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Preface

Research is useless if the results obtained do not find practical application

and thus make their contribution to the improved efficiency of industrial

production and the consequent increase in the amenities of our daily life.
Sir William ] Larke, KBE, 1947, Founder President of BWRA

Hydrogen cracking represents the most common problem encoun-
tered when welding steel structures. The major variables influencing
the incidence of cracking have been defined for many years and the
design of welding procedures is dominated by the need to incor-
porate appropriate safeguards. The previous edition of ‘Welding
steels without hydrogen cracking’ described these factors and further
presented nomograms on the basis of which cracking could be
reliably and economically avoided in steels of different types. The
success of this approach was such that, with only minor changes,
the appropriate part of the book formed the basis of the guidelines
in the British Standard BS 5135: 1974 ‘Arc welding of carbon and
carbon-manganese steels’, and was retained in the latest, 1984
version.

Since publication of the first edition, significant changes have
taken place in steel compositions and production routes, many of
which have been intended primarily to obtain improved weldability,
especially in the sense of avoiding hydrogen cracking. In con-
sequence, materials now commonly welded have compositions
outside those used from the derivation of the nomograms in the
first edition. Appropriate experimental work has been carried out to
define the effects of such material changes on cracking behaviour.
This edition has been produced to recognise both changes in steel
formulation and the body of data which now exists regarding cracking
sensitivity. In large part, the original format of ‘Welding steels
without hydrogen cracking’ remains untouched, indicative of the
soundness of the methodology presented. However, a number of
changes have been required and these are presented in this second
edition. In Chapter 4, dealing with welding procedures, these
include modifications to the nomograms for steels having carbon
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equivalents below 0.40 and the addition of a diagram to show
conditions to avoid hydrogen cracking in C-Mn weld metals.

The original edition was produced with a major contribution
from F R Coe, with support from others cited in the preface. This
revised edition owes a considerable debt to Mr Coe. The revisions
were made most especially by N Bailey, T G Gooch, P H M Hart,
N Jenkins and R ] Pargeter.

It is hoped that this second edition will be of assistance to all
concerned in welding transformable steels, whether metallurgists,
welding or mechanical engineers, or designers. Because technology
is continually advancing, it is essential that new information should
be incorporated as soon as possible and, as was the case of the first
edition, TWI remains anxious to obtain practical feedback from
users of the book, both on its application to the practical situation,
and on new data that may become available.

Although hydrogen cracking is usually the major technological
problem to overcome when welding ferritic steels, the reader is also
recommended to study a companion volume, ‘Weldability of ferritic
steels’, which is being prepared as an introduction to the topic by
one of the authors of the present text, Norman Bailey. In addition to
a short chapter on hydrogen cracking, other topics related to fabri-
cation cracking, the achievement of required properties and service
metallurgical problems, are covered.

T G Gooch
Head of Materials Department



Chapter 1

Defining the problem

Would’st thou read Riddles, and their Explanation?

Just over 20 years ago, it was estimated that, in Britain alone, costs
amounting to £260 million were annually incurred as a result of
manufacturing problems directly attributable to welding. At least
£40 million of this total arose from the need to repair hydrogen-
induced cracks at and adjacent to welds. Service failures due to
fatigue and brittle fracture of welded components cost industry a
further £140 million annually.

Current figures are, no doubt, a good deal higher for, although
much more is known about how to avoid hydrogen cracking when
welding conventional steels, new steels and unexpected problems
have arisen, so that further research and guidance has been needed.
Problems have also arisen recently because the difficult economic
climate has made industry ever keener to cut costs to maintain its
competitive edge. In doing so, corners have been cut which have
led to outbreaks of cracking which could have been avoided by
following the principles detailed in this book, albeit at somewhat
greater initial cost.

A significant number of these costly, and sometimes tragic,
failures originated at small pre-existing cracks in the heat-affected
zone (HAZ) of the parent steel adjacent to the weld. The most
common HAZ defects are those resulting from the presence of
hydrogen in the weld. The fracture of pressure vessels during
hydraulic testing and the collapse of structural steelwork in service
have both provided instances of failures in which hydrogen cracking
was involved.

This type of cracking often occurs some time after welding has
been completed and, although extensive, may be difficult to detect.
Thus a heavy responsibility is placed on the fabricator to match the
welding procedure with the material for each application so that
cracking does not occur. The incidence of failures suggests that this
has not always been successful. The data and techniques now
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provided in this book offer detailed guidance for deriving welding
procedures for avoiding hydrogen cracking.

As a topic for research, hydrogen-induced cracking has perhaps
received more attention than any other similar phenomenon but the
precise mechanism of embrittlement is still not fully understood in
terms of chemical and metallurgical reactions, which could be
confirmed by direct experiment. Nonetheless, the conditions which
collectively result in hydrogen cracking can be recognised and may
be stated simply as ‘sufficient hydrogen and sufficient stress in a
susceptible microstructure at a temperature usually below 150°C.’

It is impossible to avoid producing the necessary stresses and
temperatures in a cooling weld so measures to avoid cracking must
rely largely on control of hydrogen level, or control of micro-
structure, or both. Once this is recognised it is possible to see
how welding procedures can be derived from tables and diagrams
indicating those combinations of conditions which achieve this
control. Unfortunately, there is no ideal welding diagram which is
universally applicable and a series of diagrams relating to different
groups of steels is presented in this book. The factors involved in
hydrogen cracking and the way these are manipulated to provide
guidance for avoiding HAZ cracking are dealt with in the first three
chapters. Specific diagrams for different steel types are described in
detail in Chapter 4, and Chapter 5 deals with heat treatment for
hydrogen removal. Appendix A summarises current knowledge
concerning hydrogen levels in welding, both with different pro-
cesses and different consumables, while Appendix B recommends
methods for laboratory measurement of hydrogen.

A number of British and other standards give guidance on pre-
heat, joint preparations, and other requirements. The more import-
ant of these include:

BS 2633: 1987 Class 1 arc welding of ferritic steel
pipework for carrying fluids

BS 4570: 1985 Specification for fusion welding of
steel castings ‘

BS 5135: 1984 Specification for arc welding of car-
bon and carbon manganese steels

ASME Code Section VIII: Division 1: 1992 ASME

, Boiler and pressure vessel code
ASME B31.3-1990 edition Petroleum refinery piping
ANSI/AWS D.1.1: 1992 Structural welding code — steel

In general, these specifications contain less detailed guidance than
the present book and care is sometimes needed in their use. The
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information presented in this book may thus be regarded as supple-
menting and amplifying the recommendations outlined in current
standards.

Hydrogen-induced cracking in welds

Hydrogen-induced cracking is also known as cold cracking, delayed
cracking or underbead cracking. Unfortunately, the term ‘hydrogen-
induced cracking’, usually abbreviated as HIC, has been introduced
to designate cracking sometimes encountered in pipelines or vessels
as a result of hydrogen picked up in service; the term ‘fabrication
hydrogen cracking’ is therefore preferred for the subject of this book
whenever there may be any doubt. It also occurs in steels during
manufacture, during fabrication and in service. It is thus not con-
fined to welding, but when it occurs as a result of welding the
cracks are sited either in the HAZ of the parent material or in the
weld metal itself. Brief descriptions are followed by a discussion of
the factors which are responsible for cracking and of the means by
which control may be achieved.

Cracking in the HAZ

Hydrogen-induced cracking occurs when the conditions outlined in
1—4 (below) occur simultaneously

1 Hydrogen is present to a sufficient degree
This is inevitably present, derived from moisture in the fluxes
used in welding and from other sources. It is absorbed by the
weld pool and some is transferred to the HAZ by diffusion.

