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A. INTRODUCTION

The four main environmental cracking phenomena of concern [1-5] when steels are exposed to wet
H2S environments are

1. Hydrogen blistering: Blister formation, originating at nonmetallic inclusions.
2. Hydrogen-induced cracking (HIC): Also known as stepwise cracking (SWC).
3. Stress-oriented hydrogen-induced cracking (SOHIC).
4. Sulfide stress cracking (SSC): Cracking in steels of high strength or high hardness.

These four types of hydrogen damage are illustrated in Figure 1. For any of these to occur, there must
be a corrosive environment and a material that is susceptible to cracking. The stress may be applied
(or residual) stress, as in SOHIC and SSC, or internal stress resulting from the internal pressure of
hydrogen, as in HIC and hydrogen blistering.

A variation of HIC, called SOHIC, has also caused failures; for example, SOHIC in a hard weld
microstructure caused a major explosion of a pressure vessel [1,6]. Evidence suggested that cracks
propagated to the critical size by a HIC mechanism. Hydrogen evolved at the reacting surface can be
absorbed by the steel as atomic hydrogen, as shown in Figure 2, which can diffuse through the steel
and enter hydrogen traps, such as voids around nonmetallic inclusions. There, hydrogen atoms can
combine to form molecular hydrogen, which can cause the internal pressure to increase to a level at
which cracks initiate and propagate, as shown in Figure 3. In SOHIC, the laminations are arranged in
parallel arrays perpendicular to the surface. Numerous catastrophic failures have been reported,
many of them of steels of high yield strength for tubing and casing although accidents have also
occurred with low alloy steels used in pipelines and pressure vessels [7].

B. HYDROGEN-INDUCED CRACKING

Hydrogen-induced cracking, also known as SWC, can lead to failures of pipelines, tubulars, and
pressure vessels exposed to sour environments, such as sour gas, sour crude oil, and other ^S-
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FIGURE 2. Mechanism of hydrogen entry.
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FIGURE 1. Schematic presentation of various hydrogen-induced cracks in steel.
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FIGURE 3. Schematic illustration of cracking mechanism.

containing environments [8-1O]. Hydrogen induced cracking in pipeline steel in the United States
was first reported in 1954 [11]. In 1972, an undersea pipeline made of Grade 448 (X-65) steel in the
Persian Gulf began to leak after a few weeks of service [12, 13]. The pipe had been made using a
low-temperature (690-75O0C) controlled rolling process, which was suspected as contributing to the
cause of failure. Another major failure occurred in 1974 with a sour-gas pipeline in Saudi Arabia,
which occurred within a few weeks of startup and affected a length of about 10km [14].

Hydrogen-induced cracking occurs in three steps [15]:

1. Formation of hydrogen atoms at the steel surface and adsorption on the surface.
2. Diffusion of adsorbed hydrogen atoms into the steel substrate.
3. Accumulation of hydrogen atoms at hydrogen traps, such as voids around inclusions in the

steel matrix, leading to increased internal pressure and crack initiation and propagation.

Cracking requires the production of nascent hydrogen atoms (H0) at the steel surface, usually by a
corrosion reaction in an H2S-containing, aqueous solution.

H2S+ Fe2+^ FeS +2 H°

The hydrogen atoms produced at the steel surface may combine to form innocuous hydrogen gas
molecules (H2); however, in the presence of sulfide or cyanide, the hydrogen recombination reaction
is poisoned, so that the nascent hydrogen atoms (H0) diffuse into the steel rather than recombining on
the metal surface to form hydrogen gas.

Hydrogen atoms that enter the metallic lattice and permeate through the metal can cause
embrittlement and failure of structures in service environments. It is generally observed that, if large
amounts of hydrogen are absorbed, there may be a general loss in ductility. Internal blisters may
occur if large amounts of hydrogen collect in localized areas [16, 17]. Small amounts of dissolved
hydrogen may also react with microstructural features of alloys to produce failures at applied
stress far below the yield strength. All these phenomena are referred to as hydrogen embrittlement
[18-23].

