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1. ABSTRACT

The use of Corrosion Resistant Alloy ( CRA ) infieild application has grown in the past years aoutioues ti
grow as world-wide search is turning to deeperrxese

Despite the fact that CRA are much expensive rélabecarbon steel, in many cases may provide anctite
alternative to conventional steel used in combamatvith chemical corrosion inhibitor.

The lack of recognised engineering standard andeflagvely manufacturers short experience arentagr concerr
during material procurement and subsequent manufagt This paper discusses requirements and puoesdc
reduce risks of malfunctions and/or failures oftsutaterials. Tub@raking are briefly described ; material selec
process for corrosive wells is outlined dealinghpipally with produced fluids containing hydrogemphide an
carbon dioxide. Finally an indication is given ammg operational experiences with these alloys.

2. INTRODUCTION

As the worldwide search is turning to deeper reservoirs aneasing number of situations are being encoun
where corrosive production environments are presennany of these cases often significant amoahtsydrogel
sulphide, carbon dioxide and brine are present witrand gas production. These crudes show, thexedohigl
corrosivity with respect to general corrosion arness corrosion cracking by sulphides ( SSCC ),cblpride
( CSCC) or their combined action.

In addition, other factors such high pressurestantperatures can complicate the material selegtiogess. In fac
the mechanical requirements for material used fodyction equipment increase with well depth beeaoisthe
greater hangoff loads and pressure; while the wddvéemperatures have detrimental influence on ar@ch
properties. Under these circumstances CRA matenely offer a valid alternative to conventional nueth o
corrosion control. Based on that the use of cooresesistant alloy in oil field has substantially ieased during tt
last years.

With the term CRA is intended a metal that achiewdsgh corrosion resistance by means of alloykgariety of
CRA materials are now available for tubing. Tablshbws some of the commonly use for oil and gaslymtor
application. Depending on the environment the CRai@e could range from AISI 420 ( 13% Chrome) faD2
service to titanium alloys for very severe applmas. The first topic of discussion will be manufaing proces:
with some discussion on how the different procesaesnfluence the final product performances.

3. MANUFACTURING PROCESS

For manufacturing the CRA alloys there are essignti®o processes. Group 1 comprises martensitic raartensic-
ferritic stainless steel, they are manufactured manner similar to carbon steel. The alloy is etkih an electr
furnace then it is cast into ingots. The ingotagyed to form a billet that is heated to a suitdblging temperatur
pierced and hot rolled to form a pipe. In orderathieve the mechanical properties, the pipe theuénched ar
tempered .

Groups 2, 3 and 4 alloys, such as duplex stairdt=ssd and austenitic-nickblase alloys, are fabricated in differ
manner. After melting the material can mold to famingot or it can be continuously cast. The ingdhen forge
into billets that are extruded by the bamkrusion press. In the majority of cases theseegaare required



relatively high strengths which require the allégde cold worked. This cold work is performed d@her cold drav
benches or in a cold pilger mill. Several passeshendraw bench may be necessary to achieve thect@trengt
while in general only a sizing pass and the fimghpass are requested on the pilger mill.

The extrusion process, particularly when associatiglal cold working, is costly and time-consumindéunaking
process. Table 2 reassumes the various manufagfuratess.

4. TECHNICAL REQUIREMENTS

As before mentioned the lack of recognised standmrthe major concern for procuring phase and syess
manufacturing. Actually the only available stand&sdAPI 5CT which only covers grade 13 % Cr. stexinly
addressing mechanical and dimensional requiremiotstandards are available for materials of Grdufs4.

For these alloys the purchaser need to develamrédilspecifications; the alternative is to usentfamufactures ons!
In this case the experience of the supplier shbeldhe key point for its selection. The main poihigt should k
addressed in the technical specification for sofrta@@CRA materials are discussed.

Group-1 Martensitic-Martensitic/Ferritic StainleSteel

The following features should be addressed inghbriical specification:
» Chemical composition.
Sulphur content should be kept as low as posdibléact with its reduction hot workability increaseonsiderabl’

With a sulphur content of 0.001% the hot workaypiii$ equivalent to that of carbon steel. This regmient i
essential when working upset pipes. A value of £.0@x. is realistic.

