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ASPECTS OF FRACTURE IN THE PRODUCTION
AND SERVICE OF WELDED STRUCTURES

N. F. Eaton, A. G. Glover and .J. T. McGrath®

ABSTRACT

This paper reviews fracture processes that take place in ferrous base
waterials during welding, in the <mmediate post-weld period and when the
weldnent is in service. In the welding and post-weld periods cracking
due to solidification, "duetility dip" and hydrogen, as well as lamellar
tearing and reheat eracking, are discussed. The service performance of
weldments is dependent upon the fracture toughness of the various weld
regions.  The importance of microstructure in the control of fracture
toughness is emphasined. The incidence of fracture in welded structures
can be reduced by the proper choice of welding consumables and procedures,
and through corvect weld joint design.

INTRODUCT TON

The principal origin of fracture in fabricated engineering structures occurs
at welded joints. The welding process produces local microstructural changes
that are seldom considered in the operational design analysis. The metal-
lurgical condition of the materials is changed; local residual stresses of
magnitude well beyond the component design stress may be introduced and
frequently defects are produced during the Jjoining process which go unde-
tected. These defects, together with unfavourable design geometries pro-
vide further stress concentrations, usually in regions of metallurgically
susceptible microstructures. The combined effects on fracture are often
overlooked by the designer, fabricator and user of the component. Many
catastrophic failures have occurred for these reasons [1].

One of the most important factors in fracture of welded components is the
presence of undetected cracks. Cracks may be in regions with properties
different from the base materials on which design specifications are usu-
ally based. Cracks can be introduced either during the welding operation,
or during the subsequent post-welding period.

The first part of this paper outlines cracking during the fabrication
stage. The second part of the paper discusses the fracture resistance

of the weld metal and the heatnaffected—zone, which are the main regions
where fabrication-induced ¢racking would occur. The discussion of weld
zone fracture properties is of course relevant to the performance of
defect-free structures. Such an ideal state of atfairs is, however,
unlikely to occur in practice. Hence the fracture mechanics relationships
which have evolved are highly relevant to the performance of welded joints.
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FRACTURE DURING FABRICATION

Defects that are introduced during fabrication can be divided into two
main classes -- those that occur during welding and those which develop
after completion of the weld and during post-weld heat treatment. The
first cle includes those described as solidification, liquation or
ductility dip cracking [2], and lamellar tearing [3]. Cracks which devgl
during the post-weld period are principally hydrogen-induced cold crackin
and stress relief cracking. The latter occurs mainly in post-weld stress
relief heat treatment of creep resisting steels.

Fracture which occurs during welding can be further divided into two sub
cations, depending upon the temperature of formation (Figure 1).
Solidification [4] and liquation cracking [2] occur at temperatures close
to the melting point. They are characterized by boundary separations asse
ciated with microsegregation, leading to the formation of lower melting
point phases distributed along boundary intertaces. buctility dip [2]
cracking occurs at lower temperatures and at grain boundaries which are
fFree from films. Lamellar tearing [3] is largely associated with decohe-
sion of segregated non-metallic inclusions within the parent material

Fractures after completion of welded joints involve diffusion controlled
embrittlement and are time dependent. Hydrogen cracking is associated
with the diffusion of hydrogen, and its influence on defects in low tem-
perature hard transformation products at near ambient temperatures [S]ﬂ
Post-weld heat treatment fracture [6] is primarily associated with preci-
pitation mechanisms and grain boundary segregation causing exhaustion of
creep ductility by cavity growth.

o5 are described in more detail in the next section.

These fracture process

Fracture During Welding

Solidification cracking requires two necessary factors:

i. Intergranular segregation of a liquid phase which wets grain
boundaries, or a solid phase which covers a larger fraction of grain
boundaries ‘greater than randomly dispersed inclusions. Such segregates
are referred to loosely as "films'.

2. Strain which increases as the weld pool solidifies in the area of
the film until the metal grains part. The strain can be a combination o
sliding and tension.

The addition of solutes such as sulphur and phosphorous to iron not only
depresses the melting point but also leads to separation of the liquidus
and solidus, hence establishing a freezing range. They also form low
melting point compounds with iron. Solutes which are less soluble in the
solid than in the ligquid are rejected during solidification. The exis-
tance of a solute-rich and hence low melting point layer provides the
constitutional undercooling required for the cellular or dendritic growth
observed in classical solidification cracking [7]. Cracking may be locatad
between the houndaries of the blocks of cells, grains, or dendrites [8].

