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This AMPP technical report represents a consensus of those individual members who have reviewed this
document, its scope, and provisions. Its acceptance does not in any respect preclude anyone, whether he or
she has adopted the technical report or not, from manufacturing, marketing, purchasing, or using products,
processes, or procedures not in conformance with this technical report. Nothing contained in this AMPP
technical report is to be construed as granting any right, by implication or otherwise, to manufacture; sell, or
use in connection with any method, apparatus, or product covered by letters patent, or as inden:nify.xg or
protecting anyone against liability for infringement of letters patent. This technical report represents m,ximum
requirements and should in no way be interpreted as a restriction on the use of better procedures or i aterials.
Neither is this technical report intended to apply in all cases relating to the subject. Unpredicta: ‘e ci.~1”.nstanc-
es may negate the usefulness of this technical report in specific instances. AMPP assumes no :asponsibility
for the interpretation or use of this technical report by other parties and accepts respons:hility for only those
official AMPP interpretations issued by AMPP in accordance with its governing procedurc=..\nd policies which
preclude the issuance of interpretations by individual volunteers.

Users of this AMPP technical report are responsible for reviewing appropria'« heclth, safety, environmental,
and regulatory documents and for determining their applicability in relation to 1 ‘5" technical report prior to its
use. This AMPP technical report may not necessarily address all patetial health and safety problems, or
environmental hazards associated with the use of materials, equinme: 1, and/or operations detailed or re-
ferred to within this technical report. Users of this AMPP technical (eport are also responsible for establishing
appropriate health, safety, and environmental protection pra-tice =, . zonsultation with appropriate regulatory
authorities, if necessary, to achieve compliance with any exisu g «pplicable regulatory requirements prior to
the use of this technical report.

CAUTIONARY NOTICE: AMPP technical reports may be revised or withdrawn at any time in accordance
with AMPP standards committee procedures. The user's cautioned to obtain the latest edition. Purchasers
of AMPP technical reports may receive current :mc:mation on all AMPP publications by contacting AMPP
Customer Support, 15835 Park Ten Place,iicuswcn, TX 77084-5145 (Tel: +1 281-228-6200, email: custom-
ersupport@ampp.org).

Document History:

2024-10-07: Revised by \MF:~ Standards Committee (SC) 08, Metallic Material Selection & Testing
2012: Revised by NACE Task Group (TG) 328
2000: Revised by NACE Work Group T-1F-21g
1993: Revised by NACE Work Group T-1F-21b
1992: Approved by NACE TG T-1F-21

AMPP values your input. To provide feedback on this standard, please contact: standards@ampp.org

NACE TR1F192-2024
©2024 Association for Materials Protection and Performance (AMPP). All rights reserved.

2


mailto:?subject=
mailto:customersupport%40ampp.org?subject=
mailto:customersupport%40ampp.org?subject=
https://www.stdhive.com/standards/nace-tr1f192-2024-pdf/

