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ABSTRACT

1. In terms of stress corrosion cracking resistance in

sour brines, a recently developed modified 4135 steel has
exhibited a design yield strength advantage of approximately
10,000 psi over the standard 4130 (Y.S.=110,000 psi) widely
employed for casing, production tubing, etc.

2. For a specified strength level, resistance to SCC is
improved by higher tempering temperatures in heat treating,
giving rise to an approach to new alloy design for construc-
tional type steels. Preliminary results indicate that im-
provements over the modified 4135 can be achieved.

3. Increasing test temperature reduces the susceptibility
to SSC in the constructional steels thus moderately raising
the useful strength level; but immunity cannot be achieved.
On the other hand, susceptibility of the highly alloyed ma-
terigli increases with increasing temperature, at least up
to 5°F.

4, Increasing salt concentration from 5%-20% did not appear
to increase susceptibility to SCC.

5. Of the higher strength, corrosion resistant materials,

MP35N has shown outstanding resistance to general corrosion

and SCC. However, recent reports indicate that certain con-
ditions related to anisotropy may cause SCC.

6. An age hardenable austenitic alloy, A-286, 1is suscep-
tible to SSC in the fully aged condition (190 KSI) at 325°F

and 425°F. Susceptibility is greatly reduced by over-ageing
to a still respectable strength level of 155 KSI.
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 HYDROGEN SULFIDE STRESS CORROSION CRACKING
IN MATERIALS FOR GEOTHERMAL POWER

~R. F. Hehemann and A. R. Troiano
Department of Metallurgy and Materials Science
Case Western Reserve University

Catastrophic brittle delayed failure’can’occur in many
environments, somérof which,may not appear to be very aggr¢$1
sive from a straight corrosion point‘of view. This type of
environmentally induced failure, often qccurring well bglow
standard»cohservatiye design stresses has_genefally been cate-
gorized as'stress'ccrrosion cracking (SCC)v It is well recbg-
nlzed that in many instances hydrogen 1s 1nvolved as an em-‘
brittling agent leading to thls type of failure and constltut-
ing a definite limitation on the use of ava11ab1ermaterlals.

The highly developed petroleum industry presents sdmé of
the most critical examples of these problems. The ultimate
sqccess‘of_a greatly expanded source of geqthermal power en-
counters, in many cases, much the same type of problems;‘ In-
deed, a major limitation in the growing energy problem_resides
in materials -to contaln, process, and generally handle the
various aggre551ve environments that are enc:ountered(1 4):4
- It has been realized for many years that relatively h;gh
strength constru¢tiqna1 type steels will crack in "sour" envi-
ronments. Such an environment has been characterized as one

that contains damaging amounts of H,S which can be as low
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as .001 atmosphere.* This is based on the susceptibility to
cracking of normally empidyed 0il well casing and tubing
steels in the 80,000 psi yield strength range (N-80) and
above (P110)(5'10). Indeed, as little as 0.1 ppm H,S has
produced failure in laboratory tests. The H,S acts as a
cathodic poison, dissociating to allow hydrogen absorption
into the metal and the formation of FeS at the surface(ll).
Accompanying CO, results in acidification and pH levels of

3 to 4 are not uncommon.

In geothermal holes much the same type and even more
aggressive environments are often encounteredclz) and the
associated failures have been recognized for some years in
some of the older geothermal power fields. As far back as
1961, wells in Waireki, New Zealand experienced brittle de-
layed fracture in well casing at 80,000 psi yield strength
and belowcls). At this same time it also was indicated that
a form of thermal corrosion fatigue was encountered due to
the "unclean" nature of geothermal steam, particularly damag-
ing to pumps, turbines, and ancillary equipment.

Other experience with geothermal wells indicated that
55,000 psi yield strength was the maximum safe strength allow-
able in terms of H,S induced failures. However, at these

low strengths, tubing collapse was encountered and limited

the strength of the joints required to compensate for non-axial

* At ambient temperature this is equivalent to approximately
3 ppm 1in solution.
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loading, thermal stresses, lack of complete cementing, etc.
(14). Higher strength steels are also clearly necessary for
bursting and collapse resistance where even thermal stresses
alone can exceed 60,000 psicls).

