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ABSTRACT

Welding of high strength steels has a great risk for forming cold cracking
particularly, in case of thick products and preheating is of great importance
for avoiding this type of cracking. This research work focused on effect of
welding process type, joint thickness, and joint size on preheating level
required to avoid cold cracking of high strength steel St. 52. Both manual
metal arc (MMA) and semi-automatic metal active gas(MAG) welding pro-
cesseswere used. It isfound that for small size (laboratory scale) joint, cold
cracking has been avoided for joint thickness up to 30mm regardless of type
of welding process. For thicker and/or larger joint, preheating of about 150°C
is necessary for avoiding cold cracking. In both cases, the recommended
low hydrogen type wel ding electrode has been used. Cold cracking suscep-
tibility of high strength steel is primarily related to the microstructure of the
HAZ which, in turn, isrelated to the preheating temperature. A lower pre-
heating level, which resulted in harder microstructure, led to increased sus-
ceptibility. Suitable preheating temperature required to prevent cold crack-
ing increased with the increase in joint thickness and/or size. Avoiding or
minimizing preheating level isof considerableimportancesinceit will result
in reducing welding costs. © 2012 Trade Sciencelnc. - INDIA
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INTRODUCTION

Structurd stedsarewiddy usedindifferent critical
goplicationssuch asbuilding, bridges, pressurevessds,
and machinery equipment for both military and civil ap-
plications. Themainrisk inwelding structural steelsis
theoccurrence of cold crackingintheHAZ zone. This
isrelated mainly to high strength level and high carbon
equivalent. Cold cracking of high strength steelsisone
of themost serious problemsthat are encountered dur-
ingwelding performance. The cold cracking behaviour

of their weld jointsisdetermined by numerousinfluenc-
ing factorsthat, to some extent, interact with onean-
other. There are any reports® which deal with cold
crackinginreationto aloying dements, microstructure,
weld heat input, diffusible hydrogen content and restraint
stress. Howevey, it hasso far not been possibleto de-
terminethe effect of all influencing factorsto thede-
sired extent. Therefore, thereisstill no generdly ac-
cepted concept concerning the material-oriented de-
termination of minimum preheeting temperatureto pre-
vent cold cracking that takesinto account in detail the
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exigting production conditions.

A self-restraint test!™ simulatescold crackingin
weld more accurately than does an external restraint
testl’>12, Thesdf-restraint test provides, ingenerd, the
critical preheating temperatureat which crackingispre-
vented. Cold cracking occurring in asingle-pass butt
weld hasbeen widdy examined usngY-grooverestraint
test!®3 14, Cold cracking occurringin asingle-passfillet
wel d has been researched using controlled thermal se-
verity test which simulatesthe conditionsinasingle-
passfillet welding!*> ¢, However, cold cracking oc-
curringinamulti-passbutt weld inlarges zeactua ap-
plications has not been extensively researched.

Therefore, inthisstudy, multi-pass butt wel dswere
carried out on both small-sizelaboratory and large-size
actua gpplicationsto determinethe suitableminimum
preheating temperature for cold-crack-free weld of
stedl 52. Theeffect of welding process, joint thickness
and sizewasstudied.

EXPERIMENTAL PROCEDURE

Themateria used inthisinvestigation was 10-30
mm thick platesof DIN St. 52 steel whichisused as
structurd steel inmany applicationsincluding bridges
and shipbuilding. Thechemical composition and me-
chanica propertiesof thissted isshownin TABLE 1.

Welded jointswere produced using both manual
metd arc (MMA) and semi-automatic meta activegas
(MAG) wddingprocesses. Dimensionsof buttjoint used
for MMA and MAG welding areshowninFigure 1.
MMA weldingwas carried out using alow-hydrogen
typeédectrode (E7018) withtwo different sizes, i.e. 4
and 3.2mmindiameter. MAG weldingwas carried out
using ER70Sfiller wirewith 1.0 mm diameter. Shield-
ing gasfor MAG welding was argon-25%CQO,,. The
actua welding parametersused aregivenin TABLE 2.
Threedifferent levelsof preheats; 25, 75 and 150°C,
were utilized for thetest. Thetest wasrepeated three
timesfor each prehesting temperature.

Welded jointswereevaluated using different non-
destructive and destructivetests. Non-destructivetests
included both visua and radiographic investigations
whiledestructivetestsincluded tensile, bending, and
impact tests, hardness measurements and metallo-
graphicinvestigation.
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Each test piecewastransversaly cut into three sec-
tions after 72 h had passed since completion of the
welding. Susceptibility to cracking isdetermined through
both visud examinationwith amagnifyingglassand mi-
Ccroscopic examinationsusing aprofileprojector. The
prehesat level a whichthethreetestsremain crack free
Isdesignated as preheat required to prevent cracking.

