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(57) ABSTRACT 

The invention relates to a quench-and-temper steel alloy for 
use in casing for oil and gas Wells Wherein such casing is 
exposed to low pH environments. The steel alloy has a 
carbon range by Weight of 0.15% to 0.35%, a manganese 
range by Weight of 0.60% to 1.10%, a molybdenum range by 
Weight of 0.15% to 0.65%, and a sulphur range by Weight of 
less than 0.002%. The steel alloy has a quench-and-temper 
micro-structure and features precipitated spheroidal molyb 
denum carbides in manganese- and carbon-rich bands. The 
steel alloy also has, by Weight, a chromium range of less 
than 0.50%, an aluminum range of less than or equal to 
0.08% and a calcium range of less than or equal to 0.0045 %. 
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HYDROGEN-INDUCED-CRACKING RESISTANT 
AND SULPHIDE-STRESS-CRACKING RESISTANT 

STEEL ALLOY 

RELATED APPLICATIONS 

[0001] The present application is a continuation-in-part 
application of US. application Ser. No. 09/036,545 ?led on 
Apr. 9, 2002, Which is a continuation application of appli 
cation Ser. No. 09/036,545 ?led on Mar. 6, 1998. The ’545 
application is a continuation-in-part application of US. 
application Ser. No. 08/813,374 ?led on Mar. 7, 1997. The 
present application incorporates by reference the entire 
contents of all of these parent applications. 

FIELD OF THE INVENTION 

[0002] This invention relates in general to a steel alloy and 
more particularly to a steel alloy that resists hydrogen 
induced cracking and sul?de stress cracking. This alloy is 
particularly suitable for use in casing for use With sour oil 
and gas Wells. The invention also comprises casing made 
from such alloy. 

BACKGROUND TO THE INVENTION 

[0003] HIC and SSC are tWo types of hydrogen embrittle 
ment problems of particular concern to steel casing operat 
ing in sour gas environments. HIC is a hydrogen sul?de 
(HZS) related hydrogen embrittlement phenomenon that 
manifests itself by surface blisters and/or internal cracking. 
HIC occurs Whenever the outside H2S concentration is 
sufficiently large; external stress is not alWays necessary for 
HIC to occur. Hydrogen atoms are formed on the surface of 
the steel When the HZS reacts With iron from the steel. The 
hydrogen atoms then diffuse easily through the metal lattice. 
Then, the hydrogen atoms combine preferentially to form 
molecular hydrogen in hydrogen traps such as inclusion/ 
matrix interfaces, voids, impurities, dislocations, lamina 
tions or micro-cracks. Once hydrogen molecules have 
formed in any of these structural defects, the internal pres 
sure increases. Once a certain threshold pressure is 
exceeded, cracking occurs. The cracking can assume a 
straight or stepWise form. If the stepWise cracking occurs 
beneath the steel’s surface, blistering Will occur on the 
surface. It has been observed that HIC initiates especially at 
elongated manganese sul?de (MnS) inclusions. 

[0004] SSC differs from HIC in that SSC manifests itself 
When an external load is applied to the steel in a sour gas 
environment. When the load is applied parallel to an elon 
gated MnS inclusion, HIC cracks Will not generate the ?nal 
rupture. Instead, ?nal rupture of the steel occurs through 
cracks perpendicular to the applied load and localiZed in a 
shear band induced by HIC. If the applied load is perpen 
dicular to the elongated MnS inclusion, hydrogen induced 
cracks nucleated at the inclusion tips Will directly lead to 
?nal rupture. Structural defects other than MnS inclusions 
Will have their critical concentration (Ck) for crack initiation 
loWered by the applied load, and Will then compete With the 
MnS inclusions for crack nucleation. Such other structural 
defects include grain boundaries, carbide-ferrite interfaces, 
oxides, and dislocation tangles. 

[0005] Oil and gas Well steel casing is commonly exposed 
to highly acidic conditions. Many neW Wells contain sig 
ni?cant concentrations of HZS While older Wells become 
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increasingly sour over their production lifetime. It is Well 
knoWn in the oil and gas industry that the presence of HZS 
Will act to promote HIC in Well casing as HIC is exacerbated 
When Well casing is used in loW pH environments. In 
addition to resisting HIC, casing in mature oil Wells may 
also be required to bear severe mechanical stresses; thus, 
susceptibility to SSC must also be considered. 

[0006] As gas and oil reserves are depleted, improved 
methods of extracting gas and oil from mature reservoirs 
have developed apace. In particular, horiZontal Well tech 
nology has developed rapidly over the past decade as a 
means of enhancing recovery from mature gas and oil 
reserves. Well casing used in horiZontal Well technology for 
mature oil and gas Wells is subjected to severe mechanical 
stresses, SSC, and HIC. 

[0007] TWo types of horiZontal Well technology are Steam 
Assisted Gravity Drainage (SAGD) and Cyclic Steam Simu 
lation (CSS); While both applications subject casing to 
mechanical stresses, there are particularly severe cyclical 
tensile and compressive stresses in CSS applications. In 
CSS, steam is pumped into the Well during the initial Well 
stimulation portion of the horiZontal Well cycle, thereby 
heating the casing Wall to temperatures as high as 350° C. 
for prolonged periods of time up to around one month. 
HoWever, the casing is unable to expand due to the physical 
constraints placed on the casing by the environment. 
Accordingly, a signi?cant compressive stress is developed 
during this period of the cycle. This compressive stress Will 
gradually relax through stress relaxation over an extended 
period of time. At the conclusion of the stimulation cycle, 
the Well cools and the resultant thermal contraction of the 
material results in a tensile load. Again, this load may 
gradually relax over an extended period of time, so that 
When the next stimulation cycle is initiated, the casing again 
goes into compression. This cycling Will be repeated several 
times through the life of the Well and places severe fatigue 
stresses on the casing. 