Chemical species that have been reported to accelerate hydrogen damage include hydrogen
sulfide (H2S), carbon dioxide (CO2), chloride (Cl"), cyanide (CN~), and ammonium ion (NH|).

Plastic Region

Non-Metallic Inclusion

Crack



Some of these species help to produce severe hydrogen charging of steel equipment and may lead to
HIC and SOHIC, either of which can cause failure. It is essential to characterize the cracking severity
of environments, so that either aggressive environments can be modified and/or materials can be
selected with adequate resistance to cracking.

The performance of steels is generally considered to be affected by

Material condition (composition, processing history, microstructure, and mechanical properties).
Fabrication (welding and joining).
Total stress (applied stress plus residual stress).
Environmental effects (corrosion, HIC, SSC, etc.).

Specific chemical agents in service environments may result in degradation, and, additionally,
degradation is a function of time, temperature, and other environmental factors. In certain processes,
these effects may be complicated since some environmental variables cannot be easily characterized,
because of the dynamic nature of engineering systems; for example, welded construction in refinery
service involves local variations in chemical composition, inhomogeneous microstructure, and
residual stresses. These effects are superimposed on influences of environmental factors, which add
to the complexity of the situation. Careful assessment of service experience, evaluation of failures
in plant tests, and laboratory research are all important and can provide useful information on
parameters that are critical to serviceability.

1. Hydrogen Blistering and HIC

Hydrogen blistering occurs as a result of nascent hydrogen (H0) atoms diffusing through the steel
and accumulating at hydrogen traps, typically voids around inclusions. When hydrogen atoms meet
in a trap and combine, they form hydrogen gas (H2) molecules in the trap. As more gas molecules
form, the pressure increases, causing HIC and blister formation. Blisters occur primarily in low-
strength steels (<80ksi or 535MPa yield strength) and are formed preferentially along elongated
nonmetallic inclusions or laminations in the steels used for linepipe [24, 25].

Two types of HIC cracks, center-line cracks and blister cracks, are shown in Figure 4. Blister
cracks, Figure 4(b), are HIC that form near the surface, where hydrogen pressure forms blisters. The
formation of blister cracks is related to the type and distribution of nonmetallic inclusions in the
steel. Elongated, Type II MnS inclusions as well as planar arrays of other inclusions are the
predominant initiation sites for cracking. Since inclusions are elongated and/or aligned in the
longitudinal (rolling) direction, the cracks propagate in the longitudinal direction.

The steels most susceptible to this form of attack are those with high concentrations of sulfur and
manganese, which combine during melting to form MnS inclusions. Rolling tends to elongate these
inclusions (Fig. 5), increasing the surface area of hydrogen traps. Nevertheless, low-S steels are not
necessarily HIC resistant, since alloying for inclusion shape control, reduced centerline segregation,
and reduction of nitrides and oxides also are necessary (26). In addition, high-S steels are not
necessarily susceptible to HIC. Microsegregation and inclusion shape are more important than bulk
sulfur content (26).

Hydrogen-induced cracking is a form of blistering in which lamination-type fissures parallel to
the steel surface link in the through-thickness direction, as shown schematically in Figure 6. This
type of damage (Fig. 7), caused by linkage of individual defects, can result in rapid through-wall
penetration.

Hydrogen-induced cracking may propagate in a straight or stepwise manner. Straight growth
occurs in steels having ferrite-pearlite structures if there are high levels of Mn and P segregation or if
there are martensitic or bainitic transformation structures. The Mn level around linear cracks may be
twice that in the matrix, whereas the P level may be elevated by a factor of 10 [27-29].

Figure 8 shows schematically the stepwise growth of cracks as conceptualized from models based
on stress analysis of cracking caused by hydrogen accumulation within voids [3O].



FIGURE 4. Two types of HIC. (a) Center line cracks and (b) blister cracks.

1. In Case I, two relatively large inclusions are connected.
2. In Case II, a small inclusion bridges the gap between two larger ones.
3. In Case III, several small inclusions are connected to an adjacent larger one.