* Heat treatment

As before mentioned one of the 13 €rdvantages over the most other CRA materialaisith strength is obtain

by austenize and tempering. Tubes are generaltgm@iaed at about 980 °C and because of its ext¢dimaenability

air cooled that resulted in fully martensitic sttre. Tempering temperature is about 710 °C. NAGH&rd MR-
01-75 requires double tempering for all martensitairgess steels when used in sour environmentsthieug¢ is n

evidence that the double tempering improves theenatresistance to H2S environments. Pipe manurfaxs appl
only one tempering.

* Microstructure checks

The only requirements to be inserted are relatedbtia ferrite content that shall not exceed 5% mitostructure
are required to have grain boundaries with no oo precipitates.

» Mechanical Properties ( Table 3)

1) Yield and tensile strength

The most common yield strength range varies fromio8010 Ksi with a minimum tensile of 90 Ksi. Deplarg or
the service condition and supplier manufacturingeeience, a frequency of one tensile test for éatcbf 100 or 20
tubes is reasonable.

2) Hardness

The NACE MR-0175 limit of 22 HRC for the 80 Ksi minimum yield stigth, is a difficult task for type 420 due
its high yield-to-tensilgatio. As suggested by APl 5 CT, a more realistitug is 23 HRC. For upset pipes it



good practice to limit the difference in hardnessaeen the readings in the quadrants. Surface éssdests with
portable Rockwell type tester is not recommendezltdithe unreliability of the measurement.

* Impact Properties

The impact properties at low temperatures shouldiétermined. The suggested values of the minimupaa
adsorbed energy is reported in Table 4. Suggesstdemperature i40°C. In case the minimum service temperz
is less than -10 °C, the test temperature shoulbbeed with the manufacturer.

Group 2 Duplex Stainless Steel

Duplex stainless steel offer several advantage theemartensitic alloy. The duplex grades are lyighkistant t
chloride stress corrosion cracking, have a goodi@@eand pitting corrosion resistance. They arelalvi@ in a wid
yield strength range from 65 Ksi up to 140 ksi. #sdly there is no standard that cover such materiberefore tr
following features shall be carefully evaluated:

» Chemical composition.

In general it is recommended to be at the high @nthe range for chromium an molybdenum, while $dphu
content should be kept as low as possible.

e Heat treatment

According to the final size, manufacturing proc@gses may undergo a solution annealing treatmdter aea
extrusion or between intermediate and final coldkivig phase The scope of the heat treatment ibtaithe be:
microstructure while maintaining carbides is s@alution and relieve all stresses. For a bestIgation of ferritic
and austenitic phases the material needs to reaaiuect quenching after heat treatment.

* Hardness

The NACE MR-0175 limit of 28 HRC for the solution annealed coratitis acceptable. The limit of 36 HRC for
high-strength cold worked condition is not achievabletfe 125/140 grades. A more realistic value iIS8HRC
respectively.

* Microstructure checks

The microstructure shall have a ferriiastenitic structure. The microstructure is requii@ have grain boundar
with no continuos precipitates. Intermetallic plsgdtrides and carbides shall not exceed 1,0%og#ther. Sigmr
phase shall not exceed 0,5%. The ferrite volumaitra shall be in the range 40% to 60% for alloyghwa minimun
PRE<40 (duplex) and in the range 35% to 55% fayalWwith a minimum PRE40 (super duplex).

* Impact Properties

The impact properties at low temperatures shouldiétermined. The suggested values of the minimupaa
adsorbed energy is reported in Table 4.

Suggested test temperature is -10°C. In case thienonin service temperature is less thad °C, the test temperati
should be agreed with the manufacturer.