[0008] As Was Well knoWn in the art prior to the time of 
the invention, HIC- and SSC-resistant casing alloys are 
generally made from seamless casing. In order to produce a 
pipe the alloy is cast as a billet and rolled into a solid round 
piece that is then pierced. Unfortunately, seamless casing is 
very expensive to manufacture. Further to this, the Wall 
thickness may be irregular and segregation may occur on the 
centreline. Which becomes the inner Wall upon piercing. On 
the other hand, rolling and Welding produces a casing that 
has a more uniform Wall thickness. It is also less expensive 
to produce. Consequently, it Would be preferable to manu 
facture the casing by rolling and Welding the alloy. AS 
Would be apparent to one skilled int the art, the development 
of HIC- and SSC resistant steel alloys suitable for rolling 
and Welding requires a synergy betWeen the method of 
production and the alloy chemistry employed. 

[0009] Casing for horiZontal oil Wells must be made using 
alloys that can resist severe mechanical stresses, HIC and 
SSC. The IK55 alloy of Ipsco Inc. described hereinbeloW, is 
one such alloy that is at present used to make horiZontal Well 
casing. 

[0010] The IK55 alloy is a medium-carbon quench-and 
temper steel to Which boron has been added to ensure 
hardening of the full thickness of the steel during the 
quenching treatment. To be effective, boron must be retained 
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in solid solution throughout the processing schedule; hoW 
ever, boron interacts strongly With nitrogen to form boron 
nitrides Which render boron additions ineffective. To prevent 
boron nitride formation, titanium is added to react With 
nitrogen in advance of any reaction betWeen boron and 
nitrogen, thereby ensuring that boron is retained in solid 
solution. 

[0011] Although steel alloys such as the IK55 alloy per 
form Well in laboratory tests in Which the pH is greater than 
about 4.25, if such alloys are eXposed to loW pH environ 
ments, environments having a pH loWer than about 4.25, 
over a prolonged period of time, such alloys are subject to 
HIC. Accordingly, there is a need for a HIC resistant steel 
alloy suitable for environments having a pH of less than 
4.25. HoWever, even alloys that demonstrate good HIC 
resistance in laboratory trials may perform poorly When 
stress is applied. Thus, there is a need for alloys that 
demonstrate both good HIC resistance and good SSC resis 
tance. 

SUMMARY OF THE INVENTION 

[0012] An object of one aspect of the present invention is 
to provide a quench-and temper-steel alloy that provides 
resistance to HIC and SSC in loW pH environments and that 
has use especially in oil and gas industry applications such 
as casing. Other objects are for this steel alloy to have good 
corrosion resistance and stability at elevated temperature in 
the order of 335° C. 

[0013] In accordance With one aspect of the invention 
there is provided a quench and temper steel alloy charac 
teriZed in that the alloy has, by Weight, a carbon (C) range 
of 0.15% to 0.35%, a manganese range of 0.60% to 1.10%, 
a molybdenum (Mo) range of at least 0.15%, and a sulfur (S) 
range of less than 0.002%, a chromium (Cr) range of less 
than or equal to 0.50%, an aluminum range of less than 
or equal to 0.080%, a calcium (Ca) range of less than or 
equal to 0.0045%, a silicon (Si) range of less than or equal 
to 0.40%, and the substantial balance of the alloy being iron 
and unavoidable impurities. The steel alloy is further char 
acteriZed in that the alloy has a quench-and-temper micro 
structure and has precipitated spheroidal Mo carbides in Mn 
and C rich bands. The precipitated Mo carbides result from 
sustained tempering at high temperatures. The precipitation 
reduces the carbon content in the matriX of the Mn and C 
rich segregation bands, and decreases the hardness of the 
matriX. 

[0014] M0 is included in the alloy to harden the alloy, so 
as to enable boron (B) and titanium (Ti) to be substantially 
eXcluded from the alloy and to reduce the Mn content in the 
steel. This substantially precludes the formation of boron 
nitride and titanium nitride Which may play a role in the 
formation of HIC and SSC in the steel. As HIC and SSC are 
found particularly at MnS inclusions in the steel, the rela 
tively loW S and Mn content reduce the presence of such 
inclusions in this steel alloy. Mo has the additional bene?cial 
effect of retarding stress relaxation in steel at elevated 
temperature; this contributes to the steel alloy being able to 
Withstand stresses for prolonged periods at elevated tem 
peratures. Mo also contributes to sloW the rate of corrosion 
of the steel alloy. As hydrogen is a corrosion product, 
hydrogen formation in the steel is thus sloWed. 

[0015] In various preferred embodiments of the invention, 
the range of each element of the alloy is more narroWly 
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de?ned. The selection of the particular alloy chemistry, 
Within the above speci?ed limits, depends on trade-offs 
betWeen a number of different factors such as the cost of the 
various alloying elements, as Well as the HIC and SSC 
resistance required. In a ?rst preferred alloy chemistry, the 
alloy has a carbon range by Weight of 0.20 to 0.3%, a 
manganese range by Weight of 0.60% to 1.10%, a molyb 
denum range by Weight of 0.45 to 0.55%, and a sulfur range 
by Weight of less than 0.001%. The above-de?ned preferred 
alloy chemistry is further de?nable to have a calcium range, 
by Weight, of 0.0020% to 0.0045%, and an aluminum range 
of 0.030% to 0.050%. The alloy may also comprise silicon 
in a range of 0.15 to 0.25% by Weight. Chromium in a range 
of 0.2 to 0.3% may further be added to the alloy. 

[0016] In another preferred alloy chemistry, the carbon 
range by Weight is 0.18% to 0.27%, the manganese range by 
Weight is 0.70% to 0.95%, the molybdenum range by Weight 
is 0.35% to 0.55%, and the sulfur range by Weight is less 
than 0.001%. The steel alloy has a calcium range, by Weight, 
of 0.0020% to 0.0045%, and an aluminum range of 0.030% 
to 0.050%. This alloy is cheaper and someWhat less resistant 
to SSC than an alloy of the ?rst chemistry. 

