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ABSTRACT

This report discusses the causes of delayed cracking in ship steel
welds and presents the steps necessary to prevent delayed cracking. Three
factors, acting together, are responsible for the formation of delayed cracks:

hydrogen dissolved in the weld, a hard microstructure in the weld or heat-

affected zone, and high stresses in the weld joint. Each step that is taken
to prevent delayed cracks has the purpose of eliminating or significantly
reducing at least one of these factors.
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A QUICK GUIDE TO DELAYED CRACKING

This guide provides both a synopsis of and a rapid reference
to the causes of delayed cracking and the steps necessary to prevent
delayed cracking. Figures 1 and 2 are "at a glance" summaries of the
causes and preventive measures. The items listed in these two summaries
are discussed in detail in the body of the manual. These details include
items such as preheating temperatures, procedures of baking and handling
covered electrodes, how to calculate carbon equivalents, etc. The pages
on which these details may be found are noted in parentheses.

The methods of preventing delayed cracking are not unusual
nor are they difficult to follow. The main thing is that the procedures
must be executed thoroughly and with the full cooperation of everyone
connected with the welding operation.

Three factors, acting together, are responsible for the formation
of delayed cracks: hydrogen dissolved in the weld, a hard microstructure in
the weld metal or heat-affected zone, and high stresses within the weld
joint. Each step that is taken to prevent delayed cracks has the purpose
of eliminating or significantly reducing at least one of these factors.

If the steel being welded is susceptible to delayed cracking, the first

and easiest step is to keep hydrogen from entering the weld metal. One

of the major sources of hydrogen can be the welding electrode. This

source is removed by using low-hydrogen type electrodes that have been
properly baked and stored or by using gas-shielded or submerged-arc welding.
The other major source of hydrogen, condensed moisture on the weld joint,

is removed by preheating.

Preheating and maintaining a minimum interpass temperature also
help to prevent the formation of a hard microstructure in the weld metal
and heat-affected zone. Preheating, keeping a specified minimum interpass
temperature, and increasing welding heat input slows down the cooling rate
of the joint so that the heat-affected zone has a soft microstructure.
Special precautions are required if quenched-and-tempered steels are being
welded. The heat-affected-zone microstructure of these steels must not
be changed or a serious loss of toughness will occur. Maximum limits have
been set on preheat and interpass temperature and welding heat input for
quenched-and-tempered steels.

There will always be some stresses in a weld joint due to shrink-
age of the weld metal as it cools. However, these stresses can be kept low
if the proper steps are taken. Avoid overwelding and use good joint fitup.
This keeps the volume of weld metal low so there is less metal to shrink
and create these stresses. Prevent or remove weld defects that act to
concentrate these stresses in localized areas. "Sharp" weld defects such




I.[ HYDROGEN %447 Causes delayed cracks to

initiate and grow in hard
steel microstructure
{pp 4-1 to 4-3}

Comes from - moisture in electrode coverings, fluxes
or shielding gases (pp 4-9 to 4-13)
- organic or acid electrode coverings
{(p 4-12)
moisture on joint surfaces (pp 4-9
to 4-13})
- organic foreign matter {p 4-12)

II. [HARDENED MICROSTRUCTUEEJ——'Only welds with hardened

microstructure in heat-
affected zone and/or weld

metal are susceptible to
delayed cracking {pp 4-1
to 4-3)

Results from rapid cooling of the heat-affected
zone and weld metal after welding (pp 4-13 to 4-15}

The formation of the hard structure is governed .

by the composition of the steel being welded.

The steel's "carbon equivalent" measures how read-
ily the hard microstructure will form {pp 4-15 to
-16)

III. IHIGH WELD STRESSE%AJ'_-‘—"High stresses in the heat-

affected zone makes 1t easier
for hydrogen tc initiate
delayed cracks (pp 4-1 to 4-3)

Results from - shrinkage of hot weld metal {p 4-16)

- stress raisers formed by weld
defects or poor joint fitup (p 4-17)

- improper welding sequence which
increases shrinkage forces (p 4-16}

- nonuniform preheating of weld joint
{p 4-16)

- external sources (p 4-16}

FIGURE 1. THE THREE FACTORS RESPONSIBLE FOR DELAYED CRACKING




1-3

Determine if steel is susceptible

Tf steel has low carbon equivalent,
it will not be susceptible to de-

to delayed cracking by calculating
carbon equivalent (p 5-1)

»dlayed cracking (p 5-2) and may be
tvelded with cellulosic electrodes

% (p 5-3)
ILf steel has high carbon equiva- Properly bake &
lent, it is susceptible to delayed Low-hydrogen electrodes store electrodes
cracking and following precautions 1{pp 53 to 5-6) (pp 5-4 to 5-5}
must bhe used & fluxes (p 5-7)

\ (p

Gas—shielded arc welding

5=-7)

se a low~-hydrogen welding

process Submerged-arc welding
(pp 5-6 to 5-7)

\

Preheat weld jointl »fTemperature limits wrives moisture from
(pp 5-8,5-10,5-14) joint surfaces (pp 5-7
to 5-8)

Y

Reduces stregses in weld
toint (PP 5-14 to 5-15)

i .
interpass temperature (p 5-10)

Maintain minimum Temperature limits_ﬁﬂﬂpﬁpﬂ?revents formation of
i I

hard microstructure in

neat-affected zone &
weld metal (pp 5-9 to

5-12)
Y
Use higher welding . [Heat input limits A ermits hydrogen to
eat input “pp 5-11 to 5-12) rescape from weld area

!

(p 4-9)

Use good welding
procedures - hﬁh‘“‘*ﬁaﬁﬁuﬁ_hﬁnﬁ*“gﬁh

Y

voids formation of stress raisers
such as lack of penetration, under-
cut abrupt contouwr changes, etc.
(pp_5-14, 5-18 to 5-25)

Use good joint

£itup

[Keeps volume of weld metal low to

educe shrinkage forces (p 5-15)

Y

Use correct welding

Minimizes and distributes shrinkage
Forces (Pp 5-15 to 5-17)

equence

FIGURE 2., STEPS REQUIRED TO PREVENT DELAYED CRACKING




as undercut or lack of penetration and abrupt changes in weld contour
can raise stresses to the point where a delayed crack will be triggered.
Preheating provides still another beneficial effect by also reducing
shrinkage forces.



INTRODUCTION

Delayed cracking in weld joints is a particularly nasty problem
in the fabrication of welded structures, vessels, etc., from carbon and
low-alloy steels. These cracks usually occur in the heat-affected =zone
of the weld joint although occasionally they will be found in the weld
metal. The cracks develop over a period of time after welding is com-
pleted (thus the name "delayed cracking”) and fregquently will not be open
to the surface. Since the cracks may not be apparent and since they
take time to develop (several hours to several days), the cracks may go
undetected and cause the weldment to fail in service. These failures
are generally costly and may endanger life.

Although delayed cracks may be difficult to detect, they can
be prevented with proper care. Precautions and procedures have been
developed that will prevent delayed cracking, but they must be followed
closely. The problem arises in obtaining close compliance with these
procedures. Since the presence of delayed cracks is not obvious, it is
easy to slacken off on these procedures and not see any adverse results.
By the time any delayed cracks that have occurred are detected, it is
hard to relate the occurrence with noncompliance to the specified
procedures.,

The initial portion of this manual is devoted to a discussion
of how delayed cracks form and the factors related to the welding opera-
tion that cause delayed cracking. This background is intended to provide
an appreciation of the delayed cracking problem and of the need for closely
following the recommended procedures. The second portion of the manual
describes the procedures to be followed to prevent delayed cracking in
various ship steels. Close adherence to these procedures should provide
the fabricator and welder with the ability to produce welds consistently
that are free from delayed cracks.
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DELAYED CRACKS — WHAT ARE THEY AND WHY ARE THEY BAD?

Delayed cracks in a weld joint get their name because they do not
appear until some time after the weld is completed. This time delay may
be a matter of hours or even days. After a sequence of certain events takes
place, the crack initiates on a microscale. If conditions are right, this
microcrack slowly grows until it is large enough to be seen either visually
or by means of various nondestructive inspection technigques. By this time,
though, the damage has been done and the cracked portion of the weld joint
must be removed and rewelded. If allowed to remain, this delayed crack
could trigger a catastrophic failure during service. Delayed cracks usually
take several hours to develop. Under normal conditions, a delayed crack
will be fully developed within 48 hours.

Delayed c¢racks can appear in several locations in a weld joint.
These locations are illustrated in Figure 3 along with the designations
of these locations. The first three types of delaved cracks are by far
the most common. The transverse weld metal cracks are less frequently
encountered as the weld metals usually have lower carbon content and upon
cooling are less apt to form a microstructure susceptible to delayed crack-
ing. One characteristic common to the three usual types of delayed cracks
is that they occur in the heat-affected zone of the weld joint. These
cracks will initiate very close to the fusion line and may propagate
deeper into the heat-affected zone as they grow.

Underbead cracks are longitudinal and lie roughly parallel to
the fusion line. A typical underbead crack is shown in Figure 4. Except
for the extreme lower end, this crack lies entirely in the heat-affected
zone. (Toe and root cracks have the same appearance except that they are
in a different location.) They usually do not propagate to the surface so
this means that they cannot be detected by any of the surface inspection
methods (magnetic particle or dye penetrant). Ultrasonic inspection is
the only reliable method of detecting underbead cracks. Root cracks also
are longitudinal initiating at the weld root and growing into the heat-
affected zone and/or weld metal. Root cracks in fillet welds cannot be
detected by any practical means. Sophisticated ultrasonic inspection
techniques have been used successfully but these are not usable under shop
or production conditions. Root cracks in butt welds, though, can be detected
reliably by ultrasonic inspection. Toe cracks occur along the edge of the
weld and are open to the surface. Magnetic-particle and dye-penetrant
inspection as well as ultrasonic inspection can be used to detect toe cracks.
Delayed cracks usually are very tight so they are extremely difficult to
detect visually. For this reason, visual inspection is not a reliable
technique.

Figure 3 shows a toe crack that is located well below the surface
of the joint (32). A toe crack can occur in this location if the weld
joint is only partially filled and returns to ambient temperature and a
time period long enough for the crack to develop elapses before the weld
is completed.
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FIGURE 3. LOCATIONS AND DESIGNATIONS OF DELAYED CRACKS

1. Underbead crack
2. Root crack
3 & 3A., Toe crack
4, Transverse weld-metal crack
5. Transverse heat-affected Zzone crack
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. Obviously, there must be something bad about delayed cracks

" gince people are so anxious to avoid them. The reason is simple -

delayed cracks can cause welded parts to fail under service stresgses.

Root and toe cracks probably are the most serious as the welded joints
usually experience some bending loads so the surfaces are stressed

higher than the interior of the joint. Also, root and toe cracks frequently
are associated with other weld surface defects such as undercutting or incom-
Lplete penetration. These surface defects increase the concentration of
stresses in the vicinity of the crack. Under these conditions, the delayed
.crack is even more apt to initiate failure of the joint.