Even at the levels generally considered to be a safe
maximum Y.S., greater reliability would be most valuable and
help alleviate the drill pipe, casing, and tubing prdblems.
The consistency of performance is not only a material strength
level variable but also is dependent upon environmental fac-
tors, some of which may change with time or the manner in
which the wells are operated. Reliability at still higher
strength is imperative in much of the ancillary equipment such

as well head fittings, valves, pump components, bolts, sub-

surface equipment, such as down hole pumps for geothermal

: Wells,,eté. Indeed, similar limitations on useful strength

‘level exist even in the higher alloyed classes of materials

such as stainless steels, Inconels, Monel, etc. as indicated
in a number of recent conferences. However, in these alloys,
the specificity of the environment may not completeiy‘corre-
spond to that involved in the constructional type steels.
Classical hydrogen embrit;lement delayed failure exhibits
many characteristics of éhvironmentally induced stress corro-

(16-18)

sion cracking Since it is"genefally accepted that

cracking in sour environments involves hydrogen embrittlement,

particularly for the constructidnal type steels, it may be




instructive to outline some of the parallelism of behavior.
Both will exhibit an incubation time for crack initiation,
discontinuous crack propagation, preferred crack nucleation:
at: crevices, notches, pits, etc., similar temperature ranges
of sensitivity, similar fracture appearance, a critical

threshold stress for failure, a generally low stress inten-
)(19,20)

Scc
“failure as the yield strength is raised.

sity'factor'(Ki , and increased sensitivity to
‘0f particular interest to the problem at hand are the:

temperature range of sensitivity and the threshold stress.
The temperature range is generélly considered to span the
“region from approximately minus 50°F to plus 300°F for the
constructional type (body-centered cubic) alloys. It must

be appreciated that this range is sensitive to many other
" parameters such as the environment and the strengthflevel(g;’zs).
These temperature limits correspond with those at which hydro-
gen can- be mobile and yet not so high as to preclﬁde the ac-
cumulation of the critical concentration for—failﬁre(24);".
Also of significance is the relation between the threshold
stress for failure and the Y.S. This critical stress rises

as the Y.S. is reduced until eventually it becomes equal to
the Y.S. Below this strength, brittle delayednfailure»will

(25)

“mot'.occur This, of course, accounts for the present. .

- limitations of 80,000-100,000 psi yield strength at ambient .-

temperatures. This threshold stress. is ‘also sensitive to:

temperature and increases with rising -temperature.-
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. The incubation time is of some relevance to the behavior
of geothermalzmateriais especially with aboveegroﬁnd instal-
lations. The incubation time marks the line between revers-
ible and permanent damage and as such provides the basis for
dehydrogenation cycles for equipment involving hydrogeneous
environments. V

Environmental induced failure (SCC) as compared to hydro-
gen pick-up in processing usually involves the additional com-
plications of an inexhaustible supply of hydrogen and the com-
plexities of changing surface and ehvironment in terms of
hydrogen absorption. Proposed solutions to this problem can
take many different directions. Obviously one approach is
to systematically establish the limits of confidence for a

given set of circumstances in terms of material and environ-

mental conditions for established or recently developed alloys.

Clearly another approach involves attempts to develop mater-
ials with higher threshold stress values, either static or
dynamic, for the specific environmental conditions related
to geothermal holes.

For the available alloy constructional type steels, the
behavior in sour oil well and similar environments has been .
quiteithorbughly,expiored. Althéugh there are many similari-

ties of environment in oil-gas and geothermal wells, potential

 geothermal holes present a much wider spectrum of variation

in the environment; for éxample,'the very hiéh chloride con-

tents and broad range of pH in these environments.




The development of materials resistant at higher yield
~strengths and threshold stress values is of prime concern.
There is an increasing awareness of the role of metallurgical
structure. It is now genérally appreciated that fine struc-
tures with uniform carbide distributions such as tempered
martensite are more resistant to hydrogenous environments
than the more coarse structures such as ferrite-pearlite mix-
tures (normalized structures) in'constructional type steels,
all other things equa1(26'28).