Both microscopicinvestigationsand microhardness
measurementsweremadein basemetd, HAZ andweld
metal. Fiveindentationscloseto thefusionboundary in
theHAZ and threein both weld metal and base metal
were made using 200 g load. The maximum value of
thefiveindentationsof HAZ wastaken asthe maxi-
mum HAZ hardness. The maximum hardnessva ues of
the five sections were thus averaged to give agood
estimate of themaximum hardnessof HAZ.

TABLE 1: Chemical composition and mechanical properties
of theused steel.

Chemical composition (mass %)

C S S P Mn
0.11 0.50 0.02 0.03 1.30
M echanical properties
Yield Tensile . Impact
strength,  strength, EIongatlon, :?fgﬁ value, J at
MPa MPa ° Y ke
375 593 25 207 39
TABLE 2: Welding conditionsused.
MMA welding
Electrode type Welding varlabloﬁ. heat
/diameter  cyrrent &€ Wwelding input
(mm) A voltage speed_ kJ/mm
\Y mm/min
E7018/4.0 137 28 130 1.770
E7018/3.2 111 26 130 1.332
MAG welding
welding variables heat input
kJ/mm
Electrodetype -
: arc welding
/diameter (mm) current
A voltage speed
\Y mm/min
ER70S/1.0 280 29 250 1.949

RESULTSAND DISCUSSION

Effect of joint thickness

Cold crackingisafunction of microstructure, dif-
fusible hydrogen content of weld metal and tensile
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strength level of base metal. In order to clarify the ef-
fect of microstructureasafunction of prehesting tem-
perature, both diffusiblehydrogen contentsof weld metd
andtenslestrength level of base metd werekept con-
stant. Cross sections of 10 and 30mm thick joints
welded using MAG welding processwith 25°C pre-
hesting areshow in Figures 2 and 3 respectively. It can
be noticed that crack wasinitiated and propagated at
root of both 10 and 30mm thick joints produced wit
suchlow prehesting level. It should bereported that no
crack wasfound injoints produced using either MAG
or MMA welding processafter prehestingit a or higher
than 75°C as shown in Figures 4 and 5. Every time a
crack propagates, an incubation period of hydrogen
accumul ation from the surrounding areais necessary.
Toecrackingwasnot observedinthisinvestigation. This
has been confirmed by optical microscopic observa
tion of all welded joint cross-sections, whereonly root
cracking was observed. Theroot crack wasinitiated
and propagated inthecoarsegrainregionof HAZ. The
grain coarsened HAZ isthe region with the greatest
susceptibility to cold cracking sinceit experiencesthe
fastest cooling rate and also possesses a high
hardenability. Thecrack wasterminated at weld metal,
where cold cracking eventually stopsasit passesthe
steof critica hydrogen concentration.

For MMA welding, root cracking was more se-
verein weldson using a 3.2 mm diameter electrode

MAG

Figurel: Dimensionsof butt jointsused for MM A and MAG
welding.

Figure 2 : Macrograph of 10mm thick joint welded using
M AG welding processand 25°C preheating.

Figure 3: Macrograph of 30mm thick joint welded using
M AG welding processand 25°C preheating.

Figure 4 : Macrograph of 20mm thick joint welded using
M AG welding processand 75°C preheating.

Figure5: Macrograph of 20mm thick joint welded using
M AG welding processand 75 °C preheating
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compared withweldsmade using4 mm diameter elec-
trode. Thiscould be attributed to the higher cooling
rateonusinga3.2 mmdiameter e ectrode, duetolower
heat input (1.332 kJ/mm) in comparisonwith 1.770 kJ
mm inthe case of the4 mm diameter electrode.

Generally, degree of distortionislargely affected
by theangleof thegroovewhereincreasing grooveangle
from 60 to 90 hasresulted in unacceptabl e degree of
distortion particularly with thicknessequal to or larger
than 20mm. DoubleV joint resultedinlessdistortion
thansingleV joint that hel ped in obtaining sound welded
joint freefrom cold cracking for bothMMA and MAG
welding processes.

