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A less well known foxm of transverse cracking in carbon mangan~
ese and low alloy steel weld metals, generally referred to as chevron
cracking, has been found in a large number of industrial welds., These
cracks are characterized by their macroscepic ovientatien, which ig
approximately transverse to the welding direction and zt 45° with the
plaie of the plates (in a butt joint), aund by the staircase morphol-
ogy, which is easily recognized under microscopical examination. A
special test was designed to reproduce these cracks under laboratory
controlled coaditions and a larpge number of welds was carvied out.
Chevron cracks were found in the tests with medium strength weld
metals deposited by subinerged arc with a basic agglomerated fiux and
by manual metal arc with basic and celiulosic electrodes. Yo chevron
cracks were obzerved in. the welds with ruiile zlectrodes. fiigh
temperature baking of rhe submerged arc flux and the basic electrodes
elimirated or reduced markedly the incidence of cracking in all cases
indicating that hydrogen was the main factor controllirg the cracking
occurrence,

The fracture surface of a chevron crack consisted generally of
a series of staggered microcracks exhibiting quasi-cleavage linked
by ductile failure. A close similarity was found amongct the features
observed on the fracture surface of chevron cracks, microfissures,
hydrogen induced cracks in Y groove Tekken tests and hydrogen charged

tensile specimens.

A two stage mechanism for the formation of chevron cracks has
been suggested, based on recently proposed theories for hydrogern
assisted cracking. The mechanism is based on the tramsport of hydro-
gen by dislocatiens along slip bands at 45° with the welding direction
and nucleation of staggered microcracks within the slip bands; sub-
sequencly these microcracks are linked by ductile failure.

The increase in the strength of the weld metal produced first an
increase in the incidence ¢f chevron cracking and, above a certain
level, a change in the orientaticn of the cracks from 459 to perpen-
dicular ro the welding direction. This change was believed to be due
to an alteration in the cracking mechanism rather than a change in
the nature of the cracks.
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sample B.

(a) General aspect. (b) Detail from (a).
(c) Detail from (b). (d) Detail from (c).

Vertical componeunts of a chevron crack observed in the
industrial sample A.

(a) General aspect. (b) Detail from (a).
(¢) Another detail from (a). (d) Detail from (c).
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102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Vertical component of a chevron crack which was exposed
to high temperatures. Industrial sample B.

(a) General aspect. (b) Detail from (a). (c) Detail from (b).

Fracture surface of a chevron crack in a submerged arc weld.
TP17.

(a) General aspect.

(b) Detail from a horizontal component showing mainly dimples.

(c) Detail of a horizontal component showing dimples and
quasi-cleavage.

Vertical components of a chevron crack in a submerged arc
weld. TP17.

(a) General aspect. (b) Detail from (a). (c) Detail frecm (b).

Vertical component of a chevron crack in a submerged arc
weld. TP21.

(a) General aspect. (b) Detail from (a)
(c) Another detail from (a).

Vertical component of a chevron crack showing inter and trans-—
granular failure. Submerged arc weld. TP2L.

(a) General aspect. (b) Detail from (a). (c) Detail from (b).

Vertical components of a chevron crack in a manual metal arc
weld., TP42,

(a) General aspect. (b) Detail from (a). (c) Detail from (b).

(d) Detail of a component nucleated at an inclusiom.

(e) Detail of a component showing inter and transgranular
failure.

(£) Detail of the cenire of a component without clear origin.

Vertical components of a chevron crack in a manual metal arc
weld. TP47.

(a) General aspect. (b) Detail from a component.

(c) Detail from (b).

(d) Detail of striations in the centre of a component.
(e) Detail of a component exposed to high temperatures.
(£) Detail from (e).

Vertical component of a chevron crack in a submerged arc weld
showing signs of high temperature exposure. TP1l7.

(a) CGeneral aspect. (b) Detail from (a). (c) Detail from (b).
(d) Detail of quasi-cleavage in the outer regions of the
component:.

Propagation of a chevron crack which was broken open after
precooling in liquid nitrogen.

(2) General view. (b) Detail from (a).

Fracture surface of a vertiéal crack in a submerged arc weld.
TP24,

(a) General aspect. (b) Detail from (a). (c¢) Detail from (b).
(d) Detail of transgranular failure by quasi-cleavage.
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112.

113.

114,

115.

116.

117,

118.

119.

120.

Detail of areas of ductile failure linking brittle fracture
regions in a vertical crack. Submerged arc weld. TP24,
(Crack also shown in Figure 93).

(a) General aspect. (b) Detail from (a) showing the aspect
of the dimples.

Vertical crack in a submerged arc weld associated with
phosphorous segregation. TP27,

(a) General aspect of the crack.
(b) Detail of segregation.
(c) Detail of segregation and chemical analysis.

Vertical crack in a manual metal arc weld deposited with
electrodes B5Ni. TP62,

(2) General aspect. (b) Detail from (a). (c) Detail from (b).
(d) Detail of inter and transgranular failure.
(e) and (f) Detail of less common features.

Fissure in a submerged arc weld deposited with the wire-flux
combination SD2/3Ni + OP41TT. High heat inputiweld by Crouch
(7.

(a) General aspect. (b) Detail from (a). (c) Detail from (b).

Fissures in a manual metal arc weld deposited with electrodes
E6013. TP39.

(a) General aspect. (b) Detail of fissure. (c) Detail frem (b).

Fracture surface of a longitudinal crack produced by the Y
Groove test. Weld deposited with electrodes E&G18Cl.

(a) Detail of the staircase morphology (observed from an angle
perpendicular to the ductile failure components),

(b) Detail similar to the vertical components of chevron cracks
(observed from a direction parallel to the ductile failure
components).

(¢) Detail from (b). (d) Detail from (c¢). (e) Detail from (b).

Fracture surface of a longitudinal crack produced by the Y
Groove test. Weld deposited with electrodes C2.

(a) Detail sipilar to the vertical components of the chevron
cracks.,

(b) Detail from (a). (c) Detail from (b).

(d) Detail of another component. (e) Detail from (d).

(£) Detail from (e).

Fracture surface of a hydrogen charged tensile specimen.
(Specimen 4, Table 21).

(a) General aspect. (b) Detail from (a). (c) Detail from (b).
(d) Detail of the fracture surface in the columnar region.
(e) Detail from (d). (f) Detail from (d).

Fish—eye in a hydrogen charged tensile specimen. (Specimen 3,
Table 21).
(a) General aspect. (b) Detail from (a). (¢) Detuil from (b).
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121.

122,

123,

124,

125,

126.

127,

Hydrogen charged tensile specimens after being tested.
(Specimens referred to in Table 22). 1x.

(6) Non charged specimen. (7) Specimen charged for 4 hrs.
(8) Specimen charged for 24 hrs.
(9) Specimen charged for 48 hrs.

Details from the fracture surface of hydrogen charged tensile
specimens reminiscent of the staircase morphology of chevron
cracks.

(a) Specimen 7(Table 22). (b) Detail frow (a).
(c) Specimen 9(Table 22). (d) Detail from (c).
{e) Detail from (d). :

Chevron crack in a submerged arc weld, which was reheated on
purpose. TP21.

(a) Horizontal components. (b) Detail from (a) showing the
effect of reheating. (c) Vertical compomnents.
(3) Detail from (c) showing the effect of reheating.

{e) Detail from (d). (f) Detail from (d).

Thermal facets on the fracture surface of a chevron crack
reheated on purpose (same crack as in Figure 123). Single
stage carbon extraction replica examined in the transmission
electron microscope. TP21.

(a) General aspect, 5000x. (b) Detail, 18000x.

(a) and (b) Thermal facets on the fracture, surface of a
chevron crack (same crack as in Figure 108). TP47. 1500Cx.

Details from the fracture surfaces of chevron cracks. Single
stage carbon extraction replicas examined in the transmission
electron microscope.

(a) and (b) TP20, 7500x. (c) TP21, 5000x. (d) TP47, 5000 x.
(e) Dimples corresponding to the horizontal compoments. TP47.
7500x.

Variation in the type and inciderce of cracking with the
hydrogen level in medium strength weld metals deposited with
basic electrodes.
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During the late sixties and early seventies the problem of
hydrogen induced cold cracking in the heat affected zone of welded
joints decreased, due to a better understanding of this phenomenon
and due to the introduction of better quality stesls with lowar car-
bon content, Over the same period weld metal cracking increased,
some forms were undoubtedly due to hydrogen whilst in other cases
the mechanism was less certain. One apparently mew type of crackiag
was identified in the weld metals deposited with the, then newly
develcped, agglemerated basic fluxes for submerged arec welding (1),
(2); due to the parallel pattern of the defects it was called
'chevron cracking', 'transverse 45° cracking' or 'staircase cracking',
but the first nmame is still the most used.

For a better understanding of the phenomenon an extensive liter-
ature survey was carried out to highlight the relevant background
information, to put the problem into perspective znd relate it with
other known forms of cracking. A long bibliography is presented in
an appendix to assist further studies.

Chevron cracking is not peculiar to submerged arc welding with
basic agglomerated fluxes : similar cracks have been ideatified in
manual metal arc welding with basic electrodes (3), (4). The problem
has been found to occur with a wide range of consumables; stringent
ultrasonic inspection has revealed the existence of chevron cracks
in components such as heavy module structures for the North Sea oil
production platforms, circumferential seams in pressure vessels and
vestrained box sections weldments in heavy engineering fabrications
(3). Chevron cracking has not been limited to the United Xingdom :
similar cracks havs been observed in many other countries around the
world as confirmed by several private communications. iowever, in
spite of the importance of this subject, very little has been reported

in the published litcrature,

These cracks, which can occur in medium strength weld metals of
the carbon manganese aud low ailoy type, are characterized by their
oylentation, which is approximately transverse to the welding direc—
tion and at 45° with the plane of the plates in a butt welded joint.
The cracks are more easily identified in longitudinal sections of
the weld metal cut perpendicularly to the plane of the plates; ‘in
these sections some cracks intersect at 90° producing typical chev-
rons, observable at low magnifications, Figure 1. In the optical or
scanning electron microscopes, the stepped characteristic is readily
apparent with two 2ets of components observed with the outline of a
staircase, Figure 2,

The unusual orientation and morphology of the cracks, not readily
related to other known forms of weld metal cracking, created some spec—
ulation about the causes and the mechanisms. Their occurrence with
'low hydrogen' consumables, in conditions supposed to produce low
weld metal hydrogen levels, tended to exclude this element as a poss-
ible cauce of cracking. However, hydrogen was eventually assumed to
be the most likely cause of cracking by excluding all the other poss=—
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ibilities on the basis of the available evidence. In fact, the
problems tended to disappear when it was treated as hydrogen induced,
with careful control of the moisture level in the consumables and
with increased preheat, although it still persisted in a few situa-
tions in which anti-hydrogen measures were reported to have been
used,

Before this present research was initiated, two opposing
theories on the mechanism of chevron cracking were being argured.
The first (3) postulated that cracking would occur in two stages, the
critical event being the appearance of the 'vertical components',
microcracks perpendicular to the welding direction, at high tempera-
tures, foilowed by linking of these components assisted by hydrogen
cracking., The second theory (5) simply conmsidered that cracks would
occur due to the combined cffect of stresses and hydrogen in the
weld metal. Both theories were argued for some time without a con-
census opinion being reached due to the lack of more convincing
evidence to support one or the other approach,

This was the starting point for this research programme; it
began with the study of industrial cases, followed by tests to deter-
mine the parameters wnich control the occurrence of cracking. A
special test was designed to reproduce chevroa cracks under labora-
tory controlled conditions and a considerable number of welds were
deposited by the submerged arc welding process, with a basic agglom-
erated flux, and by the manual metal arc welding process with basic,
cellulosic and rutile electrodes. These welds were examined by
ultrasonics and by magnetic particle inspection on longitudinal sec-
tions to determine the orientation, size and number of cracks for
each test, which were related with the type, cowposition and con-
dition of the welding consumables. Metallographic and fractographic
examinations were carried out for a representative number of specimens
containing cracks. The intention of this examination was to confirm
that cracks observed in industrial samples and in laboratory tests
were of the same nature, to obtain further information on the crack-
ing type and fracture mode and to relatc these to the microstructure.

Tensile tests of weld metal specimens, charged with hydrogen,
were carried out to produce fracture surfaces which could be cowmpared
wit@ chevron cracks to assist in fractngraphic interpretation. With
a similar aim an independent project was carried out (6) using the
Y groove Tekken test and hot temsile tests cn weld metals similar to
the ones tested previously., This work was extended in this research
programme and is reported subsequently.

In another independent project (7), the effect of submerged arc
welding parameters which affect the heat input was studied,briefly,
in relation to chevron cracking. This work was also extcnded in this
research programme to investigate possible variations of the crack-
ing mode and nature of cracks for welds made in extreme conditions.

Two other forms of weld metal cracking were found in the labora-
tory programme : these were microcracking, of a very high density in
some cases, and transverse cracking perpendicular to the welding
direction. These ware also studied in so far as their nature is
related to that of chevron cracking.



In conclusion, this research has been relaced to previous work
and current hydrogen cracking theories to develop an explanation
for the occurrence of chevron cracking.

The programme of studies on chevron cracking is summarized in
diagram 1,
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“IT = LITERATURE SURVEY

A literature survey was carried out with the aim of finding in-

formation on chevron cracking, which is the main issue studied in this
thesis, and on the phenomena which were referred to as being probably
involved in this type of cracking, i.e. hot cracking and hydrogen
embrittlement,

Chevron Cracking

1.1 Historical review

Chevron cracking was mentioned for the first time in public
in 19638 by Thomas (1) and Cotton (2), who refeired to its occurr—
ence in the girth welds of large storage tanks, when certain com-
binations of submerged arc welding wires and fluxes were used.

The cracks were found to be confined to the weld metal, were
typically at 45° with the plate surface and could occupy up to

80° of the metal thickness. No comments were mads by Thomas (1)
on the causes or mechanism of the phenomenun but an investigaticn
on the effect the cracks might have had on the service performance
was mentioned., The assessment was based on a wide series of tests
of defective welds including cross joint tensile specimens,
Charpy-V specimens, large lengitudinal tensile specimens, longi-
tudinal specimens tested in cyclic tension and a wide plate test.,
The defective welds were considered 'to behave satisfactorily in
alL nespects in the cracked condition' (1),

Further information on the case referred to above was pres-—
ented in a historical review of industrial experience by Woodend
(8) and by Rogers (9). It was stated that the first cracks weve
discovered during examination of a 1,3" (33mm) test plate welded
in laboratory as part of a series to establish conditions under
which transverse cracks could occur in repairs of submerged arc
Yelds by manual matal arc welding., The existeuce of these cracks
in the girth welds of the storage tanks was confirmed by ultra-
sonic inspection. The cracking was apparently restricted to
Plates thicker than 20mm and seemed to increase with the increase
in thickness.

One of the peculiavities of this form of cracking was its
occurrence exclusively with basic agglomerated fluxes in sub-
merged arc welding, irrespective of manufacturer, Cracks were
consistently absent in welds made with fused fluxes and the
wire type and origin made no difference. However, it was dis-
covered that cracks could be eliminated in the welds with agglo-
merated fluxes provided that a 159°C pre-heat/interpass tempera-
ture was used, instead of the 30 ~ 50°C for fissured welds (8).

Amongst the parameters investigated to determine the mechan~
ism of this type of cracking, Woodend (8) and Rogers (9) referred
to the hot tensile properties., Hot tensile tests, of weld metal
specimens of the Hounsfield type, carried out in the range 20 to
1100°C, revealed that all the weld metals tend to show a similar
behaviour, The elongation increased gradually up to a tempera-
ture of about 700°C where it reached values as high as 60%. At



950°C a sharp drcp in elongation occurred, generally to arcund

20 -~ 25%, with the exception of a particular wire flux combina-
tion which exhibited a fall to 12%. Above 950°C and up to 1100°C
the elongations increased gradually to 60%. Tt is interesting to
note that the results for the fused fluxes and for the agglomer-
ated fluxes fell into two separate scatter bande, irrespective

of the weld metal ccmposition, with the fused fluxes giving
higher valunes of ductility throughout the testing range. How-
ever, as pointed out by Rogers (9), many of these agglomerated
fluxes did contain deliberate metal alioy additions and therefore,
if the comparison was made with the neutral fluxes which are gen-
erally adopted today, a completely different picture might have

energed.,

In spite of the extensive research carried.out, no satis-
factory correlation with the parameters investigated was found
and, thus, no explanation for the mechanism was provided.

~ Chevron cracking was mentioned again in 1972 by Hamilton
(10), who referred to the occurrence of 'staifrcsse cracks' in
3" (76mm) thick welds in pressure vessels deposited by submerged
arc welding with an agglomerated flux, The cracks were typically
3 - 10mm long and consisted of a series of intercolummar cracks
linked by transgranular failure of the columnar grains. The
fractures appeared to have propagated from an initially smooth
fracture along prior austenitic grain boundaries., No films or
inclusions on the surfaces of the intercolummar cracks were
found, although small amorphous precipitates were occasionally
detected., The chemical analyses of the weld metals were not
such as to suggest solidification cracking and microprobe scans
also failed to give any indication that this form of cracking
was a significant factor. The cracks were linked by two mechan-
isms, principally by deformation fracture and to a minor extent
by brittle fracture. According to the same author (10), the
cracks did not show 'characteristics typical of hydrogen induced
cracks', but hydrogen was assumed to be the most likely cause
of cracking, In fact, the problem was overcome by increasing the
pre~heating from 100 to 150°C minimum with post weld heat treat-
ment following imsediately on completion of welding.

Chitty and Brown (11), in work published in 1972, reported
the occurrence of chevron cracking in 33mm thick submerged arc
and basic low hydrogen manual metal arc deposits in the as-welded
condition. It was confirmed that the problem in the case of
submerged arc welding was restricted to basic agglomerated fluxes,
and was aggravated by increase in the joint thickness. Accord-
ing to the same authors (11), the cracks occurred, predominantly,
in the as-depcsited weld metal and could be both inter and trans-
granular. Fractography gave no evidence of solidification or
other high temperature cracking and it appeared that the fracture
occurred with low energy involvement. Again the cracking was
attributed to hydrogen because it tended to be eliminated with
.well knovm anti hydrogen measures such as careful drying of elec-
trodes and increasing the level of pre-heat. The occurrence of
the phenomenon with 'low hydrogen' consumables in thick sections
was interpreted in terms of hydrogen build up and restraint caus—
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ing delayed cracking along the weakest path in the weld metal,
such as the boundaries of the columnar crystals.,

At least in the early years, chevron cracking seemed to be
more prevalent in submerged arc welds, with basic agglomerated
fluxes, One.of the causes of its occurrence was supposed tn be
the relatively high moisture content and reabsorption characteris-
tics of these fluxes., This fact has been emphasized by the his-
tory of the occurrence of chevron cracking with the basic flux
OP41TT (3), (12). From 1969 to 1971, the flux received a final
bake at 500°C and was packed in bags: the flux moisture level
was typically 0.14%, various fabricators found chevron cracks in
submerged arc welds deposited with this flux, The cracking was
considered by the flux manufacturer to be hydrogea induced and,
in fact, the problem was overcome by baking the flux at $00°C
and supplying it in vacuum sealed steel drums. The moisture
level was reduced to about 0.05% and the re—absorption character—
istics very much improved by the initial high baking temperature.
This produced a dramatic decrease in the incidence of cracking
during the following three years, but in mid 1974 a new spate of
cracking was observed which was attributed by the manufacturer
to an inadvertent increase in moisture content of some batches
of flux to 0.07 -~ 0.097. This problem was overcome in late 1974
and the moisture level was again restored to the 0.04 ~ 0,05%
level. Tight control of the weld metal hydrogen level seesmed co
have solved most of the industrial problems caused by this flux.

1.2 'Recent research

‘ After some serious problems, particular atteanticn has been paid
to chevron cracking over the last 3 or 4 years. In fact, most cf
the published works appeared during this period.

One of the most controversial papers was presented by Tuliani
(3), who reproduced chevron cracks in labocatory using a test,
designed at Southampton University (13) which proved, accident-
ally, to produce this type of cracking, when very low interpass
temperatures were adopted. This author (3) found a good simiiar-
ity between the laboratory produced cracks and the ones encoun-
tered in practice and proposed an explanatory theory for the
occurrence of chevron cracking based on the metallographic and
fractographic study. Tuliani (3) considered that an individual
chevron crack resulted from the combination of two separate
cracking components. Firstly, microcracks oriented perpendicul—
arly to the plane of the plates occurred due to decohesion of
columnar (prior austenite) grain boundaries at high temperature,
under ductility dip and favourable stress conditions; this was
followed by subsequent linkage, at low temperatures, resulting from
the combined effects of residual stresses and hydrogen embrittle-
ment,

The same author (3) recognized that the impurity content of
the flux, in submerged arc welding, can be of some importance
in so far as minute quantities of impurities might segregate,
at high temperatures, along the austenite boundaries, Therefore,
the initiation of the high temperature component could be elimin-



ated by careful control over the flux impurity content. The
secondary linkage of the intercolumnar cracks, being an hydrogen
assisted phenomenon, could be eliminated by well established anti-
hydrogen measures, such as increasing the pre~heat and interpass
temperature, which could also help to suppress the high tempera-
turn component by restraint relaxation.

One of the most controversial issues of this work (3) is
the existence of a high temperature component of the cracks,
which is assumed on the evidence of features such as thermal
facets and thermal grooving on the fracture surfaces, generally
indicative of a free surface exposed to high temperature. How-
ever, in a muiti run weld they could have been caused by reheat—
ing during the deposition of a subsequent run.

Tn order to eliminate the possibility that a reheating cycle
could affect the results, Farrar and Taylor (14), (15), concen-
trated their examination on the features of the cracks occurring on
the top run. In the scanning electron microscope, these authers
found the 'vertical components' dominated by the presence of large
smooth facets which appeared to be featureless at low magnifica-
tion, with some ductile dimple tearing. At higher magnificotion
they could find small deoxidation products in some smootnh areas.
Carbon replicas from the same fracture surfaces observed in the
TEM revealed the presence of thermal facets and thermal grooving
at the grain boundaries, as reported by Tuliani (3).

Farrar (15) proposed also a two stage mechanism similar to
the one advenced by Tuliani (3). The critical event would be the
occurrence of the vertical components, which would occur at high
temperature in the proeutectoid grain boundary resulting from
solidification micropcres and segregation of impurities which
could produce low ductility in these regioms in the temperature
range 900 ~ 10C0°C. The secondary interlinking cracks appeared
to be initiated from the high temperature ones, at low tempera-
tures, as they crossed transformation products which were formed
below 550°C, by a ductile shearing mechanism. Their nature
suggested that they were assisted in their propagation by hydrogen.

‘A very different theory was proposed by Keville (5), who re~
produced chevron cracks in laboratory using the same test as
Tuliani (3), though with different consumables : wire flux com=
binations SD3/Mo+BX300 and SD3/Mo+OP41TT instead of SD3/INi+OP41TT.
In a series of welds interrupted at different stages, the above
author (5) found that no cracks or microfissures were observed
9nti1 a minimum of 3 runs were deposited, when they began to form
in the second run. The subsequent welds, with an increasing
number of runs, showed that these microfissures were extending
with the number of runs. On no occasion were cracks or micro-
fissures found in the uppermost run. In another experiment, in-
stead of quenching the joint some time after each run, it was
allowed to cool in air to room temperature, 'as a means of 4in-
creasing the time for hydregen to diffuse'. The resulting weld
presented no evidence of chevron cracks or microfissures which
was considered to result from a 50% reduction in hydrogen re-
tained by air cooling, as compared with water quenching.



From the evidence referred to above and the similarity be-
tween the features of fracture surfaces of chevren cracks and
weld metal hydrogen induced cracks, Keville (5) concluded that
the factors controlling the formation and propagation of chevron
cracks in a weld are a combination of stress and hydrogen, Her
work presented no evidence to- suggest that a high tewperature
mechanism was, even partially, involved in the occurrence of
chevron cracks,

Reflecting the deep concern of fabricators and consumable
manufacturers caused by the spate of chevron cracking, a Workshop
was organised by the Marchwood Engineering Laboratories of the
C.E.G.B, in March 1977, during which relevant industrial exper-
ience concerning the occurrence of this type of cracking was
presented, as well as the research being carried out on the
subject. Unfortunately, no proceedings were published to cover either
the work presented or the subsequent discussions (4), (5),(12), (16-253).

The problem of chevron cracking has bezen overcome, in gener-
al, through anti~hydrogen measures which were adopted on the
basis of empirical evidence. In fact, no systematic work to
correlate the phenomenon with hydrogen in the weld metal was pub-
lished until recently (26), (27), (28).

.~ The work by Wright and Davison (28) concentrated on the in-
fluence of the submerged arc welding fluxes on the cracking phen-
omenon, considering, in particular, the type of flux, i.e. fused
or agglomerated, its basicity and the moisture level relative to
weld metal hydrogen level. For this purpose, the Tuliani test
was selected and a S3 17 Ni wire was used. Based on the experi-
mental evidence, the above authors (28) concluded that :

‘Weld metal hydrogen nesulting from the {Lux moisture Aokms

Zhe major factor in promoting chevron cacking 4n submerged

arc weld metals produced from S3 1% N& wire; chevion crack-
£ng s neadily produced by the higher basicity agglomerated

fluxes, but with sufficient moisture being present, can alsc
occur with Lower basicity and/on fused fLuxes.'

It is particularly interesting that Wright and Davison (28)
have produced cracking by moisturising a flux, after an unsuccass
ful attempt with the flux in the 'as received' condition, 1In fact,
they found a cleav boundary between cracking no~cracking, corres-
ponding to a certain weld metal hydrogen level, which was observed
with very few exceptions.

High strain side bend tests, carried out on the uncracked
longitudinal weld sections from the tests referred to above, re-
vealed no undetected defects; this suggested that the theory of
crack propagation from pre-existing cracks, resulting from duc-
tility dip,.was unlikely in this case (28),

1.3"Publisﬁed'work related‘with'the'present'projéct

Two MSc projects were carried out within the scope of the
Present research programme on chevron cracking with the aim of
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studying some particular aspects : 'Relation of hydrogen crack-
ing and high temperatune ductility dip to chevien cracking in
sreel weld metal' (6) and 'The Anfluence of heat {nput on weld
mefal transverse cracking' ().

Bihari (6), using defect free weld metals, which were depos-
ited under the same conditions as other welds containing chevron
cracks, with the exception that the submerged arc welding flux
was baked 1h at 450°C before welding, found no ductility dip in
the hot tensile tests carried out in the temperature range
500 ~ 1320°C. The elongation and reduction of area were found to
increase with the temparature and their values were always above
25% and 70% respectively. The fracture surfaces of the hot ten—
sile specimens observed in the scanning electron microscope
showed exclusively dimples. However, this work was not taken as
absolute proof that ductility dip did not exist for weld metals
being considered. The phenomenon is very complex, depending on
several variables such as strain rate, thermal cycle (in partic-
ular the peak temperature) and chemical composition of .the mater-
¥al, therefore negative results must be considered with great
care; but the evidence raised some scepticism on the theorias
vhich explained the cracking phenomenon based on the existence

of a ductility dip.

The second part of Bihari's project (6), concerned the rela-
tion between the features of hydrogen induced cold cracks and
those of chevron cracks. This work was based on the metallo~
graphic and fractographic study of hydrogen cracks produced by
the Y Tekken groove test, using the same welding consumables
vhich were previously submitted to chevron cracking tests. A
very good correlation was found : many of the features charac-
teristic of the chevron cracks such as the 'staircase' appzarance
could be easily recognised. This subject was investigated in
greater depth by the present author and is reported later.

The work by Crouch (7) was intended to study the influence
of the welding parameters and in particular the heat input on the
occurrence and severity of chevrou cracking, using the test devel-
oped by the writer. It wes found that, in the case of submerged
arc welding, the cracking severity was greatly increased when the
beat input was increased in the range 1.2 to 9.6 kJ/mm by varying
the welding speed. For the lowest heat inputs the cracking tended
to assume the form of fissuring, i.e. microcracks criented perpen~
§1cu1ar1y to the plane of the plates, but, as the heat input was
increased, chevron cracking became predominant. A similar study
was made in which the heat input was increased by varying the
welding current; a similar trend, in terms of cracking, was
found, but in this case the heat input was limited to about
2,8 kJ/mm due to operational difficulties. Crouch (7) attributed
the variations in cracking to the general deterioration of weld
metal properties due to microstructural changes, because of the
increase in heat input, and to possible variations of the hydrogen

level in the weld metal.

Further investigation on the fractographic characteristics of
the cracks produced during the series of experiments just mentioned
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was carried out by the present author and will be reported later,

.Three papers were publisﬁed dealing with different aspects
of the present work (25), (27) (29) but these are dealt with in
detail in the main body of this thesis.,

The chevron cracking phenomenon is known to have caused
serious problems in industrial welding since the late sixties,
apparently coinciding with the introduction of basic aggliouer-
ated fluxes for submerged arc welding. Later on,this type of
cracking was also found in manual metal arc welds deposited with
basic coated electrodes. The problem has been overcome, in gen-
eral, by anti-hydrogen measures such as careful control of the
moisture level in the submerged arc welding fluxes and in the
coating of manual metal arc welding electrodes and by increasing
the preheat/interpass temperature levels, However, this solu-
tion was based .on the assumption that the problem was likely to
be induced by hydrogen rather than on systematic work. In some
cases, however, good low hydrogen practice did nct always appear
to work and sometimes cracking occurred in pre-evisting sound
weld metal after the deposition of subsequent runs during repairs

(4) (30).