Many different types of materials are necessary to meet
the requirements of a complete geothermal power system. For
the most part, steels suitable for casing, tubing, etc., will
not serve for much of the rest of the inStallatioh,—such as
well head fittings, valves, pumps, bolts, and ancilliary
-equipment. Often, more highly alloyed and corrosion resis-
tant materials are employed. In terms of the available al-
loys, particularly the age hardenable and corrosiod resistant
types such as austenitic stainless steel, Inconel, Stellites,
K-Monel, A-286, MP35N, etc., the limits of confidence in-
terms of heat treatment (e.g., overageing), threshold stress,
maximum safe strength level, etc., have not been—systemati-
cally determined particularly with respect to the relevant
geothermal environments.

For the most part, these more highly alloyed materials

have face-centered cubic structures as compared to the




bodyicentered cubic structure of the constructional steels.
There are several vital differences that should be appreciated
'in assessing the response to a geothermal environment. The
F.C.C. alloys are not notch sensitive, generally more sub-
jeet'to chloride induced pitting and most'significantly ex-
hibit a substantially slower rate of hydrogen diffusion which
raises the temperature range for failure which is dependent
upon the influence of diffusible (mobile) hydrogen.
Essentially, this communication represents a progress
report on studies to evaluate performance of alloys in geo-
thermal power systems, This includes not only commercially
available alloys with standard treatments but also manipula-
tion of the metallurgical structures and/or designed composi-
tion modifications. The petroleum industry has accumulated
and made available a vast storehouse of data involving per-
- formance of virtually all commercially available alloys in
a sour environment. Much but not all of these data are rele-
‘vant to geothermal environmentsfwhichaapparently exhibit a

wider range of varying aggressive situations.

Experimental'

The test spec1mens were mostly of the two point bend
type, usually loaded to 90- 100 percent of the design y1e1d
strength. The use of thls type of test is 111ustrated in

Fig._lét One advantage of th1s test a51de from its 51mp11c1ty

and the relatlvelyf'ow_cost type of spec1men rests in the




fact that there is virtually no critical crevice corrosion.:
- -On. the other hand, extreme care must be exercised in loading
- the specimen since any plastic flow will reduce the calcu-
lated applied stress. Of course, any permanent set on re-
moval from the test jig will indicate some overstressing.
The specimens' dimensions were generally 4" x .5" x .035"
and in all cases cut with the long direction parallel to the
rolling direction.

The !"self-stressed" type of bend test specimen was em-
ployed for some of the early tests as illustrated in Fig. 2
(29). The difficulty in circumventing crevice corrosion

caused us to drop its use, at least during the early:screen-
ing procedures. However, it is particularly interesting
~since it will allow a semi-quantitative measufe:ofrthe in-
fluence, if any, of environment exposure for specimens that
do not fail in the NACE adopted standard of 30 days exposure.

Essentially two different environments have been em-
ployed. One is the standard NACE solution for sdur,environ-
ments which is a deaerated aqueous solution of 5% NaCl,

0.5 acetic acid saturated with H,S. This solution has been
widely used for evaluating materials in sour environments
énd thus there is a vast storehouse of information on almost
a11~¢dmmérciélly available alloys with standard treatments.
Geothermal environments vary widely and no one éoiution can

‘serve for total evaluation. However, those material situations




that]aﬁpear promisingewith the standard solution are then
subjected to*a-modified‘NACE solution with 20 percent instead
of 5% NaCl, which-will better match the high chloride contents
of many'geofhermal'holes.?;

: Fdr bbth'envirbnments,ithe recommended tentative proce-
d#re»of continuous purging with ‘HyS for the full 30 .day. .
tests was édopted(so).V For the higher temperatures employing
a pressure vessel, continuous purging with H,S. was not pos-
sible. However, this does not pose a.problem,'sin¢e it is
a closed‘system;*previously'deaefated, and substantial con-
centration of Hy;S is evident in the environment after |
30 days. _ .