Effect of preheatingtemperature

In order to explain the preheating temperaturein
dependence of cold crack, both micro-hardness mea-
surementsand microstructurd investigationswere car-
ried out for basemeta, HAZ, and weld metal. The mi-
cro-hardnessprofilesacrossweld metd, HAZ and base
metal of both as-welded and 75°C preheated MMA
and MAG weldedjointsareshown in Figure 6. Hard-
nesswasmeasured a three positions (face, mid, & root)
on cross section of welded joints. No significant dis-
crepancy between the three test positions could be
found. For preheating levelsup to 25°C, the hardness
value of HAZ was much higher than that of both base
andweld metas. Thislargedifferencein hardnessval-
ues of HAZ, base metal and weld metal decreased
sharply with increasing preheating temperatures to
75°C. The HAZ maximum hardness decreased from
419 HV at 25°C preheating temperature (as-welded)
to 250 HV at 75°C preheating temperature.

The obtained hardness profile correspondsto the
changeinthemicrostructure. In other words, thein-
creasein hardnessin heat affected zoneisattributed to
itsmicrogtructura change. Martengtictransformed mi-
crostructuresin HAZ hasthe highest degree of hard-
ness. Generaly, the HAZ hardnessisregarded as a
roughindex describing the susceptibility to cold crack-
ing. Thevaueof 350 HV isoften-specified asthe maxi-
mum alowableHAZ hardnessfor avoiding cold crack-
ing*. However, thismaximumHAZ hardnessdepends
on bothtypeof cold crackingtest and stedl grade. HAZ
cracking may initiateat ahardness of lessthan 300 HV
intheY-grooverestraint test and may not occur even at

= Fyl] Peper

500 HV in bead-on-plate underbead testing if alow-
hydrogen electrodeisused. Line pipe steelsand pres-
surevessel sted sfor sour gas service, whereASTM A
516-70 steel is used, are required to satisfy a HAZ
hardness of about 250 HV, primarily to avoid hydro-
geninduced stresscorrosion crackingin service®, In
thisstudy, themaximum alowable HAZ hardnesswas
obtained at preheating temperature of 75°C.

Two bend and two tensiletest specimenswere ma-
chined for checking bending and tensile properties.
Resultsof bend test showed high degree of soundness
and ductility of welded joints since no indication of
welding defects was observed after U-bends were
made, for both MMA and MAG welded joints pro-
duced with 75°C prehesating. Theresultsof thetrans-
vearsetendletest for welded jointsproduced usngMMA
and MAG welding processesand 75°C prehegting are
summarizedin TABLE 3and Figure7 and 8. It can be
seen that acceptabl etensile strength was obtained for
welded joints produced using both MMA and MAG
welding processesand 75°C prehesting, compared with

TABLE 3: Reaultsof tensiletest of as-welded joints.

Process/ @/  Tensilestrength, Fracturefeature/
t MPa location
MMA-4.0/10 690.5 Ductile/ base metal
MMA-3.2/10 605.5 Ductile/ base metal
MMA-4.0/20 591.7 Ductile/ base metal
MMA-3.2/20 606.6 Ductile/ base metal
MMA-4.0/30 599.7 Ductile/ base metal
MMA-3.2/30 607.3 Ductile/ base metal
MAG-1.0/ 10 575.3 Ductile/ base metal
MAG-1.0/20 590.7 Ductile/ base metal
MAG-1.0/ 30 597.4 Ductile/ base metal

Process/ @ / t : welding process / electrode diameter / joint
thickness

TABLE 4: Reaultsof Char py impact test of aswelded joints.

Process/ @/t Absor bed energy, J at -25°C
MMA-4.0/10 20
MMA-3.2/10 19
MMA-4.0/20 20
MMA-3.2/20 18
MMA-4.0/30 18
MMA-3.2/30 17
MAG-1.0/10 22
MAG-1.0/20 21
MAG-1.0/30 19

Process/ @ / t : welding process / electrode diameter / joint
thickness
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Figure6: Micro-hardnessprofilesacr ossweld metal, HAZ
and basemetal of both as-welded and 75°C preheated MM A
(4mm electrodediameter) and MAG welded joints.
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Figure7: Resultsof tensiletest for joints produced using
MM A welding process(4mm electr odediameter) with 75°C
and without prehesating.
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Figure 8: Resultsof tensiletest for joints produced using
M AG welding process, with 75°C and without preheating.
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Figure9: Resultsof Charpy V-notch impact test, at room
temperature, for jointsproduced usngMMA welding pro-
cess (4mm electr ode diameter), with 75°C and without pre-
heating.
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Figure10: Resultsof Charpy V-notch impact test, at room
temperature, for jointsproduced usng M AG welding pro-
cess, with 75°C and without pr eheating.
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Figure13: Optical microstructureof finegrain HAZ of 75°C
preheated joint produced using M AG welding process.

