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Abstract

The commercial, high strength steels developed for sour well services are
mostly quenched and tempered stecls. The purpose of this study was to determine
the effect of tempering temperature, PHzs and Pco, on sulfide stress corrosion
(S8C) cracking and/or stress corrosion cracking (SCC) resistance of AISI 420
martensitic stainless steel. Slow strain rate tests were used to evaluate the SSC
and/or SCC susceptibility at 22°C in 0.5% acetic acid - 5% NaCl solutions saturated
with Nz, with 90%H28/10%C0O2, with S0%H28/50% CO>5, with
10%H28/90%C0; and with 100%CO, .

It was found that the susceptibility to SSC and/or SCC is strongly affected
by tempering temperature. Tempering at 750°C produces the most favourable
microstructure for SSC resistance, that is a well-recovered substructure with fine
carbides. Moreover, the predominant intergranular cracking of (0.38%C) 420 stecl
was directly related to the precipitation of the closely spaced carbide particles along
the prior austenite grain boundaries.

Regardless of the tempering temperature, high susceptibility to SSC was
evidenced in HS-containing solutions, where above 10% HjS the degree of
susceptibility is only slightly dependent on the H3S concentration. The addition of
CO2 to HzS-containing solutions does not affect the acidity of the solutions, but it
slightly lowers the aggressiveness of the test solutions. Also, superior SSC
cracking resistance of this steel in CQO/CI™ environment over that in HaS/ICO5/CI™
was evidenced, due to the absence of hydrogen embrittlement. On the other hand,
the steel showed much better SCC resistance in CO2-free and HzS-free chloride
solutions.



Acknowledgement

1 would like to express my appreciation for the guidance and help of, my
supervisor, Dr. S.A. Bradford.

The assistance of the following staff members of the department is
gratefully acknowledged: Bob Konzuk, Bob Smith, Doug Booth, Henryk
Skrzypek, Rob Stefaniuk, Shiraz Merali and Tina Barker.

This thesis was financially assisted by the Mining, Petroleum and
Metallurgical Engineering Department, University of Alberta. The support and help
of the department chairman Dr. J. Whiting is greatly appreciated.



CHAPTER

1.

TABLE OF CONTENTS

INTRODUCTION

ROLES OF H;S IN DEGRADATION
OF Fe-BASE ALLOYS

!\J !\J !J
LEN B 1% R

HYDROGEN SULFIDE CORROSION

SULFIDE STRESS CORROSION CRACKING

MECHANISMS OF SULFIDE STRESS CRACKING

2.3.1 HYDROGEN EMBRITTLEMENT CRACKING
MECHANISMS

vii

PAGE

2.3.2 STRESS CORROSION CRACKING MECHANISMS 7
FACTORS INFLUENCING SULFIDE STRESS CORROSION

CRACKING

2.4.1 ENVIRONMENTAL FACTORS

2.4.2 METALLURGICAL FACTORS
HYDROGEN-INDUCED (STEPWISE) CRACKING (HIC)
FACTORS INFLUENCING HIC

2.6.1 ENVIRONMENTAL FACTORS

2.6.2 METALLURGICAL FACTORS

ROLES OF CO; IN DEGRADATION
OF Fe-BASE ALLOYS

3.1
3.2

3.3

CO2 CORROSION MECHANISM
ENVIRONMENTAL FACTORS INFLUENCING
CO, CORROSION

PREVENTION OF CO; CORROSION

10
15

15
16

19



CORROSION AND SSC IN H2S/CO,/CI”
ENVIRONMENT

4.1  SSC OF MARTENSITIC STAINLESS STEEL
IN HaS/CO,/Cl" SYSTEMS

4.2 HYDROGEN EMBRITTLEMENT OF MARTENSITIC
STAINLESS STEEL IN H>S/CO»2/Cl" ENVIRONMENTS

CORROSION RESISTANT MATERIALS

5.1  9Cr- 1Mo STEEL
5.2 13Cr STEELS
5.2.1 AISI410
5.2.2 AlSI 420
5.3 a-y DUPLEX STAINLESS STEEL

HEAT TREATMENT OF STAINLESS STEEL

6.1 C-Cr-Fe PHASE DIAGRAM

6.2  MARTENSITIC STAINLESS STEELS

6.3 HEAT TREATMENT OF MARTENSITIC
STAINLESS STEELS

SCC AND SSC TEST METHODS
7.1  CONSTANT STRAIN AND CONSTANT

LOAD TEST METHODS
7.2 SLOW STRAIN RATE TEST

30

31
33
35
37
38

45



Experimental Part

8. MATERIAL AND SOLUTIONS

8.1
8.2

MATERIAL
TEST SOLUTIONS

9. EXPERIMENTAL PROCEDURES

9.1

MICROSTRUCTURE OF THE STEEL

S.1.1
9.1.2
9.1.3
9.1.4
9.1.5

SPECIMEN PREPARATION

SPECIMEN HEAT TREATING

HARDNESS MEASUREMENT
EXAMINATION WITH THE MiCROSCOPE
X-RAY DIFFRACTION

SLOW STRAIN RATE TESTS (SSRT)

9.2.1
5.22

9.23

9.24
9.2.5

SPECIMEN PREPARATION

SPECIMEN HEAT TREATING
EQUIPMENT

9.2.3.1 THE MATERIAL TEST SYSTEM
9.2.3.2 TESTING CELL

9.2.3.3 RECIRCULATION SYSTEM
TEST PROCEDURE

VISUAL AND MICROSCOPIC
FRACTURE EXAMINATION

10. RESULTS AND DISCUSSION

10.1
10.2

MICROSTRUCTURE AND HARDNESS

STRESS-TIME CURVES

10.2.1 STEEL QUENCHED AND TEMPERED AT 550°C
10.2.2 STEEL QUENCHED AND TEMPERED AT 650°C

ix

& &

49
49
49

51
51
51
51
52
52
53
53

55

59
59



10.2.3 STEEL QUENCHED AND TEMPERED AT 750°C 61

10.2.4 STEEL QUENCHED AND TEMPERED AT 850°C 63
10.3 FRACTURE APPEARANCE 64
10.3.1 STEEL QUENCHED AND TEMPERED AT 550°C 64
10.3.2 STEEL QUENCHED AND TEMPERED AT 650°C 64
10.3.3 STEEL QUENCHED AND TEMPERED AT 750°C 65
10.3.4 STEEL QUENCHED AND TEMPERED AT 850°C 66
10.4 EVALUATION OF SLOW STRAIN RATE
TEST (SSRT) RESULTS 67
10.4.1 INDICATION OF SSC SUSCEPTIBILITY 67
10.4.2 MEASUREMENT OF SSC SEVERITY 67
10.4.3 CHIL.ORIDE STRESS CORROSION CRACKING 68
10.4.4 SSC CRACKING IN H2S/CO5 SOLUTIONS 71
10.4.5 SCCIN CO; SOLUTIONS 73
11. CONCLUSIONS 75

REFERENCES 138



List of Tables
Table

1. A Short History of Investigations on CO» Corrosion

8]

SCC of 13Cr Steel Test Conditions
The Results of SCC Tests in CO» / H»S Environments

HOW

Typical High-Alloy Materials Being Considered
for Corrosive Oilfield Service

Chemical Composition of Selected Alloy Steels
The Chemical Composition of Steel Used
Test Conditions

Slow Strain Rate Test Results

© ® N oo ow

Severity of the Slow Strain Rate Tests

Page
76
76
77

78
78
78
79
80



List of Figures

Figure

1.

2.

10.

11.

13.

14.

15.

Mechanism of Pitting Corrosion in a Sour Gas System

Weight-Loss Corrosion of Low-Alloy Steel versus pH
in Solution of Water and HpS-CC» Gas Mixture

Failure Times as a Function of pH, with and without HoS

Effect of H2S and pH on Sulfide Stress Cracking
of P-110 Casing

Temperature for Suifide Stress Cracking Resistance
Behavior versus Material Yield Strength for API Casing Steels

Time to Failure for Sulfide Stress Cracking versus Temperature
for a HSLA (C-Mn) Steel

Equilibrium Potential pH Diagram with Stress Corrosion
Results on 12 Mo -V Stainless in 3% NaCl Solution

Formation of Hydrogen Blister in Steel
A Schematic of Stepwise Cracking in Line-Pipe Steel

A Schematic Diagram of Factors Affecting
Hydrogen Sulfide Induced Cracking

Effect of pH value on Stepwise -Cracking
Behavior for API Line-Pipe Steel

Effect of Temperature on Stepwise-Cracking Behavior
for API Line-Pipe Steels with Various Modifications

Effect of CO3 Partial Pressure and Temperature on
Corrosion Rate of Cr Steel

Effect of CI™ Ion Concentration on the Corrosion
Rate of Cr Steel at 150°C

Effect of Temperature and a Small Amount of
H>S on Corrosion Rate (Cr Steel)

Page
81

g ¥

85

85

89

89



Figure Page

16. Stress-Time to Failure Curves of a 0.2%C-13%Cr Steel Under
Conditions iv, v, vi and vii Shown in Table ) S0

17.  Effect of Yield Strength on SCC
Susceptibility of 13Cr Steels S0

18. Effect of Current Density for Hydrogen Charging
on Degree of Hydrogen Embrittiement,(Elyy/Ely;;), Measured
by SSRT Testing 91

19.  Comparison of (a) Anodic Stress Corrosion Cracking and

(b) Hydrogen-Embrittlement Cracking 91
20.  Effect of H,S Partial Pressure and Temperature on

Susceptibilty to SSC 92
21. Effect of HzS Partial Pressure and Strength of 9Cr-1Mo

and 13Cr Steels on Susceptibilty to SSC 93
22. The Relationship Between Tempering Temperature

and Tensile Properties _ 94
23. The Relationship Between Tempering Temperature,

Yield Strength, Tensile Strength and Impact Resistance 94
24. Effect of H2S Partial Pressure and pH on SSC

Susceptibilty of L-80 Grade 13Cr Steel 95
25. Effect of Tempering Temperature on the

Mechanical Properties of Type 410 Stainless Steel 96

26. Effect of Rockwell Hardness on Time-to-Failure of

Type 410 and 416 Stainless Steels 97
27. Intergranular Cracking of Type 410 Stainless Steel 97
28. Transgranular Cracking of Type 410 Stainless Steel 98
29. SSC and Three Martensitic Stainless Steels 98
30. Effect of HaS Partial Pressure and Temperature on

Susceptibility to SSC of 22-25Cr a—y Duplex Stainless Steel 95



Xiv

Figure Page
31. The Iron-Chromium Equilibrium Diagram 100
32. Vertical Section at 13% Chromium 100
33. Effect of Carbon on the Fe-Cr Diagram (0.4%C) 101

34. Effect of Chromium Additions on the Temperature and

Carbon Content of the y <> a + M3C Eutectoid 101
35. The Effect of Carbon on the Hardness of Martensite

and Austenite 102
36. The Effect of Chromium on the Tempering of a 0.35 C Steel 103
37. Effect of Tempering Temperature on Tensile Properties and

Hardness of Type 420 Martensitic Stainless Steels 104
38. Tensile Test Specimen 105
39. Material Test System 105
40. Data Acquisition System 106
41. Test Cell 107
42. Attached Nylon Sleeves 108
43. Recirculation System 108
44. The Microstructure of As-Received Material 109
45. The Microstructure of the 420 Steel after Air Cooling from 1150°C 109
46. The General Microstructure of 420 Steel Tempered at 550°C 110
47. The General Microstructure of 420 Steel Tempered at 650°C 110
48. The General Microstructure of 420 Steel Tempered at 750°C 111
49. Carbide Distribution in 420 Steel Tempered at 550°C 111

50. Carbide Distribution in 420 Steel Tempered at 650°C 112



Figure

51. Carbide Distribution in 420 Steel Tempered at 750°C

52. The Microstructure of 420 Steel Tempered at 800°C

53. (Carbide Distribution in 420 Steel Tempered at 800°C

54. Martensite Hardness versus Carbon Content

55. The General Microstructure of 420 Steel Tempered at 850°C

56. Carbide Distribution in 420 Steel Tempered at 850°C

57. Stress versus Time Curve for Specimen 1 SSRT

58. Stress versus Time Curve for Specimen 2 SSRT

55. Stess versus Time Curve for Specimen 3 SSRT

60. Stress versus Time Curve for Specimen 4 SSRT

61. Secondary Cracks in the Reduced Section of
Specimen Failed with SSC

62. Stress versus Time Curve for Specimen 5 SSRT

63. Stress versus Time Curve for Specimen 6 SSRT

64. Swess versus Time Curve for Specimen 7 SSRT

65. Stress versus Time Curve for Specimen 8 SSRT

66. Stress versus Time Curve for Specimen 9 SSRT

67. Stress versus Time Curve for Specimen 10 SSRT

68. Stress versus Time Curve for Specimen 11 SSRT

69. Stress versus Time Curve for Specimen 12 SSRT

70. Stress versus Time Curve for Specimen 13 SSRT

71. Stress versus Time Curve for Specimen 14 SSRT

72. Stress versus Time Curve for Specimen 15 SSRT

73. Stress versus Time Curve for Specimen 16 SSRT

XV

Page

112
113
113
114
114
115
115
116
116
117



Figure

74. Stress versus Time Curve for Specimen 17 SSRT
75. Stress versus Time Curve for Specimen 18 SSRT
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.
94.
95,
96.

Stress versus Time Curve for Specimen 19 SSRT

SEM Fractograph of Specimen 1

SEM Fractograph of Specimen 2 (Brittie Fracture Zone)
SEM Fractograph of Specimen 2 (Ductile Fracture Zone)

SEM Fractograph of Specimen 3
SEM Fractograph of Specimen 4
SEM Fractograph of Specimen 5
SEM Fractograph of Specimen 6
SEM Fractograph of Specimen 7
SEM Fractograph of Specimen 8
SEM Fractograph of Specimen 9
SEM Fractograph of Specimen 9
SEM Fractograph of Specimen 10
SEM Fractograph of Specimen 11
SEM Fractograph of Specimen 12
SEM Fractograph of Specimen 13
SEM Fractograph of Specimen 14
SEM Fractograph of Specimen 15
SEM Fractograph of Specimen 16
SEM Fractograph of Specimen 17
SEM Fractograph of Specimen 18



xvii

Figure Page
97. SEM Fractograph of Specimen 19 135
98. SEM Fractograph Shows the Quasicleavage

and the Brittle Fracture 136
99. Stress versus Time Curves for 420

Stainless Steel Tempered at 650°C 136

100. Stress versus Time Curves for 420
Stainless Steel Tempered at 750°C 137

101. Stress versus Time Curves for 420
Stainless Steel Tempered at 850°C 137



I. INTRODUCTION

The production of oil and gas from the reservoirs that contain significant
amounts of hydrogen sulfide (H2S) and carbon dioxide (CO5) has been promoted
as the demand for energy increases. Deep sour oil wells involve an environment
containing hydrogen sulfide so that corrosion of equipment and failures due to
sulfide stress cracking are usually encountered.

Likewise, enhanced recovery using carbon dioxide injection, as well as the
production of CO; wells, is expected to encounter some corrosion problemsl. The
corrosion problems would not be as severe as those encountered and/or anticipated
in deep sour gas wells. However, the high pressure and temperature, along with the
presence of H2S and chloride ions in the CO, environments, can induce severe
corrosion attack in the forms of high corrosion rates, localized corrosion and/or
stress corrosion cracking (SCC).

Over the years, intensive research efforts have been aimed at eXamining the
behavior of low alloy steels in HS environments. In contrast, the highly alloyed
stainless steels were not studied exensively, due to their higher cost, as a result very
little information is readily available on the performance of a variety of highly
alloyed stainless steels in H2S/CO» environments that contain chlorides.

The materials technology has centered around the need for high strength
and corrosion resistant materials that can withstand the high temperatures, high
pressures and the presence of significant quantities of corrosive gases such as HpS
and CO2 and aggressive species such as chlorides and sulphur compounds. 13%
chromium (Cr) stainless steels have attracted attention for application in these areas,
particularly where the cil and gas contain high levels of CO5 along with low levels
of H2S, because they offer improved corrosion resistance in comparison with low
alloy steels2. 13% Cr steels have performed satisfactorily in such applications when
used in a quenched and tempered condition with hardness below Rc 22. However,
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a main concern in the use of 13% Cr steels is their susceptibility to localized
corrosion and sulfide stress corrosion (SSC) cracking in the presence of HaS.
Furthermore, increased corrosion resistance is required when gas or oil wells have

high CO3 concentrations which lower the pH of well brines and make them more
corrosive.

