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This study investigated stress corrosion cracking (SCC) of A588 steel welds as determined by U-bend
immersion tests and slow strain rate tensile (SSRT) tests to evaluate the steel’s cracking susceptibility in
various regions of the weldments. The immersion test results indicated that the fusion zone (FZ) had better
corrosion resistance than the other regions in the weld. It was also demonstrated that the columnar grain
boundaries exhibited a higher resistance to corrosion than the grain interior of the FZ. However, the
coarse elongated ferrite in the FZ is susceptible to hydrogen embrittlement (HE), which results in the
formation of microcracks. As a result, a severe degradation of the weld’s tensile properties in the saturated
H2S solution was observed. Scanning electron microscope (SEM) fractographs of tensile specimens reveal
a cleavage fracture in the coarse-grained heat-affected zone (CGHAZ) and featherlike rupture in the FZ,
both indicating a high sensitivity to HE.

materials. A short incubation time will be produced if a largeKeywords hydrogen embrittlement, overlay welding, repair
strain can be imposed on the experimental specimens duringwelding, slow strain rate tensile test, stress cor-

rosion cracking, U-bend test U-bend tests. With the SSRT test, the specimen is generally
strained to failure. However, in this method, the test condition
might exceed the actual service condition because of the high1. Introduction stress state generated at the crack tip.[15] Also, the strain rate
plays an important role in the material/environment system.

The combustion of pulverized coal generates aggressive Different fracture mechanisms may be dominant at different
chemical atmospheres containing H2, H2S, CO2, and SO2, which strain rates. It has been demonstrated that SSRT is advantageous
can cause flue gas duct and its accessories stress corrosion in shortening the evaluation time,[15–19] but there is still a dis-
cracking (SCC). The flue gas duct is usually constructed of crepancy from the realistic loading and environmental
welded A588 weathering steel. The addition of a minor amount conditions.
of copper into carbon steels results in the formation of a dense Various aqueous solutions including sulfuric acid solution
oxide layer on the steel surface that prevents the metal from and hydrogen sulfide solution may damage the construction of
continued oxidation.[1,2] Thus, the corrosion resistance of A588 flue gas ducts during service. In addition, the presence of resid-
steel is higher than that of both plain carbon and high-strength ual stresses in the weldment promotes the occurrence of SCC
low-alloy steels.[1–4] In addition, alloying elements such as Cu, of the welds. In general, high-strength steel welds are suscepti-
Ni, and Cr in A588 steel have been found to increase pitting ble to hydrogen embrittlement (HE), of which sulfide stress
resistance of the steel.[5] Therefore, A588 steel is widely used corrosion cracking (SSCC) is a typical example.[20,21]

without coating as the construction material in atmospheric The objective of the current study was to examine the suscep-
corrosion environments.[6–8]

tibility of repair welds (RWs) and overlay welds (OWs) to SCC
Although the hardenability of A588 steel is slightly higher in sulfuric acid and hydrogen sulfide environments.

than that of low-alloy C-Mn steel, it can be welded through
careful control of welding procedures to prevent hydrogen-
induced cracking in the heat-affected zone (HAZ).[9,10] The 2. Experimental Procedures
HAZ in A588 steel exhibits acceptable strength and toughness
over a wide range of welding heat inputs in the as-welded

2.1 Specimen Preparationcondition.[10] Postweld heat treatment at 620 8C/10 h of this
type of weld has a limited effect on its strength but provides The material used in this study was A588 weathering steel
increased transition temperature of the HAZ.[11]

plate of 15 mm thickness. The chemical composition of the steel
U-bend[12,13,14] and slow strain rate tensile (SSRT) tests[15–18]

in weight percent was 0.1C, 0.29Si, 1.35Mn, 0.015P, 0.004S,
are widely used to evaluate the susceptibility to SCC of various 0.14Ni, 0.25Cu, 0.024Nb, 0.4Cr, and balance Fe. Two types of

welded specimens, RWs and OWs, were made using the
shielded metal arc welding (SMAW) process. Schematic dia-
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Fig. 2 Schematic diagrams showing the tensile specimen dimensions
of (a) RW and (b) OW specimens

(b)

