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Abstract

One of the most significant technical problems facing the petroleum :ndustry
i1s alloy cracking in hydrogen sulphide (HS) environments. Many questions
concemning sulphide stress cracking (SSC) remain unanswered and practical
solutions are sought to reduce or eliminate the occurrence of SSC failures.

strength steel subjected to co’d deformation is known to be suscepuble
10 SSC. Lven highly resistant tubulars can fail if improperly handled. There 1s
considerable scope to impreve the knowledge of cold w~-' -+ " failures in
sout petroleum production. This project is an initial step tow ghal.

The SSC resistance of a high strength tubular steel has been tested in the
laboratory as a function of cold working and stress relief beat treatment. The
standard NACE (National Association of Corrosion Engineers) constant load
tension test was used with the HyS saturated acidic salt water solution. All samples
were loaded in tension to 90% of the steel's actual yield strength. Slow strain rate
technique (SSRT) testing was also conducted with the same H3S saturated salt
water solution.

Steel specimens became more prone to failure during constant load testing
when they had been subjected to increasing amounts of cold work. Constant load
tension testing revealed that the high strength steel can develop SSC suscepubility
when it s cold worked to 5% strain or above, accomplished by tensile elongauon at
increments of 0, 5 and 9% permanent strain. (This form of deformation produces
homogenous strain in the steel specimen.) However, when the steel was stress
relieved pnor to cold working, SSC failure did not occur. SSRT tests did not
reveal conclusive differences in SSC susceptibility of samples exposed to the same
NACE sour solution, but an unequivocal decrease in time-to-failure occurred upon
changing test environments from air to the NACE solution.

Examination of failed tensile samples by optical and scanning electron
microscopy revealed that the fracture mode becomes more brittle with increasing

amounts of cold work.

v
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1.0 INTRODUCTION

Petroleum production is complicated by the presence cf hydrogen sulphide.
Sour well bloewouts resulting from tubular failures present serious hazards to both
workers and the environment. The costs of capping, lost product and lost
production can also mount quickly. Assurance of tubular string integrity, therefore,
has both social and economic consequences. Further, industrial benefits will accrue
to manufacturers who have the technology to produce sulphide stres: cracking

(SSO) resistant steel.

Recent trends to exploit sour perroleam reserves have intensified the
importance of improved SSC resistance. The use of very high strength steels has
been prohibited due to SSC susceptibility. Despite tremendous advances in the
quality of steel tubulars, failures still occur as increasingly higher strength materials
are required for the growing trend toward deep, high pressure sour wells, toward
heavy oil with thermal recovery, and as older petroleum fields become slightly
sour. In order to develop better steels, and to be able to select the best grade for
specific circumstances, it is important to understand the mechanisms of SSC and
their interaction with cold work. Itis difficult to prevent sulphide cracking simply
by the addition of chemical inhibitors. Therefore, the selection of resistant materials

is important to prevent abrupt and often catastrophic SSC failure.

The main requirements for production of tubulars resistant to SSC are low
sulphur levels (clean steel), sulphide shape control, and high temperature tempering
combined with optimum chemical composition in order to obtain a uniformly
tempered martensite microstructure.8:19.21,43,46,49 Despite great improvements
in steel composition and processing, the highest usable strength of tubulars in
hydrogen sulphide remains around 690 MPa (100 ksi).12,19,23,49,52

A stress relief, double tempering heat treatment may further improve SSC
resistance. 10.21.25,51 A 110 ksi-grade material has recently been developed with
the NACE threshold stress set at a minimum of 80% of its specified minimum yield
strength.31 The good SSC resistance was atributed to a fully quenched martensitic
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microstructure, a high tempering temperature, spherical and uniformly dispersed
carbides, optimum concentrations of Cr, Mo, V and Ti, and fine grain size. Itis
also worth noting the very low sulphur content of 0.003%. SSC has been avoided
to some extent by use of restricted yield strength steel with 4 Rockwell hardness
below 22 HRC.12.21,23 However. poor SSC resistance after cold work can occur
even if the hardness is below 22 HRC, as it is the microstructure of the stecl that s
important in preventing $SC.12.32.52

SSC tubular failures occur predominantly in or near the coupling, where the
material is cold worked by threading and typicai make-up procedures.?,11.22.48
Hoop stresses in standard API connections often exceed 275 MPa (40 ks1), and can
approach a steel's yield strength due to make-up alone. Leakage of produced fluids
can often occur at connection collars as a result of inefficient sealing, especially at
elevated pressures.9'12»47 Cold straightening may also contribute to SSC

susceptibility alone r in combination with other forms of plastic
deformation.2.18,21,49,55

Factors that can promote failure, such as high stress levels, environmental
severity and localized regions of high hardness are not considered in either the
current sour service guidelines or the literature.9-122 7 An environment can be
considered severe for numerous reasons, including particulary low pH (which
could result from well acidizing fluids), or an extremely high H>S content. In
addition, benign operating conditions that turn suddenly harsh can contribute to
sulphide failure, such as a drop in temperature into the range where the steel 1$ most
prone to SSC. It is difficult to control stress and plastic deformation because of the
complexity of applying loads during handling and operation of oil field tubulars.
Leakage from the formation into the casing tubing annulus for instance, can create

conditions of excessive pressu~e which may contribute to string weight stresses.?

Cold deformation is associated with string connections which are by far the
most common location for SSC failures downhole. Because of the importance of
joints to string integrity, the effect of cold work on SSC resistance is of foremost



importance. This project is one step toward solving the problem of SSC of tubular

goods.
1.1 Literature Review

Although few in-depth studies on the effect of cold work have been
reported, many other important parameters of SSC are well documented. A brief
summary of some of the pertinent SSC research is outlined below. The informauon
presented here has been limited to some of the factors which influence the effects of

stress relief and of cold work on SSC in high strength steels.

The microstructure most resistant to SSC is a fully tempered martensitic
steel.8.21,31,43,46,49 Tempered martensite is characterised by relatively high
toughness for a given strength level. Untempered martensite is a relatively hard,
brittle microstructure which is prone to hydrogen embrittlement. However, the
properties of martensite are greatly improved by tempering. Metallurgical heat
treatment processes leading to the final tempered martensite product are outlined

below.

To begin with, the steel is heated into the austenitizing region,
(approximately 870°C (1600° F) for an L-80 grade tubular), which causes the steel
to assume an austenitic microstructure. Relatively low austenitizing temperatures
produce fine-grained austenite which reduces hardenability as compared with
coarse-grained austenite. This helps to minimize distortion and cracking during
subscquent quenching.—a’ov:“'46 Finer austenite grain size also leads to a toug °r,
more uniform microstructure. 19:22,30.46 Martensite derived from a fine-grained
austenite will also possess a fine structure. This improves toughness since grain
boundaries are strong barriers to microcrack propagation.13 Consequently, grain
size has a strong influence on brittle fracture behaviour.

Austenite is rapidly cooled by water quenching to form martensite.
Martensite formation causes a volume expansion of several percent .1.40
Maicrostructural changes during cooling arise from the fact that the face-centred



cubic (fcc) austenitic structure can hold more carbon in solution than the body-
centred cubic (bce) ferritic structure. The carbon atoms trapped in the matrix diston
the equilibrium bcc structure which would normally form on cooling, resulting in a
body-centred tetragonal (bct) crystal known as martensite.¥ The overabundance
of carbon atoms trapped by quenching in a crystal structure that wants to be bce is
what makes martensite hard.” Local stresses can be developed in a steel tubular
when one section experiences volume change before the adjacent section.30.40 For
instance, the surface of a tubular will transform and expand before the interior steel.

These residual stresses can contribute to cracking.7»30v40

Tempering is known to improve toughness. This is the result of reducing
the distortion of the martensite structure by cardbide precipitation and by movement
of dislocations and defects.”-21.30.51 At sufficiently high temperatures, diffusion
of carbon from the strained martensite lattice also helps reduce brittleness. Carbon
atoms are then free to coalesce and form discrete iron carbides. There is a trade-oft
between loss of strength and reducing residual stress for an optimum tempering
temperature at a constant tempering time when attempting to maximize the SSC
resistance.12:23,49 With increasing tempering temperature, toughness and the
minimum stress intensity for crack propagation (Kssc) increase, with a reduction
in tempering time being necessary to maintain the steel's .\strt:ngthj’&?’l Itis
thought that the strain-free or more-recovered microstructure approaches the most
SSC resistant metal.12.20,46 Crystal imperfections, specifically dislocations, are
minimized.43-31 A minimum tempering temperature of 566°C (1050°F) is
specified for API grade L-80. Cold working after the final tempering is forbidden
for this class of steel. (An exception to this is API grade C-95 pipe, which is
allowed up to 3% compressive cold working after tempering).

The steel's mechanical properties are remarkably affected by the amount of
non-metallic inclusions, their shape and distribution.8.36,43,49.53 [f the
inclusions are elongated, the ductility and cracking resistance of the steel will be
anisotropic. These properties will be much greater when the steel is tested parallel,
rather than perpendicular, to the length o the elongated inclusions. The
morphology of second phase particles such as manganese sulphide (MnS) and
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various oxides has a great influence on susceptibility since hydrogen may collect at
their interfaces within the steel. Reducing the sulphur content leads to finer,
rounder, more homogeneously distributed particlt‘.s.:‘zvzlv:‘H 43,49 If the surface
area of inclusions is also decreased by spheroidizing elcngated inclusions, the
hydrogen trap density is decreased, hydrogen diffusion is increased and Kyssc
increases.8:33.59 The steel must have good ductility so that cracks do not
propagate, because small cold worked spots cannot be prevented in actual service.
Crack initiation and propagation are associated with decohesion and/or microvoid
formation at the matrix interfaces between carbides and inclusions.8:43 Thus,
homogeneously distributed, small round particles are preferred over the elongated
"stringer” inclusions to prevent crack initiation and propagation. 11,49,53 Shape
control of sulphide inclusions is accomplished by additions of rare earth metals
(cerium or lanthanum), calcium, or zirconium.20,36 Reducing the number of
inclusions by lowering the sulphur content is a more effective way to improve SSC
resistance than by spheroidizing elongated inclusions.11,31,48,53

Uniform, spheroidized carbides, randomly distributed, are produced with
high tempering temperatures, and increase the threshold or minimum stress required
to cause SSC failure.8.20,43,49.51 Needle-shaped carbides which can precipitate
at prior austenite grain boundaries, are detrimental to SSC resistance, as they have a
notch effect on crack initiation and provide an easy crack path along the weakened
boundaries.20.43

In conjunction with low sulphur content or "clean" steel, the above
metallurgical factors are now recognized as necessary for good SSC resistance.

Steel fabrication methods also affect SSC performance of tubulars.
Continuous casting produces less segregation of impurities in steel as compared
with ingot production.40 Water quenching produces less segregation of impurities
at grain boundaries than does air cooling, giving quenched steel a higher K|SSC.
To achieve through-thickness quenching of thick wall pipe, internal - external
quench methods have been developcd.3v12-47v49 Alloying with boron after
titanium, aluminum, zirconium.or vanadium have been added to tie up the nitrogen
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and oxygen in the steel, is also used to attain through-wall hzlrdcning.-" 12,30
Inadequate quenching can leave retained austenite which can transform to
untempered martensite on cooling after the steel is tempered. Austenite tormed
when the steel is tempered at too high a temperature also results in untempered
martensite. Untempered martensite is a high-stress microstructure and is extremely
susceptible to cracking. Tempering after cold deformation decreases the probability
of failure in H»S by relieving residual stresses.”»1 2,49 The microstructure most
resistant to SSC is a fully tempered martensitic steel.8,19.21,31,43.46,49

Double tempering stress relief is used to relieve the quenching and
straightening stresses, eliminate retained austenite, and improve yield and impact
strengths while maintaining hardness.21.25.51 Double tempering raises the Kigg¢
signiﬁcanlly.16 Retained austenite, which is transformed to martensite on cooling
from the first tempering, must be retempered to toughen the newly formed
martensite. The second tempering treatment takes place at 10 to 30°C below the
first tempering temperature to avoid reducing the hardness.3! The mechanism of
stress relief is thermally-induced dislocation and defect movement, as well as
further precipitation and coalescence of carbides.”-21,23 Thermal energy is
required to move dislocatious through the crystal lattice. Additional energy is 2is0
reanired to overcome barriers which pin the dislocations, such as solid solution
atoms, (mainly interstitial carbon in this structure), stress fields around coherent
particles, and dislocation intersections. 13,40 These crystal imperfections reduce
the stress around a dislocation so that additional energy must be present to move the
dislocation away from the imperfcctions.57 Dislocations densities are thus
minimized by stress relief heat reatment.46.51 Recrystallization may take place
which reduces internal strains substantially.30’39v5l Stress relaxation of this
nature occurs rapidly during the first hour.3! Rapid cooling after tempering to
avoid temper embrittlement has produced more SSC resistant steel, as documented
in past research.46

API modificd N-80 steel was approved for sour service in 1971. It was
incorporated into API Specification SAC as minimum yield strength Grade 1.-¥0.
The maximum strength is limited to 655 MPa (95 ksi) and hardness must be below



23 HRC. NACE places a stricter hardness limitation of 22 HRC c¢n this grade,
which has been justified and adopted by most steel producers. L-80 tubulars are
often stress relieved but this heat treatment is not a requirement as is the case with

C-90 grade, which is always double tempered.

1.2  Sulphide Stress Cracking

SSC has been recognized as a problem by the petroleum industry for about
3S years. It has been demonsuated by both lab and field data that HyS
concentrations of only a few parts per miilion (ppm) can lead to SSC
failures. 3348.57 As well, it is quite rare that water is not present in at least
sufficient quantities to cause corrosion.12.19.47 SSC is a more abrupt and
catastrophic form of failure than pitting or severe general corrosion Brittle fracture
resulting from the combined action of tensile stresses and corrosion in water and
H>S, is known as SSC.

Sulphide stress cracking is a special case of hydrogen embrittlement. The
rate of corrosion 1s increased in the presence of HaS by enhancing the anodic
dissolution rate.4-8.12,34 The iron dissolution reaction produces electrons which
are consuimed by the cathodic reaction. In a low pH aqueous environment

containing H»S, hydrogen is forii.ed by the following reaction:

Fe + H,S H20, FeS + 2H* + 2e-

Atomic hydrogen adsorbed on the metal surface (Hads), can combine with
other adsorbed hydrogen to form gas or it can diffuse into the steel (Haps).
Hydrogen gas harmlessly bubbles away from the metal surface.

2HY + 2e7 ----- > 2 Hads



The hydrogen combination reaction is impaired or “poisoned” by H)S, o
that not only are more hydrogen atoms produced by the corrosion reaction, but
more atomic hydrogen enters the metal rather than recombining. There have been
several theories put forth to explain this poisoning effect. The preferential
adsorption of S ions on surface active sites may prevent or slow the recombination
of hydrogen. The activation energy to go from molecular to atomic hydrogen,
chemisorbed on the metal surface, is thought to be reduced by the presence of HaS,
and the binding energy of dissociated hydrogen may be increased. Even small
changes in surface reactions could greatly affect hydrogen embnttlement, since only
scant amounts of absorbed hydrogen alter embrittlement behaviour. Once in the
metal, atomic hydrogen diffuses or is transported to regions of high tnaxial stress,
such as grain boundaries, inclusion-matrix interfaces, and crack tips. Trapped at

these sites, hydrogen drastically reduces the ductility of the metal 8.43.49,53

Crystal imperfections, or defects, are important during plastic
deformation.13.57 When few in number, they cause the metal to be substantially
more ductile. The most important defect is a dislocation, which is the region of the
lattice separating the distorted and undistorted part of the crystal. When stresses in
an area of the metal reach the yield stress, dislocations begin to move, thus
providing the mechanism for plastic flow. Dislocations move along preferred paths
called slip bands within the crystal structure. A metal which has numerous slhip
systems will tend to be ductile.57 A finer grain size provides more grain boundary
sites to hinder dislocation movement, but also provides more numerous slip
systems which generally means the metal will be more ductile. I3 Fine, spherical
carbide particles dispersed in a quenched and temp.-red steel nimprove its ductility by

providing shorter and more numerous slip bands. I

Plastic deformation in crystalline solids is a shearing process that occurs as
a result of dislocation movement, and is confined to slip bands within the
grains.7ol3v57 Since this deformation is heterogeneous and localized, microcracks

can form. Dislocations are able to move through the grain until a grain boundary,



inclusion, or other discontinuity is encountered. The dislocations then pile up and
create localized stresses. These stresses are relieved or dissipated either by yielding
and further plastic deformation, or by nucleation of microcracks at the inclusion-
matrix interfaces or at grain boundaries. Two or more microcracks may coalesce to

form a macrocrack that can then propagate rapidly.21~4]

When an external load is applied or when residual stresses are left from
quenching or cold working, the driving force for microcracking is increased. or
“stress-induced.” Cold work increases the strength and hardness of a metal by
raising the dislocation density and rearranging dislocations into tangles and
cventually cell walls (or deformation cells).44 Dislocations are produced in
numbers proportional to the degree of cold work.48 Stress relief heat treatments
reduce brittleness by dislocation movement and stress relaxation.7+48

Embnittlement of steel occurs in regions with the maximum plastic
deformation and concentration of stresses, particulmiy at inclusion-matrix interfaces
and at the tips of cracks.8.20,44.46 Hydrogen embrittiemeni cracks are known to
initiate in regions of high triaxial stress. 21 Sharp, elongated inclusions create a
high triaxial stress condition similar to a notch in the steel. 51 Pitting may also

create this notch effect.21.29.55

With cold work, greater hydrogen solubility is observed.20,21,23,44,51
Dislocations and intemal stresses greatly enhance the solubility of hydrogen in the
metal.21.23,44 Hydrogen can become trapped in the strained zones of dislocations
because of this increased solubility. This is thought to impair dislocation
movement. The ductility of the steel is then reduced, since yielding and further
deformation are impaired. It has been suggested that hydrogen can also reduce
bonding forces between iron atoms in the lattice.20

Hydrogen embrittlement failures are generally considered to be explained by
a combination of the accepted theories.20 Hydrogen atoms can recombine once
they have accumulated at collectors in the metal.57 This generates very high
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internal pressures which can contmbute to cpplhied or internal stresses, and lead to
failure. Hydrogen can also be adsorbed on new crack surtaces thereby reducing the
energy necessary for crack initiation and propagution.Z() Other proposed
mechanisms are based on atomic hydrogen dissolved in the crystal siructure
interfering with dislocation movement and slip.l-"29 It has been sugested that
hydrogen atoms diffuse into the strained zones of dislocations and become trapped,
thus hinder.ng the movement of dislocations.20' When a sufficient ccucentration is
reached the movement is blocked, creating pnme conditions for mic - rack
nucleation. Troiano and co-workers were able to show that crack prop . gation is
intermittent, and the rate is controlled by the diffusion of hydi»gen asizot of the
crack tip.13'41 A minimum hydrogen concentration r.- 1st he wttinec bt e new
cracks can form. Environmentally activated cracking o: iaartensite 18 G« he

formation of microcracks as well as the interaction of hydrogen with the advancing
crack.8,17.43

Hydrogen can also aid in ductile fracture. By collecting at particle-matrix
interfaces, hydrogen reduces the cohesive strength of the interface and initiates a
void. This may result in the formation of voids at lower strains.® Crack growth
during ductile fracture involves considerable plastic deformadon and energy
absorption. Voids grow and coalesce as the bndges of matenal between them
elongate and narrow. As C. D. Beachem found. the ductile fracture surface

consists of numerous holes or "dimples” separated by thin walls of matenal. I3

All processes leading to homogeneity of the metal in structure, internal
stresses, or inclusions, have a positive effect on resistance *o hydrogen
embrittlement.8,20.43,49.53 Cracking is affected by environmental factors

including acidity and temperature, and by stress and loading parameters.

Higher strength steels are generally more susceptible to SSC and tolerate
lower H3S concentrations before cracking. Similarly, as the applied stress
increases, the susceptibility to SSC increases. 12,20 However, a steel's SSC
resistance is not uniquely related to yield strength o: hardness, but is strongly
dependent on alloy microstructure.
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Depending on the strength level of the steel, SSC is observed with an H»*
pariial pressure greater than (.003 atmosphere. 49 The occurrence of SSC in higi.
strength steels increases drastically in the range of concentrations from less than 49
ppm (0.005%) 10 1% H,S.26

Low alloy steels are more susceptible to SSC with decreasing pH of the
aqueous environment between pH 10 and pH 0.20.21,26 Even over the acidic

range of pH 5 1o 2, the SSC threshold stress decreases substanually.