It has been recognized that 13% Cr steels are sensitive to SSC more than
quenched and tempered low alloy steels, but therc are few works on this matter3,
Until recently, low alloy steel tubulars have been used in combination with
corrosion inhibitors in gas or oil wells containing H»S, CO» and salt water. This
practice is very expensive, however, Moreover, the ef ficiency of inhibitors is
reduced in high temperature wells. Under these conditions, the alternative of using
special corrosion-resistant alloy tubulars has been considered. Some data from field -
and laboratory tests are available regarding the corrosion and environmental
cracking behavior of 13% Cr martensitic stainless steels, such as AISI 410 in
H38/CO4/Cl environmentst, However, relatively little data exist regarding the

performance of higher carbon grades of 13% Cr martensitic steels such as AISI
420,

A characteristic feature of 13% Cr steel is that the microstructure is affected
significantly by the chemical composition, especially the carbon content. Increasing
the carbon content generally increases the SSC cracking susceptibility; this is due 1o
the influence that carbon has on the microstructure and on the hardness. From the
point of view that the SSC resistance of these steels is expected to be affecied by
the change in microstructure, the effect of tempering temperature on the
susceptibility of 13% Cr steel, AISI 420, to SSC and the effect of COs additions to
H>S/Cl/H»0 environments on the resistance of this type of steel is investigated in
this thesis.



2. ROLES OF HS IN DEGRADATION OF IRON BASE
ALLOYS

A consideration which has remained paramount over the past several
decades of research has been the role of H2S in the degradation of engineering
materials. In addition to being extremely toxic, HsS is responsible for corrosion
and environmental embrittlement in common materials of construction in industry.
Consequently, it has been necessary to develop special materials and processing
methods which minimize the effects of corrosive degradation and maximize the
integrity of oil and gas production systems.

2.1 HYDROGEN SULFIDE CORROSION

The corrosion of steel by aqueous hydrogen sulfide is a significant technical
problem in two major industrial areas. In cil refineries and/or oil production and in
natural gas treatment facilities, the process conditions vary widely due to natural
causes. It is well known that hydrogen sulfide accelerates the anodic dissolution of
iron. Upon the addition of H2S, the corrosion porential becomes more noble and
the current density at a given potential increases.

The initial corrosion of iron or carbon steel by HaS-saturated water at low
temperatures is complex. There is a considerable confusion regarding corrosion
product identity in the earlier literature, but it is now established that the initial
corrosion involves the formation of up to three iron monosulfide phasesS :
mackinawite (tetragonal FeS).x), cubic ferrous sulfide and troilite (stoichiometric
hexagonal FeS). The order of stability is troilite > mackinawite > cubic ferrous
sulfide8,

Corrosion rates of low alloy steels in HpS-containing production
environments can be high (> 2.5 mm/y) with the attack commonly exhibiting pitting
or other manifestations of localized corrosion. Such attack has been observed under
FeS corrosion product as shown in Figure 1. Mechanisms for this type of corrosion



attack have been proposed which involve galvanic interaction betwecn the steel and
FeS surface in the presence of FeCl> 6,

Corrosion rates of low alloy steels in H3S-containing environments tend to
increase with decreasing pH of the aqueous solution, Figure 2. Hydrogen sulfide is
stable as a dissolved species in aqueous solutions only at low pH levels (pHs6),
whereas, at higher pH levels, other S-containing species (HS™ and $™) are stable.
The corrosion of iron in the presence of H>S and Hz0 is dependent upon the
dissociation of the H2S molecule. Iron is oxidized to the ferrous form at the anode
and the HzS undergoes a two-step dissociation at the cathode. The prospective
equilibrium reactions are outlined below?:

Anode

Fe — Fet++ 4 2¢ (1)
Cathode

HaS + 2H30 — H* 4+ HS + 2H,0 (2)

HS-+ Ho0— H*+ 8"+ H,0 (3)
Product combination

2e" +2H* + Fe++ + 8™ — 2H + FeS 4)
Net reaction

H20
Fe+H;S — FeS+2H 5

Reactions (4) and (5) indicate that ferrous sulfide or "troilite” is formed as
one of the reaction products. This is not strictly correct as iron sulfide can exist in a
number of molecular forms. The other forms are FeS3, known as pyrite, Fe;Sg,
pyrrhotite, and FegSg, referred to as kansite. The Kansite crystal lattice structure is
much more imperfect than the pyrite or troilite; conséquently, the increase in the
kansite concentration leads to an increase in the corrosion rate. The particular
product that is formed depends upon the operating conditions!0, e.g. H,S
concentration, pH, and presence of other reactants such as chlorides and COas.



In conjoint action with dissolved oxygen, HaS can be highly corrosive, both of
itself and by reason of complex reaction products such as polythionic acids.

At lower pH values, it can be argued that iron ions are in large excess compared
to sulfide ions, and therefore the sulfide ions in the vicinity of the metal surface are
soon exhausted so that iron ions move to the bulk of the solution where iron sulfide
is precipitated. In this case, no passivating sulfide film forms on the surface. On the
other hand, at high pH values, the suifide ions are in excess compared to iron ions
and therefore the location of sulfide precipitation shifts to the metal surface leading
to passivation. The type of sulfide film which is protective is a matter of debate8.

2.2 SULFIDE STRESS CORROSION (SSC) CRACKING

One of the major materials problems facing the petroleum industry is stress
corrosion cracking (SCC), the failure of a material induced by the joint action of
tensile stresses and a corrosive environment. The brittle fracture of high strength
steels in H2S environments and of austenitic stainless steels in chloride
environments are two of the better known examples of SCC. While no one
mechanism for SCC has been defined, it is generally accepted that cracking will not
occur unless surface tensile stresses exceed some critical value?.

In many alloy systems, SCC failures of smooth surfaces occur in three
distinct phases. The first phase is the incubation period in which a pit or a slip step
is formed and a crack is initiated. The second phase is a state of subcritical crack
growth in which the crack propagates under the joint influence of stress and
environment. Assuming that the stress is maintained at a sufficiently high level, the
third phase is fast fracture when the crack reaches a critical size?.

Itis generally accepted that SSC is a form of Hydrogen Embrittlement (HE)
Crackingl0, However, direct evidence to this effect is limited. SSC has been found
to be induced in susceptible materials by the simultaneous presence of tensile
stresses and a corrosive environment containing a sufficient level of H>S. The role



of H»S in this phenomenon is generally considered 10 be two-fold : (i) it increases
the rate of corrosion of steel in aqueous solutions, and (i1) it poisons the hydrogen
evolution reaction. Consequently, H»S aids in the effectiveness of hydrogen
charging!1.

SSC is characterized by an initial, single, straight transgranular or
intergranular fracture mode!2, that develops under the application of a tensile stress,
either applied or residual. It occurs at right angles to the direction of the applied
stress. Frequently, initiating at corrosion pits, it propagales, branches and stops13.
Branching tends to be related to the tensile strength of the steel; low strength steels
show little branching while there is considerable in high strength steels. Another
feature of SSC is that it occurs frequently in association with welds!415.16_ The
cracks may be in the weld metal itself or in the heat affected zone.

Rc 22 and BHN 235 are most used as the hardness fi gures approximating
the safe limits for alloys in sour service. These values have been established
through field experience and are those contained in most sour service material
standards. Alloys with hardness up to Rc 29 may be used successfully, depending
on alloying additions and on the heat treatments!”. In other cases, cracking
occurred in sour environments at hardness well below Rc 2218, Probably the

microstructure, not the alloy composition, governs a material’s response to sulfide
solutions!?,

2.3 MECHANISM OF SULFIDE STRESS CRACKING

From the above discussion, it would appear that hydrogen is intimately
connected with SSC failure. Most of the attributions of the role of hydrogen in SSC
are based on similar cracking tendencies observed in SSC and HE tests on low-
alloy steels. However, differences in SSC in Ni-containing low-alloy steels have
been observed which suggest that an anodic SSC mechanism is also possible.



2.3.1 HYDROGEN EMBRITTLEMENT CRACKING MECHANISMS

The susceptibility of low alloy steels to SSC was found to be directly related
to the amount of hydrogen available--not the presence or absence of HaS15. In the
case where hydrogen embrittlement mechanism prevails, hydrogen atoms (H) are
produced on the metal surface by the HpS-steel corrosion reaction. These hydrogen
atoms can combine to form molecular hydrogen at the metal surface or can diffused
into the metal. Once in the materials, atomic hydrogen readily diffuses at ambient
lemperatures to sites of high internal stress (like grain boundaries, inclusions,
regions of triaxial stress and at notches). These atoms have to migrate to the crack
tip either by surface diffusion or by bulk diffusion. The hydrogen atoms have to
react with the metal at the crack tip either chemically or physically to weaken the
metallic bond. Generally the action of the atoms in the metal is still open to
question29,

In the presence of tensile stresses, the sites of high internal stress become
sites for embrittlement and the initiation of brittle cracking failure. It is generally
observed that SSC in high-strength steels, >100 ksi (690MPa) yield strength,
appears predominantly as intergranular cracking; lower strength steels have
predominantly transgranular mode but may also have a mixed
intergranular/transgranular fracture mode21,

2.3.2 STRESS CORROSION CRACKING MECHANISMS

It has been found that nickel-containing steels exhibit different SCC and
SSC tendencies than those of nickel-free steels?2. Also, it has been reported that the
presence of nickel as an alloying element in steel promotes increased susceptibility
to cracking?3, and specifications have been issued24 limiting this element from
matenal for service in sour conditions. The effect of nickel on the stress corrosion
cracking behaviour of ferritic steel weld metal has been studied by Gooch25, He
found that nickel (O - 2.2%Ni) had no adverse effect on SCC resistance of ferritic



steel weld metal under NACE conditions. In addition, these nickel-containing stecls
show a reduced tendency to SSC with applied catt >dic potentials26, This is
opposite to the effect expected if hydrogen embrittlement cracking mechanisms
were operating and also indicative of the behavior that would persist if anodic
mechanisms were present. However, some controversy still exists regarding this
matter.

2.4 FACTORS INFLUENCING SSC

Cracking of high-strength steels in H>S environments has been a serious
problem in the oil industry for a number of years. Owing to the absence of
economical alternative alloys, considerable effort has been devoted 1o studying
factors controlling SSC so as to define as accurately as possible the safe limits for
use of high-strength steels in oil field and refinery applications.

The five major factors on which the SSC process depend are27:
(1) absorption of sufficiex:t quantity of nascent hydrogen,
(2) a total tensile stress of sufficient or critical magnitude,
(3) a susceptible metallurgical condition in the steel, and
(4) time,
(5) temperature
In other words, a critical combination of these five factors is required for SSC of
steel. If any of these factors is absent, or is of insufficient or critical magnitude,
failure will not occur.

There is increasing evidence that nascent hydrogen absorbed by steel under
stress may be the major, if not the sole, factor responsible for the failure process
when it occurs in a very short period of time28.29, It is true that corrosion of the
metal by aqueous H5S is the source of the nascent hydrogen absorbed by the steel.
Of course corrosion can contribute 1o the failure process by developing sites (pits)
for concentration of stresses so that fracturing may occur under circumstances



where the failure would not have occurred in steel charged with hydrogen if the
corrosion had not taken place.

2.4.1 ENVIRONMENTAL FACTORS

The three paramount environmental variables are solution pH,
environmental temperature, and H2S concentration.

24.1.1 pH

The effect of pH has been examined by Hudgins et al.30, Treseder and
Swanson23, Dvoracek31, and Miller and Van Rosenberg32. Hudgins performed
time to failure experiments on 33 Rc hardness material in two environments,
(Figure 3). He found that HaS-containing solutions were much more potent
cracking environments than those containing HCl or HCI + CO,. Dvoracek used
fatigue-precracked samples of API P-110 to study both pH and H2S concentration
effects, Figure 4. Increasing pH alleviates SSC; however, stronger steels require
higher pHs for safe operation. The reason for this behavior appears to be the
decrease in ability to charge hydrogen into steels in aqueous media with increasing
pH33,

2.4.1.2 TEMPERATURE

Sulfide stress cracking is a highly temperature-dependent phenomenon and
this has been used effectively in the design of downhole tubular components used
in sour gas applications. As shown in Figure 5, SSC susceptibility decreases with
increasing temperature over the range 25-200°C34. Hudgins35 showed that a
marked reduction in cracking susceptibility occurred in the region between 22° and
66°C with 2 maximum no-failure hardness increasing from 15 Re at 24°C t0 35 Rc
at 93°C. Using this relationship, high-strength steels which would normally be
expected to exhibit SSC at ambient temperatures can be utilized without cracking
failure when continually exposed to elevated temperatures which exist downhole. It
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has also been observed that SSC susceptibility is greatest at about 25°C, Figure
635. The decreased susceptibility at low temperatures is duc 1o decrease in corrosion
or diffusion rate but decreased susceptibility at high temperatures remains to be
explained, although observed repeatedly.

2.4.1.3 HYDROGEN SULFIDE CONCENTRATION

Hydrogen suifide concentration studies have been made by Hudgins et
al.30, Treseder and Swanson23, McGlasson and Greathouse37, and Greeo and
Brickell38, It has been commonly observed that SSC susceptibility of steel alloys
increasss with increasing HaS concentration. Where the level of H>S at which high
strength steels can be used without exhibiting failures at less than their yield
strength is a function of both strength level of the materials and the H2S
concentration. In general, it was found that weaker solutions take longer to promote
cracking and require stronger material before cracking begins. In field applications,
it is common practice to use only those steels manufactured to restricted strength
ranges and hardness levels when the concentration of HaS in the production
processes exceeds 350 Pa (H»S partial pressure) or 50 ppm H,S26,

2.4.1.4 APPLIED POTENTIAL

Both anodic and cathodic applied potentials have been shown to affect SSC,
Figure 7. Cathodic polarization is used to charge samples with hydrogen and as
such could be expected to promote hydrogen embrittlement. Anodic polarization
causes corrosion and might be expected to promote an active path corrosion
cracking failure. SSC is considered to be closely related to hydrogen embrittlement,
and cathodic protection would be expected to worsen the SSC resistance of high-
strength steel27,

It is now well established that SSC and/or SCC in any metal-environment
system only occurs within a specific range of potentials. The potential range in
which cracking occurs depends upon solution composition and temperature.
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2.4.2 METALLURGICAL FACTORS

There are a number of important metallurgical variables which affect the
susceptibility of steel alloys to SSC. Some of these factors are discussed below.

2.4.2.1 MICROSTRUCTURE

Although hardness is used as the criterion for determining an alloy’s
resistance to cracking in sour environments, microstructure is an aspect that should
be given as much attention. Many recent SSC investigations involving hardness or
strength are now concerned with changes in susceptibility as a result of
microstructure changes. For instance, fine grained acicular ferrite has greater
resistance to cracking than does a tempered martensitic structure of the same
hardness due to the relatively low strength of ferrite phase 3940,

Tempered structures with spheroidized carbides present the greatest
resistance to cracking. In high strength, low alloy materials, evidence of the
superiority of quenched and tempered (Q & T) martensitic microstructures over
normalized (N) or normalized and tempered (N & T) structures has become
massive41. Brickell et al.42 found hydrogen penetration to be slower in martensitic
structures than in normalized structures, also they found that untempered martensite
had a lower penetration rate than tempered martensite.

Retained austenite and/or austenite phase, under stress, can transform very
slowly to untempered martensite which is extremely susceptible to c: acking. Thus,
soft materials can sometimes exhibit poor resistance to SSC; in other words,
hardness can be a poor indicator of SSC performance?3,

Heat treatment, therefore, must involve, first, temperatures high enough to
affect the structure and, second, rapid cooling. Care must be exercised in
controlling tempering temperatures as a fully quenched and tempered martensitic
structure must be obtained.
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2.4.2.2 ALLOYING ELEMENTS

Alloying elements must be selected caref ully to prevent weak structures or
excessive hard zones.

The carbon content of steels used in sour environments can have a great
influence on the SSC resistance. Increasing the carbon content generally increases
the SSC cracking susceptibility#3. This is due to the influence that carbon has on
the microstructure and on the hardness. As the carbon content increases, there is a
greater potential for retaining low transformation-temperature structures upon
cooling from heat treating conditions. Consequently, tempering is cXtremely
critical. The influence of carbon is usually determined, in welding, through use of
an empirial relationship termed the carbon equivalent (CE). This seeks to establish
the hardenability characteristics of a steel based upon its chemistry. Field tests
suggest that materials with CE less than 0.35 may be highly resistant to SSC
provided the effects of all other alloying elements are considered 44,

An investigation done by Damie et al.%5, showed that supplementary
addition of chromium (Cr) and molybdenurn (Mo) and a relative decrease in the
carbon content improve the corrosion resistance in the presence of CO» and
chlorides. Chromium additions appear to have mixed effects on low alloy steels
with respect to SSC. In solutions with a PH 5.0 or higher, chromium additions
reduce hydrogen entry into the steel, probably through formation of chromium
oxide which is a protective scale*6, As the PH decreases, the beneficial effect of Cr
decreases. The positive effect disappears at a pH around 4.0. Some
investigators748 showed that in solutions with a pH lower than 4.0, Cr additions
produce an increase in the amount of diffusible hydrogen in the steel,

2.4.2.3 HARDNESS

The hardness versus tensile strength relationship is employed to select stecls
resistant to cracking. Rc 22 is considered the maximum safe hardness limit,
although failure in materials with lower values has been encountered, particularly in
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welds which are usually associated with high residual stresses. The failure is related
to the severity of the environment and to high stresses. However, an alloy with
hardness above Re 22 can be used successfully in sour environments, provided the
siructure has been tempered properly.