Two main theories were presented to explain the phenomenon.
Tuliani (3) considered that the cracking occurred in two stages,
firstly microcracks oriented perpendicularly to the planc of the
plates, occurred from the decohesion of columnar (prior austenite)
grain boundaries, at high temperature, followed by the linkage of
these components by further cracking, at reiatively low tempera-~
tures, this latter stage to be considered to be hydrogen assisted.
Keville (5) attributed the cracking to be a combination of stresses
and hydrogen and her work presented no evidence to indicate that
a high temperature mechanism could be, even partially, involved in
the formation of chevron cracks.

One of the most controversial issues cf Tuliani's theory is the
significance of the high temperature ccmponent of the chevicn
cracks, based oz the interpretation of features observed in czrkon
extraction replicas exarined in the transmission electron micro-
scope, such as thermal facets and thermal grooving, typical of free
surfacee expoced to high temperatures., It can be argued that such
fe?tu¥es could have been produced on the fracture surface of a pre~
existing crack by reheating during a subsequent run. However,
F?rrar and Taylor (14) (15) supported this theory claiming that
similar features could have been observed in cracks occurring in
the last run of a weld, which was not reheatied.

Tuliani (3) recognized the difficulty in explaining how anti-
hydrogen measures could have reduced the incidence of chevron
cracking, which he considered to be mainly due to lack of high
temperature ductility., The explanation he considered was that the
increase in pre-heat and interpass temrerature would relax the
restraint in the weld metal which, in turn, reduced the straining
in the ductility dip temperature range, However, the elimination
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of chevron cracking resulting only from the control of the mois-
‘ture content of the welding consumables has yet to be explained.

In the majority of the welding trials, Tuliani (3) dried the
submexged arc weiding flux 16h at 150°C, but this procedurc was
not correlated with the actual moisture level in the f£lux or hydro-
~gen.level in the weld metal, Tn fact, 150°C must be regarded as a

high storage tewperature, see Table 1, rather than a baking temp-
erature to eliminate moisture in the flux. If this point was
intended to be unambiguous, a 450°C baking temperature for 1 hour
should have been adopted, which would probably have eliminated
cracking even in the severe test conditions. As it will be seen
later, minor variations in the flux moisture level can be critical
in terms of hydrogen in the weld metal and cracking.

Two independent projects were carried out within the scope of
the present research project on chevron cracking. The first (6)
produced a negative correlation between ductility dip and chevron
cracking though it left the field still open to some controversy.
However, it also showed that most of the features of chevron
cracking could be reproduced by the .Y Tekken Croove Test. The
second work (7), a brief study of the influence of the welding
parameters on cracking severity, showed that cracking increased
with the heat input (by varying the welding speed and current).
This was attributed to a general deterioration of weid metal
properties and to a possible variation in the weld metal hydrogen

level,

Recent work on the effect of hydrogen on chevron cracking by
the writer (26) (27), and by Wright and Davison (28), established
that hydrogen is the single major factor promoting chevron crack=-
ing in several weld metals. The work by Wright and Davison (28)
indicated a clear boundary, in terms of hydrogen level in the weld
metal, between cracked and non-cracked welds., However, one must
not attach too much significance to the particular hydrogen level
corresponding to the boundary situation, because it must, obviously,
depend on testing conditions,
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2, ~Weld Metal Cracking in C~Mn and Low'Alloy Steels

. The conditions in which chevron cracking generally occurs, to-
gether with the works reported in the previous section, suggested that
this type of cracking resulted from a hot cracking and/or a hydrogen
induced cold cracking type of mechanism, However, neither the type of
welding consumables nor the first examinations ef the cracks produced
clear evidence in favour of one or another., A literature survey was
carried out on these specific types of cracking with the aim of find~
ing evidence and theories which could explain the industrial cases as
well as the results of the experiments carried out.

2.1 'Hot ecrasking

The intergranular welding cracks occurring ‘at high tempera-
ture, can be subdivided in two main types according to Hemsworth
et al (31) :

(1) Type 1 - Segregation cracking - associated with micro-
segregation leading to intergranular films.

(2) Type 2 - Ductility dip cracking - occurring at newly
migrated grain boundaries free from films., The
crack may occur in the heat affected zone, in
the primary weld metal or in the reheated weld

metal,

According to the above authors, the type 1 cracking will be
unambiguously recognized by the presence of films while type 2
will show relatively clean crack surfaces decorated by slip bands,

thermal etching or both.

It is commonly agreed, and confirmed by the experimental work
reported herein, that there are no visible films associated with
chevron cracks, Thus, if these cracks do occur at hizh tempera-~
ture, they must be associated with a ductility dip cracking mech-
anism. Therefore the literature survey on hot cracking was mainly
concentrated on this type.

2.1.1 Thermal etching

One of the features which contributes to the identifica-
tion of a 'hot crack! is thermal etching, which occurs in free
surfaces exposed to high temperatures at near vacuum. It
shows as grain boundary grooving or thermal faceting (32)(33).

Some authors (34), (35), (36), have explained thermal
etching by the vaporization and surface migration of metal
atoms to expose surface facets with minimum energy, i.e. low
index planes, Others (37), (38), considered the adsorption of
impurity elements such as oxygen and sulphur to be an import-
ant factor in the surface energy minimization. Gjostein (39)
suggested that thermal faceting may be produced by either of
the two mechanisms.

Tn work by Henry et al (40), quoted by Boniszewski and
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Brown (33), it is suggested that the formation of terrace
like facets occurred on grain boundaries in nickel, i.e. on
interfaces as opposed to free surfaces. They assumed that
the grain boundary striations were analogous to the free
surface striations, i.e. both were due to the adscrption of
impurities, .a process. accompanied: by lowering of the surface
energy by the exposure of low index crystallographic planes,
Because of the possibility of formatien of striations .in the
grain boundaries, Boniszewski and Brown (33) stated that
these could not be regarded as an unambiguous indication of
the presence of a free surface exposed to high temperature.

2.1,2 Ductility dip

Relatively low ductilities in the high temperature range
(800 ~ 1200°C for steels), seem to be a general property of
ferrous weld metals such as mild steels deposited with
rutile and low hydrogen electrodes (41), (42), (43), carbon
steels (44), (45), (46), (47), high stremgth steels like
HY80 (48) and high alloy steels (49), (50), (51). Other
alloys and metals like austenitic Fe~Ni alloys (52), Ni-Cr-
Fe alloys (53), binary Cu-Ni alloys (54), copper (55) and
aluminium bronze (56), (57), show similar ductility troughs
in the high temperature range.

The hot ductility of metals and alloys is generally
assessed by the elongation and/or reduction of area after
tensile tests carried out at high temperature., The technique
of rapidly testing tensile specimens at various temperatures
in a simulated thermal cycle was introduced by Nippes et al
(58) using an apparatus usually referred to as Gleeble (59,
'(60). The test was received with enthusiasm since it was
believed that the ductility response in the high temperature
range would correlate with weld hot cracking. Many tests
have been carried out but the interpretation of results and
4ts correlation with the practical situations is not as
straightforward as had been anticipated. No unambiguous
characteristic, such as zero ductility over a large tempera-
ture range, was found to differentiate between crack sensit-

ive and crack resistance material (53).

One of the most elaborate interpretations of the hot
ductility curves was presented by Yemiscavich (53), (61), who
studied the behaviour of the Ni-Cr-Fe alloy weld metal.
According to this author a typical hot ductility curve, Fig-
ure 3, can be explained through the positive and negative
contributions of temperature dependent phenomena. He
assumed an intrinsic ductility for the alloy, independent of
temperature, and equivalent to 50% reduction of area. A
positive contribution to ductility arises at high temperature
because of recrystallization : as the temperature is increased
above.a critical level, the deformed grains will be replaced
by new, undeformed ones, thus, the metal can undergo further
deformation without rupturing and the specimens can eventually
rupture only when 100% reduction of area is reached. However,
recrystallization is time, temperature and strain dependent
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and other phenomena, which produce their own contributions
to the ductility may occur simultaneously,

.In the mid temperature range a negative contribution
to the dvctility is due to precipitation hardening caused,
for example, by metallic. carbides, A second negative con—
tribution occurs at higher: temperatures due to grain.
boundary liquation, As the temperature increases, the film
thickness grows and so does the fraction of grain boundary
area containing the liquid film, Vhen a certain fraction of
the grain boundary has liquated the ductility of the speci-
men will be reduced te zero because.of the notch effect
caused by liquid films, However, the tensile strength will
not be reduced to zero until the film extends completely
through the grain Boundary volumes and reaches a thickness
in excess of 2000 A (53).

The precipitation of secondary phase particles has been
considered to be the most likely cause of ductility dip by
most of the authors who have studied this pberomenon. In
the case of stainless steel type AISI 347 (18.12.1Nb) the
ductility trough at.about 850°C was attributed to the pres~
ipitation of NbC, which results in strengthening the matrix
compared with the grain boundaries and causes mest of the
straining to occur in boundary regions with resultant inter-
granular failure at low overall elongations (51). Precipit-
ation of NbC was confirmed by other authors (50), (62), (63).

A different view was expressed by Haddrill and Baker
(64), who studied the tendency towards microeracking in
fully austenitic 25 Cr/20 Ni weld metals, in multi run welds,
which they related to ductility dip. These authors consid-
ered that the phenomenon cannot be due to a loss in ductil~
ity by precipitation hardenlng because an increase in carbon,
which would be expected to enhance it, resulted in.a lower
degree of microcracking. However, they admitted that the
microcrack surfaces showed the presence of carbides and iso-
lated spherical non nmetallic inclusions and amongst the fac~
tors which might have affected the hot duct:llty they con—

- sidered the morphology and distribution of grain boundary
carbides.

In the case of low carbon steels, several precipitates
have been mentioned as being responsible for the ductility
dip. Lankford (46) found this phencmenon. to be dependent
on the sulphur and mangznese content of the steel and in
particular on the Mn/S ratio; he considerved that the prec-
ipitation of liquid droplets of FeS could occur in planar
arrays in the austenite boundaries producing paths of easy
crack propagation, The recovery of ductility for slower
cooling rates or isothermal treatment was attributed to the
coalescence and growth of precipitates, With a relatively
large mean free distance between particles, the crack propa-
gatlon was hindered because of the increased size.of the
plastic zone associated with the crack tip. Another cause.
of recovery was the formation of the more stable MnS, With
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high Mn/$ ratios, or more specifically higher manganese
contents, the steels would not be embrittled at high temp-
eratures because the solublllty of MuS is lower and the
conditions of precipitation favour the precipitation of
MnS in the matrix,

Matsubara. (65), quoted by Lankford (46), fcund that
for steels with Mn/S ratios between 0.5 and 24 the precipit~
ation of sulphides took place between 1180 and 1200°C, The
embrittlement was attributed to a matrix hardening of the
austerite by sulphide precipitation and the lowering of
grain boundary cohesion bty precipitation of grain boundary
sulphides, Wilber et al (47) also considered that the ioss
of ductility for steels similar to-the ones considared above
was caused by segregation of sulphur at the austenite grain
boundaries and the solid state.precipitation of fine (Mp,
Fe)S inclusions. Sulphur segregation would tend to lower
grain boundary cohesion and increase the ease of grain boun-
dary sliding. The resulting concentration of strain at the
grain boundaries would nucleate voids around the intergran~
ular (Mn, Fe)S precipitates leading to further concentration
of strain and propagation cf .grain boundary mierocracks.
Concentration of strain at the austenite grain boundaries
could be increased by matrix hardening caused by fine prec-
ipitation of sulphides as suggested by Matsubara (65).

The ductility dip in mild steel weld metals was studied
by Jones (43), who carried out 2 series of high temperature
tensile tests in vacuum and in hydrogen and nitrogen atmos—
pheres using a resistance heated fu;nace. The results showed
low ductility in the range 950.- 1100°C which was not apprec-
iably affected by changes in the atmosphere. Similar results
were obtained using rapid heating by high frequency in argen
atmosphere. Jones attempted to correlate the relatively poor
ductility observed at about 1000°C, with the Mn/S ratio of
the weld metals (varied between 7.7 and 35.6) : there was no
steady variation but a sharp rise in ductility occurred for
Mn/S above 14. The most likely cause for the low duct111ty
at around 1000°C he comsidered to be the 'formation o4 small
- quantities of Liquid sulphide in the grain boundary' and the
improved ductility of the wrought steel as compared with the
weld metal or cast steel was supposed to be due to the brezk
up and alteration of constitution of the sulphide inclusions.
The minimum ductility at 1000°C showed very poor correlation
with the susceptibility to hot cracking as assessed by the
Murex hot cracking test,

Aluminium nitrides have been.suggested since the middle
fifties as a p0551b1e cause for the ductility dip observed
in steels tested in the temperature range 800 - 1200°,
Beynon (66) tested several wrought steels at around 970°C
and found considerable difference. in their performance, which
was related with their state of deoxidation, In fact, the
semi~killed steels showed almost 100% reduction of area at
fracture while the fully killed steels showed a much lower
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value, The figures for aluminium nitride content suggest
that hot ductility is.related to the:amount of aluminium
nitride present in the steéel. 'The deleterious effect of
the aluminium nitrides on the hot duvctility of steels was
also reported by Desai.-(67) and Lrasmus (68), Recently,
Funnel and Davies (45), .also considered the loss in ductil-
ity of the austenitic phase-in carbon steels as being
attributable to the presence-of aluminium pitride and
showed that it depends on the.aluminium nitride particle
size, According to these authors the phenomenon can prob-
ably be explained by the effect of those particles on the
austenite grain boundary pinning at lower strain rates and
the inter-particle spacing on the austenite recrystalliza-
tion at higher strain rates,

The phenomenon of 'strain induced hot cracking,' which
is also related with the ductility dip, was recently stud-
ied by Keville and Cochrane (69)., These authors carried
out their study using a modified Transvarestraint test, and
depositing a series of submerged. arc welds on microalloved
plates with different fluxes. The cracking under different
fluxes could be correlated with inciusion size and distrib-
ution and how this influences the degree of pinning of
prior austenite grain boundaries. It was comsidered that
inclusions can act as nucleation sites for cavities as

straining proceeds.

A different explanation for the hot ductility behaviour
was presented by Evans and Jones (52) who studied austenitic
Fe~Ni alloys. According to these authors, the ductility
" troughs have been observed over a wide range of strain rates
and in all cases the cause of failure appears to be the dev—
elopment of grain boundary cracks and cavities which can
nucleate at a variety of sites including non-wetting par-
ticles, grain corners and the intercection of subgrain
boundaries. In all these cases the authors (52) considered
that the critical feature for nucleation and subsequent
growth is grain boundary sliding. If grain boundaries can
be removed from developing cavities their growth ceases and
they play no further part in the deformation process, but
if the cavities become sufficiently large, they will pin
boundaries so that the grain boundary movement which pro-
duces good ductility must occur before the critical radius is
attained, Thus, the problem is reduced to establish whether
the grain boundary movement over a critical distance (of the
order of the cavity diameter) can occur within the time re-
quired to create cavities of the size of the critical radius.

2,1,3 ‘Ductility dip and ¢racking of metals and alloys

The loss in ductility in the intermediate to high temp-
erature ranges has been considered as a major cause of fiss-
uring and cracking of metals and alloys when cooling from
the molten state or when they are reheated. It has been
quoted as a cause of weld and parent metal cracking during
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welding (31), cracking during the continuous casting pro-
cess (46) and cracking during hot work of fully austenitic
steels (31), :

Hbt Len511e testing is an- obvxous way . to identlfy em~
brittlement at high temperatures through the measurement of
reduction -of area or elongation .of the specimens being
tested,  However, the .correlation with the practical situa-
tion is not an -easy.one,. It has been found, in general,
that crack sensitive-materials exhibit a ductility dip, but
no unambiguous characteristic, such as zero ductility over
a large temperature range, was found to differentiate be-
tween crack sensitive and erack resictant materials, Thus,
more or less empirie and arbitrary criteria have been
adopted to correlate hot ductility response with weld
cracking, The following criteria were mentioned by Yenis-—

cavich (53)

(i) recovery rate-of ductility from some arbitrary
peak temperature,

(1) recovery rate of duectility along with recovery rate
of tensile strength,

N .
(Gii) minimum ductility value (for example, a minimum re-
duction of area).

.The criterion adopted by Yenxscav1ch (53) to evaluate
the het ductility response of-Ni-Cr-Fe alloy weld metal was
to assume that if a material exhibited no ductility it
would be fissure sensitive, while if it exhibited some
measurable ductility (say 1% reduction of area) then it
would be fissure resistant. This criterion is based on the
consideration of the strains developed during welding which
are, usually, a result of thermal contraction. Cooling
through a temperature range of 350°, under fully restrained
conditions, only causes 0.5% uniform contraction, hence a
small amount of ductility is all that is needed to accommo-
date this contraction,

2,1.4 Summary and Discussion

The ductility dip phenomenon observed in the high temp=-
erature range (around the recrystallisation temperature (31))
is generally agreed to be caused by precipitation of second
phase particles, such as carbides, aluminium nitrides and
sulphides, which can harden the structure and/or reduce the
grain boundary cohesion, Strong support to this theory comes
from the fact that the ductility can be recovered by iso-
thermal treatment (45), (46), which may produce overaging
and that the phenomenon is dependent on the thermomechanicsl

history,
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The dependence on-the thermomechanical history- emphas=—
izes the nead to carefilly control the main parameters such
as the maximum temperature of the thermal cycle (53), the
cooling rates (33), (46), holding time at a temperature
before testing (46)-and the-atrain rate (52). Disagree-
ments amongst the results reported by different authors may
easily be attributed to differences in testing conditions,
The peak temperature of tha thermal cycle is particularly
significant, its importance seems to be -related with the
solution treatment (or sensitizing) required to produce the
right sort of precipitates during cooling and may determine
if the phenomenon.is going to occur or not; for example,
some materials exhibit ductility dip when tested on the
cooling cycle, but not on the heating cycle (48).

Tt was established that fiseuring occurring in the
temperature range covresponding to the ductility dip can be
readily correlated with poor ductilities in the same temp~
eratures rauge, but no criterion which aliows prediction of
fissuring susceptibility -for a certain metal or alloy from
hot tensile tests seem to be universally accepted. This
resitlts from the fact that no unambiguous characteristic,
such as zero ductility over a-wide tewperature range, was
found to differentiate -between crack sensitive and crack
resistant materials, However, criteria based, for example,
on a minimum arbitrary ductility, assessed by the elongation
or reduction of area, have been used (53).

Ductility dip cracking is reminiscent, morphologically,
of wedge cvacking in creep, though the time factors are diff-
erent (31), (70). .In fact, considering the mechanisms pro-
posed to explain the ductility dip, reviewed herein, and
the ones for creep rupture (71), a few similarities seem to
exist. Of course, @ much closer relationship exists between
creep rupture and reheat cracking (70) where there is no
suggestion of grain boundary weakness but merely a strength-
ening of the grains,

The subdivision of hot cracks into segregation and duc—
tility dip cracking by Hemsworth et al (31), based on the
presence of films on the fracture surfaces in the first case,
may not be so unambiguous as the authors claimed, because
the segregates may not be inmediately recognized, as admitted,
in part, by Boniszewski (70). The problem of intergranular
cracking due to reduction of cohesion along grain bounderies,
caused by residual impurities from groups IVB to VIB of the
periodic table, sesems to be a more generic one. It was the
advent of Auger electron spectroscopy which provided the
eritical event that led to the understanding of the fundam-
ental processes which underlie these types of cracking (72).
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2,2 Hydrogen Embrittlement end Hvdrosen Induced Cold Cracking

The hydrogen embrittlement of steels, i.e. fracture for an
abnormally low stress and/or ductility was discovered more than
one hundred years ago (73), (74), (75), Hydrogen induced cold
cracking has been one of the most controversial and least under-
stood types of cracking.  The severity of the problems resulted
in extensive research and, according to Bernstein (76), in 1970
there was already more than 3,000 research papers dealing with
the problem of hydrogen embrittlement in metals. This fact, by
itself, confirms the importance of the phenomenon and its com-
plexity. But sc far, neither the mechanism nor a preventive course
of action have been firmly established and the best prescription
has been to avoid the introduction of hydrogen in the metal when-
ever it is likely to cause problems.,

According to Louthan et al (77), hydrogen erbrittlement of
metals can be divided into several different categories which are
listed below.

(i) Embrittlement vresulting from hydride formation. This
can occur, for example, in zirconium (78), (79), titan-
ium (80), and uranium (81).

(ii) Embrittlement resulting from reaction between hydrogen
and some impurity or alloy addition in the metal, as
for example

2H + 0 » HZO in copper (82)

and
4H + C » CH, in steel (83) (84)

(iii) Embrittlement resulting from hydroger which is adsorbed
on or absorbed in the metal, czusing, for example, sur-
face cracking of 304L when tested in hydrogen (85), and
reversible enbrittlement of steel (86).

(iv) Other investigators (86) list, as a fourth category,
hydrogen blistering or cracking that is caused by the
sudden decrease in solubility during cooling of hydrcgen-
saturated specimens (82), by prolonged cathodic charging
(87), and by other techniques which produce high pressure
gas bubbles. This form of embrittlement is clearly due
to gas pressure build up at microcracks and voids (82).

It seems to be generally agreed that there are four fundamen-

tal factors governing the hydrogen embrittlement of steels :
(i) the hydrogen content;
(i1) susceptibility of the metal to hydrogen embrittlement

which is primarily related to composition and microstruc-
ture;
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(iii) stress level at the point of crack initiation;
(iv) the temperature and strain rate.
All these factors are equally important but depending on the
situation one of them may be dcminant, They will be considered

herein and discussed from the viewpoint ot steel welding.

2.2.1 Bydrogen in steel weld metal

2.2.1,1 Sources of hydrogen

Hydrogen can be introduced in steel in a number of
ways. In welding it may exist in the arc atmosphere to be
dissolved in the molten steel and retaired on cooling;
it may be introduced when the steel is at high tempera-
ture in a hydrogen atmosphere; at low temperature it
may be introduced by electrolytic action or chemical
action (e.g. action of acids during pickling) or the
action of hydrogen sulphide; or at very high pressure
at room temperature (88).

In the weld metal hydrogen can come, generally,
from several sources: :

(i) breakdown of water (water may be absorbed on
electrode coatings, fluxes or wires, or be

chemically combined);

v

(ii) from the breakdown of organic materials such
as cellulose in coated electrodes and,in this
caseshydrogen forms an important part of the
shielding gas;

(iii) wire drawing compounds; in the case of copper
coated submerged arc welding wire there is a
possibility that hydrogen containing compounds
may be present, in uncontrolled amounts, either
on the coated surfaces or trapped at the inter-
face of the copper and the welding wire making
the wire an important source of potential hy-
drogen (10) (89);

(iv) from moisture accumulated on the parent mater- Y

ial;

(v) hydrated oxide, e.g., rust, on the surface of o
welding wires;

(vi) oil, grease, dirt, paint, etc. on the surfaces

and adjacent to the weld preparation can break- V

down to produce hydrogen in the arc atmosphere;

(vii) degreasing fluids used to clean surfaces before

\
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welding may likewise breakdown to produce
hydrogen.

In the industrial practice most of the problems caused

by the presence of hydrogen in the weld metal secem to

result from the breakdown of water which can be retained

iu a flux after manufacture in three basic forms (90)
91) :

(i) hygroscopic-water absorbed from the a2tmosphere
by a compound over a period of time;

(i3) water of crystallization - water chemically
bounded into a salt after precipitation from

an aqueous solution;

(iii) Zeolitic - water chemically bounded under
pressure,

2.2.1,2 Weld metal hydrogen level

A good correlation exists between weld metal hydro-
gen and moisture level in the coating of basic manual
metal arc welding electrodes (92) or in basic agglomer-
ated submerged arc welding fluxes (93) (94). It is
possible, therefore, to specify the hydrogen producing
tendency of a basic electrode by referring to its mois-
ture content. However, no general correlation exists
between the potential and actual hydrogen content. It
was shown by Chew (95) that two electrodes having the
same moisture content could, in principle, generate
different hydrogen contents in the weld metal depending
on the quantity of shielding gas produced by the metal
carbonates in the flux coating. In fact, under con-
ditions of equilibrium, the concentration of hydrogen
dissolved in the liquid weld pool will depend on the
partial pressure of hydrogen in the arc atmosphere (96).
In a rather simplistic manner one can consider the effact
of the atmosphere illustrated by the water gas reaction:

H,0 + €O 2 CO, + B,
an increase in the water vapour content would move the
action to the right while an increase in the CO, would
move it to the left. Basic electrodes, containing
CaC0, in their coatings, can supply CO, to the arc at=
mospgere and this may be one of the reasons why these
electrodes can achieve very low hydrogen levels (96).
The same theory seems to be applicable to submerged arc
welding basic agglomerated fluxes (97).

. In the case of manual metal arc welding electrodes
of the rutile and cellulosic type, the effect of an

addition of water vapour to the arc atmosphere may not

result in an increased hydrogen content of the weld metal,



- 23 ~

Considering the conditions controlled by the watev
gas equilibrium Van den Blink (98) and Christensen
(99), concluded that, in this case, the effect of waier
wvapour additions will mainly have the effect of a dil-
uent, thereby reducing the partial pressure of hydro-
gen,

The potential hydrogen of basic manual metal arc
welding electrodes is very much dependent on the form—
ulation of the electrode, especially ou the binder
employed, which influences the amount of water retained
after baking and the rate of water adsorption during
storage (92){94). Silicates are genesrally used as
binders, in particular sodium silicate, which may be
the main source from which hydrogen comes (92). Thus,
if cracking is to be avoided, some form of drying or
baking the electrodes is generally required to remove
the moisture and reduce the weld metal hydrogen level,

It was shown by Bradstreet (100) and Chew (92)
that manual metal arc basic electrodes may regain a
significant amount of moisture, at room temperature,
in a matter of hours rather than days, though wide
variation may occur from one brand to another, Thia
demonstrates the need for proper storage, at a tempera-
ture which may be as high as 150°C, if moisture re-
absorption is to be kept at an acceptable level,

Typical baking and storage conditions for a wide
range of welding consumables are shown in Table 1,
according to Graville (96).

High temperature baking of basic electrodes (450 -~
550°C), can be beneficial in reducing substantially the
rate of moisture absorption (100); but may not produce
a significant reduction in the weld metal hydrogen
level below the one obtained according to the Trecommen-—
ded practice, where the electrodes are used shortly
after baking (101). However, these procedures may be
very detrimental to the characteristics of the elec~
trodes, they may cause an important loss of manganese
and silicon deoxidants, as well as breakdown of calcium
carbonates, which affect the operating characteristics
and the ease of deslagging due to incomplete deoxida-
tion (101), The electrode coatings are very much em-
brittled by high temperature baking.

In the case of submerged a2rc welding basic agglom~—
erated fluxes, baking above 500 - 600°C is sufficient
to remove the bulk of the moisture ugéd in the manuf-
acturing process and little improvsgént takes place by
increasing the baking temperature./ However, a flux
baked at higher temperature shows much lower propensity
to absorb water from the surrounding air than those
baked at lower temperatures; it was found that a
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temperature of 800°C can reduce this ecffect to a mini-
mum (91) (102), The problem with the high baking temp-=
eratures is that they do not allow the presence in the
fluxes of such constituents as alloying elements and
deoxidation agents, therefore it is necessary to re~
sort to wire flux combinations in which the alloying
and deoxidising elements are transferred from the

wire or the parent matevial (102).

In .the case of fused fluxes for submerged arc
welding, the manufacturing process eliminates any mois-
ture and due to its glassy nature it is not reabsorbed,
as opposed to the basic agglomerated type in which the
presence of mineral constituents such as Ca0 and MgO
makes them more or less hygroscopic (97).

Submerged arc welding fluxes generally have lower
potencial hydrogen than basic coated electrodes, but
the fluxes produce much more-hydrogen in the weld, at
an equivalent moisture level, than basic electrodes.
Therefore the presence of moisture is extremely erit-
ical; the reason seems to be that, in comtrast with
the electrodes, the readily absorbed water is not
driven off but remaine in the vicinity of the weld to
be subsequently dissociated in the arc (94).

As mentioned previously, no general correlation
exists between potential and actual hydrogen content
in the weld metal and, in cousequence, it is the latter
which has to be controlled. Hydrogen levels are class—
ified according to the IIW (103) (104) into

(i) very low (0 - 5 m1/100g deposited weld metal),
(i) low (5 - 10 m1/100g deposited weld metal),
(iii) medium (10 - 15 ml/100g deposited weld metal),
(iv) high (>15 m1/100g deposited weld metal).
Typical potential hydrogen levels (related io the
moisture levels in coatings and fluxes) and typical
hydrogen levels for different processes are shown in

Figures 4 and 5.

2.2.1.3 Solubility of hydrogen in steel

The solubility of hydrogen in liquid iron and steel
is relatively high, approximately 38 ml/100g at 1 atm.
‘pressure at 1600°C (9€), but it decrcases very rapidly
with the temperature, as illustrated in Figure €. A
gharp diminution in solubility cccurs as soon as the
molten metal solidifies, only incressing slightly with
the transformation from § ferrite to austerite. This
is followed by a steady decrease with the tewperature
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and finally the trausformation from avstenite to
fervite produces another sharp diminution, followed
by a steady decrease till the rooun temperature is
.reached, . :

Austenitic steels present a higher soiubility and
and lower diffusivity for hydrogen than the ferritic
cnes; these characteristics have been considered
by some authors to account for the higher resistance
of austenitic steels to hydrogen embrittlement and
for the beneficial effects of using austenitic elec-
trodes on weld cracking (82) (105) (10€).