‘on eracking can occur in the heat-affected-zone (Figure 2) or the
reheated region of a multipass weld. [t occurs when the metal is just

below the solidus of its bulk matrix. Dburing the thermal cycle, although
the bulk of the metal remains solid, some liguid pockets can form due to
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the presence of sulphides, carbides and inter-metallic phases. Where
liquation cracks occur in the weld metal it is confined to the reheated
region; if films occur in both reheated and as-deposited regions then soli-
dification cracking would be the more appropriate term.

Ductility dip cracking occurs at boundaries which are free from films and
is generally associated with a ductility trough. It has been observed in
a wide range of wmetals and alloys but is mainly confined to face centred

cubic structures which are generally considered to have good ductility at
all temperatures. However, eclevated temperature tensile testing reveals

that virtually all fcc materials display a ductility dip at between one-

half and two-thirds of the wmelting point (Figure 1). In many alloys this
is merely of academic interest, but in certain austenitic alloys (25 Cr -
20 Ni) the embrittlement can cause cracking during welding [9].

Examination of the fracture surfaces reveals that the cracks are inter-
granular and the opening of the cracks varies gradually with geometric
regularity, particularly when sliding and tensile displacements are pre-
sent. In many respects the intergranular separations resemble Stroh-
McLean wedge cracks [10], [11] and the cavities are similar to those en-
countered in creep rupture [12]. Llectron fractography carried out on
this type of cracking shows a thermally faceted structure sometimes decor-
ated with a small dispersion of carbides [2]. The risk of cracking is
enhanced in materials with a high proof stress that increases by work
hardening or precipitation because of the higher resolved shear stresses
that can be induced at grain boundaries.

LemeLiar tearisigy occurs primarily in rolled plate constructions, and is
caused by thermal strains. The tearing always lies within the base plate,
often outside the visible heat-affected-zone, and generally parallel to
the weld fusion boundary [3]. VFor tearing to occur, two main conditions
must be satisfied:

L. Strains must develop in the short transverse direction of the
plate. The strains arise from weld metal shrinkage in the joint but
can bhe greatly increased by strains developed from reaction with other
joints in restrained structures, and the weld orientation must be such
that the strains act through the joint across the plate thickness, i.e.,
the fusion boundary is roughly parallel to the plate surface.

2. The material must be susceptible to tearing, i.e., the plate
must have poor ductility in the short transverse (through thickness)
direction.

All structural steels contain inclusions, mainly of the manganese sulphide,
manganese silicate and oxide types [13], arising from chemistry and deoxi-
dation reactions. During rolling these inclusions deform into plates or
discs lying parvallel to the plate surface. These provide planes of weak-
ness when the plate is stressed in the through thickness direction

(Figure 3). The most important metallurgical actions that can be taken

to avoid lamellar tearing, therefore, are, (a) to lower the overall
inclusion content; and (b) to modify the shape of inclusion particles.

Fracture in the Post-Weld Period

The second main classification of welding defects is cracking that occurs
after welding or during post-weld heat treatment.
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Hydrogen cracking still remains a major problem to fabricators, particularly
in low alloy or quenched and tempered constructional steels. The problem
is most commonly found in heat-affected-zones, but can also cccur in wgld
metal (Figure 4). Hydrogen can be introduced into the weldment at various
stages of manufacture and service. In welding, hydrogen from moisture
breakdown in the arc atmosphere is dissolved in the ligquid weld metal. If
the weld is cooled rapidly, considerable quantities may be retained and
subsequently diffuse into the surrounding material.

A twinned martensite microstructure is most susceptible to hydrogen cracking,
followed by untwinned (low carbon) martensite, loweyr bainite, upper bainite,
and fipally, mixtures of ferrite and pearlite.

Hydrogen embrittlement [14] and the associated areas of hydrogen diffusion
and solubility, including interactions with defects, has received much
attention [15]. The four main mechanisms postulated are:

1. Pressure Mechanism - postulates that hydrogen cracking is caused
by recombination of the diffusing hydrogen atom to molecular hydrogen in
internal voids or jogs followed by a substantial build-up of pressure.

2. Surface Energy - postulates that the embrittlement is caused by
@ reduction of surface energy by adsorbed hydrogen. Hence in a Griffith
criteria, where O g f?g, adsorption of hydrogen leads to an increase in
brittleness,

3. Cohesive Energy - suggests that hydrogen influences the atomic
bond breaking at the tip of a crack and hence can be related to cffects on
the interatomic cohesive force,

4. Dislocation Mobility Model - says that hydrogen influences service
embrittliement by teducing the local stress required for dislocation motion,
leading to solid solution softening, a lower local ¥ield stress and hence
a lower stress intensity for crack propagation.