These failures may happen while the parts still are being fabri-
cated during testing of the parts before service, or, worse yet, after the
parts have been put into service. Financial loss can be considerable in
these failures. It can range from the cost of making a simple repair to
the cost of replacing an entire structure plus loss of revenue that the
welded item might be producing and possible liability penalties. Of more.
concern than the financial loss is the possible personal injury or loss
of 1life that could result from such a failure.

Delayed cracks act as initiating points for fracture when the
part is loaded or stressed. Sometimes this is a brittle fracture that
occurs rapidly. Usually this occurs when the operating temperature drops
low enough for the steel to become brittle. Delayed cracks can start
fatigue failures even at ambient or elevated temperatures. Repeated cycles
of stress will cause the delayed crack to grow gradually until it is so big
that the structure can no longer support its operating load. Failure then
occurs.

Examples of these types of failures come from the chemical and
bridge building industries. A mild-steel heavy wall heat exchanger for
a chemical installation failed during testing (Figure 5), (1)* Delayed
toe cracks triggered a brittle fracture during pressure testing. The
temperature of the water used to pressure the heat exchanger was 40 F,
well below the temperature at which this steel became brittle. In 1962,
the newly constructed Kings Bridge in Melbourne, Australia, collapsed
due to the development of fractures. from delayed toe cracks in welds in
one of the supporting spans. (2)

A more subtle effect of delayed cracks is the effect on production
schedules and fabrication costs. The usual procedure is to inspect for
delayed cracks at some time interval after a weld is completed. If delayed
cracking is going to occur, this time interval permits the cracks to develop
before inspection. If inspection is done immediately after welding, the
cracks may occur after inspection has okayed a weld. USCG requirements
call for a delay of seven days before inspection. This delay
extends total oroduction times, and requires space for storing welded

components while awaiting imspection. If delayed cracks do occur, considerable
time and expense is

* References are given in Section 6.



required to remove the cracks, make repair welds, wait again for seven
days, and reinspect. If delayed cracks could be prevented with certainty,
this delay time could be significantly reduced or perhaps even eliminated.

FIGUR(‘é 5. FRACTURE IN HEAT EXCHANGER THAT STARTED AT
A DELAYED TOE CRACK
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CAUSES OF DELAYED CRACKS

Three conditions are required for delayed cracking to occur in
a weld Jjoint:

e Hydrogen must be present.

® The heat-affected zone and/or weld metal must have
a hardened microstructure.

e The weld joint must have significant internal
stresses.

These three conditions must act in combination to cause delayed cracking.
The formation or absence of the hardened microstructure will determine
whether or not delayed cracking can occur. If the steel is susceptible

to delayed cracking, the amount of hydrogen present and the level of
stresses in the joint providing both are above a threshold level determine
how quickly the crack will develop. Some steels are very susceptible to
delayed cracking; cracks in these steels will develop at low internal stress
levels and at a low concentration of hydrogen. Steels that are less sus-
ceptible will tolerate high levels of hydrogen and/or higher internal
stresses.

Delayed cracking susceptibility of a steel is governed by its
composition, This is because the degree to which the joint heat-affected
zone hardens as it cools after welding depends on the steel's composition.
Low-carbon steels do not harden readily and, thus, have low susceptibility
to delayed cracking. Higher carbon and low-alloy steels harden more
readily and are more prone to delayed cracking. In certain hardenable
steels, the degree of hardening can be decreased through control of
welding heat input, cooling rate, and other procedural factors.

Hydrogen is introduced into the weld joint from the gas envelope
that surrounds the welding arc. The welding arc breaks down any hydrogen
bearing compounds that it encounters, a process which provides free hydrogen
that can be dissolved by the weld metal. Typical sources of hydrogen com-
pounds include damp electrode coverings, moisture on weld joint surfaces,
or electrodes with organic or titania coverings. The use of electrodes
with basic coverings, the use of a gas—shielded process or submerged-arc
welding, or the elimination of moisture will reduce the risk of hydrogen
pickup.

Stresses build up in a weld joint as it cools and shrinks after
welding. The magnitude of these stresses are influenced by the joint
design, plate thickness, and welding procedure. These stresses can be
controlled to a degree through welding procedures that reduce or more
evenly distribute the amount of shrinkage that occurs.




Mechanism of Delayed Cracking

No one really knows what the exact mechanism of delayed cracking
really is, but a variety of theories have been proposed to explain what
is happening. Three of these have been generally accepted, but at
different times. The planar pressure theory was the first; it was super-
ceded by the adsorption theory; currently, the triaxial stress theory
seems to offer the best explanation.

The planar pressure theory suggests that as hydrogen atoms
diffuse through the steel, they congregate in microvoids and other
microscopic and submicroscopic defects. The hydrogen atoms recombine
into hydrogen molecules in these microvoids., This formation of hydrogen
molecules builds up very high hydrostatic pressures which trigger the
initiation of a microscopic fracture or crack. As more hydrogen diffuses
into this microcrack, further pressure buildup occurs and the crack grows.
Ultimately, the crack reaches a macroscopic scale where it can be seen or
detected by various inspection techniques.

Several variations of the planar pressure theory have been
developed. As an example, one of these suggests that the hydrogen
in the microdefect helps to supply the energy needed to propagate the
crack. As the crack or microvoid enlarges, the hydrogen gas within the
void expands, an expanding gas releases energy. This energy release
lowers the applied stress needed to propagate the crack. Continued crack
growth requires a continued supply of hydrogen gas. Thus, the crack growth
is time dependent as time is required for more gas to diffuse into the void
from the surrounding steel.

A second major theory is the adsorption theory. It suggests
that when diffusing hydrogen reaches a microveid it is adsorbed on the
surfaces of the microvoid. When this happens, the amount of energy
required to propagate the microvoid is lowered. In a high stress field,
these microvoids then will grow into major cracks. Again, the amount of
hydrogen required to continue propagation must be supplied by diffusion.

Both of these theories fall down when trying to explain some
of the other aspects of delayed cracking. For example, both theories
require the existence of microvoids and explain how these microvoids
propagate into cracks. They fail to deal with the initiation of cracks
in the absence of microvoids. Also, heating will reduce the effects
of hydrogen by speeding up the diffusion of hydrogen through the steel
to outside surfaces where it will escape. To diffuse through metal,
hydrogen must be in the atomic form. Molecular hydrogen in microvoids
will not be broken down into atomic hydrogen by this heating. These
theories fail to resolve this point. The triaxial stress theory fills
these gaps.



The triaxial stress theory says that hydrogen will diffuse
through steel to regions of high triaxial stresses. (3/4)  such regions
always are present on a microscale in a martensitic microstructure. If
a critical stress level exists and a critical amount of hydrogen is present
in this area, a microcrack will initiate. As the crack appears, the region
ahead of the crack is subject to increased triaxial stresses and further
diffusion of hydrogen to this region occurs. The concentration of hydrogen
again builds up until it reaches a critical level and the crack propagates
a little bit further. This type of propagation continues until the crack
reaches a macroscale and it then is called a delayed crack.

From a practical standpoint, the development of different theories
does not change the procedures that are used to prevent delayed cracking.
Delayed cracking is caused by a combination of hydrogen, susceptible micro-
structure, and internal stresses. All theories recognize and agree on this
fact. Prevention is simply the removal of at least one of these contributing
factors. Since this manual is dealing with the practical aspects of preventing
delayed cracking, the theories are not discussed further.

Tests for Delayved Cracking Susceptibility

Various tests have been used for evaluating steels for their
susceptibility to delayed cracking and for use in developing procedures
to prevent delayed cracking. None of these tests are ideal. They all
have shortcomings in that they may be only qualitative (a go-no go type
of test) or they may not reproduce exactly the stress or thermal condi-
tions of a production weld. However, they have been useful in laboratory
studies. They are described briefly here to help provide a more complete
understanding of the delayed cracking phenomena. More details of the
application of these tests and the interpretation of the results can be
found in the references.

The main feature of all of these tests is that they are designed
to impose a high degree of restraint on the base metal pieces which make
up the specimen. This restraint generates high stresses in the weld
area and tests the ability of the system (base metal, welding procedure)
to resist the stress without cracking. Each test, though, uses a different
method for achieving the restraint.

The three delayed cracking tests discussed in the following
sections have been widely used. The first two are simple to perform,
use only a small amount of material, and can be used both in a production
shop and in laboratory studies. The third test is an example of a test
that can be used only in laboratory studies.



Controlled Thermal Severity (CTS) Test

This test is used to evaluate the susceptibility of a steel to
underbead, root, or toe delayed cracking.(5'7) The specimen used is shown
in Figure 6. The mating surfaces of the two parts may be in contact to
simulate good joint fitup, or may be spaced with shims to evaluate effects
of poor joint fitup. The bolt is used to hold the parts together while
the two anchor welds are made. The test welds are made with the specimen
at room temperature. The bithermal test weld is made first, the specimen
is cooled to room temperature, and then the trithermal test weld is made.
After a waiting period of 24 hours, the test welds are sectioned and
examined to determine if delayed cracking has occurred. The thermal
severity or cooling rate can be varied by changing the thickness of the
parts. A thermal severity number (TSN) is obtained from:

TSN 4 (t+b) for bithermal weld
TSN = 4 (t+2b) for trithermal weld

where, t and b are respectively the thicknesses of the upper and lower
pieces of the test specimen. By using several specimens with varying
thermal severity numbers, the effects of various cooling rates of the
weld joint on delayed cracking can be determined.

Battelle Underbead Cracking Test

The Battelle test(a_ll) is one of the simplest, quickest, and

cheapest cracking susceptibility tests available. The specimen, Figure 7,
is a small piece of the metal being evaluated. A short bead, about 1-1/4
inches long is deposited on the piece using a standard set of welding
conditions, electrodes, and preheat. The specimens are stored 24 hours

at room temperature after welding and then are tempered or normalized to
stop any further cracking that might occur. After cooling, the specimen

ig cut longitudinally and one cut surface is examined for underbead cracks
by magnetic particle inspection. A cracking index is obtained by dividing
the total underbead crack length by the length of the weld bead. Usually,
ten specimens are used with the index calculation using the total crack

and weld lengths for the ten specimens. Using at least ten specimens
insures that the results are statistically reliable. These specimens may
be used to evaluate the effectiveness of actual production welding proce-
dures in preventing underbead cracks. In this case, the welding conditions,
electrodes, and preheat (if any) of the intended production application are
used.
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Tensile Restraint Cracking (TRC) Test

The TRC test(12’13) is more elaborate than the CTS or Battelle

test. The test requires a large specimen and special specimen loading
egquipment. It has the advantage, though, that the test weld can be a
duplicate of a production weld; the same plate thickness, joint design,
welding process, welding procedures, etc., can be used in the test as
will be used in production.

The test specimen is shown in Figure 8. The two parts of the
test specimen are first attached to the test apparatus by the fitup welds.
The test weld then is made using the welding procedures that are being
examined., As soon as the test weld is completed, a sustained tensile
load is applied to the specimen by the test apparatus. This load is
maintained for an extended time period (100 hours for example). The
test weld is examined periodically by dye-penetrant or X-ray inspection
to detect the development of delayed cracks.