Use of Corrosion-Resistant Alloys
in Qilfield Environments

[T oY =XYoo IR =1 A To] o F= 1 = 3R
Referenced Standards and Other ConseNSUS DOCUMENTS .........cuuiiiiiiieiiiiieiiiie et ee ettt e e e st e s e e snneeean
ST o] o= S SO PP PPOPPPRPPR
Section 1 11 14'e o (8 o311 ] o SRR PR
1.1 Definition Of CRAL. ... e e et e e s e e s nne e e e snteeesneeeennneeesnneeeennes b ennes
1.2 (070)Y/Y =T [N o) ll (=T oo o S UPSUP TSP
1.3 Organization Of REPOI........cuiiiiiii e s
1.4 Use of Sl and English Uit .........ooiiiiiiiiiic e e
1.5 [T a1 c= o] g T3 ) T O O
1.6 L8 oo £= 111 T PSSRSO TR UUTIT) IO
Section 2 (7= =T = | PRSPPI
21 (=) {1 T (0] L SRR SURN
2.2 X o] 0772 - T PP
2.3 Materials Selection and Design—Some Factors C~=siu red During Design ..........ccccceeeeeennes
2.4 FaIlUre MOUES ...ttt e eees ottt ee e e e et e e e e e e b eeeaaesannseeeeeesnsaeeeaeeanne
25 Failure AVOIJANCE. ......coueiieiiiie e e s e et e e ettt e e st e e st e e e st e e sneeesneeeeanseeeenneeeenneeenn
Section 3 Processes Used for ManUFacCture.............oooiiiei ooiiie et e e e sneeeeeeeeeenns
3.1 1= LT g Yo = o o I OF= 1] 1 1o To [ U R P SPRPSURN
3.2 BUIK FOMMING ..t e ettt e b et e e bt e et nne e s nnnee s
3.3 L] Lo [T g To [ OO PP OTRPRPPPPO
3.4 L= o o[ Vo TS
3.5 CRA BULEIING «..veees s ettt e e e et e e e e e s e e e e e eabaaeeaeseesnsaeeaessasraneaeean
3.6 POWAEI MELAIIUIGY ..ottt e e e st e e et e e e e b e e s be e e e nbe e e eneeeeanaeean
3.7 AdditiVe M2 1UI LCEUNING. ..ot e s e e et e e s e sene e e ern e e
3.8 L =Tl (o) 1= 1 T USRI
3.9 Clering ed FINISNING......ooiieec e e e e et e e e e s raeeaeean
Section 4 = (=T A= SRR ERP
41 AUSEENIIC StAINIESS SEEEIS ..o
42 Superaustenitic StaiNIess STEEIS..........ooii i
4.3 Ferritic STaiNIESS StEEIS. .......uiiiiie e e
4.4 Martensitic Stainless Steels—Standard 13% Cr Stainless Steels
(UNS S41000/UNS S42000 [Types 410/420]) ...cccueeeiiureeeeiieeeeiiee e eiee et e e et
45 Weldable Supermartensitic Low-Carbon Stainless Steels ...,
4.6 DUPpIEX StaINIESS STEEIS ......vveiiiieeeee e e
4.7 Precipitation-Hardenable Stainless Steels.............coooiiiiiiiiii i
4.8 S0lid-Solution Ni-Based AllOYS........ccuuiiiiiie ittt
NACE TR1F192-2024

©2024 Association for Materials Protection and Performance (AMPP). All rights reserved.