[0017] Both preferred chemistries are further character 
iZed by having a quench-and-temper micro-structure and 
having precipitated spheroidal Mo carbides in Mn and C rich 
bands, the precipitation resulting from a sustained high 
tempering treatment of the alloy during manufacture. 

[0018] In accordance With another aspect of the invention, 
there is provided a quench-and-temper casing for transport 
ing ?uids such as oil, gas and steam having good HIC and 
SSC resistance, corrosion resistance and stability at elevated 
temperature in the order of 335° C. The casing has an alloy 
chemistry, by Weight, a carbon range of 0.15% to 0.35%, a 
manganese range of 0.60% to 1.10%, a molybdenum range 
of at least 0.15%, a sulfur range of less than 0.002%, a 
chromium (Cr) range of less than or equal to 0.50%, an 
aluminum range of less than or equal to 0.080%, a 
calcium (Ca) range of less than or equal to 0.0045%, a 
silicon (Si) range of less than or equal to 0.40% and the 
substantial balance of the alloy being iron and unavoidable 
impurities. The casing substantially eXcludes boron and 
titanium. The casing is further characteriZed by having a 
quench-and-temper micro-structure and having precipitated 
spheroidal Mo carbides in Mn and C rich bands, the pre 
cipitation resulting from a sustained high tempering treat 
ment of the alloy during manufacture. 

[0019] In accordance With a further aspect of the inven 
tion, there is provided a method of extracting oil and gas 
from oil Wells. In accordance With this method, a casing is 
installed to carry the oil and gas. The casing is made from 
a steel alloy that has an alloy chemistry, by Weight of a 
carbon range of 0.15% to 0.35%, a manganese range of 
0.60% to 1.10%, a molybdenum range of at least 0.15%, a 
sulfur range of less than 0.002%, a chromium (Cr) range of 
less than or equal to 0.50%, an aluminum range of less 
than or equal to 0.080%, a calcium (Ca) range of less than 
or equal to 0.0045%, a silicon (Si) range of less than or equal 
to 0.40% and the substantial balance of the alloy being iron 
and unavoidable impurities. The casing substantially 
eXcludes boron and titanium. The casing is further charac 
teriZed by having a quench-and-temper micro-structure and 
having precipitated spheroidal Mo carbides in Mn- and 



US 2003/0136476 A1 

C-rich bands, the precipitation resulting from a sustained 
high tempering treatment of the alloy during manufacture. 

[0020] The scope of the invention contemplates adding 
other knoWn alloying elements to the alloy, provided that 
such knoWn alloying elements do not substantially affect the 
HIC and SSC resistance of the alloy. The effect of such 
additional alloying elements may be tested empirically by a 
person skilled in the art. These knoWn alloying elements 
may be added to provide neW properties to the alloy, or 
enhance certain properties already present in the alloy. These 
knoWn alloying elements may be added to provide neW 
properties to the alloy or enhance certain properties already 
present in the alloy. For example, Ca is added to desulphu 
riZe the alloy, Si is added as a de-oxidant and to strengthen 
the steel, Cr is added to enhance the hardenability and 
increase the corrosion resistance and Al is added to deoxi 
diZe the steel. Additionally, minor alloying elements includ 
ing a nickel (Ni) niobium (Nb), vanadium (V), and copper 
(Cu) may be present. Cu and Ni can be added to improve the 
hardenability of the alloy. They can also be expected to 
enhance the corrosion resistance. Nb and V can be added to 
increase the strength of the alloy. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] A detailed description of the preferred embodi 
ments are provided herein beloW With reference to the 
folloWing draWings, in Which: 

[0022] FIG. 1 is a plane vieW of a hydrogen-induced crack 
in the IK55 casing product Which clearly shoWs boron 
nitride and titanium nitride inclusions on the surface of the 
crack. 

[0023] FIG. 2 is a graph plotting the compressive stress 
applied to a casing made from alloy A of the invention 
against the resulting percentage compression of the casing. 

[0024] FIG. 3 is a graph plotting the tensile stress applied 
to a casing made from alloy A of the invention against the 
resulting percentage elongation of the casing. 

[0025] FIG. 4 is a graph plotting HIC behaviour of heat 
treated IK55 casing. 

[0026] FIG. 5 is a graph plotting SSC test results for 
alloys B, X and Y, as de?ned in Table 5. 

[0027] FIG. 6 is a graph plotting segregation for alloys B, 
X and Y, as de?ned in Table 5. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS OF THE INVENTION 

[0028] It Was Well knoWn prior to the present invention 
that other benign alloying elements might be added to alloys 
of the present general type Without interfering With the 
metallurgical objectives of the present invention. 

[0029] It Was Well knoWn prior to the present invention 
that trace amounts of miscellaneous elements might be 
found in typical charges of scrap steel to the melt furnaces, 
Without serious damage to the alloying objectives of the 
present invention. Examples of the foregoing are Cu at 
approximately 0.1%, Ni at less than approximately 0.10%, 
Al and Si. The present invention as described and claimed 
does not take into account the possible presence of such 
trace amounts of miscellaneous elements. 
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[0030] It Was Well knoWn prior to the present invention 
that small amounts of some elements having a potentially 
deleterious effect on the desired metallurgical objectives of 
the invention could be present in the scrap charge. Such 
elements include phosphorus, tin, arsenic, boron, titanium, 
lead and tungsten. It Was also previously knoWn that the 
folloWing countermeasures could be taken if such elements 
Were present in the steel beyond an acceptable trace level. 
The present invention as described and claimed does not 
take into account the possible presence of such potentially 
deleterious amounts of harmful elements nor of the coun 
termeasures that might conventionally be taken; it is pre 
sumed that if a steelmaker encounters a problem of the 
foregoing sort, the steelmaker Will take effective counter 
measures; in the Worst case, a particular batch of steel may 
be scrapped or put to a less demanding end use. 