Fig. 1 Schematic diagrams showing the joint geometry of the (a) RW
center of the gage length of the RW specimen (Fig. 2a). Theand (b) OW specimens and the dimensions of the U-bend specimen
thickness of weld overlays on opposite sides of the tensilesectioned from the welds
specimen was 2 mm after fabrication, as indicated in Fig. 2(b).
Ordinary tensile tests were first conducted in air at room temper-
ature at the strain rate of 5 3 1024 s21. The SSRT tests were

OW specimens, used to reduce welding distortion and to evalu- carried out at room temperature with a slower constant strain
ate the properties of the surfacing welds, is shown in Fig. 1(b). rate of 5 3 1026 s21 in a saturated H2S solution. The test
The thickness of the overlay for each welding pass was about solution was prepared according to the NACE TM-01-77/86
3 mm. In order to complete the surfacing weld, 14 welding standard. All tensile results are the average of at least three
passes were necessary to cover the area of the surfacing groove runs for each testing condition.
on each face. AWS E8018-W electrodes of 4.0 mm in diameter
were used in this study. The nominal composition of the elec- 2.4 Microhardness Measurements and Metallographic
trodes in weight percent was 0.06C, 0.54Si, 0.84Mn, 0.014P, Observations
0.009S, 0.61Ni, 0.48Cu, 0.52Cr, and balance Fe. Neither preheat

Microhardness measurements across the fusion boundarynor postweld heat treatment of the welds was conducted.
were carried out using a Vickers microhardness tester. Three
percent Nital etching solution was used to reveal the microstruc-2.2 Immersion Test
tures in various regions of the welds, which were then inspected

The dimensions of the U-bend specimen are 120 mm length by optical microscope. U-bend and tensile-fractured specimens
3 10 mm width 3 2 mm thickness. After deformation by a were examined by scanning electron microscope (SEM) to
forming mold with a radius of 20 mm, the measured plastic reveal the fracture features of the crack-initiation sites.
strain of the released U-bend specimen was about 4.7%. The
designed fixture was employed to maintain the plastic strain
on the U-bend specimen during the immersion test. U-bend 3. Results and Discussion
specimens were then immersed in the 1 and 0.5 N sulfuric acid
solutions, as well as in the saturated H2S solution. 3.1 Hardness Measurements and Metallographic

Observation
2.3 Tensile Test Figure 3 shows the metallographs of RW and OW specimens

with microhardness distribution in the as-welded condition, inThe dimensions of tensile specimens, with a gage length of
25 mm, are shown in Fig. 2. The weld bead is located at the which the HAZ was approximately 2 mm wide. As shown in
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Fig. 3 Typical macrographs showing the microhardness distribution
of (a) RW and (b) OW specimens

Fig. 3(a), the weld bead of the first pass was refined by a
subsequent welding thermal cycle. The weld deposit of the final
pass on the RW specimen was comprised of coarse columnar
grains. Similarly, the presence of columnar grains could also
be observed in the OW specimen. In multipass welding, the
microstructures formed in the previous thermal cycle are tem-
pered or refined by the subsequent welding passes, depending
on the associated thermal history. At regions with a reheated
peak temperature exceeding the Ac3, hardened microstructures
similar to that in the coarse-grained heat-affected zone (CGHAZ)
of the initial weld pass are obtained. If the peak temperature is
below Ac1, only tempered microstructures are observed. As a
result, the microhardness in the fusion zone (FZ) and/or HAZ
showed certain fluctuations because of the variations in micro-
structures. Because of the low carbon equivalent of the welds,
no obvious increase in hardness in the FZ and CGHAZ was

Fig. 4 Metallographs showing the (a) CGHAZ, (b) FZ, and (c) refinedfound. The average hardness in the FZ was slightly higher than
FZ in a RW weldthat in the other regions of the welds. The highest hardness was

located in the junction between two welding deposits in the FZ
with a microhardness of about Hv 235.