For a given material and set of welding procedures, a series
of specimens are tested with each specimen having a different sustained
load. A minimum critical load will be obtained above which delayed
cracking will occur. By comparing these minimum critical loads, the
effect of different steel compositions or welding procedures on delayed
cracking can be determined.

The Role of Hydrogen

The primary sources of hydrogen in arc welding are the organic
material in cellulosic electrode coverings, the flux in submerged-arc

welding, the shielding gas in gas metal-arc welding, and moisture. Hydrogen

also may be picked up from foreign organic material, but this is not en-
countered as frequently as the primary sources.

Method by Which Hydrogen Enters the Weld Joint

When moisture or an organic material is in the vicinity of the
welding arc, the energy or heat of the arc dissociates these materials.
Moisture will break down into atomic hydrogen and oxygen; an organic
material will break down into atomic hydrogen and whatever other elements
make up the compound. Atomic hydrogen readily dissolves in molten iron
so the weld puddle rapidly picks up any hydrogen that may be generated
in the arc atmosphere. (It is important to remember that only atomic
hydrogen will dissolve - molecular hydrogen will not., Thus, hydrogen gas
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will not dissolve in molten iron. It must first be dissociated into
atomic hydrogen before solution will occur.) The amount of hydrogen
that can be dissolved by molten iron or steel is shown by the graph in
Figure 9, The hydrogen remains in solution in the molten weld puddle
until the weld metal freezes. At this point, just below 2800 F in
Figure 9, the solubility of hydrogen in iron drops drastically. As

the metal continues to cool, the solubility of hydrogen drops even
further. The jogs in the curve below 2800 F correspond to phase changes
in the steel that occur as it cools.

Since the solidified and cooling weld metal has a relatively
low solubility for hydrogen, the hydrogen must go somewhere. As long
ag the weld still is hot, the hydrogen will diffuse rather rapidly
through the steel. Some of the hydrogen reaches the surface of the weld
and escapes into the air. A significant amount diffuses from the weld
metal into the hot heat-affected zone (Figure 10).

As the weld and heat-affected zone continue to cool, the rate
of diffusion of hydrogen decreases. If the weld joint remained hot,
all of the hydrogen would reach the surface and escape into the air in
a few hours. However, high postheating treatments usually are not used
on ship steels so the weld will cool to room temperature in a rather short
time. This means that hydrogen still remains in the weld joint, but it
is continuing to diffuse through the steel but at a greatly reduced rate.
This slowly diffusing hydrogen is responsible for delayed cracking.

Sources of Hydrogen

The question now arises - where do the moisture and organic
compounds that supply the hydrogen come from? Moisture can reach the
welding arc in several ways. Some of these are pretty obvious, while
others are rather subtle. Typically, moisture may come from:

e Water of crystallization in electrode coverings

& Molisture absorbed in hydroscopic electrode coverings or
fluxes

e Moisture on the surface of electrode coverings, fluxes,
or bare electrodes

® Water vapor in shielding gases

e Moisture adsorbed or condensed on the surface of the
weld joint.
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Organic sources of hydrogen include:
® Organic-based electrode coverings
® Grease or other foreign matter picked up on electrode:

& Grease, paint, crayon markings, and other foreign matter
on joint surfaces.

Most often, hydrogen in the weld metal has originated in the
coverings of electrodes used in shielded metal-arc (stick electrode)
welding. Both the composition of these coverings and the manner in which
the electrodes are cared for can affect the amount of hydrogen that will
be produced.

Consider first the covering composition. Most classes of electrodes
have coverings that contain various gquantities of cellulosic compounds.
These are hydrocarbons that generate hydrogen when they dissociate. When-
ever these classes of electrodes are used, hydrogen automatically will be
present in the arc atmosphere. Four classes of electrodes (EXX15,
EXX16, EXX18, and EXX28), however, do not contain cellulosic compounds
but instead have lime-based coverings. These coverings were developed
deliberately to reduce hydrogen in the arc atmosphere. Thus, these
four classes have become known as "low-hydrogen" electrodes.

Even low-hydrogen electrodes can produce hydrogen, however with
this hydrogen coming from moisture in the covering binders. Sodium and
potassium silicate is the binder in all covered electrodes. These two
compounds hold water in the form of water of crystallization. Low-hydrogen
electrodes are baked during manufacture to drive off most of this water
of crystallization, but if baking is not done properly, enough water of
crystallization will remain and be a source of hydrogen.

Improper care of covered electrodes can turn even a low-hydrogen
electrode into a high-hydrogen electrode. The coverings on low-hydrogen
electrodes are highly hygroscopic, that is, they readily absorb moisture
from the air., If low-hydrogen electrodes are carelessly exposed to the
air, particularly in areas of high humidity, they quickly will absorb
enough moisture to render them useless as low-hydrogen electrodes. Going
back to the example of the Kings Bridge fajilure described earlier,(z) low-
hydrogen electrodes were used but they still had sufficient moisture to
create delayed toe cracks. The electrodes had not been cared for properly
and moisture pickup had turned them into "high hydrogen" electrodes.
(Details of correct handling are given in the section Controlling Hydrogen.)
Moisture also will be picked up by allowing the electrodes to contact water
or perspiration from a welder's hands or clothes.



Hydrogen pickup is less apt to occur in submerged-arc or gas—
shielded metal-arc welding as the primary source of hydrogen, i.e.,
electrode coverings, does not exist in these processes. The granular
fluxes used in submerged-arc welding can pick up moisture from the air
but this can be prevented by keeping these fluxes in heated containers.
Unmelted flux that is reused can collect oil or dirt which would be a
source of hydrogen. Hydrogen seldom is picked up by the weld in gas-
shielded arc welding unless cooling water leaks from the welding torch
or the electrode wire has picked up foreign matter through careless handling
or if moisture laden air is aspirated into the shielding gas.

Moisture on the joint surfaces can be a source of hydrogen in
any of the welding processes. This moisture can come from condensation
or rain if welding is done in an outside yard. Condensation might even
be a problem in a large shop if the shop is open to the outsgide. Pre-
heating the joints is the only successful way of drying wet joints.

Susceptible Microstructure

The hardened microstructure that is necessary for delayed cracking
is called martensite. TIts formation is governed by the composition of the
steel or the weld metal and the rate at which it is cooled from a high tem-
perature. The formation of a susceptible microstructure in the heat-affected
zone will depend on the composition of the base steel. The composition of
the weld metal will depend on the filler metal being used and on the amount
of dilution from melted base steel. Since dilution depends on the welding
process and conditions being used, it is not easy to predict the micro-
structure of the weld metal.

The effect of composition and cooling rate can be explained best
by means of the transformation diagram shown in Figure 11l. When a steel
is heated above about 1600 F (defined as the "upper critical temperature")
the steel's structure is called austenite. As the steel is cooled to room
temperature, the austenitic structure will transform into either martensite,
bainite, or ferrite/pearlite structures or a mixture of these. Martensite
is a hard, brittle structure; carbon atoms are trapped in the atomic lattice
of this structure in a manner that creates internal stresses within the
lattice. Ferrite/pearlite is a soft, ductile structure. Bainite is harder
than ferrite/pearlite but both bainite and ferrite generally are considered
as soft, ductile structures. Neither ferrite nor bainite have the high
internal stresses inherent in martensite.

The transformation diagram in Figure 11 is a sort of map which
shows what types of structures form when the steel is cooled at different
rates. Each steel alloy has its own transformation diagram. The one in
Figure 11 is not exact, as it is intended for illustrative purposes. How-
ever, the transformation diagram for a ship steel would be somewhat similar
to this one.
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The three designated zones of this diagram indicate the type of
structural change that is occurring in this area:

A—»FP is austenite changing to ferrite/pearlite
A-» B is austenite changing to bainite
A—»M is austenite changing to martensite.

Three cooling curves also are drawn on this diagram. The fastest cooling
rate is shown by Curve I. As the steel cools at this rate, no structural
changes occur until a temperature of about 500 F is reached whereupon the
austenite changes entirely to hard martensite. This cooling rate would
correspond to a drastic water quench. The curve of the slowest cooling
rate, Curve III, passes through the A—» FP zone so all of the austenite
transforms to ferrite/pearlite. This curve corresponds to the cooling rate of
the heat-affected zone of a preheated weld joint. The intermediate

Curve II would be that of the heat-affected zone of a weld joint that

is not preheated. This curve passes through all three zones so some of
the austenite transforms to ferrite/pearlite, some to bainite, and some

to martensite. This illustrates how preheating can be used to prevent the
formation of martensite, the structure that is necessary for the formation
of a delayed crack.

The addition of carbon or other alloying elements to a steel will
act to shift the A-» FP and A-» B zones to the right. It will take longer
for the austenite to ferrite/pearlite and bainite transformations to occur
and a larger amount of austenite will transform to martensite. The zones
may even be shifted far enough to the right that the cooling Curve II may
entirely miss the A-»FP or A-» B zones in which case the heat-affected
zone will be entirely martensite. This is the case for some of the
quenched and tempered steels used in shipbuilding.

Carbon Equivalents

The relative ease with which martensite will form in a steel can
be estimated by use of "carbon equivalents". It was mentioned above that
increasing carbon and other alloying elements in a steel will make it
easier to form martensite. A steel that is more apt to form martensite
in the heat-affected zone will be more susceptible to underbead cracking.
Thus, the carbon equivalent of a steel can be used to estimate the delayed
cracking susceptibility of the steel. Carbon equivalent does not give
an exact measure of cracking susceptibility as there are too many other
factors involved, but it is good for estimating purposes.

Carbon equivalent is a number that expresses in a simple manner
the hardening susceptibility of the steel. It is made up by adding to the
percentage of carbon present in a steel, a factor for each important alloy-
ing element present. This factor is determined by dividing the percentage
of the alloying element by & number that relates to the influence of the



alloying element. Referring back to the transformation diagrams, this
influence is the effect of the alloying element on shifting the zones
of the diagram to the right.

A variety of carbon equivalent formulas have been developed.
Some of these formulas use only carbon and manganese while others include
a variety of alloying elements. One of the more accurate formulas that
is being used more and more is: (13)

. %SMn %Cx SN %Mo sV %Cu
Carb ivalent=C.E.= %C + + 1 - R A
arbon equ nt=C.E Z "10 T20 " 50 T 10" 2o

The carbon equivalents calculated by this formula are pretty good estimating
‘ratings of the delayed cracking susceptibility of steels. When the

carbon equivalent is known, it can be used as a basis for selecting

the precautions that must be taken to prevent delayed cracking.

The delayed cracking susceptibility of the weld metal cannot be
directly predicted from carbon equivalents because of dilution effects.
Usually, the filler metal has a lower carbon equivalent than that of the
steel being welded. Therefore, precautions based on base steel carbon
equivalent should be satisfactory for preventing delayed cracking in weld
metals.

