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The present study was carried out to assess the weldability properties of ASTM A537 Cl. 1 pressure-vessel
quality steel using the shielded metal arc welding (SMAW) process. Implant and elastic restraint cracking
(ERC) tests were conducted under different welding conditions to determine the cold cracking suscepti-
bility of the steel. The static fatigue limit values determined for the implant test indicate adequate resis-
tance to cold cracking even with unbaked electrodes. The ERC test, however, established the necessity to
rebake the electrodes before use. Lamellar tearing tests carried out using full-thickness plates under
three welding conditions showed no incidence of lamellar tearing upon visual examination, ultrasonic in-
spection, and four-section macroexamination. Lamellar tearing tests were repeated using machined
plates, such that the central segregated band located at the midthickness of the plate corresponded to the
heat-affected zone (HAZ) of the weld. Only in one (no rebake, heat input: 14.2 kJ chweld restraint
load: 42 kg mm‘z) of the eight samples tested was lamellar tearing observed. This was probably accentu-
ated due to the combined effects of the presence of localized pockets of a hard phase (bainite) and a high
hydrogen level (unbaked electrodes) in the weld joint. Optimal welding conditions were formulated based
on the above tests. The weIdJ'oint was subjected to extensive tests and found to exhibit excellent strength
(tensile strength: 56.8 kg mm<, or 557 MPa), and low temperature impact toughness (7.4 and 4.5 kg-m at
—20 °C for weld metal, WM, and HAZ) properties. Crack tip opening displacement tests carried out for
the WM and HAZ resulted in §,, values 0.36 and 0.27 mm, respectively, which indicates adequate resis-
tance to brittle fracture.

Keywords cold cracking, crack tip opening displacement, imphct ~ carbon equivalent (CE), hydrogen content, weld cooling rate,
toughness, lamellar tearing, restraint intensity, and lamellar tearing susceptibility. The above factors, singly or
sheilded metal arc welding in combination, can lead to the premature failure of the weld joint.

The resistance of a steel to two basic types of weld cracking

1. Introduction (cold and hot), forms the basis of steel weldability assessment

(Ref 3-6). Cold cracking, also commonly referred to as hydro-
| gen-induced cracking (HIC) or delayed cracking, is related to
* the contamination of the weld microstructure with hydrogen. In
ddition to the hydrogen content and the CE, the micro-
tructures of the weld metal (WM) and the heat affected zone
(HAZ) strongly influence the cold cracking susceptibility. A
martensitic microstructure has the highest susceptibility to
HIC, followed by bainite and acicular ferrite. A ferrite-pearlite
tructure is the least susceptible to hydrogen embrittlement.

In the present work, an attempt was made to assess the resis-
tance of ASTM A 537 CI. 1 steel to cold cracking using the
shielded metal arc welding (SMAW) process. Additionally, the

Pressure vessel quality steel conformingto ASTM A537 C
1 specification is extensively used for the manufacture of con-
tainers, tankers, and spheres for the storage of oil and natura
gas. The steel provides adequate strength levels of yield
strength (YS) 35 kg mm3, tensile strength (TS) 50 to 63 kg
mnT3d), good low temperature impact toughness with Charpy
impact energy (CIE) 20 J min at —20 °C), and a guarantee
against ultrasonic defects. The steel was successfully produceé
at the Bhilai Steel Plant through the basic oxygen furnace
(BOF), vacuum arc degassing (VAD), concast route and rolled

into plates in thicknesses ranging from 8 to 36 mm. The alloy

chemistry designed and the processing parameters adopte!uame”ar tearing resistance of the steel under different welding

have been described elsewhere (Ref 1, 2). More than 20,006:onqmons was eva_luated. Bgsed on the above work, a judicious
choice of appropriate welding parameters and consumables

tons of this steel have been successfully produced and used for L
: was made to ensure a safe and sound weld joint.

various end uses.
Welding forms an important processing step during the con-

version of these input steel plates to the end product. The life .