Metallographs of distinct regions in the weld are shown in solidified microstructures were composed of elongated grain
boundary ferrite, Widmanstätten ferrite, acicular ferrite, and aFig. 4, where the microstructures of the base metal (BM) consist

of fine-grained ferrite and pearlite. In the region adjacent to few microphases (Fig. 4b). The microstructure of the as-welded
deposit was refined by subsequent welding thermal cycles. Thethe fusion boundary, much higher heating temperature was

experienced. Thus, the coarse-grained austenite was mostly effective reduction of coarse elongated ferrite and Widmanstät-
ten side plates due to dynamic recrystallization could also betransformed into grain boundary ferrite, Widmanstätten side

plates, and a few microphases (Fig. 4a). In the FZ, the coarse observed, as shown in Fig. 4(c).
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Fig. 5 Optical photographs of (a) RW and (b) OW specimens after Fig. 6 Optical photographs of (a) RW and (b) OW specimens after
U-bend tests in 0.5 N sulfuric acid solution for 15 h U-bend tests in a saturated H2S solution for 72 h

Table 1 Tensile properties of various specimens tested in air and in a saturated H2S solution

A588 steel plate *RW specimen **OW specimen

Materials Properties/Condition In air In H2S In air In H2S In air In H2S

***UTS (MPa) 605 603 607 580 642 515
Elongation (%) 32 12 32 9 30 7
Reduction in area (%) 65 14 64 8 61 4
Fracture location BM BM BM FZ … …

*RW: repair weld
**OW: overlay weld
***UTS: ultimate tensile strength

3.2 Immersion Test much more prominent than that in the FZ. The OW specimen
was comprised of deposits 2 mm thick on the top and bottom
surfaces, sandwiching an interior BM 6 mm thick. Due to theThe U-bend specimens, after immersion in 1 N sulfuric

acid solution for 15 h, were seriously corroded and pitted. To presence of a relatively small anodic region (BM) in the OW
specimen, the degree of pitting corrosion in the BM of thehighlight the difference in corrosion resistance between the FZ

and the BM, a further reduction of the test solution concentration OW specimen was much more prominent than that in the RW
specimen, as demonstrated in Fig. 5(b). The results also indicateto 0.5 N was performed. Macroscopic photographs of the U-

bend specimens immersed in 0.5 N sulfuric acid for 15 h are that A588 steel weldments are not susceptible to SCC in sulfuric
acid solution.shown in Fig. 5, revealing that the FZ exhibits a higher corrosion

resistance than the BM. The pitting corrosion in the BM is The surface morphology of the A588 steel plate immersed
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in a saturated H2S solution was examined. Specimens sectioned significant plastic deformation in the BM underneath the FZ.
In addition, the results also reveal that the weld interface wasalong the rolling direction from the steel plate (L section)

presented a more severely banded structure than specimens an easy crack path and that the BM was less susceptible to HE
than the FZ and CGHAZ. Such results are also in agreementsectioned in the direction transverse to the rolling direction (T

section). After immersion in a H2S solution for 24 h, the more with the fact that the steel plate has a higher strength than either
the RW or OW specimen in a saturated H2S solution.prominently elongated MnS in the sample resulted in much

poorer corrosion properties. After increasing the immersion
time, microcracks along the aligned MnS inclusion became 3.4 Fractographic Observations
longer and corrosion pits became larger (results not shown).

The outer surface of U-bend specimens immersed in a satu-This is in accordance with Yamaguchi,[17] who indicated that
rated H2S solution for 72 h examined by SEM is shown in Fig.hydrogen was trapped at the MnS site and crack initiation
8. In the FZ, the columnar grain boundaries were more resistantoccurred when hydrogen concentration became high. The pres-
to corrosion than the grain interior, as displayed in Fig. 8(a).ence of elongated MnS inclusion along the rolling direction
The above-mentioned results also indicated that the FZ wasdemonstrates that the L section was more susceptible to HE
more resistant to corrosion than the BM in the saturated H2Sthan the T section. Optical photographs of the RW and OW
solution. Thus, the highest resistance to corrosion was foundU-bend specimens after immersion in a saturated H2S solution
in the columnar grain boundaries. However, microcracks werefor 72 h are shown in Fig. 6. It can be seen that the corrosion
initiated and propagated along columnar grain boundaries (Fig.resistance of the FZ was still better than that of the BM for
8b). Such boundaries were associated with the microstructuresdifferently processed specimens. Similarly, the BM in the OW
of coarse elongated ferrite and Widmanstätten side plates (asspecimen was corroded and pitted more severely than that in
shown in Fig. 4b). This is consistent with the previous reportthe RW specimen. However, numerous small cracks that could
that microcracks induced by HE in the FZ would propagatenot be revealed by low-magnification microscope were found
along the columnar grain boundary ferrite with Widmanstättenin the FZ.

