strains arc  
relaxed indicates that a tensile strain was prc-  
- iiisly present. Thus,  great care is necessary 
j th the sign covcntions used for strain measure­

ments to give distortion and residual stresses.

Having obtained the elastic residual strains

i
;  calculations of residual stresses are made  
„. .mg Hooke’s law. In cases where the strain 
measurements are made over gauge lengths on 
•^"rcc surface, the stress normal to the surfacc  
I 1st be zero, and a biaxial state of stress exists. 

In thick sections, the stress normal to the surfacc  
can build up away from the free surfacc and

I
idtial stress measurements for this component  
stress need special techniques. T o  determine  
completely the stresses at a point on a given 
«.■ ■■face it is necessary to have strain measurements  
j three directions, or to assume the two principal  

ess directions and align the gauge lengths with 
these. W hen ihe principal stress directions are  
' - .own,  the stress magnitude can be calculated  

J m the following equations:

F.
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<1'^jicie CTj. cr., are the principal stresses correspond­
ing to principal strains and e.,.

t- Finally, it must be pointed out that residual 
‘g a i n  measurements on specimens representa­
tive of structural parts may not give a true 
indication of all the strains in the same detail,  
ijj hese specimens are integral parts of a structure.  
S other words, measurements on specimens will 
give only the local strains causing self balancing  
suesses. and not the sum of the local and long

i
igc  reaction strains which might exist in a 
mplcte structure.  Where  it is possible to extract  
a specimen from a structure,  stress relaxation 
c~n be considered a two stage process. In this 

J  'C mcasui ernvrits made befoi e and after cxti act-  
n.g the specimens will allow the reaction stresses 
to be determined.

- loice of measuring technique
By now it w il! be clear that the choice of a measur-  

 ̂ technique will depend upon what is known 
out the stateof  stress in the body to be measured.  

I" or example,  it may be necessary to measure, the 
grains in several direction- about a point. Also, 

e gauge le:;'_;t:is must hr small enough to give
- true indk atiun of stiain in /ones where steep 
'-train gradients arc picsent.

fl ic analysis o! si 1 esses in actual st 1 net tu es may  
j ccssitate using onh a semi-destructive relaxa­
tion technique, the results of which can be left 
Or easily repaired. Some methods can only be

|
:d und o  laboratory conditions, while some 
ty be irnpractirable for other 1 casons, r.« ., 
they may be laborious or time consuming.

••fe* • ' J v  i f I p f f r i t e
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1 Residual strains in th* 
flange of a welded plat«1 
girder.
(a ) longitud inal elastic./ 

plastic strains (M e a s ­
urements bofore anrt 
after welding).

(¿>) Longitudinal elastn 
stresses (Measure 
ments before and after 
relaxation)

(c )  Longitudinal plastic, 
strain. (B y  subtraction 
of strains).

Different methods of measurement
There ai c  many techniques and types of apparatus  
available for measuring residual strains and  
many of  them have been the subject of critical  
1 cviews1 6.

In this article it is sufficient to give a simple 
description of the principles and techniques,  
together with selected literature references for 
more detailed information.

Although the measurement of  changcs in 
overall dimensions may indicate residual stresses, 
such mcasui nnents  cannot normally be used for 
obtaining stiess magnitudes.  A notable exception,  
however,  is Sachs ’7 boring technique used for 
circular cylinders and thick walled tubes. In 
this method the triaxial stresses arc  calculated  
from the incremental  changes in diameter and 
length on boring out in steps.

For  bars and lods uniaxially stK-sscd, the 
deflections accompanying machining from one 
side can be used to calculate the residual stresses 
from simple beam formulae. This technique is 
often referred to as S tablcinV method.

Probably the most widely used methods of  
icsidua! stress analysis arc those which measure  
the changes in length over surfacc gauge lengths.  
These methods usually invoke electric, resistance



S t r a i n  gauges o r  special measuiing gauges and 
cxtensometers.  The  choicc of gauge lengths is 
usually a compromi ' c  between being short 
enough to be unaffected by s t r a i n  giadients a n d  

long enough to enable the changes in length to 
be measured with sufficient accuracy  using the 
equipment available.  Figure 2 shows the ac ­
curacy required of measuring equipment,  using 
different gauge lengths to give stresses within 
4  0-5 tons/in: . for several materials.

It is d e a r  that,  for materials with a high 
modulus of  elasticity, 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 cxtensometers..  the mechanical  
methods might be preferred under certain 
conditions, e.g.. where damage  to the electric 
resistance strain gauges could occur  between 
measurements made  before and after straining 
or between initial measurements and measure­
ments after relaxation.

For extreme conditions, such as those close to 
welds during welding, special mechanica!  methods 
have been developed in which the gau ie  lengths 
are marked by drilled holes 5,0 or steel ba ll s10’ 11 
Some investigators ha\c even used gaune lengths 
marked by haidness indentations or  simply by 
scratches. W ith all these methods,  the measuring 
instruments are not fixed to the testpiece during 
straining, but can be adjusted to register on the 
gauge lengths when required. Because severe 
strain gradients exist near  welds the shortest 
gauge lengths are used consistent with measuring 
accuracy.  Gunner t5 for example,  developed an 
extremely <ensitivc dial gauge for making  
measurements ov er 9 m m  gauge lengths.

In this instrument it is claimed that  friction is 
eliminated to such an extent that repeated 
readings can be taken to within - 0 - 3  microns 

()■'! 0; /O' 2 in. ; .  T he  other method» '>10,11 are 
generally used with gauge lengths of between 10 
and 20  mm. In addition to friction, other factors 
which influence the results when using such short 
gauge lengths are cleanliness, the skill of the 
operator and temperature.  It is obviously easier 
to keep gauge length'  marked with steel balls 
cleaner than those marked with holes.

■¿te»:'?, z ¿ate*; i ih 
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Temperature is particularly important.  A 
10 deg C  change in temperature,  for example,  w ill 
cause a change in gauge length equivalent ;<> a 
stress o? 1-5 tons,in’ in steel and 1-0 tons in2 in 
aluminium. The  «‘ fleet of change*, in temperature  
can be eliminated if the measurements arc referred 
to similar measurements on gauge lengths of the 
same nominal length on unstressed material,  at  
the same temperature.  Suppose that measure­
ments arc made before and after the relaxation 
of residual stress. If  L( and R ,  are. the initial 
measurements or the testpicce and reference 
gauge length respectively, and L_. and R_, arc  
the corresponding measurements after relaxation 
when the ambient temperature has changed by 
AT,  then the differences a re :

D, — L( -  R, and D., — L., -  R.,

From these equations it can be shown that the 
change in length of L , :

k m m - i

:* rrxr;~r

¿T:

A L > ^ D i 1 + or AT

where cc is the coefficient of  linear expansion and 
A T  is the temperature change.  Became co ­
efficients of expansion for most engineering 
materials are less than 0  0003  per deg C  then, for 
practical pui poses, the value of c A T  will be small 
compared with 1 0  and may  be neglected.

Therefore:

A L 1 =  D,  - D .

• • • AL ,  D . - D ,
and the engineering strain, e — ——

• I L.
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As mentioned previously, in all the methods 
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 45°  rosette because tlii- allows 
a check on the assumptions concerning strain 
gradients.  Thus,  if a,  h, c and d are the axes of 
the gauge lengths, then the strains along them 
will be compatible when c u -rCc' -Cb —ed- In 
many cases it is possible to reduce the error 
caused by strain gradients by overlapping or 
staggeiing the gauge lengths (Fig.  3b' .

While the use of surface nua. 'urcmcnH is 
strictly applicable only to uniaxial and biaxial 
sties« states such measurements have been used 
in conjunction with other mra.-urements in 
attempts to determine triaxial states of stress. 
Apart  from the special case of  Sachs ’7 boring out 
method,  and the improvements on this by 
Buhler12, the methods developed by R^enthal  
and Norton ” , Gunnert 14 and others 1, , ,*‘ for 
thick plates arc worth mentioning.

The two main disadvantage'  of the strc>s 
analysis methods which measure change> in 
length over individual surface gauge lengths are 
first, that even with the smallest gauge lengths, 
errors may arise as a remit of strain vradient- 
and second, in complicated structure*, it is 
iiecosary tc> carry out a large number of measure­
ments to obtain even an appioximatc  indication 
of the. principal stir-« trajectorie.v



Two  mi tbocK \% 1 licli ran b e  u»cd to overcome 
t h e s e  disadvantages arc tlic photo-elastic coaling 
technique ami Moire fringe icchnicjue. Both of 
these w e r e  dcscril)cd b v  H a r d y 1 - in a i c c c i u  

/;«//,- t i n .

Some applications of the photo-clastic coating 
technique to welded structure* arc  described bv 
Znnd mai r ' .  In this technique the surface to be 
measured is coated with a layer of transparent  
material which is double refracting when sub­
jected to stresses. \\ hen polarised light passe* 
through the layer, and it is viewed through a 
polarising element,  a coloured image is obtained 
from which the residual stresses can be deter­
mined.

A limitation of  the method is that auxiliary 
information is required to separate the principal 
stresses ai positions remote from boundaries.  
AKo. because the photo-elastic coating is sensi­
tive to temperature variations, it cannot  be used 
to measure the strains close to welds during 
welding. Apart  from the fact that the coatinz 
material might melt or burn under these condi­
tions. a secondary pattern of fringes may arise a* 
a result of the difference in expansion between 
the tesipiccr and the plastic coating.