and performance of the end product depends largely on the?- Experimental

soundness and integrity of the weld joint. In turn, the integrity

of the weld joint is strongly influenced by the microstructure, 2 1 Steelmaking and Rolling

R. Datta, D. Mukerjee, andS. Mishra, Steel Authority of India Ltd., Steel was made in a 130 TBOF and then transferred to an ar-

Research and Development Centre for Iron & Steel, Ranchi 834002,90N rinsing station where it was treated for 3 to 7 min at an ar-
Bihar, India. gon flow rate of 35 to 45 #h to ensure homogenization, the
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floating out of inclusions, and uniformity of metal temperature 2.4 Weldability
in the ladle. The steel was next treated in a 110 T VAD unit. In

addition to improving cleanliness, the VAD helped achieve ef- The cold cracking susceptibility ofthe weld joint was deter-

fective desulfurization and fine tuning of composition. A sulfur mined by the implant test. Standard procedure for conducting
9 P : this test has been specified by the International Institute of

level of less than 0.01wt% was achieved consistently throughWelding (W) in 1973 (Ref 7). Here, one end of a 6 mm diame-
this process. The steel was continuously cast into 200 by 1500ter cylindrical specimen was inserted with a sliding fit into a

mm or 250 by 1500 mm slabs, depending on the final plateh - u "

. o ole bored in a plate called the “host plate.” The other end of the
thlclg_nesi. Thltla Zlgbs we[je reg%%tgd to ]:;2?0 (.:” a‘lt]r? cor|1|_- specimen was threaded to facilitate application of load through
ﬁlns I02§o¥r:1%c? follrl]of/lvmo :Tgn it dmg-?r:nz\;glrs;e SShrgn*:zgin aloading bar. Aweld bead was lain under conditions of investi-
the rgughing stand andga Iong%udinal scheme in the finishing gation on the host plate across the implant specimen. The setup
stand. A reduction of 60 to 65% was employed during finish was allowed to cool to a temperature, usually 100 °C, before a

L L . ) . . predetermined static tensile load was applied to the specimen
rolling to facilitate elongation of the austenite grains, leading to by a “constant loading system” until failure occurred or 24 h
a higher austenite interfacial areg@nd a finer grain size on lapsed, whichever was earlier. The maximum stress that the

ggg“t';gégg ?cﬂmTShherg:g?fstSvrgfeeﬁgfS";?:ﬂ?gf:éngg mghr'gn_weld joint could withstand without failure was determined by
out table to a temperature of 700 to 720 °C, followed by air testing at different stress levels and known as the static fatigue

cooling. Typical chemical composition and mechanical proper- limit (SFL). . .
ties of ASTM A537 Cl. 1 plates are shown in Table 1 Mos'; welded structures are subject to the combln_ed effec'ts
) ) of welding as well as restraining stresses. The elastic restraint
test is designed to combine both types of stresses and simulate
a situation that is actually experienced in real life situations.
Longitudinal sections of the plates were polished and etchedHere, two plate specimens were clamped rigidly into a
with 2% nital for optical microscopy examination. Analysis of clamping frame with high strength bolts. The material and
elemental segregation at the midthickness of the plates was cargeometry of the frame was chosen so that it behaved elasti-
ried out using an electron probe microanalyzer (EPMA). The cally at all levels of reaction stress. In the test, different lev-
volume fraction of pearlite was determined using a quantitative els of restraint intensities were generated depending upon
image analyzer. the restraining frames and welding conditions. Weld cracks
occurred when the restraint intensiti) (imposed was
higher than a critical level, known as the critical restraint in-
tensity K.,). TheK,, value was determined under different
Tensile samples were prepared as per ASTM 10 (PA-370)welding conditions.
specification and tested on a 10 ton static universal testing ma- The lamellar tearing test comprised welding a cantilever to
chine at a strain rate of 6:610-%". Standard Charpy V-notch  arigid vertical test plate by depositing a multi-run weld in a 45°
samples were prepared and tested at —20 °C for Charpy impadsevel groove while maintaining a constant level of through-
energy (CIE). The temperature rise during testing was within 2 thickness stress called the weld restraint load (WRL). The test
°C. Crack-tip opening displacement (CTOD) tests were carried plates were allowed to bear load for 24 h to allow HIC cracks to
out as per BS 7448 Part 1 (1991) specification. initiate and trigger lamellar tearing.