Weld Stresses

Stresses in a weld joint are made up of "local stresses" and
"external stresses". The local stresses are caused by the welding
operation itself. The base plate expands and contracts as it heats and
cools during and after welding. The weld metal shrinks as it cools after
solidifying. Multiple passes cause repeated heating and cooling. Welding
variations along the joint mean that heating and cooling will not be
uniform along the joint. All of these act together to create internal
atresses in the joint after the weld is completed. External sources
are not related to the welding process but will add to the internal local
stresses. External sources come from forcing parts into alignment, the
weight of the parts being welded, shrinkage of other welds, lifting
and moving the welded part, etc.

Unlike the other two factors which are required for delayed
cracking, weld stresses cannot be completely eliminated in a practical
manner. Welding stresses can be removed by annealing a welded part but
this is not feasible for welded ship structures. Procedures can be used
to keep these stresses at a relatively low level but the weld joint always
will have some stresses. Although the joint stresses may be kept low by
using appropriate procedures, an abrupt change in the shape of the weld



or a weld defect will cause a buildup of stresses at the point of the
shape change or defect. These are called stress raisers. Stress raisers
can be external or internal, caused by poor design, poor joint fitup,
poor workmanship, or improper welding technique.

From the standpoint of delayed cracking,* stress raisers are
of concern when they are located either in or close to the weld metal or
heat-affected zone. In either of these positions, the field of increased
stress that they create will extend into the weld metal and the heat~
affected zone. This increased stress when combined with a susceptible
microstructure and some hydrogen may be sufficient to start a delayed
crack.

Stress raisers can be in a variety of forms, They can be
inadequate weld root penetration, an abrupt change in the contour of
the weld reinforcement, undercutting, lack of fusion, or an elongated
slag inclusion. External stress raisers are the most critical since
internal stresses usually are higher near the surface of the joint.
This is because most weld joints are subjected to some bending stresses
which produce high surface stresses.

* Stress raisers should be avoided for a variety of reasons. They can
initiate fatique cracks or be the starting point for a brittle fracture
in steel with low notch toughness. The delayed cracking aspect of stress
raisers is only one consideration.
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METHODS FOR PREVENTING DELAYED CRACKING

The extent to which precautions are required to prevent delayed
cracking depends on the strength and composition of the steel being welded.
To be more accurate, one should say that these measures depend on the
cracking susceptibility of the steel. However, since cracking sus-
ceptibility goes hand-in-hand with the steel composition, it is some-

what easier to use the steel composition as a rating factor.

The

carbon equivalent index has been discussed as a measure of delayed
cracking susceptibility. Thus, the calculated carbon equivalent of

a steel can be used to determine the measures needed to prevent delayed

cracking.

The preventive measures that can be used fall into three

categories:

(1) Control of hydrogen
(2) Control of weld-joint microstructure
(3) Reduction of stresses in the weld joint.

These categories are listed in the order in which they normally are

applied. This also is the order of difficulty in applying the measures.

Controlling hydrogen is the easiest and for most ship steels is sufficient to
prevent delayed cracking. However, with increasing carbon equivalent,
delayed cracking is harder to prevent and additional measures must be

taken through controlling the microstructure and reducing welding

stresses.

Specific precautions that should be taken in the welding of
steels of various carbon equivalents are summarized in Table 1.

items are discussed in more detail in the following sections along with

These

other preventive measures that fall into the simple category of good

welding practices.

Control of Hydrogen

Hydrogen in the weld joint is controlled by following a simple

rule: remove the source of hydrogen. If there is no hydrogen present
to enter the weld in the first place, then there is no need to remove
hydrogen from the weld joint. Removing hydrogen from a weld involves
heating the weld for an extended period of time to allow the hydrogen
to diffuse away. It is more reliable to eliminate the source of hydrogen

before welding even starts. The techniques required to meet this simple

rule are varied and do require precise care and control

As discussed previously, the three sources of hydrogen are
and contaminating
must be controlled

the welding electrodes, moisture on the joint surfaces,
materials on the joint surfaces. Each of these sources
to prevent picking up hydrogen in the weld metal.




TABLE 1. PRECAUTIONS FOR WELDING STEELS OF VARIOUS
CARBON EQUIVALENTS

Minimum Preheat, F

Thickness Thickness

Carbon 3/4~inch over 3/4-
Equivalent Preventive Measures or less inch
0.50 or less No precautions reqgquired.

Can be welded with cellu-
losic covered electrodes
without preheat

0.50 to 0.57 Weld with low-hydrogen 75-125 175
covered electrodes oxr the (see text)
gas shielded or submerged-
arc processes with suffi-
cient preheat to remove
moisture from the joint
surfaces

0.57 and over Weld with low-hydrogen 150 250
covered electrodes oxr the
gas shielded or submerged-
arc processes with medium
preheat




Use of Cellulose-Covered Electrodes

Hydrogen in appreciable quantities will be present in the arc
atmosphere if cellulose-covered electrodes are uged. This is inherent
and no supplementary precautions can remove this hydrogen. Therefore,
these electrodes may be used only with low-carbon equivalent steels
that are not susceptible to delayed cracking.

Use of Low-Hydrogen Electrodes

The use of low-hydrogen electrodes greatly reduces the primary
source of hydrogen in shielded metal-arc welding with covered electrodes.
These electrodes must be used when welding steels with higher carbon
equivalents that are sensitive to delayed cracking (Taple 1).

As manufactured, low-hydrogen electrodeg have a very low
moisture content. The maximum contents permitted b¥ both American
Welding Society and government sPecifications(l6‘18 are:

Maximum moisture
Electrodes content, percent*

E7015, E7016, E7018
E8015, E80l16, E8B018, E90l5, ES016
E9018, E10018, E11018

o O O
[ IS )]

These coverings, however, will absorb moisture from the air very rapidly
and to an unacceptable level unless they are packaged, stored, and handled
properly. Since the meoisture content of the electrodes is very critical
in preventing delayed cracking, it is extremely important that procedures
be established by the user to guarantee proper moisture content in the
electrode when it is used. These procedures should be designed both to
minimize moisture pickup and to remove what moisture is absorbed.

Investigations done at United States Steel Corporation provide
a good example of how critical the electrode moisture content is and how
readily moisture is picked up from the air. (19) E7018 electrodes which had
a moisture content of 0.2 percent were stored for 24 hours at room tempera-
ture in air that had relative humidities of &0 percent and 90 percent. The
moisture content of electrodes increased to 1 percent and 1.8 percent,
respectively for the €0 percent and 90 percent humidity conditions. Both
of these moisture contents were sufficient to cause delayed cracking when
used to weld steels with carbon equivalents of about 0.57.

* E70XX and E80XX electrodes sometimes are used as substitutes for E90XX
and El110XX electrodes for tack and root pass welding. When this sub-

stitution is made, the E70X¥X and E80XX electrodes should be baked to
reduce the moisture content to 0.2 percent.



&

Another example is where penstocks were being fabricated in two
locations: out of doors in a relatively dry atmosphere and inside where
the humidity was nearly 100 percent. (20) Identical welding procedures
were used at both locations. The welds made outside were sound while
those made inside had a large number of delayed cracks. Sufficient
moisture was being picked up by the electrodes in the high-humidity
location to cause delayed cracking.

The first step in the control of electrode meisture is in the
packaging of the electrodes. Before packaging, electrodes are baked to
drive off any absorbed moisture and bring the moisture content below the
limits mentioned above. The electrodes then must be packaged in a con-
tainer that will protect against outside moisture during shipping and
storage. The containers used are either hermetically sealed metal cans
or cardboard or fiber boxes that are wax impreganted or otherwise treated
to make them waterproof. The metal cans are preferred as the cardboard
or fiber boxes can be easily broken or punctured by rough handling. For
maximum protection, electrodes should be purchased only in the metal cans.

The next and most important step in electrode moisture
contrel is the prevention of moisture pickup at the job site. As
explained, the electrode coverings will start to pick up moisture
ag soon as they are removed from their sealed package. To prevent
this, the electrodes should be placed in a heated oven immediately
after they are removed from the package. They should stay in this
oven until they are to be used. Storage in the heated oven will
prevent moisture pickup. Heating in this oven serves another purpose
also. Tests have shown that, even in hermetically sealed metal boxes,
electrode moisture content may increase during storage. This may be
a result of a poor seal on the box or residual moisture within the box.
Heating the electrodes will drive off any moisture picked up in the
package and restore the electrodes to their original moisture content
level. Only vented heating ovens should be used so that moisture driven
from the electrodes may escape from the oven.

Heating procedures have been developed by producers and users
of low-hydrogen electrodes. This treatment should reduce the moisture
content of the electrodes below 0.2 percent.

(1) Electrodes should be baked according to vendor instructions
immediately after being removed from their package.
The electrodes should be placed in the oven in a
manner that will permit air circulation around the
electrodes. They should be stacked no more than
three layers high.




(2)

(3)

(4)

(5)

(6)

(7)

Electrodes should be transferred while still hot
to a holding oven maintained at 250 F - 300 F.
Electrodes should be kept in this holding oven
until issued for use.

Welders should be issued a maximum of a four-hour
supply of electrodes at any one time. If possible
the holding ovens should be located close to the
production area. If not, the electrodes should be
issued in a closed container for transport to the
welding area.

It is good practice, especially if the humidity at

the welding site is high, to have a heated electrode
container for each welder. The welder should remove
only a few electrodes at a time and use only electrodes
that are still warm to the touch. Cold electrodes
should not be used.

If the welder does not have a heated electrode
container, the electrodes should be used within the
following time limits:

E70XX 4 hours
E80XX 2 hours
EQOXX 1 hour

EL10XX 1/2 hour.

Sometimes E70XX and EB0XX electrodes are substituted
for E90XX or EL1OXX electrodes for tack or root-pass
welding. In these cases, the maximum exposure times
should be reduced to 1/2 hour,

Any electrodes that are unused at the end of these time
1limits should be returned to a 250 F - 300 F holding oven.
All electrodes remaining in a welder's heated electrode
container at the end of four hours should be returned to
this holding oven. These electrodes should not be reissued
until they have been rebaked S specified in Rule (2).

Electrodes should be rebaked only once. Electrodes that
would require a second rebaking should be discarded.

Any electrodes exposed to rain, snow, or any other moisture

source other than atmospheric humidity should be immediately
discarded.



(It should be emphasized that these procedures are meant only
for low-hydrogen electrodes. Cellulosic electrodes should not be baked
nor held at these temperatures as the electrode coverings will be damaged.
Since cellulosic coverings are organic, baking will not remove any
hydrogen anyway.)

These procedures regquire close monitoring to insure that
electrodes are not mixed up and that the procedures are being followed.
It is an advantage to have separate ovens for each operation to help
avoid mixing of electrodes.