The Moiré technique is free of these dis­
advantages.  The  Moiré fringe method makes use 
of two grids of closely spaced fine lines. The 
model grid is fixer! to the sperimeli and distorts 
with the specimen and the other grid, the master,  
is fixed to a transparent plate mk!i as glass. When  
the distorted model -Jiid and the undistoried 
ma-acr grid, are superimposed, eitiiei dircctlv or 
photographically,  fringe patterns are formed.  
1  hrsr patterns are the loci of points of equal 
relative surface displacement,  and aiiow the 
calculation of strain perpendicular to the grid 
line*. W hi'.e early attempts to use the Moité  
technique of strain analysis were limited to 
strains greater than approximately 0 1 V\. 

greater than live e’as'ie strains in manv ma^ri 'ds  
¡eccnt  lenncmcnt* in grid reproduction and 
measuring techniques now make it possible to 
detect strains of both elastic and elastic plastic 
magnitudes.  By using grid densities of up to 
20i>0 lines hi.,  and mismatch technique* o: 
mea~uicmem. such strains can be computed fiorn 
the line dcn-itv and the d i l u t e e  Invicel i  paii> 
of fringe- or diieetly from the fringe inclinations 
with re-pr-ct to the co-ordinate axes.

1 he M 'ire g ; id '  ran be considered equivaler.;  
to an infinite number of stiain gauges aitai he;! 
to the specimen surfa'e.  Provided precautions  
are taken to protect th<* uriti',, rneastn emeuts can 
be made close to weld? during welding. The  
method has been used with great success bv 
Sneu r! to record the transient strains oc­
curring a; noti he» near •.-.eld-, and aNo In Ri lev 
and Durelii *’• in: the d e n o m i n a t i o n  of u a ; . > i e n ;  

stics-es in imp,jet loaded models,  br rau-e  of  the 
vergatili»;, of die Mi.hé technique it will un- 
ciordjted'' be i' . ' reasiugiy i:«eil in tin d' tei mina­
timi of  - :• • !:,> c st r.iiiis.

I.: all die u chuiour.s for suain analvsri cie- 
»cnbed so  ¡a; the evaluation of the elastic strain* 
and the mìei enee o! ic-idnai ‘.¡■rise- depend, on 
toe p.irtia: o; complete destini ;',on of the <pi-ci-

rncn. This disadvantage is overcome by the' X - ray  
diffraction technique. The  measurement ol strain 
by X - r a y  diffraction consists of evaluating the 
changes in the atomic distances within metal  
crystals, Because the interatomic distances are 
a flee ted in a manner proportional to stress they 
can be considered to be small gauge lengths and  
their changes in length as strain. In theory,  
thcrefoie.  the X - r a y  technique will allow the 
detection of peak stresses. Either X - r a y  back 
reflection photographs or X- ray  diffractometers  
can be used to measure the intcrplanar spacing,  
but diffractometers arc  more accurate  for the 
diffuse diffraction patterns yielded by most  
materials of practical use.

Any surface 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. T o  determine the 
principal strains, one irradiation is made per­
pendicular to the surface and three obliquely.

A clear description of theory of X - r a y  stress 
measurement  is given in a standard work by 
C ' u l l i t y A l t h o u g h  in the elastic range X - r a y



102 inc.'i'ii: < meats have been found 10 a 2! cc with 
tho-e obiaincd bv s: -t chanical methods. the 
Miiic agreement has no: been found where plasticO I
strains occur.  Olher factors known to affect the 
accinacy  of X-rav Rirr^uicrnciiH aie -¡rain si/.c 
and the picsence of two or more phases. c. ; . .  
au-icnite and triai icn>i:e in -tcel.

Some investigators*’’ have suggested that the 
X-rav détermination- of residual stresses is 
feasible onlv for pine materials.  The biggest 
drawback to this tnethod is probabh the fact 
that it invokes point by point mea-niemcnts;  it 
is tinie consuming and ran onlv be u ed  con­
veniently in a hiboratorv.  Some examples of 
X -ra y  meastn cm en u it: welded -truct-acs were 
</iven recently bv 111ji;t• e>*'.

Relaxation techniques

As defined earlier, the relaxation technicjues 
allow the elastic recovery of stressed material 
when it is relieved of the resti aim imposed on it
bv surrounding material.  More specifically, these 
techniques ran be defined as those which relieve 
stressed material by separating it from its sur­
rounding material.  Thus,  the i ela.xation techni- 
cnics either ci.unage or c omplctelv destroy the 
struc tuie con», ei ned.

For convenience the compli-iclv destructive 
methods w ill !>e <l( 'C:ib> d first, Ilic-c include 
S-ai ilien’s'' method.  i:. ic hmin:;  !o. rn uric side, 
and Sachs’ borirei out technique, which have 
berii mentioned prev lou-lv. and what si e known 
gene: ally as the cii\ idiug method». Some examples 
of t!:e dividing method? are shown in Fig. 3. In 
this ligure, a; ilhi ' ira’.es the method of Campus9 
in which the specimen is tc-dneed to square ele­
ments. aeh containing a strain io-ette. For the 
spi rial ease wheie the ptincipal >tress directions 
aie known, the au th or -’4 used the technique for 
overlapping gauge lengths shown in Fig 3(b .

\\ uei. u - uig tie ch vid i n-_; i:¡< . ; ioch fc>; thu k :; .r> cs 
and shells it is usually necc-saiv to lelae the 
stresses in the layer- of matciial  beneath tiic 
plate sin faces. I his is normally ear;  ieci cm: as 
shown in Fig. 3(c) .

A less destructive method,  and one which is 
ideal for both laboratory and field ihc, is the 
tiepamiing technique developed by Gminert . ’ 
In this technique a hollow drill is used to make a 
eiicular groove around the strain loscttc.  For  
thin plates a circular disc containing the strain 
lo-ettes can either be drilled out of the plate or 
left attached to the plate by a thin annuhis of 
material.  Ounncrt5 suggests that,  to relax the 
surface sti esses in plates greater than lOrnm 
thick, it is onlv necessary to drill to a depth of
6 B nun ^approximately 0-3 in.).  It should be 
noted, however,  that the 6 - 8  mrn applies to
9 mm gauge lengths on a 15 - 16 mm dia. disc, 
and deeper drilling i= needed for discs of greater 
diameter.  An example of the trepanning techni­
que applied to a welded girder is shown in Fig. 4. 
A similar method to Gunncr t ’s5 was developed bv 
Meriain,  Dc G.nmo and Jcmasscn 35. Instead of a 
hollow drill, these investigators used overlapping 
J in. dia. holes on a 21 in. dia. pitch circle.

hole drilling method developed bv 
is niobablv the least destructive of the

The  
N lather i
i i o n  tec! tuques. This method is ba-ed on 
the fact that a chilled hole will relieve stie-scs in 
l.-.dia! diieciions close to the hole. It has the
disadvantage th.it the sii esses tangential to the
hole are the piodnct of  the stirss conecntiaiion 
fac tor for the hole and the residual stresses. and 
they can be expected to influence the values of 
strain lelaxed. Notable adaptations of Mather s 
original technique were made by Campus“, for 
use with mechanical gauge lengths, and bv 
Soc le3' for use with electric resistance strain 
gauges;  two examples aic  shown in Fig.
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With all the techniques described gieat caie is 
necessary to ensure that the mac hining operations 
do ncit intiodiKc further lesidual stresses. Such 
additional stic'sr.s can arise from the generation 
of heat, the rnateiial work hardening,  and in soh 
materials [>’■£■■ annealed copper) ,  by clamping 
the spu linen to a machine base. Obviously. 
ll:r-sc effects can be minimised bv using adequate 
aini'imt- of coolant and sharp cutting tools. In 
■.ci v soft matei iah acid culling and spai V. eros: ori 
i»-<■*:nit)ne»7S have been used to overcome some 
of the di!7iruhi"s described above,  file extent o! 
‘.tiessfs caused bv in.i'hining can be ca-ilv 
detei mined bv taking measurements on sire"  
free material b- fore and after machining.
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conclusions

The  present article summarises strain measuring 
techniques based on changes in overall dimen-  
sion*. deflections, displacements over surface 
uaiiije lengths, photo-clastic coatings. Moire  
fiinge- and X - r a y  diffraction. All these techni­
q u e s  arc  in regular use throughout the world.  
The application of the different methods to the 
rneft'ui ement of elastic and elastic plastic strains 
is considered for both static and transient states 
of '-train. It is concluded that no one method of 
residual strain measurement i* suitable for all 
applications. Probably the nearest to an idea! 
method is the Moire fringe technique. But even 
w ith the most recent developments in this techni­
que it cannot  measure elastic strains with the 
deuire of accuracy obtained with most of the 
gauge length measuring methods.

R EF E R E N C E S

1 Hanett .  C. hi. A critical rev iew of the various 
methods of residual stress measurement.  Proc. 
So:. F.\p. Siren Ana!., 1944. 2,  1. 147.

2 Week.  R.  Transverse contraction» and reaction 
stresses in butt welded mild steel plates. 
Admiralty Ship Welding Committee Report  
R.4 .  London.  H M S O .  1950.