3


https://www.stdhive.com/standards/nace-tr1f192-2024-pdf/

4.9 Precipitation-Hardenable Ni-Based AllOYS ...........coooiiiiiiiiiiiiiieieeeee e 72

4.10 CODAI-BASEA AlIOYS ...ttt ettt 79
4.1 INICKEI-COPPEI AlIOYS ...ttt ettt sttt e et e s e e e e s annee s 81
412 p A (oTo] o110 g1 Y (o Y PP 84
4.13 JLIELE= L1180 002 1o )£ PR 85
4.14 (00T o] o1 Y [0V S PRSP SPTPPP 94
4.15 CopPEr-Beryllium AlIOYS ........uveiiiiie ettt e 99
416 AIUMINUM AIIOYS ..ttt et e e e ettt e e e e e n e et e e e s annneeeeeesnnneeeeeeanns Caeaens 100
417 Miscellaneous Alloys General COMMENTS..........c.vuiiieiiiiiiiiee et e e e eas e 103
Section 5 Testing Methods and Specific ISsues for Welds..........cc.oooiiiiiiiiiiiiiiee s e .104
Section 6 Application Limits for Welded CRAS ........cooiiiiiii et siee s e e 106
Section 7 Summary of Generic Current State-of-the-Art and Technology Gaps........cccceveeeeerireeiiiceeess e 107
Section 8 SPECIfIC EQUIPIMENT ...t e e e e e e e e e s e e e e ataeeeeeseasaeeeeeeaane 108
8.1 Drilling EQUIPMENT ... e e eee e b 106
8.2 Tubing, Casing, LINEIS ......ooi it ee eteeea e e e e e e e e e eneeas 106
8.3 Downhole Packers/Safety Valves/Other ACCESSONES .........ccci wovves veveeeeriie e 112
8.4 A AT =] L= o [T o) .4 1= o | S P 115
8.5 Wellneads/Tre€S/ValVeS ........c..oi ittt e ettt 115
8.6 Flowlines/Production RISEIS..........coccviiiiifiiiind i e 117
8.7 VAIVES ...ttt e s e e et e et e e e e e et e e e e e e n et e e e e e nbeeeeeeeeannees 122
8.8 PUMPS e et ettt e ettt et e e e e e e e e e e e e e e eeaaa e nnnnnnne 123
8.9 VBSSEIS ...ttt e et 124
8.10 (07011010 {1 To] £ TSP PRSP PPPRON 125
8.1 BOIING - e et 126
8.12 INSTIUMENTALION ... i et e e e e et e e e e 127
8.13 HEAt EXCRANGEIS. ... oo e ettt 127
Other ReferenCed DOCUMENTS........ooiiiiiis ettt b e e st s et e e bt e e st et e s et e e ebb e e e abe e e nnneeesareeas 128
Bibliography for Weldable Supermarnnsiiic Stainless STEEIS ........cooiuiii i e 145
FIGURES
Figure 1 Compariso: of Chrrosion Rate on Studs for Different Coatings ... 38
Figure 2 Comparison o1 ~orrosion Rate on Nuts for Different Coatings ...........ccccvviireiiieiiiii e 38
Figure 3 Effe t of 1 'umber and Arrangement of Layers on Corrosion Resistance of Multilayer Coatings
a1 Ccrrosion Resistance of Zn/Ni, Zn-Ni Multilayer Coatings with Different Structures ...................... 39
Figure 4 The Corrosion Resistance of Alloy 316/316L Stainless Steel in CO,/NaCl Environments
in the Absence of Oxygen and H,S..............ccoiiiiii 42
Figure & Safe Operating Envelope of 13% Cr Martensitic Stainless Steel in CO,/NaCl Environments
in the Absence of Oxygen and H,S.............cooiiiiiii 48
Fig.re 6 Schematic Representation of Domains of SSC Performances for Various 13Cr Grades
as a Function of pH Solution and H_S Partial Pressure, according to NACE TM0177-Method A
Tensile Test, in 1 g/L and 100 g/L at an Applied Stress of 90% of YS ..o 49
NACE TR1F192-2024

©2024 Association for Materials Protection and Performance (AMPP). All rights reserved.

4


https://www.stdhive.com/standards/nace-tr1f192-2024-pdf/

Figure 7

Figure 8
Figure 9
Figure 10
Figure 11

Figure 12

Figure 13

Figure 14

Figure 15

Figure 16

Figure 17
Figure 18

Figure 19
Figure 20
Figure 21

TABLES
Table 1
Table 2
Table 3

Table 4

Table 5

Tebe b

Tav = 7
lable 8
Table 9

8SC Performance Represented by pH-pH,S Domain Diagram for 13Cr (551 MPa —758 MPa / 80 ksi -
110 ksi grades), Stressed to 80-100% SMYS in Chloride Solution 30-60 g/L. (Right) SSC Performance
Represented by pH-pH,S Domain Diagram for L80 13Cr-Q&T, Stressed to 90-100% SMYS in Chloride
Yol 10 oo Wt 10t 7 I PP UPPUPPN 49

SSC Test Results of Super 17Cr — 125 ksi Using 90%AYS and Modified NACE A ........ccoccviiiieiiiieene 51

SSC Resistance of 17Cr at 25 °C in 20% NaCl Solution in Atmospheric Pressure Saturated
with H,S-Including CO,-balanced Gas: (a) Comparison with 17Cr-125 ksi and “UNS No. $42654"-125

ksi and (b) Comparison between 17Cr-110 ksi-Grade and 17Cr-125 ksi-Grade ..........ccccoeieieeeenniinennn. 52
SSC Resistance 1,000 mg/l Combined Domain Diagrams for 13Cr-5Ni-2Mo 110 ksi and 65,