2.2.1.4 Entrapment and diffusion of ~hydrogen

The presence of hydrogen in steels is potentially
dangerous, due to the embrittlement effects. Thus, in
the case of welding, one must initially prevent the
introduction of this element in the joint; however,
this is not always possible under practical circum—
stances., Therefore, in critical situations,one has to
create the conditions for a sufficient amount of hydro-
gen to be removed from the joint before the temperatuze
decreases below the levels at which the ewbrittlement
mechanism tecomes effective; this can be achieved
through pre and post heating treatments (89) (107)
(108). The type and duration of treatment required,
if any, is dependent on the mobility of hydrogen in
the metal which can be assessed through the diffusivity
coefficient.

The diffusivity of hydrogen in ferritic steels
does not follow a simple law as one wculd expect from
theoretical considerations; experimental results
show that there are two regimes of behaviour depending
on the temperature. At high tempcratures (approxi=-
mately 200 - 1000°C) hydrogen appears to diffuse in a
'classical' manner, with the atoms moving freely
through the metal lattice under the influence only of
concentration or temperature gradients; when the temp-—
erature falls helow about 200°C, an anomalous behaviour
starts to be displayed, hydrogen diffuses more slowly
than would be expected. The variation of the diffus-
ivity coefficient of hydrogen with temperature is illus-
trated in Figure 7, accoxding to Coe (109), who re-
cently made a review of the subject.,

The reason for the anomalous behaviour of the hy-
drogen diffusivity with the temperature is regarded as
being due to the trapping or delaying of hydrogen, which
is retained, for example, in microvoids, as it moves
through the lattice. Evans and Rollason (110) found
that the apparent diffusivity of hydrogen could vary
within wide limits depending on extent to which the
microvoid volume was influenced by the inclusion con=
tent, the types of inclusions present and the therme-
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mechanical history. This confirmed the work by Ron-
jszewski and Moreton (111) who had found that micro-
nvoids in ferrocus materials retarded the evolution
rate of hydrogen, though the ones they iavestigated
did not retain the gas permznently. Other factors
which may influénce the diffusivity are : the chemic-
al composition, the microstructure, though often with
small effect, and dislocations which can be regarded
ss ultimate microvoids but these do not appear to
correlate as directly with the diffusivity as larger
voids produced by plastic deformation (109).

Tn summary, it can be said that, though the hy-
drogen embrittlement mechanism is not fully explained,
the knowledge of the diffusion coefficient has a prac-
tical importance in determining the procedure to be
followed to avoid cold cracking.

The control of diffusivity can also be used as
a means to reduce hydrogen embrittlement. Bernstein
et al (112) considered that improved hydrogen perform-
ance is possible if hydrogen is prevented from reach-
ing noxious locations in sufficient quantities. This
can be achieved by providing innocuous trapping centers,
by reducing hydrogen diffusivity, or by affecting the
slip mode (when hydrogen is being transported via dis-
locations). Pressouyre and Bernstein (113) claimed
that this is a highly practical means of developing
alloys resistant to hydrogen embrittlement,

Tn the case of welding, Fikkers and Muller (114)
also considered that the diffusivity ccefficient may
serve as an indication on the susceptibility to crack-
ing of different types of weld metal,

A different interpretation of the hydrogen induced
cracking problem as related with inclusions/voids was
recently presented by Hart (115), who studied the prob-
lem for the heat affected zone of carbon manganese
steels with varying sulphur contents. This author con-
firmed that low sulphur steels are more prone to that
form of cracking than higher sulphur steels, but his
explanation is primarily associated with an enhanced
hardenability of low sulphur steels and not with a
change in hydrogen diffusivity. Hart (115) considered
that sulphides, as well as silicates, are able to nuc~
leate ferrite, which effectively raises the transform-
ation start temperature and lowers the hardenability.
This contradicts, in part, the suggestions presented above
and other studies (116)(117) relating the susceptibility
to hydrogen cracking with the void volume, which was
supposed to vary with the sulphur content, Voids, in
particular the ones associated with MnS inclusions, were
believed to act as sinks and traps for hydrogen (11l).
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2.2,2 Effect of composition and microstructure on suscen-
tibility to hydrogen embrittiement,

In the case of welding, hydrogen indvced cracking may
‘occur either in the weld or in the parent material. In
general, for carbon manganese and low alloy steels, the
harder the microstructure the greater is the risk of
cracking. Soft wicrostructures can tolerate mere hydrogen
than hard before cracking occurs, Based on empirical data,
critical hardness levels have been established below which
a low risk of cracking exists, Ar upper limit of 350 Hv
has been suggested very often for practical applications,
though higher values can be accepted provided that string-
ent anti hydrogen measures are taken,

As the hardenability is governed primarily by the chem~
ical composition of the steel, empirical formulas were es=-
tablished which take into account the effect of the impor-
tant elements on hardenability, One of the most well known
is the IIW Carbon equivalent (CE) formula (89) (107):

“Mn  Cr '+ Mo+ V ~'Ni '+ Cu
CE = C+ =+ 5 * s

The other parameter governing the hardenability is the cool-
ing rate, which is dependent on the initial temperature of
the parent material, joint thickness and heat inpur,

Selection of pre-heating/interpass temperature levels
for carbon, carbon manganese and carbon manganese micro-
alloyed steels have been greatly aided in recent years by
development of monograms such as those in BS 5135 : 1974
(107). However, as pointed out by Dolby (118), there is
increasing evideuce that the monocgrams are not accurate
for low carbon levels (about 0.107% or less) and the heart
of the matter is the IIW carbon equivalent formula. In
fact, it appears inadequate for low carbon steels in view
of the higher carbon steel compositions used for its orig-
inal derivation. The formula describes the hardenability
" of the heat affected zone and correlates with cracking sus-
ceptibility within a limited range of compositions; out-
side this range, where hardenability and susceptibility are
.not related in the same way, new formulae are required.

. Several other carbon equivalent formulae and cracking
parameters were developea (119) and of these the Ito-Bessyo
formula (120) (121) :

] SiLM L G Mo,V
Pem = C + 55 2o * 5t 60 *%r*wtistot OB

is regarded with increasing interest, because it appears
the best approach to assess the low carbon steels. This
formula was specifically developed for carbon manganese and
low alloy steels with carbon contents in the range ©0.07 -
0.227 and weights carbon much more strongly than other
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elements. Ito and Bessyo used a small slit type test for

a wide range of steel compositions and varied the restraint,
nydrogen level and pre-heat, They found that cracking
occurred when the cooling time betiween 300 - 100° (or be-
tween welding and 100°C) was less than a critical value
dependent on the composition, restraint and hydrogen con-
tent. These three factors could be expressed in a linear
parameter (96) :

P =P+ 4
w cm 60 40 x 103

where H is the diffusible hydrogen, as determined by the
glicerine test method, k = 66t (for butt joints) and t is
the thickness of the plates.

The importance of carbon as being the most important
factor governing the cold cracking susceptibilicy has been
realised at least since the sixties and steel manufacturers
have been reducing carbon to the lowest possible levels;
the streagth of the steels has been obtained by other means
such as precipitation hardening and grain refining rather
than solid solution strengthening from macroalloys. As
the carbon content of the steels decreases towards 0.10%
or less they tend to be free from the heat affected zone
cracking problem and the welding procedure will be controlled
by the need to avoid cracking in the weld metal.

As the susceptibility to hydrogen induced cracking is
related to the hardness and carbon content, in most sitva—-
tions a low susceptibility would be expected from the depos-
ited weld metals. However, cracking does often occur in the
weld metal rather than in the heat affected zone, but this
results mainly from the higher hydrogen level and residual
stresses, not from a higher susceptibility to hydrogen in-
duced cracking,

A great amount of research has been carried out to im~
prove the toughness of the weld metals and a good deal of
information exists on the influence of microstructure on
the toughness, although this subject is beyond the scope
of this literature survey some brief commants are worth
mentioning since structure toughness and cold cracking sus-
ceptibility are closely related (122).

In most weld metals of the carbon manganese and low
alloy type, used with structural steels, the major trans-
formation products are : proeutectoid ferrite, ferrite side
plates and gacicular ferrite (123). Generally proeutectoid
ferrite can be found at the prior austenite grain boundaries,
sometimes with ferrite side plates (or upper bainite) grow-
ing inwards into the colummnar grains, and acicular ferrite
in the interior of the grains.

. The proeutectoid ferrite is net inherently brittle, but
in weld metals it is often present as thin veins surrounding
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areas of harder transformation products which form at lower
temperatures, such as acicular ferrite, Strain is thus con-
centrated in the proeutectoid ferrite.and it is there that
cleavage cracks often initiate, Proeutectoid ferrite is
generally considered to have a damaging effect on cleavage
resistance,

The ferrite side plates alsc have a deleterious effect
on the cleavage resistance cf the weld metal (123), this
may be due to the possible retention of thin sheets of ais-
tenite amongst the plates of ferrite which may subsequently
precipitate carbides which can act as cleavage crack init-
iators. Moreover, since there are no high angle boundaries
between the plates, cleavage cracks can readily propagate
across a colony of side plates and this is the place where
" prittle fractures are often found to originate. This struc—
ture is also usually regarded as undesirable in weld metals.

Acicular ferrite, on the contrary, shows inherent
strength and toughness, the reasons for this are the very
small grain size and the high angle boundaries across indiv-

idual crystals (124).

The tendency for hydrogen induced cracks occurring in
the proeutectoid ferrite was confirmed by Watkinson (125),
who used a constant load rupture technique for cathodically
and thermally charged specimens. He found that tha initia~
tion of cracking in the as deposited single run weld metals
was associated with the proeutectoid ferrite at the bcund-
aries between the prior austenite grains, while the detailed
microstructure of the tranmsformed asustenite grains appeared
to be of secondary importance, possibly affecting the amount
of strain imposed on the proeutectoid ferrite.

A microstructure showing, in general, low susceptibil-
ity to hydrogen cracking may be ofiset to scme extent by
factors that do not affect hardness, such as decoration of
grain boundaries (solidification and austenite grain bound~

. aries) (114).

2.2.3 Stresses and strains in weldnments

The stresses acting upon a weld sre a function of weld
size, joint geometry, fit up, external restraint and the
yield strength of the weld and parernt metals. The presence
of nydrogen appears to lower the stress level at which crack-

ing will occur (89).

According to Granjon (126), the stresses to be consid~
ered when studying cold cracking fall into three categories:
direct, indirect and external which may be defined as follows:

Direct stresses - appear locally in the vicinity of the
joint due to a non-uniform distribution of tempers=-
tures to which are added the effects of transforma-
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tions (i.e. short renje stresses due to volume
changes during phase transformations);

Indirect or restrained stresses - result froum the
welding process due to extexnal restraint connec-—
tions, these can be controlled to some extent at

the design stage;

External stresses - are those arising from various cir-
cumstances of fabrication, which may act upcn a
welded joint during and after its execution and
independently of its execution, for example, the
parts' oun vieight, elastic reactious in the parts,
shrinkage of other weld beads, clamping of parts
and lifting after welding.

Notches may cause stress concentration in particular
-zones and increase the cracking susceptibility in conditions
which would be safz otherwise.

Probably the most important source of residual stresses
is that resulting from the difference in shrinkage of diff-
erently heated and cooled areas of a welded joint. The weld
metal originally subjected to the highest tempervztive tends
to contract more than the other arezs but this contraction
is hindered by the cooler parts of the joint. Thus, the weld
metal is subjected to tenmsile stresses in the longitudinal
direction, as soop as its temperature has failen enough to
allow a merked yield strength. As the yield strength in-
creases with a further decrease in the temperature, the ten-
sile stresses in the continucusly contrzctiny veld increase
as well. The resultant tensile stressas parallel to the
seam can bacome as high as the yield point, As a consequence
of the shrinkzge stresses parallel to the seam, residual
stresses must also arise in the direction pcrvendicular to
it, these may be increased by the effect of restraint cauced
by previous runs or externally,

It is important to note that for most steels a tempera~
ture rise of 150°C would cause the formation of recidual
stresses and a rise of 300°C would cause yield

wagnitude stresses(127).

Another source of residual stresses is the phase trans-
formations. On cooling, steel transforms from aus(gnite to
ferrite, bainrite or martensite; this transformatior is assoc—
iated with an increase in the specific volume of the material
in the seam and in the heat affected zone ,it tends to expand
but it is hindered, at least in the direction parallel to the
seam, by the cooler material not being transformed. Thus, the
area being transformed is subject to compression, if the trans-
formation temperature is sufficiently low so that the mater-
ial already has a marked yield strength after the transforum—
ation, The magnitude of these stresses increzsés as the trans-
formation temperature decreases as for bainite and martensite.
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A typical distribution of residual stresses for a butt
joint is shown in Figure 8 (128). The distribution of xes-
idual stresses varies with the length of the plates and
for the same plates throughout the length and thickness of
the joint (129).

2.2.4 The effect of temperature and strain rate

The existing experimental evidence shows that bhydrogen
embrittlement of stecls 1s strongly dependent on the temp-
erature and strain rate., This fact has been related with
an alteration in the rate of supply of hydrogen to possidle
crack nuclesticn sites and crack tips which are contzolled
by diffusiou and/or by the transport of hydrogen by disloc~—
ations(130).

Hydrogen embrittlement/cracking ncrmally occurs in the
temperature range — 100° to + 200°C and it is maximum approz-
imately at room temperature (76)(131). At very low tempera-
tures the hydrogen cannot diffuse at a rate sufficiently
rapid to build up the critical concentration for cracking,
while an . increase in temperature increases the diffusion
rate of hydrogen and gives it opportuniiy to escape from the
lattice by effusion at the surface of the section (131).

Embrittlement is also affected bty strain ratz. Accord-
ing to Linnert (131), if the strain rate exceeds about 10in/
in/min (10mm/mm/min) the embrittling mechanism becomes inop-
erative because the hydrogen cannot diffuse sufficiently fast
to exert its adverse effect. This explains why impact tests
frequently do not revezl the presence cf a hydrogen content
capable of producing embrittlement.

Temperature and strain rate are mutually dependent
variables when considering hydrogen embrittlerent; their
_ effect was studied by Toh and Baldwin (132) for a SAE 1020

steel both before and after cathodic charging, the results
of this work are shown on Figure 9,

When loading statically a series of notched tensile

. specimens and waiting for failure, under conditions of very
slow strain rate and constant hydrogen level, the results
show a typical pattern of behaviour ~ the 'static fatigue
curve', Figure 10. The effect of hydrogen is reflected in
the following facts (133) :

(1) the notch tensile strength is lowered (correspond-
ing to a-loss in ductility);

(ii) the delayed failure may occur over a wide range of
applied stresses causing just a slight variation

in the time to failure;

(iii) there is a minimum period for crack initiation -
'incubation period", strongly dependent on the
hydrogen level and a minimum critical stress below
which cracking does not occur.
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Decreasing the hydrogen level displaces the cvrves to the
right and upwards, i.e. the tupper and lower critical stresses
are raiced and the incubation time increased, The inciease
in the lower critical stress with decreasing hydrogen.con-
centration to initiate the delayed failure suggests that
crack initiation is controiled by a combination of hydrogen
and stress. This is also confirmed by the inccease in the
static fatigue limit with the notch severity (i33). Another
important characteristic shown by slowly strained hydrogen
charged specimens is the discontinuous growth of the cracks
which can be revealed by resistivity/time curves (133) or

by acoustic emission (134).

2.2.5 Morphologv of hydrogen induced cold cracks

Hydrogen induced cold cracks can be classified on the
macroscopic level in terms of the region where they appear
(heat affected zone or weld metal), their orientation in re-
lation to the weld joint (transverse or longitudinal) and
their position in the joint (root, toe, underbead, etc.).
Typical orientations of hydrogen cracks are shown in Figure
11, after Graville( 96).

Hydrogen induced cracks in a welded joint, which may
occur either in the weld metal or in the heat affected zone,
can be inter or transgranular, or both, and present wide
veriation in size. They may have microscopic dimensions ~
‘microcracks' or 'microfissures', or be big enough to te
immediately recognized without any aids. However, these
cracks do not have a specific morphology; according to
Boniszewski and Watkinson. {122), hydrogen explcits the crack
nucleation mechanism which is the easiest in a given micro-
structure, i.e. that which requires the least amount of over-
all plastic deformation. In these conditions, identification
of hydrogen embrittliement by fractography is at best not
completely unambiguous (135). For example, if the process=
ing history of the part is not completely knowr, it will be
difficult to conclude quickly that fracture along the prior
austenite grain boundary was due to hydrogen cracking, rather
than temper embrittlement, stress corrosion cracking or queach
cracks. Pelloux (135), considered that a simple hydrogen em—
brittlement fracture test, followed by careful metallography
and fractography, would help in characterizing the exact mode
of fracture due to hydrogen, for a specific grade of steel,
and the information would provide a reference basis for the
complete failure analysis.

One of the possible explanations for the variation in
the cracking mode of the hydrogen induceé cracks in the same
material has been proposed by Beacham (136), who showed that
the fracture crack propagation, in the presence of gaseous
hydrogen, in a high strength low alloy steel, depends strongly
upon the stress intensity factor (K). At high K levels frac-
ture proceeds by the initiation and ccalescence of microvoids,
at intermediate K fracture is by quasi cleavage, while at low
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K the fracture ic intergranular along the prior austenite
grain boundaries. The above author (136) considered that

this transition is caused by competition between the ener-—
getically favourable, but kineticaily slow, intergranclar
fracture and the kinetically favourable, at high K's, micro-
void coalescence and quasi cleavage processes.

2.2.6 Special types of hydrogen induced cold cracks

2,2.6,1 Microcracks in mild and low alloy steel weld
metal

Microcracks or microfissures in weld metals depos-
ited with mild steel covered electrodes seem to have
been reported for the first time by Flanigan (137) in
1947. This author found that fine scale fissuring in
the deposited weld metals may be produced by rapid
cooling (quenching) in the low temperature range, i.e.
below the transformation temperatures of the austenite,
due to a mechanism in which hydrogen plays a dominant
rcle (138).

Similar observations were made by Bland (139) who
produced microfissures in.weld metals by very different
means such as quenching the weld bead some time after
welding, precooling the p]afes to —45°C and depositing
the bead over a hole drilled in the plate, in 11ne with
the weld bead, through which water at about 159C was
flowing. The .results of this work showed that increas-
ing the quench time, i.e. the interval between complet-
ion of weld and quenching, decreases the extent of
microfissure formation, regardless of subsequent rapid
cooling of the weld deposit. Bland (139) explained
this fact through the reduction in the amount of re-
tained hydrogen when the quench time was increased and
emphasized that quenching, in itself, does not produce
fissures in a weld metal deposit from which an apparent=- .
ly significant amount of original dissolved hydrogen had

been evolved.

Several factors affect the occurrence of micro-
fissures, hydrogen seems to be the most imporcant but it
is not the only one. Nitrogen has been considered by
several authors as having a significant influence on
the microfissure formation (140) (141). The welding
current and arc length were also reported to aifect the
phenomenon (142).

The occurrence of microfissuring in multi run mild
steel weld metals was studied, amongst others, by Evans
.and Christensen (143). These authors found that the
tendency to microfissuring is more pronounced in multi
run deposits than in single beads welded under similar
conditions, the fissure density increases from one layer
to the next, cxisting fissures propagate further on re-
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heating by subseguent runs and small adjacent fissures
join to form large continuous cracks. They cornsidered
that at least part of the disparity between the multi
and single layer results was due to the build up of
hydrogen, i.e. supplementary hydrogen being introduced
into one bead due to the pick up from previously depos-
jted beads. Thermal and straining effects of subsequent
beads might also have been important (142).

Evans and . Christensen (143) investigated. the addit-
ive effect of hydrogen by degassing between runs and
comparing the relative.crack densities. It was observed
that the density of microfissures was cunsiderably de-
creased when degassing at 650°C but some increase from
one layer to another still persisted, the authors con-
cluded that other additional factors may be involved, oane
of which probably being nitrogen.

. Non-metallic inclusicns are often observed in the
path of fissures and this has usually heen taken as in-
dicating that the fissures can nucleate at non-metallic
inclusions. Winterton (144) has suggested that large
spherical inclusions, as well as hot microcracks, may
nucleate fissures, and explained the incidence of micro-
cracking in terms of accumulation of hydrogen in pre-
existing flaws and superimposed residval stresses. In
these conditions, the alterations in the weld metal cool-
ing rate may be particularly important due to the in-
fluence on the amount of retained hydrogen. The above
author illustrated this fact with the example of a pro-
nounced increase in microcracking with a change in ths
igitial plate temperature (before welding) from 20° to
o°cC.

The types of microcracks reviewed so far were essen-
tially due to a cold cracking mechanism, but this nas
not always been the case. Boniszewski and Brown (33)
found a form of fissuring in the refined regions of multi-
run mild steel weld metal, deposited from titania covered
electrodes, which they considered to be akin to the hot
tearing caused by low melting point sulphides. According
to the above authors, the critical event in the formation
of this particular type of microfissure is the occurrence
of low melting point particles of manganese silicates,
densely spaced, playing a role similar to the non-metallic
films.

Microcracks in mild and low alloy steel weld metals
have been indiscriminately referred to as ‘'fissures' or
microfissures'. However, some important differences may
exist and their types must be carefully defined. Boni-
szewski and Brown (33) distinguish the following types of
microcracking in as~deposited mild and low alloy steel
weld metals:



(i) Transcrystalline fissures which are the resuit
of cleavage cracking.induced in alpha iron by
a combination of high hydrogen and internal
stresses. These fissures form probably below
200°c.

(ii) Intercolumnar fissures which are also caused
by hydrogen and internal stresses but which
appear to be associated with non-metallic par-
ticles laying between the columnar crystals.
At their tipe these cracks become transcryst—
aliine, which suggests that cracking occurs in
alpha ferrite range also below 200°C.

(iii) Hot cracking which shows wide separation of
solidification crystals, occurs when impurity
segregation has led to the extensive formaticm
of liquid or semi liquid non metallic deposits
between the.cclumnar crystals. The hot cracks
delineate .the contours of the crystals and
their path is smooth in contrast to the serrated
path of the intercolumnar fissures. When the
hydrogen content and restraint are high enough
these cracks may propagate as cold cracks,

Although it is not considered in the clagsification
above, it seems possible that, for the weld metals with
higher alloy content, intercolummar (or intergranular)
microcracks may also occur, only due to the presence of
hydrogen and stresses without the need for non-metallic
inclusions. This matter will be discussed later.

The microcracks occurring in the refined rvegions of
mild and low alloy weld metals may be induced either by
a hot cracking mechanism, as referved to above, or a
hydrogen cracking mechanism. The distinction by fracto-
graphy is complicated by the fact that some of the hydro-
gen induced microcracks may be reheated by a subsequent
run, which gives to the fracture surface a smooth appear-
ance typical of hot cracks, though without the presence
of non-metallic particles or films.

2.2.6.2 Fish-eyes in mild and low alloy steel weld metals

. Fish-eyes are another manifestation of the presence
of hydrogen in steel. They may be observed on the frac-
ture surface of weld metal specimens submitted to tensile
or bend tests carried out.at slcw strain rate, about am=
bient temperature, when they contain a sufficient amount
of hydrogen to cause embrittlement. They may also be in=
duced .in other steel tensile specimens when pre-charged
with hydrogen (88).

. Fish-eyes generally show a central region or 'pupil’
consisting of a pore, an inclusion or other small flaw
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which nucleates the crack, surrounded by an 'iris',
generally exbibiting a quasi-cieaVage appearance in a
pattern radiating from the 'pupil', which is believed

to result from hydrogen embrittlement. It is generally
considered that the iris is due to cracking propagating
from the largest defects present, when the tensile strain
evcecds the elastic limit of the steel embritcled by
hydrogen. The iris stops growing later on due to fast
local strain rates, when necking occurs, as well as due
to self heating during plastic deformation, which may
stop the embrittlement mechsnism due to hydrogen (145).
It may also happen that outside the halo sufficient
plastic deformation occurs to blunt the crack and change
the mode of fracture to ductile (33). Fish-eycs are
generally surrounded by an-area of ductile failure re-
sulting from microvoid coalescence.

Fish-eyes may be eliminated if hydrogen is allowed
or forced to diffuse from the weld metal before testing.

2.2.7 Theories of hydrogen embrittlement

Most of the proposed theories on hydrogen embrittiement
of ferrous materials are based on one or more of the follow-

ing factors (76) :

(i) pressure,
(ii) surface adsorption,
(iii) binding energy,
(iv) dislocation mobility.

Until recently, three main theories were being considered to
explain the phenomenon (146), which are summarised below.
The present trends will be drawn subsequently.

Zappfe's 'planar pressure theory' (147) is the oldest
and until recently the most popular. The author envisaged
that atomic hydrogen dissolved in the lattice structure would
precipitate into internal voids and combine to form molecular
hydrogen. Due to the square-root relationship between the
pressure of the dissolvad atomic hydrogen and the pressure
of the precipitated molecular hydrogen, very high pressures
were believed to build up in these voids causing premature
failure. This theory was refined by de Kazinczy (148) who
introduced some formalism, suggesting that hydrogen diffusicn
to pre-existing voids or cracks is necessary to maintain the
internal stress as the crack propagates; this would explain
the time and temperature dependence of hydrogen embrittlement.
Further refinements in the theory were introduced by Garofalo
et al (149) and by Bilby and Hewitt (150) who applied dis-
location concepts. More recently, the theory was reviewed by
Tetelman (151) (152), who was quoted as having produced the
most complete and most believable treatment of the pressure
theory (76).
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Petch's surface adsorption theory (153) (154) proposed
that fracture arises from the formmation of a crack ahead
of an array of dislocations piled up agsinst a grain bound-
dary, Because of adserption of hydrogen on the surface of
the crack the metal surface energy is lowerad and the prop-
agation became easier, i.e. the stress required for frac-
ture is lower, According ta the above author the phenom-
enon is dependent on the diffuvsion of hydrogen to the crack
edge; this would explain the variation in embrittlement
with temperature and strain rate.’

Troiano's 'lattice interaction theory' (133) (155),
postulated that hydrogen diffuses to the highly stressed
regions (stress—induced diffusioa) and a concentration
gradient is created in conformity with the stress gradient.
The magnitude of the concentration gradient created in the
tri-axiality stressed region depends primarily on three
factors (155) ‘

(i) the initial hydrogen concentration,
(i) tﬁe Hydrogen diffusion rate,
@Gii) tﬁe time during which hydrogen may diffuse.

The two latter factors would account for the tempera-
ture .and strain rate dependence of hydrogen embrittlement.
If the stress is increased or if the hydrogen is allowed
to diffuse at constant load, the critical combination of
hydrogen concentration and stress state may be attained
and a crack open in the lattice at the point of maximum
tri-axiality. According to Troiano (133), the explanation
for the phenomenon would be that the fracture strength or
the cohesive strength of the lattice is lowered in the
places where hydrogen is concentrated, i.e. in maximum
tri-axiality zones. The decrease in the cohesive strength
of the lattice would result from the increase in the re-
pulsive forces between the metallic cores due to hydrogen,
as explained subsequently. The interatomic distances of
" the transition metals, such as iron, cobalt and uickel, are
determined by the repulsive forces due to the overlapping
of their d bands; the electrons of the hydrogen atoms in
solution would enter the d bands of the metallic cores,
increasing the concentration of these bands, this would
produce an increase in the repulsive forces between the
metallic cores, or, in other words, a decrease in the co-
hesive strength of the lattice.

The abeve theory was modified by Oriani (156) (157)
(158), who postulated, in his 'decohesion theory' for hy-
drogen induced crack propagation, that regions exist at
crack fronts where non-Hookean elastic stresses attain
significant fractions of the elastic modulus. In such
regions the chemical potential of dissolved hydrogen is
lowered sufficiently, so that dissolved hydrogen attains
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concentrations that are several oxders of magnitude larger
than the normal concentration in equilibrium with the
given envirening hydrogen fugacity. The abnormally large
hydrogen accumulation lowers the maximum resistive cohesive
force between the atoms. The crack.grows when the local
tensile elastic stress, normal to the plane of the crack,
equals the local maximum cohesive force per unit area. The
velocity of crack growth is governed by the rate of trans—
port of hydrogen, '

In summary, the Troiano-Oriani theory postulated that
hydrogen wculd decrease the cohesion energy between iron
atoms at-places where the hydrogen atoms conceantrated, i.e.
in maximum triaxiality zones for Troiano and for Oriani at
the crack tip, in the zone where the deformation does not
obey Hooke's law (146).

