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In this work, the hydrogen sulfide stress-corrosion cracking (SSC) susceptibility of a welded API X-80
pipeline was investigated. For this purpose, steel welding was carried out normal to the rolling direction
using a 60° single V-joint design. After welding, compact modified-wedge opening loading (M-WOL)
fracture mechanics specimens were machined and loaded to an applied stress intensity fadtgrof 27 to

53 MPavm. This was followed by specimen exposure toJ3 saturated synthetic seawater. Each of the M-
WOL specimens contained the typical microstructures developed during welding, such as the weld metal
(WM), base metal (BM), and heat affected zone (HAZ). No attempt was made to establish a unidjgcc

for crack arrest because its significance was not clear. Qualitatively, the experimental outcome indicated
that in mode | loading under aK, of 40.3 MP&/m only the base metal region underwent SSC. Apparently,
active anodic dissolution of the crack tip started the growth process, but it was followed by a transition to
hydrogen induced cracking. At an appliedK; of 55 MPa/m and under similar exposure times, crack
growth in the base metal was discontinuous and tended to follow the grain boundaries. Moreover, the
HAZ exhibited the least SSC susceptibility as inferred from the relatively short crack propagation
lengths (0.829 mm). In this case, it was found that the crack path was highly tortuous due to the presence
of acicular ferrite and a refined grain structure. The most SSC susceptible condition was found in the
weld metal where crack lengths of up to 4.2 mm developed. In this case, the presence of a relatively coarse
dendritic structure coupled with interdendritic segregation provided a weak path for crack propagation.

Keywords crack formation, microalloyed steel, microstructurd, Accordingly, in order to reduce the potential for environmental
sour gas environment, stress-corrosion cracking cracking, the National Association of Corrosion Engineers
(NACE) has developed a series of guidelines (Ref 5), such as
the NACE TM 0177-90 and NACE MR 0175-92, to ensure ac-
ceptable materials performance under SSC environments. In
) ) _ ) particular, maximum yield strengths of 690 MPa (Ref 3) or
Hydrogen sulfide stress-corrosion cracking (SSC) is a hardness of 22 HRC (Ref 5) have been established as limiting
widely known phenomenon that often leads to failure in pipe- jn |ow-alloy steels. Nevertheless, the NACE standards have
lines for oil transmission, as well as in other oil field facilities. |imited applicability in ranking the new grades of corrosion-re-
In general, this mode of degradation has been attributed to thesjstant alloys for service in sour environme(fRef 6).
production of nascent hydrogen agS-eacts with the steel to The relative SSC susceptibility of HSLA steels is strongly
form an FesS film and nascent hydrogen. Apparently, the hydro-jnflyenced by heat treating (Ref 7, 8), as well as the alloy com-
gen thus produced is unable to effectively recombine into gase-yosition and the presence of residual elements (Ref 9, 10). In
ous H and tends to be absorbed in the metal in regions of highpaiicular, nonmetallic inclusions, grain boundary segregates,

internal stresses of tensile nature (Ref 1). In relatively large oil precipitates, and hard bands all seem to influence the overall
field installations, it is expected that welded structural compo- gieg susceptibility (Ref 11).

nents will eventually come into contact with soup$iigas en-

vironments. Hence, the performance of welded joints underf
o . . . ur

H,S conditions needs to be closely monitored in order to incor-

1. Introduction

The SSC susceptibility of HSLA steels is expected to be
ther increased in welded regions due to the presence of
o - nonequilibrium phases, segregation bands, and internal/resid-
porate ,'t in the design of welded structures. ual stresses (Ref 12). It has been reported (Ref 8) that sour gas
In high-strength low-alloy (HSLA) steels exposed to sour g sqentibility increases at high weld strengths or hardness val-
gas environments, SSC usually occurs by the combination 0f 8¢5 yesidual stresses promote SCC cracking in the weld metal-
susceptible microstructure and the presence of tensile stresseg» regions exposed to sour environments, and welding

(Ref 2). Alternatively, in stress-_free pipelines exposed 10 SOUr gjactrodes with more than 1 wt% Ni are to be avoided to mini-
environments, hydrogen embrittlement also known as hydro-miZe SscC.