A periodic check of the moisture content of electrodes should
be made once the procedures are established. During procedure setup, these
checks should be made frequently. It is particularly important to check
moisture content on days of high humidity or inclement weather. The
procedures for measuring the moisture content of electrode coverings are
described in the American Welding Society specification for low-alloy
steel covered electrodes. (16)

The ovens used for baking the electrodes should have a system
for circulating the air inside of the oven. Both baking and holding
ovens should be maintained in good operating condition. The accuracy
of thermostats should be checked periodically and any burned-out heating
elements should be replaced immediately. These ovens should be used
only for electrode conditioning. The heating of other items or materials
in these ovens should be prohibited. These other materials could leave
organic deposits that could be picked up by the electrodes.

Organic materials also can be picked up in careless handling
of the electrodes. Welders and their helpers should be cautioned about
handling the electrodes with greasy gloves, allowing the electrodes to
come in contact with grease, oil, dirt, or other foreign matter, etc.
This is particularly important if the electrodes are hot from the holding
oven. A hot electrode contacting a painted surface, for example, may
pick up paint which is an excellent source of hydrogen. Any electrodes
that have contacted any of these substances should be discarded immediately.

Submerged-Arc Welding

The role of hydrogen should be less critical in submerged-arc
welding than in covered-electrode welding. This is because higher heat
inputs are used which slows down the weld cooling rate which, in turn,
provides a microstructure which is not susceptible to delayed cracking.

If quenched-and-tempered steels are submerged-arc welded, though, the heat
input must be kept low to prevent degradation of the mechanical properties
of the heat-affected zone. In this case hydrogen pickup definitely is of

concern.



However, submerged-arc fluxes may be very susceptible to
moisture pickup and thus require as careful handling as low-hydrogen
covered electrodes. Submerged~arc fluxes used for welding guenched-
and-tempered steels should be stored in flux holding ovens maintained
at 250 F minimum to keep the flux dry. Flux exposed to moisture should
be discarded as it is very difficult to bake dry. Only new flux should
be used; unfused flux,unless it is controlled, that is recovered from
the weld joint should not be used. Recovered flux may have picked up
dirt or oil that would be a source of hydrogen.

Gas—Shielded-Arc Welding

Welds made by gas—-shielded metal-arc welding generally are
considered immune to hydrogen pickup. However, moisture can be carried
into the welding atmosphere by the shielding gas if the gas itself is
not dry. As supplied, welding gases normally have moisture contents
that are low enough to be used for welding even the highest carbon
equivalent ship steels. Occasionally, though, gas may be obtained
that has a moisture content high enough to generate sufficient hydrogen
to cause delayed cracking. Also, leaks in the system supplying gas to
the welding torch may permit atmospheric moisture to be carried into
the shielding gas. Instruments are available for checking the moisture
content of shielding gases.

Periodic checks should be made on gases as received from the
supplier and on the gas as it enters the welding torch. The shielding
gas should have a dew point lower than -40 F. The gas supply system
should be maintained in good condition. If the welding torches are
water cooled, they should be checked frequently to be certain that
cooling water is not leaking into the shielding gas or onto the weld
joint. When torch-cooling water is first turned on at the start of
welding operations, moisture may condense on the torch components
particularly in humid weather. This moisture could drip into the weld
joint or be picked up by the shielding gas. In this case, initial welds
should be made on scrop pieces to heat up the torch and drive away this
condensed moisture.

Moisture on Weld Joints

Moisture that may have condensed on the surfaces of weld
joints must be removed before welding except when the welds are being
made with cellulose~covered electrodes. Wiping is not a satisfactory
way of doing this. The only acceptable method is to preheat the weld
joint.




Referring to Table 1, steels with intermediate carbon equiva-
lents (0.50 to 0.57) should be preheated to a temperature range of 75 F -
125 F. If the ambient temperature is above 75 F, no additional preheating
is required. If the ambient temperature is below 75 F, however, the weld
joint should be preheated to a minimum of 125 F.

Steels with high carbon equivalents (over 0.57) should always
be preheated to the range of 150 F ~ 250 F depending on thickness (see
Table 1). These higher preheat temperatures are required to reduce welding
stresses, not to drive off moisture., However, the elimination of moisture
is a beneficial by-product of the preheating.

These preheat temperatures are required with any of the arc-
welding processes that may be used (covered electrode, gas shielded, or
submerged arc). If the welding operation is interrupted before the joint
is completed, the minimum interpass temperature should be maintained until
such time as the welding operation can be restarted. Interrupting welding
before the joint is completed is not a good practice and should be avoided.

Special precautions must be followed when using preheat on
quenched-and-tempered steels, since the good tensile and impact properties
of these steels are a result of their heat treatment. This heat treatment
involves water quenching the steel from about 1600 F followed by tempering
at 1000 F to 1200 F depending on the particular alloy. The key to this
heat treatment is the rapid quench which produces a martensitic micro-
structure. If the steel is cooled too slowly, martensite will not form
and good mechanical properties, particularly good notch toughness, cannot
be achieved. This means that preheating must be controlled. If the pre-
heat temperature is too high, the weld heat-affected zone will cool to
slowly to form martensite and the heat-affected zone properties will
suffer,

To avoid loss of heat-treated properties in the heat-affected
zones, the maximum preheating temperature for guenched-and-tempered steels
should be 300 F. For the same reasons, limits should be placed on the
welding heat input and interpass temperature (discussed in subsequent sections).

Weld Joint Cleanliness

In addition to condensed moisture, the weld joint must also
be kept free from organic materials that could generate hydrogen during
welding. Before welding is started, all paint, dirt, oil, crayon mark-
ings, etc. should be removed from the joint faces. Thig should be done
by wiping with a solvent. If temperature-indicating crayons are used to
determine preheating temperature, the marks from these crayons should
not be made on the joint faces. Instead, they should be made on the
surface of the base plate slightly away from the edge of the joint.




A point of concern that may arise involves the possible pickup
of hydrogen from zinc-silicate primer coatings on steel surfaces. These
coatings usually are applied to steel plates before the joints are pre-
pared for welding. Joint preparation removes the coatings from butt~joint
surfaces. However, fillet joint surfaces may not be prepared so welding
would occur directly on the primed surfaces. Investigations have shown
that these coatings do not cause delayed cracking primarily because they
are non—organic.( 1) However, there still is some question that these
coatings may be a source of hydrogen. They do affect the arc charac-
teristics somewhat with an increased tendency to undercutting.

Control of Heat-Affected Zone Microstructure

If the source of hydrogen 1s removed or controlled, these steels
should have negligible susceptibility to delayed cracking. However, added
insurance is cobtained in the case of as-rolled or normalized steels by
controlling the microstructure of the heat-affected zone, This control
involves preventing the formation of the martensitic microstructure that
is susceptible to delayed cracking. By preventing the formation of marten-
site in the heat-affected zone, another contributing factor to delayed
cracking 1s eliminated.

The failure of a heavy-walled heat exchanger mentioned in the
first section of this manual is a good example of a delayed crack caused
by a susceptible microstructure. (1) The joints in the heat exchanger
were preheated but the preheating temperature was too low. Preheating
temperatures of 200 F were set up using steel having a maximum carbon
equivalent of 0.58, The steel used in the heat exchanger had a carbon
equivalent of 0.63 and a 200 F preheat was not enough to prevent marten-
site from forming in the heat—~affected zone. The result was a delayed
toe crack that triggered a brittle fracture during pressure testing.

Preheating

Martensite formation is prevented by slowing the cooling of the
heat-affected zone below a critical rate. This corresponds to moving
from cooling rate II to cooling rate III of Figure 6. The hydrogen control
measures involving preheating to remove condensed moisture generally will
slow down the cooling rate enough to keep martensite from forming. Other
methods of reducing the cooling rate also are available and are discussed
in the following sections.

Remember the caution of the previous section about preheating
quenched-and-tempered steels. These steels are intended to have a marten-
sitic microstructure. Therefore, the methods of controlling the heat-
affected zone microstructure discussed in the following sections should
be used only with as-rolled or normalized steels.
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If a weld joint is preheated, the cooling rate of the joint
after welding will be retarded with the degree of retardation being
dependent on the preheating temperature. As the preheating temperature
is increased, the cooling rate will be decreased. The cooling rate
also is dependent on the thickness of the plate being welded. Thicker
plate provides a greater heat sink and welds in thicker plate will cool
faster than welds in thin plate. This means that to maintain a given
cooling rate, the preheating temperature must be adjusted to compensate
for changes in plate thickness.

For steel grades having a carbon equivalent below about 0.57
and used in the as-rolled or normalized condition, the cooling rate
generally can be controlled adequately by using the preheating tempera-
tures needed to drive away condensed moisture. For thin material,
the minimum plate temperature can be 75 F and the cooling rate still
will be slow enough that martensite will not form in the heat-affected
zone after welding. For thick plate, however, higher preheating tempera-
tures are required. Az a general rule, the relation between preheating
temperatures and thickness is:

Plate Preheat Temperature Required
Thickness, to Control Heat-Affected Zone
inch Microstructure, F
Under 1 75 minimum
1-2 125 minimum
Qver 2 225 minimum

Interpass Temperature

In a multipass weld, the weld joint will cool between passes.
The amount of cooling will depend on the time lag between passes. If
this time lag is long, the joint can cool to a temperature below the
preheating temperature. When the next pass is deposited, the situation
will be analogous to making the first pass without sufficient preheat;
the heat-affected =zone will cool fast enough to form martensite. What
this means is that in a multipass weld, the interpass temperature should
always be kept within the same limits as the preheating temperature. If
the weld joint has cooled below the preheating temperature between passes,
it should be reheated to the preheating temperature before depositing the
next pass.

Extra precautions will be required when welding under situations
that promote rapid cooling, for example, in cold weather or when welding
thick plate. More frequent reheating of the joint may be required in
these situations. The weld joint temperature should be checked frequently



with a surface pyrometer or with temperature-indicating cravons.* Cooling
can be slowed down by covering the weld Jjoint with an asbestos blanket

or by erecting baffles to protect the weld site from cold drafts. If
additional heating is required between passes, it can be applied in the
same ways that the joints were preheated.

Control of Heat Input

Welding heat input is a term that estimates the amount of heat
that is generated in a weld joint as a result of the welding operation.
It is a simple number to calculate using the formula:

Welding current x arc voltage x 60
welding speed

Heat Input =

where these terms are measured as

heat input - joules per inch
welding current - amps

arc voltage - volts

welding speed - inches per minute.

The welding heat input will affect the cooling rate of the weld
joint in the same manner as preheating. As the welding heat is increased,
the temperature of the area around the weld joint will be increased and
the joint will cool more slowly. As the formula indicates, welding heat
input can be increased by increasing the current or arc voltage or by
slowing down the travel speed. Increases in current and voltage are not
always practical as these parameters influence the welding characteristics
of the electrode being used. If a significant increase in current is
desired, a larger size electrode can be used. Slowing the welding speed
is a simple method of increasing heat input. A weaving technique also
increases the heat input since the linear travel speed along the weld
joint is decreased.