The temperature dependence of SSC and hydrogen embnttlement gives a
minimum time-to-failure at about room tcmpcraturc.12v22~26~57 Suscepubility of
high strength steels decreases with increasing temperatures up to 150°C
(300°F).20.26 This can be attributed to hydrogen mobility increasing with
lcmpcramrc.z() (Also, at 150° C or above, high strength steels such as L-80 can be
considered equivalent to lower strength, sour service grades.) Hydrogen diffusion
is accelerated by heat, aiding escape from the metal, as well as allowing hydrogen
to move along with defects during deformation. This latter effect indicates that
dislocations will not be pinned by hydrogen at high temperatures 20 When steel is
continuously exposed to elevated temperatures, SSC failure is no ionger expected.

API Grade L-80 was developed for sour service and is commonly used in
Alberta. This steel is highly resistant to SSC, and both tubing and casing are
available in L-80 grade steel.

1.3 Cold Work

Cold work is the plastic deformation of metal at a temperature below its
recrystallization temperature. Residual stresses are increased by plastic deformation
and 1t is difficult to predict the magnitude and directinn of these internal
stresses. 1 2.21.53 SSC can result from strains arising from the additive effects of
operating loads, pressure fluctuations, thermal stresses, and residual stresses
during normal operation, start-up or shut-down. Service failures have been

observed in a vaniety of applications where nominal stresses were well below the



yield strength of the metal. 35 Stresses are maximized when tubulars are designed
with minimum wall thickness because of downhole clearance

considerations.3-12.35 This pertains to both axial and burst loading.

With an older grade N-80 steel in H>S8, 1% purmanent deformation reduces
the load carrying capacity as much 35%.2 However, a temper treatment subsequent
to cold working renewed 1ts SSC load carrying capacity. Bending a steel below
about 500°C can increase the residual stresses up to the yield strength of the

metal 21

API Specitication SAC states that grade L-80 pipe must not be subjected to
cold working after the final tempering treatment, exce, cold working which 1,
incidental to normal straightening operations. Rotary straightening lengthens the
tubular and constitutes an average plastic deformation of up to 0.5% permanent
strain.2 NACE standards contain a similar requirement limiting cold deformation to

that incidental to normal machining operations such as rolling or threading.

Straightening processes are a significant source of residual stresses. along
with the nonuniform cooling inherent to quenching operations. 12,1821 Very hgh
strength grades of casing, APl C-90) and upwards. cannot be cold straightened
without subsequent stress relieving. Hot rotary straightening at SO0OC is used by
some steel manufacturers to prevent internal stresses from being induced in the
pipe.49 Pipe straightened at the tempering temperature tends to remain straight and

free from intemal stresses after cooling. 18

Cold work produces an anisotropic resistance to hydrogen embnttlement,
with transverse samples failing much more quickly than longitudinal samples. (Sce
Figure 1.1 for sample orientation from the tubular). Grains are elongated in the
direction of working, and reduced in the other direcuons. I3 Cold deformation
distorts the metal structure and increases the amount of hydrogen which can be
contained in the metal.23.25.42 The concentration of hydrogen in the metal is
greatly enhanced by internal stresses and dislocations. Cold deformation tncreases
the strength of the steel by raising the dislocation density and internal stresses.



High hoop stresses can be developed in standard threaded joints. so the pipe
must possess good resistance to cracking in all directions.3.11 These substantial
hoop stresses are present mainly in collars not normally exposed to produced
fluids. However leakage to the collars can often occur because of inadequate
sealing at elevated pressures. Proprietary connections have been designed to
miimize hoop stresses and improve sealing efficiency. This emphasizes the
importance of low-stress premium connections for critical sour service production

strings. 11.14.22

The aim of this project was to determine the amount ot cold work tolerabie
without creating SSC susceptibility in as-received and stress relieved L-80 steel.
This is the basis for establishing a guideline to prevent SSC failures resulting from
undesirable deformation. Simple hardness measurements are useful for monitoring
the degree of cold work and can be correlated with SSC susceptibility. In practice,
hardness measurements are feasible both before and after steel products leave the

mill.
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Figure 1.1 - Orientation of longitudinal versus transverse specimens.

14



2.0 EXPERIMENTAL PROCEDURE

2.1 Sample Preparation

Steel samples were cut from an API SAC Grade L-80 seamless casing. The
chemical composition of the steel tested is listed in Tablc 2.1. Spectrochemical
analyses were performed to determine the chemical composition of the steel sample,
although the chemistry and mechanical properties were also supplied by the steel
producers. The casing had been austenitized at 870°C (1600°F), simultaneously
water-quenched inside and cutside, tempered at 688°C (1270°F) for approximately

66 minutes, and air cooled.

Hardncss measurements were obtained with a Rockwell Hardness Tester,
Model 4 TT BB. Rockwell B and C scales were used, depending on the degree of
hardness increase with cold working. The B scale uses a 100 kg load with a 1.59
mm (1/16 in.) diameter ball indenter. A 150 kg load and conicai "Brale” indenter
are used for the C scale. Over 30 determinations across the wall thickness and from

the outer surface of the casing were averaged to obtain the casing hardness value.

Tensile properties were determined with standard equipment and techmques
(Table 2.2). (The yield strength apparently exceeds API SAC L-80 restrictions, but
this may be a result of machining the tensile specimens and their relatively small
cross-section as compared with a full size casing or tubular). An Instron tensile
machine, model TTD, with a maximum load of 88.96 kN (20,000 1b) was used.
For tensile testing and cold deformation by tensile elongation, crosshead speed was
set at 1.27 mnvminute (0.05 in./min.) and full scale load was set at 44.48 kN
(10,000 Ib).

All samples and tensile specimens were taken from one section of casing o0
obtain uniform chemical composition and metallurgy. This aids examination of the
effect of a single variable, cold working, on SSC performance. Casing was used
rather than tubing, so that sizeable tensile samples could be obtained.

15
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The casing wall was cut longitudinally into strips betore machining tensile
specimens as shown in Figure 1.1. Several strips were given a second tempennyg
heat treatment at 566°C (1000°F) for 30 n.inutes in a Harrop furmace, with an air
environment. Temperature was controlled by a Data-Track programmer, Model
5500. The samples were cooled in air. Cylindrical tensile specimens, 6.4 mm
(0.250 in.) in diameter by 25.4 mm (1.00 ‘n.) in gauge length, were then machined
carefully to avoid overheating and deformation. Before being immersed ir the test
solution, the samples were degreased in tetrachloroethylene, rinsed with acetone,
and stored in a desiccator.

Cold working 10 0, 5 and 9% plastic strain was accomplished by tensile
elongation. This results ir ~longation distributed uniformly along the length of the
spccimcn.30 Strains greatcr than 9% result in nonuniform™ «longation, as the

maximum load is reached and the specimen necks dow v ss values were
determined for each degree of cold working by taking s nents along the
gauge length of as-received steel. For the case of stress re. . steel, flat tensile

coupons were machined, strained, and hardness evaluations obtained (Table 2.3).
2.2 NACE Constant Load Testing

Testing the steel for H,S stress-cracking resistance was performed
according to NACE Standard TM-01-77, "Testing of Metals for Resistance to
Sulfide Stress Cracking at Ambient Temperatures,” (Appendix 1). This test method
describes test specimens, equipment, reagents, material properties and gives the test
procedures to be followed. Metal specimens are stressed in uniaxial tension and
immersed in acidified sodium cnloride solution saturated with H3S until they fail or
30 days have passed. This method is generally considered to be a severe
accelerated test for SSC, although not recommended as a single criterion when
evaluating an alloy for use in an HS environment.34.57 CorTest proof rings werc
used for NACE constant load testing. Tensile stress is applied to the .pecimen by
deflecting the ring, which is calibrated for load versus deflection and is supplied
with a calibration curve. The load range of the rings is 0 to 689.5 MPa (100 ksi),
based on a 0.640 mm (0.252 in.) gauge diameter specimen. This testunitis
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illustrated in Figure 2.1. The tensile specimen is completely immersed in an
aqueous test environment contained in an acrylic environment chamber. Gases,
supplied from pressurized cylinders, enter the environment through a flow tube into
the test solution, and exit via a tube fitting flush with the chamber's top plate.

In this experiment, L-80 steel specimens were stressed to 90% of their yield
strength which was previously determined by tensile testing (Table 3.1). This load
is relatively severe, as it represents almost 110% of the specified minimum yield
strength (SMYS), which is 550 MPa (80 ksi) for L-80 steel.

The standard NACE salt water solution was used: 5.0% sodium chlonde,
0.5% acetic acid, in distilled water saturated with H,S :o approximately 3000 ppm
(0.3%) HaS. For the duration of the test, a continuous flow of HpS gas was
i .untained through the solution. Solution pH was 3.5to 4. All gases and

chemicals used were reagent-grade purity.

A caustic absorbent solution for effluent gas was found effective in
minimizing the amount of H7S gas exhausted from the proof ring environment

chambers. This solution consisted of 10% NaOH.

Electrical timers and microswitches were used to record time to failure.
With failure of the specimen, the ring was released from its deflected state. clearing
the microswitch and therefore stopping the timer. Specimens which did not fail in
the 30 day test period were considered to be resistant to SSC.

2.3 SSRT Testing

Slow Strain Rate Technique (SSRT) testing involves the application of a
relatively slowly increasing tensile stress to a specimen in a prescribed
environment. Uniaxial loading is applied with a materials testing system (MTS),
which basically consists of a fixed stiff frame, a carriage, a drive mechanism, and a
load cell and recorder. The MTS available was a model 810, with a 25 tonne (27.6
ton) capacity load cell. Crosshead speed (or stroke control) was set at 13.3 mm



(0.525 in.) in 3.5 x 103 seconds (or 97.2 hr). Stroke control was set with an MTS
442 Controller and MTS 410 Digital Function Generator, using a ramp function.
SSRT testing performed with the MTS was continued to failure in the standard
H,S-saturated NACE solution. Tensile specimens with the same gauge dimensions
< those for the constant load testing were used. An extension rate of 2 x 10-6 5~
applied for dynamic strain tensile testing. Load-time curves were recorded and
maximum load was set at 55.6 kN (12,500 1b). Time to failure and elongation

were determined from the recorded curves.

The SSRT has the advantage that the test is not terminated after an arbitrary
time period, but always results in failure. Test time is considerably reduced as
compared with static tensile tests.22.24 Dynamic strain reduces the incubation
period for crack nucieanon and avoids the pitfalls associated with precracking,
which is necessary with other SSC tests.28 The SSC susceptibility is then related
to the mode of fracture and other results such as time-to-failure and elongation.
Metallography and fractography ot SSC reveal a loss of ductility, brittle mode crack
propagation, and secondary cracks perpendicular to the direction of applied stress.
Data is obtained quickly by SSRT testing and is often used for screening purposes
to compare SSC resistance of an alloy when only one parameter is varied.24 Steels
which exhibit SSC in this type of test may be acceptable in service if stresses are
controlled, since the SSRT is a conservative test method.33 No SSCin the test

indicates no SSC failure should occur in actual service under the conditions tested.

An environment chamber similar to the CorTest chamber was constructed
for use with the MTS. The test cell assembly was sealed off after saturating the
solution with H5S. Continuous bubbling of H3S through the solution was deemed
unsafe and unnecessary considering the short duration of each test (i.e. less than 6
hours). An enclosure was constructe¢ * . trap and vent any HpS vapour escaping
from the sealed test cell. PVC pipe was cut and hinged for an enclosure with easy
access to allow attachment of the test cell to the MTS.
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2.4 Fractography and Metallography

Cross sections of as-received and stress relieved steel were cut and mounted
in thermosetting epoxy by compression molding for inspection with an optical
microscope. Etching was then conducted with the following reagents: Nital, 5%
nitric acid in ethanol; Picral, saturated solution of picric acid (5%) in ethanol;
Vilella's reagent, 5 ml hydrochloric acid and 1 g picric acid in 100 ml ethanol
(95%). Cross sections were examined with optical and scanning electron
microscopy. Stress relieved samples were cut from the casing wall to observe all
three dimensions, longitudinal, transverse and short transverse. Fracture sufaces
were cleaned in a 3.5% HCI solution inhibited with 3% 2-butyne-1,4-diol, and
were examined with optical and scanning electron microscopy. The SEM used was
an International Scientific Instruments Model 60 (ISI-60).

Cross sections of specimens tested by both constant load and SSRT were
inspected after H»S exposure. Sections cut from the gauge length were cut
longitudinally in halves, mounted, etched, and examined with both an optical

microscope and an SEM.

X-ray detection analysis was used to determine the chemical cor: nof
second-phase particles. The SEM high-energy electron beam striking the specimen
surface produces characteristic X-ray emission by exciting the eiements in the
specimen. (Characteristic X-rays consist of discrete amounts of energy emitted
from an atom when an electron jumps from the excited state back to its stationary
state). X-ray signals are detected along with continuous background radiation, and
are plotted as a spectrum, or range, of intensity versus energy (Figure 3.17). Light
weight elements with atomic number below that of sodium cannot be detected by
the energy-dispersive detector uscd, because of a lack of sensitivity. A Princeton
Gamma-Tech, (PGT), System 4 microanalyser was utilized in conjunction with the
SEM.
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TABLE 2> Mechanical Properties, As-Received and Stress Relieved Respectively
YIELD TENSILE ELONGATION
STRENGTH STRENGTH (%)
MPa ksi MPa ksi
672 97 .4 758 110 25.6
666 96.6 735 106.6 32
TABLLE: 2.3 Hardness Measurements
COLD WORK
% STRAIN HRB* HRC*
0 97 18.7
As- 2 98 20.2
Received 5 99.4 22
8 (101) 24
9 (102) 25
Stress- 0 94 (14.2)
Relieved 5 94.5 (15.0)
9 95.5 (16.0)

* Conversions between HRB and HRC are approximate




1Il. DESCRIPTION OF TEST UNIT
A. PARTS LIST

31100
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Figure 2.1 - CorTest proof ring assembly by permission of CorTest Incorpor.:

Willoughby, Ohio.
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3.0 RESULTS AND DISCUSSION
3.1 Hardness Measurements

Hardness was found to increase with cold working, from 19 HRC (97
HRB) to about 25 HRC (102 HRB), in the as-received steels, as the degree of cold
work increased from ) to 9% (Table 2.3 and Figure 3.1). These values are only
approximations, due to the difficulty of taking measurements on 6.4 mm (0.250
in.) diameter tensile samples, and due to conversions between Rockwell C and B
scales (HRC and HRB).

Hardness values also increased with cold working of the stress relhieved
steel, with a range of 94 HRB (14 HRC) to 96 HRB (16 HRC) from no strain to

9% strain.

Only slight softening resulted from the stress relief. Coarsening of the iron
carbides added to a drop in the steel's hardness, but was presumably offset
somewhat by the secondary hardening ctfect ot the alloy carbides. Chromium,
molybdenum, and vanadium carbides require longer times for precipitation
compared with iron carbides, and in sufficient quantities can raise a steel's hardness
during tempering 23,30 With the relatively low alloy content of the subject steel,

only a decrease in the rate of softening was observed.

1t is important to note that the cracking resistance of a particular steel is
governed by the microstructure, not the hardness per se. Hardness measurements
were used in this experiment as a means of quantifving changes in the steel atter
stress relief and cold working. Industry standards use hardness limitations for sour
service as it would be a complex problem to establish and apply a microstructural
standard.



3.2 NACE Constant Load Tests

Time-to-failure data for each degree of cold working is presented in Table
3.1. Figure 3.2 depicts NACE constant load test results versus material hardness.
It can be seen from this graph that the steel's susceptibility to SSC increases with

hardness.

Specirnzns tested in the as-received condition with no cold working did not
fail in the 30 day test period, nor after a further 4 days of exposure. Stress relieved
specimens did not fail in the 30 day test period, regardless of whether or not they
were cold worked. Thus L-80 steel in the as-received, unworked condition, or
stress relieved with up to 9% strain by elongation was found resistant to SSC in
acidic, aqueous HS, while loaded to stresses exceeding its specified minimum

yield strength (SMYS) in this test senes.

The shortest time to failure was with a sample strained to Y%. Vanations in
time to failure demonstrate the unpredictable nature of SSC. However, the data 1s
sufficient to conclude that 5 to 9% strain by elongation greatly increases the
probability of failure by SSC in an aqueous HS environment.

Specimens which failed by SSC in the SSRT tests, and in the NACE tests
after 25 days, i.e. 600 and 648 hours, also exhibited cracking parallel to the applied
stress (Figures 3.4 and 3.5). This form of cracking develops without an external
stress and is called hydrogen induced cracking (HIC) or stepwise cracking. HIC
normally propagates parallel to the rolling direction of the steel and depends
strongly on the segregation of manganese and phosphorus in the ingot.12 Itis as
complex as SSC and is controlled to a great degree by the same methods. HIC
frequently occurs in association with SSC. By itself, this cracking process is
usually observed in lower strength plate and pipeline steels with a yield strength not
greater than 550 MPa (80 ksi). This experiment revealed a decrease in HIC
resistance with cold working of the as-received metal.
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3.3 SSRT Tests

As-received L-80 specimens were tested with this technique. All specimens
exposed to the HjS solution failed rapidly by deep SSC cracks, accompanied by a
severe loss of ductility (Figure 3.6). Secondary cracks, also perpendicular to the
applied stress, were seen along the gauge length. Little or no necking took place in
the fracture region. By comparison, the specimen tested in air failed in a ductile

manner with considerable reduction in area at the fracture surface.

With undeformed specirmens, elongation to failure dropped from 24% in air
to 3.8% 1 HaS. Among all leveis of cold working, fracture elongation ranged
from 2.4 to 3.8% in H3S, calculated *-om  1d-time curves. This range is
attnbuted to data scatter, and is inconsc o wal when compared with the 24%
elongation in air. No significant change in SSC resistance with increased cold
working was detected with this test. SSFT iest results are plotted in Figure 3.3 4
load versus time to failure, the latter corresponding to elongation. This graph
clanties the lack of any reliable evidence of changing SSC performance with cold
working by the SSRT test with the subject steel. Other SSRT experiments, also
using a severe environment, have yielded a similar lack of conclusive results.29

Elongation is directly dependent on time, since the strain rate is set by the
MTS crosshead displacement rate (Table 3.2). The very rapid failures during
SSRT testing in H>S may be due to the fact that dynamic stra:n esting maintains a
driving force for slip-step emergence, and reduces the incubation period required

for crack nucleation.28.29

To obtain more significant differences in SSC resistance from one amount
of cold working to another, it may be necessary to employ a slower strain rate. A
better recourse might be to greatly increase the degree of cold working. Flat tepsile
specimens would then have to be cold rolled, since tensile elongation past 9% straia

results in nonuniform plastic deformation.
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2.1+ Metallography

A black iron sulfide tilm covered the surface of all samples examined.
Generaily, mild pitting and surface corrosion were noted, especially on samples that
had been both cold worked and exposed in the NACE test cell for 25 to 30 days
(Figure 3.5a). Pitting and surface corrosion were observed to be considerably less
severe on undeformed steel specimens. No accurate measurements were taken but

the trend was visually obvious.

Fine equiaxed. fully tempered lath martensite was observed in the as-
received steel. Lath martensite consists of thin stnps or Liths grouped into packets
or bundles. Each lath has a substructure of many dislocation cells, each celi

containing a high density of dislocations. .39

Stress relief had an observable effect on the microstructure. [t is surprising
to see extensive changes in microstructure dunng a stress relief, since normally
after tempering at such a high temperature (688°C) one does not expect such a
remarkable alteration in microstructure following a second tempering at a lower
temperature (566°C). This suggests that the initial tempenng treatment may not
have been to the mill parameters specified. However, a less distinctive mantensiie
lath structure was produced with more fully spheroidized carbides (Figures 3.2()
and 3.21). There is a tendency for grains of ferrite to form as carbon precipitates
from the martensite, as well as for cell walls and dislocations to disappear.
However, discrete grains of ferrite could not be distinguished clearly in these
micrographs. Microcracks associated with MnS inclusions became somewhat less
sharp in appearance after stress relieving, (Figures 3.20b and 3.21). These
microstructural changes are thought to have arrested crack initiation and/or
propagation upon exposure to HS and a constant applied load.