An example of crack linkage is shown in Figure 9. Linkage of this type has been found to occur if the
spacing between inclusions is <0.3mm.

Like HIC, SOHIC is caused by atomic hydrogen dissolved in steel combining irreversibly to form
molecular hydrogen. The molecular hydrogen collects at defects in the metal lattice, as in HIC.
However, due to either applied or residual stresses, the trapped molecular hydrogen produces micro-
fissures that align and interconnect in the through-wall direction, as shown in Figure 10(a). Although
SOHIC can propagate from blisters caused by HIC and SSC, and from prior weld defects [31, 32],
neither HIC nor SSC are preconditions for SOHIC [31]. As with HIC, the primary cause of SOHIC is
probably atomic hydrogen produced at the steel surface by wet acid gas corrosion [9, 33-35].



FIGURE 5. Scanning electron micrograph of coupons tested in sour environment showing, (a) Massive and
elongated non-metallic inclusion (MnS) and (b) Energy-dispersive X-ray (EDX) analysis of the above cracking
surface.
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FIGURE 7. Typical example of stepwise cracking.
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FIGURE 8. Stepwise-crack growth [3O].



FIGURE 9. Link-up of hydrogen blister arrays formed under stress. R. T. Hill and M. lino, in Current Solutions
to Hydrogen Problems in Steels, (1982), ASM International, Materials Park, OH 44073-0002 (formerly the
American Society for Metals, Metals Park, OH 44073), p. 198 (Fig. 6).

Stress-oriented hydrogen-induced cracking tends to occur in the base metal adjacent to hard
weldments in pipe and plate steels where cracks may initiate by SSC. The SOHIC is characterized by
interlinking microscopic cracks oriented both in the direction perpendicular to the stress and in the
plane defined by nonmetallic inclusions, as shown in Figure 10(b). The SOHIC is a process by which
SSC can propagate in relatively low-strength steels (hardness < 22 HRC (Rockwell C hardness))
which would otherwise be considered resistant to SSC.

2. Factors Influencing HIC

2.1. Environmental Factors Figure 11 shows the hydrogen uptake in steel as a function of pH.
Hydrogen-induced cracking can occur if the hydrogen content exceeds C^ (threshold hydrogen
concentration, about 0.8 mL/lOOg), so it can occur for plain carbon steel at pH<5.8, whereas with
Cu-bearing steel, it would occur only at pH<4. Copper alloying improves HIC resistance,
particularly in media containing H2S at pH 4-6. Copper does not improve resistance at pH<4, and
thus, effects of Cu are detected in the British Petroleum (BP) test, but not in NACE TM0177
solution.

Hydrogen penetration decreases as the pH increases, and becomes minimal at pH7.5; at higher
pH, hydrogen penetration increases [36]. Hydrogen-induced cracking in alkaline media has been
reported [37]; in such cases, NH3 and CN may accompany the H2S.

Hydrogen-induced cracking is accelerated when Cl~ accompanies H2S; mill scale inhibits HIC in
media containing H2S but lacking Cl ~, whereas there is no such effect when the two occur together
[38]. Carbon dioxide often accompanies H2S in a sour well; the combination OfH2S and CO2 tend to
increase the occurrence of HIC and to increase the concentration of hydrogen at the surface, CQ.

Water is almost always present and is essential to HIC, since hydrogen from the cathodic
corrosion reaction penetrates the steel. When there is no water, corrosion does not occur, so there is
no hydrogen evolved to penetrate, and no HIC should occur. At elevated H2S contents, the medium is
generally more corrosive [39].