2 Tensile stresses act on the weld
These arise inevitably from thermal contractions during cooling
and may be supplemented by other stresses developed as a
result of rigidity in the parts to be joined.

3 A susceptible HAZ microstructure is present
That part of the HAZ which experiences a high enough tempera-
ture for the parent steel to transform rapidly from ferrite to
austenite and back again produces microstructures which are
usually harder and more susceptible to hydrogen embrittlement
than other parts of the HAZ. Hydrogen cracks, when present, are
invariably found in these transformed regions.

4 A low temperature is reached
The greatest risk of cracking occurs when temperatures near
ambient are reached and cracking may thus take place several



1.1 Hydrogen-induced cracks
in HAZs of (a) fillet and (b) butt
welds.

Transverse crack

Root crack
Toe crack
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Underbead crack
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hours after welding has been completed. Cracking is unlikely to
occur in structural steels above about 150°C, and in any steel
above about 250 °C.

Cracks in the HAZ are usually sited either at the weld toe, the
weld root or in an underbead position. These positions are shown
schematically for fillet welds and butt welds in Fig. 1.1. In fillet
welds, HAZ cracks are usually oriented along the weld length, but
in butt welds subsurface cracks can be transverse to the weld.
Hydrogen cracks examined in sections of a weld under the micro-
scope may be intergranular, transgranular or a mixture with respect
to the transformed microstructures in which they lie.

Intergranular cracking is more common in harder, higher carbon
and more highly alloyed steels. Cracks may vary in length from a
few microns to several millimetres. Some typical HAZ cracks are
shown in the photomacrographs, Fig. 1.2.

1.2 Heat-affected zone in CFGCkiIlg jn the We]d metal

C-Mn steel (a) hyd k . . .
at roI;tSoefesifg)le—};u;og?ﬁatcz:gl 4, Hydrogen cracking can occur in the weld metal as well as in

and (b) crack at toe of multipass the HAZ. Weld metal hydrogen cracks can be orientated longi-

fillet weld. tudinally or transverse to the weld length, while in the transverse
orientation they can be either perpendicular or angled, typically at
approximately 45° (often referred to as chevron cracks), to the weld
surface. The cracks may be buried or may break the weld surface.
Under the microscope they are usually recognised as being pre-
dominantly transgranular, although in more alloyed deposits there
is an increasing proportion with intergranular morphologies. Typical
examples may be seen in Fig. 1.3.

The same factors which influence the risk of cracking in the HAZ -
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1.3 Weld metal hydrogen
cracks in (a) single-run manual
metal-arc fillet weld, (b) root
bead of Y groove welding test,
(c) submerged-arc weld
(longitudinal section).

also apply to weld metal, namely, stress, hydrogen, susceptible
microstructure and temperature. However, weld metal hydrogen
cracking can occur at much lower levels of weld metal hardness
than is generally the case for HAZ cracking.

Factors responsible for cracking and their control

The interaction between the factors responsible for cracking and
the ways in which control over them may be achieved can now be
discussed.

Hydrogen level

During welding, hydrogen is absorbed by the weld pool from the
arc atmosphere (Fig. 1.4). During cooling, much of this hydrogen
escapes from the solidified bead by diffusion but some also diffuses
into the HAZ and the parent metal. The amount which does so
depends on several factors such as the original amount absorbed,
the size of the weld, the decreasing solubility and the time-
temperature conditions of cooling (Fig. 1.5).

In general, the more hydrogen present in the metal the greater the
risk of cracking. Control over this hydrogen level may be achieved
either by minimising the amount initially absorbed or by ensuring
that sufficient is allowed to escape by diffusion before the weld
cools. Frequently a combination of both measures provides the best
practical solution. The principal sources of hydrogen in welding
consumables are:

1 Moisture in the coating of manual metal-arc electrodes, in the
flux used in submerged-arc welding or in flux-cored wires.

2 Any other hydrogenous compounds in the coating or flux.

3 0il, dirt and grease either on the surface or trapped in the
surface layers of welding wires.

4 Hydrated oxide, e.g. rust, on the surface of welding wires.

The principal sources of hydrogen from the material to be welded

are:

1 Oil, grease, dirt, paint, rust, etc, on the surface and adjacent to
the weld preparation; these can break down to produce hydrogen
in the arc atmosphere.

2 Degreasing fluids used to clean surfaces before welding may
likewise break down to produce hydrogen.

3 Hydrogen from the parent steel, either remaining from the
original casting process (particularly in the interior of heavy
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1.4 Amount of hydrogen
absorbed by molten weld pool
varies with concentration in
atmosphere surrounding arc.
Solubility at 1900 °C.

1.5 Solubility of hydrogen in
weld metal decreases as
‘temperature falls.
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sections), following service at high temperature and high hydro-
gen partial pressures, or as a result of corrosion processes, par-
ticularly sour (i.e. H,S) service.

In addition a small contribution to the total hydrogen pick-up
may arise from moisture in the ambient atmosphere; here absolute,
rather than relative, humidity appears to be important.
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The moisture in fluxes may be present as absorbed water, loosely
combined water of crystallisation or more firmly bound molecules
or trapped hydroxyl ions in the silicate structure.

All these forms can break down to produce hydrogen, and dif-
ferent materials and methods of manufacture produce different
moisture levels. The more firmly the moisture is bound the higher
the predrying treatment must be to remove it. The hydrogen gen-
erated by dirty wire and plate originates from drawing lubricants,
soaps, pickling and plating fluids, and hydrated oxides, e.g. rust,
persisting from earlier forming processes.

Direct laboratory measurement of the moisture or hydrogen level
of any consumable produces a result which is termed the potential
hydrogen level of the process. This term has been chosen because it
is known that not all the measured hydrogen is absorbed by the
weld pool. It is potentially available and, in general, the higher the
potential hydrogen level the higher will be the actual weld hydro-
gen. Other factors, however, may affect the extent to which potential
hydrogen appears as weld hydrogen. These can include resistance
heating of the wire stickout in continuous wire welding processes,
current type and polarity for submerged-arc welding, and the effect
of CO, generation from carbonates in fluxes reducing the partial
pressure of hydrogen in the arc atmosphere.

The most commonly adopted way of characterising the hydrogen
level introduced by a given consumable is to make a measurement
of the weld hydrogen level, as described in Appendix B. These
measurements not only provide help in determining whether or not
the consumables used are introducing the minimum amount of
hydrogen to the weld pool but they also provide one of the input
parameters to the selection of welding procedure described in
Chapters 3 and 4. In addition, weld metal hydrogen measurements
provide a starting point for calculating times and temperatures for
removing hydrogen after welding (see Chapter 5). Typical hydrogen
levels for different consumables and welding processes are con-
sidered in Appendix A.

Control over the hydrogen potential of welding consumables
once they are received from the manufacturer depends on the con-
ditions under which they are stored and used. Storerooms should
therefore be dry and warm to minimise moisture pick-up by elec-
trodes and fluxes, and care should be taken to see that the welding
operation does not put oil, grease, moisture, etc, on to the welding
wire or moisture into electrode coatings and fluxes.

Hydrogen potential figures should be used with caution when
welding is carried out in hot, humid conditions. Such situations
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can lead to weld hydrogen levels somewhat higher than the stan-
dardised conditions under which most consumable manufacturers
assess their products. It is likely that the absolute, rather than the
relative, humidity is the controlling factor. Recent work with one
type of electrode designed to give diffusible hydrogen contents
below 3mL/100g, typically gave 2mL/100g in tests welded at
ambient conditions of 20°C and 40% RH (relative humidity). How-
ever, tests welded under ambient conditions of 35°C and 95% RH
not only gave diffusible hydrogen values of about 3.8—-4.8 mL/100g,
but the electrode picked up sufficient moisture in a few hours
exposure to these conditions roughly to double these levels, although
exposure at 20°C/40% RH and 26.6°C/80% RH gave negligible
increase in weld hydrogen contents after 9 hours exposure.!

