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Stack cracking by hydrogen embritt lement 
in a welded pipeline steel 
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Arrays of cracks, parallel to the original plate rolling direction, were produced in a X65 
microalloyed steel by hydrogen embrittlement of pipeline sections containing a weldment. A 
region of the heat-affected zone of the weldment was shown to have a lower yield strength 
("soft" zone) than the surrounding material and cracking was concentrated in this through- 
thickness zone to produce the effect known as stack cracking. In situ cathodic hydrogen 
charging of tensile specimens under load led to failure by linking the rolling-plane cracks 
with transverse cleavage cracks, which were often initiated at inclusions. All cracking was 
predominantly by cleavage and failure occurred in tension in short times by hydrogen 
embrittlement when the applied tensile stress was above about half the uncharged yield stress. 
The influence of microstructure, hydrogen pressure and tensile loading conditions on the 
location of stack cracks and the mode of fracture is discussed. 

1. I n t r o d u c t i o n  
The rupture or leakage of various pipelines trans- 
porting sour oil or gas (containing unspecified 
amounts of H2S ) have been ascribed to hydrogen 
cracking [1]. More recently, a mode of hydrogen 
cracking called stack cracking has been identified. 
Stack cracks are arrays of parallel cracks in paralM- 
t0-plate thickness orientation and usually linked by 
finer through-thickness cracks; these have frequently 
been found in fractured welded steel pipelines trans- 
porting sour oil or gas [1-10]. This kind of cracking 
has been associated with hydrogen-induced cracking 
in low-alloy high-strength steels which are otherwise 
known to be resistant to hydrogen-induced cracking 
or stress corrosion cracking in normal service. Speci- 
fications of pipeline steels for sour services have sub- 
sequently been modified to improve the resistance to 
this type of cracking and a particular requirement is 
that the sulphur content should be as low as possible; 
lower than 0.02% has been suggested, with a reduced 
manganese and carbon content and effective inclusion 
shape control by calcium or REM treatment [7]. 
However, for higher strength steels of grade X52 to 
X70, even with this superlow sulphur content and 
inclusion shape control treatment, stack cracks still 
occur in more severe sour environments. 

The work reported in this paper was part of an 
investigation to elucidate the formation of stack 
cracks, their relation to state of stress and metallur- 
gical features such as microstructure and inclusion 
content of the steel to determine possible nucleation 
sites for these cracks, in addition to the more specific 
problem of elucidating the mechanism of stack crack- 
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ing in a spirally welded linepipe steel. The structural 
characteristics of the cracks and the subsequent frac- 
tures have also been studied in order to try to model 
their occurrence and fracture [11]. 

The steel studied was a grade X65 microalloyed 
steel containing niobium (Nb) and had the following 
chemical composition (wt %): C 0.09; Si 0.38; Mn 0.82; 
Cu 0.26; Ni 0.195; S 0.001; P 0.01; Nb 0.04; A1 0.04; 
Cr 0.025; V 0.003; Me 0.009; Ti 0.004; O 0.002; 
N 0.005; ca  0.001. The steel had been silicon and 
aluminium deoxidized and calcium treated for inclu- 
sion control. 

The pipe was spirally welded from a coil by sub- 
merged metal arc welding. The welding sequence was 
that the inner (bore) side was welded first and followed 
immediately by the outer side. 

The tensile strength of the steel (containing a weld- 
ment in mid-section) was 46,7 kgfmm -2, the lower 
yield strength was 39.7 kgfmm-2 and the reduction of 
area was 70%. 

2. Experimental procedure 
Cathodic charging experiments were carried out with 
either load in simple tension applied constantly during 
charging or without applied load. Fig. 1 shows the 
charging rig used in the experiment. The specimens 
were either flat rectangular or flat tensile shaped 
sectioned transverse to the rolling direction of the 
plate and across the weld, Fig. 2. Most of the speci- 
mens contained a weldment in the mid-section except 
for a few specimens which consisted entirely of parent 
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Figure 1 The charging cell. 

metal. The electrolyte was 1 M H 2 S O  4 4-0.4gl-lA~O3 
and the charging current density was 10 Am -2. 

Flat rectangular specimens were hydrogen charged 
for predetermined periods under low stresses, i.e. 0.1cry 

or 0.2cry (Cry = uncharged yield strength) or without 
applied stress. Generally, the tensile specimens were 
charged under relatively high stresses (0.5Cry or 0.9Cry) 
until fracture. The specimens were then sectioned for 
metallurgical examination by optical, SEM and/or 
TEM. 