2.4.2.4 CRACK MORPHOLOGY

SSC includes crack initiation and crack propagation phases. Cracking
occurs only after an incubation period but this period may be very short. The crack
initiation may be governed by the corrosivity of the environment, the presence of
protective scales, and the alloy composition. Crack propagation is a function of the
corrosive environment and the stress. Cracks that form under sulfide conditions
generally propagate to failure in a brittle manner. Frequently, the final failure is a
ductile overload fracture when the cross-section has been reduced enough to allow
plastic deformation under the applied load. Fracture surfaces, therefore, tend to
show both a brittle and, to a lesser extent, a ductile mode49.

2.4.2.5 COLD WORK

When steel is bent or straightened cold, hardness can increase and residual
stresses up to the yield strength of the metal may be present?3, It is very difficult to
predict the magnitude and direction of these residual stresses which may be additive
to service and applied stresses. Hudson et al.50 showed that cold work would
increase both the hydrogen solubility and permeability in steel.

2.4.2.6 SULFIDE CONTENT AND SHAPE

The control of sulfide content and shape is a promising area for
improvement of SSC resistance. It is well known that inclusions act as good trap
sites for hydrogen and that elongated inclusions in particular have a detrimental
effect in promoting HE in steels. Therefore, recognizing the influence of inclusions
in promoting hydrogen induced cracking (HIC) and/or SSC in sour environments,
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Pressouyre5! found that steels immune to HIC in sour environments can be
produced by keeping the sulfur content in the steel below 0.002% and the
phosphorus content below 0.003%. Below these critical values, found for this
particular desulfurization process, the sullide inclusions become globular and more
evenly distributed.

2.5 HYDROGEN-INDUCED (STEPWISE) CRACKING (HIC)

HIC of steels is as complex as SSC and many of the same variables arc
involved. Whereas SSC occurs only under the application of an external stress and
the crack propagates at right angles to this stress, HIC can occur in the absence, or
presence, of an external stress.

Resistance to HIC does not necessary mean resistance to SSC52.53, In fact,
it has been suggested that decreased resistance to HIC can be correlated with
increased resistance to SSC54. However, it is generally said that a steel that resists
blistering also has a microstructure that may be resistant to cracking due to the

controlled inclusion shapes or to the reduction of harmful alloying elements such as
sulfurss,

HIC occurs when monatomic hydrogen, generated at the steel surface by
corrosion, penetrates the steel. The hydrogen is able to diffuse through the stecl
until it is trapped at internal discontinuities such as non-metallic inclusions,
laminations, or regions of anomalous microstructure36. The hydrogen collects at
these voids as molecular hydrogen. As hydrogen continues to diffuse to these
voids, gas pressure builds until the fracture stress of the alloy is reached and a
blister forms57, or a series of thin, stepped cracks. Figures 8 and 9 show
schematics of the formation of a hydrogen blister in steel and stepwise cracking in
line-pipe steel, respectively58.59, Parallel cracks may link up and propagate in a
steplike manner until catastrophic failure occurs when the effective thickness of the
material is sufficiently reduced. This phenomenon is commonly referred to as
stepwise or blister cracking.
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It has been established that hard steels, typically steels with Re above 22 in
industrial application, are susceptible to HICS0, Qualitatively this phenomenon is to
be cxplained as follows: hard steel, in itself, means steel hardened by introducing
crystal defects by alloy addition, heat treatment, cold working, and so forth; the
steel then becomes susceptible 10 aggression by hydrogen which has entered the
steel by any means.

On the other hand, soft steels are resistant to HIC, in part because of
sufficiently low crystal defect density. However, soft steels suffer from hydrogen
induced blistering, external or internal, when exposed to hydrogenating
environments of sufficiently high hydrogen fugacity.

2.6 FACTORS INFLUENCING HIC

The factors affecting HIC are shown schematically in Figure 10. The major
factors will be discussed below.

2.6.1 ENVIRONMENTAL FACTORS

The three paramount environmental variables in determining stepwise
cracking behavior of linepipe steels have been found to be:
(1) pH of the aqueous solution,
(2) hydrogen sulfide concentration, and
(3) environment temperature.

In aqueous environments containing H»S, the corrosion rate of line-pipe
steels increases with decreasing pH in the range pH 3-6. It has also been observed
that susceptibility to stepwise cracking (SWC) also increases with decreasing pH in
this pH rangeS!, Figure 11. The reason for this behavior is that the hydrogen entry
rate into the steel is higher in the lower pH environments, thus promoting SWC.
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Hydrogen entry rate also increases with the HaS concentration of the
environment, as does SWC susceptibility. Ikeda et al.62 found that there appears to
be a critical HaS partial pressure (Py.s) required to generate SWC in line-pipe
steels. Generally, the steels which have sulfide inclusion shape control exhibited
cracking-free behavior up to high values of HpS partial pressure.

Laboratory studies have shown that susceptibilizy to SWC decreases with
increasing temperature over the range 25-100°C as shown in Figurc 12.

2.6.2 METALLURGICAL FACTORS

Metaliurgical variables are perhaps the most important consideration in the
selection of steels to resist hydrogen induced cracking.

2.6.2.1 CASTING PRACTICE

One of the most important metallurgical factors influencing HIC of stecl is
the segregation of impurities and alloying elements during casting. Segregation of
impurities leads to concentrations of non-metallic inclusions and these are favoured
sites for the initiation of HIC. In addition, segregation of alloying elements, such as
phosphorus, tends to result in banded structures with a resultant high hardness.

2.6.2.2 DEOXIDATION PRACTICE

Deoxidation with aluminum promotes HIC as alumina particles are active
initiation sites for blistering. Since semi-killed steel contains fewer non-metallic
inclusions and/or these inclusions are rounded in shape, it is more resistant to
blistering than fully killed steels.
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2.6.2.3 MICROSTRUCTURE

It is generally considered that susceptibility to HIC in steels is highest in
what are termed discontinuous and/or banded structures$3, Cracks tend to initiate at
clongated manganese sulfide (MnS) inclusions, propagating along the low
lemperature transformation structures of bainite and martensite®4, Isolated islands
of untempered martensite apparently cause no problem, as long as they are below
the 30% level normally considered necessary for cracking. For high alloys,
martensitic stainless steel is more susceptible than other alloys and should be used
in the quench-and tempered condition2!. The choice of heat treatment depends on
the structure of the steel. Although quenched and tempered steels are reported to be
structures most resistant to HICS5, the ideal structure appears to be spheroidized
carbides in a ferrite matrix. Normalized and tempered structures are considerably
more resistant than untempered martensite96,

2.6.2.4 NON-METALLIC INCLUSIONS AND SULFUR CONTENT

Lowering the sulfur content to 0.001% remarkably reduces the HIC
susceptibility because the non-metallic inclusions are reduced in number. Also,
elongated non-metallic inclusions tend to increase the HIC susceptibility compared
to round inclusions®6-67,

2.6.2.,5 ALLOYING ELEMENTS

Alloying elements are frequently added to the melt to help control HIC by
preventing corrosior: and, hence, the generation of hydrogen. Corrosion is reduced
through a film formation. However, this effect occurs only under relatively mild
conditions with a pH over 5.0.

Copper has a beneficial effect upon HIC resistance under certain pH
conditions. The benefit is thought to be derived from the formation of a surface film
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in conjunction with mackinawite. In low pH solutions, copper additions to the steel
should be avoided as they result in increased general corrosion rates66,

Chromium is said to have a positive effect on the HIC resistance of steels as
it lowers the overall corrosion rate, particularly if the pH is over 5.06%, Since high

chromium levels can result in structures prone to SSC, a balance in chemistry must
be attained.

Nickel appears to be controversial in its effect on HIC. [t has been reported
that nickel had no effect upon HIC resistance25. However, as it may promote

hardening and subsequent SSC, NACE standards24 restricted the content of nickel
to the 1% level.

Manganese in alloys may increase the resistance of the steel to HIC but this
effect may depend on the pH of the environment. Generally, manganese reduces the
susceptibilty to HIC in moderate environments. This result would be consistent
with the formation of a surface scale.
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3. ROLES OF CO;zIN DEGRADATION OF Fe -BASE ALLOYS

Increasingly, drilling, completion and production operations encounter high
temperatures, high pressures, and corrosive species, especially carbon dioxide
(CO3) and hydrogen suifide (H2S). Significant amounts of CO3 exist in offshore
reservoirs. And enhanced oil recovery methods employing COz floods are being
utilized to increase the efficiency of hydrocarbon extraction from existing
formations. All of these production efforts, and much more, share a common
problem, namely CO; corrosion or sweet corrosion. This material degradation
phenomenon is aggravated by increases in temperature, partial pressure of carbon
dioxide (Pco,), chloride ion content, and presence of HaS when Fe-base alloys are
used for production equipment. The presence of H2S may lead to SSC in
susceptible materials.

Sweet corrosion is both an old and new corrosion problem. Through the
1950rs, active investigations were carried out on both CO» corrosion phenomena
and their prevention. Recently, the resistance of materials to CO3 corrosion has
come to be important again as a result of the application of CO2 injection for
enhanced oil recovery, the active exploitation of deep natural gas reservoirs
containing COz and the development of geothermal wells. A short history of
investigations on CO; corrosion phenomena is shown in table 167. Characteristic
features of CO3 corrosion of iron and carbon steels are its high corrosion rate even
in relatively weak acid media and its specific configuration observed on corroded
materials, i.e. mesa corrosion and ringworm corrosion. The former is related to
dissolved CO; being a reservoir for H+ ion. The latter is closely related to corrosion
products, i.e. FeCO3 and Fe304. In order to prevent CO; corrosion, the addition of
chromium in the steel is effective, because a Cr enriched passivation film is formed
on the surface$7?,

Stress corrosion cracking was not found to occur in water containing only
CO»%8, In this case, H2CO3 is formed in the solution and general corrosion is
accelerated. Although it is recognized that carbonic acid can be more corrosive



than a completely dissociated acid at the same pH, a satisfactory mechanistic
explanation of this fact has not yet been given,

3.1 CARBON DIOXIDE CORROSION MECHANISMS

Carbon dioxide corrosion can be attributed 1o the formation of carbonic acid
and subsequent iron dissolution by the acid. The reactions given below outline the
general sequence that occurs in CO» treatment equipment?.

CO2 + Hz0 — HpCOj3(carbonic acid) ()
Fe + HaCO3 — 2H + FeCQO; (iron carbonate) (2)

It has long been known that the corrosion rate of iron increases rapidly as
the pH of the environment decreases. The presence of carbonic acid lowers the pH
of the environment and thus provides hydrogen ions as electron acceptors. The
reduction in pH or the amount of carbonic acid that forms is dependent primarily
upon the pressure at which the system is being operated. As the partial pressure is
increased, the corrosion rates increase, A general rule in the pipeline industry has
been that serious corrosion can be expected if the partial pressure of CO; exceeds
30 psia (0.2 MPa), but corrosion will be low at a CO3 partial pressure below 7 psia
(0.05 MPa), but there is no agreement with field experience8.

Generally, CO; comrosion behavior is closely related to both nucleation and
growth of FeCOs . Iron carbonate (FeCO3) is not a very protective film and thus,
corrosion is not stifled. Frequently, paiches of semi-protective FeCO3 develop and
a mesa-like pitting type attack results. Carbonic acid contributes to the cathodic
reaction on the surface of corroding steel, where the corrosion rate of carbon steel
in waters containing COjy is controlled not only by the cathodic reaction but also
by the anodic reaction. In the low pH region, the corrosion rate is determined by the
cathodic reaction, i.e., reduction of H2CO3 and HCO3-. However, in the high pH
region, the corrosion rate is reduced by the formation of a FeCOj3 film on the
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surface. The corrosion rate in the high pH region is controlled by the stability of the
FeCO3 film.

An alternative explanation might be that the undissociated carbonic acid
catalyzes the hydrogen evolution reaction in equation (2) and in the intermediate
reaction given below59:

Fe + 2HCO3 — Fe(HCO3)2 + Hp

3.2 ENVIRONMENTAL FACTORS INFLUENCING CO,
CORROSION

It has been demonstrated, by both field and laboratory experience, that
environmental variables have a profound effect on the response of an alloy to
carbon dioxide corrosion.

3.2.1 CARBON DIOXIDE PARTIAL PRESSURE (Pco,):

The influence of CO; partial pressure (Pcg,) on corrosion rate of 9, 13 and
25% Cr steels was investigated by Ikeda et al. 70, The corrosion rates of 9 and 13%
Cr steels increase dramatically with increasing Pco, at relatively high temperature.
Also, as the Pcg, increases, the critical temperature at which corrosion resistance is
achieved, via a protective film, decreases. The type of corrosion product in such
environments depends on the temperature and Pco., where the tendency is for
Fe304 to form in high temperature/ low CO; conditions and for FeCQOs to form in
low temperature / high CO;.

Pco, could affect both the cathodic and the anodic reactions. For the
former, an increase in Pco, is accompanied by increasing the diffusion limiting
current densityS8. On the other hand, the anodic reaction may be enhanced through
increasing instability of the Cr-Fe-O-H passivation film because an increase of
Pco. lowers the pH value of the solution8.71,
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In comparing corrosion behavior at 0.1 MPa Pco, with that at 3.0 MPa
Pco,, the corrosion rate in the former is less than in the latter, and the critical
temperature to corrosion resistance is higher than in the latter, as shown in Figure
13. This would be caused by the stability of the passivation film, because the pH
value of the solution is higher in the former than in the latter. In addition, it has
been shown that the corrosion resistance of 25%Cr steel is independent of
temperature up to 250°C and Pco, up to 3.0 MPa70.72,

3.2.2 CHLORIDE IONS (Cl")

The influence of Cl ion concentration on the corrosion rate of Cr steel has
not been sufficiently clarified. Bryant and Chitwood73 reported that NaCl
concentration up to 16 wt% has a slight effect on the corrosion rate of 9% Cr and
12% Cr steels in 175°C, 7 atm CO;.

There is less influence at low temperature (65°C) than at high temperature
(175°C). Masamura et al. 74 reported that the increase of NaCl content from 10 to
20% increases the corrosion rate of 13% Cr in high temperature, high pressure CO;
(55 to 65 atm, 150 to 200°C) while the effect of Cl jon concentration on corrosion
rate is not significant in 22% Cr a-y duplex-phase stainless steel Figure 14,

The corrosion rates of both 9% Cr and 13% Cr steels at 150°C increase
slightly with increasing CI” content over 300 ppm. At 150°C, 25% Cr steel shows
an excellent corrosion resistance in Cl- concentrations of up to 1.25 x 105 ppm67,
Thus, it could be concluded that the ClI” concentration would hardly affect CO,
corrosion behavior of Cr-steel at temperatures below the critical temperature, below
which the corrosion resistance is stable, although it would be detrimental to
corrosion resistance of Cr steel at temperatures over the critical temperature,
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3.2.3 TEMPERATURE

There is a synergistic influence of CI” content and temperature on the general
cofrosion rate in any given aqueous CO3 environment. In general, corrosion rates
in excess of 10 mpy are observed at temperatures above 150°C. The higher the
Pcoa, the higher the corrosion rate, In addition, as the temperature increases, the
solubility of CO2 in the aqueous solutions decreases, but the net effect is to increase
the rate of attack on steel 7.

The influence of temperature and Pco, on cotrosion behavior of 9 to 25%
Cr steels is shown in Figure 13. At low temperatures, the corrosion rate decreases
as the Cr content increases, also the Cr content concentrates in the corrosion
product, and it increases with increasing Cr content of the matrix. Even in 12% Cr
steel, the Cr content in the film could attain concentrations of up to about 15 wt%76.
The corresponding temperatures for maximum corrosion rate move to higher
temperatures with increasing Cr content in steel.