The hydrogen potential of electrode coverings and fluxes can be
lowered in many cases by drying or baking, but the manufacturers’
recommendations should always be observed, and advice sought if
high baking temperatures are contemplated. In most electrode types,
exceeding the manufacturers’ drying temperatures will increase the
fragility of the cover. In the case of basic coverings, over-heating
can also lead to loss of shielding and alloying elements, so that the
resultant weld metal may not only be porous but may also not be of
the correct composition and properties. With other types of elec-
trode, the resultant loss of hydrogen (either as moisture or oxidised
cellulose) is likely to alter the welding characteristics, and par-
ticularly reduce penetration, especially with the cellulosic type, .
which relies on the cellulose in the cover for its special welding
characteristics.

Some manufacturers are now supplying manual electrodes dried
to very low hydrogen levels and hermetically sealed in vacuum
packaging. If the packaging remains intact (and it is obvious when
this is not the case), these electrodes can be used without further
drying, provided they are utilised within the period stated by the
manufacturer after opening, and provided the conditions of oper-
ation are within those specified by the manufacturer. Use of such
electrodes is facilitated by recent improvements in the resistance of
basic electrodes to pick-up of moisture, and also by the use of small
packets containing only the number of electrodes which a welder is
likely to use in a shift or half a shift.

There have been moves in recent years to add a new, ‘ultra-low’,
hydrogen level. It has been suggested that this should cover
consumables giving diffusible hydrogen levels below 3ml/100g
deposited metal and draft procedures have been suggested. Until
they have been agreed and adopted, two options are open. One is to
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1.6 An increase in size of root
gap raises the stress imposed
on the weld and causes
cracking even when hydrogen
levels and welding conditions
are held constant.

use the grade to provide an added margin of safety, the other is for
fabricators to develop their own procedures using procedural or
joint simulation tests as described in Chapter 2. Whichever option
is chosen, any possible increase in weld hydrogen levels as a result
of welding in hot, humid climatic conditions is likely to be more

noticeable than with other types.

Stress level

Stresses are developed by thermal contraction of the cooling weld
and these stresses must be accommodated by strain in the weld
metal. The presence of hydrogen appears to lower the stress level at
which cracking will occur. In rigid structures the natural contraction
stresses are intensified because of the restraint imposed on the weld
by the different parts of the joint. These stresses are concentrated at
the toe and root of the weld and also at notches constituted by
inclusions and other defects. The higher degrees of strain which
result produce higher risks of cracking for a given microstructure.
Alternatively, it can be considered that the same risk of cracking
exists but at a lower microstructural susceptibility.

The stress acting upon a weld is a function of weld size, joint
geometry, fit-up, external restraint and the yield strengths of the
parent steel and weld metal. At the moment, full quantification of
these factors is not possible, although in the case of fit-up it has
been found that the effect of root gaps of 0.4mm and greater is to
increase markedly the risk of cracking (Fig. 1.6). Thus, in a joint
where geometry and material have already been decided, stresses
may be reduced by using good fit-up and by selecting the lowest
strength weld metal allowable by the design. Hydrogen embrittle-
ment is strain-rate dependent and the risk of cracking is greatest at
slow strain rates. As the straining rate is, of course, low during
the final stages of cooling in the weld, the susceptibility to crack
formation is high at this time. (It should be noted that hydrogen
embrittlement is not normally revealed by high strain rate tests, i.e.
impact tests such as the Charpy test.)

Stress applied externally to a weld soon after completion, for
example during the lowering-off operation in pipeline welding,
will often be additional to that described above and may therefore
temporarily increase the risk of cracking.

Type of microstructure

The parent metal adjacent to the weld is known as the HAZ and
can be seen clearly on a polished and etched section through the
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1.7 An increase in HAZ
hardness level raises degree of
embrittlement but by different
amounts for different steel

types.

weld. This zone is raised to a high temperature during welding and
subsequent rapid cooling (quenching) by the surrounding parent
metal causes hardening. Close to the fusion boundary, the HAZ is
raised to a sufficiently high temperature to produce a coarse grain
size. This high temperature region, because of its coarse grain size,
is not only more hardenable but also less ductile than regions
further from the fusion boundary. It is thus the region in which the
greatest risk of cracking exists. As a general rule, for both carbon-
manganese and low alloy steels, the harder the microstructure the
greater is the risk of cracking. Soft microstructures can tolerate
more hydrogen than hard before cracking occurs.

Soft microstructures can be obtained by using steel with low
contents of carbon and alloying elements (including manganese) to
reduce the hardenability of the HAZ. Additionally, the use of a
large weld bead, thin plate, and preheat will reduce the quenching
rate in the HAZ. After a bead has been deposited the HAZ can be
softened by tempering either as a result of subsequent weld runs or
by a postweld heat treatment (PWHT or stress relief).

It is possible to propose certain arbitrary critical hardness levels
below which a low risk of cracking exists. If welding procedures
can be selected in such a way that the resulting HAZ hardness
values (before reheating by any subsequent weld run) do not exceed
these critical levels, a basis for deriving welding procedures exists. |
Any critical hardness level chosen is dependent on the hydrogen

f

High Mn steels

L— Cr-Mo steels

Degree of embrittlement

i, Ni-Cr-Mo steels

HAZ hardness
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1.8 For each steel
composition, expressed in the
form of CE level, the hardness
of the microstructure depends
on weld cooling rate.

level of the welding process used and the stresses which are
operating and, although more data are needed, this concept can be
used in welding diagrams. Nonetheless, it must be recognised that
the tolerance to hydrogen at a given microstructural hardness varies
with steel type as shown in Fig. 1.7 while, even within the carbon-
manganese family, critical hardness is influenced by composition,
decreasing at lower carbon contents.

The microstructure produced in any steel is essentially dependent
upon:

1 the cooling rate through the transformation temperature range of
the steel in question,

2 the composition and the hardenability of the steel, and

3 the (prior austenite) grain size before transformation.

The cooling rate is governed by the heat supplied during welding,
the initial temperature of the parts to be joined, their thickness and
their geometry. In arc welding, the heat supplied during welding is
characterised by the heat input which is defined throughout this
book as: Heat input = arc volts x welding current/welding speed
(see Chapter 2). Control over cooling rate in a particular fabri-
cation is therefore achieved by varying heat input and preheat
temperature.

The hardenability of the steel is governed by its composition, and
a useful way of describing hardenability is to assess the total con-
tribution to it of all the elements that are present. This is done by

350 HY

Carbon equivalent level

Fast
Cooling Cooling time Cooling
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an empirical formula which defines a carbon equivalent (CE) value
and takes account of the important elements which are known to
affect hardenability. The formula used in this book is:

Mn Cr+Mo+V Ni+C
CE=C+ -t =0T 7 0= 2
6 5 15

[1.1]

Its calculation and use are described in detail in Chaptet 3. The
cooling rates which produce different microstructures of different
hardnesses are established by laboratory studies of each steel type,
using the cooling rates which the steel experiences during welding.
For carbon-manganese steels, a relationship between composition
(CE value), cooling rate and microstructural hardness level has
been established. This relationship, shown in Fig. 1.8, has been
used in constructing welding diagrams for these steels.