A 'new model for hydrogen: assisted cracking' was pro-
posed by Beachem (136) who noted that all the failurec modes
existed in the presence of hydrogen and could be found also
in its absence. In short, the mode of failure is not typ-
ical of the presence of hydrogen; microvoid coalescence,
quasi-~cleavage or intergranular fracture may occur. Beacham
(136) found evidence of microscopic plasticity on fracture
surfaces of specimens cracked by hydrogen 'embrittlement',
which varied from relatively large degrees, when the mode
of failure was microvoid coalescence, to small degrees when
quasi-cleavage or intergranular failure occurred. In
the case of cracks propagating along prior austen-
ite grain boundaries, he believed that they were caused by
severe localised crack tip deformation and were not a re-
sult of cessation, restriction or exhaustion of ductility.
In these circumstances he considered that the designation
'hydrogen-assisted' cracking would be more appropriate than
'hydrogen embrittlement' cracking. These observations led
to the formulation of a new model according to which it is
suggested that hydrogen diffuses into the lattice, just
ahead of the crack tip, and aids whatever deformation proc~
ess the matrix will allow. Microvoid coalescence, quasi-
cleavage or intergranular fracture are postulated to occur
as a result of this deformation process, apparently depen-
ding upon the chemistry of the steel, its heat treatment,
the stress intensity at the crack tip and the rate of
supply of hydrogen to the crack tip, which determines the
concentration of hydrogen there. Beachem (136) also
suggested that hydrogen . instead of locking dislocations un~-
locks them and allows them to multiply or move at reduced
stresses., In this context the new model does not accommo=
date the 'embrittlement' theories. However, the author
(136) considers that the hew model fits well with the
planar pressure model at low stress intensities, with the
theory that hydrogen concentrates in volumes of material
under triaxial tensile stress and the theory that hydrogen
Jowers the true fracture strength of the lattice, if this
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is extended to mean that dislocatisn multiplication and
motion are made easier.,

. The hydrogen-disiocation interaction was foreshadowed
by Bastien and Azou (159) in 1951, and has been supported
by other authors (77) (160) (161)., Hydrogen has been
associated with dislocaticns either to restrict disloca-
tion mobility or to provide localised hydrogen accumula-
tions and thereby embrittle the lattice (162). Though the
dislocation transport of hydrogen is not an embrittlement
mechanism, per se, it may be involved in whatever mechan-
ism is valid (162). It was considered in the mest recent
model to explain hydrogen assisted cracking in weldments
proposed by Savage et al (161), who advanced the following

seven points argument,

1. 1t L8 §inst necessarny to introduce hydrogen o,
on above, some crltical concentration. This orit-
Leal concentrhation L8 a function of Zhe ratio of
Zthe Local stress at the crack initiation site {on
chack tip) to the yleld stness of the mateiial,
and will also depend upon the microsiructwie. In
genenal, hydrogen tends to segregate at ghain and
cell boundaries and o form Cottrell atmospheres
at disLocations; 1hus the ertitical Level may be
exceeded Locally with extremely Low nominal conces-
Lwtions of hydrogen.

2. The crdiical strness Level for tne particular comb-
Lnation of microstructure and Local hydrogen con-
Zent must be exceeded at the crack initiation site
(on 2he tip of a propagating crack]. The magnit-
ude of the Local stress will depend upon the
nesddual stresses, the externaliy applied s14ess,
and the Lype and Location of geometiic on metallo-
ghaphic features which act as sthess concentrnatons.

3. Llocabized plastic fLlew cccurs at strhess ccncentra-
tlon sites and continues witdd dislocatlicn pile ups
at barlens such as {ncluslons, grain boundatrics ok
martensite platelets deactivate the sowrces. Since
hydrogen atmospheres can accompany ihe moving dis-
Lecations, this plastic fLow can transport hydrogen
o the vicinity of the barnier at rates in excess
¢f those possible by diffusion alone.

4. Hydrogen transponted Zo the pile ups by the dis-
Locations can readily diffuse Lo the bauien inten-
face until the cdltical concentration requined 2o
Anitiate micrgenacking at the Level of st/iess
present at the Location {5 reached. This crltlcal
hydrogen concentration 44 probably Lowest at inclus-
Lons which {ntersect the active ¢&ip planes, but £if
sugflelent hydrogen (s present, microcrack dnitia-
Lion can also occur at grain boundaries on othen
barriens.
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-5, Once formed, the microcrack can'ubsonb! the dis-
Location pile-up, thus reducing the back pressute
on the dislocation sources. The reactivated
sounces then generate new dislecations which prop-
agate along the sLip plane. Many of thete acaquine
hydrogen atmospheres in the process and Lnansport
additional hydrogen fo the michocnack. The stress
concentrnation near the crack tip can also act 2o
cause additional Locali zed dislocation motion (and
furthern transpert of hydrogen in this area).

"6, Thus, by a combinration of transpont by boith disls-
cation motion and diffusion, the hydrcgen content
at the crack tip 48 Lncreased more rapidly than
would be possible by obulk diffusion alone. Once
the crnitical Level of hydrogen 44 reached Lin the
negion of siness concentralion, at the ip of the
crack, the crack propagates until 4t enters a
reglon where the hydrogen content again falls
below the critical Level.

7. The stress concentration present at the crack ip,
however, causes additional plastic flow unidll eiihen
dislocation pile ups deactivate the scurces on the
amount of hydrogen itnansported to the region
reaches the crnitical Level for further crack prop-
agation. In the event that the fomen L8 the case,
the argument reverts to item 4 above and the
succeeding steps are nepeated.

The process by which hydrogen embrittles the steel is
not clear from the above argument. However, it is under-
stood from the work being guoted (161) that the hydrugern
transported by dislocatiors and by diffusior to ¢ barxier
interface, such as a grain boundary or a martensite plate
which intersects the active slip plane, reduces the 'bond-
ing energy' at the interface, and a2ids the nucleation and
propagation of a crack. It is important to rote that if
the hydrogen ccncentration is high enough near the stress
"raiser to lower the 'bonding energy' to the point where
a crack can form without the aid of a dislocatior pile up,
no plastic deformation is necessary for crack formation.

2,2,8 Summary and discussion

The problem of hydrogen embrittlement of steels has been
known since the last century, its importance and the contro-
versy about the mechanism are clear from the very high number
of publications dealing with this subject. However, it is
" well established that this phenomenon is controlled by the
-hydrcgen content of the steel, the microstructure, the stress
* level and the temperature and strain rate. All these para-

meters are equally important but any ore may be dominant in
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specific cases.

Hydrogen embrittlement is particularly significant in
the case of steel welding because this element is present
in most of the welds carried out under practical circum-
stances. The problem used to be more prevalent in the
hard heat affected zones and to overcome it the welding
specifications have limited the raximum value of hardness
for each case. A better knowledge of the pheromenon res-
ulted, in particular during the last decade, in a dramatic
decrease in the carbon content of the steels towards 0.107
or less. These new steels tend to be free from the heat
affected zone, cold cracking problem and the welding pro-
cedure is governed by the nead to avoid cracking in the
weld metal. '

The hydrogen level in the weld metal depends on the
welding process itself and in particular on the consumables
and their condition. For each process and corsumable a
good correlatior exists between the potential and actual
hydrogen level, although no universal relation has bean
found. The presence of absorbed moisture is extremely crit-
jcal in the case of submerged arc welding with basic agglom-
erated fluxes, because, in contrast with the electrodes,
the readily absorbed water does not tend to be driven off
but remains in the vicinity of the weld to be dissociated
in the arc. These facts point to the need to carefully
control the moisture content of the welding consumables and
to (re)bake, if necessary, the basic electrodes and fluxes.

The ideal solution to prevent hydrogen induced cracking
would be to avoid hydrogen introduction into the weld, but,
as this is impossible under practical circumstances, its
noxious action has to be counteracted by allowing it tc
escape before the temperature decreases to a level below
which it becomes potentially dangerous. This can be achieved
by pre and post heating. The effect of this treatment may
also he beneficial in terms of transformation of the depos-
ited weld metal to less susceptible microstructures. The
type and duration of the treatment required, if any, is
dependent on the mobility of the hydrogen in the metal which
can be assessed through the diffusivity coefficient. This
coefficient may also be related with the rate of supply of
hydrogen to a crack iniciator or to a crack tip, and may be
critical in terms of crack initiation and prorpagation. This
was emphasized by Fikkers and Muller (114) who considered that
the diffusivity ccefficient may serve as an indication of
susceptibility to cracking of different types of weld metal.

The diffusivity coefficient of hydrogen shows an anow=
alous behaviour in the low temperature range (below approx-
imately 209°C), which is supposed to be due to trapping of
hydrogen in microvoids such as porosity, inclusion cavities,
etc, Some authors (116) (117), who studied hydrogen in-
duced cracking in the heat affected zone of welds, consid-
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ered that the cracking susceptibility may be associated
with the void volume which, in turn, varies with the sul-
phur content or the number of manganese sulphide inclus-
ions; these were supposed to act as sinks and traps for
hydrogen. A different view, however, was expressed by
Hart (113), who considered that the higher sugceptibility
of the low sulphur steels is primarily associated with
their higher hardenability resulting from lack of sulphides
which may nucleate ferrite and raise the transformation

start temperature.

There is no typical hydrogen induced fracture mode.
Hydrogen exploits the crack nucleation mechanism wvhich is
the easiest in a given microstructure. Intergranular
quasi-cleavage or microvoid coalescence fracture modes may
operate, apparently depending upon the chemistry of the
steel, its microstructure, the strese intensity at the
crack tip and the rate of supply of hydrogen to the czrack
tip (136). Therefore the identification of hydrogen in-
duced or assisted cracks, based exclusively on the fracto-
graphic evidence may be ambiguous due to the lack of feat-
ures which are exclusively typical of hydrogen eracking.
The fact that a crack may have propagated from a pre-
existing 'hot crack', or may be reheated by a subsequent
weld run, complicates the interpretation even further.

'Fissuring' or 'microfissuring' is a cormuon designation
for a form of microcracking observed in mild and low alloy
steel weld metals which has been known since the late for-
ties (33), (137), (139), (143). It has been usually related
with the hydrogen retained in the weld metal. These micro=
cracks have. been reproduced under laboratory controlled
conditions by increasing the weld metal cooling rate in the
low temperature range, i.e. below the sustenite transforma-
tion temperature. This was achieved, in general, by guench-
ing the weld and parent metal (137) (138), by cooling the
parent material, continuously with water (139), or by pre-
cooling the parent material (144) (139). These procedures
were considered to produce a marked increase in the amount
. of retained hydrogen and probably in the internal stresses
(especially when quenching), resulting in the occurrence of
microfissures. Several other factors were considered to
enhance the phenomenon, particularly the nitrogen (140),
(141), (143). In some cases, microfissures appeared to re-
sult from a hot cracking mechanism similar to hot tearing
caused by sulphides in the heat affected zone of the welded
joint (33). Due to the indiscriminate use of the designa-
tion, some care must be taken relatively to the type to
which they refer.

Fish eyes are another manifestation of hydrogen embrittle-
ment in steel and in particular in steel weld metals, which
is generally revealed during tensile and bend tests at slow
strain rates. The fish-eyes show, in general, a 'pupil', i.e.
a central region consisting of a pore, an inclusion or other
small flaw, which nucleated the crack, surrounded by an 'ir-
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is', generally exhibiting quasi-cleavage, which is believed
to result from hydrogen embrittlement, This type of crack-
is unlikely to be otserved in a welded joint not submitted
to destructive testing, because it cccurs arter straining
the material beyond yield which will rarely occur in prac-
tice. Its practical significance may be associated with

a reduction in ductility observed in the mechanical tests
and in showing that the initial level of hydrogen in the
weld metal may have been dangerously high.

Until recently three main theories were being consid-
ered to explain the embrittlement of steels by hydrogen.
The first, initially proposed by Zapffe (147), known as
the 'planar pressure theory' postulated that atomic hydro-
gen dissolved in the lattice precipitates into internal
voids and combines to form molecular hydrogen and therein
build up pressure to cause premature failure. This theory
has the capacity to explain most of the observations rel-
ated with hydrogen embrittlement and was adopted by many
authors who introduced some formalism and refinements
(149) (150) (152). However, it was considered by others
to have only a restricted application (136) (146). Petch's
'surface adsorption theory' (153) proposed that the fracture
stress is lowered due to a reduction in the surface energy
of the material by adsorption of hydrogen at surfaces of
internal cracks or voids. This theory was considered by
Oriani and Josephic (158) as a necessary condition but not
sufficient by itself. The third theory, initially prop-~
osed by Troiano (133), postulated that hydrogen diffuses
under the influence of a stress gradient, to regions of
high tensile stresses within the lattice and there inter-
acts with the metal to lower the cohesive strength of the
lattice. This theory was modified by Oriani (156) and has
gained wide acceptance.

The fact that hydrogen is not associated with a partic-
ular mode of failure served as the basis for Beachem (136) to
propose a new model according to which it is suggested that
. hydrogen would diffuse in the lattice, just ahead of the -
crack tip, aiding whatever deformation process the struc-
ture will allow; the mode of failure would result according-
ly. The model suggested that hydrogen, instead of locking
dislocations, unlocks them and allows them to multiply or
move at reduced stresses.

The hydrogen-dislocaticn interactionm, initially proposed
by Bastien and Azou (159) has been considered by several
authors (77) (160) (161). Although the transport of hydro-
gen by dislocations is not an embrittlement mechanism by it-
self, it may be involved in whatever mechanism is valid (162).
Savage et al (161) proposed, recently, 2 mechanism relying
partially on this type of transport. '

Each of the proposed theories was developed to explain
experimental observations and/or industrial experience. Thus,
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each one is consistent with some portion of relevant data.
However, none of the proposed mechanisms as now formulated,
taken singly, explains all the observations accompanying
hydrogen embrittlement, as discussed by Louthan (162).
Therefore, either there is no universal embrit:tiement
mechanism, or yet a new theory must be developed (162).

In spite of the lack of universal agreement it seems that
in the last few years Troiano's theory, modified by Oriani,
and the interaction between hydrogen and plastic deforma-
tion, have gained more credability (146). However, the
'planar pressure theory' is still being considered, in par-~
ticular to explain cases such as blistering (163) or, more
generally, cases of low stress intensitiaes where the
pressure serves as a source of stress and driving energy
(136). Pressure may also act in cases of high fugacity
(146).
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“'TIT = MATERIALS AND EQUIPMENT

MATERIALS

1.1 Parent Materials

The material of the plates and backing bars used in the
cracking tests was mild steel, conforming to BS 4360 grade 434,
25mm thick in the case of the Tuliani test and 38mm thick in
the case of the continuous water cooling tesi; the backing
bars were 12mm thick.

1.2 Welding Consumables

The submerged arc welds carried out during the cracking
tests were deposited with a series of 3.2um dia. wires, with
chemical compositions shown in Table 2, and with the flux
OP41TT supplied by Oerlikon Ltd. This is a fully basic agglom-
erated flux, with chemical constituents shown in Table 3,
suitable for welding with direct current, electrode positive,

at currents up to 800A.

The series of manual metal arc welds were carried out,
initially, with commercially available electrodes conforming
to AWS E8018 Cl, supplied by the manufacturers designated
herein as A and B, and with rutile electrodes, conforming to
AWS E 6013. Twenty small batches of electrodes with basic,
cellulosic and rutile coatings, produced especially for this
project by BOC Murex, were also tested. The diameter of all
the electrodes tested was 5Smm except for those supplied by
manufacturer B, which was 6mm.

1.3 Weld Metal Chemical Composition

The industrial weld metal samples containing chevron cracks
were submerged arc welding deposits with chemical compositions
presented in Table 4.

The chemical analyses for the weld metals used in the
cracking tests are presented in Tables 5 to 8.

EQUIPMENT

2.1 Welding

[P ——

The submerged arc welds were carried out with a Hagglunds
type LSIT 1200 transformer rectifier rated at 84 KVA corres-
ponding to 1200A, 44V DC output. This unit has a drooping
static power characteristic and was used with a Hagglunds HSA
150, voltage controlled wire feed system and head. The welding
head was mounted cn horizontal and vertical slides with the
workpiece placed beneath it on a moving table.

. The manual metal arc welds were made with an English Elec-
tric Co. LWAD 600 power source. A voltmeter and an ammeter
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were incorporated in the welding circuit for arc voltage and
welding current measurement.

The MIG weld was carried out with a Union Carbide power
supply type SUI 500, with a Linde welding control type SCC-9
and a Linde wire feeder type - SEH3. The welding head was
mounted on horizontal and vertical slides with the workpiece
placed beneath it on a moving table.

2.2 Ultrasonic Inspection

The ultrasonic inspection was performed with an Ultra-
sonoscope model Mk4 using a 40° probe operating at 5MHz in the
pulse echo mode. Calibration of the equipment was attained
using an TIW standard calibration block. Oil or grease were
used as couplants.

2.3 Magnetic Particle Inspection

The magnetic particle inspection was carried out with a
Magnaflux k~12 portable unit by means of a coil, approximately
120mm in diameter, formed by 3 turns of heavy duty cable 4/0,
9m long. The cracks were revealed by a Magnaflux prepared
bath type No. 7AHF - black.

2.4 Acoustic Emission

The acoustic emission equipment used to monitor the con-
tinuous water cooling cracking test, was of the 3000 series
manufactured by Dunegan/Endevco.

2.5 Temperature Measurement

The weld metal temperature measurements were made using
67 Rhodium-Platinum 307 Rhodium-Platinum thermoccuples sheathed
in 4mm diameter twin bore recrystallized alumina insulators,
In the low temperature range, i.e. below 350°C, the weld metal
temperature was measured using Chromium Alumel thermocouples.

A multi channel UV recorder, manufactured by S.E. Labora-~
tories Ltd., type 3006, was used to record simultaneously the
thermocouple voltage output and its derivative trace, from
which the weld metal cooling curve and the austenite trans-
formation temperatures were obtained. This equipment was dev~
eloped by Rodrigues (164) in conjunction with the Instrumenta-
tion Department at the Cranfield Institute of Technology.

A multipurpose digital voltmeter and a power source were
used for calibration purposes.

2.6 Cathodic Charging of Tensile Specimens with Hydrogen

The weld metal specimens were cathodically charged with
hydrogen using a Farnell stabilized power supply model L30E,
an electrolyte consisting of an aqueous solution of 5% H,SO,



and 0.05g/1 of As O3as a poison and a 50mm diameter cylindrical
anode madé of 2mm thick mild steel sheet.

2.7 Mechanical Testing

An Instron model TT-C tensile test machine was used for
testing the hydrogen charged tensile specimeas.

The Vickers hardness measurements were carried out on a
tester made by Zwick & Co. KG., model 3202,

2.8 Metallography

A Reichert model 'Me F' projection m1cr0300pe was used for
all optical microscopy.

2.9"E£§ctograghz

The majority of fractographic studies were carried out
using a Stereoscan 600 scanning electron microscope made by
Cambridge Tnstruments Ltd. However, this microscope failad
to give the resolution required and other scanning micrcscopes
were used at the Universities of Cambridge and Southampton,
towards the end of the project, an ISI model 100 and a Camb-
ridge Instruments model S150 respectively.

A small amount of work with carbon replicas was done using
a JEOL 200 KV transmission electron microscope, model 200 B,
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XV ~ EXPERIMENTAIL PROCEDURES

Weld Metal Cracking Tests -

1. Tuliani Test

This test was adopted in a form very similar to the one pro~
posed hy Tuliani (3). The plates were flame cut and the cut sur-
faces and backing bar were dressed smooth by hand grinding. The
dimensions of the joint, set up and welding sequence are shcwm in
Figures 12 and 13. WNo external restraint was applied. The weld-
ing consumables and procedure are specified in Table 9.

After completing each run the joint was allowed to cool
naturally, for 5 minutes in the lower third of thickness, 10 min~
utes in the middle third and 15 minutes in the upper third. After
this period the excess flux and slag were removed, the joint was
quenched into water, dried and then transferred to a cooling bath
consisting of acetone and liquid nitrogen. Liquid nitrogen was
added until the required temperature was attained, a few degrees
below the nominal in order to account for heat gain during setting
up. The temperature was controllad by a thermocouple placed in
the plate, near the joint. Due to the very low temperaturas,
water tended to condeunsate and freeze on the surface of the joint,
but this was removed before the flux was manually added. Cener-
ally each test required about 14 runs to be completed.

During one test cf the series, TP4, Table 13, the joint was
quenched about 20 to 25 seconds after finishing each run, having
removed the excess flux but with the slag still left on, in order

to increase the severity of the test.

At least 72 hours elapsed before the weld metal was sectionned
through the planes shown in Figure 13.

1.2 Continuous Water Cooling Test

This test is based on the cooling of the joint by water pass-
ing continuously through a channel in each plate. As it would be
difficult to drill the channels, due to the length of the plates,
welded construction was used as illustrated in Figures 14 and 15.
This design allows control of the weld metal cooling rate through
the separation of cooling water from the weld preparation (t in
Figure 14) and through the rate of water flow. The effect of con-
tinuous water cooling on weld metal cooling rate, as compared with
the non-water cooled joint, is presented in Chapter V,

Before welding, the base plates were flame cut and hand
ground to remove scale and oxides. Backing bars were also hand
ground in order to allow good electrical contact and to prevent
the introduction of dirt into the weld joint; furthermore, the
backing bar was shaped as shown.in Figure 16, to allow good fit
up and reduce the likelyhood of longitudinal cracking in the root.
With both base plates and backing bar correctly profiled, they
were assembled with the aid of a template to the desired weld
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joint preparation, Figure 16. No external restraint was applied
and the preset of the .weld preparation was plamed to ensure that
the edges of the joint became parallel when it was completed,
Figures 17 and 18. After setting up the joini, tack welds at
least 50mm long were deposited with manual metal arc weldlng

. electrodes conforming to AWS E7018. For good electrical pick-—
up, tags were welded onto the base plates for clamping the
flying earth lead, The welding consumables and procedures are
specified in Tables 10, 11 and 12,

The welding sequence generally adopted in these tests is
shown in Figure 17 for the submerged arc welds and MIG weld and
in Figure 18 for the manual metal arc welds., In this case three
runs were dep051ted per layer in order to avoid the use of a

weavirg technique.

After completing each run about two minutes were allowed
before removing the excess flux and/or slag. The weld metal
cooled to the water temperature of 18 - 25°C shortly afterwards.
The period between runs was kept constant, at about 7 to 10 min-
utes, but in some cases this was impossible and one or two breaks
of half to one hour occurred during a test.

After completing each weld at least 72 hours elapsed before
sectioning the weld metal to allow for any delayed cracking.
Sectioning was carried out with a vertical band saw through the
planes shown in Figures 17 and 18, The parent plates could then
be used for subsequent testing after being dressed to the desired
profile by hand grinding. To increase the test production three
sets of plates were used.

2.  Baking and Moisturizing Procedures for Welding Consumables

The submerged arc welding flux was used 'as received', 'damp' and
'baked at 450°C'. To moisturize the flux, i.e. to produce ‘'damp' flux,
it was exposed to the workshop atmosphere for about 10 days in shallow
trays not deeper than 40 to 50mm and periodically raked to expcse
fresh flux. To bake the flux at 450° it was also spread in shallow
trays, in layers not deeper than 40 to 50mm, and introduced into an
oven with a convection fan. The temperature was allowed to stabilize
at 450°C and kept for about 1 hour. The temperature of the atmosphere
inside the oven was checked by means of a thermocouple and was found
to be within 10°C of the nominal value. After baking, the flux was
. transferred from the trays to small steel crums and kept at about 120°C
during all the welding operation.

All the manual metal arc welding electrodes were used in the 'as
received' condition. Some batches of basic electrodes were also used
'damp', and baked at 300°C and at 400°C. The 'as received' electrodes
vere used straight from a box without special precautions to aveid
moisture pick up during the test., To produce 'damp' electrodes, elec-
trodes were simply spread on a table and exposed to the workshop atmos-
phere for about 10 days before welding. Baking was carried out in an
oven with a convection fan, for about 50 electrodes each time. The
temgerature was allowed to stabilize around the recuired level, 300 or
400°C, and kept for 1 hour. The temperature inside the oven was
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checked by means of a thermocouple and found to be, in gerneral, up to
10°C higher than the nominal temperature for which the furnace was

set.

The baked electrodes were transferred from the oven to a hot

quiver where they were kept at about. 100°C . durlng all the welding
operation. The temperature inside the quiver was checked scveral
times by means of a thermocouple welded to the core of an electrode.

3.

Non Destructive Testing

3.1 Ultrasonic Inspection

After sectioning the strip of weld metal and backing bar
through the planes shown in Figures 17 and 18,.ultrasonic inspec—
tion was carried out with a 40° prote, operating at 5 MHz in the
pulse echo mode. Ultrasonic inspection gave an indication of
the number and distribution of cracks for each test. If an
abnormal distribution occurred this information was taken into
account in further sectioning of the specimen.

During one test in the manual metal arc welding series, TP31,
Table 15, ultrasonic inspection of the weld metal was carried ocut
while the test was in progress, immediately after each rua, in
order to find where and at which stage the cracks occurred.

3.2 Magnetic Particle Inspection

In order to allow a more exact macroscopic examination, both
cut surfaces of each weld metal strip were ground smooth with e
surface linisher and surface or near surface cracks were detected
by magnetic particle inspection. Specimens were magnetized in a
coil, approximately 120mm in diameter, formed by 3 turns of heavy
duty cable, with the power source set to maximum current, approx-
imately 1100A, DC. The cracks were exposed by magnetic ink
sprayed on the surface of the specimen. A significant number of
specimens containing cracks was photographed. In some cases the
surface was previously etched before spraying the ink, this pro-
cedure allowed association of cracks with particular weld runs
and made photography easier by reducing the light reflection,
However, etching was avoided when the fracture surfaces of the
cracks were to be examined.

Further sectioning was generally carried out as shown in
Figures 17 and 18. . The new cut surfaces were also ground smooth
with a surface linisher and submitted to magnetic particle in-

spection according to the procedure mentioned above.

3.3 Detection of Cracks by Acoustic Emission

During the welding of TP18, Table 14, an acoustic emission
apparatus was used to detect prec1se]y when the cracks initiated
and/or propagated. The technique is based on the detection of
stress waves, resulting from the extension of a crack, by piezo-
electric transducers attached to the surface of the plates., The
equipment 2nd the location of the transducers on the side of the
joint are shown in Figures 19 and 20.
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4. Measurement of Weld Metal Cooling Rates During the Tests with
Continugus Water Cooling

For comparison purposes, weld metal cooling curves were deter-
mined for several welding and cooling conditions. The manual metal
arc welding process was selected and 5mm diameter electrodes conform-
ing to AWS E8018 Cl were used. The welding current was 235 A and the
voltage 24V whilst the welding speed was varied according to the heat
input required. The temperature measurements were carried out in weld
runs deposited in the middle and upper third of the joint.

For temperature measurements in the range 1400°C down to 300°C,
6% rhodium~platinum and 30% rhodium-platinum thermocouples, sheathed
in twin-bore recrystallized alumina insulators,were used. For each
measurement, the full length of an electrode was deposited and the
thermocouple was manually introduced, in the middle region of the rum,
in the molten weld pool, immediately behind the arc. The positioning
of the thermocouple was found to be critical; if it was placed too
close to the arc the thermocouple would melt and no signal was obtained.

The thermocouple output voltage, corresponding to the weld metal
cooling curve and its derivative were recorded, whilst welding was in
progress, on a UV recorder previously calibrated with a multi purpose
digital voltmeter. The weld metal cooling curve was obtained from
the UV recorder chart by measuring accurately the thermocoupie output
voltage and converting these values into temperatures, using the cal-
ibration chart supplied by the thermocouple manufacturer, J.J.
Matthews. The method and equipmwent used have been developed by Rod-
riques (164). The weld metal cooling curves were plotted orn a temp-
erature-time graph, with indication of the approximate austenite
transformation temperatures obtained from the sharp change in slope
of the weld metal cooling curve shown by the first derivative (164).

The cooling curves between 350°C and room temperature, during the
above tests, were determined using chromel -alumel thermocouples. For
this purpose, the thermocouples were implanted in the previously dep-
osited weld metal and parent plates in positions calculated to be
about 3mm from the fusion boundary of the weld run to be deposited.
The output from the thermocouples was recorded with a mulci~channel UV
recorder previously calibrated for this purpose with a digital volt-
meter and a power source. The cooling curve was obtained directly
from the UV recorder chart, It was assumed and verified by comparison
with the previous cooling curves for the weld metal, that below the
3509C temperature range there was no significant difference between
the temperature at the centerline of the weld run and at a point in
the heat affected zone 3mm from the fusion boundary.

5.  Procedure to Reheat Chevron Cracks

A specimen containing chevron cracks buried.internally, as re-~
vealed by ultrasonic inspection, was sectioned just above the level
where the cracks were found, through a plane slightly inclined with
the longitudinal axis. A weld run was deposited on the cut surface
by manual metal arc welding, in order to reheat the chevron cracks in
a way similar to what could have occurred in practice. As the position
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of the fusion toundary relative " to the cracks could not be precisely
determined in advance, the use of an inclined section was found to be
a useful means to reheat the series of cracks to different tempera-
tures, according to the distance from the fusion boundary. The speci~
men was subsequently sectioned longitudinally, submitted to magnetic
particle inspection and the cracks supposed to have been reheated to
the adequate temperature were selected to be observed in the scanning
and transmission electron microscopes.

6. Preparation and Testing of Hydrogen Charged Tensile Spacimens

Tensile specimens were machined from the weld metal of TP14,
Table 14, deposited with the wire flux combination SD2/3Ni + OP41IT,
which had been considered crack free as far as could be detected by
ultrasonic and magnetic particle inspection. The location of the ten-
sile specimens in the weld metal is shown in Figure 21 and the dimen-
sions of the non standard specimens in Figure 22. Friction welded
extension pieces were necessary for the shanks of the specimeus in
order to obtain the desired orientation.

Several techniques to charge specimens with hydrogen have been
described in the literature (88), (161), (165 = 170). Cathodic
charging was preferred because it is easy to carry out and does not
involve reheating the specimens. The surface of the specimens was
polished to produce a smooth finish and carefully degreased prior to
charging. The specimens worked as the cathode cf a cell, surrounded
by a steel anode, approximately 50mm in diamater, immersed in the
electrolyte specified in Chapter ITI, 2.6. The charﬁing current was
supplied by a power source and was rated at 80 mA/em®. The charging
time was varied in order to produce a higher or lower hydrogen concen-
tration, as specified in Tables 21 and 22 for each test.

This charging method is likely to produce a concentration grad-—
ient of hydrogen : the hydrogen level is relatively high in the outer
regions of the specimen while the inside remains relatively free. To
overcome this problem some authors refer to the use of plating, for
example with zinc, to avoid the loss of hydrcgen, and reheating to
produce homogenization (161). However, preliminary tests showed that
satisfactory results could be obtained without homogenization and this

procedure was not followed.