3 Ko: d. H. Mechanical  methods (or the measure­
ment of internal stress. Symposium on internal 
stresses in m'-tals and alloys. Inst, o f Metals.
1048.

4 Kuang.  T .  C. Bibliography residual stress. 
Published by the .Society of Automotive  
Engineers Inc. ,  New York.  1954.

5 Gunnen.  R.  Residual welding stresses. Pub­
lished by Almquist & Wiksell. Stockholm.
1 955.

6 Ounnert ,  ft. Measuring residua! stresses and 
strains. Il\\ Doc. X-2H8-o2 O L

7 Sachs, fi. Dei X ac hu e h s  innerer Spannimgen  
in Stengen und Roliien. Zeii'chrift fiir
Mcuallkundc,  September.  I ci27.

8 Stableiri, F. Spannungsrnessungen on cin»cnig 
abgelosch'en Kuiippdn.  Kruppsthe Monat-  
shefte. May.  1931.

9 Campus.  F.  Recherches,  études et considéra­
tion-- sur les < onsi rut ; ions souches. Liège:  
Srience'. et Lettres. 1946.

10 Siebel. F., and Pfendei. M. l 'oirnanderungen  
nnd Li : ilrn ,.priiinungen von Schweissver- 
Lindui:gen. Aichiv.  f <!. F.hcnhnt tenw C"C.n. 
1937. 4, 4U7 415.

11 Dawf : .  M.  G. A practical method of meaSiii- 1 0 3  
ing clastic and clastic ¡plastic, residual strains.
B W R A  Members ’ Remoti D7/41/G4.

12 Buhler.  FI. Complete determination of the 
state of residual stiess in solid and hollow 
metal cyl inder .  Residual stresses in metals 
and metal construction. Reinhold Pub. Corp.,
New York.  1954.

13 Rosenthal.  D. and Norton,  J .  T.  A method of  
measuring triaxial residual stresses in plates.
Tht Weld. J . ,  May,  1945.

14 Gunnert .  R.  Method for measuring triaxial 
residual stresses. 1 I W  Doc.  X - 1 84 -5 7  OFL

15 Ferrili.  D. A.,  Juhl ,  P. B. and Miller,  D. R.
Measurement of residual stresses in a heavy 
wcldmem. Weld. Res. SuppL, November,  1966.

16 Vinokurov,  V.  A.  and Gazaryan,  A. S.
Residual stresses in thick butt welded joints.
Weld. Prod., February,  1961.

17 Hardy .  A. K .  Experimental  stress analysis 
techniques. B W R A  Bulletin, October,  1966.

18 Zandman,  F.  Photo-elastic coating technique 
for determining stress distributions in welded 
structures. Weld. Res. SuppL, May ,  1960.

19 Yafiadakis.  A. P. and Lamble,  J .  FI. The  
application of Moiré rotational mismatch  
technioues to strain analvsis. 7- Strain Anal.,
1967.  2 ,  2.

20 Soete. \V. Exhaustion of ductility by hot 
straining or welding. I I W  Doc.  X -4 31 -67 .

21 Riley, W .  F.  and Durelli,  A. J .  Application of 
Moiré methods to the determination of  
transient stress and strain distributions. J .  
o f  Appi. M ech., March ,  1962.

22 Cullity. B. D. Elements of X - r a y  diffraction.
Published by Addison-Wcsky Publishing Co.
Inc. .  L S A .  1959.

23 Hughes.  H.  X - r a y  techniques for residual 
stress measurement.  J .  Brit. Soc. for Strain 
.Measurement. July ,  1967,  3,  3.

24 Dawes. M. G. Analysis of residual stresses in 
welded 1 beam connections. Bril. Weld. J . .
October .  1965.

25 Mer iam.  J .  L. ,  De Carino,  E.  P. and Jonasscn,
F. A method for the measurement of residual 
welding stresses. The II’eld. J . ,  Ju n e  1946.

26  M athar .  J .  Ermittlung von F.igenspanmmgen 
(lurch Messung son Bohrlochverformungen.
Aichiv fiir das Eiscnhuttcnwescin,  Band 16

1933 .

27 Soete.  W .  and Van Combrugge,  R .  Ln quasi 
nictdc' iructive wekwijsc voor het bepalen van  
eigenspanningen. Lastijdschiift,  1 9 4 7 ,4 .

28 Denton,  A. A. The  use of spark machining in 
the detet ruination of loc al residual stresses.
/ .  B n!. ,SV. for Sliain .\ltri\umni nt, July,  1967,
3,  3.



. - 175 
Residual stresses

by G. G. S aunders . B.A.

Part 3 Thermal stress relief and 
associated metallurgical phenomena

T h e  first t w o  art ic les in this series des cr ibed how  res idual stresses arise an d  how  they 

m a y  b e  m e a su re d .  T h e  pre sent  a r t ic le  deals wi th  the  r e m o v a l  o f  res idual stress by 
t h e r m a l  t r e a t m e n t  an d will be  fol lowed b y  an art ic le  o n  m e c h a n i c a l  stress relief.  

S i n c e  post weld the r m a l  t r e a t m e n ts  are  used m a i n l y  o n  ferri t ic  steels,  i l lustrations 
based on these m ate r ia ls  will be  used, e x c e p t  w h e re  nec cssary  to do otherwise.  I t  

should b e  em phasi sed  t ha t  post weld hea t  t r e a t m e n t s  a r e  expe nsive ,  an d th a t  they  

should be  use:! onlv in cases w h e r e  the  need for h e a t  t r e a t m e n t  a n d  the  s u b s e q u e n t  

effects c a n  be  c le ar l y  ident if ied.

jr was demonstrated in an earlier article1 that 
welding residual stresses arise from the plastic 
deformation produced by thermal strains) of the 
materia! in arid around the weld, while it is 
restrained by the coolcr surrounding material.  It 
is sometimes necessary to remove these residual 
strc' . 'B.  \\ hieh can attain yield point magnitude’* 
since thcv may  impair the subsequent per­
formance of  the weldment in serviré. For instance,  
if y ield point stresses are present, the addition of 
service stresses immediately causes plastic de­
formation. If defects or strain concentrators are 
present in the region of residual stress, it is 
possible for the residual stresses to cause crack  
extension by one of several modes In the case of 
structural steels, this could sive rise to a brittle 
fracture.

The  presence of residual stresses also increases 
the likelihood of stress corrosion cracking lor 
certain material and environment combinations.  
The p' csencc of compressive residual stresses can 
in certain cases improve the. properties of a 
structure under fatigue conditions, but the 
removal of teus'lc residual stresses has not been 
observed to improve fatigue resistance, except  
"  here part of the fatigue cycle i- compressive.

A further problem that may  arise is that 
relaxation of residual strC'se; during machining  
operations,  in which the íestraining bulk of 
material is removed,  can cause clastic distortion 
to occur.  I f  his*h marhining tolerances arc  
requited,  then the te-;idual stresses must first be

In thermal treatment before machin­
ing operation., arc carried out.

T H E  EFFECT OF P O S T  W E L D  HEAT  
T R E A T M E N T  ON R E S I D U A L  S T R E S S

the service performance 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 
effect of relaxing residual stresses, but can also 
bring about beneficial metallurgical changes,  as 
we shall see later. The  thermal treatment is 
applied in order to raise the temperature of  the 
weldment to a level where the yield stress of the 
material is lowered considerably.

Figure 1 shows typical figures for the variation  
of 0-2 ° o proof stress with increasing temperature  
for three types of steel. If we consider a weld in 
C : Mn steel, residual stresses of at least 18 tons/in* 
will be developed when it is cooled to room 
temperature.  If the weld is uniformly heated to 
50Q=C, the yield stress of the material around the 
weld will be lowered to about 9 tons/in2 and it 
will be unable to support the initial level of the 
iesidual stresses, which will be relaxed by plastic 
deformation to the level of 9 tons/in2. In addition,
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Î bor.tiorv.
Scicniiñc O/fircr in the Mrtall.ir^ical



C iocat.o n

r<?r>>iCH ■~'ed 
o i of r-ilr!
■. y.io*c ■<

/
d e e p  will take place at high tempo «tur .! and 
strain will occur  by a diffusion rncch i ism,  
relaxing the residual sttcsscs further. If th * veld 
is then uniformly cooled to room tcmpet i ure,  
the level of residual stress picscnt will renri n at 
some level below 9 ions/in’ .

Dtc extent to which residual stres.es ate  
relaxed will depend on temperature for any  
gi\rn material ,  and on material for any given 
temperature,  as can be seen from Fig. 1. For  
example,  low alloy steel welds usually require 
higher temperatures than mild steel welds to 
t educe their residual stresses to the same level, for 
reasons which will become clear later.

The  use of uniform temperature distribution 
has been emphasised, because 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. This is particularly important in the 
application 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 too big for available furnace capacity  
may be constructed in two halves, each of  which 
is stress lelicved in a furnace before being welded 
to form the complete vessel. It is then necessary 
to stiess relieve the final weld by a local ticat-  
rrient before putting the vessel into service.  
However,  since the weld is restrained by the two 
halves of the vessel, the temperature distribution 
of the area heated must be such that gross yield­
ing caused by thermal si; esses does not occur.