Reheat Cracking is a form of creep rupture, and occurs principally in
creep resisting steels, especially the Cr, Mo, V series. As the tqmpera-
ture is raised during the stress-relieving cycle, the relaxation of the
residual stresses by creep processes may exhaust the creep ductility of
the material in question. This inability of the grain boundaries to adsorh
deformation leads to reheat cracking (Figure 5). In this case, during

the stress rvelief thermal cycle, vanadium carbide re-precipitates within
the grain interior of the coarse heuat-affected-zone as fine precipitates
coherent with the matrix, thus stiffening the grain interior. As a con-
sequence, any resulting deformation is off -loaded on to the grain boun-
daries. If the strain applied exceeds the available grain boundary cohe-
sive strength, failure ultimately occurs. The situation is exacerbated by
impurity elements in the grain boundary which prevent sliding and act as
sites for nucleation of the cavities [16], {17}

In susceptible materials, initiation probably takes place during heating.
Acoustic emission [17], [18] has shown many events in the 500°~690°C.tem~
perature range. A peak of emission at a particular temperature was fol-
lowed by relative guiet, the length of the quiet period depending on the
material and stress range. Often there was only a short time between
periods of activity. The frequency of peaks increased during testing,
with very high activity prior to failure.
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For a range of Cr, Mo, V steels it has been shown by Myers [19] that no
measureable deformation occurs until a temperature of about 600°C is
reached, i.e., in the temperature vegion in which the first significant
peaks are detected. Failure occurs later with as little as 1% deformation.
Cavities in these steels nucleate at grain boundary particles, probably
carbides, when grain boundary shear takes place. This occurs when the
temperature is high enough to permit creep deformation to take place.

Shear is unlikely to be entirely smooth in coarse grained heat-affected-
zone material and some local bursts probably occur. It is these more
violent bursts of sliding which are the more likely to initiate large and
stable void nuclei and with which the I gest release of elastic energy
must be associated. The acoustic emission peaks, therefore, are most pro-
bably generated by these more violent void nucleating activities. During
the quiet periods less violent grain boundary shear takes place. Although
stable voids are nucleated, their nucleation is not detected against the
background. Cavity formation occurs either randomly along a grain boundary
or in clusters on grain boundary facets or triple points However, nuclea-
tion along grain facets tends to predoninate, with ini tion occurring
preferentially along Loundaries oriented at high angles to the principal
stress.  The final sequence of coalescence and disappearance of cavities
by surface self-diffusion is shown in Figures 6 and 7, and is the same as
found previously for high temperature service failures [20].

FRACTURE IN SERVICE

The fracture of a weldment in service occurs through crack initiation and
subsequent propagation in a defect-free re ion, or from pre-existing
welding defects of the type described earlier. The susceptibility to
crack initiation and propagation is strongly dependent on the fracture
toughness of the weldment regions. Metallurgical structure of these
regions is of prime importance in controlling fracture toughness.

Weld Metal Toughness

Weld metal fracture toughness of C/Mn and micro alloy steels will be con-
sidered in terms of resistance to cleavage and ductile fracture.

(a) Microstructural Features - When weld metal solidifies and cools
the microstructure may be composed of a mixture of transformation products,
including proeutectoid ferrvite, coarse and fine bainite, and martensite.
The type and amount of transformation product depends upon weld metal
composition and cooling rate.

Another transformation product, termed acicular ferrite, has been reported
principally in weldments of low carbon (¢ 0.1%) micro alloy steels 21}
This structure is dif ult to distinguish from fine bainite which forms
at a lower transformation temperature. Examples of the various trans-
formation products are illustrated in Figure 8.

A zone of refined grains is found within multipass weld metal. The refined
zone forms when the temperature from subsequent weld passes exceeds the
Aca temperature.

Non-metallic inclusions are also a feature of weld metal microstructure.
Inclusions are oxide and silicate particles which are generally spherical
in shape, Figure 8d. The volume fraction of inclusions in the weld metal
is dependent upon the slag-metal reactions which take place during welding.
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The resistance to cleavage failure in weld metal is dependent upon the
type and amount of certain transformation products, while inclusions influ
ence the resistance to ductile fracture.

(b)  Resistance to Cleavage Fuilure - Because of the mixture of trans.

formation products in a weld deposit it is a complex task to define the
ideal structure for optimum fracture toughness or resistance to cleavage
failure. The use of quantitative metallography [22] allows one to relate

the type and amount of weld metal microconstituents to fracture resistance

Several investigations [22], [23], [24] of weld metal in C/Mn and micro
alloy steels have revealed that a high volume fraction of coarse proeu-
tectoid ferrite, coarse upper bainite and lath (untwinned) martensite

are detrimental to toughness, while fine bainite structure with a low
volume fraction of fine carbide particles is conducive to high toughness
properties. This is illustrated in Table I, which relates Charpy transi-
tion temperature to weld metal microstructure. The control of weld micro-
structure, and thus fracture toughness, is attained through control of
weld composition and cooling rate.