2.2. Material Factors The HIC-resistant pipeline steels have been developed [40-44]. Figure 12
[45] compares susceptibility of various commercial steels based on ingot cores (where sus-
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FIGURE 10. (a) Forms of hydrogen damage in H2S service and (b) metallographic sections of weld coupons of
pipe showing: (1) SWC in the base metal, (2) apparent SSC in weld zone, and (3) SOHIC and SSC in heat-
affected zone (HAZ).

ceptibility is highest). The larger the ingot the higher the HIC susceptibility. The susceptibility of
the ingot core is ascribed to the high-volume proportion of segregating materials there, whereas the
low susceptibility at the rim is caused by the low volume fraction of segregating materials, as the
cooling rate at the surface is high. The upper part of the ingot has been described as more
susceptible than the bottom part. Because susceptibility depends on nonmetallic inclusions and
anomalous structures due to P and Mn segregation, HIC can be reduced either by reducing the
proportion of nonmetallic inclusions by lowering the S content or by modifying the morphology of
segregation by adding Ca. Tempering is effective in eliminating the low-temperature anomalous
structure. Addition of Cu (> 0.2%) is also effective. Hot-strip mill products are more susceptible
than plate mill products.
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FIGURE 11. Relationship between pH and hydrogen uptake for plain and Cu-bearing steels [3O].
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FIGURE 12. Hydrogen-induced cracking susceptibility for commercial steels [28].
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Inclusion Length (jum/lTmm2)

FIGURE 13. Relationship between total inclusion length and crack length ratio [29]. Copyright 1976 by The
American Society of Mechanical Engineers. Reprinted with permission.

Plate-shaped inclusions provide hydrogen traps, and thus, tend to raise the HIC susceptibility
[46]. Figure 13 [29] shows the crack length ratio as a function of inclusion length, the two increasing
together and not greatly influenced by the finishing temperature. It has also been found [47, 48] that
the cracking susceptibility in commercial steel is usually larger at lower rolling temperatures, which
may be related to the shape of the MnS inclusions; that is, those inclusions may be elongated by
controlled rolling at ~ 75O0C, but are not deformed at higher temperatures.

When S < 0.007, it produces good resistance in the ingot rim of controlled-rolled and hot strip
mill materials regardless of the finishing procedure [44]. The effects of S are not so evident for
specimens from the core, where there are numerous inclusions other than MnS. Type II MnS
inclusions occur in the core, and specimens taken from cores having average S contents as low as
0.001% can show HIC susceptibility [47,49]. Calcium is sometimes added for shape control of type
II MnS inclusions, but excess Ca results in CaS clusters, so that there is a best Ca/S range that
depends on the S concentration [50, 51].

The effects of alloying elements on HIC occur through the effects on strength, microstructure,
and segregation. Copper affects hydrogen uptake; above 0.2% Cu, susceptibility is much reduced
[29, 52]. Copper reduces C0, but does not alter Cth [41], so that the NACE TM0177 solution shows
no HIC inhibition as a result of Cu addition to the steel [53-55]. Over 1.0% Mn increases the
susceptibility, but Q and T treatment can remove the detrimental Mn effect [40, 42, 56]. When Co
accompanies Cu, the hydrogen uptake is reduced and the HIC susceptibility is lowered [53].

The elements C, Si, Ni, Cr, and V have only minor effects on susceptibility [53,56], although it is
stated [53] that Ni reduces the hydrogen uptake, and it has also been found [53, 57] that Mo and Cu
together result in the beneficial effect of Cu being reduced. It has also been reported [55, 58, 59] that
Cu + W has only slight effects on the sensitivity. It is claimed [59] that Bi, Pd, or Pt improves the
resistance by forming surface films, but the use of these expensive metals may not be a practical
solution in most applications.

Calcium and rare earth metals, such as La and Ce, spheroidize nonmetallic inclusions, raising Cth,
(i.e., the resistance); these additions are often used in making steels for severe environments [41-45].

Manufacturing processes and treatments affect the MnS morphology and influence sensitivity;
for example, rimmed and Si-killed steels have relatively low susceptibility because Type I MnS
predominates [60, 61]. If the MnS inclusion content is sufficiently low, even the adverse effects of
low-temperature controlled rolling are reduced [29]. Both Q and T treatments can reduce the
susceptibility substantially [5O].
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3. Prevention and Control

There are two ways of inhibiting HIC: One is to prevent hydrogen from penetrating the steel and
another is to reduce the concentration of hydrogen traps. The HIC can be inhibited by using over
0.2% Cu. In addition, Co, Cu + Co, Cu 4- W, and Ni are also stated to be effective. Alternatively, an
inhibitor can be added to the solution to produce a protective film [60-63], or the pH can be raised.
Using a paint or lining to isolate the steel may also inhibit hydrogen penetration and prevent HIC
[64-66].