2.2 Microscopy

2.3 Mechanical Property Evaluation

Table 1a Typical chemical composition of ASTM A537 Cl. 1 grade steel

Chemistry, wt%
C Mn Si Al S P

0.19-0.23 1.30-1.35 0.25-0.35 0.02-0.03 0.01 max 0.015 max

Table 1b  Typical mechanical properties of ASTM A537 CI. 1 grade steel

Yield strength, Ultimate tensile strength, Elongation, Charpy V-notch, kg-m Bend
kg mm kg mm—2 % -20°C
36-39 58-61 25-28 8-12 2T

Table 2 Static fatigue limit (SFL) values of ASTM A537 Cl. 1 plates under different welding conditions

Welding Conditions Static fatigue limit,
Type of electrode Rebake Preheat, °C Heat input, (kJ cmY) kg mm—2
AWS E 7018-1 Nil Nil 10.5 46.6
300°C1h Nil 10.5 45.8
350°C2h Nil 10.5 52.0

8181 Volume 7(6) December 1998 Journal of Materials Engineering and Performance



3. Results and Discussion a sound weld joint specimen subjected to a restraint intensity
(K) of 3260 kg/mm using fully baked electrodes. When the
ERC test was repeated using a restraint intensity of 3820

3.1 Implant Test kg/mm?, cracks were observed upon visual examination. The

The implant test results on a 13 mm thick plate are in Table Cfitical restraint intensityi,), determined as the mean of the
2. The welding was carried out using AWS A 5.1 E 7018-1 elec- tWo values (3260 and 3820), was found to be 3540 kg/mm
trodes of 3.15 mm diameter and 10.5 kJ-theat input. The f[hls case. The Weldl_ng conditions use_d an(_j the critical restraint
SFL values obtained for the three welding conditions, namely, intensities K,) obtained are summarized in Table 3. Fae
no rebake, partial rebake (300 °C for 1 h) and full rebake (350value_§ obtained under no rebake, partial rebake an_d full rebake
°C for 2 h) were 46.6, 45.8, and 52.0 kg Mmespectively.  conditions were 990, 3540, and 3540 kg/nrespectively. If
These values were well above the minimum specified yield ONe compares these values with the actual restraint intensities
strength (MSYS) of the steel (35 kg m# Figure 1 shows a experienced for different strl_JcturaI applications (Table 4), it
SFL plot for the steel using no preheat, no rebaking of elec-May be concluded that baking of the electrod€g: 3540
trodes and heat input (H1) of 10.5 kJ@nit may be noted that kg/mr_nz_) is necessary to provide adequate protection to the
the SFL value was determined on the basis of a series of stepweld joints for most end uses.
wise tests carried out at different stress levels, and the symbols
(O0) and () indicate failure and success respectively. A high ] ]
SFL value of 46.6 kg/mn? indicates adequate cold cracking 3-3 Lamellar Tearing Resistance
resistance of the weld joint, even with unbaked electrodes (and ) » ) )
a relatively high hydrogen level). Under certain condlt_lons of welding, a low through-_thlck-
The type of heat flow for the implant weldability test (heat "€SS ductility may contribute to the formation of separations ly-
input: 10.5 kJ cm, plate thickness: 13 mm) as well as the butt "9 ben(_aath the weld and parallel to_the plane of the plate. These
welding test using the SMAW process, corresponded to three-Separations, termed Iamellar tearing, are _caused by stresses
dimensional flow. The corresponding cooling time from 800 to 9enerated in the through-thickness direction resulting from
500 °C (g0 worked out to be 4.6 and 4.5 s for the implant and weld contraction, high surface area of planar inclusions, high
butt welding tests respectively. Thus, it may be inferred that the "ydrogen level, and faulty weld joint design.
welding thermal cycle for the implant and butt weld tests were ~ Lamellar tearing tests were conducted simulating the nor-