gen induced cracking (HIC) is known to take place (Ref 3, 4). As a result, preheat and postheat welding treatments are

often used to reduce the effect of internal/residual stresses, as
J.L.Al_barran andL. Martinez, Laboratorio de Cuernavaca, Instituto well as the weld hardness. The work of Fraser and Metzbower
f’ozF&jg(ﬁ‘cgﬂ’*FML Qopedz‘,)llvlz‘t);:ﬂlg?)gfogr'tfﬁSﬁssclélf;léirg?\éi(;?ﬁx?fe (Re_f 13)_indicates that the development of cracks in _the W_elded
ing and Applied Science, University of Wisconsin-Milwaukee, P.0. "€9ions is strongly influenced by the resultant welding micro-
Box 784, Milwaukee, WI, 53201. Contact H.F. Lopez at e-mail Structures, induced defects, and residual stresses. In addition,

hlopez@csd.uwm.edu. Onsoien et al. (Ref 8) found that the SSC resistance of welded
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plates can be improved by slow cooling after welding. Appar- welding, the plate was annealed at 400 °C for 1 h and then
ently, slow cooling rates promote the formation of a ferritic cooled in still air following the APl 1104 recommendations
Widmanstatten structure. Under these conditions, the SCC(Ref 16). Cross sections of the welded plate were then cut and
threshold stresses are significantly increased up to 60 to 70% opolished for metallographic observations and microhardness
the yield strength (Ref 8). Moreover, crack propagation can beprofile measurements across the base metal, weld metal, and
rate controlled by either preferential grain boundary dissolu- HAZ regions.
tion and repetitive film rupture (Ref 10) or by successive events  Modified wedge opening loading (M-WOL) (Ref 17) sam-
related to microcrack nucleation and linkage ahead of the mainples were machined from the welded plates containing both
crack tip (Ref 14). sides of the weld metal. Figure 2(a) shows schematically the M-
Nevertheless, further work is needed to disclose the activeWOL specimen dimensions, as well as the specimen layout in
microcracking mechanisms as a function of the sour environ-the welded plate (Fig. 2b). The specimens were artificially
ment, state of stresses, and welded microstructures (Ref 7, 15notched using a spark machine with copper wire to avoid the
The present work further examines the performance of weldedbuildup of internal stresses and work hardening of the crack tip
pipeline steel exposed to SSC environments. In particular, itin-due to fatigue precracking. In addition, the specimens were
vestigates the relative susceptibilities exhibited by the variousloaded at a stress intensity fackgrof 30 MPam and then ex-
microstructures developed in the welded regions, as well as thegposed to the sour media until a crack was generated. At this
base metal (BM). time, the specimens were removed from the sour aqueous solu-
tion. This was done in order to minimize the effect of the re-

2. Experimental Procedure

The material used in this study was microalloyed pipeline [ l ’ ,’
steel API X-80, under the API 5XL standard. Table 1 gives the
chemical composition of the steel plate and the weld metal
(WM). Welding was accomplished by manual arc welding, in
the direction normal to the rolling plane, using a 60 ° single-V

S . ) - Rt I IS X S Loading
joint design (Fig. 1a). Before welding, the electrodes were an- ey ;@ ?;Dl;n’
{

nealed at 430 °C, and the steel plate preheated at 200 °C. Figur |  +~---+4 | >~#] 777
1(b) shows the experimental setup involving the steel plates to Loading
be welded. The root pass was overlaid at 10 mm/s at 175 A. ' Tup | [Wsulating
Subsequent filler passes were overlaid at 7 mm/s and 175 A, 4#4>mm
whereas the cap layer was placed at 4 mm/s and 150 A. Aftel
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Fig. 1 (a) Single V-joint design for welding. (b) Experimental Fig. 2 (a) Geometry and dimensions of M-WOL samples.
arrangement for the welding procedure (b) Layout of the samples taken from the welded plate
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melted surface layer on the SSC susceptibility of the steel. Thefor approximately 2 mm. Figure 3(b) shows the microhardness
specimens were then loaded to three different valud§:of  profiles developed across the welded plate. Maximum hard-
26.7, 40.3, and 52.4 MFm. The back-face strain technique ness values of 300 kg/nfrwere found in the HAZ at the root
(Ref 18) was employed in order to measure the appliethe pass location, but they decreased to 270 kg/nmear the region
self-loaded M-WOL specimens were then placed back in theadjacent to the last filler pass. The weld metal exhibited the
synthetic seawater solution (ASTM D 1141) saturated with lowest hardness values as a result of stress relieving through al-
H,S at a pH of 4 in a glass vessel at room temperature. Crackoy reheating induced by previous filler passes. Table 2 shows
growth was systematically monitored at 12 hour intervals. At the experimental conditions and data obtained on the SSC sus-
the end of each test, the composition of the corrosion productsceptibility of the specimens exposed to the sour environment,
was analyzed in a JEOL model 6400 scanning electron micro-including average crack lengths. No attempt was made to estab-
scope (SEM) equipped with a Noran microprobe type Norvar lish specificK,ggcVvalues, because the various weld regions
used for the detection of light elements. The SEM uses a turbavere involved, each of which possesses a different micro-
pump and cold traps to avoid carbon from the oil to reach thestructure, state of internal/residual stresses, and SSC suscepti-
detector. Peaks corresponding to oxygen, as well as the othebilities. In addition, the NACE standard TM0177-90 does not
element, were automatically identified by the software and allow these tests as valid féfjggcmeasurements. Neverthe-
hardware in the Voyager (National Computer Technology, Inc., less, the experimental outcome qualitatively provides valuable
Sacramento, CA) computer system. information on the relative susceptibilities of each of the
welded microstructures.
From Table 2, it can be observed that the specimens loaded
3. Results and Discussion at aK, of 26.7 MP&m did.not exhibit crack propagation when .
exposed to the sour environment for 720 h. In this case, condi-
. tions for favorable crack growth did not develop, despite the
3.1 Microstructure fact that the HAZ or WM hardness was higher than the 22 HRC
Figure 3(a) is a macrograph of the welded plate containing proposed limit to avoid SSC. Apparently, the appkgdvas
the BM, HAZ, and WM regions. Notice that the HAZ extends somewhat below the criticdd,ggcneeded to promote crack