Several other carbon equivalent formulae have been proposed
from time to time.? Most of these have not been extensively used,
because of their unfamiliarity, their excessive complexity, or because
they were so close to the formula, [1.1] (frequently known as the
IIW formula), that there was no significant advantage in their use.
However, one formula developed in Japan for steels of low carbon
content, whose behaviour with regard to hydrogen cracking is not
well described by the [IW formula, is the Pey formula:

Pom =C + &+ w+ @4- &+ 9'I:+ @-!- —Y—+ 5B [1.2]
30 20 20 60 20 15 10

Compared with the IIW formula, Pcy, gives an increased import-
ance to carbon and adds the microalloying element boron. The
value of the boron factor is large, because boron is a light element
only added to steels in small quantities, but should be regarded
with some caution, because its use depends on the boron being in
an active state; some workers also think that the value of 5 is too
low and that a value of 10 may be nearer to the true value for active
boron.

The position with respect to weld metal microstructures is rather
more complex, because the toughness of weld metal (without
hydrogen present) does not depend on hardness in the same way as
does HAZ toughness. A tough weld metal microstructure appears to
be better able to resist hydrogen cracking than one which is less
tough. However, toughness in weld metals can either be achieved
with a soft weld metal (softer than about 195HV) or by a harder
weld metal with a fine acicular ferrite microstructure. Details of the
different types of microstructures in ferritic steel weld metals can
be found in Reference 3.
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1.9 Notch tensile strength of
steel containing hydrogen
passes through minimum value
close to room temperature.
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Hydrogen embrittlement of ferritic steels occurs only at low tem-
peratures, close to ambient, as shown in Fig. 1.9. It is therefore
possible to avoid cracking in a susceptible microstructure by main-
taining it at a sufficiently high temperature by postheating until
sufficient hydrogen has diffused away. The microstructure can also
be softened by tempering, to render it less susceptible, and this
principle is employed in multipass welding and when using PWHT.

Provided the HAZ has completed its transformation from aus-
tenite, an increase of temperature increases the rate of diffusion of
hydrogen sufficiently to accelerate its removal from the weld. This
effect is particularly marked in the range 20-150°C, as shown in
Fig. 1.10. Any measure which slows down the weld cooling rate
is therefore helpful in reducing the hydrogen level. Preheat, for
example, by slowing the cooling rate, not only softens the micro-
structure but also helps hydrogen to escape. As a result, higher
HAZ hardness levels can be tolerated without cracking than if
preheat had not been used.

For welds in those steels with hardenability so high that soft
microstructures cannot be produced at all, and where preheat
cannot remove sufficient hydrogen, a weld interpass temperature,
or a postheating temperature, high enough to avoid cracking must
be held for a sufficiently long time to allow hydrogen to diffuse
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1.10 Diffusion rate of
hydrogen through ferritic steel
decreases as temperature falls.

Hydrogen diffusion rate

20 150 . 600

Temperature, °c

away before the weld cools. The times and temperatures for hydro-
gen removal from different thicknesses are dealt with in detail in
Chapter 5.

If PWHT cannot be employed, it is possible, in principle, to
soften the uppermost parent metal HAZ with a temper bead. This
method should not be used unless careful control can be exercised.
The temper bead is an extra weld run deposited so that its toe is a
small, fixed distance (typically 3mm) from the fusion boundary
and it tempers the uppermost parent metal HAZ without creating a
new hardened region.

Although it is normally recommended that steels should be heated
above 0°C for welding, mainly to avoid condensation of water
vapour on to the cold steel, it is possible to weld steel at very low
temperatures. A major disadvantage is that hydrogen takes very
much longer to diffuse out of the HAZ and weld metal. This means
that the normal time delay before inspection of about two days (to
ensure that any cracks develop before, instead of after, inspection)
must be extended considerably. It is also possible for a weld
deposited at a very low temperature to suffer hydrogen cracking
only after it has been brought to a temperature above 0°C, particu-
larly if it is stressed at the time.
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Defining the problem

Detection and identification

Hydrogen cracks are normally very fine and difficult to detect, even
when they break the surface, which they often do not. For cracks
which are present at the surface, magnetic particle inspection (MPI)
is the preferred technique, although dye penetrant should be used
if a non-ferritic filler (e.g. an austenitic stainless steel or a nickel
alloy) has been used. The MPI technique has the advantage that
when using DC, cracks just below the surface can be detected.

For buried cracks, ultrasonic examination is greatly preferred to
radiography. Radiography is only capable of detecting cracks that
are relatively wide and are almost parallel to the incident beam.
However, even the use of ultrasonics is not always successful. If a
crack has formed in the root region of a two-sided multipass butt
weld, the residual stress pattern in the root on completion of
welding will usually be such that this region is in compression and
this will tend to force together the two faces of any cracks, making
them very difficult to detect until the weld has been give a PWHT,
thus relaxing the stresses. If it is suspected that transverse 45° weld
metal cracks (chevron cracks) may be present (Fig. 1.3(c)), it is
necessary to carry out an ultrasonic examination using a 45° probe
in both directions along the top of the weld seam. The usual 90°
probe is not capable of detecting such cracks.

A further common reason for not detecting cracks is when inad-
equate time is left for cracks to grow to a detectable size before
examination. It is still uncertain how long an incubation period
is required for hydrogen cracks to start, and how long they can
continue growing. Several periods have been proposed, varving
from overnight (16 hours) to 3 days (72 hours). There is some
evidence that when a plentiful supply of hydrogen is available,
cracks start forming fairly soon after the weldment has cooled to
near ambient temperature and grow to a detectable size within a
few hours. That, however, is not the problem area. The greatest
delay probably occurs when a weld is being made close to the
crack/no-crack boundary so that appreciable time is needed for
hydrogen to diffuse to the sites of cracking in quantities. In very
cold conditions, i.e. below 0°C, longer times are necessary; above
about 30°C it might be possible to offer some relaxation in delay
time.

The difficulties of detecting buried cracks in as-welded joints
make it particularly important to use safe welding procedures, as
described subsequently in this book. The difficulties can also lead
to incorrect identification of the type of crack which has been
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detected; cracks found after PWHT tend to be classified as reheat
(stress relief) cracks, even if the steel is such as not to be susceptible
to this type of cracking. '

The identification of hydrogen cracks is not simple, as they can
occur in a variety of locations and orientations, and can be trans-
granular or intergranular, the latter being more likely if the steel or
weld metal is of the alloyed type, or exceptionally hard. In the
HAZ, hydrogen cracks are usually longitudinal to the weld (unless
they are extensions of transverse weld metal cracks) and usually
have a portion close to the fusion boundary. However, the cracks
may divert into the fine-grained HAZ, as in Fig. 1.2(b), or into the
weld metal.

Crack surfaces in C and C-Mn steel HAZs are usually trans-
granular, being of a quasi-cleavage type, although some ductile
tearing (microvoid coalescence) may also be present. In alloyed
steel HAZs, intergranular cracking is the common type. Cracks will
almost never extend beyond the visible HAZ unless they have been
heavily stressed after welding; without post-weld stressing, cracks
extending beyond the visible HAZ are likely to be lamellar tears.
Unlike reheat cracks, hydrogen cracks never show cavitation along
the prior austenite grain boundaries beyond the crack tips.

Similar comments are applicable to weld metal hydrogen cracks, -
with the further observations that cracking in weld metals is fre-
quently transverse to the weld and that in weld metals of the
acicular ferrite type, cracking is most common in the primary ferrite
(if it is present) at the prior austenite grain boundaries, as in Fig.
1.3(a). In relatively hard, alloyed weld metals (e.g. in the Cr-Mo
steels) any transverse weld metal cracking is usually perpendicular
to the weld surface, but in C-Mn weld metals the chevron type of
cracking (Fig. 1.3(c)) at 45° to the surface is common.
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Chapter 2

Guidance on safe welding
procedures by graphical methods

Shall they who wrong begin yet rightly end?
Shall they at all have Safety for their friend?