As we move to Group 3 and 4 alloys, the amountlofiag increases up to eight times more nickel #mee time
more molybdenum while maintaining about the samemium content. Group 3 and 4 alloys are chose
improved corrosion resistance to H2S, CO2 and ider The chemistry of these alloy are very impurtes far a
the microstructure check to evaluate the absencarbide precipitates at grain boundaries thatamsmpromise th
corrosion resistance. Intermetallic phases, niridad carbides should not exceed 1,0%. Sigma ptemdd nc
exceed 0,5%.

In addition to chemical and metallurgical evaluasip corrosion testing are also recommended to it the



materials will met the expected performances. Tpexisication should include accelerated corrosests becau:
testing in standard condition would take severahtin®. Slow Strain Rate Tensile Test (SSRT) is atted cal
usually be requested because of its short duralioe standard test condition are 300 °F, 100 p§ piartial pressu
at ambient pressure and temperature, 25 percentiMa€, and 0.5 percent acetic acid.

5. INSPECTION

The following requirements should as minimum beli@pgdo materials of all Groups:
- visual inspection

All tubes shall be free from internal scale.

- Non Destructive Testing

Each tube shall be ultrasonically inspected frome tketection of both longitudinal, transverse andhital
imperfection on the outside and inside surfaces. thitkness tolerance should be kept at -10%.

For other requirements regarding dimension, massitsetc. API 5CT can be followed.

6. MATERIAL SELECTION

The problem of material selection may involve sal/&ctors like the high strength requirements ciovad with higt
corrosion resistance of the material.

A chemical analyses of the produced fluids is galherequired for evaluation of the corrosive coments a
hydrogen sulphide, carbon dioxide and chlorideshe©Dtcomponents like scaling potential, water préiduag
temperature profile, pressure profile and stressethe tubulars have also to be considered. If atemis prese
there will be no corrosion and the material setects simple. However, no well can be designedhenbasis that
will always be dry and therefore the material siédecshall take into account the water productiod ¢he materi:
must be selected accordingly.

The proportion of H2S and CO2 present in the wateralso important ; generally it is ignored butidd be take
into account where the well conditions are severeafparticular alloy and to make a conservativegledecisio
would involve the selection of a much more expensibular.

Other points to be considered are the potentiakéate and the presence of asphaltene associategmductior
Scale will provide a barrier between the tubulard he aggressive fluids reducing therefore theargl of corrosiol
process, but pitting and crevice can occur beniaitscale and damage the tubular in its integfby.our scope w
assume that water and chloride are always prelserdgfore a number of different scenarios can beudsed.

The Simple H2S System

Hydrogen sulphide dissolved in water forms a weal hich can corrode steel and produce the camnogroduct
iron and sulphide and atomic hydrogen that peretiia¢ steel and embrittle it. Under the influenéeappliec
stresses, cracking can develop in a very short éntkeresult in failure of the tubular. This typefaifure is known &
sulphide stress corrosion cracking (SSCC). Thetoresf material selection in sour environmentadslressed in tl
NACE Material Requirements document -01-75.

As general rule resistance to SSCC increases matieasing temperatures. For tubular goods areadl@ihumerot
material that fit the NACE requirements : Most coomygrades used are L-80 and T-938Q.is not recommended
high H2S environments because its poor chemistrgeheral it is recommended to ask for NACE TM7AT1test
Are also available proprietary materials with 1000 Ksi SMYS, but their usage is limited to prodoictcasing.

The Simple CO2 System



Carbon dioxide dissolves in water to form carbogeid. The action of carbonic acid is a generalasion and
pitting corrosion which is more insidious and casult in a rapid perforation. Martensitic stainl¢<sroup 1) ste
are the solution for such an environment providimg temperature is likely not to exceed 150°C dred dhloridt
content is not too high. For temperatures exceedb@ °C a more highly alloyed tubular such as dumgan b
considered.