[0031] It is also Well knoWn that a number of minor 
alloying elements may be present in quantities suf?cient to 
impart an effect on the physical properties of the resultant 
alloy steel. For example, silicon is Well knoWn to be present 
in the scrap charge. Other alloying elements that can fre 
quently be present in typical charges of scrap steel include 
aluminum, copper and nickel. 

[0032] Accordingly, the description beloW is directed to 
the chemistry of the invention Without referencing the 
possible presence of benign alloying elements, miscella 
neous elements, deleterious elements, methods to remove 
deleterious elements or minor alloying elements. 

[0033] The applicant has developed an alloy steel having 
good HIC and SSC resistance performance, and that is 
particularly useful for use in steel Well casing for oil and gas 
operations Wherein the environment is acidic and may be at 
elevated temperatures for prolonged periods of time. 

[0034] This alloy steel Was designed to meet the folloWing 
target design criteria: 

[0035] Class: Quench and temper (Q&T) steel alloy, 
0.15 to 0.35 Wt. % carbon content 

[0036] Mechanical properties: API 5CT L80 

[0037] HIC: NACE TM 0284: <10% crack length ratio 
in acidi?ed brine solution pH=2.68 

[0038] SSC: NACE TM 0177: SSC threshold test>90% 
actual yield stress 

[0039] Other: good corrosion resistance stability at 
elevated temperatures around 335° C. 

[0040] As discussed beloW, the target design criteria Was 
achieved by an alloy steel having a particular chemical 
composition and having a particular micro-structure and 
physical properties that are obtained from a selected method 
of manufacture. 

[0041] 1. Chemical Composition 

[0042] Through experimentation, the applicant has gained 
additional insight into factors that contribute to the suscep 
tibility of steel alloys to HIC and SSC. These factors include 
the presence of large or elongated inclusions in the alloy, as 
Well the presence of titanium nitride and boron nitride 
precipitates, and the degree of alloy segregation. These 
factors Were considered When selecting the particular chemi 
cal composition of the steel alloy. 
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[0043] a. Large or Elongated Inclusions 

[0044] Large or elongated inclusions act as sinks for 
atomic hydrogen, Which diffuse into the metal from corro 
sion reactions at the casing surface. At the inclusion-matrix 
interface, atomic hydrogen combines to form molecular H2. 
Gradually, the hydrogen pressure Will increase until a crack 
is initiated and propagates through the metal. Elongated 
MnS inclusions are particularly susceptible to this form of 
attack. 

[0045] Manganese typically serves as a hardening agent in 
alloy steels. To reduce the MnS inclusion content in such a 
steel alloy, one or both of Mn and S content can be reduced. 
To reduce sulfur content, the alloy of the present invention 
employs a clean scrap melting practice to reduce sulfur to 
less than 0.002 Wt percentage and preferably around 0.001 
Wt percentage. As Well, Ca poWder is injected into the 
molten alloy. Calcium poWder preferably combines With 
sulfur remaining in the steel alloy to form globular CaS 
particles Which ?oat out of the bath. Calcium poWder is no 
longer added When the concentration of calcium reaches a 
range of 0.0020% to 0.0045%; at that point, sufficient sulfur 
has been removed to loWer the sulfur concentration to an 
acceptable range. Silicon (Si) of betWeen 0% and 0.40% by 
Weight may also be added to the alloy as a deoxidant, to 
enhance desulphuriZation and to increase the strength of the 
steel alloy end product. 

[0046] By reducing the Mn content in the alloy, MnS 
inclusion formation should be suppressed. As the presence 
of Mn desirably promotes hardenability of the alloy steel, 
i.e. the achievement of martensite through the thickness of 
the steel, another element must be provided that Will provide 
comparable hardenability. Molybdenum (M0) is such an 
element; M0 in the order of at least 0.15 Wt. % is thus added 
to the alloy composition to enable the Mn content to be 
reduced to betWeen 0.60 and 1.0 Wt. %. Mo has also the 
bene?cial effect of retarding stress relaxation in steel at 
elevated temperatures, and particularly at temperatures in 
the range Which an oil and gas casing Would be exposed to 
during a steaming cycle. Mo has a further bene?cial effect of 
sloWing the rate of corrosion of the steel. As hydrogen is a 
corrosion product, the formation of molecular hydrogen in 
the steel When the steel is exposed to a sour gas environment 
should be sloWed. 

[0047] Mo has the additional bene?t of segregating to the 
Mn- and C-rich bands in the steel. Carbon tends to segregate 
during casting and the carbon content in the C-rich band may 
be signi?cantly higher than the bulk analysis, perhaps as 
high as 0.8%. The segregated Mo combines With the C to 
form spherical molybdenum carbides in the bands, thereby 
relieving the high carbon content in the matrix of the bands. 
This effectively decreases the hardness of the matrix. Fur 
ther, the local tolerance to hydrogen is improved, as the 
precipitated carbides act as small hydrogen traps. 

[0048] It has been found that adding beyond 0.65 Wt. % 
M0 is not cost-effective for typical casing applications given 
the relative expense of Mo and that most of the bene?cial 
effects of Mo are achieved With less than 0.65 Wt. %. 

[0049] Chromium (Cr) may be added to the alloy to 
promote hardenability, thereby enabling the Mn content to 
be reduced. The amount of Cr to be added depends on the 
percentage of Mn and M0 in the composition; the percentage 
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of Cr varies inversely With the percentage of Mn and Mo. Cr 
is a relatively expensive alloying element, and it has been 
found not to be cost-effective to exceed a Cr content of 0.50 
Wt. % for typical casing applications. 

[0050] b. Titanium and Boron Nitride Precipitates 

[0051] From experimentation, and as illustrated in FIG. 1, 
the applicant observed that titanium and boron nitride (BN 
and TiN) precipitates are frequently present on the crack 
surfaces of alloy samples after HIC testing, and appear to 
contribute to the fracture behaviour. Accordingly, the alloy 
of the present invention excludes titanium (Ti) and boron 
(B); the selected Mo and Cr content provides hardening that 
Would have been provided by the boron, and thus enables the 
exclusion of B and Ti. 