Each 9% Cr, 13% Cr and 25% Cr steel shows a stable corrosion resistance
at temperatures below 100°C, 150°C and 250°C, respectively. At high temperatures
over these critical temperatures, the corrosion loss of each material is approximately
proportional to immersion time?0- Thus, corrosion of steel by CO2/H20 occurs
over a broad spectrum of partial pressures and temperatures,

3.24 HYDROGEN SULFIDE CONTAMINATION

Hydrogen sulfide is extremely detrimental to the corrosion resistance of Cr-
steels, as can be noticed in Figure 15. Both 9% Cr and 13% Cr steels show a
general corrosion mode in every temperature region, even in H>S contamination of
3.3 ppm. At 3.3 ppm, 25% Cr steel suffers general corrosion at temperatures
higher than 80°C77,



Because HpS makes the comosion potential noble, the passivation film of
Cr-steel is easily destroyed. FeS easily forms at ambient temperature where general
corrosion occurs. Thus it is necessary, for securing corrosion resistance in H»S-
CO»-ClI-, to change the structure of the passivation film by means of co-addition of
other alloying elements, such as nicke]78.

Kudo et al.7? showed that even high chromium steel such as 30%Cr -
1%Mo steel would suffer high corrosion rates and SCC in CO;,-Cl- environment
contaminated with as low as 0.01 MPa H,S.

3.2.5 OXYGEN CONTAMINATION

It has been found that oxygen contamination below 1670 ppm hardly affects
CO2 corrosion behavior of Cr-steel with Cr content more than 9% at temperatures
below 150°CS3. As concemns 13% Cr steel, a slight coexistence of oxygen with
COz tends to decrease the corrosion rate slightly. Ikeda et al.70 observed a little
pitting corrosion at the side surface of both 13% Cr and 25% Cr steels specimens,
only in the condition of 1670 ppm oxygen at 80°C. It should be taken into account
that oxygen contamination is slightly detrimental to localized corrosion resistance of
Cr steel.

3.2.6 INFLUENCE OF FLOW VELOCITY

At temperatures below the critical temperature, below which the corrosion
resistance is stable, the flow velocity hardly affects corrosion behavior of Cr-steel.
Even in gas solutions, with the phase flowing as fast as 25 m/s, this tendency is
maintained. As a result, both the 13% Cr steel and 25% Cr steel are significantly
resistant to CO corrosion at temperatures below 100°C and below 150°C
respectively regardless of flow velocity.
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3.3 PREVENTION OF CO2 CORROSION

Studies7580.8! were made of the composition of corrosion products on
carbon steel subjected to COz corrosion in water. A two-layer product was formed,
the one next to the metal named corrosite, and the outer layer corresponded to
siderite. This two-layer carbonate film had good protective properties as a result of
the strength and low solubility of the corrosite (FeO . FeCO3) and the reduced
solubility of the siderite resulting from the restricted diffusion in fine pores.
Artificial formation of such two-layer oxide films could be a method of protecting
carbon steel equipment from CO; corrosion.

As for the prevention of CO; corrosion, 9% Cr - 1% Mo, 13% Cr and 22-
25% Cr a-y duplex stainless steels are commercially available with a couple of
application limits. First, the critical application temperature for each application is
100°C for 9% Cr - 1% Mo steel, 150°C for 13% Cr steel and about 250°C for 22 -
25% Cr steel. Second, the coexistence of hydrogen sulfide with carbon dioxide
would contribute significantly to the degradation of their corrosion resistance. The
limit concentration of HaS for no evidence of degradation is 0.0001 MPa for 9% Cr
- 1% Mo and 13% Cr steels and 0.001 MPa for 22 - 25% Cr duplex steel5”. From
the viewpoint of application to oil and gas production, 13% Crand 22 - 25%Cr c—
v duplex steels are useful. When each stee] is tempered above each specific
temperature, it becomes completely immune to SCC. This specific tempering
temperature was designated as the critical tempering temperature (CTT). Under
these conditions, the SCC susceptibility of 13% Cr steels was considered to be
dependent on their microstructure and strength. In many instances, the problems of
downhole corrosion of low-alloy steels can be handled with chemical inhibition,
Unfortunately, corrosion inhibition is not as reliable as properties like the strength
or microstructure of the steel. It require people and machines for application. In
addition, under severe conditions, the success of inhibitors is not guaranteed and
the process of inhibition is very expensive. For these reasons most companies do
not rely solely on inhibition to prevent SSC in particular.
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4. CORROSION AND SSC IN H;S/CO,/CI- ENVIRONMENTS

Hydrogen sulfide as well as carbon dioxide can be dissolved in aqueous
environments to form acid solutions. From this property they derive their
commonly used name of acid gases.

One of the greatest problems that the oil industry is presently being faced
with is to find a satisfactory solution for the availability of steels and then resistance
in environments with high HaS content, Where high content of CO; and Cl-is
found, another problem of an adequate resistance to general, pitting corrosion
and/or SSC will arise.

Sardisco et al.82 studied the corrosion of mild steel in the H8/COL/H0
system. According to the authors, the protectivity of the formed sulfide film
depends upon the partial pressure of H,S and the pH of the solution. When a small
amount of HS was added to the CO2-Ha0 system, the corrosion rate dropped
indicating that the H,S became the controlling parameter instead of CO,. In
addition, a change in physical properties of the film was very noticeable.

The influence of H2S concentration and temperature on corrosion of steel in
5% NaCl solution has been investigated by Rogne®3. He found that at hi gh
temperatures and high H»S concentrations, formation of FeS film reduces the initial
high corrosion rates. In H2S/CO, mixtures compared to HpS/N3 mixtures, CO»
increases the corrosion rate when the H»S content is > 4%, Even a small amount of
H3S down t0 0.03% HaS in mixture with CO2, seems to have an inhibiting effect
on COz corrosion of steel,

There are several inconsistencies among various investi gators’ results, e.
g., the effect of chloride ion on SSC and/or SCC, the effect of CO; and H,S partial
pressure, the effect of temperature, pH and microstructure.
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In order to mitigate CO, corrosion as well as SSC and/or SCC in the
CO2/Ha8/Cl- environments, 9Cr-1Mo, AISI 420 (13%Cr) martensitic steel, and
22-25%Cr duplex stainless steel have been widely used; however, application
criteria have still not been clearly defined. Recently, their performance properties
have been widely investigated. However, there are a couple of important conflicting
points in published research?0. One of them is SSC resistance of 13%Cr steel and
the other is SCC resistance of duplex phase stainless steel in an CO»/H,S/Cl-
system. These differences would result mostly from the difference of experimental
technique.

4.1 SSC OF MARTENSITIC STAINLESS
STEEL IN H2S8/CO2/Cl- SYSTEMS

The SCC or pitting susceptibility of chromium stainless steels in an HpS
environment has been discussed for a long time23.84.85, The influence of HpS
contamination in a CO»-Cl* environment on the corrosion behavior of martensitic
stainless steels was investigated by lkeda et al.76 who reported that 9Cr-1Mo and
13Cr stainless steels with the martensitic microstructure are essentially COy
corrosion resistant alloys. The former could be applied up to 100°C and the latter
could be applied up to 150°C.

The criteria for partial pressure of HaS is one of the most important
problems under investigation. The effect of the pressure of H»S and COg3, in HyO-
H3>S and H»O-CO; systems, on the corrosion of tubular steels was investigated by
Koval et al.86 who found that generally, in the liquid phase the corrosion rates
increased with pressure of HzS and COs.

U-bend SCC tests of 13Cr steel in CO; environments containing H»S have
been made in conditions III, IV and V as shown in table 289. The specimen
strengths were adjusted to API L-80 and C-90. The results are tabulated in table 3,
which also shows tensile properties and corrosion rates.
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The effects of alloying elements on the Ni-type SCC resistance showed the
same inclination as the results of SCC tests in the pure CO» environment. This
indicates that both the SCC in the pure CO» environment and the SCC in the COx +
H,S environments involve the same phenomena and that HaS accelerates SCC,

The failure time in the NACE solution (pH=3.5), measured by the constant
load tensile tests, was considerably shorter than that of the other conditions
(pH24.7), and the threshold stress was much smaller. The experimental results arc
shown in Figure 1687, In addition, in NACE solution, the average corrosion rate of
the 13%Cr stainless steel was greater than that of Ni-type alloys and low alloy
steels. However, NACE solution has been widely used to study SCC in HsS
environments by different types of tests. The results agreed with the of ten-proved
fact that the susceptibility of 13Cr steels to SCC in HaS environments is inferior to
that of low alloy steels having the same strength.

The effects of strength (sy) on the failure time measured under an applied
stress of 0.6 sy are shown in Figure 1787. When the yield strength of 13Cr steels
exceeded 58 kg/mm?2, the time to failure was very short. In most investigations, the
fracture mode of 13Cr sterds was intergranular.

4.2 HYDROGEN EMBRITTLEMENT OF MARTENSITIC
STAINLESS STEELS IN H2S8/CO2/CL- ENVIRONMENTS

Itis generally agreed that SCC of low alloy steels in HaS environments is
caused by hydrogen embrittlement (HE)10.88,

The degree of HE is usually evaluated in terms of the ratio of elongation
under hydrogen charging (Ely) to elongation in air (Elair). The smaller ratio
indicates that HE is enhanced.

Generally, low alloy steel is not significantly subject to embrittlement, but
the embrittlement of 13Cr stainless steel (martensitic) is significant. As mentioned
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before, the SCC resistance of low alloy steels in CO»-H»S environments is higher
than that of 13Cr steels. Thus it is reasonable to hypothesize that the SCC is caused
by HE. Furthermore, the susceptibility of 13Cr steels to HE is greatly dependent on
the tempering temperature. From Figure 1887, although the strength of Ni-type steel
tempered at 710°C was higher than of that tempered at 600°C, the 13Cr steels
which were tempered at 710°C exhibited less HE susceptibility compared to those
which were tempered at 600°C. It is generally believed that at relatively high
temperatures, the HE mechanism is less intense, because the hydrogen diffusion
rate increases so the quantity of hydrogen which remains in the structure is lower.
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s. CORROSION RESISTANT MATERIALS

In some cases, chemical inhibition is not effective in preventing the
engineering alloys from degradation in sweet and/or sour environments because of
either environmental or engineering limitations. This has recently brought about the
use of corrosion-resisting alloys in a number of applications from downhole tubular
to valve and specialty components. Some of the materials being considered for
these applications are given in table 489,

High-alloy stainless steel and Ni-base alloys offer great potential in
revolutionizing well completion design by increasing allowable stress levels,
removing inhibitor systems, and basically making it possible 1o do operations not
possible using conventional technology. However, it must be realized that these
materials can act very differently than steels, are affected differently by HpS, and
are subject to a different set of engineering limitations.

High-alloy material for deep-well production must have high strength to
ensure resistance to tensile failure under high axial load as well as resistance to
collapse and burst. In addition, these materials must overcome the detrimental
effects of HzS, CO,, sulfur compounds and concentrated brine solutions.

To obtain high strength and mitigate corrosion, there has been increased use
of materials containing high levels of chromium, nickel and molybdenum. The
behavior of these materials in oil field environments containing H3S, COj3, and
chlorides, however, is an essential factor. Two important areas of concern are
corrosion and cracking, where the behavior of stainless steel alloys is more
complex than that for conventional steels. For example, stainless alloys may be
susceptible to cracking by either a hydrogen embrittlement-cracking process or by
stress corrosion cracking. The mechanisms involved in these two processes are
shown in Figure 1946,
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To understand the behavior of high-alloy materials in oil field production
environment, four classifications of materials need to be made. They are:
(1)} martensitic stainless steels,
(2) duplex stainless steels,
(3) high-alloy austenitic stainless steels, and
(4) Ni-base alloys.

Each classification has different ranges of composition, microstructure,
strengthening mechanism, and performance in corrosive production environments.
As a rule, these materials do not behave as one class of materials. This must be
realized when selecting these materials for oil field service.

In the next two sub-sections, the properties, performance, and applicability
of 9-13% Cr martensitic stainless steels and o~y duplex stainless steel in HyS-CO5-
Cl- environments will be discussed in that order.

5.1 9Cr - 1 Mo STEEL

This alloy is 2 martensitic intermediate alloy steel generally recommended
for wet CO2 environments with moderate to low chloride concentrations and
moderate temperature®. The typical chemical composition of 9Cr - 1Mo is givenin
table 591,

While successful use of SCr - 1Mo has been reported for sweet wells?2, it
suffers pitting and SCC in certain COs environments93. 9Cr - 1Mo has the
advantage over duplex of being strengthened by heat treatment and also it has better
chloride stress corrosion cracking resistance94, 9Cr - 1Mo being essentially
immune if properly heat treated. In addition, 9Cr - 1Mo has slightly better HoS
cracking resistance than 13Cr, as reported by PhelpsS.

The corrosion behavior of 9Cr - 1Mo steel in 2 wet CO; environment and
the influence of H2S contamination was investigated in detail 70, It was confirmed



that one of the most important factors in CO; corrosion of Cr stecl was lemperature.
However, the corrosion behavior of 9Cr - IMo at relatively high temperature,
above 100 and 150°C as shown in Figure 13, suggests that the Pcq, is another
important factor. Pco, could affect both the cathodic and the anodic reactions. For
the former, an increase in Pco, is accompanied by increasing diffusion limiting
current density 76, On the other hand, the anodic reaction is enhanced through
increasing instability of the Cr-Fe-O-H passivation film because an increase of
Pcos lowers the pH value of the solution71,

In Figure 20, the effects of temperature and Py,s are shown. The 9Cr -
1Mo steel of C-95 grade is very susceptible to SSC. Even at 1x10~ MPa Ppas.
SSC occurs. In the CO,-Cl- environment contaminated with a small amount of
H3S, the dependence of SSC susceptibility of 9Cr - 1Mo on the strength level is
clearly shown in Figure 21,

The influence of Cl ion concentration on the corrosion rate of Cr steel has
been reported by Tkeda et al.70 as shown in Figure 14. The NaCl concentration up
1o 16 wt% has a slight effect on the corrosion rate of 9Cr and 12Cr steels in 175°C,
7 atm COs.

9Cr - 1Mo with a maximum hardness of Re 23 was selected as the most
practical tubing material for the Brown-Bassett field%, Ellenberger formation. The
wells’ conditions were 18,000 to 21,000 feet deep, temperature 375°F (190°C),
pressure 14,000 to 16,000 psi (96 to 110 MPa), CO; 50 wi%, H>S 20 -30 ppm
and Cl ion up to 35,000 ppm. Today 9Cr - 1Mo is still in service in many of the
field’s wells. In the Puckett-Ellenberger field, in Texas, two wells were completed
with 9Cr - 1Mo having a maximum hardness of Rc 26. These two wells are still in
service more than 25 years later. The conditions were similar to the one mentioned
before, never needing a corrosion inhibition program,
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5.2 13Cr STEELS

Of all corrosion resistant martensitic alloys, 13Cr martensitic steel is the
least expensive, Its strength can be changed by adjusting the carbon content and/or
tempering temperature. The corrosion and SCC behavior of 13Cr steel are more
significantly affected by environmental factors than those of stainless steels
containing more than 13%Cr.

It has been known that 13Cr steels are highly resistant to CO; corrosion,
bul they are more susceptible to SCC in environments containing HpS than the low
alloy steels are%22.97, Therefore, they should be used in gas and oil fields with
higher CO2 concentrations and lower HaS concentrations. As a result, it is
necessary to clarify the critical H2S concentration at which 13Cr steels undergo
SCC. This critical H2S concentration is affected by the chemical composition,
strength, and microstructure of the steel.

13Cr stainiess steel has perhaps the longest history of application in a wide
variety of oil and gas-producing environments containing CO». Compared to the
9Cr - 1Mo and a - y duplex stainless steels, 13Cr stainless steel ranks highest of
the three in amount of tibular in actual use.

The above fact is due to the higher resistance of 13Cr stainless steel to
general corrosion and pitting in CO2 environments compared to that of 9Cr - 1Mo
and it can tolerate higher chloride contents and temperature. Field experience has
shown that 13Cr can also resist corrosion and SSC in the presence of small
amounts of HaS.

The high hardenability of 13Cr stainless steel permits a complete
transformation from austenite to martensite by simply air cooling from the
austenitizing temperature. A uniform martensitic microstructure is desirable from an
SSC point of view and special efforts, such as internal-external quenching, are
usually expended for low alloy steel in this regard.
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Following hardening (air cooling), 13Cr stainless steel is tcmpered within a
specific temperature range to achieve the desired mechanical properties. Figure 22
shows the relationship between tempering temperature and tensile properties; the
tensile strength along with the yield strength decrease as the tempering temperature
increases. Figure 23 presents the mechanical properties as well as corrosion
resistance as a function of tempering lemperature for 13Cr stainless steel, In
addition to yield and tensile strengths, impact resistance is plotted in Figure 23 as a
function of tempering temperature in terms of Izod energy. Also, corrosion
resistance of 13Cr stainless is shown as weight loss in 3% NaCl. This figure
shows that tempering at about 550°C results in maximum corrosion rate and
min‘mum ductility.