If S is reduced to 0.002 to 0.005%, the number of nonmetallic inclusions, such as MnS, may be
reduced and HIC inhibited. It is claimed that Ca and rare earth metals inhibit HIC susceptibility by
modifying the morphology of inclusions [67]. Tempering is also effective in eliminating localized
Mn and P segregation if the Mn level is more than 1%; tempering reduces hardness around
inclusions, and thus, the HIC susceptibility. Calcium added to steels low in S and Mn for use in sour
gas pipelines improves HIC resistance.

C. SULFIDE STRESS CRACKING

Sulfide stress cracking was first recognized as a serious problem in the early 1950s, when the oil
industry experienced failures of tubular steels and well-head equipment [11] constructed from steels
with hardness values greater than HRC 22. The NACE International recommendations to prevent
SSC were based on an approach that has been reasonably successful in practice; that is, heat treat
steels to hardness levels less than HRC 22. Although the base metal of steel pipe normally has
hardness levels well below this value, service failures have occurred in regions of high hardness in the
weld heat-affected zone. It is, therefore, common to apply the HRC 22 limit (equivalent to Vickers
hardness "HV 248") to the weld/HAZ areas in pipeline steels. Test procedures for SSC are reviewed
in Chapter 61.

Sulfide stress cracking is a form of hydrogen embrittlement that occurs in high-strength steels [3]
and in localized hard zones in weldment [39] of susceptible materials. The graph in Figure 14 shows
the synergistic effects of high steel strength and high H2S concentration in the environment to cause SSC
[68]. In the heat-affected zones adjacent to welds, there are often very narrow hard zones combined
with regions of high residual tensile stress that may become embrittled to such an extent by dissolved
atomic hydrogen that they crack, as shown in Figure 10(b). Sulfide stress cracking is directly related

Yield strength, ksi

FIGURE 14. The maximum H2S concentration limit for SSC-free behavior at 100% of yield strength [68].
Copyright Materials Properties Council. Reprinted with permission.
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TABLE 1. Comparison of Features of HIC and SSC

Crack direction
Applied stress
Material strength
Location
Microstructure

Environment

Hydrogen-Induced Cracking (HIC)

Dependent on microstructure
No effect
Primarily in low-strength steel
Ingot core
Cleanliness and nonmetallic

inclusions are critical
Highly corrosive conditions,

appreciable hydrogen uptake

Sulfide Stress Cracking (SSC)

Perpendicular to stress
Affects critically
Primarily in high-strength steel
Anywhere
Critical effect, Q and T treatment

enhances SSC resistance
Can occur even in mildly

corrosive media

to the amount of atomic hydrogen dissolved in the metal lattice and usually occurs at temperatures
below 9O0C (1940F) [32]. Sulfide stress cracking also depends on the composition, microstructure,
strength, and the total stress (residual stress plus applied stress) levels of the steel [31].

1. Comparison of HIC and SSC

Features of HIC and SSC are compared in Table 1 ; the orientation of HIC depends on microstructure
and morphology of nonmetallic inclusions, whereas SSC is perpendicular to the stress. Sulfide stress
cracking occurs only under certain stress conditions, whereas HIC can occur without external stress.
Sulfide stress cracking occurs in high-strength steel, whereas HIC occurs in low-strength steel. The
occurrence of HIC depends on nonmetallic inclusions, so that the steelmaking process and the
location within the steel ingot are very important. This resistance can be increased by quench and
temper heat treatments, although SSC of high-strength steel can occur in mild environments where
the steel absorbs only small amounts of hydrogen. On the other hand, HIC occurs in low-strength
steel in severe environments, in which appreciable amounts of hydrogen are formed by cathodic
reduction on the steel surface and absorbed by the steel.
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