similar. mal conditions of fabrication involving fillet welds. Tests con-
ducted wusing full-thickness specimens, three welding
3.2 Elastic Restraint Cracking (ERC) conditions (no rebake, partial rebake, and full rebake), three

electrode diameters (3.15, 5.0, and 6.3 mm), and a weld re-
The sensitivity of cracking of the root layer in butt welding was straint load of 42 to 44 kg mrAshowed no incidence of cracks
tested by imposing different levels of restraint intensities, varying upon visual, ultrasonic, or macroexamination. The results indi-
from 630 to 4360 kg/mAnFigure 2 shows a photomacrograph of cate good lamellar tearing resistance of the weld joint.

Table 3 Elastic resistant cracking test results under different welding conditions

Welding conditions Critical restraint
Type of electrodes Rebake Preheat, °C Heat input, (kJ cnmY) intensity, K, kg/mm2
AWS E 7018-1 Nil Nil 12.0 990
250°C1h Nil 12.0 3540
350°C2h Nil 12.0 3540

49.5
—o— Success Preheat  : Nil
) Rebake  : Nil
o _Failure Heat Input_: 10.5 kJ/em
~ 48
£
..\i SFL: 46.6 kgf/mn?
< 465 ¥
]
2
» 45
435

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
TEST NUMBER
Fig.1 Static fatigue limit plot for ASTM A537 CI. 1 steel us-

ing no preheat, no rebake of electrodes, and a heat input of 10.5 Fig. 2 Photomacrograph of a sound weld joint using fully
kJ cnrl baked electrodes and a restraint intensity of 3260 kgnm
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Centerline segregation, a common quality problem associ-croanalyzer studies were conducted to identify the elements re-
ated with concast slabs and plates, adversely affected thesponsible for centerline segregation. Figure 3(a) shows a scan-
through-thickness ductility of the steel. Electron probe mi- ning electron image (SEI) taken from the midthickness of a

Fig. 3 (a) Scanning electron image of a sample taken from
the midthickness of a 36 mm plate. (b) Line profiles of C and
S. (c¢) Line profiles of P and Mn
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plate exhibiting a segregated zone (band) surrounded by the
matrix. Figure 3(b) and (c) shows x-ray line profiles of C, S, P,
and Mn respectively along the line of analysis. It is clearly evi-
dent from the analysis that C and Mn have a strong tendency to
segregate. The segregation of C and Mn not only leads to a
higher pearlite content (~80%) at the core of the plate (see Fig.
4), but also leads to the localized formation of a hard phase,
namely, bainite or martensite. These bainite/martensite pockets
are preferential sites for crack nucleation due to their poor duc-
tility and toughness properties. This is directly corroborated by
Figure 5 which shows an optical photomicrograph taken from
the midthickness of a 36 mm thick plate showing localized
pockets of bainite and initiation of cracks within them.

In view of the strong influence of centerline segregation on
the susceptibility to weld cracking and hydrogen-induced
crack (HIC) formation (Ref. 8, 9), the lamellar tearing tests
were repeated using machined specimens, such that the center-
line segregated zone corresponded to the HAZ. The 13 mm
thick plate was machined down to 9.5 mm thickness. This posi-
tioned the segregation line at a distance of 3 mm from the plate
surface, corresponding to the HAZ of the weld. Out of eight
plate specimens tested under different welding conditions
(electrode diameter: 3.15, 5, and 6.3 mm; baking condition: no
rebake and partial rebake) and a WRL of 42 kgonly one
specimen (unbaked electrode HI: 14.2 k3Brwas observed
to exhibit lamellar tearing upon visual, ultrasonic and macroex-
amination. Figure 6 shows an optical photomicrograph of the
failed specimen showing the propagation of lamellar tearing in
a stepwise fashion at a region slightly away from the HAZ. The
lamellar tearing was probably triggered by a cold crack due to
the combined effects of a higher hydrogen level (unbaked elec-
trode) and a hard microstructure (bainite) at the weld joint.