The standard available tank H,S  has approximately

300 ppm oxygen according'ﬁO‘the supplier. In those tests
where a continuous flow of 'HZS was:emplpyed,;the influence
vof‘this'oxygen7wa5'quite'apparent~in-the'relatively’IOW'but
‘definite corrosion in the 30 day testS’at-ambieﬁt temperature
and seriously affected tests near the boiling temperature of
the solution. Consequently, tests. at the boiling point and
'highérfwere cohducted in autoclaves. Steps are being taken
to reduce»this‘ongen'concentration;x

- A wide range of alloys are under examination both with
standard commercial treatments andimetallurgical.structures
and éompositionfvariations'which,may‘botentially enhance -
- performance. Their nominél compositions are listed in

~ Table I. The beam specimen has yielded data for commercial
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alloys in the standard NACE solution at ambient temperatures
‘that are completely consistent with the literature. For ex-
,ample,~steels 410, 431, and 440, which represent. indus-
try attempts to achieve improved corrosion resistéhce with
strenéths above the present general limits, all failed at
the hiéherAstrength levels just as they had with many other
types of test specimens, including simple fensile,‘notch
bend, bent tubing, etc. These partiéular steels will not bé
further considefed in this report. ,

All heat treatments were performed in a purified
nitrogen atmosphere at controlled temperature. ;For'the‘con-
structional‘steels in particular, extra precautibns were
takeﬂ to avoid}decarburization during both the normalizing
and austenitizing treatment. All constructional steels were
quenched for martensite and given a single tempe?rét the Ap-
propriate temperature to attain the desired sfrength as in-
dicated in the tables. The age-hardenable,alloys all required
prior cold work to attain their optimum yield stréngth leveis.
Generally, these materials were received in the cold worked
condition. Our ageing'treatments were designed to produce

under-aged, fully aged, and over-aged conditions.
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Results and Discussion .

"It will be convenient to consider the performance of
the constructional steels and of the more corrosion resis-

tant materials separately.

Constructional Steels

The superior resistance to SSC of tempered martensitic
compared with pear11t1c structures has placed a premium on :
hardenability. This has favored Cr/Mo steels over the more
economical Mn or Mn/Mo grades. In this program,‘ 4130 |
with its well-documented behavior in sour environments has—
been chosen as a reference mater1a1 and 1ts resistance to SSC
is shown 1n Table II.

Wlth the unnotched beam samples employed 1n thlS study,

4130 is resistant at amblent temperatures to SSC at a yield

strength level of 110 KSI and 1ower. Variable performance

is exhibited at intermediate strength levels and failure
con51stent1y occurs at strengths of 128 KSI and above.. |

It is well known that the re51stance of the BCC struc-
ture to hydrogen embrlttlement improves. 51gn1f1cant1y as the/

temperature is raised Thus, at 212°F and above, fallure has

not been observed at y1e1d strength levels as high as 138 KSI.

Higher strength levels are currently under study in order to
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determine the maximum strength for resistance to SSC as a
function of temperature. | | . | 7

The performance of the modified 4135 steeI is presented
in Table III As has been shown by others, this composition.
is somewhat more resistant to SSC than the standard 4130 N
and exhibits a yield strength advantage of the order of
10 KSI(31 32). ‘This yield strength advantage while of 1nterest
per se, may have a greater 51gn1f1cance. Specifically, it. |
should prov1de greater reliability at a given strength level
such as 110 KSI compared to that of standard 4130 steels. |
_As for the standard 4130 Vthe resistance to cracking of this
mod1f1ed 4135 steel 1mproves 51gn1f1cant1y as the test tem-
perature is increased. |

In general the re51stance to SSC of both the standard
74130 and the mod1f1ed 4135 steels in the 20% NaCl solution‘
was comparable or perhaps slightly superior to that in the |
5% NaCl solution. The p0551b111ty that this may result from
51m11ar or slightly rednced corrosion rates in the 20% NaCIi
solutlon is being further examlned, since the chlorlde 1on is
reported to act as a corrosion 1nh1b1tor.