[0052] 
[0053] The presence of hard bands associated With alloy 
segregation appears to contribute to HIC and SSC. The most 
direct Way to minimiZe segregation is to reduce the percent 
age of the segregating elements, particularly carbon, man 
ganese and phosphorous. Accordingly, the carbon, and man 
ganese contents have been kept relatively loW in the alloy of 
the invention. Through experimentation With various alloys 
in Which titanium and boron have been substantially 
excluded and molybdenum has been added to provide hard 
ening, it has been found that the increased alloy segregation 
resulting from increases in the carbon content can be offset 
by reductions in the manganese content. The chemistries of 
alloys A and B speci?ed beloW have been determined, in 
part, by this insight. 

c. Alloy Segregation 

[0054] The beloW is a summary of the elements that are 
important to achieving the design target properties of the 
iron-based steel alloy, and the acceptable content of each of 
these elements in the alloy: 

[0055] 1. The acceptable percentage range of carbon is 
0.15 Wt % to about 0.35 Wt % (signi?cant digits=2). 

[0056] 2. The acceptable percentage range of manga 
nese is 0.60 Wt % to 1.10 Wt % (signi?cant digits=2). 

[0057] 3. The acceptable minimum percentage of 
molybdenum is 0.15 Wt % (signi?cant digits=2); note 
that While the alloy can be made using greater than 0.65 
Wt % molybdenum, to do so Would probably be uneco 
nomic; accordingly, the preferred range Would not 
exceed about 0.65 Wt %. 

[0058] 4. The acceptable percentage range of sulfur is 
up to 0.002 Wt % (signi?cant digits=3); sulfur should 
preferably be eliminated to the extent economically 
possible. 

[0059] While all of the alloy chemistries falling Within the 
above-speci?ed ranges Will enjoy, to some extent, the advan 
tages of the invention, not all chemistries falling Within these 
ranges are desirable as there are trade-offs that must be borne 
in mind When selecting an alloy chemistry. For example, 
While an alloy having a carbon content of 0.35%, a manga 
nese content of 10°, and acceptable ranges of sulphur, 
molybdenum, boron and titanium, Would fall Within the 
above-speci?ed range and Would enjoy the general advan 
tages of the invention in terms of the reduced susceptibility 
to HIC due to the exclusion of titanium and boron, the 
relatively high carbon and manganese content of such an 
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alloy Would lead to increased alloy segregation. This 
increased alloy segregation Would reduce HIC and SSC 
resistance. Accordingly, increases in one of carbon or man 
ganese should be offset by decreases in the other of carbon 
or manganese. If, on the other hand, the manganese content 
is kept toWards the loW end of the range, it Will be possible 
to raise the carbon content to near the upper end of the range, 
but it Will also be necessary to raise the molybdenum content 
of the alloy to compensate for some of the contribution to 
hardening that Would otherWise be afforded by the manga 
nese. In this case, the need to increase the molybdenum 
content to substitute for the manganese, can be offset by 
increasing the chromium content to substitute for the man 
ganese and molybdenum. Thus, While the above-speci?ed 
ranges are stated in absolute terms, there are complicated 
interrelationships betWeen the elements that must be borne 
in mind When selecting a suitable alloy chemistry. HoWever, 
through reasonable experimentation, those skilled in the art 
could determine many different suitable alloy chemistries 
that fall Within the above-speci?ed ranges. TWo such alloy 
chemistries are described in detail beloW. 

[0060] Alloy A 

[0061] This is a high performance alloy that offers HIC 
resistance combined With superior performance in labora 
tory SSC tests. Generally, the folloWing ranges of acceptable 
chemistries are suitable for alloy A of the invention: 

[0062] Essential Alloying Elements: 

[0063] 1. The percentage range of carbon in alloy A is 
0.20 to 0.30 Wt % (signi?cant digits=2). 

[0064] 2. The percentage range of manganese in alloyA 
is 0.70 Wt % to 0.85 Wt % (signi?cant digits=2). 

[0065] 3. The percentage range of molybdenum in alloy 
A is 0.45 Wt % to 0.55 Wt % (signi?cant digits=2). 

[0066] 4. Chromium is in the range of 0.20 Wt % to 0.30 
Wt % (signi?cant digits=2). Within the above-de?ned 
ranges, the percentage of chromium varies inversely 
With the percentage of manganese and molybdenum. 

[0067] 5. Calcium is in the range of 0.0020 to 0.0045 Wt 
% (signi?cant digits=4). (As mentioned above, calcium 
can be used to combine With trace sulfur to form CaS 
globules that ?oat out of the bath. 

[0068] Optional Alloying Elements: 

[0069] 1. Aluminium is in the range of 0.030 to 0.050 Wt 
% and is preferably 0.040 Wt % (signi?cant digits=3). 
Aluminum is added to deoXidiZe the alloy. 

[0070] 2. Silicon is in the range of 0 to 0.40 Wt % 
(signi?cant digits=2). Si is added to deoXidiZe the steel, 
enhance the desulphuriZation process, and improve the 
strength of the alloy steel end product. 

[0071] 3. Copper is in the range of 0.010 to 0.80%. 

[0072] 4. Nickel is in the range of less than or equal to 
0.50%. 

[0073] 5. Niobium is in the range of less than or equal 
to 0.10%. 

[0074] 6. Vanadium is in the range of less than or equal 
to 0.10%. 
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[0075] Undesirable Alloying Elements: 

[0076] 1. The percentage of sulfur is 20.002 Wt % and 
preferably less than 0.001 Wt. % (signi?cant digits=3). 

[0077] 2. Boron and titanium should be present in no 
more than trace amounts; they should be eliminated to 
the eXtent economically feasible. 