This chapter describes the principles involved in using welding
diagrams to derive welding procedures for the avoidance of HAZ
cracking. The diagrams are introduced schematically and are given
in detail in Chapter 4. They have been constructed on the assumption
that they must be capable of indicating welding procedures which
will not lead to cracking, even in situations where the worst poss-
ible combinations of circumstances are encountered. For this
reason there will be many occasions when circumstances will not
be at their worst and a procedure less stringent than that indicated
by the diagram will be successful. The particular diagram to be
used depends largely on the type of steel to be welded. These
different steel types are listed in detail in Chapter 4 but basically a
division between those of low hardenability and those of high
hardenability is used. A CE level of 0.60 (see Chapter 3) is used as
the division between these two groups.

Low hardenability steels

The prediction method for low hardenability steels aims to avoid
hard HAZ microstructures. This is achieved by selecting welding
conditions which provide a sufficiently slow weld cooling rate. The
cooling rate that is necessary depends on the composition of the
steel and the amount of hydrogen introduced into the HAZ from
the weld metal. Although the thickness of the sections to be joined
does not influence the cooling rate needed to achieve a particular
microstructure, it does play an important role (as the ‘combined
thickness’) in defining the welding and preheat requirements to
achieve that cooling rate.

All these parameters are linked in a diagram of the type shown
schematically in Fig. 2.1. On the full diagram there are many lines
referring to different preheat temperatures and combined thick-
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2.1 Prediction diagrams bring
together information on
material composition (CE 7 &
level), plate thickness, and joint / . 3}9 \
geometry (combined thickness) ’ 5,& X
so that preheat levels and heat 6‘0\ / &
inputs can be selected for = z?\\ /] / 0°$
successful welding. Q@Q » /
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Heat input
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2.2 Basic diagram shown in Combined thickness
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T // / Heat input —
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nesses, but for clarity only two of each are shown in Fig. 2.1. The
broad arrow shows how, starting with the CE value, preheat tem-
peratures and heat input levels can be selected for a particular
combined thickness. The diagram can of course be traversed in the
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opposite direction, or from both sides to meet in the centre when
restrictions have to be placed on bead size and preheat level.

The same diagram is shown in slightly greater detail in Fig. 2.2 so
that the various steps required in its use can be illustrated, as
follows:

Step 1 Decide on CE axis appropriate to hydrogen level of process,
joint type, etc (Chapter 3 and Table 3.2).

Step 2 Decide steel composition, calculate CE value (Chapter 3)
and erect vertical into preheat portion of diagram.

Step 3 Decide combined thickness of joint in question (Chapter 3).

Step 4 Decide limitations on heat input, bead size, or electrode
size which can be used (Chapter 3). These limitations may
arise because of positional welding or because of a need to
achieve minimum toughness levels in weld metal or HAZ.

Step 5 Trace horizontal line to obtain required preheat level.

It may also be necessary to decide limitations on the level of
preheat and interpass temperature which can be used; for example,
welding manually within an enclosed space may preclude high
temperatures.

In Fig. 2.2 a heat input limitation has been shown and a vertical
line from this scale meets the particular combined thickness chosen.
From this point, horizontal movement meets the vertical from the
CE scale to identify the line TT, which gives the minimum preheat
temperature required. It should be noted that in making this con-
struction the electrode size and run length are related to heat input
by means of Tables 2.1-2.4. Bead sizes less than this maximum
may be employed but only at the cost of increasing the preheat
temperature and this can be checked in the diagram.

The term electrode efficiency in Tables 2.1-2.4 relates to the
weight of metal deposited from unit weight of electrode core wire;
efficiencies over 100% refer to electrodes whose coverings contain
appreciable proportions of iron powder which are incorporated
into the weld pool.

If there are limits to the preheat temperature that can be used and
to maximum bead size a double construction is necessary, as shown
in Fig. 2.3. Only those heat inputs, electrode diameters, and run
lengths indicated by the arrows are permissible and then only at
the corresponding preheat temperatures which are shaded.

In some cases it is possible for a limitation on preheat to require a
minimum bead size which is larger than that which can be produced,
particularly when welding in the overhead position. In such cir-
cumstances the diagram indicates that it is necessary to use a
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Table 2.4 Values of heat input for single run fillet welds (These values are to be
used only when fillet welds to a specified minimum leg length are required. In other
cases heat input is controlled by specifying electrode run lengths — Tables 2.1-2.3)

Minimum leg Manual metal-arc welding Tubular
length for cored arc
single run Heat input for electrode efficiencies welding
fillet weld
<110% >110% >130%
<130%
mm kJ/mm kJ/mm kj/mm kJj/mm
4 0.8 1.0 - 1.4
5 1.1 1.4 0.6 1.6
6 1.6 1.8 0.9 1.8
8 2.2 2.7 1.3 2.2
10 3.0 4.0 1.8 3.0
2.3 For a given steel and joint Combined thickness
geometry there is still some - '
flexibility when matching Preheat level /
preheat levels to welding 4
conditions. / /

~
Min
Max —>
Arc energy —
r Refer to Tables
/ 2.1 - 2.4

Hydrogen level

>

Carbon equivalent

process or a consumable of lower hydrogen level and thus move to
another CE axis.

Attention is drawn to the value of joint simulation testing as a
means of confirming selected procedures; this is discussed at the

end of the chapter.
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2.4 For hardenable steels the
carbon content is used to select
preheat, interpass and postheat
temperatures.

High hardenability steels

These steels form hard HAZ microstructures even at the slowest
cooling rates achieved in welding. There are three methods of
deriving welding procedures:

1 Temperature control
2 Isothermal transformation
3 The use of austenitic or nickel alloy weld metals

In general the first is more suitable for steels with lower carbon
contents (below 0.3%) and the second method is appropriate to
higher carbon steels. The third method is useful where circumstances
preclude the use of high preheating temperatures.

(1) The temperature control method

This method depends on holding the weld at an elevated temperature,
in particular above that at which hydrogen cracking occurs, so that
removal of hydrogen by diffusion is accelerated. The temperature is
raised as a preheat, maintained during welding by specifying a
minimum interpass temperature, and, where further hydrogen
reduction is necessary, held after welding as a postheat. The tem-
perature is selected by using a diagram of the type shown sche-
matically in Fig. 2.4. From the carbon content an estimate of expected
HAZ hardness can be made for different steel types using the lower
half of the diagram. For each estimated hardness the preheat, inter-

Pl

High restraint

+—5= |

// Low restraint
Z {
Ve /;

4~  Expected HAZ hardness

Preheat, interpass, and
post-heat temperature

1
Steel type

///1/;2/3
; pd

/’ // 4

Carbon content
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2.5 Extent of hydrogen
removal occurring during
different postweld heat
treatments can be estimated
from diagrams of this type;
temperature, time, and material
thickness are related in such
diagrams.

pass and postheat temperature is given in the upper part of the
diagram. The temperatures given schematically are those at which
fully hardened microstructures do not crack at high hydrogen levels.
The temperature also depends on the restraint of the particular
joint and the hydrogen level; at present, this cannot be described
numerically. Judgement and previous experience must therefore be
applied when reading from these diagrams, but if no information
exists, joint simulation tests should be made.