The CO2 plus H2S System The presence of H2S iddlgontaining CO2 aggravates the position. The af
martensitic steel tubing is restricted in the pneseof H2S. Laboratory tests indicate that 13%sGreiry susceptib
to SSCC. As first indication its usage should Ineited to pH2S < 0.5 psi. For higher values of pH2&e highl
alloyed tubulars are required. Currently duplexnéas steel are the most commonly candidatesthieurt high cos
has imposed in the last years the development of materials like " Super 13% Cr., 15% Cr." Theield
applications are rapidly increasing in the lastrgea

Duplex Stainless Steel include 22 % Cr. and 25 %alfernatives. The corrosion resistance of 25 %i<Cgenerall
higher, both the steels are strengthened by cot&timgn As general rule the higher is the reductioarea the high
is the risk for the material to crack in presentkl®2S, therefore the higher grades should be usddiewer pH2S.

The " superduplex steels " have better performarfideaditional duplex therefore can be used in ArghH2S an
chloride concentration.

As we move to worst conditions the "super austehgrades can provide the necessary corrosiorntaesis. They al
Fe-base alloys and generally start with2Z5% Cr. and 31 % Ni., although there are many netgry alternative
Their corrosion resistance in CO2 plus H2S envirents is quite good , they can be used up to 300atidve 150
psi pCO2 and 1000 psi pH2S. They are also resigted®ECC in ambient temperature conditions.

Group 4 materials are austenitic based material where nickel content ranges fronto420 % while chromiui
content is in the range of ZB %, the molybdenum content starts with 3 % upadbs. They are used for very se\
conditions.

7. EXPERIENCE

Based on the previous discussion it comes out rtipoitance to prepare detailed product specificaticoverin
details on metallurgy, dimensions, inspections famdtional tests. Manufacturing procedures, indpagbrocedure
should be reviewed during bid evaluation and piegoroduction starting.

Experience has shown that manufacturing proceskfigagon achieved by means of a ppesduction has be:
necessary for particular material/ process to pl@vidence of the performance characteristichefproduct ar
the adequacy of the manufacturer to produce tulibltrmeet the user’performance guidelines. Qualification ¢
size and grade doesn’t mean the process is autaitatualified for all the sizes.

Preproduction discussion and a continuing dialoguehwitanufacturers are generally necessary to rei
satisfactory quality level. Inspectors should beduw assure manufacturers compliance to the teahspecificatio
during extrusion, microstucure evaluation, mecharand NDE testing.

Some operational experience on CRAuggest to prepare proper storing and handliogepiures to minimise t
galling during make/break of the connection.

Acidizing is another operation that can cause @misl Generally Group 1 and 2 can suffer sever@siomn attac
from mud acid even in presence of inhibitors. Egites laboratories tests have demonstrated thatrausteniti
stainless steel is much more resistant than dugie{ during stimulation. To reduce the risk iingortant to sele
the appropriate inhibitor package.

8. SUMMARY AND CONCLUSIONS

The purpose of this paper is to discuss techngsalds of concern during the procurement of CRAl&rbuThe ke
points to remember are:



- It is important to prepare detailed product speaifon covering the chemical composition, mechdmcapertie:
and quality control.

- It could be useful to qualify the manufacturinggess by means of a ppeaduction for particular material/ proc
to provide evidence of the performance charactesistf the product and the adequacy of the manufacttc
produce tubulars that meet the user’s performanaetjnes.

-In making the material selection, it should consedenot only the produced environments, but alsoetfects c
future operations such as acidizing that can hangact on the material resistance.
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Table 1 — Generic chemical analysis of corrosiosis&ant alloy

Material Typical analysis % (mass/mass) Grade PRE
| Group ” Structure ” Category” C ” Cr ” Ni || Mo || N | 65 ” 80 || 95 ” 110 || 125 ” 140 ” min |
Martensitic 13-0-0 0.2 13 0,2 N Y Y N N N
13-5-2 0,02 13 5 2 N Y Y Y N N
1 15-2-0 0,1 15 15 0,5 0,08 N Y Y N N N
Martensitic./Ferritic 13-1-0 0,03 13 0,5 0,01 N Y Y Y N N
Duplex 22-5-3 0,02 22 5 3 0,18 Y N N Y Y Y 35
[ 2 |[ Austenterenie || 2578 |[oo2 || 25 || 7 |[ 3] o | v ||~ [ 8| v | ¥ | ¥ || o5 |
Superduplex 25-7-4 0,02 25 7 3,8 0,27 N Y N Y Y Y 40