[0078] Alloy B 
[0079] Alloy B represents a cheaper alternative to Alloy A 
as it has a loWer content of alloying elements such as 
chromium. Alloy B has good HIC resistance but is less 
resistant to SSC than alloy A. Alloy B has the folloWing 
chemistry: 
[0080] Essential Alloying Elements: 

[0081] 1. The percentage range of carbon in alloy B is 
0.18 to 0.22 Wt %; the optimum amount is 0.20 Wt % 
(signi?cant digits=2). 

[0082] 2. The percentage range of manganese in alloy B 
is 0.6% to 1.10% (signi?cant digits=2). 

[0083] 3. The percentage range of molybdenum in alloy 
B is 0.28 Wt % to 0.32 Wt %; the optimum amount is 
0.30 Wt % (signi?cant digits=2). 

[0084] 4. Calcium is in the range of 0.0020 to 0.0045 Wt 
% (signi?cant digits=4). (As mentioned above, calcium 
can be used to combine With trace sulfur to form CaS 
globules that ?oat out of the bath.) 

[0085] Optional Alloying Elements: 
[0086] 1. Aluminium is in the range of 0.030 to 0.050 Wt 
% and is preferably 0.040 Wt % (signi?cant digits=3). 
Aluminum is added to deoXidiZe the alloy. 

[0087] 2. Silicon is in the range of 0 to 0.50 Wt % 
(signi?cant digits=2). Si is added to deoXidiZe the steel, 
enhance the desulphuriZation process, and improve the 
strength of the alloy steel end product. 

[0088] 3. Copper is in the range of 0.010 to 0.50%. 

[0089] 4. Nickel is in the range of less than or equal to 
0.50%. 

[0090] 5. Niobium is in the range of less than or equal 
to 0.10%. 

[0091] 6. Vanadium is in the range of less than or equal 
to 0.10%. 

[0092] Undesirable Alloying Elements: 
[0093] 1. The percentage of sulfur is 20.001 Wt % 

(signi?cant digits=3). 
[0094] 2. Boron and titanium should be present in no 

more than trace amounts; they should be eliminated to 
the eXtent economically feasible. 

[0095] 2. Manufacture 

[0096] Once the chemical composition of the alloy has 
been selected, the alloy is manufactured for the most part 
according conventional steelmaking practice. The steel is 
prepared by melting in an electric arc furnace, employing a 
clean scrap practice to minimiZe sulphur content. The steel 
is then transferred to a ladle metallurgy furnace for ?nal 
alloy addition and calcium treatment. The steel is then cast; 
casting speed can be optimiZed to permit ?otation of calcium 
sul?des. The steel is then hot rolled and coiled. Such 
processes steps are conventional and knoWn to a skilled 
operator in the art. 
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[0097] Hot rolling is considered to be generally superior to 
the production of seamless casing as it is more cost effective 
and produces a pipe With a greater uniformity of Wall 
thickness. It is, hoWever, not generally applied to the pro 
duction of SSC- and HIC-resistance steel alloys prior to the 
present invention. The Applicants eXpect that hot rolling Was 
not, to their knowledge, employed because the appropriate 
alloy chemistry Was not available. 

[0098] To manufacture casing, the rolled steel is cut to the 
desired Width (depending on the diameter of the casing to be 
made) and formed into pipe by utiliZing an Electric Resis 
tance Welding (ERW) process. 

[0099] The steel is then austeniZed at around 925° C. and 
quenched. The steel is then tempered; the tempering tem 
peratures are dependant upon the desired ?nal properties. It 
has been found that tempering for tWo (2) hours at 700° C. 
achieves the design targets. 

[0100] It Was Well knoWn prior to the present invention 
that conventional quench-and-temper technology could pro 
duce the desired micro-structure of the present invention. 
Quench-and-tempering treatment is carried out to produce a 
high proportion of martensite and hence a tempered mar 
tensite micro-structure. The quench-and-tempering treat 
ment of the alloy in the present invention is adjusted to alloW 
for the sloWer tempering kinetics of molybdenum-bearing 
steel. As Would be knoWn to someone skilled in the art at the 
time of the invention, a relatively high temperature for an 
eXtended time period Would be required to temper the steel 
in order to achieve the desired hardness. If the desired 
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of 227) and enjoys the properties listed in Table 1 beloW. 

TABLE 1 

Mechanical properties at elevated temperatures: 

Yield Strength Ultimate Tensile 

Temperature (O C.) (MPa) Strength (MPa) Y/T 

25 628 695 0.904 

150 522 604 0.865 
270 501 689 0.727 

335 481 661 0.728 

* 25.5. mm gauge 

[0103] Alloy B manufactured according to the above 
process has been found to resist HIC in laboratory environ 
ments With a pH as loW as 2.68, and in addition, possesses 
the mechanical properties necessary to resist cracking due to 
thermal eXpansion and compression experienced in the 
horiZontal Well environment. Speci?cally, the applicant’s 
alloy B has a thermal eXpansion coef?cient of 14.2><10_6° 
c enjoys the properties listed in Tables 2 and 3 beloW: 

TABLE 2 

Mechanical properties of Alloy B: 

Elong. Hardness 
_ _ _ _ _ Heat Treatment YS UTS Y/T (%) (VHN) 

hardness Was achieved, it Would also have been 1mpl1c1tthat 
molybdenum carbide precipitation Would occur. HoWever, Q & T 602 MPa 662 MPa 0.91 32 245 
one skilled in the art of metallurgy Would not have assumed 
that the treatment Would produce not only a martensite 
micro-structure, but Would promote the formation of pre- [0104] 
cipitated molybdenum carbides in manganese- and carbon 
r1ch bands of the alloy micro-structure. TABLE 3 

[0101] Both alloys manufactured by this method eXhibit a _ _ 
quenched and tempered martensite structure through the full Mechamcal Drovemes at elevated temperatures: 

Wall thickness, With diffuse bands of segregation. Unl1ke Y5 UTS Elong * 
non-tempered quenched martens1te, tempered quenched Test (Mpa) (MP2,) Y/T (0/0) 
martensite has iron carbide precipitates throughout the _ 
micro-structure, that serve to loWer the hardness of the steel. ¥OmPYeSF31gB§i5SJO (3-) :2: 6E1 071 33 8 

' ' el'lSlOl'l . . . . 