Table 1 Chemical composition of the API X-80 steel plate and of the weld metal

Composition, wt%

Material C Si Mn P S Al Ni Cr Mo \Y w Nb Cu Ti
X-80 0.13 0.20 1.52 .009 .009 .028 0.21 0.11 0.05 0.1 .005 .038 .025  .005
Weld metal 0.38 0.20 0.60 0.60 . .. .

Table 2 Experimental conditions and crack lengths in specimens exposed to the sour solution

. Kl iniiial’ aarrest in aarrest in aarrest in Tlme Of
Specimen MPavm base metal, mm HAZ, mm welded metal, mm test, h
S 26.7 720
S, 40.3 1.044 336
S 52.4 2.622 0.829 4.195 24
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Fig. 3 (a) Macrograph of the welded plate. (b) Hardness profiles across the welded regions (BM, HAZ, and WM)
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growth in any of the microstructures developed. This in turn susceptibility under all the appliéq, whereas the weld metal
agrees with previous reports (Ref 14Keéscvalues about 26 became highly susceptible to SSC at appiedalues of 52.4
MPa/m for the same steel that are close to the appljed MPa/m.

In the particular specimen configuration, all of the various Figure 4 (a to d) shows the various microstructural features
microstructures were present across the specimen thicknesdeveloped in the base metal, HAZ, and weld metal. The base
and exposed to the same appligdHence, the relative SSC  metal region adjacent to the HAZ consisted mainly of a mixture
susceptibilities of the welded regions can be directly related toof equiaxed ferrite and pearlite bands with partial recrystalliza-
the exhibited crack propagation lengths for a given exposuretion near the HAZ (Fig. 4b). The HAZ next to the base metal re-
time. Accordingly, the HAZ seemed to exhibit the least SSC gion shows ferrite sideplates with partially recrystallized
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Fig. 4 (a) Micrograph of the welded plate showing the various microstructures developed. (b) Microstructure of the BM next to the
HAZ consisting of partially recrystallized grains and pearlite regions (P + RG). (c) Acicular ferrite found in the HAZ gt the
gion. (d) Coarse dendritic (CD) structure corresponding to the WM
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regions (i.e., grain sizes <fn) and grain coarsening near the Atan applie, of 52.4 MP&m, crack growth was found to
weld metal regions (Fig. 4c). The weld metal developed a take place in all of the weld regions. Under these conditions,
typical dendritic grain structure with a network of small sub- there was a lack of preferential dissolution in the base metal re-
grains (Fig. 4d). In addition, the weld metal exhibited some gion. Instead, discontinuous crack growth was dominant from
degree of porosity probably as a result of gas entrapmentthe very beginning. Apparently, crack propagation was some-
during welding. what similar to that found in the specimey) Bith preferential

At intermediateX, of 40.3 MP&m, crack growth was only ~ growth along the grain boundaries (see Fig. 6a).
exhibited in the base metal regions. The resultant crack path Figure 7(a) shows the crack developmentin the HAZ, where
produced in this microstructure (specimeg) B shown in the crack tends to move away from the ferritic Widmanstatten
Fig. 5(a). Notice the development of crack branching with pref- structure and into the partially recrystallized grains (HAZ/BM
erential growth along the ferritic bands. Experimentally, it was interface). In particular, it was found that the crack avoided
found that in this case, crack initiation is closely related to pref- growing into the acicular ferrite grain structure (HAZ). Micro-
erential alloy dissolution along grain boundaries as describedstructurally, the crack path consists of a mixture of intergranular
in detail elsewhere (Ref 19, 20). An analysis of the corrosion and transgranular components in the partially recrystallized BM
products found within the early crack (see arrow in Fig. 5b) in- grain structure (Fig. 7b). The lack of crack propagation into the
dicated the presence of significant amounts of sulfur, oxygen,acicular ferritic microstructure can be explained by the obser-
and iron. However, as the crack evolved further, a transition to dis-vations of Onsoien et al. (Ref 8). In their work, they found that
continuous crack growth presumable by hydrogen embrittlementthe SSC resistance of welded joints is significantly improved
developed ahead of the main crack (pB0from main crack tip). by using cooling rates that promote the formation of ferrite
In particular, the deeper cracks did not contain sulfur or oxygen. side plates.

