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Failures of welded joints

D. K. BHATTACHARYA
National Metallurgical Laboratory, Jamshedpur - 831 007.

ABSTRACT

For a failure at a welded joint, the important factors are : (a) presence of
defects in the form of physical discontinuities, (b) a bad microstructure,
and (c) residual stresses. A few important examples of bad microstruc-
tures leading to failures in stainless steel and alloy steels are presented
in the paper. Apart from the references cited in the text, a list of general
references are included to help the reader to get a better perspective on
the conditions under which the failure of a weld joint takes place.

INTRODUCTION

The type of welded joints to be considered in this paper would be fusion weld
joints in which metal is molten by creating an arc between an electrode (made of
similar alloy as the parent metals or an "inert" metal like tungsten) and the parent
metals. This the type of welding process is more common. Fig. 1 shows the different
welding processes.

Failure of a welded joint can be of two types : (a) those "failed' during inspection
after fabrication, or (b) those failed during service. The defects which may fail a
weld joint during service if left in a component undetected are the following: creaks,
lack of penetration, lack of fusion, porosity etc. Among these defects, the linear
ones such as the lack of penetration, lack of side wall fusions etc. and particularly
the cracks are more harmful. Linear defects on the surface or in the subsurface
region are again more important because the two modes of failures e.g., fatigue
and stress corrosion cracking which are the most prevalent mechanisms of failures
in industrial components -*! originate from the surface or subsurface regionss.

RESIDUAL STRESS AND MICROSTRUCTURE IN A WELD JOINT

The defects in weld joints are essentially, the physical discontinuities such as
cracks which 'offer' their harmfulness by way of creating stress concentrations and
degrading the fracture toughness *!. For a welded joint, there are two other important
parameters which degrade the fracture toughness behaviour e.g., (a) residual stress
4Sland (b) alteration and variation of microstructure across a welded join. Fig. 2
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Fig. 2 : Variation of residual stress across the butt weld tube to tube joint of 2.25Cr-1Mo
steel. Line (A) is the stress distribution before post weld heat treatment and line (B) and
(C) the stress distribution after post weld heat treatment
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shows a typical variation of residual stress across a butt weld joint. More than the
absolute values of the residual stress, it is the stress gradient which is important for
any failure. To reduce the stress gradients, post weld heat treatment is carried out
so that not only the stresses are reduced but the stress gradients are brought down
as well (Fig. 2).

Microstructural variations across a weld joint pose problem because the material
properties are strong functions of microstructure ®!. Variation of microstructure is
more in those alloy systems in which phase transformations take place in the solid
state when the alloy is cooled from a high temperature (carbon steel/alloy steel). In
an alloy system where there is no phase transformation in the solid state (e.g.,
stainless steel) problem may occur because of segregations of elements such as
carbon, phosphorous, sulphur, antimony, bismuth etc. Two well known examples
are hot cracking in austenitic stainless steel ' and lamellar tearing in the alloy

_steel weld joint 18,

Two types of failures are now discussed: a) Failures in stainless steel weld
joints, and (b) failures in carbon (alloy) steel weld joints. Discussion on failures in
these two types of alloys would give a general idea on the types of failures that are
encountered in practice in weld joints due to reasons related to two typical feature
of weld joint microstructure. Weld joint failures due to the presence of defects and
residual stresses are not discussed here. An idea of their roles may be found in the
list of the general reference given at the end.

HOT CRACKING IN AUSTENITIC STAINLESS STEEL WELD JOINTS

Hot cracking is a generic term of failure in a weld joint which takes place when
the weld joint is cooling from the temperature of welding. The primary requirements
for such a thing to occur are differential strain and weakening of interfaces. A very
well known example of hot cracking is the cracking in the weldment of austenitic
stainless steel due to the segregation of sulphur in the interdendritic and intergranular
regions. In an established procedure, the chemistry of the weld metal is controlled
in such a manner that some amount of delta ferrite is introduced because delta
ferrite having bcc (body centered cubic) crystal structure dissolves sulphur and
phosphorous in the solid solution easily. The well known Schaeffler's diagram is
used to determine the chemistry of weldment that would give the desired quantity
of delta ferrite in the microstructure otherwise, hot cracking takes place (Fig. 3).