It is appropriate to review the role of weld metal composition. The princ
pal alloying elements in C/Mn steel weld metal are 51, Mn, Mo, Cr and Ni.
In the micro alloy steel weldments the effects of Nb, Ti and V must be
examined. Because of the fairly rapid cooling rates encountered in weld
processes most of the alloying elements, including the strong carbide
formers such as Nb, Ti and V are likely to be vetained in solid solution
in the as-deposited weld.

The work of Dorschu and Stout |25] was one of the first investigations tao
assess the effect of individual alloying elements on the fracture tough-
ness of single-pass submerged arc weld metal in a C/Mn A201 base metal.
fn Figure 9, alloy additions such as Si, Cr, Mn and Ni either have no
effect or slightly improve toughness at low concentrations. However, as
the amount of these elements is inc ed a decline in toughness can
result. C and V had a detrimental effect on toughness even at relatively
low level additions. Although the analysis of microstructure was limited,
a refinement of the ferrite grains (proeutectoid or bainitic in nature
was not made definite) was associated with increased toughness. A decre:
in toughness was related to the formation of coarse baini e and an in-
creasing proportion of carbide aggregates.

Recent studies, particularly in micro alloy steel weldments, have been
more extensive in their evaluation of microstructural changes brought
about by alloying elements in the weld metal. Most of the attention has
been focused on high heat input welds where the dilution of Nb in the
weld metal can approach 60%. The data of Sawhill [26] and Hannerz [27],
Figure 10, indicate an increase in Charpy transition temperature with
increasing Nb content in the weld metal. Sawhill reported that for a
fixed cooling rate the weld metal microstructure changed from fine to

)

coarse bainite as the Nb level increased to 0.05%. The increase in coarss

bainite was related to the deterioration in toughness. The individual

additions of Ti [28] and V [29] to weld metal may cause a similar decrease

in toughness. In all of the investigations there is little information :
how micro alloy additions affect the kinetics of the austenite transfo
tion.

Tn order to rvectify the loss in toughne attributed to micro alloy addi
tions other elements have been added to the weld metal. For example,
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Sawhill [30] increased the toughness of a weld me
through additions of V, Ti, Cr and Mo, made indiv

1@15 tmprovement in toughness was related to the
microstructure.

tal containing 0.05% Nb
1du§lly and in combination.
refinement of the bainitic

To attain optimuw re§istance to cleavage fracture it is necessary to know
more about the klnet}cs of the transformation of austenite to lower tem-
?iﬁit?xe t;;nsfzrmatlon products. There is a lack of continuous cooling

anstormation diagrams for weld metal compositi i

TR 0 -Ompositions, particularly for
ZLC%O alloy steel weldments. Such information would allow a welging

S1od o > 3 1 ;

°ngineer to choose the welding consumables and procedure that would result

in a weld composition and coolin rate to achieve the desira le t ransfor-
¥ 324 & C h
nation product S l )

(¢} Resistance to Ductile Fracture
fallure of weld metal is directly related
inclusion particles, where

C

Vg & 5

~ The energy required for ductile
to the volume fraction, Vg, of

(C = particle size and h = interparticie spacing).
expressed as the upper shelf energy associate
test or the plateau value of COD in o COD vs.

) This energy can be
d with the Charpy impact
temperature diagram.

The failure mechanism [31] is one of void

the inclusion particle/matrix interface
tion and shear failure of the

formation by the decohesion of
i _fcllowed by the plastic deforma-
interparticle region.

Be?ausefwcid metal inclusions are mainly oxides and silicates inclusion
Volume fraction can be directly relate é ntent, " i
; LT elated to oxygen conte :
Farrar [32] have compi sonsh A il
c 32] ompiled data on the relationship b :
i i 3 : T r 2lat: shi etween Charpy upper
;helf enerygy and oxygen content in submerged arc weld metal ‘Aiyshgan in
¥ o\ shelf enero > ases 1 i 1 - P

;ég:ﬁ.?l’ ?helf Lnglgy decreases with lncreasing oxygen content with the
greatest change taking place between 300 to 600 pPpm oxygen » .