Itis clear that corrosion resistance and impact properties improve only if
tempering temperatures are above, say, 620°C. The poor corrosion resistance of
13Cr stainless steel when tempered in the range 500 - 600°C is due 1o the
precipitation of carbides and Cr depletion from specific zones, a process akin to
sensitization in austenitic stainless steels.

When one considers the responses to tempering temperatures as shown in
Figures 2 and 3, it become evident that the maximum yield strength levels attainable
for 13Cr without adversely affecting the impact and corrosion resistance are limited
to within 100 ksi. This fact has a bearing on the 13Cr grades commercially
available, in that the product is limited to an equivalent of AP[ C-95. Hence, 13Cr
manufacturers can supply 13Cr stainless steel tubular conforming to API C-75, L-
80, and C-95, as well as non -API grades, such as C-85 and C-90.

The corrosion behavior of 13Cr steels in wet COz environment was
investigated by Ikeda et al.70. The 13Cr steel is corrosion resistant in a COz-Cl-
solution below 150°C; in such conditions, corrosion resistance does not depend
heavily on Cl- concentration, (if less than 20% NaCl) or on Pcg,, if less than 3.0
MPa at 25°C. Corrosion does, however, increase with increasing CO; and Cl-
levels.
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Ikeda and Mukai®8 presented the corrosion behavior of type 420 13Cr steel
in CO2 - CI- contaminated with H2S, where 13Cr steel would suffer primarily
weight loss corrosion at temperatures over 150°C, severe pitting corrosion at
intermediate temperatures between 60 and 120°C, and SSC near ambient
temperature. Recently, Mukai et al.®? showed that SSC susceptibility of martensitic
13Cr steel depended upon a notch effect in the specimen and the pH value of the
solution as shown in Figure 24. The presence of H,S accelerates the general
corrosion rate and increases the tendency of pitting. HpS also makes 13Cr stainless
steel susceptible to SCC. The mechanism of corrosion of 13Cr stainless steel is
distinctly different from that of low alloy steels by virtue of the resultant corrosion
products that are observed. Sulfide inclusions are a likely source of initiation of
pitting corrosion.

The results of the corrosion tests of AISI 410, AISI 420, and 4130 low
alloy steel in NACE solution (H2S/CO/C!") performed by Ishizawa et al.57 indicate
that the corrosion rate becomes higher with the increase of chromium content. The
reason for this effect of chromium is not completely clear, but it can be said that the
corrosion resistance of 13% Cr steel is not too high in such a corrosive environment
as NACE solution.

5.2.1 AISI 410

The 12% Cr steels are general-purpose stainless steels with adequate
chromium content for many coriosion and heat resisting applications. Because the
hardenable 12% Cr steels furnish an effective combination of strength, relatively
high hardness, and corrosion resistance, they are used in a wide variety of
applications. The typical chemical composition is given in table 5. Exemplified by
AISI 410, this class of steel is ferritic in the annealed condition, but it can be heat
treated by rapidly cooling from 980 to 1010°C (1800 to 1850°F) followed by
tempering. Figure 25 shows typical mechanical properties resulting from tempering
at different temperatures. On the basis of reported laboratory tests and service
experience, annealed ferritic stainless steels are the only commercial steels that is
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not susceptible to SCC. Conversely, hardened (martensitic) type 410 stainless steel
is susceptible to SCC under certain conditions 100,101

Although AISI type 410 is used in many applications without the occurrence
of SCC, this kind of attack is encountered on occasion. The 410 alloy does not
offer adequate corrosion resistance to the CO2/H5S saturated hot brines which
simulate deep well environments. This martensitic stainless stecl fails by HaS stress
cracking at room temperature and suffers accelerated corrosive attack at elevated
temperaturesl.

Tempering temperature is a very important factor in controlling the
susceptibility of martensitic type 410 stainless to SCC. Figure 26, for example,
indicates that resistance to cracking of hardened type 410 and type 416 (a free
machining grade of type 410 containing high sulfur) in a 0.5 % acetic acid solution
containing HzS can be obtained by keeping the hardness below Re 24 ( i.c.
tempering temperature control)102,

Typical microstructural features of intergranular and transgranular cracking
in hardened type 410 stainless steel are shown in Figures 27 and 28, SCC caused
by the presence of intergranular carbides (chromium depletion in the grain
boundaries) always follows the prior austenite grain boundaries. However,
cracking caused by HE may be intergranular or transgranular.

From the above discussion, significant improvement in performance can be
obtained by selection of the proper heat treatment. For environments known to
cause hydrogen charging, such as those containing HpS, the steel should be
tempered at 1200°F (650°C) and above to keep the hardness below Rc 22. Even
this approach may not avoid cracking under severe conditions.
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5.2.2 AISI 420

AISI 420 is the high carbon version of AISI 410 and thus can be heat
treated to even higher strength levels than the latter and is free of delta ferrite,
primarily due to the higher carbon content. AISI 420, however, exhibits poor
weldability and loss of toughness at high strength levels. In general, the SSC
resistance of AISI 420 is superior to that of AISI 410%7- The typical chemical
composition of AISI 420 is given in table 5. AISI 420 is thus suitable for 13Cr
stainless steel oil-country tubular goods (OCTG) from the aspects of ease of heat
treatment, strength levels attainable, and resistance to SCC as well as SSC in CO,
environments containing small amounts of H»S. Weldability is not a concern for
OCTG and the moderate toughness values do not impair applicability for tubulars.

Determining the limits of use of AISI 420 in H;S-CO,-Cl- environments is
a complex task. The material can become passive, thus greatly reducing the effects
of an aggressive environment on the general corrosion which is typical of quenched
and tempered carbon steels in the presence of large quantities of CO,.

A compilation of SSC data on 410, 420, and CA-15 from various
sources#103.104 js shown in Figure 29. The aqueous environments used in these
studies were saturated with HsS, thus providing a conservative lower bound. The
improvement in the SSC resistance of AISI 420 over AISI 410 or CA-15 may
attributable to microstructural features of the former (fine grained uniform
martensitic structure free of delta ferrite).

Data in Figure 29 also provide a measure of confidence in using AISI 420
stainless steel tubular in environments containing low levels of HS where the use
of AISI 410 for wellhead equipment has been successful. Figure 29 also indicates
that the threshold stress for SSC falls off quite rapidly with increase in yield
strength in the range 80-110 ksi (0.55 -0.76 MPa). This means that controlling of
yield strength and hardness during manufacture must be exercised in order to
maximize the SSC resistance. For example, an actual application of type 420 13Cr



steel with C-85 grade in CO,-Cl- with a very small amount of HaS has been in
successful operation in the Tuscaloosa field for about two years, as reported by
Combes et al.%. The maximum hardness of Rc 23 has been employed for 420 type
13Cr steel tubular used in the Tuscaloosa field. The environmental conditions arc
Pcoz, 1.0 to 1.5 ksi; Cl- < 3000 ppm; Pi.s, 0.4 psi; and 180°C at well bottom.

It is possible that corrosion severity in the actual wells is less than in the
laboratory simulation test. In addition, AISI 420 stainless steel was found to be
substantially more susceptible to SCC than low-alloy steels at comparable strength
levels in both field and laboratory environments105.106,

AISI 420 steels can be tempered at higher lemperature in comparison with
410 steels to obtain the same strength level. It is mainly due to the higher carbon
content of 420 steels. The high tempering temperature of 420 steels is advantageous
to make the microstructure favorable to the SSC resistance, that is, more recovered
substructure (subgrain, the shape and distribution of carbide particles and the
arrangement of dislocations) with a larger amount of coarser and globular carbides.

In addition, the higher SSC resistance of 420 steels compared to that of 410
steels has been related to higher carbon levels. It is attibutable partly to finer grain
size introduced by higher carbon content7.

5.3 a-y DUPLEX STAINLESS STEEL

Duplex (austenitic/ferritic) stainless steels are a relatively new class of
engineering materials used in oil field application. They have been used in wellhead
components and, more recently, as high strength tubular goods. They typically
have better corrosion resistance than 13%Cr. Since the practical experierce of using
duplex stainless steels as materials for downhole piping is limited, there is some
uncertainty about their performance and many aspects of this material in sour gas
production environments are still questionable.
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In the past it was generally agreed that duplex stainless steel was quite
resistant to SSC in aqueous environments containing HaS, CO; and Cl-, As a
result, duplex stainless steel tube and linepipe were applied for sour service on a
moderate scale.

The confidence in this material was based on data produced by
manuflacturers. However, as time went on, laboratory results showed that SSC of
duplex stainless steel might be possible at HpS levels as low as 0.1 bar or even
lower(T = 290°C)&4.

Ikeda et al.70 summarized SCC susceptibility of 22-25Cr a—y duplex
stainless steel in Figure 30, where essentially two phenomena were pointed out.
One is that the temperature region most susceptible to SCC in H38-CO»-Cl-
environment locates at temperatures between 60 and 100°C, which is consistent in
all literature. At this temperature range selective corrosion of the austentic phase
took place’2. The other is that there is an inconsistency among the published
autoclave data, i.e. the criteria for SCC in the high temperature regions over 150°C.
Oredsson and BernhardssonS5 showed that the lower cracking limit of Py,s had a
tendency to increase with temperature increases, while Mukai at al.72 and Prouheze
et al.107 showed that it decreased with temperature increases. Furthermore, the
SCC resistance of 22-25%Cr a-y duplex stainless steels in CO»-CI- environment
was examined by Mukai et al.70 and Asphahanil. They showed that the Cr, Ni, and
Cu contents are not the only factors affecting the alloy’s resistance to pitting and to
SCC. It appears that the percent of the ferrite phase present in a duplex alloy is
another important factor to be considered when comparing the performance of these
ferritic-austenitic materials. In addition, Mukai et al.72 reported that the application
criteria of a~y duplex stainless depended on environmental and metallurgical
conditions such as Hz$ partial pressure, Cl ion concentration, temperature, and
cold work,
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6. HEAT TREATMENT OF STAINLESS STEELS

The process of heat treatment of stainless steels is used to produce changes
in physical properties, mechanical properties and residual stress level, and 1o
achieve maximum corrosion resistance when that property has becn adversely
affected by previous fabrication or heating processes. Frequently, a combination of
satisfactory corrosion resistance and optimum mechanical properties is obtained in
the same heat treatment.

6.1 C-Cr-Fe PHASE DIAGRAM

The ternary system carbon-chromium-iron provides a basis for
understanding the constitution of these materials. The transition between Fe-Cr
ferrite (a)-stabilizing and Fe-C austenite (v)-stabilizing phases gives rise to complex
regions in the ternary systems.

The binary iron-chromium equilibrium diagram, Figure 31, shows that Cr
restricts the occurrence of the y-loop to the extent that above 13%Cr the binary
alloys are ferritic over the whole temperature range, while there is a narrow (a+y)
range between 12% and 13%Cr.

The addition of carbon to the binary alloy extends the y-loop to higher
chromium contents, Figure 32, and also widens the (o-+y) phase field up to 0.3%C.
Above 0.4%C the steel can be made fully austenitic if cooled rapidly from the y-
loop region. The second effect of carbon is to introduce carbides to the structure as
indicated in Figure 33108, These carbide phases have the following fomulas and
composition limits109,

M3C, cementite, containing up to 15wt% Cr

My7C3, trigonal chromium carbide, containing up to 55 wi% Fe
M23Cg, cubic chromium carbide, containing up to 30 wt% Fe
M3C2, orthorhombic chromium carbide, up to 20 wt% Fe.
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In austenitic steels, M33Cg is the most significant carbide formed and it can
have a substantial influence on corrosion resistance. Figure 32 also shows that the
carbide phase My3Cg exists below about 1050°C. However, it goes into solution
when the steel is heated to 1100-1200°C and on quenching, a precipitate-free
austenite is obtained. However, in reheating (e.g. tempering) in the range 550°-
750°C, M23Cs is reprecipitated preferentially at the grain boundaries. While such
precipitation can have an adverse effect on mechanical properties, in particular low
temperature ductility, the most significant result is the depletion of the regions
adjacent to the grain boundaries with respect to chromium. Consequently, the steel
is more susceptible to intergranular corrosion.

Considering the addition of Cr to Fe-C alloys, the y-field is constricted, the
eutectoid temperature (y = a + M3C) being raised and carbon content of the
eutectoid being lowered (Figure 34)110. Thus from a practical standpoint, steels
containing 10 to 18% Cr must be heated at temperatures between 900 and 1200°C if
full hardening is to be obtained during subsequent quenching, and for maximum
hardening by transformation of the y phase, the carbon content must lie within the
limits of the y region for a given chromium content.

6.2 MARTENSITIC STAINLESS STEELS

Martensitic types are iron-chromium steels with or without small additions
of other alloying elements. The martensitic stainless steel must have the proper
combination of chromium and carbon (and other elements) so that austenite is
present at high temperature, and martensite present upon cooling to 20°C. These
steels are stronger than the ferritic and austenitic class, and their utilization relies on
the high strength along with corrosion resistance, They are ferritic in the annealed
condition, but are martensitic after rapid cooling in air or a liquid medium from
above the critical temperature. Steels in this group usually contain no more than
14% Cr except AISI 440, and an amount of carbon sufficient to promote hardening.
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Martensitic stainless steels (e.g. grades 410, 416, 420, 440A, 440B and
440C) are similar to other AlSI quenched and tempered steels in that they are
magnetic and are hardened by austenitizing and tempering. Rapid quenching of
austenite to room temperature often results in the formation of martensite, a very
hard structure in which the carbor, formerly in solid solution in the austenite,
remains in solution in the new phase. Figure 35108 shows the large effect of carbon
content on the hardness of martensite compared with the relatively small effect of
carbon on the strength of austenite.

Unlike ferrite or pearlite, martensite forms by a sudden shear process in the
austenite lattice, which is not normally accompanied by atomic diffusion. Ideally,
the martensite structure is a diffusionless shear transformation, highly

crystallographic in character, which leads to a characteristic lath or lenticular
microstructure.

The martensite reaction in steels begins at a martensitic start temperature,
M. Once the M; is reached further transformation takes place during cooling until
the reaction ceases at the My temperature. The rate of cooling must be sufficient to
suppress the higher temperature diffusion-controlled ferrite and peariite reactions,
as well as other intermediate reactions such as the formation of bainite.

6.3 HEAT TREATMENT OF MARTENSITIC STAINLESS STEEL

The heat treating of martensitic stainless steel is essentially the same as for
plain carbon or low-alloy steels, in that maximum strength and hardness depend
chiefly on carbon content. The principal metallurgical difference is that the hi gh
alloy content of stainless grades causes the transformation to be quite sluggish, and
the hardenability to be quite high.

The martensitic stainless steels are more sensitive to heat treating variables
(e.g. temperature, soaking time and cooling rate) than are carbon and low-alloy
steels. Martensitic stainless steels normally are hardened by being heated above the
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transformation range to temperatures of 950°-1250°C (100% austenite) and then
cooled in air or oil,

Because of the low thermal conductivity of stainless steels, high thermal
gradients and high stresses during rapid heating may cause cracking in some parts.
To avoid this problem, preheating is usuvally recommended in the treatment of
martensitic stainless steels. Preheating is usually accomplished at 760° to 790°C,
and heating needs to be continued only long enough to assure that all portions of
cach part have reached the preheating temperature.

The traditional way to high strength in steels is by quenching to form
martensite which is subsequently reheated or tempered at an intermediate
temperature, increasing the toughness of the steel without too grea' a loss in
strength. Therefore, for the optimum development of strength, a steel must first be
fully converted to martensite. To achieve this, the steel must be quenched at a rate
sufficiently rapid (from the austentizing temperature) to avoid the decomposition of
austenite during cooling to such products as ferrite, pearlite and bainite.

The austenitizing temperature of martensitic stainless steels is mainly
dependent upon the type or the chemical composition of the material, with 100%
austenite usually being achieved over a range of temperature. When maximum
corrosion resistance and strength are desired, the steel should be austenitized at the
high end of the temperature range.

The as-quenched hardness increases with increasing austenitizing
temperature to about 980°C, then decreases because of austenite retention and
(occasionally) the formation of delta ferrite, The binary iron-chromium equilibrium
diagram (Figure 31) shows that above 13% Cr the binary alloys are ferriti over the
whole temperature range, while there is a narrow (ce+y) range between 12% and
13% Cr. The ferrite is normally referred to as delta ferrite because in these steels the
phase can have a continuous existence from the melting point to room temperature.