Heat input is clesely controlled in the welding of quenched-
and-tempered steels, but for the purpose of maintaining good mechanical
properties in the heat-affected zone. Typical maximum heat inputs for
a quenched-and-tempered steel are 45,000 joules per inch for steel less
than 1/2 inch thick and 55,000 joules per inch for steel over 1/2 inch
thick. Such limits are not needed in the welding of as-rolled or
normalized steels as the cooling rate does not have to be controlled

It is important to remember that marks from temperature-indicating
crayons should be made on the base-plate surface only. Marks on
weld-metal surfaces or joint faces will be a source of hydrogen
when subsequent weld passes are deposited.




for these steels. As a general rule, the welding conditions should be
those recommended by the electrode manufacturer taking care not to use
excessive travel speeds. This, in combination with recommended preheat
and interpass temperatures should provide a cooling rate slow enough to
prevent martensite in the heat-affected zone. Consultation with the
steel manufacturer also is recommended to obtain his suggestions for
welding conditions for the specific steel.

Arc Strikes

An arc strike occurs when a welder (1) accidentally touches
the electrode to the base plate at a location away from the weld joint
or (2) strikes the arc on the surface of the base plate near the joint
and then leads the arc into the joint to continue welding. In either
case they are bad for a variety of reasons including delayed cracking.
The appearance of an arc strike adjacent to a fillet weld is shown in
Figure 12. A fracture initiated in this arc strike probably from a
hot crack. Although no delayed cracks were present in this arc strike,
they could have occurred as the heat-affected zone contained extremely
hard martensite.

The length of time of an arc strike is very short - probably
only about 1/4 second. The amount of metal melted is very small and
it will cool extremely fast. This means that the heat-affected zone
probably will be martensitic even in a low carbon-equivalent steel.
Shrinkage stresses will be very high also because of the inherent shape
of an arc strike. There is a good chance that a source of hydrogen will
be present since accidental arc strikes frequently occur in an area away
from the joint where the plate may be damp or dirty. Thus, an arc
strike is accompanied by all of the factors that lead to delayed cracking
and experience has shown that delayed cracking will occur at an arc strike.

There iz only one way to prevent arc strikes: use care.
Accidental arc strikes can be prevented only by the welder being careful
in his handling of the electrode and electrode holder. If an accidental
arc strike occurs, it should be ground off immediately. The metal should
be ground down at least 1/32 inch below the plate surface to be sure that
all of the heat-affected zone is removed.

An arc always should be initiated within the weld joint where
a subsequent weld pass will remelt the area of the arc strike. It is
best to start the arc about an inch ahead of the last deposit from the
previous electrode. The arc then can be brought back to the previous
deposit and the weld can be continued. The continuing weld will pass
over the arc strike and remelt it.
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FIGURE 12. ARC STRIKE




Reduction of Weld Joint Stresses

The need to control weld joint stresses increases as the delayed-
cracking susceptibility of the steel increases and is particularly
important in the welding of the quenched-and-tempered steels. Two basic
methods of minimizing these stresses are available (1) through adjust-
ments in the welding procedures that are used, and (2) through the design
and fitup of the weld joints. Together, these methods are used to reduce
shrinkage forces in the weld joints and to eliminate points of stress
concentrations. While these practices are particularly important when
quenched-and-tempered steels are used, they also should be applied to
the as-rolled and normalized steels.

Reduction of Shrinkage Forces

Several methods are available for reducing the shrinkage
forces that build up as the weld Jjoint cools. These include the use
of preheating, minimizing weld metal volume, and the contrel of welding
sequence.

Preheating. Preheating reduces the magnitude of the shrinkage
stresses in a weld joint. Preheating produces a relatively wide band next
to the weld that will be at an elevated temperature throughout the welding
gycle. Without preheating, this high-temperature band will be restricted
to the narrower heat-affected zone. At elevated temperatures, a steel's
ductility increases and its strength decreases. With this change in proper-
ties, the elevated temperature band will absorb some of the shrinkage that
occurs as the weld cools. By distributing the shrinkage through the wide
preheated band, the unit shrinkage stresses will be low., If shrinkage must
be contained within the narrower bhand of a nonpreheated joint, unit shrinkage
stresses will be high,

The amount that shrinkage stresses are reduced increases with
increased preheating temperature. Preheating to the temperatures previously
discussed for reducing the cooling rate to control heat-affected zone
microstructure will help some to reduce shrinkage foxces. A more pro-
nounced effect would be obtained if preheating temperatures were increased
to 300-400 F. For as-rolled and normalized steels, this additional stress
reduction probably isn't needed if hydrogen sources are controlled., Maxi-
mum temperatures already are set for preheating the guenched-and-tempered
steels. These are high enough to get some reduction in shrinkage stresses.

Care must be used in applying preheating. Preheating should be
uniform and hot spots should be avoided. Hot spots result in nonuniform
expansion and contraction which defeats the purpose of using preheating.



Preheating should be applied in a band extending away from the joint at
least six inches in all directions. The preheating temperature should be
checked at a point 3 inches away from the edge of the joint.

Minimize Weld Metal Volume. The magnitude of shrinkage forces
is directly dependent on the volume of weld metal that is deposited.
Therefore, the size of the weld should be as small as possible but
still provide the required strength. For butt welds, double V or U
joints should be used instead of single V or U joints. The root
opening should be kept to the minimum necessary to achieve full
penetration. Fillet welds should not be overwelded. A fillet weld
should be the size specified in the welding procedure or by the design
drawings and no more. Nothing is gained by overwelding fillet welds
except an increase in shrinkage stresses. Additional weld metal
deposited in a fillet weld does not add to the strength of the weld
joint.

Welding Sequence. Use of the proper sequence in which portions
of the weld joint are completed will help to keep shrinkage forces low.
Block welding, backstep welding, or skip welding are segquences that
frequently are used.

Block welding is applied primarily with long joints in thick
material. The jeint is divided into several blocks; each block is
fully welded before proceeding to the next block. When compared to
a technigque in which each pass or layer of passes is completed in
sequence along the entire joint, block welding provides significant
reduction in shrinkage forces. (?2) A reduction of up to one-third
in shrinkage forces has been achieved using the block technique instead
of completing the weld in complete passes or layers. Maximum effect
is achieved when block welding begins at the midpoint of the joint with
subsequent blocks being completed in sequence from the midpoint to the
ends of the joint (Figure 13).

Backstep welding is similar to block welding but is applied to
thinner material that can be welded in one or two passes. As shown in
Figure 14, welding proceeds along the joint in a series of short welds
that are each made in the direction opposite to the general direction of
welding. Skip welding (Figure 15) is another variation in which the
short passes are spaced with the intervening gaps being completed after
the initial series of short passes have been deposited. A second welder
can be following along welding up the "spaces". By using a series of
short passes in these sequences, localized buildup of heat is minimized
which, in turn, minimizes the amount of expansion and contraction that
occurs in the weld joint.

In any of these sequences, the overall direction of welding
should be away from the point of highest restraint and towards the
areas of lowest restraint,
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Reduction of Stress Concentrations

Every effort should be made to avoid stress raisers in weld
joints. As explained earlier, these stress raisers may cause concentra-
tions of stresses high enough to trigger a delayed crack. Generally,
preheating will reduce these stresses to a noncritical level. However,
the best insurance is obtained by eliminating the stress raisers from
the beginning.

Butt welds are preferred to fillet welds. Usually, there is
little change in shape of the welded part at a butt joint; a fillet
weld joins parts that generally are at right angles which, in itself,
is an abrupt change in shape. Many fillet welds are required in a ship
structure so some precautions should be taken to provide a shape change
as gradual as possible. Figure 16 illustrates a desirable contour for
a fillet weld. The surface of the weld should have a smooth contour
that blends into the adjacent surfaces of the plate. The previous section
contained a caution about avoiding overwelding of fillet welds. This
caution also applies here because a fillet weld that is not overwelded
is more likely to have a good contour than is one that is overwelded.

The contour of butt welds can be a problem area if the weld
reinforcement has excessive buildup. The sketches in Figure 17 illus-
trate this condition and how a stress raiser is created. Grinding can
remove this stress raiser but only if it is done properly.

Corner welds should be welded from the inside as well as the
outside if possible. While the inside weld may not be required from
a strength standpoint, the inside weld removes the stress raiser inherent
at the toe of a corner weld (Figure 18). This is particularly important
in corner welds as, even during construction, corner welds will be loaded
in a manner that will cause high stresses at the toe of the weld.

Improperly fit joints will have built-in stress raisers even
if welded with the best procedures. Figure 19 illustrates a failure caused
by a delayed crack that occurred at a stress raiser in poorly fit joints.
Had the joint been fit properly, the delayed crack probably would not have
occurred,

Particular care should be given to the fitup of fillet joint.
The sketch in Figure 20 shows how excessive joint gap creates a stress
raiser at the weld root. When the joint gap is increased, the shape of
the fusion line near the weld root is convex. In this area, the direction
of the shrinkage forces and the fusion line are roughly parallel. With a
wide joint opening, the shape of the fusion line becomes concave and stress
raisers form at the root. Here the shrinkage force direction becomes
almost perpendicular to the fusion line. This orientation of the shrinakge
force and the fusion line combined with the stress raisers produces a
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weld would have had a flat contour that
would have avoided the stress raiser.
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significant increase in tengile stresses at the weld root -~ a condition
conducive to delayed cracking at the weld root. Some investigations have
been made to see how the joint gap in fillet welds affects the occurrence
of delayed cracking.(23) Fillet welds were made in a steel having a carbon
equivalent of about 0.62 so this steel was quite susceptible to delayed
cracking. Low-hydrogen electrodes were used; stresses on the weld joint
were entirely due to weld shrinkage. Without preheat, delayed cracks
developed at the weld root with a joint gap of as little as 1/64 inch.
Preheating to 200-300 F was necessary to prevent delayed cracks. Although
these were quite severe tests, they serve to illustrate how poor joint
fitup can result in delayed cracking.

Various weld defects are stress raisers and can cause delayed
cracking if they are located near the fusion line. Proximity to the
fusion line is necessary so that the field of concentrated stress will
extend into the heat-affected zone. The most troublesome defects are
undercutting, lack of penetration, lack of fusion, and slag inclusions.

Undercutting occurs on the surfaces of the joint where tensile
shrinkage stresses are highest. It is hardest to prevent in the root
of welds made from one side only. The undercutting in Figure 21 has
caused a gmall delayed crack on the left side of the weld. If at all
possible, butt welds should be made from both sides to avoid this type
of defect. Undercutting in butt welds made from both sides and in fillet
welds can be prevented through use of proper welding technique.

Lack of penetration in butt welds made from one side is even
more serious than root pass undercutting because a wuch sharper stress
raiser is formed. Again, correct welding procedures or welding from both
sides can avoid this defect.

Lack of fusion and slag inclusions are less serious because
they occur below the surface where shrinkage stresses are lower in
magnitude. Slag inclusions are bad only if they are elongated and form
a sharp notch. Both of these defects can create high stress concentrations
if the weld is highly restrained or if external loads are applied during
welding. External loads can be created if force is needed to hold the parts
in alignment for welding.