A number of additional specimens were modified 
to include geometric and structural variations, i.e. 
Luder's bands were introduced into some fiat rectan- 
gular specimens, while notches and pressed (deformed) 
zones were formed in some of the flat tensile specimens 
prior to charging. The deformed (pressed) zone was 
introduced by compressing specimens between two 
identical hardened round rods (diameter about 9 mm). 
Specimens were aligned such that the width direction 
was parallel to the loading direction. The purpose of 
introducing this prior deformation was to study the 
effect of stress concentrations and plastic deformation 
on the occurrence and characteristics of the stack 

cracking and subsequent fracture (the pressed zone 
was selected to present the type of damage that could 
be introduced by handling and placement of a large 
section of pipe during pipe-laying). 

3. Results and discussion 
All the tensile shape specimens charged at high stres- 
ses (0.5 to 0.9Cry) fractured with small reduction of area 
(0% to 15%) compared with the uncharged specimen 
(70%); this confirmed hydrogen embrittlement. 

Stack cracks, Fig. 3, occurred most frequently in a 
region close to the weld, i.e. in the heat-affected zone 
(HAZ). Close examination revealed that this region 
was just outside the second HAZ and was actually in a 
third HAZ, which was revealed by selective etching 
[11] whereas this was not identified by single-stage 
etching. Fig. 4 shows the typical stack cracks in rela- 
tion to the weldment and the HAZ regions in a section 
of a flat rectangular specimen. The microstructure of 
this region and the third HAZ retained some of the 
fibrous nature of the parent metal. Initial optical 
examination did not show any significant difference in 
microstructure between the region which was prone to 
stack cracking and the rest of the third HAZ. How- 
ever, thin foil TEM examination showed the presence 
of carbide/cementite films at grain boundaries in this 
region, Fig. 5. This led to a closer optical examination 
of this region. Careful etching using two etchant solu- 
tions showed that cementite spheroidization had oc- 
curred in this region, Fig. 6. 

Microhardness measurements showed that this re- 
gion had a lower hardness than the parent metal and 
the rest of the third HAZ. Fig. 7 shows the micro- 
hardness profile of the uncharged specimen; the region 
with low hardness was about 2 to 3 mm from the weld 
edge. The tensile strength of specimens containing a 
"soft" region was also lower than the tensile strength 
of parent metal specimens. 

The lower yield and tensile properties of the "soft" 
region are a consequence of the spheroidized micro- 
structure. Tensile values for uncharged specimens 
showed that the difference between upper and lower 
yield stress in specimens containing a "soft" region 
was greater than in a parent metal specimen, Fig. 8. 
Such a high yield drop has been ascribed to a low 
initial mobile dislocation density [12]; such a state 
could exist in this soft region if dislocations were 
immobilized by interstitial carbon or nitrogen which 
migrated during the welding sequence. 

Although stack cracks occurred in the parent metal, 
the cracking was less extensive and usually required 
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Figure 2 Sectioning of the sample to produce flat 
specimens. 



Figure 3 The characteristic array of a stack crack: note the 
characteristic "S" shape and the finer (vertical) cracks linking the 
parallel horizontal cracks. 

longer hydrogen charging times. The high density of 
stack cracks in the soft region was probably due to the 
lower strength of this region requiring a lower molecu- 
lar hydrogen pressure to develop cracks than in the 
parent metal. 

The majority of cracks was found to initiate at 
inclusions, Fig. 9. As expected, very few of these inclu- 
sions contained sulphur, because the sulphur content 
of the steel was very low (0.001%). The majority of the 
inclusions were identified to be of the oxide, silicate or 
spinel type [111. All the inclusions were globular in 
shape; no elongated inclusions were found although 
fragmentation (due to rolling) of the inclusions was 
detected. Most of the inclusions were of the type that 
were expected to produce tessellated stress [13]; hy- 
drogen will diffuse to, and accumulate at or around, 
these inclusions and the subsequent pressure build-up 
will produce cracks. 

Individual primary cracks (parallel to the plate 
thickness) had a characteristic "S" shape and were 
linked by finer transverse cracks as shown in Fig. 3. 
Some of these cracks were visible on the specimen 
surface. The cracks were found to propagate both 
intergranularly and transgranularly. Fig. 10 shows the 

outline of an individual primary (rolling plane) crack 
revealed by polishing and etching. 

The lengths of individual cracks were not dependent 
on charging time, i.e. crack lengths recorded in flat 
rectangular specimen charged for 145, 300 and 1500 h 
were similar, although more cracks were found after 
long exposure times [11]. 

Stack crack formation was found to be independent 
of the applied stress, i.e. stack cracks were found in 
specimens charged without applied stress and also in 
specimens which had been stress relieved prior to 
charging. However, the applied stress level did affect 
the time to failure as shown by tensile specimens 
charged at high stresses (0.5 to 0.9Cyy). The time to 
failure was found to depend on the applied stress and a 
threshold of stress existed, above which failure occur- 
red after a relatively short exposure time; above this 
threshold stress the failure time was relatively inde- 
pendent of the applied stress level, whereas below this 
threshold stress failure occurred only after long expo- 
sure times. Fig. 11 illustrates this and identifies a 
threshold stress of approximately 0.6~y. 