Austenite/Ferrite

3 Austenitic 27-31-4 0,02 27 31 3,5 N N N Y Y Y
Fe Base 25-32-3 0,02 25 32 3 N N N Y Y Y
21-42-3 0,02 21 42 3 N N Y Y Y N
Austenitic 22-50-7 0,02 22 50 7 N N N Y Y Y
4 Ni Base 25-50-6 0,03 25 50 6 N N N Y Y Y
20-54-9 0,01 20 54 9 Fe=17 N N N Y Y Y
15-60-16 0,01 15 60 16 W=4 N N N Y Y Y
Y=Available

N=Not available

PRE=% Cr + 3,3(% Mo + 0,5% W) + 16% N




Table 2— Pipe manufacturing process

Starting material Tube forming condition Heat treatment or cold worked conditior“s Symbols
Billet Hot finished Quenched and tempered
or -Hot rolled QT
rolled/forged or
bar -Hot extruded Solution annealed SA
Billet Cold finished Cold worked 1)
or -cold drawing Cw
rolled/forged/machined | or
bar -cold pilgering Solution annealed SA
Hot Cold finished Cold worked 1)
finished -cold drawing Cw
hollow or
-cold pilgering Solution annealed SA
Table 3 Mechanical properties at room temperature
Material Delivery Proof Stress Tensile Strength Elongation HardnesJ
values
Rpg » Rm a %
’ HRC
Mpa Mpa
Group ” Category ” Grade || condition min. || max. min. min ” max. |
13-0-0 80 HF-QT 550 655 620 1) 23
95 HF-QT 655 760 725 1) 28
13-5-2 80 HF-QT 550 655 620 1) 27
1 95 HF-QT 655 760 725 1) 28
110 HF-QT 760 965 825 1) 32
15-2-0 80 HF-QT 550 655 690 25 23
95 HF-QT 655 760 765 22 26
13-1-0 80 HF-QT 550 655 655 1) 23
95 HF-QT 655 760 725 1) 26
110 HF-QT 760 965 825 1) 32
22-5-3 65 SA 450 620 620 25 26
110 cw 760 965 860 11 36
125 cw 860 1035 895 10 37




|| | w0 || ow | ss || um wo | o |
25-7-3 75 SA 515 680 635 25 26
110 cw 760 965 860 11 36

125 cw 860 1035 895 10 37

140 cw 965 1100 1000 9 38

25-7-4 80 SA 550 725 760 20 28
90 SA 620 725 790 20 30

110 cw 760 965 860 12 36

125 cw 860 1035 895 10 37

140 cw 965 1100 1000 9 38

27-31-4 110 cw 760 965 795 11 35
125 cw 860 1035 895 10 37

140 cw 965 1100 1000 9 38

25-32-3 110 cw 760 965 795 11 35
125 cw 860 1035 895 10 37

140 cw 965 1100 1000 9 38

21-40-3 110 cw 760 965 795 11 35
125 cw 860 1035 895 10 37

22-50-7 110 cw 760 965 795 11 35
125 cw 860 1035 895 10 37

140 cw 965 1100 1000 9 38

25-50-6 110 cw 760 965 795 11 35
125 cw 860 1035 895 10 37

140 cw 965 1100 1000 9 38

20-54-9 110 cw 760 965 795 11 35
125 cw 860 1035 895 10 37

140 cw 965 1100 1000 9 38

15-60-16 110 cw 760 965 795 11 35
125 cw 860 1070 895 10 37

140 cw 965 1170 1000 9 38

1) According to API 5 CT formula

Table 4— : minimum impact absorbed energy




Group Test Absorbed energy
temperature longitudinal transverse
1 -10° C 40 joules 40 joules
2 -10° C 40 joules 27 joules
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