. The tensile tests were carried out in an Instron tensile testing
machine within a few minutes of hydrogen charging. The selected cross
head speed produced an extension rate of 2% per minute for the Houns-
field No. 14 specimens and 3% per minute for the longer, non-standard
specimens; the tests took only a few minutes to be completed.

Preliminary tests had shown that the specimens tended to fail in
the region of the shoulder and to avoid this problem the heads and
shoulders were coated with vinyl to concentrate the hydrogen in the
gauge length of the specimen. '
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7. Preparation of Specimens for Metallographic Ezamination

A representative numbex of weld metal sections were prepared for
metallographic cxamination. The longitudinal sections, intended to
show the relation between the crack path and microstructure, were
selected according to previous magnetic particle inspection. Rela-
tively smzll specimens mounted in bakelite weve wet ground and pol-
ished on rotating cloth pads using 6, 1 and } micron diamond dust
paste. The etchants used were 2% nital and Saspa Nansa (171). CCross
sections were prepared in the same manner to study weld metal micro=

structures.

8. Hardness Testing

A hardness survey was carried out on cross sections of weld spec=
imens corresponding to each batch of manual metal arc electrodes and
to each wire-flux combination used in the submerged arc welds. At
least three indentations were made for each of the regions selected :
non-refined weld metal in the last run, non-refined weld metal in the
middle runs and refined regions.

9. Preparation of Fracture Surfaces to be Observed in the Scanning
Electron Microscope

The weld metal longitudinal strips were initially polished and
submitted to magnetic particle inspection. If chevron or vertically
oriented cracks were found, two or three representative cracks were
selected and the specimen sectioned as shown in Figure 23. Subseq—
uently the specimen was cooled in liquid nitrogen, placed in a vice
and broken '.through the crack and notch by the impact of a hammer.
Specimens containing only fissures were deeply notched and loaded in
tersion until rupture in a tensile test machine. These specimens
normally included the top run, i.e. the last weld metal run deposited,
in order that non-reheated fissures could also be observed.

For reference purposes all specimens were marked with an arrow
indicating the vertical orientation and a series number, Figure 23 .
Before being examined the specimens werc demagnetized and placed on a
stub. In the scanning electron microscope the specimens were observed
from several angles, but generally photographed from a direction approx-
imately perpendicular to the fracture surface or, in the case of chev-
ron cracks, from directions perpandicular to the vertical and horizon-
tal components, respectively. In order to avoid oxidation of the frac-
ture surfaces these specimens were not previously etched unless other-
wise stated.

10. Preparation of Carbon Extraction Replicas_ from Fracture Surfaces
to be Observed in the Transmission Electron Microscope

Carbon extraction replicas wete prepared from a representative
number of fracture surfaces matching those preyiously observed in the
scanning electran microscope. Carhon waa evaporated on the fracture
surface according to the standard procedure after masking the non=
relevant areas. Subsequently the replica was sectioned in small rec=
tangles, 2 to 3nm“, and the specimen placed in 5% nital until the under=
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lying metal was dissolved by chemical etching and the replica could be
freed. Then the replica was washed in distilled water, placed in a
replzca grid and allowed to dry before being examlned in the trans-

mission electron microscope.

11. Cﬁemical Analysis

Chemical analyses of all the weld metals tested during this pro-
ject were carried out by Quantivac for non gaseous elaments; oxygen
and nitrogen were not determined.

12. Weld Metal Hydrogen and Flux Moisture Determinations

The diffusible hydrogen analysis of the weld metals deposited with
manual metal arc electrodes was carried out according to the BS 639
method. Moisture determinations on the submerged-arc welding fluxes
was carried out according to the Gayley Wooding method.
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1. Chevron Cracks on Longitudinal Sections of Industrial Samples.

Typical examples of chevron cracks occurring in industrial prac-
tice are shown in Figures 24, 25 and 26. In the longitudinal sections
of the weld metal, perpendicular to the plane of the plates, the cracks
were inclined at 45 - 50° with the longitudinal direction and tended
to be concentrated in a few preferential layers. The cracks, in gen-
eral, were only a few millimetres long, but in exceptional cases they
could traverse through several runs for 25mm or longer. In longitud-
inal sections parallel to the plane of the plates the cracks were
inclined at 80 - 90° to the welding direction, i.e. they were almost
transverse, Figure 26. Chevron cracks were more prevalent in the
middle third of the welded joint.

2. Weld Metal Cracks in Laboratory Tests.

In order to show the variation in weld metal cracking for the
different testing conditions, weld metal longitudinal sections were
submitted to magnetic particle inspection and the following parameters
were recorded for each test :

(i) orientation of the cracks relative to the welding direction;

(ii) maximum number of cracks longer than lmm in any longitudinal
section 100mm long;

(iii) the average crack length of the cracks referred to in (ii);
(iv) the length of the longest crack observed in any section;
(v) an estimate of the amount of fissures less than lmm long.

The results of the weld metal cracking tests are presented in
Tables 13 to 18, It is apparent that the first factor controlling the
occurrence of cracking, in weld metals deposited by submerged arc and
by manual metal arc with basic electrodes, was the condition of the
consumables, which could be related to the hydrogen level in the joint.
The severity of cracking, for the welds deposited with consumables in
the "damp' or 'as received' condition, was rfound to increase with the
alloying/strength of the weld metals. This factor also ceemed to
control the orientation of the cracks in the sense that for medium
strength weld metals the cracks were oriented at 45° with the welding
direction and for higher strength weld metals cracks tended to be
vertically oriented.

The welds deposited with cellulosic electrodes were found tc be
exceptionally prone to transverse cracking, either at 45° or vertical,
depending on the z2lloying/strergth of the metal, see Table 16. The
welds deposited with rutile electrodes produced mostly small fissures
(less than lmm long).

A rerresentative number of specimens containing cracks was photo-
graphed in order to show the typical size, distributior and orienmtation
of the cracks detected by magnetic particle inspection, Figures 27 to
37. 1In the longitudinal horizontal sections (parallel to the plane of
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the plates) the cracks were inclined abourt 80° to 20° with the welding
direction, i.e. they were approximately transverse, Figure 27. In
longitudinal vertical sections (perperdicular to the plane of the
plates) the cracks were inclined about 45 to 50° with the welding
direction for the medium strength weld metals, Figures 28, 29, 32, 33
and 34, and were approximately vertical, i.e. perperdicular to the
welding direction, for the high strength weld metals, Figures 31,

35 and 37. 1In specimens etched with nital prior to magnetic particle
inspection, it could be seen clearly that each row of chevron cracks
tended to be associated with a particular run or refined regicn of
weld metal. These cracks occurred in general in the middle third of
the joint and with the exception of one weld deposited with cellulosic
electrodes, Figure 34 , no cracks were found in the uppermost weld

run.

Vertically oriented fissures, less than lmm, were found in all
tests with the exception of the sutmerged arc welds with flux baked
at 450°C. Some fissures could be observed when the ronsumables were
used in the ‘'as received' condition, but their number was very much
increased when the consumables were 'damp'. In general, the weld runs
containing chevron cracks presented a lower density of fissures com-

pared with the others.

3.  Ultrasonic Inspection and Detection of Cracks by Acoustic Emission

Ultrasonic inspection was carried out on all the longitudinal sec-
tions of weld metal, to provide information on transverse cracking,
in particular on buried cracks not detected by magnetic particle in-
spection. No important discrepancies were observed between the results
from the two sources, thus the information obtained from magnetic par-

ticle inspection was preferred.

During one test, TP3l, Table 15, ultrasonic inspection wae carried
out irmediately after each run, by a very experienced ulstrasonic in-
spector, in order to investigate when and how the chevron cracks grew
as the joint was built up. It was found that until the twelfth run
(fourth layer) was deposited, no cracks were detected. After the
thirteenth run, three small cracks were found in a zone at the level
of the third or fourth layers. The next two runs produced two more
cracks at the same depth. With the three subsequent runs small cracks
were found in the fifth layer and the prévious ones were found to have
increased in size. This was typical of what happened until the end of
the welding operation. :

Essentially, the ultrasonic inspection during the intermediate
stages of welding revealed that a certain number of runs was required
before cracking could be detected; after that stage chevron cracks
were found to occur and grow in the lower runs as the weld progressed.
In some cases cracks were detected in the vicinity of a run shortly
after cooling to room temperature and although their positions could
not be exactly defined, careful examination suggested that they occurred
in a lower layer relative to the last run deposited or, eventually, in
the refined region between the two top layers. Final ultrasonic ins-
pection showed the chevron cracks, in this test, to be mainly concen-
trated in a few preferential layers (or runs) in the middle to lower
third of the joint.
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The attempt to use acoustic emission, Figure 19 , during the
welding of TP18, Table 14, to provide more precise information about
the moment of initiation of chevron cracks, proved to be unsuccessful.
The noise caused by the arc during welding made it impossible to de~-
tect any cracks being formed during this period, after welding the
slag started to crack and detach from the weld bead, also producing
noises for some time after extinguishing the arc. A further source
of noise was the water circulating in the holes on each side of the
joint. Thus, the information which could be obtained by this pro-
cess started a few minutes after extinguishing the arc and was of
limited interest. It was decided that the work required to improve
the process would take too long and it was abandoned.

4. Hydrogen Levels in the Weld Metals

The results of diffusible hydrogen determinations for welds dep-
osited with a representative number of manual metal arc electrodes,
in the same conditions in which they were used, are shown in Table 19.
The welds deposited with the electrodes E8018 Cl from batch 1, manu-
facturer B, produced relatively high hydrogen levels. This may have
resulted from the fact that the analysis was carried out for the
remaining electrodes from a box used during a test and they may have
been exposed for some time to the workshop atmosphere. Unfortunately
no more electrodes were available from this batch and the result could
not be verified. The hydrogen analysis for the electrodes from mauu-
facturer A, in the 'as received' condition, was carried out for elec-

trodes from a sealed box.

The effect of the condition of the submerged arc welding fluxes
on its moisture content and on the diffusible hydrogen in the weld
metal is shown in Table 20. Although the moisture levels were relat-
ively low there was a significant variation in the hydrogen levels
which will be related with the cracking occurrence.

5. Influence of Continuous Water Cooling on the Weld Metal Cooling
Rate During the Cracking Tests.

In order to establish precisely the influence of the continuous
water cooling on the weld metal cooling rates, a comparative study was
made for several welding/cooling conditions. The results of this work,
are shown in Figures 38 and 39. Essentially it was observed that the
water cooling did not produce very significant alterations in the cool-
ing rate above the transformation temperatures, but in the low temper-
ature range, in particular below 300°C, the cooling rate increased
dramatically. Tor the manual metal arc welds carried out in accordance
with the procedure described in Chapter IV, Section 4 ,» 1t was
found that the water cooled run took about 32 seconds to reach 200°C
and 1.5 minutes to 50°C when cooling from 1400°C, against 45 seconds
and 15 minutes, respectively, for the non water cooled rum.
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Metallographic examination

6.1 Weld Metal Microstructures and Microhardnesses

In order to compare the characteristics which could have
influenced the occurrence and morphology of the weld metal cracks,
photographs of the microstructures observed in cross sections of
the different weld metals studied herein are preseanted in Fig-
ures 40 to 73. With the excepticn of welds deposited with rutile
and high nickel content basic electrodes, the main microstructural
constituents of these weld metals were proeutectoid ferrite, acicular
ferrite and ferrite side plates. The increase in the proportion
of alloying elements produced, essentially, a decrease in the
amount of proeutectoid ferrite and a refinement in the microstruc-
ture. The influence of the type of microstructure on the crack-
ing occurrence, path and morphology will be discussed later.

Hardness measurements were carried out for all the different
microstructures as a complement of the study above and to compen-~
sate for the lack of information on the strength of some weld
metals. The results of the measurements are shown in the Tables
4 to 8, for weld metals in the as deposited condition (in the
uppermost run), in the refined regions and in the non-refined
middle runs.

6.2 Metallographic Study of the Transverse Cracks in the Weld
Metals ‘

Longitudinal sections, from all the specimens containing
chevron cracks were observed in the light microscope vith the
objective of establishing a relation between the morphology of
the cracks and the weld metal microstructure. A large number of
these cracks was photographed; a selected group, intended to
show the types and relevant features, is shown in Figures 74 to
92. As there were no major differences between the cracks ob-
served in the industrial samples and those in the laboratory
tests the results and comments below refer to both except where
otherwise stated.

Chevron cracks were found to occur in both the as deposited
and refined weld metal. However, in the tests, the cracks in
the submerged arc welds tended to occur predominantly in the as
deposited metal and to be contained in a single run, while those
in the manual metal arc welds often occurred in the refined
metal.

Chevron cracks always presented a characteristic staircase
appearance with vertical and horizontal components. Although
it is not possible to appreciate from a two dimensional representa-
tion the size of a three- dimensional defect, it is ciear that
there were variations in the size of individual components of
the cracks;. in particular in the refined regions the steps
were found to be much smaller. The vertical components of the
cracks in the as deposited weld metal tended to occur predomin-
antly in the proeutectoid ferrite (at the prior austenite grain
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boundaries), but often they propagated away from it, Figure 77c,
or followed a different path, Figure 77d. The vertical compon-
ents tended to be wider (more open) than the horizontal ones,
Figure 79, but in many cases the cracks were very narrow all
along their path, Figure 86, which reflects the differences in
weld metal straining after cracking. In a weld run most of the
chevron cracks tended to be inclined in the welding directionm,
however a few were found to be inclined at 90° to the main group,
which could not always be associated with any apparent altera-
tion in the microstructure, Figure 89,

Many examples were found of non-linked microcracks with a
spacial arrangement very similar to the vertical components of
the chevron cracks, Figure 91. In some cases there was an indic~
ation that these microcracks started tc link but the process was
not completed, Figure 92. These staggered microcracks were
generally found alongside other fully developed chevron cracks.

The industrial samples showed a few examples of chevron
cracks associated with voids (probably pores), Figure 75. This
could suggest, at first sight, that the pores resulted from the
deposition of a weld run on the top of the cracks, however simi-
lar voids could be found on the same runs which were not asscc-
iated with any crack.

In the longitudinal horizontal plane, i.e. in an orienta-
tion parallel to the plane of the plates, chevron cracks were
found to be almost transverse to the welding direction and had
a typical morphology illustrated in Figure 84,

Vertical cracks, i.e. cracks oriented perpendicularly to
the plane of the plates or just slightly inclined, were typical
~ of the higher strength weld metals used in the laboratory tests.

In some cases the cracks presented a staircase morphology remin-
iscent of the 45° cracks, Figure 93, but this was unusuzl., In
general the cracks did not follow a typical path, they could be
both inter and transgranular, continuous or intermittent and
sometimes branched, Figures 94 and 95.

Microcracks or microfissures, Figures $6 and 97, could be:
easily found in all the weld metal cracking tests, with the ex-
ception of submerged arc welds with the flux baked for 1 hour at
450°C. The microfissures were randomly distributed throughout
the longitudinal sections, but their density was reduced in the
top run(s) and in the runs containing a high number of macro-
cracks. Microfissuring was the typical form of cracking in weld
metals deposited with rutile clectrodes, Figure 97; in some
cases they were found to be nucleated at a void, Figure 97b,

In general these weld metsls did not develop longe‘ cracks except
for the most highly alloyed.

Some specimens were etched with saspanansa, but the crack
paths did not show any significant relation with the solidifica-
tion structure, Figures 81 and 82.
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6.3 Morphology of Hydrogen Induced Cracks Observed in Y CGroove
Tekken Tests

A series of Y groove tests was carried out with the objec—
tive of producing hydrogen induced eracks in the weld metal which
cculd be used in a comparative study. This work was part of
another project already referred to in the literature survey (6);
however, due to its relevance, an example of a cross section of a
joint showing a lengitudinal crack was evamined further, Figure
98. This crack had a staircase appearance similar to the chevron
cracks and occurred in a similar microstructure (see also Section

701¢3)0

Fractographic Examination

7.1 Scanning Electron Microscopy

7.1.1 Chevron cracks from industrial samples

Chevron cracks from two industrial samples, already
referred to as A and B, were observed in the scanning elec-
tron microscope in order to establish the typical features
of this type of cracking and to serve as a reference in
further studies. At low magnificaticus, the staircase
appezrance of the cracks was easily recognized, Figure 99.
Increasing the magnification it was readily -apparent that
there were two distinct sets of comporents which could be
observed in planes approximately perpencdicular to each
other. The vertical components presented mainiy quasi-
cleavage, Figures 100 and 101, but some showed relatively
smooth areas, Figure 102, the significance of which will be
discussed later. The ovigin of each vertical component was
not always clear, however very often they seemed to radiate
from the central region. The horizental components showed
essentially dimples, Figure 99.

7.1.2 Chevron cracks proluced under laboratory controlled

conditions

Chevron cracks were observed in a wide range of medium
‘strength weld metals deposited with different types of con-—
sumables, Tables 13 to 17. Variations in the fracture mor-~
phology were anticipated from the differences in nicrostruc—
ture, however, these differences did not affect the charac-
teristic features, i.e. the staircase morphology with
mainly quasi-cleavage in one set of components and dimples
in the other, Figures 103 to 108, as already described for
the industrial samples.

As for the industrial samples, many vertical components
of the chevron cracks did not present a clear origin, while
others showed a pattern radiating from the centre where a
void (probably an inclusion hole) could be found sometimes,
Figure 104. Some vertical components in the higher strength
weld metals which still presented this form of cracking, such
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as TP17 and TP21 (Table 14), showed manifestations of inter-
granular failure surrounded by areas of quasi clesvage, Fig-
ure 106. Areas with a relatively smooth appearance and
almost featureless at high magnification in the scanning
electrop microscope could alsc te observed in some verticail
components, Figures 108 and 109. 1in general, these areas
were turrounded by well defined quasi~cleavage failure and
in some cases there was a clear boundary betwean the two
regions.

The horizontal components of the chevron cracks pres-
ented mainly dimples, which could vary in size and shape,
Figure 103. In some cases quasi-cleavage facets were
blended with the dimples, Figure 103c.

The typical features of the fracture surface corres-
ponding to the propagation of a chevron crack, when it was
broken—-open after pre~cooling in liquid nitrogen, are illus-
trated in Figure 110; in this case the mode of failure was
by cleavage.

In order to study possible alteraticns on the fracture
surface of chevron cracks identified in a weld made by
Crouch (7), at high heat input (9.4 kj/mm), two cracks were
broken open and examined by the writer. Although these
cracks were much bigger than others previously observed in
a test in which the same consumables were used with a rela-
tively low heat input (2.4 kj/mm), TP17 (Table 14), the char~
acteristics of the individual components of the cracks were

very similar in both cases.

- The fracture surfaces of the vertical cracks observed
in the higher strength weld metals, such as in TP24 and
TP27 (Table 14) and TP46 and TP51 (Table 16), presented a
morphology different from the one of the chevron cracks.
At low magnifications they did not show a staircase eppear-
ance; increasing the magnification they were found tc be
formed by a succession of clearly defined inter and trans-
granular components, Figure 111. The mode of failure
.through the grains was mainly by quasi~cleavage. Regions
of dimples could be found linking areas of brittle failure,
this produced, in some cases, a morphology resembling the
chevron cracks, Figure 112, but was not typical. 1In the
case of TP27 (Table 14), phosphorus segregation was observed
in one crack, Figure 113; however this seemed to be unusual.

The tests carried out with the nickel bearing electrodes
B4Ni and B5Ni, TP60 and TP62 (Table 17), also presented ver-
tical cracks, the typical features are illustrated in Figure
114,

Microfissures were cbserved in all the weld metal com-
positions; the ones found in the medium strength weld
metals, Figure 115, presented a mode of failure similar to
the vertical components of chevron cracks, but tended to be
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bigger in size. In the case of welds deposited with rutile
electrodes the fissures showed larger cleavage facets and

a higher density of inclusions, Figure 116. Fissures occurr-
ing in the runs below the top one very often presented smocth
regions, resembling those found on the vertical components of
the chevron cracks.

7.1.3 Cracks produced through the Y groove Tekken test

The fractographic study of the longitudinal cracks
which occurred in Y groove Tekkern tests confirmed the exis-
tence of extensive regions with a staircase morphology, sim-
ilar to the cne described in the previous section for the
chevron cracks. Close examination, at higher magnificatioms,
showed a very good correlation with the features observed on
the vertical and horizontal components of the chevron cracks
in similar weld metals, Figures 117 and 118.

7.1.4 TFracture surfaces of hydrogen charged tensile speci~-
mens '

In order to provide more background informaticn about
the characteristic features of hydrogen induced cracks in
the weld metals being studied, a series of tests was carried
out using tensile specimens charged with hydrogen. These
specimens were machined from the weld metal of TP1l4 (Table
14).

The first series of tests was carried out with speci-
mens machined with their axis at 45° with the welding direc-
tion; the conditions and results for each particular test
are shown in Table 21. The fracture surfaces of the speci-
mens 1 and 4 showed extensive areas of quasi-cleavage and
some smooth regions probably corresponding to grain boundar-—
ies, Figure 119. The specimen 5 had been notched prior to
being charged with hydrogen in order that the plane of
failure could not have been determined by pre-existing de-
fects; a complex fracture was produced in this case, with
multiple origins, but at high magnifications the character-
istic features of the areas of brittle failure were entirely
similar to the ones found on specimens 1 and 4. The speci=-
men 3, which was improperly charged, presented only a few
fish-eyes surrounded by large areas of ductile failure, Fig-
ure 120. For comparison purposes the specimen 2 was tested
without being charged with hydrogen; the fracture surface
showed exclusively dimples in this case.

A second series of tests was carried out, intended to
study the effect of the hydrogen level, produced by differ-
ent charging times, on the degree of embrittlement and om
the characteristics of the fracture surfaces; the relevant
results are shown in Table 22 and Figures 121 and 122. The
examipation of the fracture surfaces revealed ductile fail-
ure by microvoid coalescence for the non-charged specimen,
fish-eyes and microfissure like spots, for the moderately
charged specimens, and large brittle failure areas showing
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mainly quasi-cleavage for the long charging periods. The
brittle fracture areas were always surrcunded by dimples.
In the specimens 7 and 9 some regions could be observed
with a staircase morphology blosely resembling the chevron
cracks, Figure 122,

7.1.5 Reheated chevron cracks

Chevron cracks which were reheated on purpose by a
weld metal run, according to the procedure described in
Chapter IV, Section 5, were observed in the scanning elec-
tron microscope to study the modifications caused on the
fracture surface by exposure to high temperatures; the
results are illustrated in Figure 123. At low magnifica-
tions the morphology of the crack was not much changed but
at high magnifications it could be immediately reccgnised
that the sharp edges, corresponding to the quasi-cleavage
facets, were smoothed and river pattern like merks had
disappeared to produce a relatively smooth fracture sur-

face.

7.2 Transmission Electron Microscopy

Carbon extraction replicas from the fracture surface of
chevron cracks were observed in the transmission electron micro-
scope after having examined the corresponding surfaces on the
scanning electron microscope. This work was intended to inves-
tigate the existence of very small features, such as thermal
facets and thermal grooving, associated with a rree surface ex-
posed to high temperatures, which in general cannot be resolved
by the scanning microscope. These features could be easily ob-
served on replicas from the reheated chevron cracks menticned
in the previous section, Figure 124, or on replicas from frac-
ture surfaces containing similar smooth areas, Figure 125. 1In
other cases, for which the scanning microscope revealed only
quasi-cleavage failure in the vertical components of the chevron
cracks, no thermal facets or thermal grooving could be identif--
ied on the carbon replicas in spite of extensive search. Essen-
tially it was confirmed that areas of dimples alternated with
areas of quasi~-cleavage, Figure 126. In a few cases thermal
facets and grooving were found in very small, circular shaped
areas, which were identified as voids (micropores or inclusion
holes).
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8. Summary of Relevant Results

The cracks found during the experimental work were divided into
three groups : chevron or 459 cracks, vertical cracks and fissures
less than lmm long (microcracks or microfissures).

Chevron cracks were easily reproduced on medium strength weld
metals deposited by submerged arc or manual metal arc welding using
a weld metal cracking test with increased cooling rates in the low
temperature range. Baking the consumables at the maximum temperature
recomnended by the manufacturer eliminated chevron cracking in the
submerged arc welds and reduced markedly their incidence in the man-
ual metal arc welds in spite of the very severe testing conditioms.
The welds deposited with cellulosic electrodes proved to be excep—
tionally prone to chevron cracking, while the welds with lower strength
rutile electrodes produced only microfissures.

In order to compare the laboratory experiments with situations
closer to the industrial practice, the increasing cooling rates due
to water cooling were measured and compared with the ones in welds
without water cooling. It was found that the effect of water cooling
is only significant below the transformation temperatures.

During one test of the series, ultrasonic inspection was carried
out immediately after each run in order to determine the moment of
initiation and propagation of chevron cracks. It was found that no
cracks were detected until a certain number of runs was deposited;
as the weld progressed cracks occurred and/or propagated in the lewer
runs. No cracks were positively identified in a rum shortly after
cooling to room temperature, but in some cases cracks were found
immediately below the last run during the intermediate stages of weld-
ing and inspection.

Metallographic examination on longitudinal sections revealed that
chevron cracks presented a typical staircase appearance, with vertical
anc¢ horizontal components, which was maintained in spite of the varia-
tions in the microstructure or the crack occurring in the as deposited
or refined weld metal. The vertical components, in the as deposited
weld metal, occurred predominantly in the proeutectoid ferrite though
some were found to deviate or follow a different path; the horizontal
components often traversed the acicular ferrite. Saspanansa etch~
ing did not reveal any significant relation with the solidification
microstructure,

The increase in the alloying content/strength of the weld metals
produced first an increase in the number of chevron cracks and, above
a certain level, a change in the orientation of the cracks from 45°
to perpendicular to the welding direction (vertical cracks). The
amount of proeutectoid ferrite, around the prior austenite grain
boundaries, decreased markedly with the increase in the alloying con-
tent and was very much reduced, in some cases virtually non-existent,
in the materials exhibiting vertical cracks. These cracks were found
to be transgranular and intergranular with a crack path following
well defined grain boundaries.
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Fractographic examination confirmed the similarity between the
chevron cracks found in the industrial samples and those reproduced
under laboratory controlled conditions. Essentially each crack con-
sisted of two distinct sets of components. The vertical components
exhibited typically quasi-cleavage, in many cases without a clear
origin, others presented a pattern radiating from the centre where
a void (probably an inclusion hole) could be found sometimes. Some
vertical components presented relatively smooth regions, almost
featureless at high magnifications in the scanning electron micro-
scope, generally surrounded by larger areas of quasi-cleavage. The
horizontal components exhibited mainly dimples.

Microfissures were . observed in all the weld metal cracking tests
with the exception of the submerged arc welds carried out with baked
flux. The fracture suvrfaces of the microfissures were found to be
very similar to the vertical components of the chevron cracks in
similar materials.

The vertical cracks which occurred in the high strength weld
metals were inter and transgranular. The transgranular components
presented a quasi-cleavage mode of failure. Regions of ductile fail-
ure, exhibiting dimples, were found linking brittle areas which could
eventually create a morphology reminiscent of the chevron cracks, but
this was not typical.

In order to provide a reference for the fractographic interpret-
ation, hydrogen induced cracks were produced using the Y groove
Tekken test. The fracture surfaces of these cracks showed extensive
regions with a staircase morphology resembling very closely that of
- chevron cracks in similar weld metals. With the same purpose tests
were carried out with hydrogen charged tensile specimens; the areas
of brittle failure on the fracture surfaces of these specimens also
presented features very similar to the vertical componernts of chevron
cracks.,

To study the effect of exposure to high temperatures, several
chevron cracks were reheated on purpose. It was found that reheating
did not produce significant changes on the fracture surfaces, when
these were observed at low magnifications; increasing the magnifica-
tion it was clear that sharp features were smoothed such as in the
case of other vertical components mentioned above.

Transmission electron microscopy confirmed the findings of prior
work in the scanning microscope. Cracks with vertical components pres-
enting smooth areas, which were supposed to have been reheated, pres-
ented, in fact, thermal facets and thermal grooving; the others
presented only a succession of areas of quasi cleavage and dimples
without signs of having been exposed to high temperatures.
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- VI -~ DISCUSSION

1. Introduction

When this research programme on chevron cracking was initiated,
two different explanatory theories had just appeared. Insufficient
evidence did not allow the controlling parameters of the phenomenon
to be firmly established, which left the field open to controversy
over the causes and mechanism, Keville's theory (5), which suggested
that cracking rssulted from a combination of hydrogen and stresses,
seemed to be supported by industrial experience. However, the alter-
native presented by Tuliani (3), based on the existence of a high
temperature component, could not simply be dismissed on the grounds
that the features identified on the fracture surfaces, typical of ex-
posure to high temperatures, were caused by reheating on the depos-
ition of subsequent runs of weld metal (14).

Although the existing evidence pointed towards hydrogen as being
the main factor controlling the occurrence cf chevron cracking, there
was a distinct possibility that some form of hot cracking could be
involved. The problem was studied by using a wide range of chemical
compositions and consumables and carrying out hot tensile tests on
weld metals already studied for cracking susceptibility. The influence
of hydrogen on the cracking incidence was studied by using the sub-~
merged arc basic flux and basic manual metal arc electrodes with diff-~
erent moisture contents, producing different hydrogen levels in the
weld metal. TIn brief, it was intended to support the metallographic
and fractographic interpretation with extensive experimental evidence.