The results of some of the additional tests demon- 
strated that the presence of a notch accelerated the 
failure process, i.e. a reduction of 20% in failure time. 
It was also demonstrated that prior deformation in- 
duced localization of the failure process, i.e. in those 
specimens which contained a pressed (deformed) zone 
fracture occurred at the boundary between the defor- 
med zone and undeformed zone; it is anticipated that a 
residual tensile stress existed in this region. The influ- 
ence of near-yield plastic deformation (Luder's bands) 
on susceptibility to hydrogen embrittlement was 
inconclusive. In the specimens containing a weldment, 
the Luder's band was formed in the soft region and 
cracking was still observed in this region, while in 
specimens consisting entirely of parent metal, a high 
incidence of cracking was observed just outside the 
Luder's band. It is possible that a residual tensile stress 
was created in the region next to the Luder's band 
which facilitated hydrogen diffusion and accumu- 
lation in this region. 

The fracture surfaces (tensile specimens) contained 
cracks parallel to the plate thickness, Fig. 12. The 
mode of fracture consisted of cleavage rosettes with 
microvoids coalescence (MVC) in thin lace patterns 

Figure 4 Stack cracks in relation to HAZs and weldment 
charged without load. 
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Figure 5 Cementite/carbide films at grain boundaries in the soft 
zone (spheroidized carbide region) identified in Figs 4 and 6. 

Figure 6 Region of spheroidization as revealed by selective etching 
with Nital, and followed by a Picral etch [11]. 
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Figure 7 Microhardness profile of the sample in the as-received condition. 
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Figure 9 An incipient cleavage crack at an inclusion (charged 
without load). 

between these rosettes [-11]. It  is envisaged that mo- 
lecular hydrogen pressure promoted the formation of 
the individual cleavage rosettes, including the trans- 
verse linking cracks, and final fracture occurred when 
the remaining ligaments between these rosettes were 
unable to support  the applied load and failed by 
ductile shearing as manifested by microvoids coales- 
cence. Thus, the final fracture was dependent on the 
applied stress. This was confirmed by the results of the 
specimens charged at 0.2(yy where failure did not occur 
even after 1500 h charging, and no failure was ob- 
served in any specimens charged at low stresses or at 
zero stress. It was concluded that hydrogen embrittle- 
ment damage can be produced by hydrogen pressure 
alone and will produce severe stack cracking but will 
not necessarily lead to fracture in these steels. 

Figure 10 The outline of an individual crack showing intergranular 
and transgranular crack growth (the inclusions located at the centre 
of the cracked regions are not visible in this micrograph). 

4. Conclusions 
1. Stack cracking occurred in the X65 steel under 

the conditions used in the experiment. 
2. In general, the steel used in the experiment had 

a low susceptibility to hydrogen-induced cracking in 
normal service conditions. 

3. A "soft" region was identified in the third HAZ 
which was very susceptible to stack cracking. Stack 
cracking also occurred in the parent metal but was less 
extensive and longer exposure times were required for 
cracking. 
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ure time was independent of applied stress. The 
threshold stress was about 0.6% for this steel. 

7. Cracking was predominantly by cleavage and 
cracks propagated intergranularly and transgranu- 
larly. The lengths of the individual cracks were not 
dependent on the charging time, although more cracks 
were found after long exposure time. 

8. The mode of fracture consisted of the formation of 
cleavage cracking caused by hydrogen pressure and 
the linking of these rosettes by microvoids coalescence 
when the remaining ligaments between the cleavage 
regions were unable to sustain the applied stress. 

Rolling 0.05mm 
direction 

Figure 12 Typical fracture surface on a HE specimen: A, cleavage 
rosette normal to plane of tensile loading; B, final ligament of ductite 
(MVC) fracture between cleaved regions; C, rolling plane (primary) 
stack cracks. 

4. Two types of cracks were identified: (a) primary 
rolling plane cracks, these had the configuration pre- 
viously identified as stack cracks; (b) secondary trans- 
verse cracks which linked the primary cracks; these 
cracks led to fracture. Individual cracks were initiated 
at inclusions. No elongated inclusion was found and 
very few inclusions contained sulphur; oxides and 
silicates containing calcium were found in inclusions. 

5. For the stress range used, the occurrence of stack 
cracks was not dependent on the stress level because 
cracking was also observed in specimens charged 
without applied stress and also in stress-relieved 
specimens. 

6. The time to failure due to hydrogen embrittle- 
ment was found to depend on the applied stress and a 
stress threshold existed, above which failure occurred 
after a relatively short exposure time, and where fail- 
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