In particular,  the thermal stiesses in areas 
above 5 0 0 ' C  where the material has very low 
yield siiess, must be kept low, especially during  
cooling. If care is not taken to ensure strict con­
trol of the temperature distribution of local heat  
ti raiments,  the thermal stresses generated at 
high temperatures may give rise to a residual 
sire-'  system which,  although less severe than the 
welding residual stresses, may be sufficient to 
cause failure in service. In the limit, the addition 
of further runs of weld metal may be considered 
a< a local heat ticatment,  but the associated 
temperature distribution during cooling creates 
new residual stresses, and niulsirun welds require 
the same dcgi cc of stress ¡cliefas single run welds.

In addition, thick plate icquires l o i t e r  tim's  
at temperature than thin plate in owler in rn mic 
equalisation of temperature through the thick­
ness, since it is important for the whole of the 
structure to be at the required temperature for 
the correct  time.

It will be seen that residual stresses can be 
removed by raising material to a temperature at 
which its yield stress is very low, while main­
taining a temperature gradient low enough to 
prevent gross plastic strain at high temperatures.  
The  residual stress level remaining when the 
material is cooled to room temperature w II be 
somewhat lower than the yield stress at the 
t emperature of stress relief as a lCsult of further 
relaxation of  stresses by creep processes at  elevated 
temperatures.

M ETA LLU R G IC A L  C H A N G ES  
O C C U RR IN G  DURIN G  W ELD IN G
YVhcn a ferritic steel is heated above its critical 
temperature it transforms into a high tempera­
ture form of iron known as austenite. Normally,  
austcnilc is not stable at  room temperature and,  
on cooling, it transforms to other, more complex  
microstructures.  T he  exac t  microstructure foi rued 
depends largely on the cooling rate,  once the 
composition of the steel has been fixed. In 
general,  during the heating process, various 
interstitial and a!! ' jy:ng elements which formerly 
existed as carbides or nitrides, arc taken into 
solid solution. In particular,  carbon and some 
manganese in G : M n  steels, and in addition to 
these two, chromium,  molybdenum, vanadium  
and niobium in alloy steels, becomc dissolved in 
the austenite. If the subsequent cooling rate of  
the austenite is not slow enough to allow time 
for these elements to come out oisolution to form 
carbides and nitrides, as in the original condition 
of the material,  they form a supersaturated solid 
solution in the iron matrix.  This puts the i> on 
lattice under high internal strain which, coupled 
with transformation,  usually increases dislocation 
density as illustrated in Fig. 2, thereby raising 
yield strength and hardness.

In the particular case of  welding, the material  
adjacent  to the weld metal -  i.e.. the beat  
affected zone (HAZ) • undergoes a very rapid 
heating and cooling cycle which, depending on 
the severity of the quench and the composition 
of the steel, can give rise to different micro-  
structures,  ranging from twinned marte.i isite, 
auto-tempered martensite and lower liain.’.e mi 

very hardcnablc steels, to upper bainile and  
pcarliic in less hardcnablc steels. In general,  the 
greater the quantity of alloying elements ?. sicel 
contains,  the more hardcnablc it will be. Smcc  
the temperature gradient around the weld will 
vary with distance from the weld pool, the 
cooling rate will also vary and so give i >'r IO 
dilTcienccs in microstrneturc across the HA Z.  
However,  these microstructural variations ac ross 
the H A Z  will, in general,  be, quite small, i h.is, 
the. result of welding is to transform a volume of 
metal around the weld into materia! with pro­
perties which can be very different fiom ih' . 'e of 
the original steel.

In addition to the. transfoi med H A Z ,  thci* are 
two other regions of  importance in the vici: -'y of



a weld. The  first is the weld metal itself, which 
consists of the filler material from the electrode or 
welding rod diluted by melted parent material.  
rhc dilution being greatest adjacent to the fusion 
boundary.  As it cools and solidifies, the weld 
metal will become ausrcnitic in the appropriate 
t emperature range. As with the HA Z.  most of 
ihe elements prc>cm in the weld metal will be in 
solid solution in the iron matrix,  and it will 
undergo a quenching rate similar to that of the 
HAZ.  It is normally found that weld metal with 
mechanical  properties matching those of the 
onretit plate lias a chemical composition d;fTerent 
from the parent plate. It is thus to be expected 
that microstruCtures occurring in weld metals 
will differ from those of the HA Z.  and it has 
been noted that the microstructures developed 
in weld metals cannot be classified in terms of the 
common structures to be found in the H A Z 4- 5.

The  second region outside the transformed 
H A Z  is that which is heated to temperatures  
above 1 0 0 C. but below the lower critical 
temperature.  In this temperature range, dynamic-  
strain-ageing can occur as a result of the com ­
bined thermal and strain cycle. If  a notch,  crack,  
or similar strain concentrator is present in this 
region of  the HAZ,  the thermal strain is con­
centrated at it? tip and a high dislocation density 
may be generated locally. This effect is illustrated 
in Fig. 3. Such regions at the tip of a strain 
concentrator have been shown to ha\ c greatly 
reduced resistance to fracture initiation''1

M E T A L L U R G I C A L  C H A N G E S  
O C C U R  RING DU RI N G P O S T  W E LD  
HE A T  T R E A T M E N T  

Dislocation m o v e m e n t
When the temperature of ferritic material is 
raised, the reason for the decrease of the yield 
stress of the iron matrix is that the increased 
mobility of the iron atoms allows easier movement  
of dislocations. If the material contains residm!  
stress. raising the tetnperatuie allows the dis­
locations to move more easily, lowers the yield 
point and causes the materia! to strain plastically,  
thereby relaxing the residual stresses. At higher 
temperatures,  diffusion mechanisms become pro­
minent and the process of recovery, involving 
the annihilation of  disloratiors 2nd the formation 
of small cell'-" or sub-grain; within the larger 
grains, is accelerated.  \i! these processes may be 
grouped under the general heading of cieep.  
although this term is usuallv t'-served for proce^-es 
involving a diffusion mechanism. It is the ability 
of creep processes to effect plastic strain below 
the flow suess at temperature,  that enables 
residual sue -e> to be reduced below this level.

Precipitation
If carbon b in «••upcrsaiyiatcd ‘•olid solution in ’.he 
weld metal or HAZ.  eaibnn atoms will diffu-e.  
during the pon weld heat tieatracnt,  to suitable 
nucleatiou rite- within these areas, such as 
dislocation',  and will form carbides. At tempera­
tures below 4 S 0 C  the cat bide foirnccl in C : \i r i  
and low alloy steels is usually a form of iron 
carbide known as cemcr.tite,  with some iron 
atoms being replaced by manganese,  or perhaps 
chiomium if p:ev.nt\ If  the transformation

product is martensite,  then in the early stages of  
tempering ' up to 200 ' C) ,  platelets of  a form of  
iron carbide known as epsilon carbide are 
produced.  Each  carbide platelet grows in a 
particular orientation with respect to the matrix  
in a crystaliographic plane with which it has a 
nearly identical lattice parameter.  Because the 
lattices do not match exactly,  a coherency strain 
field is set up which takes up the mismatch  
between ¡he lattice spacings of the particle and 
the matrix,  which arc then said to be coherent.  
This coherency strain field, combined with the 
small sb.e of the particle,  makes it an efficient 
dislocation barrier.

As a result o f this precipitation, dislocation 
mo\erncr.t is restricted and the yield stress and 
hardness of the H A Z  would be expectcd to 
increase. This would be the case, if it were not for 
the fact that the yield stress and hardness of the 
matrix .^e being 1 educed by the removal of 
alloying elements from solid solution. The  net 
cficct of precipitation is usually to produce a 
tetardation in the softening p:ot ess. Above 250^0 ,  
a second tempering stage sets in and ovcrage.ing 
of the carbides occurs.  As the si/e of  the carbides 
inn eases, coherency (i.e., matching of the matrix  
and precipitate lattices by the action of a strain 
field,, becomes impossible, and a massive form of

3 T h e  incteaie in d is ­
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ccmcnti lc  is observed These rnorc inassi\e 
particles arc less cilirient dislocation haniers.  and 
so the yield stress and hardness decrease as m m c  
carbon is removed from the matrix.

If  bainite or pearlite is present in die HAZ.  
massive cementitc is already present and temper­
ing produces further precipitation of ccmcntitc,  
resulting in a decreased overall yield stress. For  
certain materials and cooling rates, austcnite 
may be retained in the H A Z  or weld metal at 
room temperature and,  if present, will decompose 
to ferrite and iron carbide durin? the earlv stagesu * 0
of tempering up to 30 0 'C .  As the temperature is 
raised above 3 0 0 CC the cementitc particles 
coarsen in size, particularly at grain boundaries,  
with large particles growing at the expense of  
smaller ones. The  particles also tend to become  
spherical in shape and large platelets will often 
bieak up into spheroids, although this process of  
spheroidisation is not appreciable below 3 5 0 ’C.