Also as a‘ result~of the tempering step,~spher1cal molybde- Tension (190., C) after 1% 520 657 079 428 
num carbides Will be present and especially in the segrega- Compression 
t1on bands rich in Mn and C. Tensile properties may be 
adjusted by adjustment of the tempering treatment. * 25.5. mm gauge 

[0102] Alloy A manufactured according to the above pro 
cess has a RockWell B hardness of 96 (Vickers (10 Kg load) [0105] 

TABLE 4 

Properties of a production run of Alloy B casing: 

YS UTS Elong. Hardness 

Product (MPa) (MPa) Y/T (‘70) RB HV500 

0.395 Wall, 9 5/8" dia 603 698 0.86 33 96.9 228 

API 5CT L-80 Speci?cation 552-655 655 — 18.5 23 maX — 

min min RC 
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[0106] In the following table, Table 5, double cantilever 
beam SSC resistance data obtained for Alloy B are outlined. 
The double cantilever beam acceptance criterion is currently 
35 Mpa.m 1/2 or greater. Note, hoWever, that there is evi 
dence that the use of subsiZe samples signi?cantly loWers 
Kissc—the difference may be as much as 37%, and the 
samples of Alloy B Were subsiZed. 

TABLE 5 

Double Cantilever Beam SSC resistance for Alloy B and 
IK55 cw: 

Overall 
Ave Ave 

Kiscc- Kissc- Kisse 
Sample Grade Mpa - m 1/2 Mpa - m 1/2 Mpa - m 1/2 

1 IKSS 27.2 28.9 30.25 
1 IKSS 27.7 
1 IKSS 31.7 
2 IKSS 29.7 31.6 
2 IKSS 37.3 
2 IKSS 27.9 
3 Alloy B 27.9 31.1 
4 Alloy B 30.7 
4 Alloy B 31.2 
5 Alloy B 36.2 32.3 
5 Alloy B 35.2 
5 Alloy B 25.4 

[0107] FIG. 4 shoWs the HIC behaviour of heat treated 
IK55 casing. Athreshold exists at a pH of 4.25, above Which, 
no cracking Was observed. The extent of cracking is some 
What dependent upon time, but very signi?cant cracking Was 
evident at pH<3.5. In comparison, HIC testing of Alloy B 
Was carried out at pH 2.68. The crack length ratio Was 
usually Zero at this pH, although some cracking Was occa 
sionally observed. If cracking Was observed, it Was less than 
6%. 

[0108] FIG. 5 shoWs the SSC results for three alloys: 
Alloy B of the present invention, Alloy X and Alloy Y, Which 
are IK55 With boron and titanium eliminated and employing 
a clean steel melting practice to minimiZe sulphur content. 
The alloy chemistry of the three alloys is shoWn in Table 6. 
The effect of loWering the manganese content can be seen. 
FIG. 6 shoWs segregation data for alloys B, X and Y, as 
de?ned in Table 5. The data Were generated by tracing across 
a segregation band With a micro-probe. Alloy Y shoWs 
manganese peaks of approximately 2.1% While Alloy B only 
shoWs peaks manganese of approximately 1.1%. These data 
therefore shoW the bene?cial effect of loWering the manga 
nese content. 

TABLE 6 

Chemistry of the alloys employed to determine the SSC 
results of FIG. 5. 

Alloy C Mn Mo Cr Al S Other 

B 0.26 0.71 0.512 0.223 0.03 <15 Ca 

PPm 
X 0.18 1.14 0.449 0.293 0.03 <15 Ca 

PPm 
Y 0.21 1.31 0.291 0.073 0.037 <15 Ca 

PPm 
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[0109] In a further preferred embodiment of the invention, 
the invention is embodied as a Well casing made from an 
alloy as described beloW. The casing is manufactured in the 
manner described above. The quench and tempering treat 
ment of the alloy is adjusted to alloW for the sloWer 
tempering kinetics of molybdenum-bearing steel. A Well 
casing in accordance With this embodiment of the invention 
and made from alloy B as de?ned above enjoys the mechani 
cal properties listed in Table 5 beloW. The API 5CT L-80 
speci?cation is provided for comparison purposes. 

[0110] The invention may also be implemented as a 
method of extracting oil and gas from oil Wells in Which the 
casing of the above embodiment of the invention is installed 
to carry oil and gas or in Which a Well casing is installed 
made of the alloy of the invention. 

[0111] Other variations and modi?cations of the invention 
are possible. All such modi?cations or variations are 
believed to be Within the sphere and scope of the invention 
as de?ned by the claims appended hereto. 

What is claimed is: 
1. A steel alloy characteriZed by a quench-and-temper 

microstructure and by an alloy chemistry comprising by 
Weight of 

a carbon range of 0.15% to 0.35%, 

a manganese range of 0.60% to 1.10%, 

a molybdenum range of 0.15% to 0.65%, 

a sulfur range of less than 0.002%, 

an aluminum range of less than or equal to 0.080%, 

a calcium range of less than or equal to 0.0045%, and 

the substantial balance of the alloy being iron and 
unavoidable impurities; 

the alloy being further characteriZed by precipitated 
molybdenum carbides in manganese- and carbon-rich 
bands of the alloy micro-structure. 

2. The steel alloy as de?ned in claim 1 Wherein molyb 
denum is included in the alloy to harden the alloy, so as to 
enable boron and titanium to be substantially excluded from 
the alloy, thereby substantially precluding the formation of 
boron nitride and titanium nitride. 