The results of the cracking tests have been presented herein in
a quantitative form, indicating the maximum number, size and orienta-
tion of cracks longer than about lmm. It can be argued that these
figures may be strongly dependent on the sectioning plane for each
specimen; however, the significance of this problem was reduced by
using ultrasonic inspection, which gave a prior indication of the
nunber and size of cracks and by the capacity of the magnetic par-
ticle inspection to indicate the existence of cracks at some distance
below the surface (172). 1In these circumstances it is believed that
no significant number of cracks could have passed undetected in a
specimen. The quantitative presentation of the results shows impor-
tant trends, as for example the variation in incidence and type of
cracking with the type and condition of the consumables, which would
have passed unnoticed if a 'crack/no-crack' eriterium had been adopted.
A second problem concerns the reproducibility of the cracking test,
because these types of test are likely to present a large scatter in
the results, However, it is interesting to note that for the cases where
duplicates were carried out the results werc reasonably similar :
submerged arc welds TP13/14/15 and TP 17/18 (Table 14) and manual
metal arc welds TP29/30 and TP31/32 (Table 15).

Three types of weld metal transverse cracks were identified on
longitudinal sections. According to their size and orientation rela-
tive to the plane of the plates they were designated '45° cracks' or
‘chevron eracks', 'vertical cracks' and 'microcracks' or 'micro-
fissures'. Although these three types of cracks might not be in-
trinsically different in nature, variations in the cracking mechanism
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were expected as vell as changes in the fracture mode due to the
different micrestructnres and/or hydrogen levels for which they occ—
ur; in these circumstances thz different designations were sustained

for this research programme.

2. Experimental Procedure to Produce Chevron Cracks

The test ascribed to Tuliani (3) was initially adopted, but the
number of cracks preduced was low and their size small (Table 13),
thus it was considered that the test would not be severe enough.
Furthermore, it was felt that some water could remain entrapped cfter
the quenching operation, or condense during the low temperature tests,
making it possible for hydregen to be artifically introduced in the
joint in uncontrolled amcunts.

To overcome the abcve problems a new, more severe test was deg~
igned, which was intended to discriminate different degrees of weld
metal cracking susceptibility and to cleariy define the principal
parameters that cause chevron cracking. The use of continuous water
cooling had the advantage of an easier control of tihé"weld metal
cooling rates and aliowed the welding to procead almost continuously
without intermediate quenching operations. In spite of the larger
number of runs required to fill the joint, as compared with the Tul-
iani test, the time required to complete the test was reduced. The
major disadvantage was the time required for the preparation of the
parent plates but, as the same plates are uced throughout the series
of tests, this problem was minimized.

The weld metal cooling rates were measured in order to relate
the tests to naturally cooled welds. For the testing conditions sel-
ected, it was found that no significant alterations were produced on
the cooling curves above the transformation temperatures; therefore
no significant changes were expected in the microstructure. However,
the cooling rate was very much increased in the low temperature raunge
and this must certainly have had amajor effect on the amount of re-
tained hydrogen.

The principles used in these cracking tests were not entirely
new. Both Flanigan (138) and Bland (139) used pre-cooling, water
quenching and continuous water cooling to enhance the incidecnce of
microfissuring. These authors attributed the increased incidence of
microfissuring to increased amounts of retained hydrogen and residual
stresses. It is also interesting to note that Ito and Bessyo (121)
found that cracking occurred when the cooling time between 300 -~ 100°C
(or between welding and 100°C) was less than a eritical value depend-
ent on the composition, restraint and hydrogen content.

3. Weld Metal Cracking Experiments
3.1 Submerged Arc Welds

The series of submerged arc welds were intended to study
the variation in cracking susceptibility and morphology with the
weld metal alloying/strength, keeping the hydrogen level constant
through the careful control of the moisture level in the flux.



The basic agglomerated flux OP41TT was selected because it was
known from industrial experience to have produced chevron crack-
ing in the past and because it would allow a straightforward
comparison with work by other authors. The probable variation
of cracking wmorphology and characteristic features, associated
with variations in microstructure, was expected to highlight
some of the factors controlling the cracking mechanism, The
variation in the incidence of cracking with hydrogen levels,
resulting from the use of the flux in three conditions, was
expected to give more precise information about the influence
of this factor on the cccurrence of cracks for each case,

The initial work using the Tuliani test, Table 13, produced
a relatively low number of cracks, but a trend existed showing
that their number increased with the moisture level in the flux.
During the weldiang of TP4, the joint was quenched almost immed-
iately after completing each run, which produced a noticeable
increase in the number of cracks, in particular towards the ends
of the joint, which were quenched from higher temperatures.
The higher density of cracks is believed to be associated with
the increase in retained hydrogen and residual stresses, because
the phase transformations should be completed before quenching,

as confirmed by metallography.

The tests using continuous water cooling produced a
large variation in the number, size and type of cracks.
is readily apparent from the results shown in Table 14
that the first factor controlling the incidence of cracking is
the condition of the flux, which is related to the weld metal
hydrogen level (Table 20). All forms of cracking were elimina-
ted by baking the flux at 450°C and keeping it hot. Conversely
the number and size of cracks were very much increased in welds
with the flux in & damp condition. Although the exact mechanism
of cracking can still be disputed, it was established that the
weld metal hydrogen level, dependent on the condition of the
flux, was the primary cause of chevron cracking in welds depos~
ited with OP41TT and the series of wires SD3, S4, SD3/1Ni,
SD2/3Ni and SD3/{Mo. This is in accordance with the work by
Wright and Davison (28), reviewed in Chapter II and with recent
work by Chew (173), who found a correlation between the incid-
ence of cracking and the weld metal hydrogen level in submerged
arc welds. :

It

The second factor controlling the occurrence of chevron
cracking was the weld metal alloying content which determined
its microstructure, strength and hardness. In welds with damp
flux there was a trend for the number and size of chevron cracks
to increase with the weld metal alloying/strength. 1In the tests
carried out with the wires SD3, S4 and SD3/1Ni, the number of
cracks was markedly lower and the cracks slightly smaller than
in the welds with the wires SD2/3Ni and SD3/Mo. This is consid-
ered to be related to the increase in cracking susceptibility
with the weld metal alloying/strength and will be discussed
later, in section 4 of this chapter. No previous direct evidence
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of the importance of weld metal composition had been reported
although the preference of two workers (3) (28} for alloyed wires
was an indication that this factor may be significant.

When the weld metal alloying/strength was jincreased above a
certain level, the cracks were oriented vertically to the welding
direction. This happened for the welds deposited with SD3/1NiiMo
and SD2/1Cr INii{Mo wires. The variation in the orientaticn of
the cracks and in cracking severity with the alloying content
will also be discussed later in terms of the alterations in mic-
rostructure, '

3.2 Manual Metal Arc Welds

Manual metal arc welds were also reported to be prone to
chevron cracking (3) (4) but very little investigaticnal work
had been carried out (8) (18). Therefore it was decided to in-
clude the study of manual metal arc welds in the present research
programme using, initially, commercially available E8018 Cl elec-
trodes. After verifying that chevron cracks could be produced
with these electrodes when used in the 'as received' conditionm,
a more extensive programme was devised to include a series of
specially manufactured experimental electrodes with basic, cell-
ulosic and rutile coatings. This series of tests was intended
to produce further evidence on the influence of weld metal com-
position, microstructure, hydrogen level and inclusion coutent
on the occurrence . of chevron cracking. In order to make com~
parisons easier these electrodes were designed to produce weld
metal deposits matching the chemical compositions of the sub-
merged arc welds, Table 5. This objective proved to be very
difficult to achieve and many of the proposed compositions were
far from being reached, Table 7. However, the special batches
of electrodes did produce some useful information in terms of

cracking susceptibility.

The manual metal arc welds presented the same trends as
those depcsited by submerged arc welding : the incidence of
cracking was controlled by the hydrogen level (depending on the
condition of the consumables) and the cracking orientation was
controlled by the alloying/strength. However, some differences
were observed; for example,it is apparent from Table 15 that
there ig no simple relation between the number of chevron cracks
and the hydrogen level in the weld metals whick were prone to
this form of cracking. Although it had been well established
that high temperature baking of the electrodes reduced or even
eliminated the occurrence of both chevron cracks and microfiss=—
ures, the results from TP28 to TP38 (Table 15) show that there
is no steady increase in the number of chevron cracks with the
weld metal hydrogen level. Rather, the number of cracks reached
a maximum for a medium to low weld metal hydrogen level, i.e.

3 = 15 ml H,/100g of deposited weld metal, but above this level
microfissuring became the preferred form of cracking, eventually
associated with porosity for the very high hydrogen contents.

The results indicate that cracks did not ocecur until a
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critical hydrogen level was reached, which is consistent with
previous work on hydrogen induced cold cracking (133). Above
this level cracks started to occur and either microfissures or
small chevron cracks were detected; their number depended on
the hydrogen available at the possible nucleation sites. How-
ever, if the hydrogen level was too high, fissuring was the pre-
ferred form of cracking, because microcracks may aucleate very
easily and the chevron cracking mechanism did not develop, see
later., For the highest levels of hydrogen,porosity could also
be observed; this may be explained through the formation of
bubbles due to the diminution of hydrogen solubility at the
solidification point (174). The variation in the type and in-
cidence of weld defects with the hydrogen level is illustirated
in Figure 127.

The series of welds with commercially available E8018Cl
electrodes confirmed hydrogen as being the factor controlling
the occurrence of chevron cracking, but the susceptibility seemed
to depend on other factors which were not entirely clear from the
experimental work. In fact, the batches of electrodes 1 and 2
from manufacturer B, Tables 6 and 15, were offered for testing
with the indicaticn, based on cracking history in industrial ex-
perience, that the batch 1 would probably be crack prone while
batch 2 would not. Although the batches were produced by differ-
ent plants of the same manufacturer, they produced weld deposits
with similar chemical compositions, Table 6, and microstructures,
Figures 51 and 52, but the results confirmed that batch 1 showed
much higher cracking susceptibility. The difference in nuvmber
“and size of the cracks observed in TP35 and TP37 were beyond
what could be expected from the scatter of results in the crack~
ing test. Admitting, on the basis of the evidence already pres-
ented, that both chevron cracking and microfissuring in these
weld metals were hydrogen induced, it is possible that other
factors could have influenced the cracking incidence. For
example, the rate of supply of hydrogen to crack nucleation gsites
and crack tips, which depends on the diffusion coefficient and on
the transport of hydrogen by dislocation, may have been changed.
In particular, the diffusion coefficient may have been modified by
hydrogen trapping mechanisms associated with the inclusion popu-
lation producing different cracking susceptibilities. This poss-
ibility, already referred to by Fikkers and Muller (114) and by
Pressouyre and Bernstein (113), deserves further attention in
future work.

The case of the weld TP43 deposited with the electrodes B3,
(Table 16), was also surprising because of the low number of
chevron eracks. The reason for this is not apparent : weld metal
alloying, hardness, microstructure and hydrogen level were within
the range for chevron cracking. Comparing the results with those
for the welds with the electrodes Bl and B2, which produced a
larger number of chevron cracks, it was noted that the weld metal
deposited with the electrodes B3 presented some improved charac—
teristics, such as lower carbon content and a larger proportion
of accicular ferrite, Figure 55. However, it is unlikely that
this improvement has rendered the material more crack resistant
than welds deposited with the electrodes E8018 Cl. This was
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another case for which, after verifying the reproducibility of
the test, further investigation would be required to find out
other factors likely to be responsible for the chevron cracking
susceptibility, as referred to above.

In line with the submerged arc welding.results, where the
alloying content of the welds deposited with basic electrodes
was increased above a certain level, the cracks were vertically
oriented. The reasons for the change in orientation of the
cracks and possible variation in the cracking morphology will
be discussed later. Although baking the electrcdes B3 for 1 hour
at 400°C did not eliminate the vertical cracks in TP453, this pro-
cedure produced a marked decrease in the number of cracks which
indicates the critical importance of hydrogen in this case.

The results for both the manual metal arc and submerged arc
welds showed that weld metal transverse cracking could occur with
low weld metal hydrogen levels (within the range 5 - 10 mi/10Cg
of deposited weld rctal) for severe conditions of restraint and
ccoling rate. This emphasizes the critical importance of con-
trolling the moisture content in consumables of the basic type.
As recently shown by Boniszewski (175), the temperatures of elec-
trodes being baked in an oven may be ccrsiderably lower than the
atmosphere inside the oven, especially for those electrodes in
the centre of a large pack. This fact, allied to the capacity
of some electrcdes to reabsorb significant amounts of moisture
when stored at temperatures below 100 - 150°C (92), mey be a
cause of considerable errors in predicting the moisture levels
of the consumobles and might have accounted £or the occurreace
‘of cracking in cases in which 'stringent anti-hydrogen measures'
were apparently taken.

The series of welds with cellulosic electrodes produced
extremely severe chevron cracking which was not surprising on
the consideration of the very high weld metal hydrogen levels
‘(Table 19). However, as opposed to the welds with basic elec-
trodes containing very high hydrogen levels, they did not produce
porosity and fissuring as preferential form of cracking. Appar-
ently the celiulosic welds allow a higher hydrogen level than
basic welds. The reason for this is not clear but a probable
explanation is that hydrogen trapping mechanisms have operated
in cellulosic welds, reducing the amount of hydrogen available
to cause cracking and porosity. In these circumstances, fissur-
ing as a preferential form of cracking would only occur if the
hydrogen level was exceedingly high such as in the case of TP49
with the electrodes C3. No attempt was made to reduce the hydro-
gen level of the welds deposited with cellulosic electrodes
because these were inherently high hydrogen consumables.

The welds with the series of rutile electrodes failed to
produce chemical compositions comparable with the omes for the
previous tests and, in spite of their smooth running character-
istics, commonly produced slag inclusions. In the cracking tests
all the welds deposited with the special batches of rutile elec-
trodes presented a very high density of fissures less thanm lmn
long, porosity and slag inclusions; only the ones deposited with
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the electrodes R4 and R5 produced longer cracks, Due to the high
weld metal hydrogen level it is possible that microcracks might
have nucleated very easily and precluded the occurrence of chev-
ron cracking as.already discussed. The only correlation with
results from other tests was a.trend to increase the incidence

of cracking with the alloying/hardness. The fact that no chevron
cracks were observed in this series of tests does not mean that
this type of cracking cannot be reproduced with rutile electrodes;
it is believed that, if the appropriate conditions were provided,
in particular if the hydrogen level was lower, chevron cracks
would have occurred. This suggestion is strongly supported by
the observation of a weld metal longitudinal crack, with a stair-
case morphclogy reminiscent of a chevren crack, produced in a Y
groove test using a rutile elactrode R2 (6). -

Nickel has been regarded as a hot cracking promoter; Stout
and Doty (174) stated that for a given sulphur content in weld
metal, nickel in amounts as low as 0.5% may increase the amount
of grain boundary sulphide and consequent cracking. Edwards et
al (176) showed that nickel segregation to the austenite grain
boundaries may cause embrittlement and low ductility in low
alloy stecls as well as tin, phosporous and nitrogen. For the
cases studied by these authors, hydrogen was found to alter the
strain to fracture but not the mode of fracture. Farrar and
Taylor (14), inferred that due to the nickel segregation in these
steels there is a distinct possibility that nickel rich inter-
metallic compounds can be produced in the boundary regions thus

enhancing cracking.

Considering the possibility that nickel could promote the
occurrence of a high temperature component in the chevron cracks,
a series of tests was carried out with nickel bearing electrodes
with nominal compositions varying between O and 5% nickel (see
Table 8). The welds deposited with the electrodes B2Ni and B3Ni
precented a significant number of chevron cracks (see Table 17)
as exvected from other tests with similar weld metals. The non-
existence of chevron cracks in the weld deposited with the elec~
trodes BONi (TP57), probably resulted from the very low amount
of alloying elements, which produced a very low carbon equivalent
and therefore a low cracking susceptibility. The welds deposited
with the electrodes B4Ni and B5Ni, which contained 4.8 and 5.77
nickel, respectively, produced only vertically oriented cracks
which were not eliminated by anti-hydrogen measures, such as bak-
ing the electrodes at 400°C and a 120°C interpass temperature,
Table 17. It is interesting to note that baking the electrodes
markedly reduced the number of cracks, but their length, in the
weld with the electrodes B5Ni, was increased, Table 17 and Figure
37. In this case the weld metal hardness was very high (see Table
7) and these materials were likely to be highly susceptible to
hydrogen cracking. The fact that cracking could not be entirely
eliminated does not necessarily mean that most cracks were not
hydrogen induced; it is possible that the critical hydrogen level
is extremely low in this case and that the ahove anti-hydrogen
measures were insufficient. However, due to the high nickel con-
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tent , hot cracking and segregation of impurities to the grain
boundaries were likely to cccur and these may have enhanced the
nucleation and propagation of hydrogen induced cracks. The re-
duction in the number of cracks for the lower hydrogen levels,
TP63, as compared with TP62 (Table 17), may be associated with
the ease with which cracks were nucleated. For lower hydrogen
levels the cracks are more difficult to nucleate but as there
are fewer present they grow longer to release the strain.

Thus, it was concluded from the welds with nickel bearing
electrodes that nickel, in amounts up to 3.27, did not produce
any dramatic changes in the occurrence of chevron cracking and
its influence may be interpreted in terms of the general effect
of alloying elements. Nickel in relatively high levels, 4.8
and 5.7%, probably enhanced the occurrence of hot cracks which
propagated at low temperature due to hydrogen, but there was no
correlation with chevron cracking.

3.3 MIG Weld

It was intended to extend this research programme to MIG
welding in an attempt to produce chevron cracking simply by
changing the moisture or hydrogen content in the shielding gas
and eliminating other factors which could be eventually assoc-
iated with electrode coatings. However, the test proved to be
too sensitive to the welding conditions and some runs containrad
large amounts of porosity. As these problems could not be over-
come within the time available during the later stages of the
programme, this series of tests was abandoned.

4.  Cracking Morphology : Metallographic and Fractographic Studies

When observed in the light microscope, the main characteristic
of the chevron cracks was the staircase appearance, Figures 74 to 90.
This resulted from the intersection of two sets of components which
were designated as 'vertical' and 'horizontal' due to their orienta~
tion approximately perpendicular and parallel to the welding direc-
tion. This characteristic was observed irrespective of the weld
metal microstructure,

In the submerged arc welds the chevron cracks were found to occur
predominantly in the as deposited weld metal and tended to be contained
in a single run, apparently being arrested by the upper and lower re-
fined regions. This was in contrast to the manual metal arc welds for
which a large number of chevron cracks occurred in the refined or
intercritical regions, Figures 89 and 90. The reason for this was not
entirely clear, but a possible explanation is that the different weld-
ing sequences adopted for each process, Figures 17 and 18, prcduced a
larger amount of refined weld metal in the manual metal arc welds and
enhanced the occurrence of cracks in the refined and intercritical
regions. The argument that these cracks might have occurred in the
initial as deposited weld metal, before it was reheated and refined
by the subsequent run, was rejected because the fracture surfaces did
not show, in the majority of cases, signs of having been reheated.

The individual components of the cracks which occurred in the refined
regions, Figure 90, were, in general, smaller and more regular than
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those cbserved in the as deposited weld metal, Figures 74 to 88;
this relation with the microstructure also indicates that they
occurred after the weld metal was refined.

The chevron cracks observed in the as deposited weld metal had
the vertical components generally associated with the proeutectoid
ferrite veins, though in many cases these vertical components were
found either to deviate or to follow a different path, Figure 77.

The proeutectoid ferrite is not inherently brittle but in these weld
metals it is often preseant as thin veins surrcunding areas of harder
transformation products, such as acicular ferrite, which form at
lower temperatures. In these circumstances, the procutecicid ferrite
becomes the weakest microstructural link, which explains why it is a
preferential site for nucleation and propagation of hydrogen induced
cracks or, in particular, vertical components of chevron cracks.

This fact has been confirmed by work on the effect of tiie weld micro-
structure on hydrogen induced cracking (122) {125). The increase in
cracking susceptibility with the alloying and strenzth of the veld
metals, which was particularly evident in the submerged arc welding
series might be interpreted in the context of the expianation givern
above. Increasing the hardness of the transformed acicular micro-
structure increased the strain transferred to the prior austenite
grain boundaries, where nucleation generally occurred, and this
caused a higher cracking susceptibility (122).

Saspa-nansa etching was used in some cases in order to correlate
the path of the chevron cracks with the solidification structure,
Figures 81 and 82. This weculd have suggested induction by a hot
cracking mechanism, but no sigaificant correlation was found. This
possibility will be discussed later in terms of the fractographic
study. _

The existence of staggered, non-linked, vertical components,
Figure 91, and others at an intermediate stage of linking, Figure 92,
alongside with fully developed chevron cracks, strongly suggested .
that the formation of the vertical components was the first stage in
the occurrence of a chevron crack. The non-existence of isolated
horizontal microcracks suggested that the horizontal components were
determined by the vertical ones during the linking stage. Under
these conditions, the path of the horizontal components, was depend-
ent on the position of the crack tips of adjacent vertical components.

The path and dimensions of the randomly distributed microfissures
were found to be similar to the vertical components of the chevron
cracks when examined in the light microscope, Figure 96. This suggests
that they were probably of the same nature in spite of the difference
in distribution.

When the alloying content of the weld metals was increased, the
macroscopic orientation of the cracks changed from inclined at 459
to vertical and a greater tendency for the cracks to propagate along
the prior austenite grain boundaries was observed, Figures 93, 94 and
95. The embrittlement of the grain boundaries was considered to be
a direct consequence of the changes caused by the increase in the
alloying content. In fact, for the most highly alloyed weld metals
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(with higher strength), the amount of proeutectoid ferrite was very
much reduced, or even suppressed, and the matrix was hardened. This
resulted in the transference of higher strains to the prior austenite
grain boundaries and in the relative weakening of these regions (114)
(122). The adverse balance of strength betwaen the matrix and the
grain boundary could create, per se, the conditions for intergranular
failure without the need for impurity segregation at the grain boun=
daries. However, if impurities were present in the steel, the amouat
of boundary segregation could increase with the alleying/strength,
enhancing even further the possibility of intergranular failure (177)
(178). Although some resemblance could be found with the staircase
morphology of the chevron cracks in a fow cases, Figure 93, in general
the vertical cracks presented an irregular path, not following a
pattern; there was no indication that they resulted mainly from a

two stage mechanism. The reasons for the change in the morphology
and orientation of the cracks with the increase in the alloying/strength
of the weld metals will be discussed later in terms of a variation in
the chevron cracking mechanism,

The fractographic study in the scanning electron microscope proved
that the morphology and features observed on the fracture surfaces of
the chevron cracks in the induscrial samples weve entirely similar to
those observed in the laboratory tests. Therefore, the subsequent
observations and discussion apply equally to both.

At low magnifications the stajrcase characteristic of chevron
cracks, already identified in the light microscope, was immediately
recognised, Figure 99. Increasing the magnification it became appar-
ent that the vartical components presented mainly quasi-cleavage while
the inter-linking horizontal components showed dimples. Many vertical
components of the chevron cracks were fcund to radiate from a centre
where 2 microvoid could be seen occasionally, Figure 104, while others
presented no obvious origin, Figure 107, Other variations denoted
changes in microstructure and not a change in the mode of failure. 1In
the case of the most highly alloyed weld metals for which chevren crack-
ing could still be observed, scme vervical components were found to ex-
hibit manifestations of intergranular failure, Figure 106. This was
probably a consequence of the relative weakening of the grain boundar-
ies with the increase in alloying referred to above. The shape of the
dimples in the horizontal components was also found to vary from
almost equiaxed to elongated, in some cases mixed with a quasi-cleavage
mode of failure, Figure 103, indicating,in this case,that the failure
was probably assisted by hydrogen.

Although the above description dces not provide, by itself, any
element which permits immediate identification of the rature of the
cracks, it is coherent with the experimental evidence which suggested
that the cracks were hydrogen induced. In fact, the observation of
the vertical components, which were found to govern the formation of
chevron cracks, showed that most of their area could not have been ex-
posed to high temperatures, otherwise the edges of the sharply defined
quasi~-cleavage facets would have become rounded. However, the fracto-
graphic interpretation was complicated by the presence of some vertical
components with areas of smooth appearance, almost featureless at high
magnifications, Figures 108 and 109, in a few cascs with striationms.
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The interpretation of these areas is potentially controversial; al-
though the evidence indicated that most of them were exposed to high
temperatures, it was not clear if they resulted from a hot cracking
mechanism, or if they were simply reheated by a subsequent run,

These possibilities will be explored later and discussed in the light
of further evidence.

The vertical cracks in the most highly alloyed weld metals had .
both intergranular and transgranular (quasi-cleavage) components. In
this case the cracks did not follow a staircase pattern; adjacent
cracks could be lirked by ductile failure, reminiscent of chevron
cracking, Figure 112, but this was not a necessary part of the growth
process as for the chevron cracks. Generally the vertical cracks
seemed to have grown continuously through the material, though the
process may have been intermittent in time. Their morphology was also
consistent with other experimental evidence which suggested that they
were hydrogen induced. Although there was a similarity between some
features observed on the fracture surfaces of the 45° cracks and on
vertical cracks, it is clear that the microstructure produced a major
alteration in the cracking mechanism.

Evidence of phosphorous segregation was found in one crack ob-
- served in a high strength weld metal, Figure 113, which probably en-
hanced the occurrence of this particular crack, but it was not a
comnon feature. Phosphorous segregation is interpreted here as a
result of an increased tendency for segregation of impurities with
the increase in alloying and strength (177) (178).

The fracture surfaces corresponding to the microfissures observed
in the tests werec found to be very similar to the vertical components
of the chevron cracks in the same weld metals; the only difference
related to the dimensions as the microfissures may be slightly bigger.
Although the tests with rutile electrodes did not produce chevron
cracks, the fracture mode of the microfissures was also of a similar '
nature to the vertical components of other chevron cracks, being quasi
cleavage or cleavage; the main difference was that the cleavage planes
were much better defined.

The fracture surface of microfissures occurring in the lower runs
of weld metals containing high hydrogen levels presented, quite often,
a smooth surface, similar to that of some vertical components of
chevron cracks, which was probably caused by high temperature expos=—
ure. As this type of fracture surface was observed on microfissures
occurring in the lower runs but not in those found in the uppermost
run, points to the cause of thermal damage by reheating from subsequent
runs, rather than exposure to high temperatures as a result of a hot
cracking mechanism. The probable explanation is that for high hydrogen
levels microfissures are easily nucleated shortly after a weld rum is
deposited and these are inevitably reheated by the next runs. Consid-
ering the close similarity between the fracture surfaces of micro-
fissures and the vertical components of chevron cracks, this evidence
is an important ‘indication that the smooth areas in some vertical com=
ponents of chevron cracks also resulted from reheating by subsequent
runs,

In order to resolve the fine details which could exist on some
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of the smooth areas of the vertical compcnents of the chevron cracks,
carbon extraction replicas were prepared from a representative number
of fracture surfaces: for examination in the transmission electron
microscope. However, this work only confirmed the scanning microscope
observations : chevron cracks which showed vertical componcents with
smooth surfaces had thermal facets and thermal grooving typical of
high temperature exposure, Figures 124 and 125; the others presented
mainly quasi-cleavage and dimples, without any signs of high tempera-
ture damage, Figure 126, TIn a few cases, thermal facets and grooving
were observed in small circular shaped regions, which were identified
as micropores or inclusion holes and these should not be confused as
hot microcrack initiators of the vertical compoments, This study
confirmed that a large number of vertical components of chevron
cracks did not present signs typical of high temperature exposure,
therefore it is unlikely that they might have resulted from a hot
cracking mechanism,

Although the fundamental importance of hydrcgen in controlling the
occurrence of chevron cracks, vertical cracks and microfissures in
carbon-manganese and low alloy steel weld metals has been established
on the basis of the results already discussed, some questions remain
unanswered:

(i) when do chevron cracks occur?

(ii) how does the fracture.surface of chevron cracks compare with
the onrs of hydrogen induced (or assisted) cracks in similar

weld metals?

(iii) what is the effect of reheating on the fracture surface of a
chevron crack?

(iv) what is the effect of the welding parameters (in particular
those which control the heat input) on the occurrence of
chevron cracking?

To answer the above questions further testing was carried out,
the results have already been reported and wiil be discussed subseq-
uently,

5. Subsidiary Work

One of the most important issues concerning the occurrence of
chevron cracking is the moment of initiation and propagatiom, i.e.
when do the cracks occur? The ideal way to solve this problem would
be to use continuous monitoring by am acoustic emission technique
(179) (180), which has the capability to indicate the exact moment
of initiation and/or propagation of a crack and to locate it. How—
ever, this task proved to be impossible due to parasite noises accom—
panying welding.

To overcome the prohlems inherent to the acoustic emission mon-
itoring, a conventional ultrasonic inspection was carried out after
each run during one test of the series with manual metal arc
electrodes, TP31 (Table 15). Although this inspection could
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not establish the exact moment of initiation and propagation of
the crack, it could at least indicate at what stage they occurred.
The results indicated that no cracks were detectable until a
certain number of runs was deposited and that no cracks could be
identified on a weld run shortly after it cooled to room tempera-—
ture, dvring the intermediate stages of welding and inspection.
Cracks ware found to occur and/or propagate in the lower runs as
the weld progressed. This evidence also suggests that cracks
must cccur at low. temperatures and he asscociated with a delayed
cracking mechanism, Apparently a certain number ol runs was
requirad to build up the stresses and probably the hydrogen con-
centration to a critical level (143), It is possible that in
some cases vertical components occurred immediately after a run
was deposited and the subsequent runs just providad the extra
residual stresses required to extend and join them., However,
there is evidence showing that the short vertical cracks, covres-
ponding to the vertical components, produce ultrasonic signals
similar to the ones for fine porosity (9) and should be detect-
able. Thus, on the basis of careful inspection, it is unlikely
that this occurred in most cases., These facts have great implie-
ations with regard to the consideration for repairs, The repaic
of a joint containing a layer susceptible to chevron cracking

can be particularly troublesome, because cracks can occur, or
propagate, in regions below the repair, which previously were
considered as sound; this has been supported by industrial ex-
perience (4) (30).