WELD DECAY IN AUSTENITIC STAINLESS WELD JOINTS

While the segregation of sulphur, phosphorous, antimony etc., in the liquid
weld metal in austenitic stainless steel weld causes hot cracking under restraint in
austenitic stainless steel weldment, the segregation of carbon at the grain boundaries
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in the HAZ of a stainless steel weld joint creates a sensitized microstructure (Fig.
4) and leads to weakened grain boundaries against corrosion and stress corrosion
cracking. The reason is the reduction of chromium at the grain boundaries since
the segregated carbon takes up the carbon forming chromium carbides. Sensitization
is a phenomenon that has its highest tendency in a temperature range of 550-750°C.
Therefore, if one considers the cooling pattern in the HAZ region, sensitization
should take place in a narrow region (Figs. 5 and 6). The presence or absence of
sensitization is often verified by a standard procedure (ASTM Standard A262-70
Practice E). The test consists of exposing a rectangular strip in boiling and acidified
(by adding sulphuric acid) copper sulphate solution mixed with copper turnings
for 24 hours. After the exposure, the strips are bent into 'U' shape. The nature and
extent of cracks if developed reflect the tendency for IGSCC. InFig. 7, the orange
peel structure in a narrow band signifies sensitization in a narrow band away from
the weld/parent metal interface similar to what are indicated in Figs. 5 and 6. Fig.
8 shows a stress corrosion crack formed along sensitized grain boundness of the
HAZ of a 316 type stainless steel.

LAMELLAR TEARING IN STEELS

‘Lamellar tearing' is another example in which the strains generated during
welding process creates strain concentration at regions of weakness. In this case,
the regions of weakness are the elongated sulphide inclusions. The situation is
worse if there are weld defects from where the crack fronts can be initiated. The
inter-inclusion regions are fractured because they are not able to withstand the
load concentration. Fig. 9 shows an example of lamellar tearing 19,

STRESS RELIEF CRACKING

In Fig. 2 the efficacy of stress relief annealing was demonstrated for a ferritic
steel. For an austenitic stainless steel, a stress relief annealing may lead to cracking
because, by their lower thermal conductivity and higher coefficient of thermal
expansiion much higher levels of residual stresses are generated in the austenitic
stainless steel weld joints. Due to the same two reasons, annealing intended for
relieving of the residual stresses may in fact, induce new residual stress. If in
addition, the microstructure is not conducive to relieve the newly introduced residual
stress, cracks may appear at the weld/HAZ interface or in the HAZ.

DELAYED CRACKING BY HYDROGEN

Often cracks are initiated at the weld/HAZ interface or in the HAZ after the
welding operation has been finished and the weld joint has cooled down to room
temperature. These incidences of cracking due to the influence of hydrogen taken
up in the weld pool and diffusing to the HAZ under a temperature and strain gradient,
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F ig.. 3 : Typical appearance of hot Fig. 4 : A fully sensitised micrsotructure in a
cracks in stainless steel weld metal. AISI 304 stainless steel specimen. the

balckened grain boundaries are the areas
where carbon segrigated and formed
chromium carbides

Fig. 5 : Time temperature relationship Fig. 6 : Microstructure at the HAZ of a weld
during cooling after a weld pass in a Joint of AISI 304 stainless steel. Left side of the
burt weld joint in AISI 304 stainles steel mcirograph near to the weld parent metal

interface is not sensitised but on the right hand
side sensitisation is clearly seen.

Fig. 7 : Orange peel structure in a narrow band in which cracks were generated in a ‘U’ bent strip
subjected to ASTM test A 262-70 (Practice E) for sensitisation
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Fig. 8 : A stress corrosion crack along the sensitised
grain boundaries of a 316 stainless steel.

Fig. 9 : A typical example of lamellar tearing originating from a weld defect location
and propagating with the aid of elonated inclusions
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take place after varying incubation time periods. Fracture toughness of the HAZ is
very important to achieve a resistance againest this kind of cracking. This topic is
not further discussed since a full paper would be presented on hydrogen assisted
cracking in this workshop.

LOCAL BRITTLE ZONE

Local brittle zone (LBZ) in the HAZ of a carbon steel or alloy steel is that zone
which can initiate brittle fracture at low stress levels. It should be appreciated that
not all regions in the HAZ are bad for the performance of a weld joint against
mechanical loading or corrosion degradation. It is only a narrow zone (in most of
the cases) in a HAZ which is harmful. Different types of steels have different types
of LBZ. For AISI 304 SS a type of LBZ has already been discussed (weld dcay).
For alloy steels the problems can be manifested by the presence of deleterious
microstructure such as coarse grain martensite, upper bainite etc. *.

CONCLUSION

Through the discussion of a few important types of failures in welded joints an
attempt has been made in this paper to given an idea of the important factors such
as residual stress and microstructural variations across a weld joint and segregation
of elements at weak regions such as grain boundaries, dendritic arms etc. For any
type of weld failures there has to be a bad microstructure. This can be present in a
narrow zone in the HAZ from where cracks may start.
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