Tack and Repair Welds

Tack welds and welds made to repair weld defects must always
be congidered in the same manner as a constructional weld. This means
that all of the precautions used in making the constructional weld
must be used in making tack and repair welds. Delayed cracking can
accompany both of these welds 1f proper procedures are not followed.
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The characteristics of both tack and repair welds favor delayed
cracking. Tack welds are short, single-pass welds that will cool rapidly.
They may be highly stressed if the parts that the tack weld is holding
in alignment have been bent or deformed to achieve proper fitup. Repair
welds may be of any size; small repair welds will cool fast like tack
welds. Most repair welds will be highly restrained by the surrounding
plate and weld metal so shrinkage stresses will be high. What this means
is that tack and repair welds must have at least as much if not more
care than the primary or constructional weld. Tack and repair welds
must be made with the same procedures as used with the constructional
weld. This includes the same preheat, the same electrodes, the same
joint cleaning procedures, etc. In addition, a minimum length should
be required for tack welds; three inches is recommended. Shorter
tack welds cool faster and are more highly stressed. Very short
tack welds really are not much more than large arc strikes.

These requirements for tack and repair welds should be rigidly
enforced; the importance of following these procedures cannot be
stressed too highly to welders, welding foremen, and inspectors.

Inspection

Inspection procedures that can be used to detect delayed
cracks are discussed in Report S5C-245, "A Guide for Inspection of High-
Strength Steel Weldments". (To be published)



10.

11.

12,

13.

14.

15.

REFERENCES

Cheever, D.L., and Monroe, R.E., "Failure of a Medium Carbon Steel Heat
Exchanger", Document 70-PVP-3, The American Society of Mechanical Engineers
(1970).

Baille, J.G., "Underbead and Toe Cracks", British Welding Journal, 14 (2),
51-61 (1967).

Morlet, J.G., Johnson, H.H., and Troiano, A.R., "A New Concept of Hydrogen
Embrittlement in Steel", Journal of the Iron and Steel Institute, 188,
37-44 (1958).

Troiano, A.R., "The Role of Hydrogen and Other Interstitials in the
Mechanical Beahvior of Metals", Transactions of American Society for
Metals, 52, 54-65 (1960).

Stern, I. L., and Quattrone, R., "A Multiple Test Approach to the Predic-
tion of Weldment Cracking", Welding Journal, 46 (5), 203s (1967).

Cottrell, C.L.M., "Controlled Thermal Severity Cracking Test Simulates
Practical Welded Joints", Welding Journal, 33 (6), 257s (1953).

Borland, J.C., "Cracking Tests for Assessing Weldability", British Welding
Journal, 7 (10), 623 (1960).

Stout, R.D., and Doty, W.D., Weldability of Steel, Second Edition, Welding
Regearch Council, 1971, 252-258.

Mallett, M.W., and Rieppel, P.J., "Arc Atmospheres and Underbead Cracking",
Welding Journal, 25 (11), 748s-759s (1946).

Sims, C.E., and Banta, H.M., "Development of Weldable High-Strength Steels",
Welding Journal, 28 (4), 178s-192s (1949).

Voldrich, C.B., "Cold Cracking in the Heat-Affected Zone", Welding Journal,
26 (3), 153s-169s (1947).

Nakamura, H., Inagaki, M., and Mitani, Y., "Cold Cracking in Multilayer
Welds of Low-Alloy High-Strength Steel", Welding Journal, EZ.(l): 35s-463
(1968).

Inagaki, M., Nakamura, H., Inoue, T., Takeshi, Y., Minami, XK., and
Kanazawa, 5., "Delayed Cracking in High-Strength Steel Weld With Angular
Distortion", Transactions of the Japan Welding Society, 4 (1), 19-29 (1973).

Linnert, G.E., Welding Metallurgy, Volume 2, American Welding Society (1967).

Doty, W. D., "Weldability of Constructional Steels - USA Viewpoint",
Welding Journal, gg_(z), 49g-57s (1971).



la.

17.

18.

19.

20.

21.

22,

23.

AWS Ab5.5-59, Specification for Low-Alloy Steel Covered Arc-Welding
Electrodes, American Welding Society (1969).

MIL-E-22200/1C, Miiitary Specification, Electrodes, Welding Mineral
Covered, Iron—-Powder, Low-Hydrogen, Medium and High Tensile Steel,
As Welded or Stress Relieved Weld Application, 29 June 1962.

MIL-E-22200/6A (SHIPS), Military Specification, Electrodes, Mineral
Covered, Low-Hydrogen, Medium and High-Tensile Steel, 5 March 1971.

Interrante, C.G., Dalder, E.N.C., and Yeo, R.B.G., "Effect of Moisture
on the Cold Cracking of a C-Mn Steel", Welding Journal, 48 (9), 384s-
388s (1969).

Bastien, P.G., "Hydrogen in Welding", British Welding Journal, 7 (9),
546-559 (1960).

Pattee, H.E., and Monroe, R.E., "Effect of Protective Coatings on
Weldability of Selected Steels", Welding Journal, 48 (6), 221s-230s
(1969).

Masubuchi, K., "Control of Distortion and Shrinkage in Welding",
Bulletin 149, Welding Research Council (April 1970).

Graville, B.A., "Effect of Fit-Up on Heat-Affected Zone Cold Cracking",
British Welding Journal, 15 (4), 183-120 (1968).



7-1

FURTHER READING

Many people have worked on the various facets of delayed

cracking and have published their results. The following bibliography

contains a selection of these published articles. A study of these

articles will provide additional details to those readers who would like

to expand their understanding of the causes and solutions to the problem

of delaved cracking.

1.

10,

11.

Baillie, J.G., "Underbead and Toe Cracks", British Welding Journal,
14 (2), 51-61 (1967).

Bakexr, R.G., "Weld Cracking--A Modern Insight", British Welding
Journal, 15 (6), 283-294 (1968).

Baker, R.G., and Watkinson, N., "The Effect of Hydrogen on the
Welding of Low-Alloy Steels”, Hydrogen in Steel, Harrogate Conference,
B.I.S.R.A., October, 1l96l1.

Bastien, P.G., "Hydrogen in Welding", British Welding Journal, Z_(9),
546~557 (1960).

Beachum, E.P., Johnson, H.H., and Stout, R.D., "Hydrogen and Delayed
Cracking in Steel Weldments", Welding Journal, ég_(4), 1555-159s (1961).

Berry, J.T., and Allan, R.C., "A Study of Cracking in Low-Alloy Steel
Welded Joints, Welding Journal, 39 (3), 1053s-116s (1960).

Berry, J.T., and Allan, R.C., "The Cold Cracking of Welded Steel
Joints", Welding and Metal Fabrication, 30 (7), 271-276 (1962).

Blake, P.D., "Notes on the Role of Hydrogen in Metal Arc Welding",
The Welder, 24 (1), 14-20 (1955).

Blake, P.D., "The Effects of Moisture in the Coatings of Metal Arc
Welding Electrodes", The Welder, 25 (2), 35-40 (1956).

Bonigzewski, T., "Hydrogen Induced Delayed Cracking in Maraging Steel”,
British Welding Journal, 12 (11), 557-566 (1965).

Boniszewski, T., "CTS Weldability Tests of 1/2%Mo-B Experimental
Steels", British Welding Journal, }g'(l2), 593-612 (1965).




12.

13.

14.

15.

1e.

17.

18.

19.

20.

21.

22.

23.

24.

25.

7-2

Boniszewski, T., Watkinson, F., Baker, R.G., and Tremblett, H.F.,
"Hydrogen Embrittlement and Heat Affected Zone Cracking in Low
Carbon Alloy Steels With Acicular Microstructures", British Welding
Journal, 12 (1), 14-36 (1965).

Bradstreet, B.J., "Application of the Cruciform Test to a Study of
Cracking in T-1 Steel Weldments", Welding Journal, 42 (2), 62s-69s
(1963).

Bradstreet, B.J., "Moisture Absorption in Low-Hydrogen Electrode
Coatings and Porosity in Welds", Welding Journal, 43 (1), 43s-48s
(1964) .

Bradstrxeet, B.J., "Effect of Welding Conditions on Cooling Rate and
Hardness in the Heat Affected Zone", Welding Journal, 48 (11), 499s-
504s (1969).

Brisson, J., Maynier, P.H., Dollet, J., and Bastien, P., "Investiga-
tion of Underbead Hardness in Carbon and Low-Alloy Steels", Welding
Journal, 51 (4), 208s-222g (1972).

Christensen, N., "The Role of Hydrogen in Arc Welding With Coated
Electrodes", Welding Journal, 40 (4), 145s-154s (1961).

Christensen, N., and Rose, R., "Hydrogen in Mild Steel Weld Deposits",
British Welding Journal, gﬂ(l2), 550-558 (1955).

Christensen, N., Gjermundsen, K., and Rose, R., "Hydrogen in Mild~
Steel Weld Deposits", British Welding Journal, 5 (6), 272-281 (1958).

Coe, F.R., Welding Steels Without Hydrogen Cracking, The Welding
Institute, Cambridge, England (1973).

Cottrell, C.L.M., "Weldability of Mn~Mo Steel Related to Properties
of the Heat-Affected Zone", British Welding Journal, 1 (4), 177-186
(1954).

Dawson, T.J., "Quenched and Tempered Steels in Ship Structures",
Welding Journal, 40 (4), 175s-18ls (1961).

Dolby, R.E., and Cane, M.W.F., "A New Mechanical Test Approach for
Assessing Susceptibility to Hydrogen Induced Heat-Affected-Zone
Cracking", Metal Construction and British Welding Journal, 3 (9),
351-354 (1971).

Doty, W.D., "USA Viewpoint of Weldability of Constructional Steels”,
Welding Journal, 50 (2), 49s-57s (1971).

Emmanuel, G.H., Young, D.E., and Spahr, G.L., "The Metallurgy of
Weld Heat~Affected Zones in HY-80 High Strength Steel", Metals
Engineering Quarterly, 1 (3), 82-97 (1961).



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Evans, G.M., and Christensen, N., "Correlation of Weld Metal Hydrogen
Content With Heat Affected Zone Embrittlement", Metal Construction
and British Welding Journal, 3 (5), 188-189 (1971).

Flanigan, A.E., and Kaane, J.L., "Temperature Dependence of the Rate
of Underbead Cracking in an Arc Welded Low-Alloy Steel", Welding
Journal, 43 (2), 80s-85s (1964).

Flanigan, A.E., and Lee, E.U., "Escape of Dissolved Hydrogen From
Weld Metal", Welding Journal, 45 (10), 477s-480s (1966).

Flanigan, A.E., and Tucker, M.S., "Temperature Dependence of the Rate
of Immunization Against Underbead Cracking in an Arc Welded Low-Alloy
Steel"”, Welding Journal, 45 (8), 368s5-373s (1966).

Granjon, H., "Studies on Cracking of and Transformation in Steels
During Welding", Welding Journal, 42 (1), ls-1ls (1963).