MnS inclusions were randomly distributed, and surprisingly both spherical
or slightly elongated. The latter were elongated in the steel's rolling direction,
which was parallel to the direction of cold deformation. It follows that the
inclusions were further elongated by cold working. Reportedly, room temperature
sulphides invariably have a decohesive interface with the steel.36 Thus voids are
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already present and available o trap hydrogen and enlarge before a load is
applied.®:41 Small voids or microcracks were found in the steel concomitant with

the slightly elongated MnS§ inclusions (Figures 3.8 and 3.19).

Cold deformation may further increase decohesion of inclusion-matrix
intertaces within the steel (Figure 3.9). However, further research is needed to

predict the way that voids and inclusions react to cold working.36

Crack initiation and propagation are thought to be associated with microvoid
formation and decohesion at the interfaces between inclusions and the matrix.
Intertaces between the matrix and inclusions, carbides and other precipitates have
been documented as powertul trap sites for hydrog,en.gv‘w‘49v53 High stress
concentrations can readily develop at these interfaces because of the elastic-plastic
incompatibility between the tougher iron matrix and essentially brittle precipitates.
‘The combination of hydrogen and high stress concentrations, especially after cold
deformation, can augment decohesion of the interfaces and initiate cracking.
Alithough decohesion and microcracking may also have occurred at carbide and
other precipitate interfaces with the matrix, the effects of these are felt to be
insignificant in comparison with the effects of MnS inclusion interfaces. This
conclusion is based on the finer size of the carbide particles as compared with the

MnS inclusions, along with the more uniformly spherical shape of the carbides.

X-ray analysis was used to identify the MnS globules (Figure 3.17).
Several sphenical MnS inclusions appeared to be associated with spherical iron
oxide inclusions, although oxygen cannot be identified by the X-ray analysis
equipmernt utilized (Figure 3.18). However, surface energy would be lowered by

the conglomeration.

Undissolved carbides approximately 0.1 to 0.4 micrometers (microns) in
diameter tended to be segregated to martensite lath boundaries and prior austenite
grain boundaries (Figures 3.7). Stress relieving the steel made the carbides
increasingly spherical in shape, fewer in number and slightly larger (Figures 3.20a
and 3.21b). With recovery or recrystallization of the martensite, iron carbides are



usually located at fermte grain boundaries. 3V As tempering progresses, the
distribution Jf carbides 1s reported to become more random, compared with the
linear arrays seen along lath and prior austenite grain boundanes. In the present
investigation however, this difference was not particularly obvious between the
single and double tempered steel. No cracked carbides were seen in the steel tested
as the sulphide inclusion content would have to be extremely low before carbides
would begin to affect the steel's ductility. High strength steel alloys with low
sulphur contents (less than (0.01%) depend on carbides being randomly distributed
and spherical for SSC resistance.8.31,43

The mechanisms of this second temper, siress rehieving heat treatment are
thought to be thermally induced dislocation movement, diffusion, and some
recrystallization. Internal strains were thus reduced significantly. Also, retained
austenite, which had transformed to martensite, was tempered. The combined
effect was to reduce the br.ttleness of the steel and improve its SSC resistance.

3.5 Crack Morphology

SSC cracks were generally transgranular with very little branching (.ee
representative micrograph, Figure 3.10). Separate cracks often initiated in several
places on the surface of the tensile samples. Crack propagation was normal to the
tensile stress. Fracture occurred by mechanical failure when the metal remaining
between the cracks was tomn apart (Figure 3.11).

No inclusions concomitant with primary cracking could be detected by

SEM, optcal microscopy or by X-ray analysis.

HIC occurred to varying e«tents in the cold worked as-received, constant
load NACE test specimens. Th:s type of cracking can propagate in the direction
parallel to the tensile stress (Figure 3.4). The most severe occurrence was
observed with a NACE test of a 9% y lastically strained specimen (Figure 3.5).



HIC appears to have initiated at a sulphide stringer inclusion, although no positive
confirmation of inclusion chemistry could be made. The occurrence of HIC in a

high strength steel suggests a large fraction of hydrogen in the steel, (a high H
fugac“y)(),48,52,54

3.6 Fractography

SSC fracture surfaces reveal both brittle and ductile modes of failure (Figure
3.12). Typical transgranular quasi-cleavage brittle mode was seen on samples cold
worked to 9 strain. With decreasing amounts of cold working, the hyvdrogen
fracture surfaces became less brittle in appearance (Figure 3.13). Itis interesting
that the microcracks look blunt and rounded with no cold work, whereas they
appear quite sharp on the cold worked specimens. In contrast, the ductile overi: .d
surfaces show microvoid coalescence (Figure 3.14). Thus failure began by brittle

cracking and finished by ductile overload.

The bnitile fracture surfaces were often flat semi-circular zones for which the
crack initiated on the outer surface of the gauge section (Figure 3.12). One
specimen had a flat circular zone that originated from intemal crack initiation
(Figure 3.15). Flat voids across the fracture surface are formed by hydrogen
ceilecting around inclusions, leading to the development of very large voids. !0

Cracking was prevalently transgranular. This tends to indicate that impurity
clements in the steel have not segregated excessively to grain boundaries.



TABLE 3.1

SSC Test Results by the NACE Tensile Test

COLD WORK TIME-TO-FAILURE
% STRAIN SAMPLE HOURS *
0 1 N/F
2 N/F
As-
Received
Applied 5 1 N/F
Stress 2 600
605 MPa
(87.7 ks
Y I N/F
2 16
3 648
0 1 N/F
2 N/F
Stress-
Relieved
Apphied 5 1 N/F
Stress 2 N/F
599 MPa 3 N/F
(86.9 ksi)
9 1 N/F
2 N/F
3 N/F

*  NJF signifies sample did not fail in the 720 hour test period

30
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Figure 3.1 - Calibration of Rockwell hardness numbe, 1 cold work by percent
plastic strain.
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Figure 3.2 -

26 1 |
SSC Susceptible

24 ¢

22 +

18 1 SSC Resistant
1 6 <+
14 + + ‘ + + + *

0 100 200 300 400 500 600 720
Time to Failure (hours)

NACE constant load test results as time to failure versus material
hardness. Above a certain combination of hardness and exposure
time, SSC failure is a definite possibility. Note that 720 hours
corresponds to the 30 day test period, at which point the metal is
considered resistant to SSC.
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Figure 3.3 - Slow strain rate technique (SSRT) test results show the dramatic
decrease in time to failure (and correspondingly elongation) with usc
of the NACE test solution. However, insignificant differences
between specimens cold worked to different degrees were obtained
with NACE solution tests.
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Figure 3.4 - HIC crack seen propagating normal to the SSC fracture surface and
into the plane of the applied stress (0% cold work, SSRT sample,
SEM 110 x magnification).



35a)

35b)

Figure 3.5 - Most severe case of HIC seen in a 9% plastically strained
sample which failed following 27 days exposure in the NACE:
test.

a) Side view, with pitting visible (6.4 x magnification)

b) Dark crevasse extending nto fracture surface s the
HIC crack, (SEM, 11 x magnification).



Figure 3.6 - SSC fracture and secondary SSC crack on gauge length, (0%
cold work, SSRT sample 6.4 x magnification).
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3.7a) 1700 x

3.7 b) 4900 x

Figure 3.7 - Carbides in tempered martensite (SEM).
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Figure 3.8 - Microcracking associated with an elongated MnS inclusion, in a 9%
cold worked sample after NACE test lasting 27 days, (cross-section,
960 x magnmtication).



Figure 3.9 -

Microcracking and inclusion morphology in 9% cold worked sample
after NACE test lasting 16 hours, (cross - tien, 9N x
magnification).
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Figure 3.10 - SSC cracks propagating in a specimen cold worked to 9% strain and
exposed to the NACE test for 26 days. Sample failed at these cracks
the tollowing day. (Sample surface, 40 x magmtication).
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Figure 3.11 a) - Several SSC cracks normal to tensile axis, joined by mechanical
overload at failure, (9% cold work, SSRT sample, 6.4 x
magnificatior

Figure 3.11 b) - Fracture surface revealing SSC cracks as distinct flat platcaus.



gure 3.12 - Darker flat areas on outer surfaces are brittle, SSC fracture surfaces.
Lighter, rough arcas are ductile overload surfaces (9% cold work.
SSRT sample, SEM 11 x magnification).
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Figure 3.13 a) - Britle, quasi-cleavage fracture surfaces, (SEM, 1100 x
magnification).

a) 9% cold worked sample.
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Yigure 3.13 ¢) - Unworked sample.
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Figure 3.14 a) - Ductile-dimple fracture surfaces. Dark regions are microvoids and
light regions are last strands of steel broken upon farlure, (SEM,
1100 x magnification).
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Figure 3.14 b) - Minuscule white particles are carbides, (SEM, 3400 x
magnification).

47



Figure 3.15 - SSC crack initiated at centre of flat circular zone, as seen on leftside
of fracture surface, (SEM, 11 x magnification).
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Figure 3.16 - Carbides in double ternr stress-relieved martensitic steel, (SEM).

a) 3400 x 94900 x
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Figure 3.17 - X-ray spccirum analysis identifying a typical MnS inclusion.



Figure 3.18 - Spheroidized MnS inclusion associated with another inclusion,
presumably an iron oxide, in stress relieved martensitic steel (960 x
magnification).



Figure 3.19 -

I
M

chtly elongated MnS inclusion with decohesion at the
-ix-inclusion interface, as-received steel (SEM, 34(X) x
ification).
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Figure 3.20 -

As-received L-80 steel; tempered martensite microstructure (960 x
magnification).

a) Spherical MnS inclusion.
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Figure 3.20 b) - Typical elongated MnS inclusion.
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Figure 3.21 -

Stress relieved L-80 steel: microstructure of tempered martensite
with some recrystallization 2+ spheroidized carbides, (960 x
magnification).

a) Transverse cross section.
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Figure 3.21 b) - Longitudinal cross-section.



Figure 3.21 ¢) - Short-transverse (or longitudinal through-thickness )
cross-section.
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CONCLUSIONS

Cold deformation decreased SSC r= ~*ance and hydrogen-induced crching
resistance of the as-received | ~ . _after only 5% plastic strain. This
bekaviour was found using the .2 constant load test with an applied
stress of nearly 110% of the specified minimum yield strength (SMYS). A
correlation was obtainea between increases in hardness and detenoration ot
5SC resistance. As veceived, the unworked L-80O steel passed the SSC test
(when loaded unia.ially to more than 100% of the SMYS). As well, the
unworked steel appeared to be more resistant to pitting and surtace

corrosion.

As the degree of cold work was decreased, SEM investgauon revealed a
change in brittle fracture mode. from typical quasi-cleavage to a more ductile
fracture. Increases in brittleness of the steel result from cold deformation
which augments hydrogen embrittlement, as well as raising internal stresses

in the crystal lattice.

The slow strain rate testing technique produced rapid faslure i all samples
tested. This behaviour can be attnbuted to the similanty of the steel samples

and to the severity of the NACE solution.

Double temper stress relief improved SSC resistance of the subsequently
cold worked L-80 steel. All stress relieved specimens passed the NACE
constant load test, including those specimens cold worked to § and Y%
strain. With stress relief, the microstructure changed from a pronounced
martensite lath structure with a high proportion of spheroidized carbides into
a less distinct, partially recrystallized structure with a larger proportuon of
well-spheroidized carbide particles. Microcracks and separated inclusion
matrix interfaces became less sharp. The difference in SSC re<stance.
particularly after cold working, can be explained by the dramauc changes in
microstructure and inclusion morphology imparnted by stress rehief heat

treatment.
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Hardness of this steel rose from an initial state of approximately 18.7 HRC
(97 HRB) in the as-received condition, tc 25 HRC (102 HRB) at 9% plastic
clongation. The maximum hardness of 22 i{RC recommended by NACE
corresponds to about 5% cold work and, in this test series, was associated
with SSC susceptibility. Stress relief by a second tempering treatment
reduced the hardness to 14.2 {{RC (94 HRB), which was raised to 16 HRC
(95.5 HRB) with 9% strain. It appears there may be a certain advantage to
stress rehieving L-80 steel that wall b thsequently cold worsed and
exposed to aqueous HaS. Further research 15 indicated to statistically prove
this result, and 1o confirm similar behaviour with L-80 grades from several

manutacturers.
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RECOMMENDATIONS

There is a nced to investigate the extent of cold working expenenced by
tubulars in service. If expennmental amounts of plastic deformation were
correlated with cold work incurred after single or double tempered steel
tubulars leave the mill. better quantification of the relatonship between
hardness increases and corresponding changes in SSC resistance could bhe
obtained. To relate laboratory ~old work defonmatons to the potentially
larger values expenenced in field practice would require an increase in the
extent of experimental deformation. This could be achieved by cold rolling
flat tensile specimens, rather than by utilizing clongation which is
characterized in L-80 steel by non-uniform detormation after 9% strain,
Also, the SSC resistance of steel previously cold worked to different
degrees could be quantified by determining the threshold stress, which is
defined as the limiting amount of stress that can be applied without

producing SSC fuilure of the steel.

Cold work could be expanded to include elongation, compression, and
torsion, since all three modes of plastic deformation are associated with cold
working of tubulars in service. The SSC resistance of cold worked. welded
tubulars or higher strength steel such as C-95 and P-110 should also be
investigated, as these steels are in use in petroleum production. The higher
strength steels tend to be more susceptible to SSC than L.-80. which may

prevent their use in severe downhole environments.

Most SSC tubular failures in the peroleum industry occur at or near
couplings. High hoop stresses often develop in standard threaded
connections, so good resistance to cracking in the longitudinal direction s
necessary. To investigate the directiona! SSC resistance of tubulars, tensile
samples should be cut from the pipe wall transversely and tested. Resuits
could then be compared with the p--formance of longitudinal samples that
have been tested in this prej.ct. Threaded couplings can also fail as a resait

of SSC cracks initiating at the root of a thread. Tests could be performed to
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evaluate SSC resistance of threaded or notched tensile samples. with
particular attention to the residual stress concentration and microstructural
deformation at the root of the thread. Other field service conditions not

considered herein may contnbute further to SSC susceptibility.

As a direct extension of this project, it would be worthwhile to obtain
improved quantification of the degree of cold work tolerable for a single
tempered 18O steel exposed to aqueous HaS. SSC tesung could be
performed at narrower increments of cold work. say 2, 4 and 6%. Also. if
applied tensile stresses were reduced to less than the SMYS. more than 5%
cold working may be required to cause SSC susceptibility in the as-received
steel. To determine the amount of cold deformation necessary to produce
SSC fuilure in the stress relieved L-80 specimens, the extent of deformation

wonld h. 10 be increased.

Another area for consideration is the sig.  icince of microcracking changes
occurring as the  ¢ree of cold deformation increases, and their effect on
SSC pertormance  The degree of deformation also affects the behaviour of
inclustons., voids and microcracks. These phenomiena could be examined to

better understand their effect on SSC fracture.

Evaluation of steel pertormunce in sour environments could be expanded to
include other high strength steel fabrication parameters. In particular, rapic
cooling after the first or second tempering treatment may further improve

SSC resistance of (he L-80 alloy.

Another potentially productive research topic is the effect of cold work on
pitung and surface corrosion rates. Pitting may initiate SSC, and tends to
be more severe when CO» is present. CO5 1s recognized as an important

corrosive agent and is often found along with H»S in petroleum recovery.
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The Nationat Association of Corrosion Enginects issue. o
Standard i contormity to the best current technology
regarding the specific subject. This Standard represents
munmum . requirements and  should 0 no way be
mterpreted as ¢ restnction on the use ot better procedures
o matenals. Newther as thiy Standard intended to apply in
any and all cases relating to the subject. Unpredictable
crcumstances may negate the uselulness of this Standard in
speific instances

Ttus Standard may be used i whole arin patcby any party
without prequdice af recopmtion ot the source 1s included.

69

e National Assocatron of Corrusion Lngineers assumes
N tesponi, fur ihe anterpretation or use of this

Standard.

Nothing contamed a0 this Standard of  the Nation!
Assoctation of Cortosion Engineers 15 1o be constre 2d as
granting any aght, by mplicaton o: otherwisc. for
manufacture, sale, or use 11 connection with any method.
apparatus, or product covered by Letters Patent, nor as
imdemnifying  or protecting anyone against lability  for
infangement ot [etters Patent.

Foreword

Sulfide stress cracking (SSC) talures of e tals exposed to
hydrogen sultide contamng ol hield environiments have
been recogmized as a problem for almost 25 years. Both
Liboratory and field data have shown that concentiations of
g4 few parts per omlhon of hydoogen sulhide may  be
suthicient to lead to SSC tailaies  abordatory and tield
expenences have allowed engineers to select matenals
having mmimum susceptibihty to SSC. Though  the
remdinder of this Standard will be tocused on SSC fatlures,
other twlure modes such s corosion Faugue, general
cottosion, cte | can be the cause of tatlure an sulhide
cnvitonments,
.

Dunng the Last tew years, the need tor berter understanding
of the vatables and better correlatian of data have become
dapparent tor several reasons. New desten requiren,ents call
for higher stiength allovs, which i general gre more
susceptible to SSC than the Tower strength alloys. These
design requurements resalted i extensive developmental
propgrans G0 obtam mote resstant allos s and o1 heat
treatments At the same time, users i the pettoleum
mdustiy are pushing present matenals much closer to then
physical lnmts Attempis to use higher strength steels
other andustries have occastonaliv resulted s SSC tatures

SSC tlures are generalls thoupht to resalt from hyvdrogen
cobrttlement . When hvdrogen atoms are cathodically
olved on the sartace ot a et (e by Corroston o
cathodie chargrme . the presence of hvdiogen sulfide (and o
tew other compounds contanmnye cvamides, anene, ete )
temds to canse Bivdropen atoms o enter the metgl rather
than 1ot hvdiogen molecules wlach do not enter the
metal Leothe metal, hvdropen gt dittase 1o regtons ot
hieh trasal tensile stress o wome nacrostrue tural
corbie tatoais whese they beoome ('.u\pv\l Jand increase the
butticness of pcometal Thoaet there are several kinds ot
bvceen daeve e to ctals debnved bttle tiacture of
e e e combined action ot corroston i g salfide
covirormeat and tensile stresses (whiche s be well below
the vield stosa s the phenomenon that s know o gs salfide

Moy i kHI_:‘

Those and orher conaderations fed NACE Ui Comnuttee

11E on Mery Voot il becld Egaepent to establinh

Fask Group T-1F-9 (Mctals Testing Techmgues for Suthide
Corrosion Cracking) with the assignment to prepare o
NACE. Test Method Standard pertaining to testing of metals
for resistance to sulfide  stress crackimg. Task Group
TF-13 was established 1o venity that the T-1F9 Test
Method was reproducible between different laboratones.
Ongnally . tlus Test Method contained a notched beam as
well as the smooth tensile specimen. Task Group T-1F-13
recommended standardization of the tensile test but not
the notched beam test. Further work s indicated with
different types of beam and fracture mechanics specimens
tor possible ctasten at a later date. Task Group T-1F-17
has been estabiished to accumulate data of interest 1o
NACE conducted with the tensile test as desenbed in thus
Standard.

Ttus Test Method, 1ssued by the NACE Group Committee
on Curroston Control i Petroleum Production (T-1), 18
directed toward testing of metals for resistance to cracking
falure 18 aqueous environments containing  hydrogen
sultide . It must be emphasized that the sole purpose of the
Test Method s 1o taailitate conformity in testing so that
data mav be accumulated  from ditterent sources and
compared on an equal basis. bvaluation of the data requires
judgment on several difficult pomnts which must remain a
matter tor the individual user s other speartic groups and
situations. [t has been noted that stresy corrosion testing s
a difficult task. This Test Method s generally conceded to
be a severe, accelerated test for SSC, making the evaluation
of the datg extremely difficult. In testing the 1epro-
duabthity ot this Test Method among different laboratores.
several undesirable side effects, natural with any accelerated

test. were noted

I The test envitonment  may  causs Ladure by
hvdrogen blistenng as well as SSC. This as especially true
tor lower suength steels not usually subject to SSC The
presence ot g bhstenng form ot falure may be detected by
metallographic observation.

tost envitonment NN Cduse cotroston tor some
allovs wihich nommally do not corrode i actual nield serviee
and thereby induce SSC talures v allovs which ordinaniy
doonot by SSC Thas problem s ospeaathy acute with

SUanless steels



. amma-~ this Test Mcthod is an accelerated test for SSC
v, may al o produce failures by other modes. It should
. . %c used as a single criterion for evaluating »n alloy for
use w °r hydrogen sulfide or other hydrogen charging
situati -~ occur. Attention should be pad to the other
factors which may strongly influence SSC such as pH.