3. The steel alloy as de?ned in claim 2, further charac 
teriZed in that 

the carbon range by Weight is 0.2% to 0.3%, 

the manganese range by Weight is 0.65% to 0.75%, 

the molybdenum range by Weight is 0.45% to 0.55%, 

and the sulfur range by Weight is less than 0.001%. 
4. The steel alloy as de?ned in claim 3, further charac 

teriZed in that 

the aluminum range by Weight is 0.020% to 0.040%, 

and the calcium range by Weight is 0.0020% to 0.0045%. 
5. The steel alloy as de?ned in claim 4 further character 

iZed in that the alloy comprises by Weight 

a silicon range of less than or equal to 0.40%. 
6. The steel alloy as de?ned in claim 5 further character 

iZed in that the alloy comprises by Weight 

a silicon range of 0.15 to 0.25%. 
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7. The steel alloy as de?ned in claim 2, further comprising 
a chromium range by Weight of less than or equal to 0.50%. 

8. The steel alloy as de?ned in claim 7, further charac 
teriZed in that the chromium range by Weight is 0.20% to 
0.30%. 

9. The steel alloy as de?ned in claim 8 further comprising 
a silicon range of 0.15 to 0.25%. 

10. The steel alloy as de?ned in claim 9 further compris 
ing 

a nickel range of less than or equal to 0.50%, 

a copper range of 0.01% to 0.50% 

a niobium range of less than or equal to 0.10%, and 

a vanadium range of less than or equal to 0.10%. 
11. A method of manufacturing a steel alloy in a steel 

making mill involving melting, casting, and hot rolling, the 
method comprising 

(a) selecting an alloy chemistry by Weight comprising 

a carbon range of 0.15% to 0.35%, 

a manganese range of 0.60% to 1.10%, 

a molybdenum range of 0.15% to 0.65%, 

an aluminum range of less than or equal to 0.080%, and 
the substantial balance of the alloy being iron and 
unavoidable impurities; 

(b) applying a clean scrap melting practice to reduce the 
sulphur content in the alloy to less than 0.002 Wt. %; 

(c) adding up to 0.0045 Wt. % calcium to the alloy to 
combine With the remaining sulfur to form globular 
CaS particles and after casting and hot rolling; 

(d) austeniZing the steel; 

(e) quenching the steel; then, 
(f) tempering the steel plate for a sustained period at an 

elevated temperature such that precipitation of molyb 
denum carbides is promoted in manganese and carbon 
rich bands of the alloy. 

12. The method of manufacture as de?ned in claim 11 
Wherein molybdenum is included in the alloy to harden the 
alloy, so as to enable boron and titanium to be substantially 
eXcluded from the alloy, thereby substantially precluding the 
formation of boron nitride and titanium nitride. 

13. The method of manufacture as claimed in claim 11 
Wherein silicon of up to 0.40 Wt. % is added to the alloy to 
deoXidiZe, desulfuriZe, and strengthen the steel alloy. 

14. The method of manufacture as claimed in claim 12 
Wherein silicon of up to 0.40 Wt. % is added to the alloy to 
deoXidiZe, desulfuriZe, and strengthen the steel alloy. 

15. The method of manufacture as claimed in claim 12 
Wherein the steel is austeniZed at about 925° C. 

16. The method of manufacture as claimed in claim 14 
Wherein the steel is tempered for about tWo hours at about 
700° C. 

17. The method of manufacture as claimed in claim 15 
Wherein after hot rolling, the steel is slit to a selected Width, 
formed into a pipe shape then Welded to form casing. 
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18. The method of manufacture as claimed in claim 11 
further comprising adjusting the content of the folloWing 
minor alloying elements to 

nickel in a range of less than or equal to 0.50%, 

copper in a range of 0.01% to 0.5%, 

chromium in a range of less than or equal to 0.50%, 

niobium in a range of less than or equal to 0.10%, and 

vanadium in a range of less than or equal to 0.10%. 
19. A casing for transporting ?uids including oil, gas and 

steam, Wherein the casing is made from a steel alloy 
characteriZed by a quench-and-temper micro-structure and 
by an alloy chemistry comprising by Weight of 

a carbon range of 0.15% to 0.35%, 

a manganese range of 0.60% to 1.10%, 

a molybdenum range of at least 0.15%, 

a sulfur range of less than 0.002%, 

an aluminum range of less than or equal to 0.080%, 

a calcium range of less than or equal to 0.0045%, 

the substantial balance of the alloy being iron and 
unavoidable impurities; 

Wherein molybdenum is included in the alloy to harden 
the alloy, so as to enable boron and titanium to be 
substantially eXcluded from the alloy, thereby substan 
tially precluding the formation of boron nitride and 
titanium nitride, the alloy being further characterized 
by precipitated molybdenum carbides in manganese 
and carbon rich bands of the alloy. 

20. The casing as de?ned in claim 19 further characteriZed 
in that the alloy comprises by Weight 

an aluminum range of 0.020% to 0.040%; and 

a calcium range of 0.0020% to 0.0045%. 
21. The casing as claimed in claim 20, further character 

iZed in that 

the carbon range by Weight is 0.20% to 0.30%; 

the manganese range by Weight is 0.70% to 0.85%; 

the molybdenum range by Weight is 0.45% to 0.55%; and 

the sulfur range by Weight is less than 0.002%. 
22. The casing of claim 21 further comprising an alloy 

chemistry comprising a chromium range of 0.20% to 0.30% 
by Weight and a silicon range of less than or equal to 0.40% 
by Weight. 

23. The casing of claim 22 further comprising an alloy 
chemistry comprising by Weight of 

a copper range of 0.010% to 0.50%, 

a nickel range of less than or equal to 0.50%, 

a chromium range of less than or equal to 0.50%, 

a niobium range of less than or equal to 0.10%, and 

a vanadium range of less than or equal to 0.10%. 

* * * * * 