3.3 Tensile Properties of A588 Steel Welds

Tensile properties of various specimens tested in both air
and saturated H2S solution are listed in Table 1. Because the
hardness in the FZ was slightly higher than that in other regions
of the welds, as shown in Fig. 3, it was expected that the
ultimate tensile strength (UTS) of the steel plate would be lower
than that of the welds in air. The results indicate that the fracture
location of the RW specimen was in the BM. Therefore, the
essential tensile properties of such a specimen were similar to
those of the steel plate. In addition, the OW specimen consisted
of outer surface layers of deposits and interior BM. Thus, it
has the highest strength among the specimens tested in air.
Regardless of the specimen type, excellent ductility was
observed for all the specimens tested in air. However, all the
specimens suffered severe degradation in tensile ductility when
tested in a saturated H2S solution. No apparent changes in
strength were observed. Furthermore, the strength of the OW
specimen exhibited significant variation in various environ-
ments, having the highest strength in air and lowest strength
in a saturated H2S solution among the specimens. It was also
demonstrated that the fracture location of RW specimens
changed from the BM in air to the FZ in a H2S solution,
suggesting that the FZ had a high susceptibility to HE.

When specimens were tested in a severely embrittling envi-
ronment, most cracks were initiated at sites with high stress
concentrations, e.g., the corners of the rectangular tensile speci-
men. Figure 7 presents the macroscopic photographs of tensile-
fractured specimens in a saturated H2S solution. In the OW
specimen, cracks initiated in the FZs and propagated into the
interior BM (Fig. 7a). The HAZ, which is adjacent to the
fusion boundaries has crack propagation normal to the loading
direction, revealing a high sensitivity to HE. Tensile fracture
of RW specimens (Fig. 7b) indicated that cracks originally
initiated at the corners of the specimen and then propagated into Fig. 7 Macroscopic photographs of tensile-fractured (a) OW and (b)

RW specimens tested in a saturated H2S solutionthe FZ. The final catastrophic failure resulted in the formation of
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Fig. 9 SEM fractographs of tensile-fractured specimens tested in an
Fig. 8 SEM photographs of U-bend specimens in a saturated H2S H2S solution showing (a) quasi-cleavage fracture in the steel plate, (b)
solution showing (a) the FZ, (b) microcracks in the columnar grain cleavage fracture in the CGHAZ, and (c) featherlike fracture in the
boundaries, and (c) the CGHAZ FZ of the weld

side plates and be arrested in the region of acicular ferrite.[22] In cracks at those sites with susceptible microstructures occurred
during SSRT tests, resulting in the degradation of tensile proper-addition, it has been reported that the columnar grain boundary

ferrite and associated side plates give rise to brittle fracture ties for the A588 steel welds in a saturated H2S solution. Thus,
it was expected that ferrite along coarse prior austenite bound-features.[22]

In current study, the initiation and coalescence of micro- aries and Widmanstätten side plates in the CGHAZ displaying
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somewhat brittle features (Fig. 8c). The weld toes associated microcracks in the FZ along columnar grain boundaries
during SSRT tests.with the microstructures of the CGHAZ had both the maximum

stress and maximum strain due to the discontinuity of geometri- • Cleavage fracture in the CGHAZ and featherlike rup-
cal profile there. The accumulation of corrosive medium at the ture in the FZ, revealing the metallurgical features of
weld toes, together with susceptible microstructures, resulted Widmanstätten side plates, were observed for welds tested
in enhanced SSCC at those sites. in a saturated H2S solution. The results also indicated that

The excellent ductility of all the tensile specimens tested in both FZ and CGHAZ were susceptible to HE.
air was associated with ductile dimple fracture. On the other
hand, SEM fractographs of the tensile-fractured specimen in
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