3.4 Weld Joint Properties

Based on the results of the weldability tests described
above, the butt welding procedure and welding conditions cho-
sen were: rebake, 350 °C for 2 h; preheat, nil; interpass tem-
perature, 250 °C max; number of passes, 8; heat input, 10 to
12 kJ cnrlfor 3.15 mm and 17 to 19 kJ cifor 4 mm elec-
trode diameter; and welding speed, 120 to 140 mnThin
Butt welding was carried out and the weld was subjected to

Table 4 Restraint intensities for different structural
applications

Thickness, Restraintintensity K),

Applications Location mm kg/mm?2
Ship Transverse bulk head 16 1640
Longitudinal bulk head 14 1260
Bottom shell 28 780
Upper deck 32 1280
Bridge Diaphragm and web 19-38 200
plate
Diaphragm and flange  40-60 1800
plate
Building Building column 28 1090
frame construction
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microstructual examination. Figure 7 (a) and (b) show optical (Fig. 7a). The HAZ microstructure, on the other hand, revealed
micrographs of the weld zone and HAZ. The weld zone re- a typical bainitic structure (Fig. 7b).

vealed a predominantly acicular ferrite microstructure with is-  Various tests were conducted to characterize the weld joint
lands of proeutectoid ferrite at prior austenite grain boundariesproperties. The transverse tensile strength of the weld joint was
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Fig. 4 Variation of pearlite volume fraction across the thickness of a 36 mm plate

Fig. 5 Optical micrograph showing evidence of internal cracks Fig. 6 Optical micrograph showing propagation of lamellar tear-
within localized bainitic pockets at the midthickness of a plate ing in a stepwise fashion at a region slightly away from the HAZ

Fig. 7 Optical micrograph of (a) weld metal and (b) HAZ exhibiting acicular ferrite and bainite microstructures respectively
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56.8 kg mm?2 comparable to the typical strength level of the were: PM, 153-186; HAZ, 191-274; and WM, 176-238 HV. A
parent metal (58 to 61 kg nh Table 1b) and significantly  higher hardness level in the HAZ reflects the presence of a hard
higher than the minimum specified tensile strength (MSTS) of microstructure, which was bainite in the present case. It also in-
50.0 kg mm2 The Charpy impact test results are presented in dicates a lower impact toughness value for the HAZ as com-
Fig. 8. The impact energy levels for the parent metal (PM) andpared to the PM and WM. This agrees very well with the impact
WM are significantly higher than that of the HAZ at 25, 0, and test results described earlier. However, the low CTOD value
—20 °C. This means that the HAZ is the likely zone for crack in- obtained for the PM cannot be explained in terms of the impact
itiation and propagation. However, it may be noted that the im- and hardness test results.

pact energy levels determined for the PM, WM and HAZ fulfill

the minimum specified requirement of 2 kg-m at =20 °C for 3.5 Weld Joint Configurations

ASTM A 537 CI. 1 steel. Crack tip opening displacement )

(CTOD) tests were carried out for the PM, WM, and HAZ. The ~ Welding of ASTM A537 CI. 1 plates for pressure vessel and
CTOD @,,) values for the WM (0.36 mm) and HAZ (0.27 mm) construction _appllcatlons requires different joint conﬂgura_-
were higher than values for the PM (0.09 mm), which was quite 0ns depending upon the thickness of the plate and the welding
low. It can be concluded that the WM and HAZ possess moder-Process employed. Five weld joint configurations, namely sin-
ate resistance to brittle fracture. Figure 9 depicts hardness val9!€ 2P joint, double lap joint, angular buttjoint, cruciform fillet
ues across the weld joint. The hardness varied within a rangéo'nts with edge preparation, and cruciform fillet joint without

from 153 to 274 HV. The hardness range of PM, WM and HAZ €d9€ preparation were prepared (Fig. 10) using the SMAW
process. The results of tensile shear tests carried out on the five

jointtypes are presented in Table 5. All the five weld joints meet

Table 5 Tensile shear test results for five weld joint 40 = .
the minimum specified tensile strength level for ASTM A 537

configurations

Welding condition: preheat, nil; rebake, 350 °C 2 h Cl. 1 steel (50.0 kg mm). _ _
Tensile strength It is evident on the basis of various tests conducted in the