<l 3 i 1 - E ‘ﬁE E-
Figure 14 : Optical microstructure of coarsegrain HAZ of
75°CV preheated joint produced usngM AG welding process.

that of base metal. However, therewasaconsiderable
decreasein the elongation of welded joints. Thelow
ductility of welded jointsis caused by phasetransfor-
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Frigure15: Optical microstructuresof weld métai
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Figure16 : Optical microstructureof coarseHAZ of 25‘5C
preheated joint produced usngM AG welding process

mationin HAZ that caused strength overmatch.
Thefailuresof tensletested jointsoccurred in base
metd outs deof thefuson zone. Thepredominantly mar-
tensite produced in the HAZ exhibit hardness and
strength levelshigher than those of the unaffected base
metal. Resultsof Charpy V-notchimpact test, at room
temperaure, for joints producedusngMMA andMAG
wel ding processeswith 75°C and without preheating
areshownin Figures9and 10. It isclean that impact
absorbed energy of preheated jointsismuch higher than
that of non-preheated oneswhere values closeto that
of base metal were obtained. Visua and macroscopic
examination of fracturesurface of impact tessed MMA
and MAGjointsshowed ductilefracturesurface of the
preheated weldjoints (Figure 11).
IncomparisonwithMMA welding, MAGwelding
resultsinrelaively narrow weld bead widthin addition
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to better mechanical properties. Thisisattributed to
relatively lower cooling rate asaresult of higher heat
input. MAG welding processhas a so the advantage of
higher welding speed that mean higher productivity than
MMA welding process.

Regarding microstructura investigetions, Figure 12
shows optical microstructure of the used base metal.
Thismicrogructurecons gsof ferrite-pearlitebandswith
pearlitelamellar morphology. Optica microstructures
of fineand coarsegran HAZ areshownin Figures 13
and 14 whilethat of weld meta of joint produced using
MAG weldingand 75 °C preheating are shown in Fig-
ure 15. It isworthy to note that cracking was not ob-
tained at thispreheeting leve whereHAZ had abainitic
structure. Inother words, themicrostructureof HAZ is
freefrom martensite phase. Themicrostructureof weld
metd showed isolated regionsof polygond ferrite (PF)
inamatrix of acicular ferrite.

From theforegoing, it can be deduced that occur-
renceof cold crackingin HAZ rather thanweld metd is
attributed to higher hardnessva ues, dueto forming of
harder martensitic microstructureas shownin Figure
16. Themost important factor whichinfluence HAZ
microstructure or hardnessand thusthe susceptibility
to cold crackingisthe prehest leve . Prehesting reduces
the maximum cooling rate, which occursin the heat-
affected zoneduring welding. Thiscouldresult in softer
structuresbeing produced intheHAZ. Theother effect
of preheat isto maintain temperaturesin the heat af-
fected zoneaboveacritical temperaturelong enough
to permit hydrogento diffuse out of that zone during
cooling. Consequently, both HAZ softer structureand
lower hydrogen contentinHAZ will helpinthepreven-
tion of cold cracking.

Ingenerd, preheating temperature depends on car-
bon equivaent, joint thicknessand diffusiblehhydrogen
content of weld metal. The higher carbon equivalent
and/or thethicker joint thickness, isthehigher prehest-
ing temperature. In order to reducethe minimum pre-
heating temperature required to prevent cold cracking,
the low hydrogen el ectrodes must be properly stored
and kept dry away from ahumid atmosphere.

CONCLUSIONS

Inview of theresultsachievedinthisstudy thefol -
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lowing conclusonscan bedrawn:

- Cold cracking of high strength steel St. 52 was
sited at HAZ only dueto higher hardnessthan that of
weld meta particularly, for 20 and 30mm thick joints.

- Thesusceptihbility of thistypeof sted to cold crack-
ing decreased with increasing prehesating temperatures
wherehigher preheating temperatures produced softer
microstructures, which helped in depression of cold
cracking;

- Minimum preheating temperature of 75°C was
suitableto prevent cold crackingin the caseof MMA
and MAG welding. Thispreheating level resultedin
hardnessva ueslessthanthemaximumalowableHAZ
hardnessto avoid cold cracking. However, higher pre-
hesting level isnecessary for larger joint Size.

- Degreeof digtortionislargely affected by theangle
of the groove, increasing groove anglefrom 60 to 90
has resulted in unacceptabl e degree of distortion par-
ticularly with thicknessequa to or larger than 20mm.

- DoubleV joint resultedinlessdigtortionthansingle
V joint that hel pedin obtai ning sound welded joint free
from cold cracking for the used high strength steel (St
52).

- Incomparisonwith MMA welding, MAG weld-
ing hastheadvantage of highwelding speed andrela
tively narrow weld bead width in addition to better me-
chanicd properties. Thisisattributed torelatively lower
cooling rate asaresult of higher heat input.
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