At higher temperatures ( > 4 5 0 JC) the presence 
of alloying elements such as Cr,  Mo, V  or Nb  
gives rise to other  tempering reactions, and 
carbides of these elements arc nucleated on dis­
locations or existing carbide particles and grow 
at the expense of the cementitc particles. This  
process is usually referred to as secondary harden­
ing. Initially, coherent precipitates arc formed,  
and these, by preventing dislocation movement,  
can give rise to cracking problems, as will be 
seen later. Higher temperatures (between G00cC 
and 700°C) cause overageing of these alloy 
carbides, and softening of the H A Z  is ciTected. 
The  temperature at which this latter process 
occurs depends critically on the chemical c o m ­
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 secondar y harden­
ing phenomena in low alloy steels which makes 
it necessary to use higher temperatures,  to relieve 
residual stresses in such steels, than is the case 
for mild steels.

From the foregoing paragraphs it will be 
appreciated that welding gives rise to a volume 
of material which is often inferior to the original 
steel, because of its greater yield strength and  
hardness and reduced ductility compared with 
the latter material.  Heating to elevated tempera­
tures allows metallurgical changes to occur  
which cause softening of this HAZ.  but in the 
case of alloy steels this softening may lie retarded 
by precipitation processes. Hardened structures 
generally have poor ductility, so that the softening 
of such structures is a very important concomitant  
of post weld heat treatments.

P R A C T I C A L  C O N S I D E R A T I O N S - W H E N  
IS T H E R M A L  S T R E S S  RELIEF 
NF-CEg SAR Y ?

C : Mn steels
Thermal  stress relief of C :  Mu steels is not  
always necessary, since H A Z  microstructures can  
often be controlled by beat input and preheat if 
required, unless the steel is very harder.able, and,  
provided that the H A Z  is adequately ductile,  
the presence of  yield point residual »tresses can  
usually be tolerated in the final wcldmcnt unless 
distortion during machining is a potential pro-



lilcni. Howevct .  stress relief is required in critical 
applications such ;is pressure vessel construction,  
whcic it can greatly reduce the risk of catastro­
phic failure by brittle fracture. In particular,  
thermal stress relief is the only treatment that  
will soften hardened H A Z  structures and eli- 
jiiinatc strain ageing embrittlcmcru of the type 
illustrated in Fig. 3. if present. Stress relief is aUo 
n e c e - s a r y  when there is a risk of stress corrosion 
cracking in subsequent service, and thermal  
suess relief, with its accompanying metallurgical  
benefits, is the best treatment in this case, because 
ine change in metallurgical structure pioduced  
in ferritic steels usually increases the corrosion 
resistance.

L o w  a l loy  s t e e l s

In these rather more complex s;cels. thermal  
trca:iner.ts at  elevated temperatures can have 
both beneficial and adverse effects on properties,  
and if heat treatment is to be applied to them it is 
important to know which effects operate.

Most !ov. alloy s.tcels are designed to be used 
in the normalised and tempered,  or the quenched 
and tempered,  condition. It can therefore be an 
economic advantage to weld these steels in the 
normalised or quenched condition and subject 
the whole we’ rlment to a combined stress reliev­
ing and tempering treatment.  This is not always 
possible or convenient.  in which rase the weld-  
mem is made in fully heat treated material and 
put into ^cn.:ce without further treatment after 
welding. other than a local stress relief treatment  
applied >o the weld if necessary. However,  while 
heat treatment in the tempering range may be 
beneficial for the unwelded plate material,  it 
rna;. be >.c:y bad for the weld HAZ.

At elevated temperatures there are several 
processes operating within the HAZ.  Firstlv 
thcic aic  the processes of slip and creep. which 
allow dislocations to move and the matrix  to 
strain. These result in a reduction of the matrix  
\ield stiess arid of the lc\el oi' residual stresses. 
Secondly, there is the precipitation of allov 
carbides which comes into operation at teinpera-  
tuies above 45 0  C. In the initial stages of temper­
ing. these carbides resist the movement of 
dislocations by slip, and the process of stress 
relaxation i> slowed down. Once temperatures 
greater than *">00 C are reached,  dislocations, are 
able to climb aiound the precipitates0 and the 
cicejj process is allowed to take place.

1  lie balance between these various proccs.-cs 
varies with material and temperature,  but at 
temperatures below 6 0 0 : C  the usual effect is to 
strengthen the HAZ  matrix.  The  residual stre;>es 
are still high in this temperature range, so that 
the strain necessary to reduce the residua!  
strc'.-es i; : ran;lV;red to the prior au--i' nite z:\ir.i 
bou;.ciaric5. v. i>:c :i may sub-cri ¡muk c i ark during 
treatment.  A: :  example ni this t\pc rif cracking  
is gr .cn in 6. f igure 7 shows in gi cater detail

creep at elevated temperatures.  It is most com ­
monly found in vanadium bearing steels.

Austenitic materials
In practice it is generally observed that sit ess 
relief treatments on this class of material fall into 
two groups. Low temperature treatments up to 
750 C which effect partial stress relief, and high 
temperature treatments above 95 0 'C ,  which are 
designed to snve 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 austcnitics than in fcrritics, 
because the former develop much more severe 
thermal strains adjacent to the weld metal.  A  low 
temperature stress relief treatment after welding 
may be sufficient to avoid this trouble.

In principle, high temperature treatments can  
be used to eliminate stress corrosion cracking in 
service, although, in practice,  the problem is 
usually ov ercome by altering the material or  the 
environment.  The  main use of such treatments  
is to avoid reheat cracking in components for 
high temperature 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  
distribution must be taken.
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As with the fcnit ic  steels, thermal stress relief 
can have adverse effects on the properties of 
austcnitic steels as well as beneficial ones. For  
example,  the irse of low temperature treatments 
can increase the susceptibility of stabilised 
austcnitic steels to knife-line attack adjacent to 
the fusion boundary,  while extended treatments 
at temperatures between 6 0 0 ° C  and 880°C  can 
pioducc sigma phase in weld metals containing 
ferrite. The  sigma phase is brittle at room 
temperature and c.ould give rise to failure in 
service. A further problem experienced with 
unstabiiiscd 1 8 - 8  austcnitic stainless steels dur­
ing heat 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 
5 0 0 5C and 900°C .

Weld metals
The  difficulty in classifying weld metal micro­
structures, in terms of those microstructures  
usually met with in the H A Z ,  has already been 
mentioned.  However,  it would be expected that  
the same processes of creep and recovery that 
arise in the H A Z  would occur in weld structures 
when heat treated.

In contrast to the H A Z ,  where neat treatment  
produces beneficial efTccts in the majority of 
cases, the properties of ferritic weld metals tend 
to deteriorate when heat t reated5. In particular,  
fracture toughness ai measured by the Charpy  
test, is observed to decrease on heat treatment in 
a large number  of weld metals. Care must be 
taken in such cases to ensure that the heat treat­
ment necessary' to obtain adequate H A Z  tough­
ness does not give rise to a brittle weld metal.

The  pr oblem of heal tr eatment cracking is not 
commonly found in weld metals. One of the 
main reasons fur this is that susceptible steels 
(usually vanadium bearing) arc  normally welded 
with non-vanadium bearing weld rnetnls. For  
example,  J C r : ^ M o : ] V  steels arc most frequently 
welded with 2^-Cr: IM o  weld metal,  because the 
use of  the latter,  irrstead of  creep resistant 
C r : M o : Y  weld metal,  reditces the risk of heat 
t reatment cracking in the HAZ.  Apart  from a 
possible deterioration in toughness, weld metals 
in general do not pose any problems when heat 
treated, although reheat cracking problems,  
associated with 2 j C r : l M o  weld metals in the 
welding of thick plate, have recently been ex­
perienced, and 5 C r : \ I o  weld metals do suffer 
from this problem.

Won-ferrous metals
The use of post weld stress relieving thermal  
treatments on non-ferrous wcldments is very r are.  
They are used to relieve residual stresses in 

aluminium, brasses and bronzes,  where stress 
< o; region c; a 'king is likely to be a problem in
l-e:v,rc.  In this ease the temperature of ncat -  
: . . 'Ot i‘ about 2 5 0 'C .  Post weld heat treatments
• '••■>■ i ,c necessary in non-ferrous alloys for 
if.'i'ov.v other than relief of residual stresses, r .g .t 
to develop adequate strength in the joint.

P R A C T I C A L  P R O C E D U R E S
Where post weld heal treatment cracking is a

potential problem, it is most impor tant to choose 
the correct  temperature range for the stress relief, 
tempering treatment,  i.e., that t ctnpcr .uurr  at 
which maximum relief of stre>scs is ac hieved 
without overagcing 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 readied.  In such cases it is possible to adjust 
the heat treatment procedure so as to hold the 
weldmcnt for as little time as possible in the 
critical precipitation temperature range.  For 
example,  a common procedure is to soak the 
weldmcnt at a temperature between 4 0 0 ’ C and 
4 5 0 <'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 treatment 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 t reatment crack 
shown in Fig. 6, which is seen to originate from 
the toe of the weld, is very typical.

T em pera ture  control during heat treatment is 
of prime importance,  particularly in alloy steels 
where precipitation processes are critically de­
pendent on temperature.  It is very necessary to 
ensure an even temperature distribution, which 
must be done, by monitoring various remote 
parts of the weldmcnt during the treatment.  In 
particular,  both the top and bottom of the 
structure must be monitored. It is an established 
fact that a number  of failures in low alloy steels 
can be attributed to the metallurgical effects of  
stress relief/tempering treatments that were not 
appreciated pr ior to the failure.