70
temperature, H; S concentration, cortosion potential, stress
level, manutacturing considerations, bimetalli. cttects, ety
as well as prior field expenence and sate ovctenations
when attempting to judge the suttabdity ot o+ ol or use

In a speaific situatic

Section 1 General

1.1 This Test Method 1s concerned with the ambient
temperature testing of metals subjected to tenstle stresses
for resistance to cracking failure in low pH agqueous
environments contaming hydrogs  sulfide

1.2 This Test Method gives recommendations on the
reagents to be used. describes the test specithens and
equipment to be used, discusses base material and ypecimen
properties, and gives the test procedures to he followed.
Reporting ot the test results s also discussed  The test
procedure can be summarized as follows Stressed
specumens are immersed in aaditied sodwm chlonde
solution saturated with hydrogen sulfide at ambicnt

presure and temperatute Applied stresses at convenient
merements ot the vield strepgth can be used to obtam
sulfide stresy by data. Time to-fadure at a fixed stiess
15 an amportant parameter tor expenmental correlation
purposes A 30 day test penod i considered suthicient to
reveal tatlures i matenals susceptible to sulfide stress
cracking o bordettine cases, longer test pertods may be
desirable

13 Satety Precantions  Hvdrogen salfide o an extremely
toxic gas which must be hardied with care Sce discussion
in Appendix 1 tor safety consideranons and toxicity of this
pas.

Section

2 | Reagent Purity.

211 The gases. sodn chloride. aceuc acd. and
solvents shall be reagent ur chemucally pure (99.57
minimum puritv) grade chainicals

212 The watcr shall be distilled or detonized, tap
water shall not be used (Appendix 2).

2: Reagents

22 Preparation of Solution

221 bty grams of sodium chlonde and S grams of
glacial aceuc aod (4 8 ml) are dissolved i 945 grams
of water The mmtal pH should be approximately 3.
During the test, the pH may increase but not exceed
45

Section 3:

31 The selection of the test specimens that can be used s
ofeen restricted by the size and shape of the ratenal
avalable for tesung and by techmical considerations o
srress analysis. ete. The onentation « @ the spramen can
attect the results and should be noted

3.2 Tension Specrmwen (bigure 1)

321 The geze section of the temston speciinen stiafi b
0250 inch (6.4 mm) i diameter and b (25300 0
leng (ASTMA-R70) A substze speaimien wprtooge ol
O T0C ek 2 33 myn diameter b Landh (2 3
Tonyg 1y acee ptable

YO Ihe re! o o curvature toothe daree dipnera
coatone shgll beoat deast 925 o (Hed o1
SHALTIIZC STesy concentigtions

303 bFads of the speamen must b Lo Cnogeb o

accommodate seals tor the test contan 1ood b ik

Test Specimens

connections Lo the stressing hixtuge.

129 Machinmg of the specimens  must be doae
cerclully to avod overheating and cold working ' the
pape section The tinal two passes shiould remaove about
0 002 i (005 mua) tetat 1otal

§ 05 The spearnen s inished to a surtace toughness
ol 32 pncrone ki EO # 1 ) o betrer

§3 Cleanmme of Speceen o

AL I he specen Soaid he depreased waith
tettachloroeth dene o g sontar solv it nnsed with

b octone e rored an g degccator until ready toruse

532 Spedrneens st o oendied only with clean
poties poloethe b ar ottor gloves atter cleqming
Under oo creurtntghe ey are b ceaned specimens to

e boanddled wath b 1oy )
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0250 +000% ««h (64013 mm)
Sutisize 0100 0002 inch (254 ¢ 005 mm)

iy R {min)

0.25 inch (6.4 mm)
0.25 inch (6.4 mm)

10 ch (254 mm)
t W nch (254 mm)

Dimensions of the tension specimen.

Section 4: Test Equipment

41 Mauy typey of stress ips and test contsiners used tor
stress corroston testing are acceptable for sulfide stress
cracking testing Comsequently - the discussion e ths
sectron s mitended to emphasize the requied characterstics
of the eurpment ta permut selection of suttable 1items and
procedures

4 2 Tenston tests should be pertonmed with constant load
o sustained load devices

4 3 Tesunp with constant or sustamned load devices ins s
that susceptible matenals will fadl completely . ehmuna.ing
the chaace that a small crack wall be overlook o visual
and muctoscopte examimation of the test amens

44 Dead weght testers or hydiaulic equmpment, capable of
mamntainmy constant pressure one g hvdraulic cell can be

wsed tor s onstant loa? testing,

45 Sustamned foad osts cane be conducted with s pring ty pe
devices and prov: mps where retovgtion i the fixtures or
specimen wall 1 oonly g simall percentage decrease i

the apphed load

4 6 Because the test contaner will probably jacket the gage
section ol the speamen and possiblyv some ot the thicker
pottion but not the stressing tintie itselt, the speamen
must be electieally solsted rom amy other metals

contac Ewith the test solation

4ol the seals around  the specunen must be
clectoreadiy ansuiating o Van tight but alloaw monvement

ot the specnen withone - able thiction

3.6.2 In cases where 1t is feasible to 1m. 1rrse the
complete test tixture in the test solution, the specimen
must be electncally isolated from the siressing finte
with the fixture made of a matenal that 1s not
susceptible to SSC. A susceptible fixture must be
coated completely with a nonconducting impermeable
coating.

47 Test Vessels

4.7.: The size, shape, and entry ports of the test vessel
wiil be determined by the actual test fixtures used to
sticss the specimens.

17 2 Vessels shall be capable of being purged to
1emove oxygen before the test is begun and also
capable of keeping air out during the test. The use of a
small outlet trap on the hydrogen sulfide eft 1ent hne
to maintain 1 inch (2.54 cm) of water back pres are on
the test vessel will prevent oxygen entry through smal
leaks or by diftusion up the vent line (Appendin 2.
Reasons tor Fxclusion ot Oxygen).

4 7 3 The test vessel shall be of a4 size that the solution
volume ¢an be mamtained between 20 and 100 ml per
square centumeter of specimen to standardize the dntt
ot pH with time due to the consumption of the acetic
acd

4.7.4 The fixture, cell, ete - shall be essentially inert
A% Temperature Control

4 X1 IThe test solutionshall be wontaimed at 75 + 5}
(24 +28C)

Section 3 Matenal Properues

S bensile testine spallh beoased tor detcimnninye base
sl propettion oo more pecnmens shal e padied
veavnaeed to deternune the vield ana altimarte steengths

percent clongation, and ceduction ot ared 1o the matenial
It desirable to muachine a standard tenston tost speaimen

wd the ©0 von v sTress cotEonlon et speoaton o

adidcent lers oy o the rtem to be tested so that any nnney

varationy 1o propesties whnch normadhy oooun trom bar 1o

14
hat can be nonimized

SN e uncertanty St ety as to the tundamenatgl

suterial propertics which correldte 1o the susceptibin



TABLE 1 — Suggested Data Reporting Forms for SSC Testing {
{Artificial Data for Example Purposes Only)

Table A - Alioy Deta
Chemical Composticn

Alloy [ Mn S P Mo Ce N S Heat Trestment v¥s 1£3 HRC
N-80-A 0.46 100 0.036 0.020 0020 QT 1200F (649 C} 120 130 27
N-80-8 Same Q.1 1000 F (538 C) 134 147 32
N-80-C 0.42 1.13 0.028 0.020 0018 N 1600 F (B71C}. T8BOOt (427 C) 94 122 24
4340-A 043 0.27 0.01 0.020 0.26 o8 21 QT 1200 F (649 C) 116 127 27
9Cr-A Q.15 0.83 0.01 0.016 0.96 81 N 1700 F (927 ) T 1000 & (538 U1 120 152 16

Note. Q = Quenched, T = Tempered. YS = Yield Strength, and TS Tensile Strength

Tabie B - Test Rosults

Yime to -Failure, Hours

Applied Stress, 100 psi (6.89 MPs)

Alloy ¥s 40 60 75 80 85 90 95 100 120
N80 A 120 NF  NF NF 00 72 1% 3
N-80-B 134 13 19 07 0a 03
N-80-C 94 NF  NF NF NE NE b2 1
4340.A 116 NF  NF NF V ¢ '
9Cr-A 120 NF F ' t
Note '.- = No Failure, F = Failure During Test (32 day») and No Tesr
SSC. Consequently, all pertinent data on chemical fixed chemical composttion shall be tested . thouph 1t
composition, mechanical properties. heat treatment, and were a different metal

mechanic:! (such as percent cold reduction of prestraii)

histories shall be determined and reported (Table 1} m

addition to the tensile test data. It 1s emphasized that each 53 betore testing, hardness measutements stall be taken
different heat treatment, microstructure, etc., of a mewl of on the tugl. portion ol cach specimen

Section 6: Test Procedures

6.1 Specimen Loading and Test Inttiation 6123 Atter the ool s purped s the Joad
apphied caretully not to exceed the desared level
6.1.1 A vanety or fixtures can be oo o sTress the ot loading
sperimens 1f 1 - fitures have the *le v mpottan
features: 6124 The test celt s Billed nnmediately wath
deacrated solution and  then saturated  wath
€.1.1.1 Eiectnical isolation « secimen trom ydrogen su'tide st a moderate How cate (100 11
the fixture. 200 ml per nnutey tor 0 to 1S eupate,
6.1 12 Lase of making proosion dosd measure 61 25 10 fen ety T et nbin e ontieo.

ments. flow o foodropen sattide thirough e et
contamer and outlet trap for the duratic vot the
6.1.1.3 Stable load behaviar st ot s Loe tlow rate (a bow bk o o
annte T nantans the fopdiopon ot b

N oner ¢ et . ,
6.1.1.4 Proper envitonrnentar con o e ntahion and a sipht poates prece

preveat o o entery the vt ottt

6.1 2 Testing Sequence thee et anall beaks
6.1.21 A clean spearmen s pla b e et G106 With e bl allod e
cell and the necewsary seals inade e tant fonttetin . Gt bt e ar e to balios

an altornate fogding equence ke 680

61 2.2 The stressing tixtur roed i the tet GO G e e taation ol
contamner. and then the test ool pureed with prate tve bl O aed e dreinate oo qenes
mert gas Sl e eatedy




73

90

82

60 -

50

40 -

30 -

10

o

PERCENT OF
YIELD STRENGTH

(10

10

SEMI-LOG TIME

(HOURS)

T v +r .
L. W 1K) i LI -~ R -3 ~ o -
IR DS RPRDE JP00IEIC TN TR R
! ! ! |
+H— R S R A B KRR RR2 2R 2] s st KUK EXERE O m . o P
w 4+ PR S B R R 18 2 T2 1aak i RRRAd CRRXE IREE 4 ‘. R R
distedins .. "
1 1 A N N RN RERRS IR 1444 PRERE TN 4
% » % LIRS et r e diiey L...H: + ettofoece -y seevesennd t
H t et e BRIEE RIEIRE TETY? TN agasasas RESEE CEXES LERR -
+ t R IR N E RN YY) 74» torfereitheiot oo aateriafenns . * d .
M, + R .‘......41767 veredeens [ IR
+ ’ 4+ LR R ...Llf $reby R L R A [ IR
HOO . ; bt } .
N <H A M A, IS A T H
+ + LA H BT IR .*.‘.. vt bends teaste crregrr
+ + +++ PRI Y R RN Iy FERYY YO ’ . * .
+ + »w [ R EENE R I + [EEE B
—t ++ + H IEEE IR IR IR IZ.,,.:..:. . §
+—+—+—+ w +H+ BRI ORI E REEETEREEY FITTE N N A
+ ﬁl _.A.II w«, FL_ LR IR XX Y] :..ﬁ:. ' pes ' . .
PR e iU RE RS P Y R RN Ity e l . . .
P R T , P S ..........Z.*.:...:N::.... ' [
j H /
v e e O O R R P I N REREY DRRTI T e R -y . *
: 4 "
80 + -~ - + + ' +
B = e LR Ry e RS DEREEETEYY ITTRTIT PRI REERN TSI ‘
PGPS W (e PO S TR T SO R FRveIvn bens -
P EEPRY RR B P NIRRT EE TRTSTSTRIN FRRroeses cere e
R R e RS PO P R R N R R ‘
- + R T et U FORRE N e
EPSIIGIIE S S DS DEIRY FR00s o) ST S ~ SO [P [ A PUUSS NI FUPTITON (RPN SR
R B R B R aads St PR PN P Y . Cheae PR TRTRTE I
L R R : y YTehe . e N R PETTEITS TIPPITIes B
-+ o ce e st trerrtrescieres o e e B R SR RXERE ER T :..,1::
mo + . " "
J + * - +
R o SR e Qﬁos*t‘.ozo’..: 4 seebfrenegs P . PN I X EREEYITES DTS IO .
B R EEEEE T TORYY PRSP ereederactons e [ IR R ERRYTIARR] XTIt RRER .
1
-t .Q!O‘QO R4 *eor 000-00000.‘400001_~¢'0 XXX 23 . LIS .B- . e .0.0T¢~..;-i XY .
+ 1+ 4 . BN R PRRTTTIEN ToTRveees TERR .
TR e =t SRR peoesdeeer . feveetees - ‘e sepe
NSO SR ROTO RN st AP DS 00 10t I S NP NN doe s "
S SRS SPUTNN R S . R SR SO SN
&O —— .-
b ¢ ¢ ece e e e} .:.:..4...1. creaiens et - P PPN JYTeTIen
R R L L R r T Ty PP P oy . ey Ceeeen ereereses
R E R E LTI TR 2o PR PO S e e e e e ceeerennn .o ' .
]
—+ 4 e e s e s e b e rerecaiodorsanens FERY PRI PP RIS S L R B . .
DUSGENE P ISR e seeedoes N .. e PN .o f
R I PP S PP P P . D P .
- >+ b e s e brrreprecreforseccens IREEE I e P Y T teovend P SO . .
B B T e R R R bt TRT RSP B S N N T P IR [RPUTY TRIRON: SR SN . .
R R R R T . PR S e e e e e e e v e iasas FTRTS FONQUIE: S SN - B
!
NO -—
lgr e rrreens cevdeees e e e e e e e e e d s I PR ceaetonen .. N
- s ! . N P 4o frovesvrod oo atane. .. [N
Bt & ey A . S [N . .
. b - P Y R . o
- CHENISTHY . AR s -
] S F e Y PP Y SIS SO S SN . e
b - 22 I TETETTITYY SUOuaopet sroseussel SUpiy SUNS .. .
b v -— + to DR R IR RS . . . N
r?!*&mé% ' C el B e .. . .
- — - B U O . . e b
" f%o% U S SN code .. e ..
- — - " . - - . v g . o - e - . .. e -
0 % ¥ . - .o H ‘
b oo ——t - — - . . R
& : IOasN: i, PPPS
et B + + ' . et eeeee b
- } 4 + .- T S ST ) B
a G )] + 4+ i . . . I [ P . O
- - - B SR 000 ORI .. RN et s
[55] £ ~ Ry P - W W > 2 Ay - - =z L Fd ? g
L)

Presentation ot data by semilog graph

2

FIGURL



6.2 Failure Detection

6.2.1 Timedo-falure shall be recorded wang clectneal
timers and microswitches

rv\*
6.2.2 Tension specimens may be sucssed at  onvenient

increments ot the yield strength

62 1 Addre. il specimens shall be tested to clocely
define the tad/uo tail stress

Section 7: Reporting of Test Results

71 Time-to-tailure and no falure data are geported for
cach stress level.

7.2 Table | shows a4 uggested Tonmat tor reporting the

data  Presentaron ot the data may abso be shown on
sertlog graph paper (byare )

73 ANl cheancal compositions, heat treatment, phivacal
property _and other data taken shal be reported

Appendix |

Safety Considerations in Handling Hydrogen Sulfide

Toxicity

Hydrogen sulfide 1s perhaps responsible tor more mdustnal
porsoning accidents  than any other single chemcal. A
numbet of these acadents have been fatal Hydrogen
sulfide shall be handied with cautien and any ¢xpeniments
using 1t planned caretully. The maxinwm allowable OSHA'
concentration 1n the air tor an B hour work day 15 20 paits
per milhon (ppm), well above the level det table by smell
However. the olfactory nerves can become deadened to the
oder atter exposure of 2 to 15 .. dependent on
concentration, so that odor s ro apletely reliable
alarm system

Brietly | the tollowmg are somy ot the human phystological
reactions o vartous  oncentrations ot hydrogen sulfide
Exposuge to concentrations i the range of 150 to 200 ppm
for prolonged perods may cause edema ot the lungs
Naused . stomach distress, belching coughung. headache,
Gizamness and  blistening are signs and symptonns ol
poisong  In this range ol concentration Pulimonary
complicaions, such as pocumonts. gye strong possibilities
from such  subacute  exposare At SO0 ppm.oun
cunsciousiess ustaily results wathin 30 nuautes and results

acute toxic reactions In the 700 1o 1008 ppm range,

'S punutes and

Coonsarousiess may ocest i sy than
dedt  occur within 30 nunutes At concentrations above
1000 ppme o single Tungtull iy tesult monstantaneaus
NIPNTIIYG TIFENITS with death uickly  toltowime dae o

coroplete tey rons tadure and candiac st

Additional intormation on the tosaats of by drogenssuthide
cin be obtaned trom the Chenacal Safety Data Sheet
SD a6 adopted Janaany 1950
Martacturiny Chenmint s Assoctation. IX2S Connecticut
Ave . N o Washimgton. b € T0009 and trom Darzerous
Propernies  of - Industnial - Materals by N Tivang Sax,
pub!shied 1 196% by Renhold Book Corp o New Yok,
New  York

avatlable  trom  the

Amettcan Corr e ot Governnenityl

Industares Hygenmists 1
Fire and Lxplosion Hazards

Hydrogen sullide v o tlammable gas, yickding poranoas
sullut dioxide gy ¢ combustion product o addition ats
explosive liouts 1anpe Trom 3 1o 3050 0 ur Appropoate
precattions should be taken to prevent these Basgrds trom

developang
Experimental Suggestions

All tests should be pertovmed g hood with adeqguate
ventilation to exhaust all the H,S  The H,S tlow ates
should be kept Jow to mnaze the quan ity exhausted A
L, caustic absorbent solution t ettluent pas can be used
to turther minumize the quantins of HpS pas exhausted
This solition will need penodie replenshment Pravision
shoudd be coade o,

It the test vessel it the H, S cow tmtertapted Suitable

cent backtlow ot the causty solution

satety ~quipment should be used whenewonking with H,S

Particulat attention  Sould be piven tao the antput pressuge
on the pressure sepulators as the dowrstresm pressue
trequently wilb nse as cotronon poodu debre creand
mtertere with repulation at low tow rates Coan oy hinders
Should b
ot the cvhinder head Because hydiopen sultrde pon higud

wurely tastened To present typang and break ayr

form an the cylider, the Niphe pressute e Bould he
Cheched troequently as celatively hrthe tine wall ebagee atier
the Last igend evapotates ynnd the e e deom )
P MPay to atimosphenn pre s Lt edee should
Be peplae b the tume at eeache 7ot HOG -t 7t 0/
MPa) b

Flow hioabd oot be allowed o top wittioat - loung s valve

the pepalaton control sy become vrnaty
or diy o onres tie the tubang st the teab e b e the
solutior =il continge to sharh HyS el v g teean
mto the © shime repslator and even the anafer Achedd
calve an 1 hoe shoobd present e peoblom the valve

works preoperhe Hoaaewer b ean o cubent o the



sematnung hydrogen sulfide should be vented as rapidly and
-, as poussible and the manufaciurer notified so that the
Sadet cant recerve specidl attent

Reference

1. OSHA Rules and Regulanions (Federal Register, Vol. 37, No.
202, Part 1], dated October 1K, 1972).

Appendix 2

Explanatory Notes on Test Method

Reasons for Reagent Purity {Section 2)

Water impuniies of major concern are alkaline or acid
buttening constituents which would alter the pH of the test
solution and organmc and norganic compounds which could
change the nature of the corrosion reaction. Oxidizing
agents could also convert part of the hydrogen sulfide to
soluble products such as polysulfides and polythionic acids,
which may also afte. tthe corroston process

Alkaline materials  (magnesium carbonate, sodium silica
alununate, et ) are often added to (or not removed from)
commercial grades of sodiam chlonde to assure tree flowing
charactenstics and can greatly affect the pH.