44

Soaking time of 30 to 60 min. is sometimes recommended for sections
0.5in. thick and under. However, soaking times should be doubled if parts to be
hardened have been fully annealed or isothermally annealed!!!,

Quenching of all martensitic stainless steels can be done in either oil or air
due 1o their high hirdenability. In stainless steels like types 414, 420, 431 and the
440 grades, carbide precipitation may occur in grain boundary areas if heavy
sections are cooled slowly through the temperature range of about 550°-750°C,
Although oil quenching is preferred from the ductility and corrosion resistance point
of view, air cooling may be required to prevent quench cracking,

The as-quenched martensite is a very strong phase but it is normally very
brittle so it is necessary to modify the mechanical properties by heat treatment in the
range of 150°-750°C. This process is called tempering. Essentially, martensite is a
highly supersaturated solid solution of carbon in iron which, during tempering,
rejects carbon in the form of a finely divided carbide phase. The end result of
tempering is a fine dispersion of carbides in an iron matrix which often has little
structural similarity to the original as-quenched martensitel12,

In chromium steels, two chromium carbides are very often encountered:
Cr7Cs (trigonal) and Cr23C¢ (complex cubic). The normal carbide sequence during
tempering is Matrix— (FeCr)3C—Cr7C3— Cry3Cg, The Cr7C3 does not normally
form until the chromium content of the steel exceeds 1% at a carbon level of about
0.2%. Steels up to 9% Cr do not show secondary hardening peaks in tempering
curves (Figure 36)108, However, at higher chromium contents, these curves do
exhibit peaks which are associated with the precipitation of Cr7Cs. In addition,
Cr23Cg nucleates at about the same time but at different sites, particularly former
austenite grain boundaries and at ferrite lath boundaries. Cr23Cg grows at the
expense of the Cr7Cs which disappears from the microstructure, at the stage when
the steel has completely over-aged. The effect of tempering temperatures on tensile
properties and hardness of type 420 martensitic stainless steel is shown in Figure
37111
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7. SCC AND SSC TEST METHODS

There are several different test methods used to detect SSC and HIC .
Solutions vary in concentration, pH, temperature, and dissolved components to
simulate operating environments.

The various known SCC and/or SSC test methods can be classified under
three major testing methods:

(1) constant strain test methods,
(2) constant load test methods, and
(3) the slow strain rate test method.

7.1 CONSTANT STRAIN AND CONSTANT LOAD TEST
METHODS

These are traditional methods of determining SCC resistance of an alioy.
They could be conducted by exposing stressed, smooth specimens in the
environment of interest. Such specimens could be exposed under, near or beyond
their yield strengths.,

Examples of constant strain specimens are plastically deformed U-bends, C-
rings, and beams supported in restraining jigs. The major advantage of constant
strain specimens is that they are compact and relatively inexpensive. A disadvantage
of constant strain tests is that stress levels are not known accurately and are difficuit
to rerroduce from specimen to specimen. Further, stress relaxation due to crack
growth may slow or even stop crack propagation. Where fracture of the specimen
does not occur, metallographic analysis may be required to determine if the cracks
have formed.

Constant load tests employ either tensile or bend specimens. They require
more complex apparatus than constant strain tests, but they have the advantage that
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the stress level is well defined and casily measured. Loads may be applied by
weights, levers, springs, or hydraulically. An advantage of constant load tests
compared to constant strain tests is that crack propagation decrcases the cross-
sectional area and increases the net section stress. Consequently, such tests are
more likely to lead to early and total failure than are constant strain tests.

Both types of specimens are normally exposed in the environment of
interest for a predetermined period. The susceptibility to SCC of an alloy which

cracks within the test period selected may be cxpressed quantitatively by time to
failure.

A method which has frequently been used to speed up the gencration of
SCC susceptibility data is to increase the severity of tests by altering the
composition of the environment, raising the temperature, or introducing a notch or a
precrack. Such methods have the disadvantage of no longer simulating actual
service conditions, and while notched or precracked specimens allow study of the
crack propagation Kinetics and crack arrest conditions very well, they have the
disadvantage of eliminating the initiation stage which is rate-controlling in many
systems.

7.2 SLOW STRAIN RATE TEST (SSRT)

The slow strain rate test is a form of simple tensile test in which a smooth
specimen is pulled in tension in the environment of interest at a slow strain rate until
failure occurs. By using this method, many of the disadvantages of the traditional
forms of SCC susceptibility testing are eliminated. The major advantage of the test
is its ability to produce rapid, positive indications of SCC susceptibility. Stress
corrosion crack growth markedly decreases the ductility of the specimen and results
in the formation of secondary cracks near the main fracture. If the environment is
not aggressive or is benign, fracture occurs with normal ductility. Results are direct
and unambiguous. The test requires a few days at most, depending upon the
ductility of the alloy and the strain rate.
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Conceptually, the SSRT achieves a balance between the rates of mechanical
processes which promote ductile failure and the rates of corrosion processes which
promote stress corrosion crack propagation and brittle fracture,

The choice of the suitable strain rate used, therefore, is the most important
factor governing the outcome of a test. If the rate is too high, ductile failure will
occur before the necessary corrosion reactions can have any effect. If the
environment is one that produces filming of the metal surface, too slow a strain rate
may permit film repair to keep pace with the rate at which bare metal is formed so
that the cracking reaction is not sustained. In most of the engineering alloys, SCC
will occur at strain rates between 10-5to0 10-7 -1,

SCC susceptibility may be classified by comparing time to failure,
reduction in area, elongation or plastic strain to fracture (approximately proportional
to the area under the load versus time curve). Additional information may be gained
by recording load versus time curves from which mechanical properties such as
yield stress, ultimate tensile stress, and fracture stress may be determined and
compared.

In cases where susceptibility is doubtful because of only slight changes in
ductility, time to failure, etc., it is useful to examine the specimen surface with a
low-power microscope to determine if small cracks are present. SCC may be
confirmed with a scanning electron microscope (SEM). The SEM readily reveals
changes in fracture mode accompanying SCC, i.e. quasicleavage cr intergranular
facets are observed in contrast to the dimple mode observed in the absence of SCC.
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8. Material and Solutions

8.1 Material

The test material was martensitic stainless steel (AISI 420). Five strips (1
in, 2.5 cm, wide, 0.25 in, 0.6 c¢m, thick and 132 in, 335 cm, long) of 420 type
martensitic stainless steel along with a list of composition and mechanical properties
were supplied by Fry Steel Company in the annealed condition. The material is a
medium carbon grade of 12.57%Cr stainless steel with hi gh hardenability.
Although the chemistry was supplied by the steel producer, the steel was analyzed
chemically in our laboratory by using the Hitachi $-2700 Scanning Electron
Microscope with a link eXL Energy Dispersive X-Ray Analysis System (EDX).
This system is able to detect as low as 0.3% of the specific alloying element where
an error of + 5.0% is expected. The chemical composition of the as-received steel is
listed in table 6. The hardness was measured, too.

8.2 Test Solutions

Modified standard NACE solutions!!3 were used: 5% sodium chloride,
0.5% acetic acid, in de-ionized water, saturated with Nz or COz or mixtures of
H2S-CO;3. The high- purity compressed gas mixtures were supplied by Linde
Union Carbide; the mixing was done by partial pressure. The 100% CO; gas was
industrial grade and the N2 gas was extra dry grade. The test conditions which were
used in this work are given in table 7. The pH of the test solutions was 2.5-3.0. In
addition, solutions of 10%NaOH and saturated FeCl3 in water were used to absorb
any extra HS gas coming out of the recirculation system.

9. Experimental Procedures

9.1 Microstructure of the Steel
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9.1.1 Specimen Preparation

Small specimens, 6.45 cm2 (1 in?), were cut from the supplied material for
the purpose of microscopic examination. The specimens were ground with 200,
400 and 600 grit SiC paper in order to get fresh, clean surfaces and to avoid any
contamination during the heat treatment processes. The specimens were then
washed with soap, rinsed with water, and dried.

9.1.2 Specimen Heat Treating

In order to increase the strength of the test material, and according to the
carbon and the chromium contents of the steel, a 1150°C austenitizing temperature
was chosen from the C-Cr phase diagram, see Figure 32. This temperature is the
lowest to obtain 100% austenite and to avoid the grain growth process.

The 6.45 cm2 (1 in2) annealed specimens were austenitized at 1150°C for
two hours and then oil quenched. The oil quenching is recommended by the ASM
handbook!1! to achieve the maximum ductility. Quench cracking was observed in
the specimens after oil quenching; the reason is believed to be the oil quenching
medium which results in a very rapid cooling rate and high thermal gradient. To
avoid such problem, the oil quenching medium was replaced by a slower cooling
rate medium which was air cooling. New specimens were prepared, austenitized at
1150°C for two hours, air cooled and then tempered for one hour . The applied
tempering temperatures were 550°C, 650°C, 750°C, 800°C and 850°C. The
specimens were then wet ground with 100, 200, 400 and 600 grit SiC paper,
washed and dried with ethyl alcohol and a hot air blower.

9.1.3 Hardness Measurements

Hardness measurements were taken with Rockwell Hardness Tester Model
4TT BB. The Rockwell C scale was used to measure the hardness of as-received,
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as air quenched and as quenched and tempered specimens by using the 150 kg load
and the diamond Brale.

9.1.4 Examination with the Microscope

To observe the microstructure of the martensitic stainless steel in the
different heat treatment conditions, two different etchants were used:

Etchant No. 1, for general structure; 5g FeCl3, 15mL HCI, 60mL methanol.
Etchant No. 2, for carbide resolution: 10g ammonium persulfate, 100mL water
(electrolytic etching).

The steps of specimen preparation and etching were as follows:

a. The specimen was wet ground with 600 grit SiC paper, and dned with cthyl
alcohol and a hot air blower.

b. The specimen was then rough polished with 6 micron diamond paste and
Buehler Metadi Fluid on nylon, washed with soap, rinsed with water and dried.

¢. The specimen was final polished with 0.05 micron gamma-alumina and water on
cloth, washed with soap, rinsed with water and dried.

d. The first set of specimens was etched with etchant no. 1 (immersion time 10-
15s), rinsed with ethy! alcohol, and dried.

€. The second set of specimens was electrolytically etched with etchant no. 2 in a
6V cell for 30-60s.

The different microstructures were observed under the metallurgical light
microscope. Magnifications of 180x, 400x and 600x were used and
photomicrographs were taken.
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9.1.5 X-ray Diffraction

The constituents of the microstructures which were quenched and tempered
at 800°C and 850°C were analyzed in our laboratory by the X-ray Diffraction
{XRD) technique. A Philips X-ray system with Cu tube was used, with a PW 1380
horizontal goniometer equipped with an AMR {Amray) 3-202 graphite
monochromator.

9.2 Slow Strain Rate Tests (SSRT)
9.2.1 Specimen Preparation

Since the slow strain rate test was used for determining SSC susceptibility
in a slow strain tensile test in a specific medium, a tensile specimen was used.

The tensile specimen was machined from the as-received, full-annealed steel
strips where the longitudinal direction of the specimen was the rolling direction.
Figure 38 shows the dimensions of the specimen used. These specimen dimensions
were chosen for their suitability to perform such kind of tests. The specimens were
machined by the Technical Services workshop at the University of Alberta.

9.2.2 Specimen Heat Treating

The tensile specimens were austenitized at 1750°C for two hours and air
cooled, then tempered for one hour. The tempering temperatures were 550°C,
650°C, 750°C and 850°C.

A K-type (chromel-alumel) thermocouple was used to control the
temperature of the furnace. In addition, each tensile specimen was wrapped with
316 stainless steel sheet prior to heat treating it. The reason for that was to minimize
as much as possible the oxidation of the tensile specimen surfaces during the heat
treatment stages.



Before running the SSRT test, the tensile specimen was carefully wet
ground with 600 grit SiC paper in the reduced section. The hardness of cach
specimen was measured at different spots but not at the reduced section of the
Specimen.

9.2.3 Equipment

The Material Test System (MTS, model 810) was used as the tensile lesting
machine.

9.2.3.1 The Material Test System

The model 810 MTS with a 25 tonne (27.6 ton) capacity load frame and
load cell, 20.7 MPa hydraulic supply and two 100 kN hydraulic grips were used,
see Figure 39.

The system consists of a fixed stiff frame, a carriage, a drive mechanism
and a load celi recorder. The recorder was replaced with a data acquisition system
(IBM computer) as shown in Figure 40.

The MTS was able to handle the required slow strain rate. The commonly
used, engineering strain rate of 2 x 10-6 5! was selected; this strain rate has become
more or less standard for ferrous alloys.

The stroke control was set with an MTS 442 Controller and the MTS 410
Digital Function Generator. Simple ramp and dual slope functions were set on the
function generator. Instantaneous measurements of the stroke (crosshead
movement) and the ioad were given by the MTS 430 Digital Indicator.

The maximum load was set at 10,000 b (44.5 kN) for some tests and
25,000 Ib (111.2 kN) for others dependent on the expected strength of the
specimen. The time interval for recording the data (by data acquisition system) was
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five minutes in some tests and 15 minutes in others. In addition, the load versus
time curve was displayed on the computer screen throughout the test.

All the slow strain tests performed with the MTS were continued unti] the
failure of the specimen. Time to failure, total elongation, maximum stress and area
under the curve were determined from the resulting curves.

9.2.3.2 Testing Cell

The cell consisted of the tensile specimen, inlet and outlet for the test
solution and pH electrode to measure any change in the pH along the test period, A
plastic container was used to hold the specimen in the test solution, see Figure 41.
Figure 42 shows the tensile specimen with the attached nylon sleeves. These nylon
sleeves were required to allow the specimen to stide smoothly and freely through
the top and the bottem opening of the plastic container during straining of the
specimen. Silicone rubber adhesive sealant was used to seal the tiny gaps between
the nylon sleeves and the tensile specimen. The silicone was allowed to set
overnight before assembling the cell.

9.2.3.3 Recirculation System

The recirculation system consisted of an external flask, peristaltic pump
and the corrosion cell (the plastic container) as shown in Figure 43. Two litres of
test solution were used; the solution was pumped through Tygon tubing at 6mLJ/s
flow rate from the external flask to the plastic container which surrounded the test
specimen.

For each test, new solutions were prepared and the section of Tygon
tubing which was under cyclic pinching during pumping was replaced. Because of
high H2S concentration and cyclic pressure, the Tygon tubing may become hard;
consequently cracking of the tubing may occur.
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9.2.4 Test Procedure
The test procedure for slow strain testing was as follows:

1. After heat treating the tensile specimen, the reduced section was wet ground by
hand with 600 grit SiC paper in order to remove the thin oxide layer which was
formed during the heat treatment process.

2. Only the reduced section of the tensile specimen was in direct contact with the
test solution, while the rest was protected with Teflon tape. The nylon sleeves were
attached to the specimen by silicone rubber adhesive: which was allowed to dry for
eight to ten hours.

3. The reduced section of the tensile specimen was then washed with soap, rinsed
with water, dried and degreased with ethyl alcohol.

4. The tensile specimen was fastened to the plastic container along with all the
attachments and then the test solution was added to thé external flask. When H»S
gas was in use, the experiment was designed to trap and get rid of the extra HsS
gas which exhausted from the external flask. The gas was passed through saturated
FeCl3 in water solution and 10% NaOH solution in turn.

5. Nitrogen was bubbled at a rate of 0.5 cm3/s through the external flask for 30
minutes before testing began, to remove the oxygen from the test apparatus and test
solution. The nitrogen gas was bubbled into the completely scaled system and
during nitrogen bubbling, the plastic test cell with the attached specimen was
completely immersed in water to detect any gas leaking.

6. The test cell was fixed in the hydraulic grips of the MTS machine. The
acquisition system was then loaded with the needed information, e. g. time interval
for output data recording, sample name and test description.
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7. The test solution was then saturated with the gas or gas mixture which was used
for that particular test. The gas bubbling was for one hour at a rate of 0.5 cm3/s and
in order 1o keep the saturation level, continous gas bubbling (0.2 cm3/s) was kept
throughout the test period.

8. The solution circulation was started and after 5-10 minutes, the slow strain rate
test was started with extension rate of 2 x 106 s-1. All the SSRT tests were
performed at room temperature (22°C).

9. When the test specimen failed; it was removed from the assembly, rinsed with
distilled water and dried.

9.2.5 Visual and Microscopic Examination

The fracture surfaces of the specimens were examined visually and by light
microscope at low magnification (7x). The main features examined were the mode
of fracture, scale formation and the existence of secondary cracks.

All the fracture surfaces were examined with the scanning electron
microscope (SEM). Magnifications of 50x, 100x, 300x, 1500x and 2500x were
used to observe the cracking mode. Photomicrographs of the cracking modes were
taken.
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10. Results and Discussion
10.1 Microstructure and Hardness

The microstructure of the as-reccived material was examined by using the
FeCl3 etchant, for general structure. The as-received material was in the annealed
condition and its hardness range was 10-13 Rockwell C (Rc). The microstructure
of this material is shown in Figure 44. The structure is large particles of primary
carbide and spheroidized particles of secondary carbide in a ferrite matrix. The
carbide particles are randomly distributed and some carbides have precipitated at the
ferrite grain boundaries.