The control of inclusion or OXygen content
i;ggéTeta]l?e?ctluns which take place during welding The components of
= tlux which constitute the molten slag ¢ X )
t . y 20N are oxides such as Mpo i
Ca0, Mgo, Al203, TiO i b wilieior M-
, 3, .02 and fluorides like CaFbF Of
0. M C S - x the above-ment
oxides all, with the exception of Si . ne T
; : b, : i0z and MnO, are stable havi i
St 37y c] e2vs ] o NS 1 ~ B 3 1 . ln
%€aud41d free energies of formation [33]. 5102 and MnO in the mglgéﬁh
s dg‘%a? be roduceg hy iron if one considers near equilibrium conditions
in effect and the following reaction taking place: - ~

in weld metal relates to the

MxQy + Fe ;?5 XM + yFeO

where M = 51, Mn.

;FolfedugFaon of Si0; is the principal source of OoXygen in the weld metal
retaer S5i0, in the slag can be reduced depe i . ’ S
\ ) ) . ag re epends upon its activit T
kci‘t? gonirulang oxygen content in the wveld metal is in reduciiﬁ tﬁze
activity of SiQ, in the slag Basic oxide co : . ‘ ,

St L SE8y 3 > slag. s tde components of the flux, suc
as %40, can %ugonwllsh this reduction in activity by reacting witﬁ %98h
to form the inactive orthosilicate, Ca08i0,. S

There is considerable controv f”J ing the rdvt
1 v $ rat wversy 34 regardin ati £ S S
o the. bt 5 Bir medun g ng h ing of fluxes as

the activity of Si0,; and thus lower the amount
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of oxygen entering the weld metal. Whether a flux is glassifieq by the

basicity formula [35] or the ionic theory approach [36], there is a need
for more thermodynamic studies of the reactions which take place in con-
trolling the oxygen and thus the inclusion content of weld metal.

Heat-Affected-Zone (HAZ) Toughness

The factors affecting fracture toughness of the HAZ in weldments of C/Mn
and micro alloy steels will be reviewed primarily with respect to resis-~
tance to cleavage failure. Less emphasis will be placed on resistance to
ductile fracture because inclusion particle formation in the HAZ is not
as extensive as it can be in the weld zone.

(a) HAZ Regions - The temperature gradient produced in the HAZ of a
weldment results in a range of microstructure. The HAZ can be divided
into four regions, extending outward from the weld zone - (1) the g?ain
coarsened region (where the peak temperature, Tp > Acj temperature);

(2) the grain refined region (Tp just above Acj temperature); (3) interf
critical region (Acy > Tp > Acy); and (4) sub-critical region (Tp < Ac,).
The microstructure that can develop within cach region depends upon sugh
factors as peak temperature, plate composition and cooling rate. Cooling
rate is usually expressed as the time required for the temperature to
drop from 800° to S00°C. The magnitude of the cooling rate is determined
by heat input, section thickness, geometry and preheat.

In the following discussion of HAZ fracture toughness emphasis will be.
given to the grain coarsened region which is potentially the most embrit-
tled region of the HAZ.

(b) Resistance to Cleavage Failure - The fracture toughness of the
grain coarsened region of the HAZ is controlled by microstructurg. As
with weld metal toughness, microconstituents such as coarse bainite and
martensite are detrimental, while improved toughness is associated with
a fine ferrite or fine bainitic structure. A coarse prior austenite
grain size contributes to low HAZ toughness.

To illustrate the HAZ toughness in C/Mn steel weldments, various investi-
gations can be cited {37], [38], [39], and [40]. The fracture mechanics
data in Table 2 indicate that generally there was not a large difference
in toughness between the HAZ and base metal for weldments 1, 2 and 3. T?n
composition of the base metal of these weldments was nominally 0.14—Q.lhu
0.8-1.2% Mn. Although quantitative metallographic analysis was lacking,
it was stated that the HAZ microstructure included proeutectoid ferrite,
pearlite, together with coarse and fine bainite. However, a much larger
difference in toughness between the HAZ and base material can result in
C/Mn weldment (weldment 4) when the martensite content of the HAZ increas
Generally, low heat input, i.e., < lkJ/mm and a steel with sufficient
hardenability are the factors which promote the formation of HAZ martensite

The coarse grained HAZ of micro alloy steel weldments can exhibit a much
lower fracture toughness than the base material. To account for this )
difference in toughness between HAZ and base material let us first examin:
the structural changes that can take place in the HAZ during welding. The
base materidl has fine grains of ferrite (d = 0.01 mm) produced by a con-
trolled rolled process. NbC and VC particles play an important role %n
controlling grain growth. The resultant fine grained structure has high
strength and resistance to cleavage fracture. When these structures are
subjected to a high heat input in the HAZ immediately adjacent to the weld
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zone, the second phase particles controlling grain size may dissolve with
the Nb and V going into solution. Upon cooling of the HAZ, various trans-
formation products can form, depending on cooling rate. If cooling is rapid
enough to retain alloying elements such as Nb, V in solution, these ele-
ments can have a strong influence on the type of transformation products
which may result. If cooling is sufficiently slow, precipitation of Nb

and V carbonitrides may take place.