Trace oxypen ampurities 1in the purge gas would be much
more crrtical af the mtrogen (or other inert gas) were to be

contimuol mixed with the hydioy-n sulfide in order to
obtam a & artial - ressure of hydrogen sulfide in the
gs and . 1 lower hydrocen sulfide concentration in

solution. Oxadation products covld accune e resulting in
changes 1n rate and/or hydiogen oatry rate
(Appendix 2, Reasons tor Exclusion of Oxvgen).

COrro;10n

Preparation of Tensile Specimen
(Section 3)

It should be emphasized that all machimng opeiations
Jiould  be and  slowly  so that
ovetheating, excessive pouging and cold workete . do

pertonmed  caretully

alter cnucal physical properties of the material. Surface
smoothness 1s critical in unnotched specimens.

Reasons for Exclusion of Oxygen

Obtaining and matntaiming an environment with minimum
dissolved  oxygen considered very
important because of signihicant effects noted in field and
laboratory studies

contanunation s

1. Oxygen contamunation in brines containing H; S can
result 1 drastic increases in corrosion rates by as much as
two orders of magmitude. Generally, the oxygen can also
reduce hydrogen evolution and entry into the metal
Systema’ studies ot the parameters affecting these
phenom  (as they apply to SSC) have not been reported
.. the hterature

2. Smait amounts of uxygen o ammonium polysulfide
are sometunes added to  aqueous refinery streams in
conjunction with careful pH control near 8 to  irumice
both corrosion and hydrogen blistering. T'  effectiveness is
attnibuted to an alteration of the corrosion prod-ict.

In the 4b 5 ce of sufficient data to define and clarify the
cilects ot these phenomena on SSC it is thought that all
reass aable ool mitions o exclude oxygen should be taken.
ded i this st Method will minimize the
citects of oxygen with httle crease in oo t, ditheulty, or

Ihe precaution

complextty

Capynght 1977
National Asscx ation of Corrosion Engineers

Proated i L
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The National Association of Corrosion Engineers issues (his,
Standard in conformity to the best current technology
regarding the specific subject This Standard represents
minimum requirements  and  should in no way be
interpreted as a res' . tion on the use of better proceduies
or matenials. Neit© s this Standard intended to apply in
all cases relating o the subject. Unpredictable circum:
stances may negate the usefulness of tlus Standard 1n
specific instances.

Whenever possible the recommended mitenals are defined
by reference to accepted Standards, such as AISI, APl of
ASTM  Stndard Fowever, some acceptable matenals
could - precisely defined without designation by trade
name -+ matenals have been designated as acceptable on
the assumption that thewr nominal chemical composition
and physice! propertics will remam the same as those
POSs t.eG at (he tyne . thes Standard.

The National Assaciation of Corrosion Engineers assumies
no responsibiity  for  the mterpretation or use of thiy
Standard. The National Assooation ol Corrosion Engineers
makes no representation,  warranty o guarantee n
connection wath publication of this Standard, and hereby
expresdy disclauin vy lability o tesponsibihity for toss o1
damage 10 T s use or o any violation of any
federal, stite, of murscipal regulation o law with which
this Standard angnt Coaflicy

Nothing it Comethis Standard of the Natonal
A 0wl Contosion Engaicers s 1o be constiued as
fantiny any nght, by implicaton o otherwise, fu
sanufacture, sale, o use In cotine tion with any method
4pparatus. or product covered by letters Patent, nor a
tndemmtying o protecting myone agamnst habilbity  for
nfiingement of Larier Pate

Foreword

This NACE Standard (Materal Requirement) s another
step in a sertes of committs » sty
Standards which hav.

reports, symposia, and
myeaed by Group Commuttee
T-i (Corrosion Cont suleum Production) relating
to the general prohi hide stress cracking (SSC) «:
metals Much ! this work has been directed toward ol and
gas production service Many ! the guidelines and speai®
requirements in this Standard are based on field experie
with these matenials in specttic components and ma.
appl.cable to other compenents and equipment an the
production industry or to other industries The user of th,
Standard must be Cautions 1 extrapolating the content of
this Htandard or Hrogder usape than covered by th
Standa:d

The matenals heat treatments, snd metal propeity
requatrements given o this Standard represent the beat

judgement of Task Groups T1E 1 T 'Y Jo and 1 1¥ I
and theuir sponsoning Unit Conmute. TR Metallurgy ot
Ol Field Egurpiment

this NACE Standard updates MR OIS 1974 edition,
cibted “"Materials tor Valves for Resistance 1o Sultide
Stress Cracking in Production and Pipehne Service " which
teplaced NACE Publication 1F166 (193 teviston) entitled
“Sultide Cracking Resistant Metallie Matenals tor Valves
tor Production and Pipehine Service™  and  also NACH
Publication 18163 entitled " Re ommendations of Materals
tor Sonr Service twhich e luded Tentstive Speaihications
FSO on valves 51 on veyere wepht doss 60 on tabul

goods, SO on aominal weight o)

Revision ot this Standard will e corsidered o reliect

Changpes v e hnolagy See Parapraph 1 o
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Section 1: General

L Coverage This Stndard  covers metallic matenal
requirements far resntanee to sulfide stress coackimg (S
for petroleum production, doding, gathcnng and Nowlhine
cqupment_and ficld processing tacihities to be used in H, 8
beantng hydrocarbon service This Standard s apphcable to
the anatenals used tor equipment covered by APEY
ANSLY ASTM Y ASME 19 Jnd CSA'™ Stndards (or
by equivalent  standards o specifications of  other
countries)  This Stundard does not ¢ dude and 18 not
ntended to include design specifications. Other forms of
corrosion or other modes of falure, although outside the
scope of this Standard, should sso be considered o design
and operation of cquipment. Severe corrosive conditions
may lead to failures by mechanisms other than sulfide stress
cracking and should be sut-e ted by corosie.: mhibition or
matenals sef tion guide es outside the scepe of thas
document. Fo  example, some lower strength stecls used
for pipelines and vessels may be subjected to failure by
“bhster cracking™ or “svep wase cracking” due to hydrogen
damage associated with general corrosion in the presence of
hydrogen sulfide *®!

P2 Apphcablity  Ihis Sty ard s apphicable ol
compounents of equipinent cxposed to sour envitonments,
as defined in Paragraph 1.3, fadure of which by SSC would
(1) prevent the equipment from being restored to an
operating condition while continuing to contain pressure.,
(2) comoromise the integnty of the pressure containment
system. and (3) prevent the basic funcuon of the
equipment. Matenals sclection tor ttems su M as atmos
phenc and low pressure systems (see Paragrapin 1.3). water
handling facihties. sucker 1ods. and subsurface pumps are
covered by other APl and NACE Standards and not by this
Standurd

1.3 Sour baviromment  Fluds contaming water as a hqud
and hydrogen sulfide are sour environments and may cause
sulfide stress cracking (SSC) of susceptible matenals. This
phenomenon s affected by complex interaction o
parameters including” (1) metal chemucal composition,
strength, heat treatment, and nucrostructure. () pH. (3
hydrogen sulfide concentration and total pres. 4) taty!
tensile stress, (5) temperature. and (6) time  The user shall
determine  the envirommental conditions 1n which the
metallic matenals are to meet the requirements of ths

1 .
( )Alm'ncun Petroleum Instiute . 300 Carmgan 1Tower, Datlas,

Tenas, 75201

’Alm'rn.ﬂl National Stondards Institute, 1403 Hroadway New
York New York, {O01K

Amcncan Soaety tor Testung and Materids 1916 Ry - Sinet
Provdelphiag, Pecisvivaing, 19904

Amcrnegn Socrc o Mechamical Fogine s, WS Fast 3710 Streo
New York, New York, 1007

)(".m..idx.ln Standards Vaovotion 17X Revdale Bivd Keadal
Ontano, Canads

(3)

4)

6
{ )l M Moorcand J ) Wargs, ' Lactons Intluenany the Hy drogen

Cracking Sensitvity ot Pipeline Stecls Faper Number 1344
Corronien/76. March, 1976

Standard Phe toltoming pundelnmes wie oftercd o asast the

usen i ma kg s padpomen

E3L Some Gay o Materalk sl be selected 1o be
tesistant to SSC o or the eovnonment shoald  he
controlled at the gas bemp handled s at g total pressure
ot 08 psi o greater an b the partial pressure of 1,8
i the gas as greater than 0 05 pag Systenns operating
betow 65 paa total pecssine o below 005 HL S partigl
pressure are outsde the «ope of tas Standard Parn)
pressure s determuned by multphomg the 0o traction
(ol 5 1y ol LS e s imies the 1o al sy stem
pressure Bygure Toprovides a0 convement means ol
determunig wherher the partal pressure of H;S g
sour emvironment exceeds 005 paia Faamples (1)
Fartal pressure of HL,S g sy stem contaming O 01 mol
% HyS (100 ppmoor 0 7 grans per 100 SCF) at a total
pressure of 1000 psa exceeds YOS psia (Pomt “A™ on
Figure 1), and (2) paiti. sressure of Hp S g system
contatning 0 00S mol 7 H, S (S0 ppovor 3 3 grams ey
100 SCE) at g total pressure of 200 puaa does nuot
exceed 005 psia (Port B on bagare 1)

132 Sour Ol and Multiphases Sour crude olf sy stems
which have operated satistactonty using oft the shelt
cpapment are ontade the scope ot this Standard when
the thinds beng handied are either crude od, or two o
thice phase crude water and  gas when (1) the
maximum gas/higquid atioas SO00 SCE Bhl () the Las
phase contams a mavimum of 15% H, S (3) the partad
pressute of H, S the pas phase s o masxamum ot 10
psia. and (4) the suttace operating pressure 1o g
maximum ol 265 psg (see Figure ) The satistactogy
seivice ot the shelt equipment in these low pressure
svater s hehieved to be aaesalt ot the mbubitive ettear
ol the aill and the Tow stiesses encountered uader the

tow pressure conchtions

P4 Control of Sultide Stress Crackiny SSC - ay be

contiolicd by any o alb ot the tollowing (1) The use of

metalhe matenals and crocesses descobed i this Standard,

(21 controlhng the environment . and/or (3) nolating the
componentstrom the sour envitominent Duning deidhing and
workover aperations. metals sosceptible 16 SSC have e

used successtully by controdinne dothug thiad propeies

1S Acceptable Matenals The aoooprabie netabhe nateral,
and manotactanng procesc listed s Se s 3 throuph 1)
and Tables 1 throngh o sk o, st e
craching serve e o onononnents wheno (1 g
tactared to cat teoeenent and e hoanncal proper e

specitesd and G cad eder e e condiions, noted

o Provedures Tor e v tdinoan o Sea Maternl, o
Processes The purdelaoes and speati oogmirsments an the.
Standard are based o satstactony hield expenence

Additianal el will b added to thowe Lnted whenewve
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a raanufacturer or user establishes to the satisfaction of
NACE that such materials are acceptable. Requests for
revision of the Standard should be made in writing to
NACE Headquarters as described in the NACE Standards
Manual These requests should propose the spectfic changes
desired and be supported by approprste documantation
which shall include a complete descripuion of the matenals
or processes and laboratory or ficld test data, service
performance, or other technical justification The requested
change shall be reviewed and balloted as described in the
NACE Standards Manual. Laboratory data, provded n
accordance with NACE Test Method TM-01-77, 1s one
accepted method for providing this required laboratory test
information.

1.7 Hardness Requitements

1.7.1 The correlation between SSC, heat treatment,
and hardness has been reliably documented by exten:
sive laboratory and field service data Since hardness
testing 1s nondestructive, it is widel, .used by manu
facturers as a quahty control method and by users as a
field inspection method Accurate hardness testing
requires stnct comphance with the methods described
in appropnate ASTM Standards.

1.7.2 Sufficient hardness tests should ' made to
establish the actual haidness of the matenal or compo
nent being examined. Hardness measurements exceed
ing the vilue permitted by this document can be
considerec 4 ceptable if the average of several readings
taken within close proximity does no* violate the value
permitted by the document and no individual reading
1s greater than 2 HRC units above the acceptable val.
The number and location of test area 1s outsidc nc
scope of this stgndard

Section 2

Age Hardening Hardening by aging, usualiy after rapid

cooling ot cold working.

Aging: A change in metallurgical pruperties that generally
occurs slowly at room temperature (natural aging) and
more rapidly at higher temperatures (artificial aging)

Annealing: Heating to and holding at a suitable temperature
and then cooling at a suttable 1ate. for such purposes as
reducing hardness, improving machinabihity or obtan
mg devred properties

Austenite A sobd solution of carbon andror other elements

in face-centered cubic iron

Steel  An alloy steel whose nucrostiuctinre at

room temperature nor

Austemtic
dly consists ot austemte

(. .
Supennteadent of Documents, U'S Governmaont Pranting Ottice

Washingtan ) € dodn?

1.7.3 Rockwell "'C"* Hardness Scale (HRC) 18 refericd
to throughout this standard. Hatdness valucs mcasured
by the Rockwell “C” scale shall be the prumany bass
lor aceeptance Bonell
(HRN)Y o Mo
hardness acceptance cnitena are considered ontside the
scope of this document because msutficient data were
avalable ta provide a correlation between
hardness values and SSU resistance When apphicable.
hardness convergons shall be made 0 accordance with
the appropnate tabie in the latest ediions of A%

E 140 Standard Hardness Conversion Table tor M

or Federal Standard No 151, Method 241 U7 Hand
ness Conversion Table tor Steel

However  when wairanted,

other handoess ales may be used

nuce

1 ¥ Materals Handhing  Although this Standard conceins
materals mtended for sulfide semvice, thas Standard as not
to be construed to mean that products conforminyg to these
requirements will be resistant to SSC by sulhide-contaimng
sour enpvitonments under all conditions Improper design,
manulactunn, nstallation, or handhing can canse resntant

matersals to hecome susceptible to SSC

19 Procurement 1o s the responsihibity of the user to
determme the expected operating conditions and to speaty
when this Standard apphies This Standard includes a vanety
ot matenals which mipht be used for any given component
Ihe user may select speahic matenals tor use on the baus
of operating conditons which include pressuce, tempe:

ture, corrosiveness, Huid properues, et For example, m

selec ting, balting components, the pressure rating could be

aftected  Ine tollowing could be specified at the users
option (1) materals used from this Standard by the
manufactuger, and (2) matenals from  this Standard

proposed by the manutacturer and approved by the user

vefinitions

Austeniizing  F ornuny austemte by heating a terrous alloy

inte the trunstonmaton wnpe (parial guastemtizing) o

ahove  the  tgnstormation range  (complete  aus

tenitizing)

Autofrettapge A tedhitugque whereby readuad compresvve

stresses dare oreated at the antenor of o thick walled

con conent Talloamg apphcation and  relesc ol

internal piesure ahich causes yicldiny of the el

near the 1D or hore ot the camponent

(HOP)

used Yo control of well thnds and

KRlowaout Proventeo Medhataoal devices capablde ot

conbuatmng pros e

dodbing g danng dedliog operatbon:,

Brazing Jomang to 0 by Hoaey o tha Loyon 60 "

thy b Vool ewer |||'!lm)' potnt noaterron e

mctal oo thae e o tween them

82
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Burmnling  Smoothing surfaces through fnctonal contact
between the work and sone hard picces of matenal
weh gy hardened steef halls

Carhon Steet  An atloy of carbon and 1ron containing
wathon up to ahout 2% and manganese up to about
1 65%, containing residual quanuties of other clements
cxerpt those antentionally  added for deoxidation
tuaally silvon and/or alununum) Carbaon steels used
in the petroleum andustry usually contam less than
approxamately O K% carhaon

Case Hardenmg Hardemng a lerrous alloy so that the outer
portion, or case s made substantially harder than the
mner portion, o core Typacal processes are carbunz:
v cyamding, cooon-itnding, mitnding, induction
hardemng, and flame hardeming

Cast (Casting) Metal that 1s obtamed at or near its finished
shape by the vohditication of molten metal i a mold

Cavt lron An non and catbon alloy containing approxi-
mately 2 10 4% carbon Castarons may be classined as
(13 Gray cast won cast won that gives a gray fracture
due to the presence of flake graphite, (2) white cast
won cast won that gives a white fracture due to the
prescnce ot cementite (FeyC), (3) malleable cast
won white cast won that s thermally treated to
convert most or all of the cementir to giaphite
(temper carhon), (4) tuctile (nodular) cast 1ron cast
1non that has heep ~ted while molten with an
cl*ment (usually wagre_am or certum) that converts
the graphite to a sph=rmidal torm, and (5) austemitic
aast ron cast ron with sufficient nicke! added to
produce an austemtic structure

Chlonde Stress Comrosion Cracking Faillure by crackiag
under  the cambined  action ot tepsile essand
corrosionan the presence ot chlondes and wat

Codd Deformung See Cold Working
Cold Forming See Cold Warking

Cold Reducing See Cold Workimy

Cold Workiag Detonmimng mera! plasticallsy 4t g temperatare
£ ! i

lower thaeats recnstallizaton temperature

Pouble Tempenng A tiestment in which normalized o
dquench hocdened steel s miven two complete tempenne
cvidey teoohimg to room emperature atter each ovley

Al the arsubstantially the same temperature witt

Beanpercs D tempenmy iy o tensite vhich oy b
Pore ! e done e the tustrempenne

Pevlen o Nusvtemte Ferntno ) Stamdess Steel v v e
Meeh W Ne e LTt G fonnn temmpen e o

N . A A R
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Femite: A solid solution of carbon and/or other clements in
body <centered cubic iron.

Femtic Steed A steel whose microstructure t room
temperatuie normally consists of fernte.

Ferrous Metal: A mctal in which the major constitont is
1non

Free Machining Sted: Stcci to which elements such a<
sulfur, sclecmum, and lead have been intentionally
added to improve machin  1luy

Hardness: Resistance of metal (0 plastsc  deform.
usually by indention

Heat Treatment: Heaung and cooling a soud mctat - anov
in such a way as to obtain desired properties h
for the sole purpose of hot working is exclud d
this defimtin

Heat Affected Zone (HAZ): That portion of the aetal
that was not melted during brazing, cutting, - welding,
but whose microstructure and properties were aliered
by the hea' of welding, brazing, or cutting.

Hot Rolling. Hot working a metal through dies or rolls to
obtain a desired shape.

Hot Working: Deforming metal plastically at a temperaturc
above the recrystallizatior temperature.

Low Alloy Steel: Steel containing less than about 5% total
alloying elements, but more than specified for carbon
steej

Lower Critical Temperatures: The temperatures at which
austenite begins to form during heating or at which the
trarsformation  of austenite 1s  completed  during
cooling

Manufacturer: The firms or persons involved in some or all
phases of manufacturing or assembly of components
For example the firm used to upset tubing s
considered a manufacturer

Martensute. A supersoturated sohd solution of carbon in
ron charactenzed by an acicular (needle-like) micro-
structure

Martensitic Steel A steel in which a mucrostructure of
martensite can be secured by quenching at a couling
rate fust enough to gvoid the formation of other

milcrostruyctures

Microstructare  The strn tare of g ometal gy revealed by
Ml TO M i cxdmitation ot R ‘;llllubly ;)lcpdhw]

NUSNTHINE

Nonterroos Metal A metal i which the m_jor constituent

I Lo 1tog



Normalizing: Heatng 3 ferrous alloy to suitable
temperature  above  the  translormation  taige (aus-
tenimizmng), holding at temperdtue tor g sttable fane,
and  then cooling e stldl aw to o temperature
substantially below the taanstormuation cange

Partial Pressure. In a nuxture of gases. cach ¢ mponent
exerts the pressure which it would exert b present
alone at the same temperature o the total volume
occupied by the nuxture. The partial pressure ol cach
component 1s cqual o the total pressure multiphed by
its mod fraction 1 the nuxture. For most gases, the mol
fraction 1s cqual to the volume fraction of the
component.