Onc e  heat tr eatment of a welded < omnonent is 
complete,  no further welding should be carried 
out,  otherwise the benefit of the treatment rnay be 
completely eliminated, especially in respect of  
brittle fracture.  In particular,  there must be no 
further additions,  such as ladder attachments,  to 
ease the job of installation. If these arc  required, 
they must be added before the treatment and 
properly designed into the structure,  so that 
they can remain on it during scrvice anil dn not 
cause stress concentration.

O T H E R  P O S T  W E L D  S T R E S S  
R E L IE V I N G  H E A T  T R E A T M E N T S  

Solut ion treatment
T he  use of solution treatments after welding fol­
lowed by annealing,  normalising or quenching is 
very la i c ,  except perhaps onsnull .  easily handled 
components.  Quenching a welded component of  
any appreciable, size will introduce a new residual 
stiess system. Normalising treatments are oc­
casionally used <>:i large sicel components welded 
by the elcctioslag process. This has the cffcct of 
refining the grain size in the H A Z  regions 
adjacent to the fusion boundary and also in the 
weld metal,  ihus improving their fracture 
toughness. Ex treme care has to be exercised in



the application of solution treatments,  parti- 
culailv in large steel comtrur t i om : at the 
u r 11}>ri■attires involved, the material has verv low 
strength and.  with inadequate support,  the 
weight of the component could came  plastic 
tirfiji inntion or even collap-c. I he main aim of 
all tliC'C treatment-- is to improve the metal­
lurgical condition of the materia] after welding:  
«•tie-' iclicfis just a bonus obtained in the prore;?.

C O N C L U S I O N S

I nr ie!ief of residual strc-scs by the use of a 
; ! i - : ina!  neatmcnt is often a necessary adjunct of  
w riding. to ensure adequate seivicc performance.  
Krfote beine; applied, it is important to know the 
r : rerts of heat treatment on tlie material used, 
anti equally important to ensure that no further 
v r ’d-pg 01 heat neatment  is carried out after 
me rr.au: fe a t m e n t  without adequate knowledge 
of i’.' r.Tcits on service behaviour.  In no cir- 
fii .Ti' taiKo s’nould heat treatment be applied 
\v i ; established reasons.

In cc-rtsin instances the use of a thermal stress 
¡c l icvmg treatment is unnecessary. In other cases 
it is i.-.iidvisahle, in particular when post weld 
brat treatment cracking is unavoidable or when 
m . , :o  ial i> welded in the optimum aged condi­
tion a; d f■ i: ther treatment causes overageing. In 
'■a n die strucmrc is be-t put into scia ice in
me a- u e ’ded condition, or residual stiesses m ist

be reduced by mechanical means, as will be
described in the next article in this series.
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The  f i c c  associated with tlic tensile part  of  
this stress distribution is balanced by an equivalent  
comprcssivc force which gives rise to a compres-  
sivc stress distribution of equal area to the tensile 
stress distribution.

If an external tensile load is now applied, local 
yielding will occur  where residual stresses are of 
yield point magnitude.  Further application of  
load which gives an increase in stiess will result 
in a local stiess distribution as shown in Fig.  lb,  
in which the areas of  elasticity 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 
reiated to the magnitude of  the overload and the 
post yield characteristics of the material.  Wi th  
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 is zero. T he  release 
of the applied load results in a stress distribution

which now has a lower maximum value than 
before, as shown in Fig. lc.  Thus, the high peak 
values of local residual stress have been redistri­
buted to give a much lower peak value.

From the above description of the principles 
of mechanical stress relief it can be seen that the 
amount of stress relief achieved increases as the 
external ioad is increased. Hence,  the optimum  
conditions can be obtained by using high external  
loads, provided that these loads do not impair the 
scrvice performance of the structure. In general,  
externally applied loads will be less than the 
corresponding yield load. T o  achieve an ac ­
ceptable level of stress relief the structure has to 
be subjected to loads which will be in excess of  
loads likely to be encountered during service and,  
since nominal stresses will excced the permitted 
working stress, this procedure should be applied 
with some caution.  Also, since the stress relief is 
caused by yielding, resulting from the additive 
effect o f two stress systems, it is only possible to 
achieve a measure of  stress relief when a tensile 
overload is applied to a tensile residual stiess 
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, overloads must be applied in 
the same direction as the working loads.

E F F E C T  OF A P R E -E X I S T I N G  STRA IN  
C O N C E N T R A T O R
A defect, crack,  or geometric  discontinuity exist­
ing before the overloading will act  as a strain 
concentrator during the process of mechanical  
stress relief. Larger  amounts of local plastic 
deformation,  which are contained by surround­
ing elastic material ,  will occur  at the tip of this 
defect. When the external loads are released the 
clastic stress field will impose a comprcssivc  
stress around the crark tip as shown in Fig. 2 . 
This can be illustrated by considering the output  
of a strain gauge at tached adjacent to a stiaui 
concentrator .  If, for example,  a pressure c o m ­
ponent is considered, then the output from the 
strain gauge will be as shown by the line 1 -  4 
in Fig.  3a. As the pressure is applied the strain 
increases proportionately up to the point 1 . 
where yielding commences.  Continued increases 
of applied pressure result in a non-linear increase  
in strain to the point 2 , the test or overload  
pressure. Release of the applied pressure produces  
elastic unloading along the line 2 - 3 to give a 
no load, permanent,  strain condition at point 5. 
Working pressures will icsult in strain/pi e-.siire 
traces up and down the line 3 - 4 .

If we now consider the local stresses associated 
with this loading cycle as in Fig. 3b, it can be 
seen that up to point 1 the stresses incrca-c in 
pioportion to the strain. Because the amount  of  
permanent strain is small it is reasonable to 
neglect work ha:dcr . ing,  and for the process 1 - 2 
there is no increase in stress. The elastic modulus 

^  E  has not changed and elastic unloading from

¡
2 - 3  gives the loc ation of the ¡ »int  3.

Thus,  not only has the peak value o! stiess 
been .educed,  but a stioss of opposite sign has 
been introduced at the crack tip. Moreover,  
further applications of tensile load will not



Parí 4 Mechanical stress relief
by G . R. Egan , B.E.Mech.(N.Z.)

W h e r e  it is essential  to re l ieve  res idual w e l d in g  stresses, an d w h e r e  t h e r m a l  stress 

re l ie f  is i m p r a c t i c a l ,  it m a y  b e  possible to stress rel ieve welded  co nst ru ct io ns  b y  a 

m e c h a n i c a l  process.  M e c h a n i c a l  stress re d is tr ib ut io n  resul t ing in  fa v o u r a b l e  stress 

systems a r o u n d  cr i t ica l  regions  o f  w el de d  s t ructures  c a n  also b e  ac h ie v e d .  T h i s  

a r t ic l e  ex pl a in s  the  pr inc iple s  involv ed in processes c o m m o n l y  referred to as m e c h a n i ­

cal  stress re l ie f  t re a tm e n ts .

The  integrity of any structure or structural  
member depends on its suitability to susiain the 
s e r v k e  loads to which it is subjected. For  any  
structure the failure mode is dictated by the 
types of load which occur during serv ice and the 
environment present when these load1; arc  applied.  
For  critical applications such as low temperature  
service, d .-sign procedures become meaningless 
if residua! stresses resulting from welding are 
additionally present. Local residual welding 
stresses aie  usually of yield point magnitude1 
and any addition of tensile stress to such a system 
will cause localised yielding which may  lead to 
premature failure. Residual st-csses will influence 
such failure modes as fatigue, stress corrosion,  
local buckling and brittle fracture,  so that in 
some critical applications it may be necessary to 
remove the residual welding stresses. Where  
stress relief is required and it is not possible to 
use thermal stress relief (i.e., the structure is too 
large or facilities are riot available on site), it mav  
be possible to stress, relieve the structure by a 
mechanical process.

%

P R IN C IP L E S  OF M E C H A N I C A L  S T R E S S  
RELIEF

Mech ani ra ’i stress wljcf is a process of stress re­
distribution during which the high peaks of the 
existing ie-iriual tensiie stress distribution are  
removed by controlled localised yielding. E x ­
ternally applied loads, in the same direction as 
die residual sti ess. will cause yielding in regions 
where a high residual stress alieady existed. The  
•elea.se of t'ns externally applied load takes place 
ela-.tienHy ;iIIC] results in a reduced peak value of 
r e s i d u a l  s i ie s s .

 ̂ A  m o r e  d e i . i i h d  e x p l a n a t i o n  o f  t h i s  pi  o e e s s  c a n  

■'c y i v c n  b y  c o n s i d e r i n g  t h e  d i s t r i b u t i o n  o f  l o c a l  

■ ' ' ■ d u a l  s i r e . w s  p a r a l l e l  t o  a l o n g i t u d i n a l  b u t t  
" r ‘ d as  s h o w n  i n  F i g .  1 n.  7 ' h e  v e r t i c a l  l i n e  o n  i h c

right hand side of this figure represents the yield 
stress of the material,  and it will be seen that the 
maximum tensile stress is of  yield point magnitude,  
as described in the second article o f this series2.

(a ) The distribution of rosi- 
dual stresses parallel to a 
longitudinal butt weld 
( Relcrence 1)

(b ) Stress distribution after 
the application of an external 
load

(c ) Stress distribution after 
the release of applied 
external load
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1  hr foi cc associated with the tensile part  of  
this stress distribution is balanced by an equivalent 
compressive forcc which gives rise to a comprcs-  
sivc stress distribution of equal area to the tensile 
stress distribution.