The decision to maintain weld temperature as a postheat, together
with an estimate of the time for which it must be held, must be
based on a consideration of hydrogen concentration at the end of
welding and some critical concentration below which cracking will
not occur when the weld cools to ambient temperature. At present
there is little information on these critical concentrations although
it is possible to make cautious estimates. These estimates can then
be used to calculate postheating times for different joint thicknesses
and temperatures. Diagrams of the type shown schematically in Fig.
2.5 are available for this purpose and their use is described in detail
by means of worked examples in Chapter 5. The amount of hydrogen
removed (expressed as a percentage of the initial concentration) by
different holding times at a given temperature can be estimated for
different plate thicknesses as shown by the arrows in Fig. 2.5.
Maximum and minimum estimates are given in the diagram because

l [ [ [
For heat treatment at T, °C
| |
% Thickness | —Jp 2 —P»3 increasing
M& Max.
E g ——
£ E
53
= =
o=
O =
50 O
<) -4
o k&
2 § | Min.
Q
E +

' ! I
0 Time at temperature ——P> : | | i
——

Nomogram other thickness
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the rate of hydrogen diffusion depends on steel composition. Advic
on narrowing these limits by selecting the appropriate diffusic
rate for hydrogen is also given in Chapter 5.

As well as indicating times for postheating, these diagrams ce
be used to assess any advantages (in terms of hydrogen removal)
be gained by extending the interpass time at a controlled temperatu
and/or reducing the weld bead size to reduce the diffusion path {
hydrogen. When welding very thick joints in particular, an extensic
of interpass time can produce lower final hydrogen levels mo
quickly than a long postheating time for the completed weld.

Using these procedures it should be possible to avoid hydrog:
cracking, but it must be remembered that the HAZ will still be ha.
and its fracture toughness may be poor. The risk of stress-corrosic
cracking in service may also exist depending on the actual hardne
level and the service environment. At higher carbon levels it w.
be advisable to temper (PWHT) these hard microstructures by heatir._
typically to the range 550-650°C, provided the original temperin,
temperature used is not exceeded. However, for these steels it i
quite likely that, at the selected preheat/interpass/postheat ter
peratures, transformation from austenite to martensite may be on.
partially complete. This can be determined by reference to tran-
formation diagrams, or the equations for predicting the Ms ter.
perature in Chapter 4. Hence, when tempering is conducted directly
from the postheat temperature; any austenite retained and whic
does not transform during tempering, is likely to produce har:
martensite on cooling out to room temperature, and a subseque:
further tempering operation is needed. For some steels this cou’
be avoided by reducing the temperature at the end of welding to
lower value which allows nearly complete transformation to me
tensite to occur, at a temperature where cracking is unlikely, befc
proceeding to an immediate tempering treatment. This temperatu.
to obtain nearly complete transformation should not generally !
lower than ~180°C and can be determined, again by reference :
transformation diagrams and/or the equations in Chapter 4.

Joint simulation tests are of particular value in confirming weldi~
procedures for these steels where there may be insufficient data «
behaviour and critical hydrogen levels.

(2) The isothermal transformation method

This method is particularly suitable for steels of higher carbc
content showing high hardenability, where it is required to produ-
a softer HAZ microstructure than martensite directly after weldii.
and without recourse to postweld tempering.
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2.6 The transformation
characteristics of a steel can be
used to select heating times and
temperatures after welding so
that a relatively soft
microstructure can be obtained.

Ac . /
(|
Start of transformation \\ N
=

o C

Finish of transformation

Temperature ——3$»

Holdin,
—‘—jtemperfture 360° _\
TN \\ N
M, __ 0% 100%
‘ | Holding time
Time ————

The method relies on a knowledge of the isothermal transformation
characteristics of the steel and these are usually found in a diagram
of the type shown schematically in Fig. 2.6. The object is to control
the cooling of the HAZ so that it transforms in an approximately
isothermal manner and produces a softer microstructure than mar-
tensite. In Fig. 2.6 the arrow superimposed on the transformation
diagram indicates the particular course of transformation to be
followed to produce this softer HAZ and shows that a minimum
preheat, interpass, and postheat temperature of 360 °C + 20°C should
be specified. Unless the transformation diagram has been assembled
from data involving austenitising temperatures higher than 1250°C
to produce a coarse grain size, the minimum holding time after
welding should be at least double that indicated on the diagram for
100% transformation.

It must be noted that, although the microstructures produced in
this way will be softer and tougher than martensite, they will
almost certainly be harder and less tough than the tempered mar-
tensitic structures produced by method (1) already described. Hence,
this method is the best to adopt when tempering cannot be used
(because it would perhaps interfere with the condition of other
parts of the fabrication), but, if the best level of toughness is desired,
a tempering treatment should be given. In these circumstances, the
principal advantage of method (2) over method (1) lies in the greater
ease in deciding how to control transformation by comparison with
the difficulty of deciding how much hydrogen needs to be removed.
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(3) The use of austenitic and nickel alloy weld metal

Where, for various reasons, it is not possible to use preheat tem-
peratures greater than 150 °C, method (1) is severely restricted and

method (2) cannot be used. The only alternative is then to use a
combination of welding process and consumable which virtually
prevents the introduction of hydrogen into the HAZ and which
produces a weld metal insensitive to hydrogen. This is achieved by
the use of austenitic (stainless steel) or nickel alloy electrodes, solid
or flux-cored wires. Although both material types are sometimes
covered by the blanket term ‘austenitic’, and have face-centered
cubic microstructures (known as austenite when present in steels),
such terminology is incorrect, as there are important differences
between them. For example, nickel alloy electrodes are less prone
to give cracked martensitic regions along the fusion boundary, which
may occur with austenitic consumables. Nickel alloy electrodes,
unless selected to minimise the problem, may suffer solidification
(hot) cracking where austenitic electrodes would be immune; also
suitable nickel alloy consumables are not available to give the high
strength levels (e.g. up to 900 N/mm? or more) possible with some
of the austenitic stainless steel types.

At ambient temperatures, both austenitic and nickel alloy weld
metals have much higher solubilities for hydrogen, much slower
hydrogen diffusion rates and very low sensitivities to hydrogen
embrittlement and cracking in comparison with ferritic weld metals.
The higher solubility means that once hydrogen has diffused (rel-
atively rapidly) from the HAZ to the fusion boundary, it can easily
enter weld metal which has a high solubility for hydrogen. The
slow diffusion rate means that hydrogen which reaches the weld
metal close to the fusion boundary stays in its vicinity. It is, therefore,
advantageous to use consumables giving low weld metal hydrogen
contents to reduce the chance of local saturation of the weld metal
with hydrogen near the fusion boundary and consequent cracking.

In assessing the hydrogen levels of such consumables it is the
total (not the diffusible) weld metal hydrogen content which
is important and should be measured. This is because hydrogen
analysis of austenitic and nickel weld metals at ambient temperatures
would only measure very small amounts of diffusible hydrogen, as
diffusion rates in these materials are so slow that virtually all the
hydrogen present would be measured as ‘residual’, although it is
still active and diffusing, albeit at a very slow rate (see, for example,
Fig. 5.17).

With both austenitic stainless steel (and to a lesser extent with
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nickel alloy) weld metals, sufficient hydrogen may be left in the
HAZ to give cracking, particularly at the fusion boundary. Here
incomplete mixing often leads to small regions alloyed sufficiently
to transform them to hard martensite on cooling, but not sufficiently
alloyed to remain austenitic.

Normal HAZ cracking is also possible, particularly where the use
of large el:ctrodes (more usual with the stainless steel types) results
in wide HAZs. These give long diffusion distances for hydrogen
which has diffused into the HAZ, when it was austenitic at high
temperatures (or may even have been present in the parent steel), to
diffuse back into the weld metal. Whether in the fusion boundary
or HAZ proper, cracking can usually be prevented by applying
some preheat (normally about 150°C) to increase the HAZ cooling
time and thus allow longer times for hydrogen to diffuse out of the
HAZ while it is still too warm to be embrittled by hydrogen. In all
cases, freedom from cracking will be more easily achieved if con-
sumables giving low total weld metal hydrogen levels are used.