Pastic Deformation Deformation that does or will remain
permanent after removal of the stress that caused u

Precipitation Hardening. Hardening caused by the preap
tation of a constituent from a supersaturated sohd
solution

Quench Hardening: Hardeming
austemtizing and then

terrous  alloy by
ling 14, «dly enough so that
cune or all of the aust  ite transforms to martensite

Quench and Temper: Quench hardening followed by
tempernny

Recrystallization Temperature: The approximate nunmurm
temperature at which a new strain-free structure
produced in cola worked metal within a specified tine

Residual Stress: Stiess present in a component that s tiee
of external forces or thermal gradients.

t ockwell “C" Hardness (HRC) A hardness value obtained
by use of a cone shaped diamond mdentor and a load
of 150 kdograms. Rochwell hardness conversions may
be made 10 acoordance with the appropnate tables in
ASTM £140 or Federal Standard o 151 Method
2411

“Slush Puniy Pump normally used to arculate dolling 11 1
th-ovgh the dnll stem into the annulus of the hol
U puipose of removing cuttings and maintaming g
hydrostatic head

Solid Solution: A single solid homogenous crystalline phase
contaming two or more chemical speaics

Solution Heat Treatment: Heating o metal to g suitable
temperature and  holdimg st that temperature tony
cnough for one or more constituents to enternto sohid
solution, then coohing remdly cnomeh to et the

constituents i solution

ot Envircminent Soo Paraenaph 13

Staindess  Steel Steel containg sutticient chrosoni,

(ustally more than approaniately 1E9) to rendes the 8l
steel corraston esntant Orher elerments oy be added

o sccure special propeiiies

Streas Relieviag  Heatug oot toa simable tempetaituee
below the  transtormatior cange (AU, ) holding .t
temperatuee long cunough 1o reduce esidusl streses,
and then cooling stowly  enough 1o nummze the

development ol new residual stiesaes

Sulfide Stress Cracking (SSC) Botde tnlure by viachiny

‘er the combmed acnon ot tenstle stress and

Cortosion an the presence of  water and hydiogen
side s See Parapraph 1 o blistening

Surface Hardening Scee Case Hardemng

Tempering  Keheating o nonmabized o gquench hasdened
ferrons alloy to a temperature below the tramtonma
ton ange (AC, ), holding at temperatuee for g suitable
time. and then cooling atany rate desued

Tensile Strength i tensile testing, the gt of maximum
load to ongial o rosssecnonal ared Also called

“ultimate strenpth ™

Tensile Stress  The ner tensile component ot all combined
stresses axial o lengtudimal . arcamterentual o

“hoop™ and resdual

Transtormation Ranges  Those nanpes of temperature toy
steels within which austenite torms duning heating and
transtonns duting coolingy Fhe two ranpes are distine
sotetumes overlapping . but never comadny

lubwar Component v Gvhindocal componene aaving

fongtudinal hole that s used s dothng producion

Secations Tor convey iy thuids (pipe)

Welding  Jominyg two armore preces ob metal by applyiny

heat pressiae both with ot without htles o tal 1o
produce Fow e ioed umon throush tusion ar recrystal
zatioie acto, 0 derlaod

Weldment Ao g canblhy whose components are jomned by
woeldine A weldoment mcludes both the weld mcral and
The Beat attes fed zone (1 \/)

Weld Metal Thet poirtion ot g wibment whe b by beon

e ten dutiny coobdime

teounght  Metal oo the sobid Condition that iy tormed 1o
desired shape e oswarkbaas G - estradinge vonang

e suatly e elesatod teinpes st

Yield Strength [ e dowht o anato o s bran
RIRLN d desiation e e ;nl--luvvlumll.!. I A
e e e e e [T S LN
Sther Chy the ottt Cood tasaaltbe gt s st ot
2yt Uy the torale s oo e Boad e thed
(oiatie ot g oty )



Section 3: Ferrous Metals

Metallic materials shall meet the requirements of this
section if they are to be exposed (o sour environments (See
Paragraph 1.3).

3.1 Most ferrous metals, hardenable by heat uteatment
andfor cold work, can be made susceptible to SSC.
Conversely, many ferrous metals can be hcat treated to
provide acceptable resistance to SSC. The following
paragraphs describe hezt treatments for specific materials
which will provide acceptable resistance to SSC (refer to
Section § for methods o minimize the effects from
fabrication).

3.2 The matcrials listed in Tables 1 and 2 are acceptable
for use in sour eavironments in condiidions noted in
®aragraphs 3.3,3.5,3.6,3.7,and 3 8.

3.3 Carbon and Low Alioy Steels

3.3.1 Carbon and lcw alloy stecls are acceptable at
HRC 22 maximum in the following heat treatment
conditions provided they contain less than 1% Ni and
meet the criteria of Paragraph 3.3.2,3.9.!, and Section
5: (1) hot rolled (carbon steels only), (2} anncaled, (3)
normalized, (4) normalized and tempered, (5) nor-
malized, austenitized, quenched and tempered, and (6)
quenched and tempered. A partial listing of acceptable
API, ASTM, and AISI‘® carbon and low alloy steels s
presented in Table 1. Materials listed in Table 4 are
acceptable under the environmental conditions noted.

3.3.2 Subsequent to any cold deformation by rolling,
cold forging, or other manufacturing processes
tesulting in a permanent, extreme fiber deformation
greater than 5%, the component shall be thermally
treated (stress relieved) in accordance with Section
VIII, Division 1 of the ASME Code, except that the
minimum temperature shall be 595 C (1100 F). The
component shall have a maximum hardness of HRC 22
after such thermal treatment.

This requirement does not apply to pipe grades listed

in Table 4 or to cold work imparted by pressure testing

-equired per applicable code. Cold rotary straightening
f pipe is acceptable.

Cold worked line pipe connections of A-53 Grade B,
A-106 Grade B, and APl SLX - 42 or lower strength
grades of these specifications are acceptabie with up to
15% strain provided the hardness of the strained area
does not exceed 190 HB.

“’Amcman lron and Stecl Institute. 1000 16th Street North West,
Washington, D €, 20036
)Thesc inatenals may be subject 1o chlonde stiess corrosion
cracking an certan environments
U0y ve manufacturers gencrally do not uwe these matenals for
valve stems or other haphly atressed componenty used in sow
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3.3.3 Low alloy steels in the Cr, Mo class (AISI 41 XX
and its modifications) are acceptable as tubulars and
tubular components at 3 maximum hardness of HRC
26 tn 1he quenched and tempered condition.

Careful attention to chd nical composition and heat
treatment is required to ensure SSC resistance of these
alloys at hardness lcvels greater than HRC 22.
Accordingly, it is common practice for the user when
using this alloy at hardness above HRC 22 to conduct
SSC tests (Sce Paragraph 1.6) to determine that the
material is equivalent in- SSC performance to similar
materials which have given satisfactory service in sour
environments.

If cold straightened after heat treatment, the minimum
stress relief temperature following straightening shall
be 480 C (900 F). If hot straightened, the minimum
straightening temperature shall be 510 C (950 F).

Cast fron

3.4.! Gray, zustenitic, and white cast irons are not
acceptable because of low ductility for use as a
pressure containing member in equipment covered by
APl and other appropriate Standards. Cast iron and
austenitic ductile iron shall not be used in nonpressure
containing inte:nal parts related to these APl Standa:ds
without approval of the purchaser.

34.2 Ferritic ductile iron, Grade ASTM A-39S, is
acceptable for ejuipment when its use is acceptable
under API, ANSI, and other industry Standards.

Austenitic Stainless Steels®)

3.5.1 Austenitic stainless sieel with chemical compost-
tion as specified in accordance with the standards listed
in Table 2, either cast or wrought, are acceptable at 2
hardness of HRC 22 maximum n the annealed
condition, provided they are free of cold work de-
signed to enhance their mechanical properties.

Ferritic Stainless Steels

36.1 Ferntic stamnless steels, histed in Table 2, are
acceptable at hardness levels of HRC 22 maximum in
the annealed condiuon, provided they meet the criteria
of Secticn S.

« I
Mastensitic Stainless Steels’ 10)

371 Martensitic stainless steels, histed sn Table 2, are
acceptable at hardness levels of HRC 22 maximum in
the wrought or cast condition, provnided they are
normahzed or austenzed and quenched, followed by
double tempenng and provided they meet the critena
of Section 5 Both tempening tempecatures shall be 620



38 Preapitation Hardeming Starnless Stecels

C (150 F) mmemum and  the second  tempering
temperature shall be lower than the first (empering

|L‘lll[)l'l.l|l”t‘

3172 Subsequent to cold detormation (See Paragraph
3.3.2). the part shalt be furnace stress rchieved at 620C
(1150 F) mununum to a maxamum hardness of HRC

i

(9)

3H 1 Wiought 17C1 4Ny preaipitation hardeming steels,
histed 1in Table 2, are acceptable at hardness levels of
HRC 33 maximum in the special heat treatment
condittons hsted in Appendix AL

32 Preapitanion hardeming austemitic stainless steels,
with chemical composition as specified in accordance
with ASTM A 453 Grade 660 or ASTM A-638 Grade

86

660 (A-280). listed in Table 2, arc acceptable at
hardness levely of HRC 35S maximum in the solution
anncaled and aged condition or double aged condition.

383 Snap nngs processed from PH 15-7 4o in the
H950 solution anncaled and aged condition and heat
treated in accordance with Appendix C are acceptable
at HRC 30-32.

3.9 Free-Machining Steels

39.1 Free-machining steels shall not be used under
conditions described in Paragraph 1 2.

3.10 Duplex (Austenitic/Fernitic) Stainless Stecls

3.10.1 Duplex stainless steels, listed in Table 2, are
acceptable to 2 maximum hardness of HRC 28 in the
solution anncaled condition. (Refercnce footnote 9).

Section 4: Nonferrous Metals!'')('4)

Merallic matenals shall meer the requirements of ths
sechion at they are to he exposed 1o sour environments (See
Paragraph 1.3)

4.1 Alloys hsted in this section and Table 3 are acceptable
n the conditions noted under cach metal at 2 maximum
hatdness of HRC 35

411 Nickel Copper Alloys

4111 Nickeb-copper  alloys (such as Monel
400)

4112 Nickel-copper-aluminum alloys (such as
Monel K S00) an the hot solled and  age
hardened, solution  annealed. or  solution

annecaled and age hardened condition.

412 Nickel-bron Chiomiam Allovs

41210 Nwekelnon-chromium alloys  (such as
Incoloy X00)

022 Nackel vron chwonnun-molybdenum

slovs (such as Incolov 8235

o v adi B

Pro i i Be b o oI tosiott e ke
Crnnte awhen Pt stressed ond Ovpeesed to weur entronments
seneow el stimad ane ords e warh o wathiout imhibgtors

N e mc oy e e woneht ondimion may be

~

4 1.3 Nickel-Chromium Alloy-

4.1.3.1 Nickel-chromium alloys (such as inconel
600).

4.1.3.2 Nickel-chromium-aluminum alloys (such
as Inconel X-750) in the solution anncaled and
aged, solution annealed, hot rolled, or hot rolled
and aged conditions.

4.1.4 Nickel-Chromium-Molybdenum Alloys

4.1.4.1 Nickel-chromium-molybdenum-alumi-
num alloys (such as Inconcl 625, Hastelloy C,
Hastelloy (, and Hastelloy X).

4.1.4.2 Nickel-chromium-molybdenum-alumi-
num alloys (such as Incone! 718) in the solution
anncaled and aged, ~olution annealed, hot rolled,
or hot rolled and aged conditions.

4.1.5 Cobalt-Nickel-Chromium-Molybdenum  Alloys
(such as MP35N, Elgiloy, Havar, and Nimonic 105)

4.1.6 Cobalt-Nickel-Chromium-Tungsten 2 loys (such
as Cyclops L60S and Haynes Alloy No. 25) are
acceptable.

saveeptthle to o talure by tndrogen embriittdement when
streivthiened by wedd work und stressed i the transserse
dirccnien

Plastic detormstion i service may ancrease the $SC

sasccptibibiey ot these allon s



4.2 Coatings, Overlays, and Castings

Matciials listed in this section and Table 3 arc awceptable.

4.2.1 Cobalt-Chromwm-Tungsten  Alloys  (such  as
Stetlites) are acceptable in the “as cast”™ condition

422 Nickel-Chromum-Boron  Alloys (such as Col-
monoys)

4.2.3 Tungsten Carbide Alloys (such as cast. cement-
ed. or thermally sprayed powders)

Section §5:

Mctallic materials shall meet the requirements of this
section if they are to be exposed 1o sous environments (See
Paragraph 1.3).

5.1 Overlays

5.1.1 Overlays apphed to carbon and low alloy steels
or to martensitic stainless steels by thermal processes
such as welding. silver brasing, or spray metalhzing
systems are satisfactory for use in sour environments.
provided the substrate does not exceed the lower
critical temperature dunng application. In those cases
where the lower critical temperatures arc exceeded. the
component must be heat treated or thermally stress
relieved according to procedures which have been
shown to return the base metal to a maximum hardness
of HRC 22.

5.1.2 Carbides and ceramics are satistactory . subject 1o
the conditions of Paragraph 5.1.1 and Se on 4.

5.1.3 Jowming of dissumlar metals, such as cemented
carbides to alloy  cls by silver brazing. is acceptable
The base motal after braang  shall meet  the
requirements of Paragraph 5.1.1.

5.1.4 The matenals hsted in Tables 1-3 and Sections 3

and 4 are acceptable as weld overlays provided they
meet the provisions of Paragraph 511

S.2 Welding

$.2.1 Welding procedue! PO hatl be used o produece

weldments  which  comphv with the requiements

(1s)
Copper base sdlovs e ander o evhoratod werhit ho
corroston i sour o1k Deld oot patticababe b eseeen
1 proseit
(1) ,
Weldimye cleciraodes watte v e e kol e e aleaned
tor weldie carbon g b e NI ooandr e d an

Paragraph 3.3 1
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424 Nickel-Boron  Alloys (ASM 4779 such  as
Ancorspray)

4.25 Ceramics (such as cast or thernully  sprayed
powders)

4.3 Other Alloys

Materals histed i this sectien and Table 3 are acceptable

4 31 Aluneaum Base Alloys

4.3.2 Coppert Alloyst'$)

Fabrication

specified for the base metal in Sections 3 and 4.
Welding procedure quahfications, per APl ASME, or
other pproprate speafications, shall be run on any
welding procedure which s to be used. Welders using
this procedure shall be famuliar with the procedure and
shall be capable of making welds which comply with
the procedure

5.2.1.1 Tubular products hsted in Table 4 with
spectfied mimmum yield strength of 52 ks or
less and pressure vessel steels classified as P-No |
group 1 or 2in Section 9 of the ASME. Code and
listed in Table 1 or 4 meet the requirement of
Paragrapht 5.2.1 1 the as welded condition
Welding procedure  qualifications.  per  APL
ASME . o1 other appropriate speciications. shall
be run on any welding procedure which s ta be
used. Welders using this procedue shall be
famiiar with the procedure and shall be capsble
of making welds which  comply  with the
procedure.

S 21.2 Welding  procedure  quahhcations on
carthon steels. which use controls other than
thermal stress seheving to control the hardness
ot the weldment. shall also indlude o hardness
traverse aoross the weld HAZ and base metal 1o
asstne the procedie 1s capable ot producing
hatdness of HRC 22 o less n the condition
which 1t 1s to be used

S8 bow allon steel it Lt
steel weldments shall boress ehieved ar g
Sunnnam temperatare o 60 Coebbb by 1o
prodac g lurdne ot HRC "o b

Fdont et ation SOy
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5.3.2 Conventional sharp V stamping is acceptable in
low stress arcas, such as the outside diameter of
flanges Sharp V stamping is not permitted in high
stress areas unless subscquently stress reheved at 595 C

(1100 F) mimmum.

Threading

5.4.' Machine Cut Threads
S4.1.1 Machine cut threading processes are
acceptabie

542 Cold Formed (Rolled) Threads

5.4.2.1 Subscquent to cold forming threads, the
thread component shall meet the heat treat

conditions and hardness requirements given in
either Section 3 or 4 for the parent alloy from
which the threaded component was fabricated.
Depending upon the specific heat treat condi-
tions and hardness limitations 1mposed on the
parent alloy, post threading thermal treatments
may be required

5.5 Cold Deformation Processes

5.5.1 Cold deformation processes ;uch as burnishing
which do not impart cold work exceeding that inci-
dental to normal machining operations such as turning
or boring, rolling, threading, drilling, etc., are accept-
able.

Section 6: Bolting

Exposed Bolung

6.1.1 Bolting which will be exposed directly to the
sour environment or which will be buried, insulated,
equipped with flange protectors or otherwise denied
direct atmospheric exposure must be either a Class | or
Class Il material (See Paragraph 6.1.1.1 or 6.1.1.2).

NOTE. Designers and users should be aware that it
may be necessary to derate the pressure rating in some
cases when using low strength boits. For APl 6A
flanges using Class 11 bolting, see API Standard 6A.

6.1.1.1 Class I Bolting

6.1.1.1.1 Acceptable bolting materials
are listed in Tables 1, 2, and 3, and
Sections 3 and 4.

6.1.1.1.2 Nuts shall meet the specifica-
tions of ASTM A-194 Gr 2M (HRC 22
maximum) or, alternatively, Paragraphs
6.1.1.1 or 6.1.1.2, as may be acceptadle.

6.1.1.2 Class Il Bolung

6.1.1.2.1 Bolting materials which meet
the specifications of ASTM A-193 Gr
B7M, 80,000 psi minimum yield
strength and HRC 22 n..ximum are
acceptable.

6.1.1.2.2 Nuts shall meet the specifica-
tions of ASTM A-194 Gr 2M (HRC 22
Maximum) as may be applicable.

6.2 Nonexposed Bolting

6.2.1 Class 111 Bolting

6.2.1.1 Nuts and bolts which are not directly
exposed to sour environments and are not to be
buried, insulated, equipped with flange pro-
tectors or otherwise denied direct atmosphenc
exposurc, may bhe furnished to applicable
Standards such as ASTM A-193 Gr B7.

Section 7: Plating and Coatings

Metallic matenials shall cweet the requirements of this
section if they are to be exposed to sour environments (See
Paragraph 1 .3).

7.1 Metailic coatings (electioplated or electroless), conver-
son caatings, and plastic coatings or linings are not
acceptable for preventing SCC of base metals. The use of

such coatings for other purposes is outside the scope of this
Standard.

7.2 Nitnding

7.2.1 Liquid or gas mitnding with 3 maximum case
depth of 6 mils 1s an acceptable surface treatment
when conducted at a temperatuic below the lower
critical temperature of the alloy system being treated.
fts use as 2 means of preventing SSC 1s not acceptable.

88



Section 8: Bearings, Springs, Pressure Measuring,
and Sensing Devices

Mectallic matenials  Yall meet
section if they arc to be exposed to sour environments (See
Paragraph 1.3).

the requirements of ths

8.1 Bearings

8.1.1 Bearings dircotly exposed to sour fluids shall be
made from applicable materals listed in Tables 1, 2,
and 3, and Scctions 3 and 4. Beanings made {rom other
metals must be isolated from the sour environment in
order to function properly.

8.2 Springs

8.2.1 Springs dircctly exposed to the sour cenviron.
ment shall bc made from applicable materials described
in Sections 3 and 4 as listed n Tables 1.2 and 3

8.2.2 Co<Cr-Ni-Mo alloys, such as Elgiloy. may be used
for springs in the cold worked and age hardened
condition to its maxir.aura hardness of HRC 60.

823 Spungs from ASTM A 637 Grade 68R and
Inconel X-750 are satistactory n the cold worked and
age hardened condition to a maximum hardness of
HRC 50.

8.3 Pressure Measunng and Sensing Devices

8.3.1 Dwphragms and Pressure Sealst' ) (14)

8.3.1.1 Duaphespms, pressure measuning devices,
and pressure scals shall comply with Sections 3
and 4 and Tables 1, 2, and 3 or may be
manufactured of CoLi-Ni-Mo alloys, such as
Elgiloy and Havar to HRC 60.
8.4 Scal Rings
8.4 1 APl compression seal nngs made of centitugally
cast ASTM A«37 Grade CF8 o CFEM
compositions may be used 1n the “as cast” o1 annealed

condition provided they are in accordance wath the
HB160 (HRB83) maximum hardness critena.

chemical

Section 9: Valves and Chokes

Metallic materials shall mcet the requirements of this
section if they are to be exposed to sour environiments (See
Paragraph 1.3).