If an external  tensile load is now applied, local 
yielding will occur  where residual stresses a rc  of 
yield point magnitude.  Further application of  
load which gives an increase in stress will result 
in a local stiess distribution as shown in Fig.  lb,  
in which the areas of elasticity 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.  Wi th  
tlie 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 is zero. T he  release 
of the applied load results in a stress distribution

i  * f  ̂  ■ * * v "Se • •- -V' i  iV • i- ‘ - <

which now has a lower maximum value I'...in 
before, as shown in Fig. 1c. Tims, the high peak 
values of local residual stress have been redistri­
buted to give a much lower peak value.

From the above description of the principles 
of mechanical stress relic! ' it c.att be seen that the 
amount of  stress relief achieved increases as the 
external load is increased. Hence, the. optimum  
conditions can be obtained by using high external  
loads, provided that these loads do not impair the 
service performance of the structure. In general,  
externally applied loads will be less than the 
corresponding yield load. T o  achieve an a c ­
ceptable level of stress lelieT the structure has to 
l>c subjected to loads which will be in cxcess of  
loads likely to be encountered during service and,  
since nominal stresses will cxcced the permitted  
working stress, this procedure should be applied 
with some caution.  Also, since the stress relief is 
caused by yielding, resulting from the additive 
effect of  two stress systems, it is only possible to 
ac hieve a measure of stress relief 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 to be effective, overloads must be applied in 
the same direction as the working loads.

E F F E C T  OF A P R E - E X I S T I N G  ST R AI N  
C O N C E N T R A T O R
A defect, crack,  or geometric  discontinuity exist­
ing before the overloading will act  as a strain 
concentrator during the process of mechanical  
stress relief. Larg er  amounts of  local plastic 
dcformaiion,  which are  contained by surround­
ing elastic material ,  will occur at  the tip of this 
dcfect. When the external loads a rc  released the 
clastic stress field will impose a compressive  
stress around the crark tip as shown in Fig. 2. 
This can be illustrated by considering the output  
of a strain gauge at tached adjacent in a strum 
concentrator .  If, for example,  a pressure c o m ­
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 strain 
increases proportionately up to the point 1 . 
where yielding cornrnenccs.  Continued increases 
of applied pressure result in a non-linear increase 
in strain to the point 2 , the test or overload  
pressure. Release of the applied pressui r  produces  
clastic unloading along the line 2 - 3  to give, a 
no load, permanent,  strain condition at point 5. 
Working pressures will icsult in strain/pi e » m  e 
traces up and down the line 3 - 4 .

If we now consider the local stresses associated 
with this loading cycle as in Fig. 3b, it can be 
seen that up to point 1 the stresses increase in 
proportion to the strain. Rccacse the amount  of 
permanent strain is small it is reasonable to 
neglect work h.'udcning, and for the process 1 -  2 
there is no increase in stress. The elastic modulus 
E  has not changed and elastic unloading from
2 - 3  gives the location of the point 3. '

Thus,  not only has the peak value c>! stress 
been leduced,  but a stie::s of  opposite sign has 
been introduced at the crack tip. Moreover,  
further applications of I ensile load will nm



s u b j e c t  the n a c k  tip to the high tensile strains 
which were imposed at fust. because subsequent 
tensile loading inii't fir>t overcome the residua) 
compressive jtiC'S. For loads of the same magni­
tude tliis abo  pircludc '  any further growth of the 
pla'tic zone ai the tip of the crack.  This has 
distinct advantages because favourable stress 
distributions can be introduced into critical areas 
of a welded fabrication by the application c f  an 
ovetload which is in the seme direction as the 
seivice load, but is greaier in magnitude.  Practi­
cal methods of achieving mechanical stress re­
distribution will be outlined later.

P R A C T I C A L  C O N S I D E R A T I O N S
The  greatest problem is to decide how much  
overload is necessary to achieve an acceptable  
level of stress relief without jeopardising the 
integritv of the structure. Obviously,  the even­
tualities of buckling and plastic collapse must be 
avoided in the structure or structural member  to 
which the overload is being applied. It seems 
reasonable to limit the stress resulting from the 
overload to some fraction of the nominal y ield 
•-ness. Also, the prevention of brittle fracture 
during the overload must be considered. For  
material.'  which exhibit a brittle-ductile transi­
tion behaviour with temperature,  it is best to 
take advantage of thi> arid ensure that the material  
behaves in a ductile manner when the overload 
is applied. For other materials a mo;e  detailed 
analysis of the response of the material to the 
overload is icquired.

T R E A T M E N T S
A measure of mechanical »t: c»s relief can be 
achieved simply bv overloading a structure above 
the permitted working loads. A proof test, for 
exnmole.  on a structure which has not been 
thermaiiv stress relieved wili provide some 
measure of stress relief. Although this is usually 
regarded as an added benefit l iom the proof test 
and not the reason for it. overload tests are carried 
out for die specific purpose of achieving stress 
relief5. Proof test pressures for internally loaded 
boiler shell? for latest design principles are based 
on the equivalent design pressuie*. which gives 
under these conditions a nominal stress in the 
shell of about two-thirds of the yieid stress. Thus,  
it seems reasonable to limit external ov erloads for 
mechanical stress relief -r> that nominal stresses 
are ol this order.

Bridge girders in service todav have been 
mechanically sue”  relieved by jacking apart  
paii» ol tenders strapped together at the ends. 
Mechanical stress relief of this type has also been 
ca'  tied out after const' union,  in which case the 
overloads are usual!;, limited to a value which 
ma.”.:iriailv exceed- the working loads3. Stress 
relief of this pe ..ill only be effective if the 
gilders ate not subjected \t> reversals of load.

LOW T E M P E R A T U R E  S T R E S S  
RELIEF
■ Since t h e  re-idi.:al sire?4Ci adjacent to welds take 

up. allei cooling, the difference in length between 
the plate maieiia! and the weld metal, which has 
¡ C s i i h r d  fion, d i l l r :  e x p a n s i o n  and plastic
flow during the vveldilc.: p i o c e s s ,  11 s e e m s  le.ison- 
ablc tc) a s s u m e  that the -vstcm can be modified

in some way by a further application of heat.  This 
is the basis of a controlled low temperature stress 
relief treatment in which a zone on each side of  
the weld is expanded by the application of  heat.  
T he  rapid heating to a controlled low temperature  
imposes temile plastic strain on the weld metal,  
thus changing the length relationship between 
the plate material and the weld.

T he  nuchamcal overload of the residual stress
system is achieved by expanding the material  
adjacent to 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. T o  obtain an acceptable level of  
stress relief, the plastic strain induced in the 
weld metal 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  to the heated zones a wider temperature  
differential is required. W at e r  sprays are used to 
cool the weld and the heated zones, but it is slill 
necessary to heat the plate to about 2 0 0 ° C  to 
achieve this temperature differential. Provided  
that the maximum temperature is kept below 
200  C  it is unlikely that any dctiimcntal  metal ­
lurgical effects will occur during this process.  
I.ow temper??» ’'“ stress relief has been used for 
butt welds, intersecting butt welds and fillet 
welds in ships and tanks', but because it is 
difficult to establish the correct heating position 
and conditions, it is limited to relatively simple 
detail designs.

V I B R A T O R Y  T R E A T M E N T S

T he  use of  applied vibrations to obtain resonance  
in a structure has been described recently6, and 
it is claimed that this technique achieves mech­
anical stress relief. A mechanical vibrator  is 
attached to the component or structure,  and the 
frequency of the forced v ibrations is adjusted until 
resonance occurs. This is maintained for a time 
which depends on the weight of the structure  
being treated. Tv-pical times for structures of 
2u00 -  10 0(K) lb would be about 20  -  30  minutes.'

No experimental results (residual stress levels 
after this treatment) have been provided,  so the 
amount of  stress relief achieved is unknown.  
Because a single application of a tensile load to a 
structure with residual tensile stresses will cause 
yielding on a loc al scale, as described previously 
and shown in Fig. 3, it seems unlikely that any 
subsequent application of load of the same magni­
tude will induce further yielding, because of the 
raised yield point of the material caused by work 
hardening.  Hence,  mechanical stiess relief will 
probably be achiev ed only in the first few tensile 
half cvclcs of this process, and subsequent cycles 
of load will have little eifect on the residual stiess 
system. Also, the application of a cyclic load of a 
magnitude required to achieve an acceptable  
level o f stress relief would probably introduce a 
fatigue problem7.

An eailier investigation'' showed that for the 
loads normally applied during this process the 
amount  of  stre-s relief v.as small,  and ev en under



\
CMiidiiiiirii t>l n s o n a m e  iio marked changes in 
residual stress distribution were detected. Sortie 
measure of dimensional stability will be achieved  
by this process as a result of the removal of the 
peaks of icsidiial stress by the application of a 
cyclic load of unknown magnitude.

DI SCU SS ION

Unlike thermal stress relief heat treatments,  
mechanical stress relief treatments do not improve  
the metallurgical properties of a structure9. In 
fact, material damage may occur during and  
subsequent to overloading if the material  is 
susceptible to strain 2gcing embritt lement3. 
Therefore,  the mechanical  process should be used 
when stress relief is required only when it is not 
possible to use thermal stress relief.