Desplte the dominant 1nf1uence of strength level on re-

:ii15;51stance to hydrogen embrittlement and SSC, it is eVIdent

._that microstructural and comp051tiona1 details also exert a
I51gn1f1cant affect and can be manipulated to opt1m1ze useable
strengths and re11ab111ty. Lower carbon content is known to
enhance toughness significantly, and its influence on sulphide

SCC is currently under study.




Preiiminary results indicate’that carnon contents much
below 0.3% are detrimental to the SSC resistance. Fer ex-
emple,‘Table IV demonstrates;that the threshold strength
lenel of a 4118‘ steel is significantly below that for 4130
and similar“results have been obtained on a 0.2C-2 Cr-0.75 Mo
steel (Table V) as well'as an 0.1C-3 Cr-1.0 Mo steel
(Table VI).

Temperlng temperature appears to be the primary factor
respon51b1e for the influence of carbon content on. the useable
strength level. There is evidence to indicate that re51stance
to SSC at a given strength level improves as the tempering ten-
perature is raised(31). - Thus, the poor performance of‘the | |
4118 steel compared to that of 4130 appears to‘be associet
ated with the relatively lower tempering temperatures required
to echieve cemperable strength levels in the two steels.

;In addition to microstructufe, the type, size end number
of non-metallic inclusions, particnlarly sulfides* can in-
fluence”the mechanical propefties significantly. In order to
explote this, two vacuum melted versions of the medified B
4135 analysis have been prepered. ,Theranalysesndf,these
steels are cempared with that of the Clinax modified 4135
in Tahie'VII. ‘Heat V 1312 essentially‘natches;the'CIimat
material except for reduced carbon and sulfur contents. in;
-heat V 1313 a Vv addit1on has been substituted for the
Nb add1t1on.
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The SSC resistance of these steels as well as that of
a commercial 4123 pipe is presented in Table VIII. Although
the data are still somewhat limited, it appears that the
performance of these steels is comparable to that of the
Climax version. Specifically, at ambient temperatures, all
three steels resist cracking at strengths below approximately
125 KSI. This is further confirmed by fracture toughness
tests currently in progress on steels V 1312 and V 1313.
KISCC for the two vacuum melted steels is comparable to
that reported by the Climax Molybdenum Corporation for the
modified 4135 steel.

Further improvement in toughness and perhaps resistance
to SCC may be expected from reduction in the. Mn and Si
contents. A vacuum melted heat of standard 4130 has'been
prepared from high purity stock in order to attain very low
concentrations of Mn, Si and S. This steel exhibits
exceptional resistance to SSC~(Table IX) with suscéptibil-

ity arising at yield strengths in excess of 130 KSI.

Corrosion Resistant Alloys

A limited number of higher strength corrosionreﬁistant
alloys ére currently under study. Many'of thesé arerbased
on FCC eructufes and may berexpécted to exhibitmaximumsus-
éeptibiiity to SSC at tempéfatures significantly abdvé the

ambient. The age hardenable austenitic stainless steel,
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A-286, -appears to'perfofm in this manner és shown in Table X.
While' the fully aged condition (16 hours at 1200°F) was re-
sistant at 212°F, it failed when tested at 325°F in the NACE
solution and at 425°F in the 20% NaCl solution.

Although A-286 did not fail at 212°F or lower, it did
suffer substantial dﬁctility»loss as revealed by compression
of self-stressed samples after exposure (Fig. 2). In
Fig. 2A, the unexposed specimen was compressed in the direc-
tion of the arrow until a crack waé observed. Specimen B had
been exposed for 30 days in the NACE solution ét ambient tem-
perature without failure. However, it is evident that it had -
lost much of its ductility, as indiéatedrby the reduced de-
formation it could sustain prior to the incidence of cracks. -

" This loss of ductility may not necessarily indicate im-
pending failure. indeed,“low strength steels will exhibit
ioss.of'ductility resulting from hydrogen but will not ex-
hibit brittlebdelayed failure..
| As with the constructional steels, microstructural de- :.
tails influence the performance of this age-hardenable alloy
at a given strength level. Thus, when over-aged (16 hours
~at 1300°F) to a still respectable strength level of 155 KSI
the alloy is re51stant to crack1ng in both the NACB solutlon
at 325°F and in the 20% chlor1de solution at 425°F. This
does not appear to be 51mp1y a strength 1eve1,gffect §;ncew!”