ENERGY, KeV
() (b)

Fig. 5 (a) Crack growth path in the BM (specimef.$b) EDX Fig. 6 (a) Crack growth path in the BM (specimes).§b) De-
profile of elements found in the starting crack tail of the path followed by the crack ahead of the main crack tip
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3.2 Weld Metal drogen concentration in front of the crack tip. Hence, under
similar environments and applied stresses, the dominant fac-
tors are essentially microstructural. Accordingly, the potential
rack path will be provided by those microstructural features
hat require the least elastic energy to promote bond breaking in
the presence of hydrogen. This agrees with the experimental
observations of crack shifting toward regions where there are
less obstacles for crack propagation (Fig. 5 and 8), or along in-
terdendritic regions where grain boundary segregation and a

weld metal regions. In particular, the crack tends to follow the ontinuous interface are likelv to be present. such as the weld
dendritic boundaries that are decorated with carbides as showfO"HUOUS | are likely P » SU e w
metal regions. In addition, residual stresses can effectively re-

in Fig. 8(b). Segregation of impurities to the dendritic bounda- duce the critical condition for crack growth promoting crack
ries also contributes to the crack path resulting in a stepwise hifting t d the BM/HAZ reai ?: 5 P 9
mode of cracking. In addition, the crack tends to move toward S |F!ngllowa;]r e f rﬁglons( ig. 5). K indi h
the central region of the weld metal where the dendritic grains dlna'y,_lt e outcome o .t € pre?ent (\;vor mdlr::ates that
are relatively coarse (Fig. 8b). It is likely that the combination ;m ersimi afr f]our gl?;ls vallronr_nen S anl ”flpﬁ{'ﬁ edp?)r- h
of relatively large dendritic grains coupled with significant in- ormance of the welded plate Is strongly influenced by the

terdendritic segregation provides a weak path for SSC Crackresultant microstructures and internal state.c.)f stresses. As a
growth. general rule, crack growth under SSC conditions will occur

The conditions for crack growth in sour environments can vTvE_en.evter a susct:)epélble pt?ﬂ:j E Q[Lesent N (ti?e_ We_lded steel.
be described by a critical condition that is a function of the is in turn can be described by the applgdbeing in ex-

combination of three factors: potential crack path for a given cess of the intrinsiKsscneeded for crack propagation into
a given microstructure.

In the weld metal regions, the welding process refines and
partly removes the dendritic matrix developed as a result of
metal reheating during subsequent filler passes. Even thoug
the weld metal exhibits only a minimal SSC susceptibility in
specimens tested at appliggbelow 40 MP&m, it becomes
highly embrittled under an appli¢q of 52.4 MPam (speci-
men §). Figure 8(a) shows the crack path followed in the

microstructure, state of internal and external stresses, and hy-

Fig. 7 (a) Crack path observed in the HAZ. (b) Detail of the Fig. 8 (a) Stepwise cracking exhibited by the WM. (b) Detalil
crack path developed in front of the main crack tip of the crack path followed in the WM
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4. Summary 3.

The sour gas resistance of welded joints was investigated
using self-loaded M-WOL specimens containing the base met-
al (BM), heat affected zone (HAZ), and weld metal (WM) re-
gions. It was found that specimen exposure to the sour g
environment for 336 h under an appli€dof 40.3 MPam led '
to SSC only in the base metal region. At an appiedf 53
MPa/m and under similar exposure times, crack growth was ¢
observed in all the welded conditions. Under these conditions,
SSC in the base metal was discontinuous and closely related to7,
the nucleation of microcracks and voids along the grain
boundaries reflecting typical hydrogen embrittlement condi- g,
tions. The most SSC susceptible condition was found in the
weld metal where crack lengths of up to 4.2 mm developed. In 9,
this case, the presence of a relatively coarse dendritic structure
coupled with interdendritic segregation provided a weak path

for crack propagation. The HAZ exhibited the highest SSC re-10.

sistance as inferred from the relatively short crack propagation

lengths (0.829 mm). In this case, it was found that the crackll.

path was highly tortuous due to the presence of a matrix con-
sisting of acicular ferrite.
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