Only general guidance can be given on the choice of preheat
temperatures when using austenitic and nickel alloy fillers, as the
role of total weld metal hydrogen content has not been systematically
studied. The use of joint simulation tests is therefore strongly recom-
mended, with a caution that sectioning and careful metallographic
examination is essential for their evaluation, because no non-
destructive examination (NDE) method has been developed which
is capable of reliably detecting hydrogen cracks when non-matching
fillers are used.

The choice of method

One of the problems facing the fabricator at this stage is that of
making a logical choice of method: inspection of the ‘flow diagram’
in Fig. 2.7 shows how to make this choice.

Joint simulation testing

Increased assurance that the selected procedure is safe, but not so
safe that it is unnecessarily expensive, can be gained only by carrying
out tests to estimate the margin of sefety. Ideally, these would be
made on the fabrication itself, modifying the procedure in a series
of tests to establish the point of maximum safety with minimum
cost, but in most cases this would be an unacceptable exercise on
economic grounds. It is recommended however that, whenever a
high level of assurance is required, tests should be made to establish
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2.7 Sequence of decisions
leading to final choice of
welding diagram.

alternative action =~ -

Warning ‘A’
In this case the HAZ will be hard Low
and may have inadequate toughness CE< 0.6
and low resistance to stress-corrosion . SteelA . Hizh
cracking. Postweld tempering could hardenability cE >gO 6
be employed but time at temperature — Y
should be restricted to minimise carbon . —4-—-'
migration at fusion boundaries.
F Can temperature | Yes Welding Possible [~
control A | conditions for Not 1
method be used? | No soft HAZ?  |Possible "|Y
< T T i
| ===
Can isothermal | yeg Is maximum HAZ | yes o Does experience |Yes
transformation toughness suggest a
method be used? | No | required? No | w| {relaxed procedure?] No A 4
I__‘.__I ,—‘.——] < d
Can austenitic or - Is resistance to | Yes }— PR : =
Ni alloy weld ves hydrogen-induced Joint simulation | Pass
metal be used? | No stress-corrosion | NO test Fail 7 W

¢ ] cracking required? |

Reconsider use | yaq
of aUStqulllmc orh
Ni alloyfiller witl
very low No Y
hydrogen potential
d 3
.
<
Joint simulation | P25 |
test Fail
< 1
+ I
Proceed with isothermal Proceed with Proceed using
Consult TWI transformation method; temperature control
Y select time and method and Chd, pp. 48-62
temperature; tempering; see Ch4,
see Ch4, pp. 66-67 pp. 63-66
Proceed with use of Proceed with
austenitic or Ni alloy temperature control Proceed
weld metal; see Ch4, method without
PP- 67-69. tempering
Note Warning )
‘A" above. see Chd, 6366

the margin of safety, and that these tests should reproduce as
closely as possible the effects of restraint, heat sink, and other
factors which occur in the actual fabrication.

An example illustrates a very simple case where a joint simulation
test can create a high degree of assurance of success for a procedure
which, incidentally, is less stringent than that indicated by relevant
sections of this book. It must be emphasised that this is an example
only and does not constitute a suggestion for general relaxation of
recommendations.

Assume a fabricator is required to make a stiffened beam from a
C-Mn steel to BS EN 10025: 1990 Grade Fe510D1. He has obtained
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2.8 General arrangement of
proposed fabrication;
dimensions in mm.

T

600

N
\BAO\\/

10 mm leg length 6 mm leg length

Table 2.5 Details of welds to be made in joint simulation test illustrated in Fig. 2.8

Joint Combined thickness,* Minimum fillet leg length
mm (single bead), mm

(A) Web-to-flange 70 10

(B) Stiffener-to-flange 75 6

(C) Stiffener-to-web 35 6

* See Chapter 3, and Fig. 4.2.

plate to an agreed restricted CE of 0.43, some of which is at the
maximum of 0.43. He wishes to use the submerged-arc process with
a basic flux for the web-to-flange fillet welds and a basic covered
electrode for the stiffener-to-web fillet and the stiffener-to-flange
fillet. The general arrangement and sizes of the plates and welds are
shown in Fig. 2.8. The welds to be made are therefore as in Table
2.5. Reference to Fig. 4.2 (Chapter 4) and Table 2.4 provides the
recommendations that the welds should be made with the following
preheat temperatures: A: 20°C, B: 60°C, C: 20°C.

Only welds of type B therefore pose any problem for the fabricator.

The fabricator is convinced that he need not use any preheat for
the stiffener-to-flange welds, as he has made similar welds success-
fully on at least two occasions in the past on steel of this CE level.
Unfortunately, he has no documented evidence of this fact with
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2.9 Joint simulation test C

geometry; the three stiffeners N ;
are numbered in order of

welding. . .

1 Y/ /2m
.

which to reassure his customer. He decides that it will be to his
long-term advantage to carry out a joint simulation test and to keep
adequate records of this and successful fabrication as evidence
supporting proposed procedures for future constructions.

However, the fabricator is a cautious man and, although he is
confident that he will need no preheat, he designs his joint simulation
test so that he can include test welds made with some preheat. He
therefore makes the fabricated beam 2 m long, so that he can include
three stiffeners staggered on either side of the beam as shown in
Fig. 2.9. He also selects the plates which have the maximum CE of
0.43.

The first stiffener is welded with no preheat using the preferred
sequence of welding to web and to flange and taking care to allow
each single weld run to cool out just as if it were the first or only
weld run made on that stiffener before the end of the shift.

After a minimum of 48 hr has elapsed to allow any cracking to
develop, the second stiffener is welded using a local preheat of
50°C and allowing the area to cool back to the preheat temperature
between each single weld run.

After a further 48 hr the third and last stiffener is welded in the
same manner as the second but using a preheat of 100°C. After a
further 48 hr the welds are examined, firstly by non-destructive
testing methods and then by selective sectioning to establish whether
cracking has occurred. This examination provides the fabricator
with evidence to justify his use of either no preheat at all or a level
below the recommended temperature of 60°C. The evidence might,
of course, justify the original prediction of 60°C minimum.




Chapter 3

Selecting values for graphical
presentation

Here I have seen things rare and profitable:
Things pleasant, dreadful, things to make me stable
In what I have begun to take in hand.

In Chapter 2 the construction of graphs and nomograms for the
selection of suitable welding procedures for different steel types
was described, but before using the nomograms, which are given in
detail later, it is necessary to know how to select values for:

Carbon equivalent level
Combined thickness

Weld metal hydrogen level
Heat input

W N e

These values, which vary with each welding problem, provide
points of entry to the nomograms. This chapter provides the basis
for the choice of such values.

It is emphasised that the procedures in this book have been
devised for steels which themselves contain little or no hydrogen,
i.e. appreciably less than 1 ppm. Steels of thick section (particularly
heavy forgings) which have been recently manufactured and not
tempered (or otherwise heated after transformation from austenite)
for long times, steels which have been in service in high pressure,
high temperature hydrogen and steels which have been in sour
service are particularly at risk. Such steels may themselves contain
sufficient hydrogen, particularly away from their original free sur-
faces (e.g. when forgings have been bored out prior to welding in
the bore) to give rise to cracking when using otherwise safe pro-
cedures. Before welding, consideration should be given to heat
treating the steel after rough machining to reduce the hydrogen
level (using the guidance given in Chapter 5), lowering the hydrogen
introduced during welding by the use of consumables of very low
hydrogen potential and/or applying postheating after welding.
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Chemical composition

A knowledge of steel composition is essential for selecting the
appropriate welding diagram. Where test certificates are available
for the material to be welded, these should be consulted to determine
the CE appropriate to the steel. Where this is not available, the
specification for the steel, whether it be a national or international
standard or a maker’s specification, is helpful and increasingly
these may provide data on the maximum CE values for particular
grades.