Since the martensite transformation can take place at even a low cooling rate
in 13% Cr steels, the microstructure of the tested material after air cooling from
1130°C consists of martensite and carbide as shown in Figure 45. After air cooling,
the resulting microstructure reflects the structural composition at the austenitizing
temperature.

The martensite is in the form of needles which are ali gned in specific
directions, parallel to each other, within each prior austenite grain. The distribution
of the carbides (the dark areas) is not uniform. The hardness range of this
martensitic structure was 54-56 Rc which is relatively high and close to the
maximum hardenability value (54.5 Rc) which was given by the material supplier.

The general structures of the tested steels after tempering at 550°C, 650°C
and 750°C are shown in Figures 46, 47 and 48 respectively. The microstructures of
these steels are quite similar; they consist of tempered martensite, carbides and very
small areas of retained austenite. The most important significant difference between
these structures is the distribution of the carbide particles within the martensite
matriX. The carbide particle distribution in the steels which were tempered at 550°C,
650°C and 750°C is shown in Figures 49, 50 and 51 respectively as black spots.
The structures were revealed by etchant no. 2 (electrolytic etching). It is clear that
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the distribution of carbides is affected by tempering temperature. In the steel
tempered at S50°C, the spherical coarse carbide particles were mainly precipitated at
the grain boundaries of the prior austenite structure.

As the tempering temperature increased fram 550°C to 650°C and then to
750°C, more carbon precipitated out of the solution and the distribution of the fine
carbide particles became more uniform, especially in the structure which was
tempered at 750°C. Such substructures and differences seem to relate to the
susceptibility of the steel to sulfide stress corrosion cracking and also might play an
important role in the definition of the fracture mode.

The hardness ranges for all tested specimens at different conditions and
tempering temperatures are given in table 8. The hardness value is remarkably
affected by the tempering temperature, where the hardness decreased as the
tempering icmperature was raised from 550°C to 800°C.

The general microstructure of the steel which was tempered at 800°C is
shown in Figure 52. This microstructure is quite different compared to the general
structure of the steel which was tempered at lower temperatures. The constituents of
this microstructure were analyzed by the x-ray diffraction technique. The structure
consists of tempered martensite and carbides in a ferrite matrix. The carbide
distribution in the structure (electrolytically etched) is shown in Figure 53.
According to the equilibrium phase diagram, Figure 32, by tempering at 800°C, the
steel is very close to the @ + y + carbide region and the possibility of y phase
formation is small. However, if the y phase had a chance to form, it would
transform to martensite while cooling. In addition, more carbides were precipitated
in the structure, due to the fact that as the tempering temperature of the quenched
steel (unstable structure) was increased, the tendency of the carbon to diffuse out of
the solid solution and precipitate as chromium carbides should increase. Also,
carbon is an austenite stabilizer and its solubility in the ferrite phase is very small.
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All the gradual changes in the microstructure and the phase transformations
which took place at different tempering temperatures were controlled by diffusion
kinetics, or the diffusion process. The carbon diffusion rate was increased
gradually as the tempering temperature of the steel was increased from 550°C to
800°C. At 800°C tempering, the diffusion rate of carbon was the highest, resulting
in coarser carbide precipitates and well-defined carbide-free ferrite grains,
Consequently, the hardness was dropped as a result of ferrite phase formation. The
hardness of the microstructures was dropped from Re 52 to Re 21 as the tempering
temperature was raised {rom 550°C to 800°C.

The SSC resistance of the steel quenched and tempered at 800°C was not
studied, because of the resulting low hardness and the strength of the steel. The
high strength is an essential property for the steel to be used in deep oil wells.

A set of specimens was quenched and tempered at 850°C for one hour. By
looking at the phase diagram, one can see that 850°C is well above the bottom
boundary of the a + y + carbide zone, i.e. where the carbon starts to diffuse out of
the martensite phase and form carbides; consequently the resulting ferrite phase
transformed to austenite. After air cooling, the resulted microstructure was
carbides, retained austenite and untempered martensite,

The actual hardness value of the martensitic structure might be lower than
the measured one (45-48 Rc), but carbide precipitation makes the hardness value go
up. This (fresh) martensite contains less carbon compared 1o the martensite which
was formed by quenching the steel from 1150°C. This difference in the carbon
content results in different hardness values. The approximate carbon content in each
martensitic structure can be estimated from Figure 54 by using the hardness values.
For the steel which was tempered at 850°C, the carbon content in the martensite is
about 0.2% where in the steel quenched from 1150°C, the %C in the martensite is
about 0.3%.
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Figure 55 shows the general structure of the steel which was tempered at
850°C. It consists of martensite, carbides and retained austenite; these constituents
were confirmed by using the x-ray technique. Figure 56 shows the distribution of
the coarse carbides in the same steel (electrolytically etched) and the retained
austenite which was completely transformed to martensite.

10.2 Stress-Time Curves

The slow strain rate tests of the specimens which were tempered at different
tempering temperatures were performed in different environments at 22°C, Table 8
lists all the specimens with their corresponding tempering temperatures, hardness,
test environment, time-to-failure, elongation and the maximum stress.

The stress-time reference curve for each set of specimens, tempered at
specific temperature, was derived in air at 22°C. The remaining specimens of each
set were tested in the following test solutions at 22°C in sequence: Na,
90%H;5/10%C02, 50%H25/50%C02, 109%H25/90%CO; and CO, All the test
solutions contained 5% NaCl and 0.5% acetic acid. The tests were performed in the
above given order, so that the effect of increasing the %CQj3 gas could be studied
easily.

10.2.1 Steel Quenched and Tempered at 550°C

This steel, when tempered at 550°C, became progressively embrittled in an
intergranular way (temper embrittlement). The stress-time reference curve (in air)
for this specimen is shown in Figure 57. The specimen {iled in a brittle manner
with no necking taking place in the fracture region and without any reduction in area
at the fracture surface. In spite of using slow strain rate (2 x 10-6s-1), the time-to-
failure of this specimen was quite short (2.75h). In other test solutions, especially
in H28S environments, the time-to-failure will be definitely much shorter than 2.75h,
which is not long enough for the SSC of the specimen to take place. As a result,
testing of those specimens which were tempered at 550°C was rejected.
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10.2.2 Steel Quenched and Tempered at 650°C

The slow strain rate test in air of the specimen quenched and tempered at
650°C was performed at 22°C. The stress-time curve of this test (reference curve) is
shown in Figure 58. The specimen showed some ductility with litile necking taking
place in the fracture region. The time-to-failure was 21.75h and the maximum
sustained stress was 1132.4MPa. The clongation is directly dependent on time,
since the strain rate was set by the cross-head displacement rate of the MTS. The
tota] elongation was 15.66%.

The SSRT test was run in the nitrogen saturated solution (50gl-! NaCi,
0.5% acetic acid, bubbled Nj}) at 22°C, The resulting stress-time curve is shown in
Figure 59. The specimen showed little ductility compared to the reference
specimen, and the time-to-failure dropped to less than half (8.9h). This earlier
failure was believed to be caused by the existence of chloride ions and the solution
acidity may prevent the passivation of the specimen surfaces and reduce the
incubation period required for crack nucleation and propagation.

Some localized corrosion was observed on the specimen surfaces which
might act as crack initiation points. Also, the low PH solution and the chloride ions
accelerate the corrosion process at the crack tip which maintained active by breaking
the passive film. This specimen failed at lower maximum stress (1005.5MPa) and
less total elongation (6.36%) compared to the reference specimen,

Test 4 was performed in 90%H,S/ 10%CO; solution. The specimen failed
rapidly by deep SSC cracks, accompanied by brittleness; see Figure 60 for stress-
time curve. Secondary cracks perpendicular to the applied stress were seen along
the reduced section as shown in Figure 61, In addition, homogencous black scale
(Fe8) was observed on the specimen gage length. The time-to-failure was 2.75h
with a maximum stress of S39MPa.
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Test S was done in S0%H?S/50%CO5 and test 6 in 10%H2S8/90%CO;. The
stress-time curves of tests 5 and 6 are shown in Figures 62 and 63 respectively.
Generally, these results indicate that dilution of HzS with CO3 up to 10%H;S
brought very little improvements compared with the test run on 90%H2S/10%CO5.
The time-to-failure and total elongation of tests 4 and 5 were exactly the same,
whereas in test 6 they were slightly higher. The dilution of H2S with CO; increased
the maximum sustained stress as shown in table 8. In all H2S test solutions,
secondary cracks and black scales were observed.

The result of test 7 which was run in 100%CO; test solution was much
better than the tests with HaS. The time-to-failure and total elongation of test 7 were
lower than that in N2 environment and almost double that in H»S environment.
According to Figure 64, the specimen exhibited little or no ductility and the
maximum stress was close to that in test 3 (Na). The gage length was partly
covered with FeCO3 deposit.

It is evident from the above observations that chloride and acidity play an
important role in favouring the initiation of localized and general corrosion, at least
at 22°C, in agreement with previously published datall4.

10.2.3 Steel Quenched and Tempered at 750°C

Specimens quenched and tempered at 750°C were tested under the
conditions which are given in table 8. The reference stress-time curve (in air) is
shown in Figure 65. The time-to-failure of this specimen was the longest among all
the tested specimens (33.5h). The specimen showed a reasonable amount of
ductility with litile necking at the fracture region and little reduction in area at the
fracture surface. The maximum stress was 851MPa.

The elongation to failure dropped from 24% in air (test 8) to 14% in N2
(test 9). The stress-time curve for test 9 is shown in Figure 66. By comparison, the
specimen of test 8 (in air) showed a larger amount of plastic deformation before



failure. Once again, the drop in the total clongation value of test @ was due to the
presence of Cl ions and low pH value of the solution. They reduced the incubation
time for crack nucleation and propagation.

All the specimens tested in H2S/CO5 environments failed rapidly by decp
SSC cracks. The failure of these specimens (tests 10, 11 and 12) was accompanicd
by severe loss of ductility, see Figures 67, 68 and 69 for stress-time curves of the
specimens tested in 90%HS/10%CO3, 50%H2S/505%C0O; and 10%H2S/90%C0O»
respectively. All these specimens failed in a brittle manner; the time-to-failure was
relatively short (3.25h-4.5h) compared with test 8 in air or test 9 in N2. Sccondary
cracks parallel to the fracture surfaces were observed close to the fracture regions.
In addition, the similarity in the results of 10%H2S8/90%CO» solution and the
90%H28/10%CO,, which was concluded earlier is revealed again. Also, the
tendency of CO3 to form protective film on the specimen surfaces was disturbed
due to the presence of chloride ions along with formation of FeS deposit. The litde
increase in the maximum stress as the percentage of the HsS decreased, can be
explained by assuming that in 10%H,S/90%C0O5, the amount of hydrogen atoms
which entered the steel was less compared to that in 90%H28/109%C0O3. In other
words, the degree of embrittlement is proportional to the concentration of hydrogen
atoms in the steel.

The addition of HzS has two opposite effects. The first effect is that HaS
accelerates the corrosion rate through the cathodic reaction and the other effect that
H3S decreases the corrosion rate through the deposition of FeS. It can be assumed
that the concentration of Fe2+ on the specimen surface could not reach the critical
Fe2+ concentration required for FeCO3 deposition because of a formation of FeS.
Also, H2S makes the corrosion potential noble so that the passivation film of this
steel was easily destroyed.

Test 13 was performed in 100%CO5; the stress-time curve is shown in
Figure 70. The curve shows that for a short time, the specimen behaved plastically
before failure. The time-to-failure and total clongation are relatively smaller in value
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than those in test 9 (N3). 420 martensitic stainless steel has been known for its
resistance to CO; corrosion8!.

From the results of test 13, it is evident that martensitic stainless steel type
420 is very susceptible to SSC cracking in environments containing HaS. Also,
chloride ions play an important role in the stability of the protective films.

10.2.4 Steel Quenched and Tempered at 850°C

The last set of specimens tested by the SSRT technique was tempered at
850°C. The results of the tests which were performed in solutions containing HsS,
sec table 8, indicated that this tempering temperature results in the structure
(martensite) most susceptible to SSC cracking among all tested specimens.

The reference stress-time curve in air is shown in Figure 71. The most
significant feature of this curve is the maximum sustained stress (1638MPa), which
is the highest among all the tested specimens. The high strength of this specimen
was due to the (fresh) martensite structure which replaced the tempered martensite
in the previous specimens.

The stress-time curve of test 15, in N», is shown in Figure 72. The
specimen failed in a brittle manner after 7.9h. By comparison, the time-to-failure in
air was 20h.

In HaS solutions diluted with 10, 50 and 90%C02, the time-to-failure
dropped dramatically. The stress-time curves are shown in Figures 73, 74 and 75
respectively. There is not much difference in the behaviour of the steel in these three
different test solutions. Again, dilution of the H2S with COz up to 10%H,S
brought very little improvements compared with test 16 run in 90%H28/10%CO;.

The results of test 19 run in 100%CO5 are shown in Figure 76, The
specimen failed in a brittle manner, the time-to-failure was 3.4h and the maximum
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stress was 628.7MPa. By comparison, the specimen which was tested in
10%H2S/90%CO3 showed shorter time-to-failure but, in general, the difference is
not remarkable,

Tests 14-19 proved that the untempered martensitic structure is very
susceptible to SSC cracking in HaS environments as well as SCC in 100%CO;. By
comparison, the SSC resistance of tempered martensitic structure was much higher.

10.3 Fracture Appearance

All the fracture surfaces of the tested specimens were observed under the
SEM including the tests which were performed in air for COmparison purposes.

10.3.1 Steel Quenched and Tempered at §50°C

Figure 77 is an SEM fractograph of specimen 1, tempered at 550°C and
tested in air, which shows a typical brittle (cleavage) fracture with quasicleavage
fracture in some areas. The fracture surfaces were flat and the mode of cracking
was typically intergranular as shown in the fractograph. The intergranular cracking
can be related to the precipitation of the carbides at the grain boundaries. The grain
boundaries became harder than the rest of the structure which made them a
favorable path for the crack to propagate. Martensitic stainless steels are subject to
temper embrittlement when they are tempered at this temperature after quenching.

10.3.2 Steel Quenched and Tempered at 650°C

Specimen 2, tempered at 650°C and tested in air, showed two different
types of fracture. The first type is shown in Figure 78 which is a typical brittle
fracture, and the mode of cracking is intergranular. In other small areas, the
specimen showed ductile fracture due to microvoid coalescence as shown in Figure
79.



65

The fracture features of specimen 3, tested in NACE solution with Nj,
were similar to that of specimen 2, tested in air. Figure 80 shows the brittle fracture
of this specimen along with small areas where quasicleavage fracture took place.
Some rust along with a few pits was observed on the reduced section of the
specimen. The fracture surfaces of specimens 4, 5 and 6, tested in HaS/CO,
solutions, showed the same fracture features. The fracture is brittle and the mode of
cracking is intergranular. The fracture surfaces were flat with no sign of any
ductility. Figures 81, 82 and 83 show the fractographs of these three specimens in
the above order. The reduced sections of the specimens were covered with black
deposit (FeS). Figure 84 shows the SEM fractograph of specimen 7 which was
tested in 100%CO2 solution. Once again, the fracture was brittle. The fractograph
shows typical intergranular secondary cracks. The reduced section of the specimen
was partly covered with grey deposit (FeCOg3).

16.3.3 Steel Quenched and Tempered at 750°C

Figure 85 is the SEM fractograph of specimen 8, tested in air. The
fractograph shows a mixture of two fracture types, ductile fracture and brittle
fracture. The ductile fracture which occurs due to microvoid coalescence and the
quasicleavage [racture are shown in Figure 86 with higher magnification. The
intergranular cracking (IGC) mode was also revealed in this specimen. The fracture
surfaces we.re not {lat. Very similar fracture features were observed in specimen 9,
tested in solution saturated with N», see Figure 87. A few pits were also observed
on the specimen surfaces.

The fractograph of specimens 10 and 11, tested in 90%H,S/10%CO5 and
50%H28/50%CO02, are shown in Figures 88 and 89 respectively. In both
specimens, the fracture type was typically brittle with flat fracture surfaces and
intergranular cracking. Specimen 12 which was tested in 109H,28/90%CO0>
solution, showed quasicleavage fracture type in some areas, Its SEM fractograph is
shown in Figure 90. All the specimens which were tested in H2S-containing
solutions showes a black deposit on their reduced sections. Generally, the above
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results and observations indicate that the degree of embrittlement slightly depends
on the concentration of H»S.