9.1 Valves and chokes shall be manufactured from
materials 1n accordance with Sections 3 through B (Sec

Paragraph 1.3)

Section 10: Wells, Flow Lines, Gathering Lines,
Facilities, and Field Processing Plants

Metallic materals shall meet the requirements of tins
section if they are 1o be exposed to sour environments (Sce
Paragraph 1.3)

10.1 Wells

10.1.1 Casing or Tubing

10 1 LT Casing o1 tubing directly exposed to
sour enviponment  (See Parggiaph 1 3) shall
meet the requarements ot Table 4

101 12 Casing which wall not be exposed 1o
sowr luids o1 whuch 1y exposed only o the
controlled  datling lad (See
Patayiaph 1EH 120 s ovtside the scope ot thy
Standard

cuvitommnment

10.2 Subsurtace b quipment

10.2 1 Sucker Rod Pumps and Sucker Rods

10211 Sucker rod pumps and  rods are
considered outnde the scope of ths Standard
and are covered by other NACE and APl

Standatrds

1022 Gas [t D gupment

PO 221 Gos et copupment normalle bondles,

vas which s e ot LS However hionld
st v (See Pacaeapte 13 be used Lty e
yd bty eqpene it shalt ampl, with
S ot e s Crane e tabane ol
cotpby sty Paornnesptc 10§

10




10.2

10.3

104

105

.icial Lift Equipment

3 Other A/

102 31 Other artaficial hft
outside the scope of this Standard

cquipment 1s

10 ) 4 Packers and Other Subsurface Equipment

10 241 Materials listed 1n Tables | thiough
S and covered in Sections 3 through 8 are

acceptable
10.2.5 Shps

10251 Shps are outside the scope of this
Standard

Wellheads

10.3.1 Wellhead components diectly exposed to
sour environments shall be manufactured in accord-
ance with Sections 3 through 8. Wellhead components
which are not directly exposed to the sour
environment. or which are exposed to the controlled
dnihng environment  (See Paragraph 11.1.2), are
outside the scope of this Standard.

FFlow Lines and Gathenng Lines

1041 The materals and fabre ation procedures shall

meet the requirerner's of Sections 3 through 8 and

Tables 1 through 4.

Production Facilities

1051 Ol and Gas Processing and Injection Facilities
10 5.1 1 Matenals and fabrication procedures
Jhall comply with Sections 3 through 8 and
Tables 1 through 4.

105 2 Cryogenic Gas Processing Plants

105 21 The use of alloy steels contaiming

10.6

more than approximately 1% nickel may be
desirable in low temperature service to
provide resistance 10 brittle fracture. Becausc
of the abscnce of water, these alloys are
acceptable in this service, provided adequate
precautions (such as protecting the equipment
by using inhibited methanol) are taken during
startup and shutdown. Typical steels included
i this class are: ASTM A-333 Grades 3,4 7,
8.and 9, A-334; A-203; A-420 WPL 3, WPL 6,
and WPL 8; A-350 LF 3; A-353, A-553, and
A-552.

1€ 5.3 Water Injection and Water Disposai

10.5.3.) Materials selection for water hand:
ling facilities is outside the scope of this
Standard.

Compressor and Pumps

10.6.1 Materials exposed to the sour environment
shall comply with Sections 3 through 8 and Tables |
through 4 and/or Paragraph 10.6.2.

10.6.2 Gray cast iron (ASTM A-278 Class 35 or 40)
and nodular iron (ASTM A-395) are acceptable as
compressor cylinders, liners, pistons, and valves.
Aluminum alloy 335, temper T-7 (ASTM B-26). is
acceptable for pistons. Aluminum, soft carbon steel,
and ARMCO iron are acceptable as gaskets in
compressors handling sour gas.

10.6.3 AISI 4320 is acceptable for compressor
impellers in the quenched and double tempered
condition at a maximum yield strength of 90 ksi.
Both tempers shall be conducted below the lower
critical temperature and above a minimum of 620 C
(1150 F). The second tempering temperature shall be
lower than the first tempering temperature.

Section 11. Drilling and Well Servicing Equipment

Metallic materuls shall meet the requurements of this
section il they are to be exposed to uncontrolled sour

coviranments (See Pavagraph 13
Rrag

111 Control of Duthng and Well Servicing Environments

PL B The senvice stiesses involved e dlbing and
well serviciy operitions often requie matenals and
components having hondness rengths) greater than
pernntted for catbonand lov alloy steels in Section 3
and Table | When such iatenals and components are
iequired o tormations ot

dndting operating n

enmvronmments contammg H. S, the prmary means for

avoiding SSC is by control of the drilling or well
servicing enviromment. As service stresscs and matcnal
hardness increase, drilling fluid control becomes

increasingly important

11.1.2 The duling envitonment s controlled by
maintenance of dnlling fluid hydrostatic head and
Nutd Jensity to nunim/ze formation fluid in-flow and
by the use of one of more of the following™ (1)
Mamntenance of ptl 10 or higher to neutralize H,S 1in
the dnlled formation, (2) use of chencal sulfide
scavengers, and (3) use of a drlling tlmid in which ol

is the continuous phase

90



11.2 Drilling Equipment

I

N

11.2.1 Duill Stem

B! ot Provem

!

S

N

11211 Dnll pipe, tool jomts, dnll collars,
and other tubular components.

11.2.1.1.1 Tubular components
meeting APl specifications listed in
Tuble 4 are acceptable o the dnthng
environment s controlled (See Para-
graph  11.1). For opumum SSC
resistance. steel components having
specified mumimum yield strengths
greater than 95 ksi should be heat
treated by quenching Lad tempering.

11.2.1.1.2 When aluminum dril
pipe is used, the drilling fluid pH
should not exceed 105 to avoid
accelerated weight loss corrosion.

(N A

ts

Welding of Tool Jonts to Dnll Pipe

11.2.1.2.1 The weld and heat affect-
ed zone (HAZ) shall be heat treated
by austenitizing. cooling to 3 tem-
perature below the transformation
range and tempernng at a minimum
tempenng temperature of 595 C
(1100 F).

Hardsurfacing

11.2 131 Huardsurtacing  deposits
on tubular dnlling components may
be apphed only to thick sections
where service stresses are lower and
do not require heat treatment after
being apphed

Dadl Bits

11221 Dnll bis are vutsde the scope of

this Standard
Other Dothng Components

11231 Other dudhing components (swivels,
kelly cocks, ete ) shall be made trom materials
shown 1 Table | Parts ot these components
which are polated trom the sour dothing flud

or which are exposed onlv o the controlled

dothie d cnvironment (85ee Paragraph

PUL 20 are onade the oo ot the Stndadd
OO

Bloow v reve ot ! i lovdrnye

¢ oot e ] ! v i

N R
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16

01

11.3 2 Blowout Preventer Shicar Blades

11.3.2.1 High steength and high hardness
steels are requited for ram » car blades to
shear dnll pipe dunag dulling emergency
conditions However, the user shall be advised
that these matenals are highly susceptible to
S8
113 Ranms
11331 Low alloy sieels, bisted i Table 1
and processed per Sectrons 3 through B, are
aceeptable for cams
{ow 4oy steels in the Cr Mo class (and 1ty
modifications) are acceptable as rams at a
hatdness of HRC 26 i the
guenched and tempered condiion. Caretul
attention to chemical composiion and heat
ticatment 1s required to nsure SSC resistance
of these alloys at hardness levels greater than
HRC 22 SSC be
establish that the maternal i equivalent i §SC

maximum

tests shall conducted to
perfurmance to matenuls which have given
satisfactory service in soutr environments. (Sec
Tables | through 4 and Sections 3 through *

Choke Manifold and Kill Lines

11.4.1 Choke mamfolds and kil hnes shall comply
with Sections 3 through 8

Slush Pumps

11 <1 Slush pumps are exposed only 1o controlled
environment dndhing fluids (See Paragraph 111 2) and
arc outside the scope ol this Standard

Dnll Stem Testing,

1161 Dol stem testing 1s not ord nanly conducted
i 4 controlled dnlling environment. Matenals for dnll
stem testing shall comply wath the requirements of
Sections 3 through 8 and Paragraphs 101 and 102
when toshy without o controlled dothng environ

et

Table 4 can also be used wath
that

Matcrgls shown in

operational procedures consider  the factors
enumerated an Paragraph 13 which may involve use
lunited

Such

ey cdares are outade the HOpe of ths

APLRE TG g APEREP 4Y)

of anbabitors hiated ety honted tine,

pressute metglinnaesl or desen tactor,
Gperatiotial

Stazedard 05
Foorogtoon b beoi
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A 2
11.8 Floaung Ditling Operations servicing when sour fluids are (0 be 9

encountered shall comply with Paragraph
101 . Work strings which are to be expused
to controlled dalling Muid envitonments (See

11K 11 Blowout preventers shall comply Paragraph 11 1.2) only, are outside the scope
of this Standard

1181 Plow wt Preventers

with Paragraph |1 3

1R 2 Dnlling Riser Systems

1192 Blowout Preventers
11821 H the Now of sour formation fluds
15 handled by diverting the flow at the 11.9.2.1 Blowout preventers shall comply
seaflloor BOP through the choke and kill lines, with Paragraph 11 3.
the dnlling nser pipe, nser connections, ball
or flex joints, and telescoping joints need not
comply with this Standard If, however, the
nser system s to be exposed to sour
environments (See Paragraph | 3), matenals
shall mect the requirements of Sections 3
through 8 and Paragraph 101 1]

1193 Choke and Kill Lines

11.9.3.1 Choke and kill ines and matnfolds
shall comply with Sections 3 through 8.

118 ° . eand Kill Lunes 11.9.4 Production Test Facilities
"7t Production test facilities shall com-

11 8 31 Matenals for the choke and kill lines
h Sections 3 through 8

and manitolds shall comply with Sections 3
through 8

119 Well Servicing Lquipment 1195 Wire Line Lubncator A.emc
1191 Work Strng 11951 Wire line lubricator and auxiliary
equipment shalt comply with Sections 3
11911 Work  stnings  used  dunng  well through 8 and Paragraph 10.1.1 |
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AT A 204 AJOLFIBLF? AR
A 283 A2GAMS AJICIY1 VIS u YOO | 6A
A8 A B &C A 387 A420wPL &
A 299 A4y ASeYCHY
A442Gr 55 8 60 A6)IGrA S
:::: AG;]:"A s C Cameremor Al component axpased 10 wei'*! Laur gae ASTM
ASICV &2 el n Pest 1180t f NECEIANNY 10 8 MES M AIMC D
A 569 yord songwh of 90,000 pu ot 40
A S0 A
ASY)
IY’3; (1 iy gqstturired grodee net sccopratie
a6 (1) g nnogtod o normetised ofter fobr catian f caid heeaded
3)au groses encept HBO ore acop 80 » ote when tor turad tom ASTM
csA A 302 Grade 8 only
G408 e ———— (4)Cantmms lque woter

Note Materiats histed i they 1abie Should be used Only under CONGONS Noted +n the text of this Stan

TABLE 2 — Stanless Stoels Acceptable for

Dwect Exp.

re to Sour E

(See Paragraph 1.3)

Tragenames are gven (or slioy recognnion and are OV WtendBd 10 11Tt SOUICE Wte 1ion

e d

Forninie [ Precsp [ . A On (A
AISH AISH ASTM Aoy 20Cb} Senavit SAF 2205
05 40 A 451 Gr 660° 1) 1A 206) Monnesmenn A# 22
430 S01 A638Gr 68011 (A 2060 | Arsy
302
ASTM ASTM 17 4PH IUNS St 7400} 304
3080
A 268 A21] G 308
1P 405 CA S 309
1P 430 A268 TP 310
TPRM 27 410 bALY
PXM 33 3160
A 296 Gr 3
CA 15M mm
A 487 Gr 347
CA15M
ASTM
A 82
A |9]4ID
(e B8 RBM
AHMA
A |9"I'
e BA BMA
a0t
G HY HHM
LMY
oty CHH
Ch M P RM
" &)
nary

/T orv i)

03



TABLE I3 — Nonferrous Materials Acceptable for Direct

Expowre 10 Sour Environment (See Parsgraph 1.3) ()L&
Materiats Listed in they table should be used only under the condiiom noted n the texnt of this Standerd
Tradenarmes are intended 10¢ 8lloy recOgn1on and 81¢ nOt intended 10 himi 1 source selec ion

Nuw kel Copper A loy Nicket Cheomwm iron ANoy Nichel Chromwm Moly bdenum Alloys

N joaann UNS NOG600 UINS NOG2 2% UNS N10002 | UNS N10276
Mool Atlloy 400) {inc onel Alloy 600) Hnconel 62%) (Hastelioy C) (Hastetioy C 276)
ALTM SAE AN ASTM SAt AMS ASTM SAF AMS ASTM SAE AMS ASTM
w2y 4444 8101 5540 B44a3 5581 A567 L388 8366 !
H16 3 4574 8166 5580 Baaa 5599 Gr 4 5389 8574
B16H4 4575 8167 5665 B446 5666 " 34 5530 8575 )
#1064 4730 B366 1232 5837 6336 5750 8619 '
#9564 411 i 8516 8622
1231 8512 8626
4564
Hastelioy G
UNS NO5%500 UNS NO?750 UNS NO7718 L'NS NO6002
(Monel Alloy K500) {Inconel Alloy X 750) finconel Alloy 718) (Hastelloy X)
SAE AMY, ASTM SAE AMS ASTM SAt AMS ASTM SAE AMS
a6 /6 A637 5542 5669 A637 5383 AS67 5390 5754
5582 56170 AB70 5589 Ge S 5536 5798
5598 5671 590 B843% 5587 5799
5667 5698 L5396 8572 5588 7237
5668 5699 5597
5662
5663
5664
5832
ASTM ASTM
A494 A494 G CW 12 M)
G MY Gr CW 12 M2
Nickel tron Cobalt Nickel Chromium
Chromium Alloys Molybdenum Alloys Other Alloys Coatings and Overlays

UNS NO8B0O

(Indotoy 800)

ASTM SAL AMS

MP3ISN (UNS R30035)

Fignoy, (UNS R30003)

Havar (UNS R30004)

Aluminum Base Alloys

Copper Base Alloys

Cobalt Nicket! Chromium
Tungsten Allgys

Co-Cr-W (Stellite Alloys)

NiCr-B {(Colmonoy Alloys)

N:-B (Ancorspray Alloys)

B163 5766 UNS R30605 Cast, Cemented, or Thermally
8 366 CURA {Cyclops L60S) Sprayed Powder Tungsten
Bay/ {Haynes Alloy No 25) Carbides

Haod

R409 Cast or Thermally Sprayed
8%14 Powdered Ceramics

[SER AN

B964

oy oloy H26S)

ALTAY

Bint 344

(L8 AR B4S

P e d aumibenng system fas metats andg alloys ASTM €527 or SAE 11086

02

2 .
Acrogi e Matenals Spec ot ghions

Soceety of Automotive E nqineers, Inc | 400 Commonwealth Drive, Warrendale, Pennsylivania 15096



TABLE 4 — Accsptable API and ASTM Specifications for Tubuler Goods ar
Al materals Iisted in Tabies | incough I ere scceptable .
Materials histed i this table sre socepisbie under srwionments! condiions noted

Owersting Tomperature

For All Temperatures'! L

Tubing end Caung

AP| Spec 5A Gr H 403!
155 & K55
SACGrC75& L-80
Proprietary Grades per
Paragraph 3 33

Pnpo("

AP| Spec SL Gr A & B
SLS Gr X 43 thru X 65(7)
SLX Gr X-42 thry X 65(7)

ASTM A 53
A106GrA. 8 C
A333Gr18&6
A524 Gl &2
A381Ct) Y35 ves(T)

Orill Stem Ma iats(S)

API Spec SAGID & E
SAX Gr X-95, G105,
$-135 (See 11 2.1 .1}

APl Spec 7
Aluminum 2014.T6 (UNS A92014)(8)

For 65 C (150 F) or Greater!?)

Tubing end Caung

APl Spec 5SA Gr N80 (Q&T)
SAC Gr C 95

Proprietary Q& T Grades with
110 kst Or lest maximum yreld
strength

tor B0 C (179 F) or Grester

Tubing and Cllm’

APl Spec 5A Gr H40 & N 80
SAX G P 105 &P 110

Propnietary Q & T Grades
to 140 ks manimum yield
strength

“ ’!mp.ct resistance may be required by other standards and codes 1or 10w aperating temperatures
2,Commuom minimum temperature, 10r jower temperatures. setect from column 1
)80 ks maximum yield strength permissible (latest revision of API SA includes thes requirement)
‘)wmud grades must meet the requirements of Sections 3 through 8
For use under controlled environments as defined in Paragraph 1112

b)Ma-nmum drihing fluid pH = 105

o Grades X-56 through X .65 and Y56 through Y -65 shall have a3 maximum hardness of HRC 2?2

TABLE 5 - Acceptable Matenals for Subsurface
Equipment for Direct Exposure to Sour Environment

(See Paragraph 1.3}

All materiats isted in Tabies 1 through 4 are acceptable

Use

Material

Drillable packer components
Driliable packer components
Compression members

Al

Ductile lron (ASTM A 536 A S71)
Malleabie tron (ASTM A 220 A 602)
Gray lron (ASTM A 48 A 278)

9Cr Mo (ASTM A 199 Gr TY,

A 200 Gr T9
A 296 (r 94
ai182 Gyt

ASTM A 213 1Y

O Magimum hardness ot HRC 2

16



Appendix A

Mhe 10 4ANE preapiation hardeming stanless steel s S Harden st 620C (1150 F) tor 4 hours and ¢ ol in
scceptable an SSC service when hest treated to a hardness ant
range of 29 1o 31 HRC by one ot the tollowing hea 6 Check hardness

treating procedures
Procedure 2

Procedure | o Selution treat gt 1040 € (1900 F) and quench in
I Solution treated at 1040 € (1900 F) and quench in il Furngce st be at 1040 € (1900 F) before loading
ol Fumace must be at 1040 C (1700 F) before luading parts This stcel must be heated rapidly through the range
parts  This steel must be heated ramdly through the range of 840 ta 250 C (155010 1750 F)
of 840 16 950 C (155010 17501) 2 Cuue matenal to below 32 C (90 F) before
2 Cool matenal to below 32 € (90 F) belore precipitation hardening
precupttation hardemng 3 Harden at 760 € (1400 F) tor 2 hours and air ¢ool
U Harden at 620 C (1150 F) (or 4 hours and cool in 4 Cool matenal 10 below 32 € (90 F) before second
alt hardemng cyde
4 Cool mdatenal to below 32 € (90 F) belore second S Harden a1 620 C (1150 F) tor 4 hours and air cool.
hardeming cycle 6 Check hardness

Appendix B Alphabetical Listing
of Trade Names and T'rade Marks

Alloy 20Cb3, Pyromet 3} Hastelloy, Haynes Alloy, Multimet & Stellite
Carpenter Technology Corporation Cabot Corporation
Reading, Pennsylvania 19603 Stethte Division

Kokomo. Indiana 46901

Anconprays
Havar

Hamilton Technology. Incorporated
Lancaster, Pennsylvania 1 7604

Hoeganaes Corporation
Riverton, New Jersey 08U77

Colmonoy
Wall Colmonoy Companry
Detiont Michigan 48203

Incanel, Incoloy, Monel, Nimonic
Huntington Alloys, Incorporated
Huntington, West Virgima 25720

MP3SN

Standard Pressed Steel Company
Jenkintown, Pennsylvaiia 19046

Elgiloy
Elgloy Company
Elgin, lhnos 60120

Appendix C
PH15-7Mo Snap Rings for SSC Service
Snap nings processed  from PHIS-TMo in - the RH9S0 <. Retemper at 620 C (1150 F) for 4 hours, 1§
solutioa gnnegled and aged at S10C (950 t) condition and munules. Cool to room temperature in still air .
heat ticated ssctibed below arte acceptable at HRC .
o, e descubed below are acceptable o 3 Temper at 560 C (1050 F) for 4 hours, 1S minutes.
o . : Cool 1o room temperature n stll air.
1 Temper at 620 C (1150 F)tor $hours. 1S munutes
Coual to room temperature i stull ai 4 Check hardness, HRC 30-32
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Supplement Issued for NACE Standard

MR .01-75 {1980 Revision)

Supplement No 1, dsted September.
1980, has been uwsued for NACE Sienderd
MR .01-78 (1980 Revision), “Sultide Strons
Craching Revstant Meteilic Meteriais for
Oiitigid Equipment

The uppiement presenty s@versl od
107181 1OViNONS 81 well 81 two Substanuve
changes to the Standard One substantve
change 13 the sddiion of 8 peraqQreph and
1abular  data concerning Nickel ChroMium
molybdenum-aluminum titgntium

columbium altoy UNS NO7031 The otner

Supplement No. 1 issued for
MR-01-75 (1984 Editorial Revision)

NACE Siandard MR-01-75
(1964 Editorial Revision), “Sullide Stress
Cracking Resistant Metallic Material for
Oiltield Equipment,” was recently
finalized and is now avallable from
NACE. A suppiement o the revised
standard was aiso approved in Januery
1985, by letter Daliot following the
resolution of three negative votes cast in
the November 1983 bailoting. Final ap-
provals for Supplement No. 1 were
received by the T-1F Unit Commitiee
chakkman, the T-1 Group Commiltee
chairman, and the Technical Practices
Committee chairman.
The supplement adds a new
parsgraph to Section 4, Nonferrous
Metsls, which reads:

*4.4.1.3 Commercially pure tan

talum (UNS ROS5200) in the anneal-
od and gas tungsien arc weiCed-
annealed conditions is acceptabdle
to a maximum hardness of HRB
85"

The supplement aiso includes an addi-
tion to Table 3 under the heading “Other
Alloys'"

“UNS RO5200"

Either the full text of the standard
with the supplement or additional
copies of the supplement may be pur-
chased trom NACE. For more informa-
tion, contact NACE Publications Order
Department, P.O. Box 218340, Houston,
TX 77218; telephone (713)492-0535.