200 mg/l Combined Domain Diagrams for 13Cr-5Ni-2M0 110 KSi ......cceviiiereiiiieiiiee e 52
A Proposed Alloy Selection Philosophy for 13Cr-TYPe......cccuuriiiiiiiiiieie et e 53

Suggested Safe Operating Envelope of 22Cr Duplex Stainless Steel in CO,/NaCl Environmer.z
in the Absence of Oxygen and H,S. Corrosion Rates of <0.05 mm/yr (2 mpy) and
NO SSC or SCC (NIiCKel INSHIIULE). .....eeeiieiiiiii et e s e e sbe e 59

Data Heterogeneity in Copson Diagram. Dissociated Subgroups (Ni alloys
with Similar Stress Levels, and Chemical Composition Show Distinct SCC
Trends Staehle et al. Data Similar to Copson Diagram. Dissociated Subgroups

(Ni alloys with Similar Properties but Uniform Stress Levels) Show Distinct SCC /rends........cccccveeenee 68
TPROT Values as a Function of the Mo+W Content of a Series of Cc »ime “ial Ni-Cr-Mo (W)

Alloys Measured in 1M NaCl Solution and Relationship between TPRG ™ =2::d PREN Values ............... 69
Suggested Safe Operating Envelope of Various Nickel Alloys in 11,S/CO, Environments

in the Absence of Elemental Sulfur and Chloride Levels betwee, 25-100 g/L........cccvvveeiviciiieneceeinen. 70
Environmental Materials Limits from NACE MR0175/:30 ' 515t -3 for As-Cold Worked,

Solid Solution NICKeI-Based AllOYS.......cccuuiiiiiiiiit it sneee s 71
On Left is Relationship between Weldability of PE:Hi Aiays and Al and Ti Content...........cocooveeineeene 74
Environmental Materials Limits from ANSI/NACE MR/ 175/ISO 15156-3 for Precipitation-hardened
NICKEI-DASEA AIIOYS ...ttt ettt e e e e ettt e e e s bt e e e e e naee e e e e e e annbeeeeeesannneeas 77
Temperature Limits for Ti Alloys to Avoid &£ ©C c.ad Beneficial Effects of Adding PGM Alloying.............. 91
Temperature /pH Limits for Crevice Cariasiun of Titanium Alloys in NaCl-rich Brines..........ccccocccveeeenn. 93
Elevation of Crevice and Stress' Ce.resion Temperature Threshold Limits

for Alpha-Beta Titanium Alloy<.in » ~t:cous Chloride Media ..........cccovviiiiiiiieee e 94
Acceptance Crite ia 1. A5TM G28 Method A, as Reported ..........ccevviiiiiiiiiiiii e 23
Typical CorreCinn + ates and Acceptance Criteria for ASTM G28 Method B, as Reported..................... 23
Experimentz’ Par ameters Used for Environmental Exposure Tests

using ASTM B'.*7, ASTM G85, and ASTM B368 EnvironmeNts...........ccccereiiiieiiiirerieeeiee e 39
Hou s to \?each 15% Red Rust for Different Materials Exposed to ASTM B117,

AZTM 3585, and ASTM B368 ENVIFONMENES ......cooiiiiiiiieee et e e e e e e e e e e e e eeeaes 39
Maximum Operating Temperatures for Superduplex Stainless Steel as a Function

(o) 01 o) g LT @041 =Y o | S PSP ERRRURPURP 60
Summary of Alloys and Potential Impact of Heat Treatments on Clad Plates

Regarding Corrosion RESISTANCE ........cccuiiiiiiiiiie e 67
Applications of PH Ni Alloys in Oil @Nd GaS .......ccoiuieeiiiiieeiie ettt e e e e eeee e e 75
PH Ni Alloys Field Failures DUE t0 HSC..........cooiiiiiiee ettt e e e e 78
Titanium Grades and AllOY TYPES. ....couuiieiiiie ittt ettt st e bt s e e as e e e et e s nees 86

NACE TR1F192-2024
©2024 Association for Materials Protection and Performance (AMPP). All rights reserved.