Let us examine some of the studies which have been carried out to relate
HAZ microstructure to toughness in micro alloy steels. The work of Cane
and Dolby [37}, Banks [38] and Sawhill and Wada [40] have established that
Nb (~ 0.046 ~ 0.10%) promotes a brittle coarse bainite in the HAZ coarse
grain region. Weldments 5 and 6 in Table 2 exhibit a significant differ-
ence in toughness between base metal and HAZ. The base metal composition
of these weldments was nominally 0.16-0.18% C, 1.2% Mn, 0.2-0.3% Si and
0.04-0.06% Nb. These investigations suggested that the presence of Nb in
solution promoted the formation of the bainitic microstructure. There
was no evidence that second phase Nb carbonitrides had formed during the
transformation from austenite.

Similar to the effect of Nb, increasing V content can cause a deterioration
in toughness in the HAZ (Figure 12). The work of Hannerz and Jonsson-
Holmquist [41] suggests that the decrease in toughness is associated with
the precipitation of vanadium nitrides. This was in evidence primarily at
slow cooling rates, At (800°-500° C) ~ 300 s.

The problem of restricting HAZ grain growth in micro alloy steel weldments
has been studied by Taniguchi et al [42]. When the fine, carbonitrides
dissolve during high heat input welding processes, extensive grain growth
can take place in the HAZ, leading to poor fracture toughness. In weld
simulation tests, it was found that a steel, containing 0.14% C, 0.28% Si;
1.22% Mn with 0.014% TiN particles of a size 0.1 pm was able to maintain an
austenite grain size of 50 um at a peak temperature of 1400° C (Figure 13).
The TiN particles were stable enough to restrict grain growth at the high
temperatures. The transformation upon cooling from peak temperature
resulted in a fine grained ferrite/pearlite microstructure. This contrasted
with a coarse bainite HAZ microstructure in steel without TiN and sub-
jected to similar thermal treatment. HAZ from actual welds in the Ti
bearing steel prepared by the submerged arc and electrogas processes

showed significant improvement in Charpy impact energy over conventional
steel (25° C improvement in transition temperature).

In order to control HAZ toughness, more information must be obtained

about the microstructural content of the HAZ. 1In this regard quantitative
optical metallography is useful in identifying the type and amount of
microconstituents. For micro alloy steel weldments, in particular, the
effect of Nb and V on microstructure must be established. The use of

TEM should be able to identify whether these elements are present in
solution or as fine carbonitrides.

Test Specimen Selection

If useful fracture toughness data is to be obtained from steel weldments,
the selection of a test specimen, particularly with respect to the notch
or fatigue crack location is important. Dolby and Archer [43] have
provided a selection of fracture initiation test specimens which simulate
the orientation of various welding defects in the HAZ. For example, the
specimen 'A' in Figure 14 simulated the orientation of a hydrogen-induced
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toe crack with the notch tip sited in the HAZ.

The proximity of neighbouring regions may play a role in determining frac-
ture toughness of the HAZ. This will greatly depend upon the plastic zone

e

size at the notch tip. This can be illustrated by specimen 'B' in Figure ii.

which can be used to simulate a crack transverse to the fusion zone. In
testing a weldment of HYS80 steel [44], specimen 'B' was employed with the
notch positioned in two ways, (a) through the wc{d metal to the HAZ; and
(b) through the base metal to the HAZ. A lower fracture toughness was
obtained for the specimen with the notch tip adjacent to the weld metal.
The plastic zone size at the tip of the notch was large enough to gxtend
into the weld metal. Since the weld metal was low in toughness this had
sufficient effect to reduce the HAZ toughness value.

With regard to weld metal toughness, Dawes [45] has reviewed yhe selection
of fracture mechanics specimens for multipass, two-pass anq sxngle—pas;
butt welds. Because multipass welds contain both as-deposited and ?eflncd
structures, the root of the notch should sample both weld metal regions. )
With reference to specimen 'A' in Figure 14 the notch shogld be positioned
in the weld zone with the line of the notch being perpendicular to the
plate surfaces. Similarly, with two-pass and single-pass butt welds a

i

: : SsEE, 3 feost
test specimen with a through thickness notch in the weld zone is recommend:

RELATIONSHIP TO FAILURES IN WELDED STRUCTURES

Many examples could be cited to show that all the defects described in Fhw
first part of the paper have resulted in premature and often‘catastropblc
failures. These could have been avoided if suitable precautions, particu
tarly at the fabrication stage, had been taken in the light of an under-
standing of the mechanisms of defect formation.