Type of joint kg/mm? Position of fracture present study that the weld joint possesses adequate internal

) soundness and exhibits an excellent combination of strength
Single lap 52.0 PM dt h ti B d the ab It
Double lap 511 PM and toughness properties. Based on the above results, a recom-
Angular butt joint 51.0 HAZ mended welding procedure for this grade of steel was formulated.
Cruciform fillet with 52.0 PM

prepared edge
Cruciform fillet without 53.0 PM

edge preparation
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Fig. 8 Comparison of Charpy impact energies of parent metal,
weld metal and HAZ at 25, 0 and —20 °C

+177 *179

+182 +177

+227 230+
238+

Fig. 10 Different types of weld joint configurations prepared
Fig. 9 Hardness profile across the weld joint using the SMAW process
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ties (CIE 7.4 and 4.5 kg-m at —20 °C for WM and HAZ, re-
spectively). The CTOD values, determined to be 0.36 mm
and 0.27 mm respectively for WM and HAZ, indicated ade-
quate resistance to brittle fracture.

Results of tensile shear tests conducted on five commonly
used joint configurations showed that the weld joints pos-
sess adequate internal soundness and meet the MSTS (50.0
kg mnT2min) requirements for ASTM A537 ClI. 1 steel.

4. Conclusions

* Pressure vessel steel conforming to the ASTM A537 Cl. 1
specification was developed through the BOF-VAD-con-
cast-plate mill route. The plates possess a good combina-~®
tion of strength-ductility-toughness properties (YS, 36-39
kg mnTZ TS, 58-61 kg mim% elongation, 25-28% and
CIE, 8-12 kg-m at —20 °C).

¢ Implant tests carried out using unbaked, partially baked,
and fully baked electrodes yielded SFL values of 46.6, Acknowledgments
45.8, and 52.0 kg mm respectively, in excess of the
MSYS (35 kg mm?, indicating good resistance to cold
cracking.

* The critical restraint intensityK(,) was found to be in ex-
cess of 3540 kg/mfunder no preheat and partial/full re-

The authors are grateful to the management of the R & D
Centre, SAIL and the Welding Research Institute, Trichy for
their encouragement and support. The authors are especially
thankful to Shri K.L. Rohira and Shri R. Veeraraghavan of the
Welding Research Institute, Trichy for their help, cooperation,

bake conditions. This is considered adequate for most
structural applications where restraint levéls\ary from

200 to 1640 kg/mih

Lamellar tearing tests carried out on full-thickness speci-
mens with unbaked/partially baked/fully baked electrodes
and a WRL of 42 to 44 kg mi revealed no incidence of
cracks, indicating good lamellar tearing resistance of the
weld joint. Lamellar tearing was observed in a machined 2.
sample where the HAZ corresponded to the centerline seg-
regated zone of the plate. The combination of two factors
were responsible for lamellar tearing: a high hydrogen level 3-
(unbaked electrode) and a hard phase (bainite) at the weld
joint.

C and Mn were found to have strong tendencies to segre-
gate at the midthickness of the plate. This led to an increase
in the pearlite content from a mean value of 40% (matrix) to
around 80% at the midthickness (segregated band) of the -
plate. It also promoted the localized formation of the hard
bainitic phase. It was evident from the study that cracks nu-
cleated within these pockets and propagated through the
band leading to lamellar tearing.

The weld zone revealed an acicular ferrite structure with
dispersed islands of proeutectoid ferrite at prior austenite
grain boundaries. The HAZ revealed a typical bainitic
structure. The weld joint was found to possess adequate
strength (TS 56.8 kg mmd) and impact toughness proper-

1.

4.

Journal of Materials Engineering and Performance

and valuable suggestions during the course of this work.
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