Some sources of information must be examined carefully to deter-
mine whether the composition quoted is ‘typical’ or ‘maximum
permitted’, whether it represents ladle analysis or product analysis,
and even whether the steel is a free-cutting grade. It is not unknown
for ‘typical’ values to be used for some elements and ‘maximum’
values for others, in the same table!

In the absence of such detailed information it may be necessary
to use specification maxima for the particular steel type, but the
limits on composition may be so wide that a maximum CE value,
calculated on this basis, could lead to welding procedures which
would prove hopelessly uneconomic.

In cases where the test certificate, or steel specification, only
gives data on carbon and manganese contents, information for C:Mn
steels® suggests that an appropriate allowance for residual alloying
elements to be added to the CE would not exceed 0.03%. For steels
produced by an all-scrap route, this may be too low: values as high
as 0.08% have been found necessary, while 0.05% is a more typical
value.

In cases of doubt it is advisable to undertake sampling and analysis
of the steel to be welded. It is emphasised that any analytical
technique involving analysis of samples produced by machining is
liable to give high results for carbon (and consequently a risk of
specifying a higher preheat than necessary), unless the samples are
taken in a carefully controlled manner.

Segregation of elements may cause problems since it is the
chemical composition of the plate at the point where welding is to
be carried out which is important. Occasionally a plate may have a
significantly different composition from others from the same cast.
Segregation during solidification of both ingot and continuously
cast products can lead to compositional variations within one plate,
the centre thicknesses usually having higher alloy and impurity
contents than elsewhere. This segregation is normally reduced by
hot working so that castings, despite the homogenising heat treat-
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ments usually given, tend to exhibit more segregation than wrought
products.

The weldability diagrams detailed later have been devised to
determine safe procedures for steels having a maximum CE value
below that stated in the diagram. The values in the diagrams are
based on actual analyses so that the diagrams should indicate a
procedure with a very low risk of cracking. The risk of the predicted
procedure proving unsuccessful is increased when the CE value of
the steel to be welded is calculated only from a ladle analysis.
When such information on composition is not available, it is possible
to calculate a CE value from the specification maxima for the par-
ticular steel type, taking care that all significant elements in the
steel are specified. When only a typical composition is available,
the CE value must be calculated with due allowance for likely
variations above that typical composition.

Carbon equivalent level

The calculation of a CE level represents an attempt to describe
chemical composition by means of a single number in order to
show how changes in composition affect material behaviour. In
Chapter 2 it was explained that the likelihood of HAZ hydrogen
cracking tends to increase as the microstructure of the steel becomes
harder; thus, the CE formula describes how hardenability changes
with composition. There are many CE formulae, all of which are
empirical; the one used in this book (as discussed in Chapter 1)
is widely used, namely:

Mn Cr+Mo+V+Ni+Cu

CE=C+—+
6 5 15

[3.1]

where the symbol for each element represents the content of that
element in weight per cent as determined by analysis or estimation,
as has been discussed. It is used as a point of entry into the
weldability diagrams to relate steel composition to the weld cooling
rates which are expected to produce specific levels of microstructural
hardness, in particular 350, 375, 400 and 450HV. However, the
HAZ hardness is not the only factor which determines the likelihood
of cracking; steel composition, the type of microstructure developed
and the level of preheat used are also important, as considered
further in Chapter 4.

Equation [3.1] was originally developed for semi-killed steels and
it has been shown that, for C-Mn-Si steels, hardenability is better
described by including in the equation an additional term, namely
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Si/6. However, it is also found that C-Mn-Si steels show the sam.
risk of cracking as otherwise similar semi-killed steels when th
risk is expressed as a function of cooling rate. The original form c
[3.1] is therefore retained for steels containing silicon.

It should be noted that when [3.1] is used for semi-killed steels
is relating composition to hardenability, and when it is used fo
silicon-containing steels it is relating composition to hardenabilit:
and likelihood of cracking.

Precision of the CE formulae

Carbon equivalent levels are normally quoted to two decimal place
but the significance of the second place depends on the precision ¢
the original chemical analysis. The precision of the CE value can b.
estimated from:

(Mn)? + (Cr)® + (Mo)? + (V)? + (Ni)? + (Cu)?

(CEY® = (€ + =5 5 15

[3.2]
where the element symbol now refers to the precision of each
individual analysis. For practical purposes the significance of th
calculated CE level is important in deciding the point of entry to a

- welding diagram. The levels of analytical precision used in [3.2]

should therefore include both within-laboratory variations and
between-laboratory variations if the CE level is to be estimated from
typical, specification, or ladle analyses. The reproducibility indice:
published for British Standard Methods of Analysis (BS 4237: 1967
come nearest to providing such estimates of precision, although i
must be remembered that compositions are not always based on th:
use of such methods except in cases of dispute. If the CE level i
calculated from product analyses, the within-laboratory precisions
of the particular analysis methods employed can be used in [3.2].

These precisions will generally be better than the corresponding
BS ones, because no inter-laboratory errors are included. Such
estimates of precision for methods currently used at TWI are show:
in Table 3.1. When these figures are used in [3.2], the followin
results are obtained:

CE level reproducibility (BS method) +0.018
CE level reproducibility (TWI method) +0.009.

There is thus little point in considering whether a CE level of 0.40
would be preferable to one of 0.42 when using a welding diagram.
since the steel composition, even with product analysis, is not
characterised with sufficient accuracy. This also explains why the
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Table 3.1 Precision (2s levels) of analytical methods: wt%

C Mn Cr Mo vV Ni Cu

BS methods 0.009 0.03 0.01 0.016 0.01 0.01 0.01
TWI methods 0.006 0.008 0.012 0.004 0.014 0.006 0.006

diagrams given later in Fig. 4.3 are given for CE values 0.02 CE
apart.

Effects of sulphur

Free-cutting or free-machining grades of steel normally contain up
to 0.2% of sulphur, although up to 0.5% is possible. Other elements
such as lead and selenium may also be present. In these cases
special precautions are necessary and are outlined in Chapter 4.

Low sulphur contents, e.g. <0.015%, have been shown?? to
increase the risk of hydrogen cracking in one specific instance
when a C-Mn steel was being welded in a situation where a hardened
HAZ was likely.

Since that time, several investigations have studied the problem
and the majority have found that reducing the sulphur level in the
steel increased both the HAZ hardenability and the risk of cracking.
As the phenomenon is linked to the number of inclusions, and not
directly to the weight % of sulphur, quantitative guidance on the
possible increased risk of cracking when welding steels of low
sulphur content is not possible. The need for caution is greatest
when, as experienced originally,? existing safe procedures for high
sulphur steel, e.g. >0.015%, are applied unaltered and unchecked
to steels of low sulphur content.

The change in procedure required for a low sulphur steel to one
of higher sulphur content of the same CE, may be as significant as
an increase in CE of 0.03, or an increase in preheat temperature of
50-100°C, depending on the steel and the welding circumstances.
In many cases, however, the change in risk of cracking is very small
and accommodated without significant change to the procedure.

Although the emphasis in recent years has been on the role of
low sulphur contents in promoting hydrogen cracking, it is also
possible for a sulphur content which is relatively high to give
liquation cracks in the HAZ and for these minute cracks or hot tears
to act as potent nuclei for the nucleation of hydrogen cracks. Steels






















































































































































































































































































































