Certain defects, notably solidification cracking and lnme;lar.tearxng,
require closer control of material composition, principally thﬁ respe?t
to reducing impurity content. Often, however, such proh}ems arise QUrLQg
the welding operation and the fabricator has no opportun}ty to instigate
changes in the material or the consumables that he is using. However, nuci
more could be done at the fabrication stage to overcome these ?r?blems by
attention to welding procedure variables. For instance, so}id1f+cat10n
cracking, depending as it does on the solidification mechanisms in the )
weld pool, can be overcome by changes in welding current and‘travel speei
to modify the weld metal solidification structure. Qhanges 1n_weld 301n§
design are also valuable in overcoming lamellar tearlng? even in very sus-
ceptible high inclusion content steels, by ensuring sprlnkuge stresses
are not applied in the plate through thickness dirvection. Hydrogen
cracking can be overcome by using consumables with low hydrogen potential
and attention to optimum drying and storage prior to use. Adequgte pre-
heat of the joint to assist hydrogen diffusion or influence cooling rate
to produce less hardened microstructures is also an effective safeguard.

In the discussion of component fracture one of the prime objects must be
to ensure that the assumptions made are not optimistic. A thorough Qndev
standing of a structure's design and operational details, togegher w1gx
the material properties, is required to predict likely modes of subcritis:
crack growth and their significance. In practice slow crack growth can
occur Ey any one or combinations of fatigue, creep and creep-fatlgue.
cracking, cracking by monotonic loading (ductile tearing or micro-brittie
cracking).

760

N. F. Eaton, A. G. Glover and J. T. McGrath
Fracture of Welded Structures

The areca of least data is the stress field surrounding the defect. Stress
analysis at regions of complex geometry is difficult to do analytically
and numerical computation using finite element representation of the
actual design can often be used successfully. These aspects are discussed
in a related plenary paper by Soete and Salkin [46].

In the area of fracture resistance, current research has identified the
way ahead. In terms of resistance to cleavage and ductile fracture a much
greater understanding is now available on the influence of metallurgical
structure and particularly inclusions on fracture toughness. Control of
metallurgical structure in weld metals and heat-affected-zones can be
achieved by variations in welding conditions, such as heat input and
cooling rate, but this subject has not been adequately investigated to
date. Inclusion control has been widely adopted in steelmaking, particu-
larly for improved fracture toughness in high strength micro alloy steels.
Similar developments related to inclusion control in weld metals should

be undertaken.

CRACK GROWTH FROM DEFECTS UNDER CREEP CONDITIONS

To ensure the integrity of welded components at high temperatures, it is
necessary to be able to predict the rates of crack propagation from
existing defects when cracking is caused by creep. Various approaches
have been used for the analysis of creep crack growth data involving
either fracture mechanics Oor a more generalized approach. One of the
limitations of using a fracture mechanics approach is that many materials
when tested under conditions producing high ductility creep deformation
are 'motch insensitive'. This situation has been studied in many instances
using standard analyses available for creeping structures. The major
problems are to identify the deformation mode and stress index relevant

to particular component operation and the test conditions. These problems
have been overcome more recently by using a reference stress [47], or
skeletal point stress [48].

However, much of the early work on Cr, Mo, V, [49] showed a good correla-
tion between creep crack growth rate and the stress intensity parameter, K
as defined by,

s
da
dt

where

is the crack growth rate, C and n are material, temperature dependent
constants; and

K:YGVE
where Y is a function of geometry, f(a,W), ¢ is the 8ross section stress,
W is the specimen width, and a is the crack length.

Similar relationships have been found for austenitic steel [50] and for
more conventional c¢reep ductile ferritic materials [517.
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While this method gives a good description for these material;, 6152 wogld
not be expected to hold generally, since creep is, by definit}on, a time
dependent deformation process and elastic theory should not, in pr}nglple,
be wholly applicable. This approach, however, is capablg of dgscrlblng
the bulk of published data within less than two orders of magnitude of
crack growth rate, and this is typical of scatter in creep data.