5


https://www.stdhive.com/standards/nace-tr1f192-2024-pdf/

Table 10 Titanium Applications @Nd Grades ............cooiiiiiiiei it e st e e e e e et e e e e e s nasbeeeaeean 88

Table 11 Results of SCC/Corrosion Tests of Tianium AllOYS. .......c.eeiiiiiiiiiiii e 90
Table 12 Minimum Water Content Required in Methanol to Prevent Stress Corrosion Cracking

OF THANIUM AIIOYS ...ttt b e e e e e s b e e e e bt e e aate e e nnneeennnee s 91
Table 13 Comparison of Approximate Service Limits in Literature for Qilfield Ti AllOyS ........cccoevieeeniireriieeiieeen. 92
Table 14 Comparison of SSR and DCB Test Results for SCC of Ti AllOYS ....ooviiiiiiiiiieiiiieeeee e 92
Table 15 Copper Alloy Classes in Oil and Gas ApPlICAtIONS .........cocuuiiiiiieiiiiie e 95
Table 16 Copper Alloy Applications in Oil @Nd GaS.........cciiiiiiiiiieiie e S
Table 17 Safe Velocities for Copper Alloy Tube and Pipe.........cuiiiiiiriiiieiiee e f e 98
Table 18 Aluminum AlIOY NOMENCIATUIE ... eeeeeeeeeaaeee s enaes s 100
Table 19 Aluminum Alloy Mechanical Properties...........ccoiivuiiiiiiieiiiieee e e e 101
Table 20 Aluminum Oil and Gas APPlICAtIONS ........eiiiiiiiiiii e e nneeessaneens 101

Foreword

The use of corrosion-resistant alloys (CRAs) as a corrosion-control method in agaress<ive il #nd gas production envi-
ronments is now established; however, the complexity of the corrosion effects assc > ateu with these severe conditions
and the metallurgical complexities of the many alloys being offered have resulted i, ckallenging materials selection
problems for the corrosion engineer. Further consideration is also givento ti.e performance of the materials in the
welded condition for many applications, as weldments sometimes do not rete.’n (>~.same corrosion resistance as base
metals.

This report is intended to provide engineers worldwide who have n>ow:dge of the characteristics of corrosion damage
modes in oil and gas production with information to avoid repeatad tclures and the recurrence of concerns about CRA
material selection. Some issues remain to be addressed, and th :se 2e nighlighted as technology gaps. This report does
not extend to refinery or distribution applications.

Ra.ionale

In the period following the 2013 revision of this rzp. rt, & substantial amount of new research, reportage, emerging appli-
cations, expanded utilization of existing giades 4nd the introduction of new CRA grades have surfaced. Some content
from the previous report is now obsolete, :vhi.= ouiers necessitate modifications to accommodate recent developments
and challenges. This revision comprehens. /ely addresses these aspects and presents the most recent advancements.

AMPP technical reports are intend :d-.0 convey technical information or state-of-the-art knowledge regarding corrosion.
In many cases, they discuss snicific ~plications of corrosion mitigation technology, whether considered successful or
not. Statements used to convey this information are factual and are provided to the reader as input and guidance for
consideration when applying t is technology in the future. However, these statements are not intended to be recom-
mendations for general app‘==.uon of this technology and must not be construed as such.

Referenced Standards and Other Consensus Documents

Unless spedffically dated, the latest edition, revision, or amendment of the documents listed in the table below shall
apply.

+» MF, /NACE/SSPC, www.ampp.org:

NACE/ASTM G193 Standard Terminology and Acronyms Relating to Corrosion
ANSI/NACE Petroleum and Natural Gas Industries—Materials for Use in H,S-Containing
MRO0175/ISO 15156 Environments in Oil and Gas Production
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IX
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Engineering Equipment and M: tr.ia’s Users Association (EEMUA), www.eemua.org:

EEMUA Publication 234

90110 Copper nickel alloy piping for offshore applications (Specification)

European Federation of Co. vosion (EFC), www.efcweb.org:

EFC Publication 17

EFC Publicatinn 57

Corrosion Resistant Alloys for Oil and Gas Production: Guidance on General
Requirements and Test Methods for H,S Service