Mechanical stress relief treatments do, however,  
induce favourable local stress distributions around  
notches and stress concentrators -  an important  
effect which isnot achieved 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.  
T he  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
usually high stresses, resulting from such things 
as supports, at tachments and thermal gradients,  
uu not occur.

Local treatments which modify existing stress 
distributions are  useful methods of achieving 
better structural properties,  but they should not 
be applied without a comprehensive knowledge 
of the response of the material  to such treatments.

C O N C L U S I O N S
It is often 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 stiess relief treatments.  Mechanical  
treatments cannot be used as a cheap alternative  
to thermal treatments to obtain full relief of 
residual siiesses and improved metallurgical  
properties.

The  relief of ic.idual welding strcjsc- ' -n 
l»c achieved by the application of a io '1 *n d.c  
same direction as the residual stresses. ^ l ' ; c 
overload must be in the same directic-"' t ' lc 
service load. The  proccsswill be incfTect‘ ve ‘1 ^ IC 
structure is subjected 'o  reversals of load

Overloads used to achieve mechanical  stress 
relief should be limited to some fraction of the 
yield load of the structure or structural member .

Th e  response of the structure should be as­
sessed to ensure that the structure can  tolerate  
the overload without failure.
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CHEVRON CRACKING - CURRENT EVIDENCE

Moisture content of the f lux  (SAW, MMAW) is a major co n t ro l l i n g  fa c to r .

Also weld metal hydrogen co r re la te s  d i r e c t l y  w i th  incidence of crack ing.

S ize  and incidence of cracks r e la t e  d i r e c t l y  w i th  a l l o y in g  content and/or 

s t rength .  Above a c e r t a in  leve l cracking became v e r t i c a l .

From MMAW with  d i f f e r e n t  batches of  the same e le c t rod e ,  moisture is not 

the only  c r i t e r i o n .  One suggestion is that hydrogen a v a i l i b i l i t y  may be 
in f luenced by inc lus ions  act ing  as hydrogen s inks .

Nickel up to 3% did not increase the amount o f  chevron crack ing ,  but at  

*¡-8% and 8-7% gave large v e r t i c a l  cracks.  Seme of these may have been hot 

cracks .

In SAW metal 'hevron cracks were often  confined to a s ing le  run, apparantly 

stopped by upper and lower reheated regions.

In KMAW deposits many chevron cracks occurred in re f ined  and i n t e r c r i t i c a l  

regions of  weld metal.  These cracks occurred on or a f t e r  reheat ing since 
they did not show thermal fa ce ts .  Crack features were genera l ly  smaller 

and more regu la r  than in as deposited weld metal.

In as deposited weld metal v e r t i c a l  components were gene ra l l y  assoc iated 
w ith  proeutecto id  f e r r i t e  ve ins ,  though dev ia t ion  occurred in many cases. 

These v e r t i c a l  components were s im i l a r  to v e r t i c a l  m ic ro f is sures .

V e r t i c a l  components mainly quas i-c leavage ; hor izonta l  showed dimples.

V e r t i c a l  components often rad ia te  from a microvoid . In h ighest strength 

weld metals the v e r t i c a l  components showed some in te rg ranu la r  f a i l u r e .

Some thermal face ts  - these were assoc ia ted  w ith  reheating.

Staircase nature also evident in weld metal cracks in Y-Tekkon tests - 

SEM showed same fractograpn i c features.



Zapfes p lanar  pressure theory (19^+7) considered that d isso lved  H atoms 
d i f fu s e  through the l a t t i c e  to voids and d i s c o n t i n u i t i e s ,  combining there to 
form molecular  H£ a t  high pressure,  which resu l ted  in premature f a i l u r e .  Further  
d i f fu s io n  would be necessary to mainta in these high pressures ( I . e  s t r e s s e s ) ,  
as a crack  propogates exp la in ing  the time and temperature dependence of  HICC. 
Fur ther  refinements have appl ied d i s lo ca t io n  concepts.  This theory is s t i l l  
used to exp la in  b l i s t e r i n g  in s tee l  and has not been completely re jec ted  as an 

explanat ion o f  HICC. I t  should be noted that the theory runs counter to some 
ideas that weld metal and HAZ non-meta l l ic  in c lus ions  ac t  as ' s i n k s '  fo r  hydrogen 

and so reduce s u s c e p t i b i l i t y  to HICC.

The sur face  absorption theory (Petch 1952), proposed that absorpt ion 
of hydrogen on po ten t ia l  crack surfaces  lowered the sur face  energy making propo- 

gat ion e a s ie r  in f ron t  o f  an array  o f  d i s lo ca t io n s  p i l e d  up aga inst  a gra in  
boundary. Dependence on hydrogen d i f fu s io n  expla ined the in f luence  of  tempera­

ture and s t r a i n r a t e .

T ro iano 's  ’l a t t i c e  in te r a c t io n  theory suggested hydrogen d i f f u s io n  to 

h igh ly  s t ressed regions (s tress- induced d i f f u s i o n ) ,  the magnitude depending 
upon the i n i t i a l  hydrogen concentra t ion ,  the hydrogen d i f fu s io n  ra te  and the 
time for  d i f f u s io n .  At a c r i t i c a l  hydrogen concentra t ion  and s t re ss  s ta te  
a crack  forms in the l a t t i c e  a t  the point  o f  maximum t r i a x i l  I t y .  The cause 
is a lowering of  cohes. ve strength of  the l a t t i c e .  Mod i f ica t ions  have attempted 
to shew that abnormally large hydrogen concentra t ions  can occur and a lso  the 
presence of  1non-Hookean1 e l a s t i c  s t r e s s e s .  Crack propogation speed Is governed 

by the rate  of  t ransport  o f  hydrogen.

Beacham (197^) found evidence of  mic roscopic  p l a s t i c i t y  on the surfaces 
o f  surfaces  su f fe r in g  hydrogen embrit t lement which,  combined w ith  ex is t in g  
ev idence,  there was no s in g le  mode of  hydrogen c rack ing ,  led him to propose 
that hydrogen d i f fu s in g  ahead of  a crack t ip  aids whatever deformation process 
the matr ix  w i l l  a l low .  Thus hydrogen allows d is lo ca t io n s  to m u l t ip ly  or move 
at reduced s t resses  ra ther  than locks d i s lo c a t i o n s .  Subsequently ,  d i s lo ca t io n  
movement has been suggested as a means for rapid transformation of hydrogen 
atoms forming 'atmospheres' around d i s lo c a t io n s .
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Sorage (1978) has used the Beacham approach to put forward a seven 

point argument fo r  hydrogen as s i s ted  cracking based on observations in HY 130

s t e e l .

1. Hydrogen must be present at or above a c r i t i c a l  concentrat ion a t  the 

crack i n f l a t i o n  s i t e  or crack  t ip .  This c r i t i c a l  concentrat ion  is
a funct ion  of the r a t i o  o f  the local  s t re ss  a t  the crack  t ip  to 
y i e l d  s t re ss  and w i l l  depend upon m ic ros t ruc tu re .  The lpcal  hydrogen 

concentra t ion  may g r e a t l y  exceed the o v e r a l l  nominal concentrat ion 

due to segregation a t  gra in  boundaries or d i s lo ca t io ns  (C o t t r e l l  

a tmospheres).

2. The c r i t i c a l  s t re ss  le ve l  for  crack ing must be exceeded a t  the 
crack  i n i t i a t i o n  s i t e  or crack t ip  and w i l l  depend upon residua l 
s t r e s s ,  externa l  s t re ss  and loca l s t re ss  concentra t ion .

3. Local p l a s t i c  f l o *  occurs a t  the crack  i n i t i a t i o n  s i t e  (or crack tip) 

r e su l t in g  in d is lo ca t io n  p i l e  ups a t  b a r r i e r s  such as inc lus ions  or 
gra in  boundaries which deac t iva te  the d i s lo ca t io n  sources.

b. Hydrogen transported tc the p i l e  ups by d i s lo ca t io n  movement w i l l  
d i f f u s e  across the b a r r i e r  and i n i t i a t e s  a microcrack.

5. Once forced the microcrack absorbs the d is lo ca t io n  p i l e  up and 
r e a c t i v a te s  the source g iv ing  ad d i t io n a l  p l a s t i c  f low and hydrogen 

t ran spo r ta t ion .

6. Hydrogen t ranspor ta t ion  is more_rapid than by d i f fu s io n  above 
and a ids  crack propogation although propogation w i l l  stop when 
hydrogen f a l l s  below the c r i t i c a l  concentra t ion .

7. At the above stage crack propogation ceases u n t i l  s u f f i c i e n t  hydrogen 

is  t ransported for fu r the r  crack ing.

I t  should be noted that  the above argument does not exp la in  the process 
►'''.•eh hydrogen a c t u a l l y  a s s i s t s  c rack ing .  However i t  is implied by Savage that 
ii’ c hydrogen reduces the 'bording energy1 at the in t e r f a c e .  I f  the bording 

r is rec uced s u f f i c i e n t l y  a crack can form without  p l a s t i c  deformation 
. . ! !  f.z.j ? i on r-overr.cn t )  but a t  h igher le ve ls  defo rrr.a t i on w i l l  occur before crack