In order to find out how the vertical components of the chev-
ron cracks compare with the hydrogen induced (or assisted) cracks
in similar weld metals, tests were carried out with hydrogen
charged tensile specimens, The ones of the initial series (Tatle
21), had their axis at 45° with the welding directiomn, in order
that the load could be applied perpendicularly to the or?entatlon
in which cbevron cracks were likely to occur. However, 1t was
apparent that the plane of failure was not simply determined by
the direction of maximum tensile stress; iunstead other fa§tors
seemed to be more important, such as the directions of maximum
shear stress and grain growth. Thus, in the seccnd series (Table
22), the specimens were machined with their axis parallel to the
welding direction. The hydrogen charging period had a dramatic
irfluence on ductility, as measured by the elongation or reduo-
tion of area of the tensile specimens (Figure 121 and Table 22).
This could be imsediately related with the observation of the
fracture surfaces : the non-charged specimens exhibited exclus-
ively dimples while the charged specimens exhibited regions of
dimples surrounding others of brittle failure, the area of which
increased with the charging period. Detailed examination of the
regions of brittle failure showed a close similarity with the
vertical components of chevron cracks, Compare Figures 99 - 107
with Figures 119 - 122, The fact that the brittle failure re-
gions were only observed in the hydrogen charged specimens is
indicative that they were hydrogen assisted. The similarity be-
tween these and the vertical components of the chevron cracks,
though not conclusive, substantiates the suggesticn that they
must be also hydrogen assisted.
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Fish-eyes were found on the fracture surfaces of tensile
specimens charged for relatively short periods, specimens 3 and
7 (Tables 21 and 22), Their morphology yesembled the fissures
found in the cracking tests but they revealed- a-more clear rad~-
iating pattern pointing towards the centre where a void (pore or
inclusion hole) could generally be found, Figure 120. 1In the
tests being considered fish-eyes seem to be associated with
relatively low hydrogen levels. In these cases embrittlement
only occurs if it is possible to concentrate hydrogen above a
critical level for the existing stress state; pores, inclusion
holes or other flaws may serve this purpose by acting as stress
raisors to which hydrogen may diffuse (133), or be transported
by dislocations (161). VWhen the hydrogen level was increased,
by extending the charging period, nucleation and propagation of
cracks became easier and fish-eyes did not occcur.

The comparison between the fracture surfaces of chevron and
hydrogen induced cracks included also some cracks rroduced by
the Y groove Tekken test in single runs of weld metals, depos-
ited with manual metal arc welding electrodes vhich were known
to be prone to chevron cracking (6). The longitudinal cracks
found in these tests often had a tstaircase! morphology with two
sets of components intersecting at an angle, resembling the ver=
tical and horizontal components of the chevron cracks, Figures
117 and 118. As the cracks in the Y groove tests could be elim—
inated by baking the electrodes of the basic type at high temper-
ature, it was concluded that most probably they were hydrogen
induced. Considering the similarity with the chevron cracks
this evidence substantiates even further the theory that chevron
cracks occur by a hydrogen assisted wechanism.

The above finding is particularly important in showing that
the staircase pattern is a more general morphology of hydrogen
cracking than was realisad; it was observed in all the Y groove
tests which showed weld metal cracking. The extent of the 'stair-
case' morphology depended, apparently, on geometric factors which
determined their path, such as grain growth and the convexity of
the bead; in general, cracks running laterally presented larger
areas of staircase than those following the centreline of the
weld.

In order to study the possibility that the smooth areas ob-
served on some vertical components of chevron cracks were caused
by reheating, a row of chevron cracks was reheated on purpose by
depositing a weld run just above the level where they were iden-
tified. The alterations on the fracture surface are illustrated
in Figure 123, At low magnifications no important changes were
observed, but increasing the magnification it became apparent
that the sharp features had become smooth in a way similar to
some other chevron cracks not reheated on purpose, Figures 102,
108 and 109. This observation substantiates that, in conditions
for which microcracks are easily nucleated, they may ocecur
shortly after a weld run is deposited and be reheated by subseq-
uent runs; later they may grow and/or joing others to produce
chevron cracks. This resulted in the rather confusing effect
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created by the existence of sharp and smooth areas, even in the
same vertical component, although the boundary was oftemn clear,
It is suggested that this effect accounts for most of the 'hot

crack' vertical components reported by Tuliani (3).

The effect of the welding parameters on the occurrence of
chevron cracking was studied briefly by Crouch (7), who found
that, under the testing conditions, the cracking severity in-
creased with the heat input. However, for very low heat inputs
fissuring became the preferential form of cracking. In order
to study possible alterations on the fracture mode, test speci-
mens produced under extreme heat input conditioas (1.2kg/mm and
9.4kg/mn) were examined by the writer, It was found that the
fracture surfaces were entirely similar to other fissures and
chevron cracks observed in similar material, with no apparent
alteration in the nature of the cracks. The variation in the
cracking severity was thought to result, simply, from the changes
in microstructure and in the weld metal hydrogen coutent which
depended on the cooling rate, bead dimensions and flux consump-
tion, The transition to fissuring as the preferred form of
cracking, for the very low heat input welds, was likely to be
associated with a higher retention of hydrogen due to very high
cooling rates; in this case microcracks might have nucleated
very easily, precluding the occurrence of chevron cracks.

Summary

The evidence discussed herein showed conclusively that hydrogen

was the most important factor ccrtrolling the occurrence of chevron
cracking and that the phenomenon must be due to a hydrogen induced
celd cracking mechanism, Hot microcracks might serve as crack init-
iators, as might other flaws, but they were not a necessary factor.

This conclusior was based on the following otservations @

(i) Chevron cracking was eliminated simply by careful baking of
the submerged arc welding flux and conversely cracking was
_very much increased by increasing the moisture content of the
flux., Baking the marval metal arc electrodes at 400°C was
not always enough to reduce the hydrogen below the critical
ievel corresponding to the severest testing conditions; how-
ever, a marked reduction in the incidence of cracking occurred
and it is clear that the trends observed for the submerged arc
welds were followed.,

(ii) By fractographic examination it was possible to establish a

very good correlation amongst the features observed on the
vertical components of the chevron cracks, microfissures and
the areas of brittle failure on the fracture surface of hydro-
gen charged tensile specimens, in similar weld metals.

(iii) The longitudinal cracks observed in the Y groove tests, which

were hydrogen induced, reproduced very closely the staircase
morphology of the chevron cracks.

(iv) Most vertical components of the chevron cracks observed in the

scanning and transmission electron microscopes did not show
any signs of having been exposed to high temperatures. Others,
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containing relatively smooth areas, were believed, in most
cases, to have been reheated by subsequent rums,

Hot tensile tests, carried out in the range 600 - 1320°C, for
weld metals known to be prone to chevron cracking, did not
show any ‘ductility dip' (6).

Tensile specimens from weld metal deposited by submerged arc
welding with a fully baked flux presented a ductile failure
showing exclusively dimples on the fracture surfaces, If

the problem was due to hot cracking, it would be expected
that some manifestation could be observed independently from
the weld metal hydrogen level, This fact is in accordance
with similar findings by Keville (5) and by Wright and Davis-
on (28).

increase in weld metal alloying/strength produced first an
in the severity of chevron cracking and, above a certain
change in the orientation of the weld metal transverse cracks
to perpendicular to the welding direction; this was accom—

Panied by an increase in the amount of intergranular cracking. As
the cracking occurrence was always determined by the hydrogen level
in the weld metal, it was thought that the variation in microstruc—
ture, due to the increase in alloying, only caused an alteration in
the cracking mechanism and was not associated with a change in the
nature of the cracks. '

The

occurrence and severity of chevron cracking for a certain

weld metal composition was found to depend on factors other than the

hydrogen
hydrogen

level; one of these was believed to be the rate of supply of
to crack nucleation sites and erack tips which is dependent

on the diffusion coefficient and on the transport of hydrogen by
dislocations, It is possible that trapping mechanisms were opevating
in some cases to modify the hydrogen diffusivity and consequently the
effectiveness of this element as an embrittlement factor. This may
have resulted, for example, from different inclusion/microvoid con-
tents and accounted for the relatively high immunity to chevron cracik-
ing of weld metals deposited with some basic electrodes.



7. A Mechanism for Chevron Cracking

Chevron cracks occur in carbon~manganese and low alloy steels by
a two stage mechanism, The critical event is the occurrence of the
vertical components, i.e. microcracks perpendicular to the welding
direction, due to hydrogen embrittlement. The second stage consists
in the linking of the vertical components due to the excessive stress
between adjacent crack tips, which may be assisted by hydrogen. A
two stage mechanism was initially suggested by the diiferent cracking
modes and orientation of the vertical and liorizontal components when
observed in the scanning electron microscope, Figures 99 to 109;
further suppcrt came from the existence of non~linked staggered ver-
tical microcracks znd intermediate stages of linking alongside with
fully developed chevron cracks as i1lustrated in Figures 91 and 92.
A poscible explanation for the unusual mechanism may be found in the
analysis of the residual stresses in the weld and in the hydrogen
embrittlement or hydrogen assisted cracking theories.

The occurrence of chevron cracks in a particular weld metal is
determined by the hydrogen level, therefore it is first necessary
to introduce hydrogen above some critical concentration, which may
vary from one material to another, depending on factors cuch as the
chemical composition, microstructure, diffusion coefficient of hydvo-
gen and the stress level. However, as hydrogen tends to segregate
at grain and cell boundaries and to form Cottrell atmospheres at dis-—
locations, the critical level may be exceeded locally with extremely

low overall concentratioms (161).

Tn the conditions of occurrence of chevron cracking it is resson-
able to assume that the transverse and through thickness residual
stresses in the weld metal are small compared with the longitudinal
stresses, which may be of yield strength magnitude (126) (161). Thus
it was expected that cracking would occur predominantly transverse to
the welding direction, i.e. perpendicular to the maximum tensile
stress, and, in fact, this was confirmed by the preferred orientation
of microcracks and vertical cracks in the higher strength weld metals.
Chevron cracks, occurring macroscopically at 45° with the welding
direction, seem to be an exception, but they follow the rule if one
considers the two stage mechanism described above. However, the
occurrence of the staggered vertical components along an orientation
at approximately 45° with the welding direction has yet to be explained,

Assuming that the weld metal is essentially submitted to an uni-
axial load of yield strength magnitude, parallel to thg.welding direc-
tion, the maximum shear stress occurs in a plane at 45° with this
direction (5). Thus, the slip bands will have this orientation, Dis-
locations moving in the slip bands and transporting hydrogen as Cott-
rell atmospheres may concentrate hydrogen on potential crack nucleation
sites, such as preexisting microcracks, inclusions or grain boundaries,
at a rate much faster than would be possible by diffusion alone (161).
When hydrogen transported by dislocations and by diffusion reaches
the critical level for the existing stress state, vertical microcracks
propagate from the nucleation sites. This effect may be further en-
hanced if, as claimed by Beachem (136), hydrogen allows the disloca-
tions to multiply and move at reduced stresses.
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Dislocations may alsoc pile up at some barrier, such as a grain
boundary which intersects the active slip plane, and form microcracks
(122) (161)., These may propagate due to the presence of hydrogen as
referred to above, Alternatively, if the hydrogen concentration in
the vicinity of a stress raiser is. above the critical level corres-
ponding to the stress state, a crack may occur without the need for
plastic deformation (161). '

Based on the experimental results already reported and the above
arguments, the following model for the formation of chevron cracks is
advanced,

(1) Hydrogen has to be introduced in the weld metal above some
¢ritical concentration depending on the microstructure, the
stress level and the diffusion coefficient of hydrogen,

(2) Due to the longitudinal residual stresses in the weld metal,
which are of yield strength magnitude, slip bands occur at
‘approximately 45° with the welding direction. The presence
of hydreogen may allow dislocations to multiply and move at
reduced stresses in the slip bands.

(3) Dislocations transport hydrogen along slip bands until they
find a barrier such as a grain boundary, a pre-existing crack
or an inclusion vhere they form pile ups and concentrate
hydrogen at a rate much faster than would be possible by hy-
drogen diffusion alone. Once the critical hydrogen concen—
tration for the existing state of stress is reached, a mi-
crocrack occurs with an orientation perpendiculer to the
maximum tensile stress. This process is repeated along the
slip band producing a series of staggered microcracks along
an orientation at 45° with the welding direction.

(4) The microcracks are arrested when they enter a region where
hydrogen falls below the critical level for the existing
state of stress at the crack tip; the growth will not be
restarted until hydrogen is built up to the critical level,
or an incresse in the stress is observed., The crack growth
may also be arrested by blunting of the crack tip.

(5) When a microcrack is arrested, plastic slip at its tip may
occur and this develops in slip band.formation; further cracks

may occur alorg these slip bands as referred to in (3).

(6) The existence of high shear stresses between the tips of ad-
jacent microcracks results, in general, in rupture and linking
of microcracks during a second stage of the cracking process,
which riay be assisted by hydrogen.

(7) If the hydrogen level is too high, the microcracks may nucl-
eate easily and do not depend on the transport of hydrogen by
dislocations along slip bands; in these circumstances the
microcracks instead of being arranged with a staircase dis-
tribution occur randomly, If tie hydrogen level is too low
nucleation is very difficult, in this case microcracks arc
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simply eliminated or a few are randcmly distributed.

This model is based on the fact that hydrogen present in steel,
once concentrated above a critical level, would facilitate the growth
of crack nuclei. It does not specify the mechanism by which hydrogen
embrittles the steel and is valid regardless of whichever embrittle-
ment theory one cares to accept.

An experimental verification of the model may be done using
hydrogen charged rensile specimens with appropriate hydrogen level
and loading conditions. The tensile specimen 7 (Table Z2) showed evid-
ence of formation of staggered components linked by ductile failure in
a way very similar tc chevron cracks, Figure 122, though this speci-
men was strained continuously to rupture. Very rvecently Iino (163)
presented evidence which completely supported the model and its more
general application. This author, studying hydrogen assisted crack-
ing in linepipe steels, found, for a hydrogen charged specimen loaded
at 957 of the yield stress of the material, that :

"In the presence of an external siness near to the yield s2nength
fractune develops by Linking hydrogen embrittlement cracks genesi-
ated in s84ip bands formed durning testing; Zherejore the fracturte
sunface is, when viewed macroscopically, stanted with an angle

04 approximately 45 deg to the stness axds.'

This evidence was obtained by the observation of the fracturve
surfaces in the scanning electron microscope and, in fact, photographs
similar to those from chevron cracks were presented.

In the context of this model the existence of hot microcracks as
crack initiators (3), must be interpreted as valid but probably in-
frequent or a sufficient but not necessary cause for a vertical compon-
ent of a chevron crack to occur; however, hydrogen would be required
for the propagation cf such microcracks.

When the weld metal alloying/strength was increased, the orienta-
tion of the weld metal transverse cracks changed from approximately
45° to perpendicular to the welding direction, This was associated
with a change in the failure mode, in this case the fracture surface
showed a relatively small number of regions of dimples linking large
areas of brittle fracture, suggesting that there was essentially a
single stage cracking mechanism, Compared with the medium strength
weld metals, the high strength ones have a higher susceptibility to
hydrogen embrittlement, due to metallurgical reasons already reviewved.
In this case, cracks may nuclezte ond/or propagate with lower hydro-
gen levels, without relying on the transport of this element by dis-
locations as suggested for the 45° cracks. On the other hand, the
dimensions of the plastic zone around the crack tip become smaller
and blunting is unlikely; thus, the crack growth can be easily re=
started. In these conditions the vertical cracks grow continucusly
through the material, though the process may be discontinuous in time
as is typical of hyd:cgen cracking.
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VIT ~ CONCLUSIONS

Chevron cracks were reproduced under laboratory controlled con~
ditions, in weld metals of the carbon-~manganese and low alloy
type, using a test which increased substantially the cooling rate
in the low temperature range (below the sustenitic transformation
temperaturcs), The high ccoling rates in the low temperature
range were considered to cause mainly an increase in the retained
hydrogen and did not invalidate the results for normal cooling.

Chevron cracks were typically inclined at 45° with the welding
direction, in a section perpendicular to the plane of the
plates, and at 80° - 90° in a section parallel to the plane
of the plates. In general they were only a few miilimetres long
and were sontained in a singie run of weld metal; in exceptional
cases they could be 25mm or longer. The cracks tended to he con~
centrated in the middle third of the weld and, with only one ex—
ception, were never found in the uppermost run.

Ultrasonic inspection after each run, during a multirun weld,
revealed that chevron cracks did not occur until a certain nuwber
of runs had been deposited but, as the weld progressed, cracks
were formed in the lower layers and pre-existing cracks were found
to propagate. This fact indicated that the cracks must occur at
low temperatures and that a certain build up of hydrogen and/or
stresses was vequired before cracking cccurred.

Chevron cracks were found to be typical of medium strength carbon
manganese and low alloy weld metals, deposited by the submerged
arc process with a basic flux or by manual metal arc with basic
and cellulosic electrodes. No chevron cracks were observed in ru-
tile weld deposits. The increase in alloying and strength produce
first an increase in the cracking susceptibility and, above a
certain level, a change in the orientation of the cracks from
approximately 45° to perpendicular to the welding direction, The
change in the orientation of the cracks was believed to be caused
by an alteration in the cracking mechanism rather than in the
nature of the cracks.

The cracking/no~cracking situation was primarily controlled by the
hydrogen level in the weld metal. Under test conditions cracking
was found to occur for hydrogen levels below 10ml/100g of weld
metal; this pointed to the critical importance of controlling the
moisture level in consumables of the basic type if cracking was to
be avoided. :

For each particular weld metal it was believed that chevron cracking
only occurred if the hydrogen level was within a certain range.
Below that range cracking was completely eliminated or a few micro-
fissures were formed; for very high hydrogen levels microfissures
were easily nucleated and occurred with a very high density pre-
cluding the formation of chevron cracks,

For weld metals with the same nominal composition, deposited under
similar conditions, the incidence of chevron cracking seemed to
depend on factors other chan the hydrogen level, such as the d

iffusion
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coefficient and transport of hydrogen by dislocations.

In the optical and scanning electron microscopes chevron cracks
wetre found to consist of two sets of components with the outline
of a staircase, This characteristic was maintained irrespective
of changes in microstructure and of the cracks occurring in the as
deposited or refined weld metal,

The vertical components of the chevron cracks presented typically
a quasi-cleavage mode of failure often with a pattern radiating
from the centre where an inclusion hole could be found in many
cases. The horizontal components presented generally dimples.
Some vertical compenents, or at least part of their surface, pres-—
ented clear evidence of having been exposed to high tempevatures;
detailed examination showed that these arcas resulted from re-
heating by subsequent runs. There was no evidence to support the
suggestion that the vertical components were gererally nucleoated
by 'hot microcracks'.

Close similarity was found amongst the features observed on the
fraciture surfaces of vertical components of chevron cracks, micro-
fissures and hydrogen induced or assisted cracks produced under
the experimental conditions reported herein. The fracture surface
of the fish-eyes found on weld metal tensile specimens was remin~
iscent of that of microfissures.

The staircase morphology was not exclusive of chevron cracks, it
was found on hydrogen induced cracks in weld mctals submitted to
the Y groove Tekken test., The two sets of components observed in
the cracks produced by this test resembied very closely the ver-
tical and horizontal components of the chevron cracks in similar
materials.

The dependence on the hydrogen level, as well as the metallo-
graphic and fractographic evidence, indicated that chevron cracks
resulted from a two stage cracking mechanism., The critical event
was the occurrence of the vertical components along an orientation
at 45° with the welding direction induced by hydrogen; this was
followed by linking of the vertical components by ductile fail-
ure between the crack tips producing a staircase morphology;

this cecond stage might also be assisted by hydrogen.
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TABLE 1 ~ Storage and Reconditioning Temperatures for Welding Con-
sumables (1) (after Graville (96)).

WELDING TYPE OF AVS STORAGE REBAKING
PROCESS (2) CONSUMABLE CLASSIFICATION TEMPERATURE TEMPERATURE
(°c) (°C)
SMAW cellulosic EXX 10 . 25 -~ 50 not
coated EXX 11 » recormmended
basic coated EXXX § 100 -~ 150 375 «~ 425
EXXX 6
EXXX 8
Sther manual  EXX 12, EXX 13, 25 - 50 125 - 150
mild steel EXX 14, EXX 20,
electrodes EXX 24, EXX 27
stainless steel All DC lime 100 - 150 250 - 275
All AC-DC tit- 200 ~ 225
ania
ﬁardsurfac— All 100 - 150 300 ~ 425

ing alloys

FCAW mild and low All 50 - 150 not

alloy steel recommended
SAW fluxes All 100 - 150 400 - 4590
SAW
CMAW wires All 25 - 50 -
ESW . '
ESW fluxes ALl 100 - 150  not usually

necessary

NOTES: (1) These temperatures are typical values; however suppliers
should be consulted for exact storage and rebaking conditions.

(2) standard American Welding Society letter designations.
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TABLE 9 - Welding Procedures for Tuliani Cracking
"~ Tests; Submerged Arc Welds.

WELDING CONDITIONS ' TULTANL TEST
- Welding process ‘Submerged arc welding
- Flux OP41TT
- Condition of the flﬁx Baked 16 hours at 150°C,
‘as received' and 'damp' (1)
- Wire SD3 and SD3/INi (1) (2)
- Wire diameter 3. 2mm
- Electrode extension 38mm

- Type of current and polarity DC + (electrode positive)

-~ Current 500 A
- Voltage 30V
= Welding speed : | 6.3mm/s (380 mm/min)
-~ Heat input 2.4 kJ/mm
~ Interpass temperature - 10 and + 20°C (1)
~ Cooling medium Water quenching (3)
- Welding preparation and
walding sequence See figures 12 and 13.
- Welding direction Reversed after each layer (2 runs)

NOTES : (1) See Table 13 for each particular test.
(2) Wire designations conforming to IIW recommendation.

(3) The exact procedure is specified in Chapter IV, Section
1Q1| ’
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TABLE 10 - Welding Procedures for Continuous Water Cool-~
ing Cracking Tests; Submerged Arc Welds.

WELDING CONDITIONS

CONTINUQUS WATER CCOLING TEST

Welding process
Flux

Condition of the flux

Wire

Wire diameter

Electrode extension

Type of current and polarity
Current

Voltage

Welding speed

Heat input

Interpass temperature
Cooling medium

Cooling water flow rate

Weld preparation and weld-
ing sequence

Welding direction

Submerged arc welding

OP41TT

Baked 1 hour at 450°C,
'as received' and 'damp' (1)

SD3, S4, SD3/1Ni, SD2/3Ni, SD3/Mo,
SD3/INi {Mo and SD2/1CrlINi }Mo
(1) (2)

3.2m (3)

38mm (4)

DC + (electrode positive)
500 A

30V

6.3mm/s (380 mm/min)

2.4 kJ/am

18 ~ 25°C (5)

Continuous water cooling
15 2/min (in each channel)
Sec figures 16 and 17

reversed after each layer (2 rumns)

(6)

NOTES : (1)

Sec Table 14 for each particular test.

(Z)IWire designations conforming to IIW recommendation.
(3) In the case of the wire SD2/1Crl1Ni }Mo the diamcter was

2, 5mm.

(4) In the case of the wire SD2/1CriNi iMo the electrode ex-
tension was 22 -~ 25mm.

(5) The interpass temperature was dependent on the cooling

water temperature.

(6) In the case of TP18 all runs were deposited in the same

direction.
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Welding Procedures for Continuous Water
Cooling Cracking Teste; Manual Maetal
Arc Welds.

WELDING CONDILIONS

CONTINUOUS WATER COOLING TEST

- Welding process
- Electrodes

= Condition of the electr~
odes

- Llectrode diamcter

- Type of current

- Current

- Voltage
= Welding speed

- Heat input

Manual metal arc welding

Basic, cellulosie and rutile (1)

Baked at 4CO°C, baked at 300%C, 'as re-
ceived' and 'damp' (1)(2)

Srm
6mm (3)

AC (4)

230 - 240 A (5)
280 A (3)

22 ~ 30 V (6)
2.3 mm/s (5) (7)
2.4 kKJ/mm (7)

- Interpass tenmeratﬁre 18 - 25% (8)
= Cooling medium Continuous water cooling
- Cooling water flow rate 15 %/min (in each channel)
-~ Weld preparation and See figures 16 and 18
welding sequence
= Welding direction Reversed afcer each layer (3 rums)

NOTES : (1) See tables 15, 16 and 17 for each particular test.
(2) Baking and moisturizing procedures are specified iu Chap~
ter 1Iv, 2. _ |
(3) In the case of the Electrodes E8018C1 from manufacturer B!

(4) Attempts to use DC+ during these tests were unsuccessful
due to severe arc blow.

(5) Current and welding speed could be slightly varied, accord-
ing to the voltage, in order to keep a constant heat input.

(6) The voltage was dependent on the electrode type.

(7) Tn the case of TP31 the welding speed was 3.5mm/s and the
heat iaput was reduced to 1.6 kJ/mm.

(8) The interpass temperature was dependent on the cooling
water temperature.
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TABLE 12 = Welding Procedures for Continuous

Water Cooling Cracking Tests; MIG Weld

WELDING CONDITIONS

CONTINUQUS WATER COOLING TEST

Welding process
Shielding gas
Gas flow rate

Condition of the gas

Wire
Wire diameter
Electrode extension

Type of current and pol-
arity

Current

Voltage

Welding speed

Heat input

Interpass temperature
Cooling medium

Cooling water flow rate

Weld preparation and
welding sequence

Welding direction

MIG welding
Argon
20 f&/min

Bubbled through a column ¢f water 200um
high (the water was about 20°C)

s$D3/Mo (1)
1.6mm
15 - 18mm

DC + (electrode positive)

300 A

o0V

3.8 mm/sec

2.4 kJ/mm

18 - 259C (2)

Continuous water cooling
15 &/min (in each channel)

See figures 16 and 17

Reversed after each layer (2 runs)

NOTES :

(1) Designation according to IIW recommendation

(2) The interpass temperature was dependent on the cooling
water temperature.
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TABLE 19 ~ Diffusible Hydrogen Levels for Weld
: Deposits with Manual Metal Are

Flectrodes
\
ELECTRODE TYPE ELECTRODE DIFFUSIBLE HYDROGENcl’
CONDITION (ce H2/100g weld netal)
Commercially available
E8018 Cl (from manufactu-
rer A) B400°C(2) 6.5
B300°C (2) 8.5
AR 3 12.5
D B 18.8
E8018 C1 (from manufactu~
rer B)
Batch 1 AR 17.4
Batch 2 AR 13.4
Special Ratches
Basic . .
Bl AR 12.2
B400°C 7.3
B3 AR 14.2
B4 AR 14.1
B400°C 6.4
Cellulosic
C1 AR 43.7
c2 AR 38.7
Cc3 AR 72.0
C4 AR 46.5
Cc5 AR 58.8
Rutile
R4 AR 36.9
R5 AR 42,2

(1) According to the BS639 method.

(2) B400°C and B300°C, electrodes baked for 1 hour at 400°C and 300°c,
respectively, before testing.

(3) AR - 'as received'.

(4) D - ‘demp' electrodes, i.e. - electrodes exposed to the workshop
§tmosphere, for 10 days, with high moisture content in the coat-
ing. ‘



- 130 ~

TABLE 20 ~ Moisture in the Submerged Arc Welding
Flux and Corxecsponding Weld Metal
Diffusible Hydrcgen Levels -

| CONDITION OF % 1,0 ) DIFFUSIBLE HYDROGEN (2)
FLUX IDENTITY (Batch) THE FLUX (at“1000°C) (cc H2/100g weld metal)
OP41TT (037038) B450°C (2) 0.020 2.5

AR (4) 0.033 3.7
D (5) 0.057 6.2
OP41TT (036014) D (5) 0.052 6.9

NOTES (1) Determined by the Gayley Wooding method.

(2) Determined according to a method similar to the one used
for the manual metal arc deposits.

(3) B450°C - flux baked for 1 hour at 450°C.

(4) AR - 'as received'.

(5) D - 'damp', i.e. flux exposed to the workshop atwosphere for
10 days, with increased moisture content.
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TABLE 21 ~ Mechanical Properties of dydrogen
Charged Tensile Specimeas Machined
with the Axis at 45° with the Weld-
ing Direction

SPECIMEN CHARGING(L)  y.s U.T.§.  E1Z

NO. TIME (hrs) (¥/mm“)  (N/mm®) (f0 = 3.5d) R.A.%  NOTES
1 24 - 560 - - 2)

2 0 - 550 620 28 67 (3)

3 48 560 620 24 63 (3) (4)
4 48 - 580 7 o1 (3)

5 24 - 590 - - (s)

NOTES (1) The current density was 80 mA/cm2

(2) Specimen type Hounsfield No. 14. The specimen failed in the
region of the shoulder thus no elongation (E17) or reducticn
of area (R.A.7) were considered.

(3) Specimen dimensions according to Figure 22a .

(4) There was an equipment fault during charging which probably
resulted in a much lower charge than expected.

(5) Notched specimen, dimensions according to Figure 22b ,

TABLE 22 - Mechanical Properties of Hydrogen
Charged Tensile Specimens Machined
with the Axis Parallel to the Weld-

ing Direction

SPECIMEN CHARGING (1) y.s U.T.§. EIZ

NO. TIME (hrs) (N/mm2)  (N/mm2) (%0 = 3.5d) R.A.Z  NOTES
6 0 560 650 27 69 (2)
7 4 580 620 23 37 2)
8 24 580 620 18 24 )
9 48 - 430 - =0 (2)

NOTE (1) The current density was 80 mA/ em?