()7



TECHNICAL COMMITTEES

MR-01-75 Supplements issued

The second and third supplements to
NACE Standard MR01-75 (1964 Editori-
Revision), “Sulfide Stress Cracking
Resistant Metaliic Materials for Olltield
EqQuipment,” were recently approved by
ofticers of Group Committee T-1 and the
TPC Chairman. Supplement #2 was
completed in February, and Supplement
13 was completed in March.

Supplement #2 includes six revi-
sions, the tirst of which is an important
editonal revision which corrects the er-
roneous inclusion of UNS R30004 in
paragraph 8372 of the standard. Task
Group T-1F-1, which is responsible for
MR-01-75, noted that the alloy was incor-
rectly included during the 1984 Editorial
Rewrite of the Standard and determined
that UNS R30004 should not be listed lor
applications noted within paragraph
8.3.2. Task group research has shown
that the alloy was never balloted at HRC
60 for spring service applications. The
correct version ol the paragraph should
read:

**8.3.2 Cobalt-chromium-nicke!-

molybdenum alioy UNS RI0003 may
be used for springs in the cold

worked and age hardened condition
to HRC 60 maximum.”

The remainder of Supplement 22 was
approved following the resolution of
negatives votes cast in the November,
1983 bailot lor inclusion of materials in
MR-01-75. The revisions are:

1. Add Paragraph 4.4.1.4, Titanlum
Alioys, as 1clows: “Specific guidelines
must be foliowed for successiul applica-
lions of each titanium alloy specified in
this standard. For example, hydrogen
embrittiement of titanium alloys may oc-
cur if galvanically coupled to certain ac-
tive metals (e.9. carbon stesl) In H,S-
containing aqueous media at tempera-
tures greater than 80 C. Some titanium
alloys may be susceptible to crevice cor-
rosion and/or stress corrosion cracking
in chioride environments. Hardness has
not been shown to correlate with sus-
ceptibility to sulfide stress cracking.
However, hardness has been included
lor alioys with high strength to indicate
the maximum testing levels where
failure has not occurred.™

2. Add Paragraph 4.4.1.4.1, as fol
lows: “Titanium alloy UNS R53400 in the
annealed condition. Heat treatment
shall be annealing at 774 C(1425F) + 14
C (25 F) for two nours followed by air
cool. Maximum hardness to be HRB 92.

3. Add Paragraph 4.4.1.4.2, as
follows: “Titanium alloy UNS R58640 up
10 hardness maximum HRC 42."

4. Revise Paragraph 42.5.1, as (o}
lows: *Nickel-Chromium-Molybdenum-
Alloys UNS NO6625, UNS N10002, UNS
NO06007, UNS N06002, and UNS N06985.*

5. Add to Table 3, under the head-
ing, “Nickel-Chromium-Molybdenum
Alloys™: “UNS NO698S

Suppiement 83, which was also ap-

proved following the resolution ot
negative votes from the November, 1983
ballot, includes two revisions to the
standard:

1. Add Paragraph 4.4.1.43, as
follows: “Tianium alloy UNS R50400 up
to hardness maximum HRB 100.”

2. Add 1o Table 2 under the head-
ing, “Dupley (Austenitic/Ferritic)™: ““UNS
$32550, wrought condition only’™ Add
footnote: “JAging over 500 F may reduce

- low temperature toughness and reduce
. resistance to enviconmental cracking.”

Either the full text of the standard
with the supplements or additional
coples of the supplement may be pur-
chased from the NACE Publications
Order Department, P.O. Box 218340,
Houston, TX 77218.



Revisions Approved for MR-01-75
The Board of Directors ratitied three revisions to NACE Standard MR-01-75 (1980

Revision and Supplement). The standard, “Sultide Siress Cracking Resistant
Metaliic Materials for Ol Fieid Equipment,” is among the most used of NACE
Material Requirement standards.
The revisions, which are now officlaily integral parts of the standard are:
1. Add UNS NO4405 to Table 3, under the heading, “Nickei-Copper Alloy.”
2. Add Paragraphs 4.4,4.4.1, and 4.4.1.1 as follows:

“4.4 Special condition usage alloys listed in this section are accept-
abie when they satisfy the special conditions noted for each alloy.

4.4.1 Nickel-Chromium-Molybdenum Alioy. ™

4.4.1.1 Nickel-Chromium-Molybdenum-Tungsten Alloys (such as
UNS N10276) are acceptabie in the coid worked and unaged condition
at a maximum hardness of HRC 45 when used at a minimum tempera-
ture of 250 F."

3. Revise Appendix A (as shown in the Standard and its supplement) to

read as follows:
A

The 17 Cr-4 Ni precipitation hardening stainiess steel is acceptable in
SCC service when heat treated to a maximum hardness of HRC 33 by
one of the following procedures:
Procedure 1 (Double age at 1150 F)
(1) Solution anneal at 1040 C (1900 F) and air cool or oil quench to
below 32 C (80 F).
@ Harden at 820 C (1150 F) for four (4) hours at temperature and
cool in als.
(3) Cool material to below 32 C (90 F) before the second precipita-
tion hardening step.
(4) Harden at 620 C (1150 F) for four (4) hours at temperature and
cool in alr.

an



Sum:lemem No. 4
R-01-.75

An additionai revision to NACE

Standsrd MR-01-75 (1980 Revi-
sion), "Sulfide Stress Cracking Resis-
tant Metallic Materials tor Oiifield Equip-
ment,”” has been approved as Supple-
ment No. 4.

4.1.4.3 Nickel-Chromium-Moiyb-
denum-Aluminum-Titanium-Colum-
blum Alloy UNS NO7031 is acceptable
in the solution annealed condition at a
maximum hardness of 35 HRC. This
material is also acceptable when solu-
tion annealed plus aged at 1400/16N0
F for 4 hours maximum {0 3 maximum
hardness of HRC 40.

Revision to
MR-01-75 !ssued as

Supplement
Supplement No. 5 to NACE Standard
MR-01-75 “Sulride Stress Cracking Re-
sistant Metaliic Material for Olifield
Equipment™ has been issued. The sup-
plement, which includes one revision to
the Standard, will be provided to all
members of NACE Group Committes T-1
on Corrosion Controt in Petroleum Pro-
duction. Others may order the supple-
mtmmtmmamom
Department.

mmmmm
gnphnAznadoulolo\u: :

-'

4 1.4.2 Nlcuol-onromluw '

hromium-molybdenum-
aluminum alioy UNS NO7718 in
the solution-annsaled :and .
aged condition ls acceptable
to a maximum hardness of
HRC 40. IR e " R

1c0



MR-Ol-ZS supplement No. § issued

The fifth supplement to NACE Standard
MR-01-75 (1984 Editorial Revision),
Sulfide Stress Cracking Resistant
Metailic Materials for Oilfield Equip-
ment,” was recently approved. The items
listed In the supplement were processed
in sccordance with NACE's consensus
approval procedure and reviewed and
voted upon by members of NACE Group
Committee T-1 on Corrosion Control in
Petroleum Production. The supplement
consists of seven revisions. Publication
approvai was given by T-1 F Unit Commit-
tee Chairman John A. Straatmann
(Climax Molybdenum Company, Bridge-
ville, PA), T-1 Group Committee Chair-
man James E. Donham (Welchem, Inc..
Houston, TX). and Technical Practices
Committee Chairman Lyle D. Perrigo
(Battelle Alaska Operations, Anchorage,
AK) following the resolution ot negative
votes cast in the November, 1983 and
November, 1984 batiots for inclusion of
materials in MR-01.75. The revisions are:

1. Add paragraph 3.6.3, as follows:

“Austenitic stainless steel
alloy UNS N0B020 is accept-
able in the annealed or cold
worked condition at a hard-
ness level of HRC 32 max-
imum.”

2 Revise paragraph 4.2.3.2, as fol-
lows:

“Nicke!-iron-chromium-molyb-
denum atioy UNS N09925 in the
solution annealed or cold
worked condition is acceptable
to a maximum haraness of
HRC 35. in the solution annealed

and aged condition is accept-
able to 8 maximum hardness of
HRC 38, and in the cold worked
and aged and in the hot tinished
and aged conditions is accept:
able to a maximum ot HRC 40."

3. Add paragraph 4.233, as to!
lows.

“Nicke!-iron-Chromium-Molyb-
denum aitoy UNS NO8024 to
HAC 32 maximum.”

4. Add to Table 3, under the head-
ing, "Other Alloys'"

“UNS N08024™"
5 Revise Section 8 title, as follows:

“Bearings, Springs, Pressure
Measuring and Sensing
Devices, and Bearing Pins"

6. Add paragraph 8.6, as follows:
“Bearing Pins’
7. Add paragraph 8.6.1, as follows:

“Bearing pins, 6.g., core roll

pins made from UNS N10276 in

the cold worked condition with

a maximum hardness of HRC

45, may be used.”

The full text of the standard w'th all
tive supplements or add.tional copies of
the supplements may be purchased
trom the NACE Publication Orders
Department. P.O. Box 218340, Houston,
TX 77218; telephone (713) 492-0535.

1C1



Revision to MR-01-75
Issued As
Supplement

Supplement No. 6 to NACE Standard
MR-01.75 (1980 Revision), "Sullide
Stress Cracking Resistant Metallic
Material for Qiltield Equipment,” is now
available from the NACE Publications
Order Dept., P.O. Box 218340, Houston,
TX 77218.

The supplement includes two revi-
sions to the Standard, as follows:

Add paragraph 4.1.2.3:

4.1.2.3 Nickel-iron-chromium-molyb-
denum alloy UNS N09925 in the
solution annealed, cold worked
and aged, or solution annealed
and aged conditions.

Revise step 1 of Procedures 1 and 2
in Appendix A, as revised previously in
Supplements 2 and 3, to read as tollows:

(1) Solution anneal at 1900 F (1040
C) and air cook, or suitadble lig-
uid quench, 1o below 90 F (32 C).

MR-01-75
revision issued

as supplement
A revision to NACE Stand-
ard MR-01-75, “Sulfide Stress Cracking
Resistant Metallic Material for Oilfield
EqQuipment,” was approved recently by
letter ballot following the resolution of
three negative votes cast in the Novem-
ber 1983 balloting. Final approval by the
Unit Committoe T-1F chairman, the
Group Committee T-1 chairman, and the
Techni.ai Practices Committee chair-
man came in July of this year.
The suppiement includes the addi-
tion of a new paragraph to Section 9, to
read as follows:

9.2 Shatts, Stems, and Pins

9.2.1 Austenitic Stainless Steel
UNS S20910 is acceptabie for
vaive shatts, stems, and pins
at a hardness level of HRC 35
maximuin in the coid worked
condition provided this cold
working is preceded by an an-
neal,

foliowing the resolution of negative
votes cast in the November 1984 baliot
of items for inclusion in MRO17%84.

The three revisions inclu inSi p-
plement are:

1. Revise paragraph 4.2 as follows (revi-
sion underlined):

“Alloys listed in this section and in
Table 3 are acceptable in conditions
noted under each metal at HRC 35
maximum uniess hardness maximum
is specified otherwise.”

2. Add paragragh 4.2.3.3 to read as fol-
lows:

“Nickel-iron-chromium-molybdenum
alloy UNS N08028, listed in Table 3,
is acceptable in the solution an-
nealed and cold worked condition to
HRC 33 maximum.”

3. Add to Table 3 under heading, “Nickel-
Iron-Chromium-Molybdenum Alloys:"
UNS NO08028."

Supplement @ revises paragraph
4251 to read, '"4.25.1.1 Nickel-
chromium-molybdenum-aluminum alloy
UNS NO06110 in the annealed or cold-
worked conditions to HRC 40 maximum.”
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Suppliement to MRO175-84
approved for publication

A revision to paragraph
10.7.3 of NACE Standard
MRO0175-84, "Sulfide Stress Crack-
ing Resistant Metallic Matenals
for Use in Oilfield Equipment,”
has been approved for publica-
tion via the NACE consensus re-
view and approval process. The
reviston is designated as Supple-
ment #9 to MR0175-84 and reads
as fullows (the underlined por-
tion designates the revision):

10.7.3 AISI 4320 and a modi-
fried version of 4320 which con-
tains 0.28 to 0.33% carbon are
acceptable for compressor impel-
lers in the quenched and double
tempered condition at a maxi-
mum yvield strength of 90 ksi (620
MPa). Both tempers shall be con-
ducted below the lower critical
temperature and above a mini-

! ond tempering temperature shall
- be lower than the first.”

|
| more information, contact the
|
|
|
l

mum of 1150 F (620 C). The sec-

The revision was balloted in
December 1986 and approved by
members of NACE Group Com-

|
|
|
|
! mittee T-1 on Corrosion Control

| in Petroleum Production and the
! chairmen of NACE Unit Commit-
|
|

tee T-1F, Group Committee T-1,

i and the Technical Practices Com-
i mittee.

Proposed revisions and addi-
tions to MR0175-85 are balloted
annually with the approval of
NACE Task Group T-1F-1. For

Technical Activities Department
at NACE Headquarters in Hous-
ton.®

NACE committees approve

MRO175-84

Supplement

An addition to Paragraph 4.2.5
of NACE Standard MMR0175-84,
“Sulfide Stress Cra king Resis-
tant Metallic Matenals for Use in
Oiltield Equipment,” has been
" approved for publication via the
NACE consensus review and ap-
proval process. The standard re-
vision is designated as Supple
ment #11 to MR0175-84 and
reads as follows:

’4.2.5.5 UNS N07716 to HRC
40 maximum in the solution an-
nealed and aged condition.”” UNS
NO07716 will also be added to the
section titled "'Nickel-Chromium-

’ Molybdenum Alloys,” in Table 3.

The new paragraph was bal-
loted in January 1988 and
approved by members of NACE
Group Committee T-1 on Corro-
sion Control in Petroleum Pro-
duction and the chairmen of
NACE Unit Committee T-1F,
Group Committee T-1 and the
Technical Practices Committee.

Proposed revisions and addi-
tions to MR0175-85 are balloted
annually with the approval of
NACE Task Group T-1F-1. For
more information, contact the
NACE Technical Activities De-
partment at (713) 492-0535. &

o)
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Procedures to revise MR0175-84

implemented

Begmmnyg i 1989, 4 revised
MROITS standard. " Sultide Stress
Cracking Resistant Metalhic Mate-
nals tor Oiltield Use” will be s
sued once each vear. The rew
stons to the standard will be
cither editorial revisions deemed
necessary by NACE Task Group
T or techmical revisions that
have been Jppru\vd via g ballot
of members of Group Committee
1 onCorrosion Control i the
Petroleum Production. T-1F-1, led
by Charrman Daswid Patrick
{ARCO Exploration and Technol-
ogy, Plano, TX) and Vice Chair-
man Michael Hartmann (Cam-
eron Iron Works Inc., Houston),
1s the NACE technical commuttee
that oversees proposed revisions
to MRO175-84

In the past, technical reva
stons to MROI73-84 have been
issued in the torm ot separate
supplements and were not incor-
porated into the actual document
until a revision was published.
With the new distribution svs-
tem, MRO175 supplements will be
ehminated. As soon as a techni-
cal revision 1~ approved, a notice
will be sent to T-1 members and
placed in Materwals Pertormance,
the revision then will be incorpo-
rated in the next MROI7ZS edition
to be printed within one vear ot
the revision. The revision will not
be sold as a supplement to the
standard pnor to publication ot
the next edition.

In addition. Task Group
P D awall sponsor aballot dan
ing the Fall'Winter months ot
cach vear  Anvone mterested in
proposimyg a revision to MROFT™
84 mav submit the approprate
matenal tor inclusion in o ballot
(Forms are avarlable trom the
NACE Techmical Acthivities De
partment 1 The deadhine tor sab
mitting material s stictly
entorced and usually occurs three
months prier to the next ballot
Information on ballotimyg dead
hines i~ avatlable trom the NACH
Technical Activities Department

A major editortal rewrnite ot
MROI7TA-84 15 expected to be pub



hohed i oearlyv 1989 The current
12 supplements to MROTTS N
will be incorporated into the Jdoo:
ument at that ime The editoral
rewrite was sent tor letter ballot
to T 1 members in Septembaer
T9K6 to enstre that the praposed
cditorial reviaons were not tedh
il

Supphlements e PLoand
12 tothe standard were approred
YRS todlone o

[Revise Mara

They are o

Supplement #9
praph 107 3 as tollows trevision
s itahiczedy 10T 3 ALST R0
and a moditied cersion ot 3200 bl
contams 128 to 0 33 carbon are ac-
ceptable tor compressor impellers
in the quenched and Jouble tem
pered condition at a manimun
viela trength o 90 ke (020
MPa)y Both tempers <hall be con
Jucted below the lower cntical
temperature and above a num
mum ot 1150 F (620 C). The sec-
ond tempenng temperature shall
be lower than the tirst” (ap-
proved [une 1988)

Supplement # 10— Revise
Paravraph 8 3 2 as tollow s ren
son s atahiczed)y S 32 Cobalt
Chrommume-nmichel-molvbdenam
allov UNS RIDDO3 mav be used
tor springs an the cold worked
and age hardened condition to
HRC o0 maxumum (NS R30035
may e used tor sprones o e cold
worked and age hardencd condition
to HRC 55 maxmem whiaen aged tor
G of fowr o4 howes ata

106

temperdature nogess Huan 1200 F on g
I approved fune 1988)
Supplement #11 —Add Para-
praph 4 2.5 5 to read as tollows
3255 UNS NOT716 to HRC 40
maumum i the <olution:
anneated and aved condition
Add UNS NOTT16 1o the section
ttlea  Nickel Chronvuam
Mohv bdenum Alloy i Table
approved August TYSK)
Supplement #1272 - Add o
wraph S8 on Dupley Stainless
Sicel tor Wellhead Components®
and Paragraph 8.1 1 to read as
tollows. “Cast duplex taustemtic
terrihd) ~tamless steel UNS
193345 15 acceptable in the
solut-on-treated condition pro-
vided that the hardness does not
exceed 223 HB  The matenal
must be restricted to the tollow-
ing products: valve components
CUMPTESSOT COMPONents, casing
ard tubing heads (excluding
mandrel hangers), spools, side
entrv caps. tail pieces, hammer
caps, and spider caps. Laborator
tests have shown that duplex
stamdess steels” susceptibility to
sultide stress crackimg s a tunc-
ton ot the percentage ot ternte
I'he user mayv determine the ac-
ceptability ot a duplex stainless
steel with a given ternte content
tor each application.” *(Footnote)
Aging over 300 F mayv reduce
low- temperature toughness and
reduce resistance to environmen-
tal cracking. ®