'under-ageihg‘(i'hour at 1150°F) to eéSentially the same
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strength level results in susceptibility, at least at 425°F;
in the 20% chloride solution.

Much attention has been devoted recently to a newly
developed non-ferrous, age-hardenable alloy - MPSSN(SS).

This alloy exhibits excellent resistance to general and to
pitting corrosion and, as shown in Table XI, has been re-
sistant to SSC in both the NACE and the 20% chloride environ-
ments. In fact, an additional sample, not reported in

Table XI was exposed for a total of 90 days in the NACE
solution (30 days at 325°F and 60 days at 425°F) with no
apparent corrosion and complete resistance to cracking.

This outstanding performance generally confirms that reported
in the literature*.

K Monel 500, treated to 140 and to 170 KSI strength
levels has resisted cracking in both the standard and the
modified NACE solutions (Table XII). This agrees with the
rather limited literature on this alloy indicating resistance
to SSC in the NACE solution; however, there are several un-
officially reported service failures in sour wells.

While generally not considered as high strength alloys,
the 300 grade austenitic stainless steels also are of po-
tential interest for use in geothermal environments. As indi-

~cated in Table XIII several of these have resisted SSC at 325°F

* As a word of caution, however, it has been shown recently
that cracking can be induced in MP35N (bx galvanic coupl-
ing to a more active metal such as iron‘'3%).




in both the annealed and higher strength conditions achieved
by éold work. |

In general, susceptibility of these austenitic alloys,
including'A?286, to chloride SCC increases .as the concentra-
tion of the chloride ion is increased. The oxygen content
of the éolution also appears to be -of significance with re-
gard to the cracking resistance in these solutions. Thus, .
the influence of temperature, salt concentration and oxygen -
concentration on the cracking resistance of the austenitic

steels is under further study.
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Conclusions -

For the constructional steels of interest for casing,
tubing and other applications, the modified 413§
analySis exhibits a strength advantage of approximately
10 KSI over the standard 4130 analysis. This should
also improve reliability when employed at strength
levels below its maximum (approximately 120 KSI) for

resistance to SSC.

For a specified strength level, resistance to SCC is
improved at higher tempering temperatures. This ap-
pears to provide a lower limit on the carbon level for

optimum resistance to SSC.

Increasing salt concentration from 5% to 20% does not

appear to increase susceptibility to SSC.

Of the higher strength, corrosion resistant materials,
MP35N has shown outstanding resistance to general cor-

rosion and has not suffered SSC in these tests. Recent

_ reports; however, indicate that certain 5pecific condi-

tions may cause SCC.
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An age hardenable austenitic alloy, A-286, is suscep-
tible to SSC in the fully aged condition (190 KSI) at
325°F and 425°F.- Susceptibility is greatly reduced by
over-ageing to a strength level of 155 KSI but not by

under-ageing to a comparable strength level.

For the constructional steels, incfeasing.test:tempera-
ture reduces the susceptibility to SSC substantially
thereby incfeasing'the strength lévelrthatiisrresistant
to crackihg. SuSéepfibility of the highly alloyed ma-
terials, on the other hand, increases with increasing

temperature, at least in the range up to 425°F.
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The nominal analyses of the alloys considered in
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report are given in Table I below:

Designation

4118
4130
4135 mod.*

2 Cr-0.75 Mo

o e b de dn e e

A-286

- s W e

K Monel

MP35N

30
304
310

this

TABLE 1
[ Cr Mo cb
0.20 0050 0.15 -
0.30 1.0 0.20 -
0.35 1.0 0.75 .04
0.20 2.0 0.75 .03
0010 3.0 1!0
M o M oMW M ¥
25 15 2 1.5 1.3 0.3
B ¢ Al Fe I M
65 30 3 1.0 0.5 0.50
L G Cr Fe Mo Ii G Al
25 35 20 9 7 3 0.6 0.2
c ¥a cr 28
.08 1.0 17.5 7.5
.08 1.5 19 9
.08 1.5 25 20




25.