(2) Specimen type Hounsfield No. 14.
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FIGURES



A B R

Figure 1 - Typical example of chevron cracking in a longitudinal

section of an industrial sample. 1x.

(a) (b)
Figure 2 - Details of a chevron crack.
(a) Longitudinal section observed in the light microscope. 200x.
(b) Fracture surface observed in the scanning electron micro=-

scope (from a direction perpendicular to the horizontal
components). 80x.
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Elecvodes BS 1719,
/‘ Class 1

Classes 2 and 3

*’T”//’—‘T\\\“~5? Class 6 as-received

Class 6 dried
100 - 150°C

Class 6 baked
"\ 400 - 500°C
‘ !
i

Agglomerated
submerged-arc flux

Fused

submerged-arc flux
AN

002 0:05 01 02 05 10 20 50 100
Moisture content, % by weight

Note : Heights of curves indicate relative frequency of test
results for each type of consumable,

Figure 4 - Typical potential hydrogen levels (moisture levels
in coatings and fluxes), (After Coe).

Very low Low Medium High
i _ Lﬂoevodn BS 1719,
|I Classes 2 and 3
Flux-cored CO,
process

——ﬂ""'—__—-\i"ﬁ“-===L====a_

Cloan wire d:.y fiux Submerged-arc
/‘/- . \ |process

La—BS 1719 love

Bskad 400 500°C ' As received or dried 100 - 160°C BS 1719, Class
6 electrodes
-
Clean wire Dirty wire (Gas shielded motal
J/ -arc Ar and CO,
L
5 10 15 20 25 30 35

Weld hydrogen, mi/100g of deposited metal.-

Note: BS 1719, Class 1 electrodes cannort be shown on this diagram as they normally give weld hydrogen levels of between
70 and 100m1/100a. (Heights of curves indicate relative frequency of test rasults for each type of consumable)

Figure 5 - Typical hydrogen levels in weld metals deposited with
different types of consumables. (After Coe).
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Figure 6 - Solubility of hydrogen in steel as a function of
temperature. (After Graville).
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Figure 7 - Variation of overall hydrogen diffusivity coefficient,
DH’ with temperature, for different steels. (After Coe).
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* Note : oy = longitudinal residual stresses (parallel to the welding
direction, y axis ),

o, ~ transverse residual stresses (perpendicular to the weld=-
ing direction, x axis).

Figure 8 - Distribution of residual stresses owing to shrinkage in a
butt weld. (After Macherauch).
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Ductility
(In ag/ay)
PTORNS
Stran rate
(infin/min.)
(a)
Ductility
(n ag/ag)
10,000
Strain rat,
@n fn fmin) 200
(b)

Figure 9 - Effect of hydrogen on the ductility of a SAE 1020 steel
as a function of temperature and strain rate.

(a) Uncharged specimens. (b) Hydrogen charged specimens.
(After Toh and Baldwin).

p—e ——Notch Tensile Strength
o Upper Critical Stress

/--lncubolion Time
/-Froclure Time

Lower Critical Stress
/Slotic Fatigue Limit)

o . e . e

Applied Stress —e

1000

Frocture Time, Hours

Figure 10 = Schematic representation of failure characteristics of
a hydrogenated high strength steel, (After Troiano).
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2,

3.
4.
5.
6.

Transverse crack in weld metal.

Transverse crack in heat affected
zone,

Toe crack,
Weld metal crack (longitudinal).
Root crack.,

Underbead crack.

Figure 11 -~ Common positions and orientations of hydrogen induced cold

cracks in butt and Fillet welds.

(After Graville),
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15°

<" W f
50

Note : All dimensions are in millimetres. The plates were 380mm long.

150

Figure 12 - Weld preparation for the Tuliani test.

Figure 13 - Cross section of the joint after completing the weld.
Tuliani test, 1x.
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r370/0
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™
o
1. Weld.
2
2., Oxi-cut and grind.
3. Repeat operations 1 and 2 for another pair of plates.
4, Weld,
t = 12mm

5. Oxi-cut and grind the cut surface and excess weld.

6. Braze nozzles on each side of the plate as shown in Figure 15.

Figure 14 - Preparation of a channel in a plate for the continuous water
cooling test.
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Figure 15 - Set of plates used for the continuous water cooling test.

41 I 170

O\ 2T

38

SR
QQ>

12

45

Note : All the dimensions are in millimetres. The plates were 450mm
long.

Figure 16 - Weld preparation used for the continuous water cooling test.



- 143 -

(a)

Note : The weld metal was subsequently sectioned through the planes

Hl and H2.

(b)

Figure 17 - (a) Welding sequence adopted for the series of submerged
arc welds.

(b) Cross section of the weld metal and backing bar. 1x.

Note : The weld metal was subsequently sectionmed through the planes

Hl and H2.

(b)

Figure 18 - (a) Welding sequence adopted for the series of manual metal
arc welds,

(b) Cross section of the weld metal and backing bar. 1x.
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Figure 19 - Test plates with acoustic emission transducers to detect
the occurrence of cracks in the deposited weld metal.

Figure 20 = Equipment used for the acoustic emission monitoring.
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Non~standard specimen
specified in Figure 22, Hounsfield No. 14 specimen.

\\<::::backing bar
weld metal
Figure 21 - Type and location of the tensile specimens in the section

of weld metal.

Friction weld

(>}
T 1
: ': S (@)
! 1
42 ‘ 42
126
«©
{ e T
1 !
S — ! | ()
1 A

Note : All dimensions are in millimetres.

Figure 22 ~ (a) Dimensions of the non-standard weld metal tensile specimen.

(b) Detail of the notch used in one specimen.
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(a)
! .
2 ' ' wi ' f
{ } f ‘ i
!
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5- (b)

Figure 23 - Sectioning of weld metal specimens to prepare fracture
surfaces to be examined in the scanning electron
microscope.

(a) Chevron crack.

(b) Vertical crack.
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(b)

Figure 24 = Chevron cracks in the industrial sample A,
(a) Cross section of the joint where the cracks were found. 1x.
(b) Longitudinal section showing cracks of typical size, 1x.

(¢) Longitudinal section showing the longest cracks found. 1x.



(a)

(b)

(c)

Figure 25 = Chevron cracks in the industrial sample B.

(a) Cross section of the joint where the cracks were found. 1x.
(b) Longitudinal section corresponding to the plane Hl. 1x.

(c¢) Longitudinal section corresponding to the plane HZ' 1x.



=149 =

(b)

Figure 26 - Chevron cracks in the industrial sample B

(a) Cross section of the joint where the cracks were found. 1x.

(b) Longitudinal-horizontal section (corresponding to the plane
H3). 1x.
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Figure 27 - Chevron cracks in a longitudinal horizontal section
(parallel to the plane of the plates). Submerged arc
weld with the wire-flux combination SD2/3Ni + OP41TT.
TP17. 1x.
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Figure 28 = Chevron cracks in submerged arc welds
(a) Deposited with the wire=flux combination S4 + OP41TT. TP9. 1x.

(b) Deposited with the wire=flux combination SD3/Mo + OP41TT.
TP21. 1x.
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Figure 29 - Chevron cracks in a submerged arc weld deposited with

the wire-flux combination SD2/3Ni + OP41TT. TP17. 1x.

(a) (b)
Figure 30 (a) Chevron cracks in a submerged arc weld deposited with

the wire flux combination SD2/3Ni + OP41TT.
input weld made by Crouch (7).

High heat

(b) Cross section of the weld metal and backing bar.
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Figure 31 - Vertical cracks in high strength submerged arc welds

(a) Deposited with the wire-flux combination SD3/1NijMo + OP41TT
(damp). TP24. 1x.

(b) Deposited with the wire-flux combination SD2/1Cr1NijMo +
OP41TT (as received). TP26. 1x.

(c) Deposited with the wire-flux combination SD2/1CrlNijMo +
OP41TT (damp). TP27. 1x.

(a)

(b)

(c)
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Figure 32 - Chevron cracks, fissures and porosity in manual
metal arc welds deposited with E8018Cl electrodes.

(a) Weld with electrodes from manufacturer A. TP32. 1x.
(b) Weld with electrodes from manufacturer B. (batch 1). TP35. 1x.
(c) Weld with electrodes from manufacturer B. (batch 2). TP38. 1x.
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(a)

T

(b)

R e St 2 4

L T

Figure 33 - Chevron cracks in manual metal arc welds
(a) Deposited with electrodes Bl. TP40. 1x.
(b) and (c) Deposited with electrodes B2. TP42. lx.



=159

(a)
(b)
Y ) ; : ) A K . l,
"‘ deat S s
3 ¥ . > |
e o 1 :
; T :
<
&
: alh 3RS Ry ‘
e T |
W S O T S
b _‘1’ - - - e :
(c)

Figure 34 - Chevron cracks in manual metal arc welds.
(a) Deposited with electrodes Cl. TP47. 1x.
(b) Deposited with electrodes C2. TP48. 1x.
(c) Deposited with electrodes C3. TP49., I1x.
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Figure 35 - Vertical cracks in a manual metal arc weld with elec-—

trodes C5. TP51. 1x.
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Figure 36 - Porosity in a manual metal arc weld with rutile elec-

trodes Rl. TP52. 1x.
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(a)

Figure 37 - Vertical cracks in manual metal arc welds with elec~-

trodes B5Ni.
(a) Weld with electrodes in the as received condition. TP62. 1x.

(b) Weld with electrodes baked at 400°C. TP63. 1x.
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Temperature (°C)

T 1 ' )

10 20 30 40 50 60 Time (sec.)

a. 90°C pre-heat, no water cooling.
b. No pre-heat, no water cooling.

¢ and d.  No pre-heat, cooling water flow rate 152/min.

Figure 38 - Weld metal cooling curves between 1400° and 300°C observed
during the continuous water cooling test, (Heat input
2.4 kJ/mm, except for d which was 1.6 kJ/mm),



Temperature °c)
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T L T M 1 :

Time (nino )

a' 90°C pre-heat, no water cooling.

b' No pre-heat, no water cooling.

c! Nd pre-heat, cooling water flow rate 152/min.
e' No pre-heat, cooling water flow rate 1%/min,

Figure 39 -~ Weld metal cooling curves below 350°C observed during
the continuous water cooling test., (Heat input 2.4 kJ/mm).
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(a) (b)
Figure 40 - Weld metal microstructure of the industrial sample A.

(a) 50x. (b) 500x (reduced 30% on reproduction).

(a) (b)
Figure 41 - Weld metal microstructure of the industrial sample B.

(a) 50x. (b) 500x (reduced 30% on reproduction).
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Figure 42 - Microstructure of a submerged arc weld deposited with the wire-flux
combination. Sp3 + OP41TT. TP6,

(a) 50x. (b) 500x (reduced 30% on reproduction).

Figure 43 - Micr9str?cture of a submerged arc weld deposited with the wire-flux
combination S4 + OP41TT. TP9,

(a) 50x. (b) 500x (reduced 30% on reproduction).

Figure 44 - Microstructure of a submerged arc weld deposited with the wire-flux
combination SD3/1Ni + OP41TT. TP11.
(a) 50x. (b) 500x (reduced 307 on reproduction).



=10l =

¥ (b)

Figure 45 - Microstructure of a submerged arc weld deposited with the wire-
flux combination SD2/3Ni + OP41TT. TP16.

(a) 50x. (b) 500x (reduced 30% on reproduction).

Figure 46 — Microstructure of a submerged
arc weld deposited with the
wire-flux combination SD2/
Wi + OP41TT. High heat input
weld by Crouch (7).

(a) Detail showing very large grains,
25%,

(b) 50x. (c) 500x (reduced 30% on
reproduction).
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Figure 47 - Microstructure of a submerged arc weld deposited with the wire-
flux combination SD3/iMo + OP41TT. TP20.

(a) 50x. (b) 500x (reduced 307 on reproduction).

Figure 48 - Microstructure of a submerged arc weld deposited with the wire-

flux combination SD3/INiiMo. TP24.
(a) 50x. (b) 500x (reduced 30% on reproduction).

(b)

Figure 49 - Microstructure of a submerged arc weld deposited with the wire-
flux combination SD2/1CrlNiiMo + OP41TT. TP26.
(a) 50x, (b) 500x (reduced 30% on reproduction).
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2 o)

Figure 50 - Microstructure of a manual metal arc weld deposited with E8018Cl
electrodes (from manufacturer A). TP30.

(a) 50x. (b) 500x (reduced 30% on reproduction)

(b)

Figure 51 - Microstructure of a manual metal arc weld deposited with
EB018Cl electrodes (from manufacturer B, batch 1). TP35.

(a) 50x. (b) 500x (reduced 30% on reproduction).

Figure 52 - Microstructure of a manual metal arc weld deposited with E8018Cl
electrodes (from manufacturer B, batch 2). TP37.
(a) 50x. (b) 500x (reduced 307% on reproduction).
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(b)
Figure 53 - Microstructure of a manual metal arc weld deposited with
electrodes Bl. TP4O.
(a) 50x. (b) 500x (reduced 30% on reproduction).
(b)

Figure 54 - Microstructure of a manual metal arc weld deposited with
electrodes B2, TP42.

(a) 50x. (b) 500x (reduced 307 on reproduction).

Figure 55 = Microstructure of a manual metal arc weld deposited with
electrodes B3, TP43. }
(a) 50x. (b) 500x (reduced 30% on reproduction).



(b)

Figure 56 - Microstructure of a manual metal arc weld deposited with
electrodes B4. TP44.

(a) 50x. (b) 500x (reduced 30% on reproduction).

(b)

Figure 57 - Microstructure of a manual metal arc weld deposited with
electrodes B5. TP46.

(a) 50x. (b) 500x (reduced 30% on reproduction).
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Figure 58 - Microstructure of a manual metal arc weld deposited with
electrodes BONi. TP57. ;
(a) 50x. (b) 500x (reduced 30% on reproduction).
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Figure 59 - Microstructure of a manual metal arc weld deposited with
electrodes B2Ni. TP58.

(a) 50x. (b) 500x (reduced 30% on reproduction).

Figure 60 - Microstructure of a manual metal arc weld deposited with
electrodes B3Ni. TP59.

(a) 50x. (b) 500x (reduced 30% on reproduction).

Figure 61 - Microstructure of a manual metal arc weld deposited with
electrodes B4Ni. TP60. 1
(a) 50x. (b) 500x (reduced 30% on reproduction).



Figure 62 - Microstructure of a manual metal arc weld deposited with
electrodes B5Ni. TP62.

(a) 50x. (b) 500x (reduced 30% on reproduction).

(b)

“ (a)

Figure 63 - Microstructure of a manual metal arc weld deposited with
electrodes Cl. TP47.

(a) 50x. (b) 500x (reduced 307 on reproduction.)

Figure 64 - Microstructure of a manual metal arc weld deposited with
electrodes C2. TP48. :
(a) 50x. (b) 500x (reduced 30% on reproduction.)
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Figure 65 - Microstructure of a manual metal arc weld deposited with
electrodes C3. TP49.

(a) 50x. (b) 500x (reduced 30% on reproduction).
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Figure 66 — Microstructure of a manual metal arc weld deposited with
electrodes C4. TP50.

(a) 50x. (b) 500x (reduced 30% on reproduction).

(a)

Figure 67 = Microstructure of a manual metal arc weld deposited with
electrodes C5. TP51. :
(a) 50x. (b) 500x (reduced 30% on reproduction).



Figure 68 - Microstructure of a manual metal arc weld deposited with
commercially available E6013 electrodes. TP39.

(a) 50x. (b) 500x (reduced 30% on reproduction).

Figure 69 - Microstructure of a manual metal arc weld deposited with
electrodes R1. TP52.

(a) 50x. (b) 500x (reduced 30% on reproduction).

(a)

Figure 70 - Microstructure of a manual metal arc weld deposited with
electrodes R2. TP53. -
(a) 50x. (b) 500x% (reduced 30% on reproduction).



(b)
Figure 71 = Microstructure of a manual metal arc weld deposited with elec-
trodes R3., TP54.
(a) 50x. (b) 500x (Reduced 30% on reproduction).
(b)

Figure 72 - Microstructure of a manual metal arc weld deposited with elec-
trodes R4, TP55.

(a) 50x. (b) 500x (Reduced 30% on reproduction).
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Figure 73 - Microstructure of a manual metal arc weld deposited

trodes R5. TP56. 4 g
(a) 50x. (b) 500x (Reduced 30% on reproduction)



Figure 74 - Chevron crack in the industrial sample A.
(a) 40x.
(b) Detail, 200x.

(a)
Figure 75 - Chevron crack associated with a pore. Industrial
Sample A.
(a) 20x.

(b) Detail, 200x.
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the industrial sample B.

in

Figure 76 = Chevron cracks

(a) and (b) 20x.
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(c) (d)

Figure 77 - Chevron crack in a submerged arc weld with the wire-
flux combination SD3/1Ni + OP41TT. TP12.

(a) 40x.
(b), (c) and (d) details from (a). 400x.
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ith the wire-
Figure 78 - Chevron crack in a submerged arc weld wi

i + 120x%.
flux combination SD2/3Ni + OP41TT. TP17
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Figure 79 - Chevron crack in a submerged arc weld with the wire-
flux combination SD3/Mo + OP41TT. TP21.

(a) 60x, (b) Detail, 400x.

(a)

Figure 80 - Chevron crack in a submerged arc‘welq with the w?r:Tflux
combination SD3/Mo + OP41TT showing incomplete linking
between vertical components.  TP2l.

(a) 60x. (b) Detail, 400x.
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(a) (b)

Figure 81 - Chevron crack in a submerged arc weld with the wire-flux
combination SD3/Mo + OP41TT. TP2l. (same crack as in

Figure 79). Saspanansa etch.

(a) 40x%. (b) Detail, 200x.

d with the wire—flux
(Same crack as in

Figure 82 - Chevron crack in a submerged arc wel
combination SD3/Mo + OP41TT. TP2l.
Figure 80). Saspanansa etch.

(a) 40x. (b) Detail, 200x.



Figure 83 - Detail of a chevron
crack in a manual metal
arc weld with electrodes
E8018Cl. TP29. 200x.

{
o
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(a) (b)

Figure 84 = Chevron crack in a manual metal arc weld with electrodes
E8018Cl as observed in the longitudinal horizontal plane

(parallel to the plane of the plates). TP29.
(a) 40x.
(b) Detail, 200x.
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(a) (b)
Figure 85 - Chevron crack in a manual metal arc weld with electrodes
Bl. TP4O.
(a) 40x.

(b) Detail, 200x.

(a) (b)
Figure 86 - Chevron crack in a manual metal arc weld with electrodes
Cl. TP47.
(a) 40x.

(b) Detail, 200x.
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(a) (b)

Figure 87 - Wide open chevron crack in a manual metal arc weld with
electrodes Cl. TP47,

(a) 40x.
(b) Detail, 200x.

(b)
Figure 88 - Chevron crack in a manual metal arc weld with electrodes
C4. TP50.
(a) 60x.

(b) Detail 400x.
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(a)
Figure 91 - Staggered, non-linked microcracks.

(a) Manual metal arc weld deposited with electrodes E8018Cl.
TP29. 60x.

(b) Submerged arc weld deposited with the wire-flux combination
SD3/Mo + OP41TT. TP21l. 200x.

(b)

Figure 92 - Staggered microcracks at an intermediate stage of linking.
Submerged arc weld deposited with the wire=flux cosbipation
SD3/Mo + OP41TT. TP21.

(a) 60x.

(b) Detail 200x,
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Figure 93 - Vertical crack with a morphology reminiscent of a chevron
crack. Submerged arc weld deposited with the wire-flux
combination SD3/1NijMo + OP41TT. TP24.

(a) 40x.
(b) Detail 200x.

(a) (c)

Figure 94 - Vertical cracks without typical cracking path. Submerged
arc weld deposited with the wire-flux combination
SD3/1NijMo + OP41TT. TP24.

(a) and (b) 80x.
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Figure 95 - Vertical cracks in a manual metal arc weld deposited
with electrodes B5Ni. TP62.

(a) 40x.
(b) and (c) Details, 200x.
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Figure 98 - Longitudinal crack with a staircase morphology
produced in a Y groove Tekken test. Weld metal
deposited with electrodes Cl. Cross section of

the joint. 5x.
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Figure 99 - Fracture surface of a chevron crack in the industrial
sample B.

(a) General aspect.
(b) Detail of wvertical and horizontal components,

(c) Detail of a horizontal component.
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(c)

Figure 100 = Vertical components of a chevron
sample B.

(a) General aspect.
(b) Detail from (a).
(c) Detail from (b).
(d) Detail from (c).

(d)

crack in the industrial
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(c) (d)

Figure 101 - Vertical components of a chevron crack observed in the
industrial sample A.

(a) General aspect.

(b) Detail from (a).

(¢) Another detail from (a).
(d) Detail from (c).



(a)

(b)

Figure 102 - Vertical component of a chevron crack which was
exposed to high temperatures. Industrial sample E.

(a) General aspect.
(b) Detail from (a).
(c) Detail from (b).



Figure 103 - Fracture surface of a chevron crack in a submerged arc
weld. TP17.

(a) General aspect.

(b) Detail from a horizontal component showing mainly dimples.

(¢) Detail of a horizontal component showing dimples and
quasi-cleavage.



Figure 104 - Vertical components of a chevron crack in a submerged
arc weld. TP17.

(a) General aspect.
(b) Detail from (a).
(c) Detail from (b).



(c)
Figure 105 - Vertical component of
a chevron crack in a
submerged arc weld.TP21.

(a) General aspect,
(b) Detail from (a).

(c) Another detail from (a).

Figure 106 = Vertical component.of a
chevron crack showing inter
and transgranular failure.
Submerged arc weld. TP21.

(a) General aspect.
(b) Detail from (a).
(¢) Detail from (b).
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Figure 107 - Vertical components of a chevron crack in a manual metal
arc weld. TP42,

(a) General aspect. (b) Detail from (a). (c) Detail from (b).
(d) Detail of a component nucleated at an inclusion.
(e) Detail of a component showing inter and transgranular failure.

(f) Detail of the centre of a component without clear origin.



(c) (£)

Figure 108 - Vertical components of a chevron crack in a manual metal arc weld.
IP47,

(a) General aspect.

(b) Detail from a component.

(c) Detail from (b).

(d) Detail of striations in the centre of a component.
(e) Detail of a component exposed to high temperatures.
(f) Detail from (e).



(b) (@)

Figure 109 - Vertical component of a chevron crack in a submerged arc weld
showing signs of high temperature exposure. TPY7.

(a) General aspect. (b) Detail from (a). (c) Detail from (b).

(d) Detail of quasi-cleavage in the outer regions of the component.

(a) (b)

Figure 110 - Propagation of a chevron crack which was brokenopen after pre-
cooling in liquid nitrogen.

(a) General view. (b) Detail from (a).



(c) (d)
Figure 111 - Fracture surface of a vertical crack in a submerged arc weld.
TP24,
(a) General aspect. (b) Detail from (a). (c) Detail from (b).

(d) Detail of transgranular failure ly quasi-cleavage.

(a) (b)

Figure 112 - Detail of areas of ductile failure linking brittle fracture regions.
in a vertical crack. Submerged arc weld. TP24. (Crack also shown
in Figure 93).

(a) General aspect.

(b) Detail from (a) showing the aspect of the dimples.
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(c)

Figure 113 - Vertical crack in a submerged arc weld associated with
phosphoroussegregation. TP27.

(a) General aspect of the crack.

(b) Detail of segregation.

(c) Detail of segregation and chemical analysis.
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Figure 114 - Vertical crack in a manual metal arc weld deposited with
electrodes B5Ni. TP62.

(a) General aspect. (b) Detail from (a). (c) Detail from (b).
(d) Detail of inter and transgranular failure.

(e) and (f) Detail of less common features.



Figure 115 -

(a) General aspect.
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Fissure in a submerged Figure 116 - Fissures in a manual metal
arc weld deposited with arc weld deposited with
the wire-flux combination electrodes E6013,TP39,

SD2/3Ni + OP41TT.
High heat input weld by
Crouch (7).

(a) General aspect.
(b) Detail of fissure.
(c) Detail from (b).

(b) Detail from (a)
(c) Detail from (b)
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(e)

Figure 117 - Fracture surface of a longitudinal crack produced by the
Y Groove test. Weld deposited with electrodes E8018C1.

(a) Detail of the staircase morphology (observed from an angle perp-
endicular to the ductile failure components).
(b) Detail similar to the vertical components of chevron cracks
(observed from a direction parallel to the ductile failure components).,
(¢) Detail from (b). (d)Detail from (c).
(e) Detail from (b).
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Figure 118 - Fracture surface of a longitudinal crack produced by the Y Groove
test. Weld deposited with electrodes C2.

. cracks.
(a) Detail similar to the vertical components of the chevron

(b) Detail from (a). (c) Detail from (b).
(d) Detail of another component. (e) Detail from (d).

(f) Detail from (e).
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e specimen.

Figure 119 - Fracture surface of a hydrogen charged tensil
(Specimen 4 , Table 21 ).

(a) General aspect. (b) Detail from (a). (c) Detail from (b).

(d) Detail of the fracture surface in the columnar region.

(e) Detail from (d). (£) Detail from (d).
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Figure 120 - Fish-eye in a hydrogen charged
tensile specimen.
(Specimen 3 , Table 21 )
(a) General aspect

(b) Detail from (a)
(¢) Detail from (b)

Figure 121 - Hydrogen charged tensile
specimens after being tested. (Specimens
referred to in Table 22 ¥o' ' 1%a

(6) Non charged specimen.

(7) Specimen charged for 4 hrs.
(8) Specimen charged for 24 hrs.
(9) Specimen charged for 48 hrs.



charged tensile
logy of chevron

Fi - g
1gure 122 Details from the fracture surface of hydrogen
specimens reminiscent of the staircase morpho

cracks.
(a) Specimen 7 (Table 22). (b) Detail from (a).
(c) Specimen 9 (Table 22). (d) Detail from (c).

(e) Detail from (d).
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Figure 123 - Chevron crack in a submerged arc wel
purpose. TP21.

1 from (a) showing the effect’of

(d) Detail from (c) showing

(f) Detail from (d).

(a) Horizontal components. (b) Detai
reheating. (c) Vertical components.
the effect of reheating. (e) Detail from (d).
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(b)

Figure 124 - Thermal facets on the fracture surface of a chevron cFack
reheated on purpose (same crack as in Figure 123). Slggl?
stage carbon extraction replica examined in the transmission
electron microscope. TP21.

(a) General aspect, 5000x. (b) Detail, 18000x.

(a) (b)

Figure 125 - (a) and (b) Thermal facets on the fracture surface of a chevron
crack (same crack as in Figure 108). TP47. 15000x%.



(e)

evron cracks. Single

Figure 126 - Details from the fracture surfaces of ch
d in the transmission

stage carbon extraction replicas examine
electron microscope.

(a) and (b) TP20, 7500x.  (c) TP2l, 5000x.  (d) TP47, 5000x.

(e) Dimples corresponding to the horizontal components. TP47. 7500%.
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Density
of cracks
or pores Microcracks

ores

Chevron
cracks

Weld metal
hydrogen level

Figure 127 - Variation in the type and incidence of cracking with
the hydrogen-level in medium strength weld metals
deposited with basic electrodes.
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APPENDIX II

TIME REQUIRED FOR HYDROGEN DIFFUSION FROM THE CENTRE
OF THE JOINT IN THE CONTINUQOUS WATER COOLING TEST

To avoid chevron cracking as well as other forms of weld metal
hydrogen cracking one has : : ‘

a) to prevent the introduction of hydrogen into the joint; or

b) to allow hydrogen to diffuse before it becomes harmful.

Assuming that the hydrogen level in the joint is dangerously high a
Practical means of reducing it is by post heating, as the diffusivity
of hydrogen increases rapidly with the temperature (see Figure 7).

For any calculation one has to know the initial hydrogen level,
fhe level ccrresponding to the safe limit and the diffusion coeffic~
ient for the material under consideration. However, introducing a
f?w assumptions and considering typical values for hydrogen level and
diffusion coefficient (89) it is possible to evaluate the orders of
magritude of the times required for heat treatments at different
terperatures. It was assumed that :

(i) the diffusion model which is applicable is the one corres-
ponding to a butt weld in 50mm thick plates with infinite

dimensiors;

(ii) the initial hydrogen level was 10ml of hydrogen/100g of weld
metal;

(iii) the safe limit for the hydrogen level was 5ml of hydrogen/
100g of weld metal;

(iv) the diffusion coefficients adopted were the ones referred to
by Coe (89), which are indicated in Figure 7;

(v) the joint would be post heated at 150°, 200°, 400° and 650°C.

The assumption of a 50mm thick plate is based on the fact that hydrogen
escapes through the surface of the weld and througk the backing bar, in
this case the distance that hydrogen has to diffuse is increased by an
amount corresponding to the backing bar thickness (see Figures 16 to 18).

Once the diffusior coefficient and the diffusion model are known
for a certain material and joint geometry, curves can be plotted relat-
ing the percentage of original hydrogen remaining at the centre of the

. Joint after heat treating at a certain temperature. An exsmple of
8uch curves is presented below, after Coe (89).
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Figure II.1 Schematic illustration of the use of hydrogen removal
curves. At time t_ the percentage of original hydrogen
remaining at the centre of the material will be H, (after

Coe).

Using the curves already plotted by Coe (89), Figure 5.19, the
approximate times to remove 507 of original hydrogen, (i.e. to reduce the
level from 10 to 5ml of hydrogen/100z of weld metal) after heat treat-
ment at 150°, 2000, 400° and 650°C will be, respectively, 60, 30, 6 and

3 hours.