Corrosion Under Insulation (CUI) Guidelines

International O: _anization for Standardization (ISO), www.iso.org:

ISO 13626 (Series)

153 21457

ISO 17781

ISO 2063 (Series)

Petroleum and natural gas industries - Design and operation of subsea production
systems

Petroleum, petrochemical and natural gas industries - Materials selection and
corrosion control for oil and gas production systems

Petroleum, petrochemical and natural gas industries — Test methods for quality
control of microstructure of ferritic/austenitic (duplex) stainless steels

Thermal spraying — Zinc, aluminium and their alloys
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ISO 14918 Thermal spraying — Qualification testing of thermal sprayers

ISO 15546 Petroleum and natural gas industries - Aluminium alloy drill pipe

ISO 13680 Oil and gas industries including lower carbon energy — Corrosion-resistant

alloy seamless products for use as casing, tubing, coupling stock and accessory
material — Technical delivery conditions

Standards Norway, www.standard.no:

NORSOK M-001 Materials selection - Edition 5

NORSOK M-630 Material data sheets and element data sheets for piping

NORSOK M-601 Welding and inspection of piping - Edition 6

NORSOK M-501 Surface preparation and protective coating - Edition 7
Scope

The technical report brings together state-of-the-art knowledge covering experiences in the aprplica. on of Corrosion-Re-
sistant Alloys (CRAs) and issues of welding, fabrication, surface, finishes, and assessment“ar suc. essful operation in
oil and gas production environments with specific consideration of corrosion and envircnme. tally: assisted cracking,
and to highlight technology gaps impacting the industry. This report also provides a-z2lleci~ of reported successful
uses and failure history of specific CRAs used in oil field environments.
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1.2

Section 1: Introduction
Definition of CRA

A corrosion-resistant alloy (CRA) is commonly defined as . n ai.ny with an inherently low corrosion rate in the
operating environment of interest, typically much lowe: than carbon and low-alloy steels (e.g., 1 to 2 orders of
magnitude less. However, they are sometimes subjec* to ocalized corrosion (crevice, pitting, under-deposit
corrosion) or environmentally assisted cracking, which often determines their envelope of application. Pro-
cessing and welding of these alloys sometimc's significantly influences their corrosion resistance, and thus
it is important that the final product form ai:. n anufacturing route are considered in the assessment of the
suitability of the alloy for the intended ope:atiag environment.

Coverage of Report

This report covers a wide ranae »f corrosion mechanisms, including uniform corrosion, localized corrosion,
i.e., pitting and crevice cor.cion, und environmentally assisted cracking (EAC) i.e. stress corrosion cracking
(SCC), forms of hydroge » zml rittlement (HE), and liquid metal embrittlement (LME) and corrosion fatigue.
The oil and gas indu<‘y is witnessing the emergence of increasingly challenging wells characterized by cor-
rosive reservoir cooditicys. There is a growing demand for unattended or unmanned assets to minimize the
need for frequei ins| =ctions and maintenance. Moreover, the imperative for energy transition and circular
economy has pron,, ‘ed several new adaptive modifications to the oil and gas processing streams and their ef-
fluents. Tk<C = evolving requirements further necessitate the utilization of CRAs instead of carbon steels. Own-
ers end ¢, eraiwcrs perform life cycle cost analyses to strike a balance between capital expenditures (CAPEX)
and oporaticnal expenditures (OPEX) while ensuring the integrity of assets and equipment. However, such
al'oys present a range of technical challenges in fabrication and assessment for selection in new fields, which
are often close to limits of known applicability in extreme cases, or that possibly have reduced corrosion or
cr” <ing resistance as a result of issues arising in manufacturing and welding practices.

In addition, the mode of operation of the equipment commonly determines the acceptable extent of material
degradation. For example, downhole tools and equipment operating for short periods of time in harsh con-
ditions sometimes use a lower-grade alloy on a fithess-for-purpose consideration in contrast to permanently
installed equipment, provided they retain suitable performance in normal operating conditions.
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