TABLE II

Sulfide Stress Cracking of 4130 Steel

Test Temp.-°F

Ambient

212

325

Ambient

212

325

425

'Temﬁering

‘Temp.-°F*  Y.S. KSI

" 5% NaCl (NACE Solution)

1100 138
1150 128
1200 123
1250 119.5
1300 107.5
1100 138
1500 128
1200 123
1250 119.5
1150 128
1200 123
1250 119.5

' 20% Nacl
1200 123

1250 119.5
1200 123
1250 119.5
1150 128
1200 123

1100 - ‘138
1150 . 128
1200 123

‘% 1650°F, 1/2 Hr, A.C.; 1550°F, 1/2 Hr, W.Q.;
Temper 1/2 Hr, A.C.

No. Failed
No. Tested

1/1
414
2/3
2/3
0/2

0/1
0/3
0/2
0/2

0/1
0/1
0/2

1/2
0/3

0/1
0/1

0/1
0/1

o/1
0/1
0/1
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TABLE III

‘Sulfide Stress Cracking of Modified 4135 Steel

Test Temp.-°F

Tempering
Temp o-°F*

Ambient

212

325

Ambient

212

325
425

* 1750°F,

Y.S. KSI

1 Hr, A.C.:

5% NaCl (NACE Solution)

1200
1250
1275
1300

1150
1200
1250
1300

1200
1250

204 NaCl

1200
1250
1300

1250
1300

1150
1250

Temper 2 Hrs, A.C.

1650°F,

138
125
116
110
150
138

125
110

138
125

138
125
110

125
110

150

125

1/2 Hr, 0.Q.;

No. Failed
No. Tested

5/5
5/8
0/4
0/4

1/1
0/1
1/3
0/2

0/3
0/2

2/2
2/3
0/1
0/1
0/1
0/1
0/1
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TABLE IV

| ~ Sulfide Stress Cragkinguof 4118 Steel -

o Tempering | No. Failed
Test Temp.-°F Temp.-°F%* = Y.S. KSI No. Tested

SZ’NaCI (NACE Solution)

Ambient ~ 1000 120 11
| 1050 108 1/2
1100 95 0/3

*® 1/2 Hr, 1650°F, A.C.; 1/2 Hr, 1550°F, W.Q.}
" Temper 1 Hr, A.C. o




28

TABLE V

Sulfide Stress Cracking of 2 Cx-0.75 Mo Steel

o Tempering No. Feiled
Test Temp.-°F - Temp,-°F* . - Y.8. KSI 'No. Tested

| 5% NaCl _(NACE Solution)
- Ambient 1200 130 YA

1250 118 11
1300 105 0/4
‘ 20X NaCl
Anbient - 1300 105 0/1

* 10 Min. 1750°F, A.C.; 10 Min. 1650°F, W.Q.;
Temper 1 Hr, A.C.
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" TABLE VI

vSu]'.fi.de Stress Cracking of 3 Cr-1.0 Mo Steel

- Tempering ' " . No, Failed

v

Test Temp.-°F  Temp.~°F% Y.S. KSI No. Tested

5% NaCl (NACE Solution)

Anbient S1s0 15 /1
1200 130 11
1250 - 115 11
1130 100 0/2

& 10 Min. 1750, A.C.; 10 Min, 1650, W.Q.;
- Temper 1 Hr, A.C. .
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TABLE VII

Analysis of 41XX Steels

1312
b.26
0.50
0.21
0.005
0.027
1.01
0.78
0.038

<.005

0.058

Armco
Commercial
V1313 4123
© 0.26 0.23
0.52 0.84
0.22 0.36
0.004 0.016
0.023 -
1.01 0.93
0.78 0.20
<.005 -