In order to overcome the problems of using a linear elastic approach two
other analyses have been proposed. The first alternative'has used the

COD technique where crack growth is controlled by locgl dlsplacemenFs at
the crack tip [52]. This is very attractive in principle since it is
easily visualized [53] as deformation and fracture of a small tep51le.
specimen at the crack tip, and for creep processes the accumulation of )
strain is an accepted physical picture. However, in practice this approach
is difficult to apply due to inherent problems of defining a critical COD

value, large experimental scatter at elevated temperatures, and the require:

ment of a detailed mathematical analysis to derive the total displacement
relationship for any real structural defect.

The second alternative has utilized available creep rupture data and the
net section stress as the controlling parameter [54]. In a study gf crack
growth data for normalized and tempered Cr, Mo, V at 565° C, [49] it was
shown that a better correlation was obtained with net section stress than
with stress intensity factor.

It is difficult to reconcile all the various crack growth models @n terms
of creep mechanisms because of the inherent differences %n duct§11ty showr
by creeping materials. These differences in mechanisms imply d}fferencos
in the distribution and accumulation of creep damage in the various )
materials. Hence, any crack growth analysis presented for general applica
tion should be able to account for true intercrystalline failure under
conditions of time dependent deformation and the more ductile crack growti
mechanism.

AVOIDANCE OF FAILURES

From the foregoing discussion it will be apparent that there is a con-
siderable understanding of the mechanisms which cause welding defects,
and of the factors that influence the fracture of structures in ;he weld
region. Many weld fabrication problems and service failures could be .
avoided if this information was communicated to, and used by, the fabrica
tors, designers and production welding engineers. As pointed out by one
of the authors in a recent paper [55], there have been numerous metallur-
gical researches undertaken as a result of problems in welding apd
failures in welded structures, resulting in increased understanding of )
the scientific principles involved - but seldom avoiding a recurrence of
the problem.

The main recommendation to achieve the goal of avoidance of failures_is (o}
ensure that information gained by research does not lie dormant on llbrayy
shelves, but appears in the revision of standards and specificgtious or in
the production manuals of the alloy-producing metallurgist or industrial
welding engineer. We should ensure that what has already b?en learned by
research is communicated to and applied in industrial practice.
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Table 1

Effect of Weld Metal Microstructure on Toughness [23]

Temperature

Proeutectoid . Transition
FPerrite %
L_._ | %, 68 J

Table 2 HAZ and Base Plate Fracture Toughness

Weld Procedure Heat Tnput | Weidment
ki ) . cdure —f_ki/mm | Region -
Sub. arc, 2 wire # bas
bead on plate o 6t
Sup. arc, 1 wire 5.4
multipass butt weld
—— ,1
Sub. arc, 1 wire ¥ bas
uk ase | ~120
bead on plate | )L’ 1
>4 H, ]
plate 1 AZ | 110
Sub. arc, 1 wire . hase J ~170
bead on plate | HAZ I - 60
i
e e S _41 IS |
Sub. arc, 2 wire 5 hase [ ~_l_'-'
bead on pPlate ' HA:Z ) I ~ ;8 f
6 o " . I -_-—_Qﬁ-ﬁ-i
(38) bub,‘gr?{ 1 wire 2.1 hase &~ 70
multipass butt weld ! HAZ - 40

* Temperature at Critical COD of .1 mm
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Figure 3

Elongated Maganese Sulphide Inclusions on
Surface of Lamellar Tear x 200

Figure 4

Hydrogen Cracking in Weld Metal x 4
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Figure §(a) Formation of Procutectoid Ferrite AT
Leure 5 lavitation: Jamage i coarse Graine AZ X 5 ” .. 5w o o
Figure 5 Cavitational Damage in Coarse Grained HAZ x 500 Fine Bainite

X 500

and
"BY in O/Mn Steel Weld Metal

gure 6  Fracture Face of Reheat Figure 7

Smeothed Cavitated Surts
Crack x 4000

X 1600 Figure 8(b) Coarse

Bainite Microst ructure in ¢/Mn
Steel Weld Metal x 500

709




N. F. Eaton, A. G. Glover and J. T. McGrath

Fracture 1977, Volwne 1

TRANSITION TEMPERATURE °C

Martensitic Weld Metal Structure x 500

Figure 8(c)
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Inclusion Particles in C/Mn Steel Weld
Metal x 500

Figure 8(d)
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i 1 L ! ! 1 1
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WT. % ALLOY ADDITION
9 Effect of Alloying Elements on the Charpy Transition Temperature
of Submerged Arc Weld Metal [25]
Sawhill ®, 68 J Impact Energy
— Hannerz 29 22 J Impact Energy

1 1 1 1 | i
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10 Effect of Nb on the Charpy Transition Temperature
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