Granjon, H., "Cold Cracking in the Welding of Steels", Welding in
the World, 9 (11/12), 382-396 (1971).

Graville, B.A., "Effect of Fit-Up on Heat-Affected-Zone Cold Cracking”,
British Welding Journal, 15 (4), 183~190 (1968).

Interrante, C.G., Dalder, E.N.C., and Yeo, R.B.G., "Effect of Moisture
on the Cold Cracking of a C-Mn Steel", Welding Journal, 48 (9), 384s-~
388s (1969).

Interrante, C.G., and Stout, R.D., "Delayed Cracking in Steel Weld-
ments”, Welding Journal, 43 (4), 145s-160s (1964).

Jones, T.E.M., "Cracking of Low=Alloy Steel Weld Metal", British Welding
Journal, 6 (7), 315~323 (1959).

Linnert, G.E., Welding Metallurgy, Volume II, American Welding Society
(1967).

Mallet, M.W., and Rieppel, P.J., "Underbead Cracking of Welds
Cathodically Charged With Hydrogen", Welding Journal, 24 (7), 343s-
347s (1950).

Martin, D.C.,"Carbon Equivalent and Underbead Cracking", Symposium on
Carbon Equivalent, Mid—-Year Committee Conference, API Division of
Production, June, 1964.

Meitzner, C.F., and Stout, R.D., "Microcracking and Delayed Cracking
in Welded Quenched and Tempered Steels", Welding Journal, 45 (9),
3935-400s8 (1966).




40.

41.

42.

43,

44,

45,

46.

47.

48.

49.

Nakamura, H., Inagaki, M., and Mitani, Y., "Cold Cracking in Multi-
Layer Welds in Low-Alloy High-Strength Steel", Welding Journal, 47
(1), 35s-46s (1968).

odegard, 0., Evans, G.M., and Christensen, N., "Apparent Diffusivity
of Hydrogen in Multi~Run Metal-Arc Weld Deposits", Metal Construction
and British Welding Journal, 3 (2), 47-49 (1971).

Ramsey, P.W., Chyle, J.J., and Wepfer, G.S., "Aging Treatment Effects
on Hydrogen in Multipass Welds", Welding Journal, 42 (4), 167s-170s
(1963) .

Troiano, A.R., "The Role of Hydrogen and Other Interstitials in the
Mechanical Behavior of Metals", Transactions of American Society for
Metals, 52, 54 (1960).

Vaughan, H.G., and de Morton, M.E., "Hydrogen Embrittlement of Steel
and Its Relation to Weld Metal Cracking", British Welding Journal,
4 (1), 40-61 (1957).

Watkinson, F., "Hydrogen Cracking in High Strength Weld Metals",
Welding Journal, 48 (9), 417s-424s (1969).

Watkinson, F., Baker, R.G., and Tremlett, H.F., "Hydrogen Embrittle-
ment in Relation to the Heat-Affected Zone Microstructure of Steels"”,
British Welding Journal, 10 (2), 54-62 (1963).

Winterton, K., "Weldability Prediction From Steel Composition to
Avoid Cracking in the Heat Affected Zone", Welding Journal, 40 (8),
2535-258s (1961).

Winterton, K., and Corbett, J.M., "Dangers of Arc Strikes and Possible
Remedy"”, Welding Journal, ég_(3), 121s (1961).

"Low-Alloy Steels", Chapter 63, Welding Handbook, Sixth Edition,
American Welding Society, 1972.




UNCT.ASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

READ INSTRUCTIONS
REPORT DOCUMENTATION PAGE BEFORE COMPL ETING FORM
T REFGRT NUMBER Z. GOVT ACCESSION NOJ 3. RECIPIENT'S CATALOG NUMBER
55C-=262
4. TITLE (and Subtitle) 5. TYPE OF REPORT & PERIOD COVERED

PREVENTING DELAYED CRACKS IN SHIP WELDS -

PART II 6. PERFORMING ORG. REFORYT NUMBER

7. AUTHOR(s) B, CONTRACT OR GRANT NUMBER(&)

. Contract N0O0024-72-C-5326
H., W. Mishler

10. B T, TAS|
9. PERFORMING ORGANIZATION NAME AND ADDRESS iggﬁﬂ&AwOERLKEhljEPTTNFUF:AOBJEEgS K
Battelle-Columbus Laboratories
505 King Ave., Columbus, Ohio 43201 SR-210
11. CONTROLLING QFFICE NAME AND ADDRESS 12. REPORT DATE
Department of the Navy 1976
Naval Ship Systems Command 13. NUMBER OF PAGES
Washington, D.C. 20360 62

T4, MONITORING AGENCY NAME & ADDRESS(if different from Centrolling Office) 15, SECURITY CLASS5. (of thia raport)

UNCLASSIFIED

155, DECLASSIFICATION/DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if different from Report)

UNLIMITED

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse side if necessary and identily by block number)

Welding Cold Cracking
Weld Cracking Shipbuilding
Steels

Hydrogen Cracking

20. ABSTRACT (Continue on reverse side if necessary and identify by block number)

This report discusses the causes of delayed cracking in ship steel welds and
presents the necessary steps necessary to prevent delayed cracking. Three
factors, acting together, are responsible for the formation of delayed cracks:
hydrogen dissolved in the weld, a hard microstructure in the weld or heat-
affected zone, and high stresses within the weld Jjoint. Each step that is
taken to prevent delayed cracks has the purpose of eliminating or signifi-
cantly reducing at least one of these factors.

FORM
DD , JAN 73 1473 EDITION OF 1 NOV 65 IS OBSOLETE UNCLASS TFIED <

SECURITY CLASSIFICATION OF THIS PAGE (Whan Data Entered)




SECURITY CLASS|FICATION OF THIS PAGE (Whan Dats Entered)

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entarad)




SHIP RESEARCH COMMITTEE
Maritime Transportation Research Board
National Academy of Sciences-Hational Research Council

PROF. J. E. GOLDBERG, Chairman, Irofessor Emeritus, Purdue Universily

MR. D. P, COURTSAL, General Manager, kngrg. Works Division, DRAVO Corp.

MR. E. S. DILLON, Consultani, Silver Spring, Md.

DEAN D. C. DRUCKER, Colilege of Engineering, University of Illinois

MR. G. E. KAMPSCHAEFER, Jdr., Manager, Technical Servieces, ARMCC Steel Corp.
PROF. L. LANDWEBER, Inst. of Hydraulic Research, The University of Iowa
MR. 0. H. DAKLEY, Consultant, MelLean, Va.

MR. D. P. ROSEMAN, cChief Naval Avchitect, Hydronautics, Ine.

DEAN R. D. STOUT, Graduate School, Lehigh University

MR. R. W. RUMKE, Erecutive Secretary, Ship lesearch Committee

The Ship Materials, Fabrication, and Inspection Advisory Group
prepared the project prospectus and evaluated the proposals for this
project:

MR. G. E. KAMPSCHAEFER, Jr., Manager, Tech. Services, ARMCO Steel Corp.

DR. J. M. BARSOM, Assoc. Research Consultant, U.S. Steel Corporation

PROF. J. R. FREDERICK, Dept. of Mech. IDngineering, The University of Michigan

MR. S. GOLDSPIEL, Mechanical Engineer, Board of Water Supply, New York

MR. J. L. HOWARD, President, Kvaerner-Moss, Inec.

MR. T. E. KOSTER, ¥aval Architect, AMOCO International 0il Company

DR. J. M. KRAFFT, #Head, Mechanics of Materials Branch, Naval Research Lab.

PROF. H. W. LIU, Prof., of Materials Seience, Syracuse University

P T. ROLFE, Univ. of Kansas Center for Research, Inc., Lawrence, Ks.

PROF, J. H. WILLIAMS, Jr., Dept. of Mechanical Engineering, Massachusetis
Institute of Technology

The SR-210 Project Advisory Committee provided the liaison
technical guidance, and reviewed the project reports with the investigator:

PROF. A. W. PENSE, Chairman, Professor of Metallurgy, Lehigh University
MR. G. E , M. American Hepresentative, The Welding Instiiute

™

—
—
—m



SHIP STRUCTURE COMMITTEE PUBLICATIONS

These documents are distributed by the National Technical
Information Service, Springfield, Va. 22151. These doc-
uments have been anmounced in the Clearinghouse  journal
U.S. Govermment Research & Development Reports  (USGRDR)
under the indicated AD numbers.

S55C-254, A Guide for the Nondestructive Testing of .'on-Butt Welds in Commercial
Shipe - Part Two by R. A. Youshaw and E. L. Criscuolo. 1976. AD-A014534.

SSC-255, Further Analysis of Slamming Data from the S.5. WOLVERINE STATE by-
J. W. Wheaton. 1976. AD-A021338.

$8C-256, Dynamic Crack Propagation and Arrvest in Structural Steels by G. T. Hahn,
R. G. Hoagland, and A. R. Rosenfield. 1976. AD-A021339.

SSC~257, SL-7 Instrumentation Program Background and Research Plan by W. J. Siekierka,
R. A. Johnson, and COR C. S. Loosmore, USCG. 1976. AD-A021337.

55C-258, 4 Study To Obtain Verification of Liquid Fatural Gas (LNG) Tank Loading
Criteria by R. L. Bass, J. C. Hokanson, and P, A, Cox. 1976. AD-A025716.

SSC-259, Verification of the Rigid Vingl Modeling Technique: The SL-7 Structure
by J. L. Rodd. 1976. AD-A025717.

$3C-260, A Survey of Fastening Techniques for Shipbuilding by N. Yutani and
T. L. Reynoids. 1976,

SSC-261, Preventing Delayed Cracks in Ship Welds - Part I by H. W. Mishler. 1976.

SL~7 PUBLICATIQNS TQ DATE

SL-7<1, (S5C-238) ~ Dasign and Imstallation of a Ship Response Instrumentation
System Aboard the 5L-7 Class Containership S.5. SEA-LAND MzLELN by
R. A. Fain. 1974. AD 780090.

SL-7-2, (SSC-239) - Wave Loads in a Model of the SL-7 Containership Running at
Oblique Headings in Regular Waves by J. F. Dalzell and M. J. Chiocco.
1974. AD 730065.

SL-7-3, {SSC-243} - Structural Analysis of SL-7 Containership Under Combined
Loading of Vertical, Lateral and Torsional Moments Using Finilte Element
Techniques by A. M. Elbatouti, D. Liu, and H. Y. Jan. 1974. AD-A 002629.

SL-7-4, (SSC-246) - Theoretical Estimates of Wave Louds on the SL-7 Containershiy
in Reqular and Irregular Seas by P. Kaplan, 7. P. Sargent, and J. Ciimi.
1974. AD-A 004554.

SL~7-5, (55C-257) - SL-7 Instrumentation Program Background and Research Plan by
W. J. Siekierka, R. A. Johnson, and CDR C. 5. Loosmore, USCG. 1976.
AD-AQ21337.

SL-7-6, (SSC-259) - Verification of the Nigid Vinyl Modeling Techniques: The SL-7
Strueture by J. L. Rodd. 1976.