Climax

"~ Molybdenum

4135
0.33
0.86

 0.28
0.015
0.067
1.08
0.83
0.054




Steel

V1312

V1313

4123
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TABLE VIII

S§SC Susceptibility of 41XX Type Steels*

NaCl "Tempering Y.S. No. Failed

Test Temp.-°F Conc.~% Temp.-°F KSI No, Tested
Anbient 20 11200 136.5  1/1
Ambient 20 1250 116 0/1
212 5 1200 136.5 0/1
425 20 1200 136.5 0/1
Ambient 20 1200 143 2/2
Ambient 20 1250 125.5 0/1
212 5 1200 143 1/1
325 20 1250 125.5 0/1

425 20 1200 143 1/1%%

Ambient 20 1150 131 2/2
Ambient 20 1200 123 1/1
Ambient 20 1250 119.5 o/1
212 5 1150 131 ~0/1
325 1150 131 0/1

20

% - Ten day tests
%% - Cracked but did not fail completely
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TABLE IX

SSC Susceptibility of Very Low Sulfur 4130 Steel*

Néélb - Tempering  Y.S.

Test Temp.=°F Conc.~% Temp.°F KSI
Ambient 20 1040 145
1100 138

1150 136

1200 128

1250 123

212 5 1150 136

325 20 1200 128

* Ten day tests

'No. Failed
No. Tested

1/1
1/1
0/1
0/1
0/1

0/1
0/1
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TABLE X

Sulfide Stress Cracking of A-286 Steel

Ageing | No. Failed
_Test Temp.-°F Treatment 'Y.S. KSI No. Tested

5% Nacl (NACE Solution)

212 16 Hrs-1200°F 190 0/1
325 16 Hre-1200°F 190 1/1
16 Hre-1300°F 155 0/1

20% NaCl |
425 16 Hrs-1200°F 190 | 3/4
1 Hr -1150°F 165 1/1

16 Hrs-13009F 155 0/2%

"% An additional sample tested without deaeration of the
solution exhibited small cracks.
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TABLE XI

SULFIDE STRESS CRACKING OF MP35N

No. Failed -
Test Temp.-°F Y.S. KSI No. Tested

5% NaCl (NACE Solution)

Ambient . 220 0/1

425 220 0/1
20% NaCl

425 220 0/2%

* One sample tested without deaeration.




Test Temp.-°F

Ambient
325
425

425

Y]
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TABLE XTI

Sulfide Stress Cracking of K Monel

8 Hr,
16 Hr,

16 Hr,

8 Hr,

16 Hr,

_Ageing
Treatment

5% NaCl (NACE Solution)

1000°F/F.C. to 900°F/W.Q.

1100°F/F.C. to 900°F/A.C.

1100°F/F.C. to 900°F/A.C.

207 NaCl
1000°F/F.C. to 900°F/W.Q.

1100°F/F.C. to 900°F/A.C.

No. Fatled
Y.S. KSI No. Tested
170 0/1
140 0/1
140 0/2
- 170 0/1
140 0/2
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TABLE XIII

Sulfide Stress Cracking of Austenitic Stainless Steels

No. Failed
Test Temp.-°F Steel Condition ¥.S. KSI No. Tested
S% NaCl (NACE Solution)
325 301 30% Cc.W. 160 0/1
304 Annealed 40 0/1
30% C.W. 130 0/1
310 Annealed 30 0/1

30% C.W. 70 0/1

'y




-

»t

hote:

Fig. 1. A286 Standard NACE solution.
34 days, 325°F, Stressed at 100% of Y.S.
A. Overaged to 135,000 psi Y.S.
B. Fully aged to 190,000 psi Y.S.

B

Fig. 2. A 286 Standard NACE solution.

190,000 psi Y.S. 32 days ambient temperature
Stressed at 90% Y.S.

A. Not exposed. Compressed to initial cracking
B. Exposed to environment but no failure

Reduced ability to be compressed before cracking (v40%)
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