The fracture surfaces of specimen 13, tested in 100%COn, was also
studied visually and with the SEM. Grey deposit (FeCO3) was obscrved on the
reduced section of the specimen. The fractograph of this specimen is shown in
Figure 91. The fracture was mainly brittle but in some areas, quasiclcavage fracture
was also seen.

10.3.4 Steel Quenched and Tempered at 850°C

The SEM fractograph of specimen 14, tested in air, is shown in Fi gure 92.
In comparison with specimens 2 and 8 which were tempered at 650°C and 750°C
respectively and tested in air, the predominant fracture type was quasicleavage with
brittle fracture in some areas. This different type of fracture features is related to the
microstructure of this specimen. The fracture surfaces were flat and the IGC mode
was revealed in the brittle fracture areas. The same fracture features were observed
in specimen 15, tested in solution with Na, see Figure 93.

Specimen 16 was tested in solution with 90%H>S/109%CQ> and the SEM
fractograph is shown in Figure 94. This fractograph was taken at lower
magnification in order to show both types of fracture, the brittle and the
quasicleavage. The central area showed both types of fracture where the
surrounding areas were mainly quasicleavage.

Figures 95, 96 and 97 show the SEM fractographs of specimens 17, 18
and 19, which were tested in solution with 50%H2S/50%CO», 10%H2S/90%C0,
and 100%COz3 respectively. The fracture features are exactly the same as those in
specimen 16. Figure 98 shows the brittle fracture and the quasicleavage fracture
(next to each other) with higher magnification.
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10.4 Evaluation of Slow Strain Rate Test Results
10.4.1 Indication of SSC Susceptibility

Visual examination and the fractography were used to verify the presence
or absence of SSC after each test. The unambiguous evidence indicating SSC
susceptibility included secondary cracks along the gage length oriented
perpendicular to applied stress, loss of ductility and crack propagation by brittle
mode (IGC).

Among the tests which were performed in air, ductile fracture was
observed in specimen 8 which was tempered at 750°C and to a lesser extent in
specimen 2 which was tempered at 650°C. The loss of ductility was clearly
observed in the specimens tempered at 750°C and/or 650°C when they were tested
in solutions containing H3S and/or COs.

The other two criteria, secondary cracks and brittle fracture mode, were
observed in all the tested specimens except those which were tcsted in air
(specimens tempered at S50°C and 850°C, tested in air, showed brittle frzcture).

10.4.2 Measurement of SSC Severity

Measures of SSC severity in this work are based upon time-to-failure and
siress versus time (or elongation) behaviour.

a. Time-to-Failure (TTF)

The SSC severity is expressed as the ratio of TTF when SSC was
observed versus TTF for the specimen tested in air. The TTF ratios, for all tested
specimens, are given in table 9. A ratio of 1 indicates no SSC while ratios less than
1 indicate SSC susceptibility. As the TTF ratios decrease, the SSC severity
increases,
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Table 9 shows that as the concentration of the HaS in the gas mixture
increased, the SSC severity increased (smaller ratios), disregarding the tempering
temperature. Regarding the effect of the tempering temperature on the SSC severity,
table 9 also shows that specimens tempered at 850°C showed the highest SSC
severity compared to the specimens tempered at 750°C or 650°C. The SSC severity
of the specimens tempered at 750°C and 650°C is very similar in solutions
containing HzS. However, the tempering temperature of 750°C gives a higher TTF
ratio than that for 650°C in 100%CO» solution.

b. Stress versus Time Behaviour

The SSRT test results are represented by the stress versus time curves.
Figure 99 shows the stress versus time behaviour of the specimens tempered at
650°C and tested in air and in solutions with N2, H28/CO2 and CO3. The same
relationships are plotted in Figure 100 for specimens tempered at 750°C and in
Figure 101 for specimens tempered at 850°C.

Specimen elongation is related directly to time because a constant cross-
head extension was imposed throughout the test. Typically, SSC severity is
expressed as the ratio of a parameter from the SSC curve to a parameter of the air
curve. As before, a ratio of 1 indicates no susceptibility and lower ratios indicate
increasing SSC severity. Several parameters were used for comparison, i.e.

maximum stress (MPa), total elongation (%El) and area under the curve (A), see
table 9.

10.4.3 Chloride Stress Corrosion Cracking

From the SSRT results, Figures 99, 100 and 101, and disregarding the
tempering temperature, one can see that testing the 420 steel in 5% NaCl + 0.5%
acetic acid solution saturated with N, remarkably reduces the time-to-failure in
comparison with the reference time-to-failure (in air). It is evident from these
observations that, at least at room temperature, chlorides and acidity are the two
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factors which are favouring the start of localized corrosion. Consequently, the
incubation time for crack initiation and propagation was reduced.

Considering the effect of tempering temperature on the resistance of the
420 steel to chloride stress corrosion cracking, the steel which was tempered at
650°C and 850°C showed a high degree of susceptibility compared to the steel
which was tempered at 750°C. The ratios of the area under the curve, see table 9,
show such difference in the degree of susceptibility. For the steel tempered at
650°C and 850°C, the ratios of the area under the curve were 0.282 and 0.232
respectively, where for the steel tempered at 750°C the ratio was 0.537 which
indicates better resistance to cracking in solutions containing chloride ions. This
enhancement in the resistance can be related to the microstructure and the strength
of the steel. However, from the microstructure point of view, tempering at 750°C
results in a structure with a large amount of randomly distributed chromium carbide
precipitates compared to that of the steel tempered at lower temperatures. Hence,
there were Jocal depletions of chromium in the vicinity of the precipitate, the
corrosion resistance suffered especially if the carbide precipitates were restricted to
the grain boundary, see Figure 49, where the steel (tempered at S50°C) would be
more susceptible to localized attack. The chromium depleted zones (small in area)
represent the anode of the corrosion cell while the rest of the matrix (large in area)
represents the cathode.

From the microstructure of the steel tempered at 650°C, and due to the non-
uniform distribution of the coarse carbides, it can be expected that this steel may
suffer from general corrosion as well as from pitting corrosion. Figure 99 shows a
decrease in the value of the applied stress compared to the corresponding part of the
reference curve (in air), in the steel tempered at 650°C and tested in NaCl solution
saturated with N2. This observation might be referred to the occurrence of general
corrosion,

For the steel tempered at 850°C, the untempered martensite and retained
austenite structure is very hard and high in strength. In addition, the carbide



distribution is not uniform. All these factors make the steel more susceptible to
pitting corrosion and cracking in chlonde-containing solutions.

The most significant difference between the stecl tempered at 650°C and
750°C was the amount of the recovered ductility, which is related to the amount of
carbide precipitates. As the tempering temperature increased (from 650°C 10
750°C), the amount of precipitates increased which result in a structure with hi gher
ductility. It seems that the amount of recovered ductility is the main factor which
determines the degree of the steel susceptibility to cracking in chloride-containin g
solutions.

In fact, the enhancement in the cracking resistance of the steel tempered at
750°C cannot be referred to the microstructure alone or to the strength. The strength
of the steel is a result of its microstructure, where the amount of carbide precipitates
increased, i.e. as more carbon comes out of the solution, the strength of the steel
decreases. In other words, as the tempering temperature increased (maximum
750°C), the amount of carbide precipitate increased, conscquently, the strength
dropped and the stress corrosion cracking resistance improved.

The factors of local breakdown of passivity and local acidification are very
important, too. In the presence of chloride ions the passive film on stainless steel
tends to break down. The local formation of hydrochloric acid is possible through
this reaction:

CrCl3 + 3H30 — Cr(OH)3 + 3HCI
If the concentration of HCl acid is high, it is difficult for the stainless steel

to re-form a protective passive film, and a corrosion pit may form at which the
crack may initiate,
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10.4.4 Sulfide Stress Corrosion Cracking
in HaS/CO; Solutions

Disregarding the tempering temperature effect and the H2S concentration,
all the specimens which were tested in H2S/CO; solutions experienced a severc
SSC cracking and they failed after quite a short time. All the fractures took place in
brittle manner, i.e. for the steel tempered at 750°C, and to some extent the steel
tempered at 650°C, the ductility was entirely lost. This loss in ductility in the
presence of H2S, and the failure of the specimen after a short time, indicates that the
fracture mechanism in those specimens was hydrogen assisted cracking (HAC). In
addition, at specific tempcering temperatures, the time-to-failure of the specimens
which were tested in different H2S concentrations was close to each other (not
much difference) and also the cracking modes and the fracture appearance were
almost the same. The intergranular cracking in HaS environments does not exhibit
sufficient ductility to permit the anodic dissolution of the plastically deformed metal
at the advanced crack tip, and it seems reasonable to relate the failure to HAC. The
results of metallographic studies showed that the density of carbide particles was
quite high, due to high carbon content, especially in steels tempered at higher
temperatures. The interfaces of incoherent carbides and inclusions have been
documented as strong trap sites for hydrogen!15. The accumulation of hydrogen at
these interfaces might reduce the stress required for interface decohesion!16, In
addition, high stress concentration can develop easily at the interfaces of the carbide
particles due to the elastic-plastic incompatibility. The combination of hydrogen and
high stress concentration can enhance the decohesion of the interfaces and
consequently the cracking initiates at the these interfaces.

In high strength steel with a microstructure similar to that of the steel
tempered at 550°C, Figure 49, where the carbide particles along the prior austenite
grain boundaries are more closely spaced and less spheroidized, the elastic-plastic
incompatibility stress concentration is probably higher than that of the steel
tempered at 650°C and 750°C. As the stress concentration becomes higher, the
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critical amount of hydrogen required o initiate the crack becomes lower. This was
indicated by the short time-to-failure for stecl tempered at 650°C compared to that of
steel tlempered at 750°C. The crack propagation could occur more easily at the
decohered carbide/matrix interfaces along the prior austenite grain boundarics,

Furthermore, the fine carbide particles which were observed in the steel
tempered at 750°C, Figure 51, are related 1o the better SSC resistance of this steel
compared to that tempered at 550°C and 650°C. This observation can be explained
by the postulate that in a fine carbide Structure, the area of the carbide/matrix
interfaces per unit volume is quite high, which demands a longer time 1o attain the
critical amount of hydrogen required for cracking, i.e. the SSC resistance increases,

Slightly longer time-to-failure was obscrved while testing in the solution
saturated with 10%H8/90%CO2 gas mixture, in companison with those which
were lested in solutions with higher HaS concentration. This small difference in
behaviour can be explained from the H>S poisoning effect and the CO, catalytic
poisoning point of view. In order to cause cracking, a hydrogen molecule has to
dissociate into atoms. However, in hydrogen sulfide-containing solutions, the
absorption of atomic hydrogen into the metal is enhanced by the poisoning effect of
sulfur-containing species20. In other words, the presence of HaS in the solution
prevents the combination of hydrogen atoms from forming hydrogen molccules
which cannot diffuse into the steel or cause cracking. In gaseous environment, it
was concluded that the dissociation of molecular hydrogen on the metal surface is
the first step in the process of hydrogen embrittlement!17, Similarly, it can be
assumed that in aqueous environments the adsorption of hydrogen atoms on the
metal surface is the first step in the process of hydrogen embrittlement. If this step
can be controlled then the embrittlement phenomenon itself can be controlled. If,
however, the adsorption site is poisoned, i.e. occupied by a forej gn atom or
molecule, like COy, the hydrogen adsorption is prevented and the cracking process
stops. The concept of competitive adsorption is well known. The more strongly
adsorbed molecule will dominate the surface coverage. As proved in gaseous
environment118, it is reasonable to assume that, in the H25/CO; mixtures, HoS was
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more strongly adsorbed. If the amount of CO; in the solution was increased, the
displacement of H3S on the surface by CO, would be higher. In addition, as the
concentration of COz is increased, the poisoning effect of HaS become less
effective. Consequently, the concentration of hydrogen atoms on the steel surface
became lower and the time taken to reach the sufficient concentration of hydrogen
aloms to cause cracking was increased, i.c. ime-to-failure was increased.

According to the time-to-failure results, total elongation and the ratios of
the area under the curve, tempering temperature and/or strength had very small
effect on the degree of susceptibility to SSC in solutions saturated with 10-
90%H2S. The pH of the test solutions, saturated with different H2S/CO2
concentrations, did not show any significant change throughout the test. It is
evident that the addition of up to 90%CO> to the HaS-containing solutions does not
affect the acidity of the solution.

Black deposits (FeS) were formed on the surfaces of the specimens while
testing them in HaS-containing solutions. The absence of the FeCO3 deposit in
those specimens which were tested in high HzS environments, can be explained
through the competitive film formation between FeCO3 and FeS, and only if we
assume that the concentration of Fe*2 jons on the surface could not attain the critical
concentration required for FeCO3 deposition, due to FeS formation. Furthermore,
the free energy (AG) for FeCO3 film formation is almost double that of FeS film

formation at 22°C119,
10.4.5 Stress Corrosion Cracking in CO; Environment

SSC susceptibility of 420 steels in solutions saturated with 1009%CO, was
strongly affected by tempering temperature and the strength, see tables 8 and 9.

The ratios of the area under the curve for the steels tempered at 650°C and
850°C were 0.18 and 0.049 respectively, where for the steel tempered at 750°C, the
ratio was 0.329. The superior SCC resistance of the steel tempered at 750°C in CO,



environment can be related to the microstructure, carbide dispersion and strength.
The tempered martensite and uniform carbide distribution with lower strength result
in better CO2 SCC resistance.

The formation of siderite film on the specimens® surfaces was not
homogeneous and/or not complete, the completion of protective FeCO3 film being
delayed by the adsorption of chloride ions on the corrosion surface. The resulting
unprotected areas represented the anodic areas where the pitting corrosion took
Place and consequently, the cracks were initiated from those pits. The local
breakdown of passivity and local acidification mechanism is also possible. The 420
steel may show better SCC resistance in CO» environment if the concentration of
chloride ions is lower.

Due to the absence of the H2S poisoning effect, the available hydrogen
atoms have a chance to combine and form hydrogen molecules, which are unable to
enter the steel and cause the embrittlement. Also, the hydrogen embrittlement
mechanism was reduced by the lack of poisoning effect and therefore CO; is
probably assisting the SCC by the dissolution mechanism.

The complete loss of ductility in the steel tempered at 650°C and the
quasicleavage fracture together with the brittle fracture in the steel tempered at
750°C could be related to the occurring of SCC, which is the brittle f; racture of the
specimens in the corrosive environment.
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Conclusions

From the presented results and analyses, it is apparent that the sulfide stress
corrosion (SSC) cracking and/or stress corrosion cracking (SCC) behaviour
of AISI 420 martensitic stainless steel, in chloride-containing solutions
saturated with Na, with H2S/CO5 and with CO; environments at 22°C, is
extremely complex and not easily understood. Considerable additional
experimental and analytical work must be conducted to completely explain
the observed SSC and/or SCC behaviour. However, the following
conclusions have been drawn from this study.

The sulfide stress corrosion (SSC) cracking and/or stress corrosion
cracking (SCC) susceptibility of the martensitic stainless steel, type 420, in
environments containing HzS, CO; and Cl ions is strongly affected by
tempering temperature. Tempering at 750°C produces the most favourable
microstructure for SSC resistance, that is, a well-recovered substructure
with fine carbides.

The precipitation of the closely spaced carbide particles along the prior
austenite grain boundaries plays an important role in favouring the
intergranular cracking of the (0.38%C) 420 steel. The relatively high
density of carbide particles along the grain boundaries makes the grain
boundaries harder and more brittle compared to the rest of the
microstructure. Consequently, these grain boundaries become a favorable
path for cracking.

Regardless of the tempering temperature, the SSC susceptibility of the 420
steels in HaS-containing solutions is very high. 10% H5S is enough to
cause considerable embrittlement. Above 10% HjS, the degree of
susceptibility only slightly increases with HaS concentration.



The ditution of HaS-containing solution with CO» slightly lowers the
aggressiveness of the environment. Although it does not affect the acidity
of the NACE solution, increasing the concentration of COz in the HaS/COs
gas mixture results in reducing the severity of the HaS poisoning effect and
as a result, the concentration of the hydrogen atoms which are available for
entry into the structure to enhance the embrittlement mechanism. This effcet
is related to the lowering of the HaS concentration in the solution and
probably to the competitive adsorption of CO; on the steel surface.

In HaS-free solutions, the effect of CO3 seems 10 be the increasing of the
corrosion rate. The local destroying of the FeCO; film due to the existence
of a relatively high concentration of chloride ions in CO»-saturated solutions
plays an essential role in favouring the start of localized corrosion. In these
environments, the controlling cracking mechanism is most likely to be the
anodic dissolution mechanism.
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Table 2. SCC of 13Cr Steel Test Conditions®7?

Solubility of gas

Temperature| NaCl gas composition(atm) (calculated) pHa) Testing

r*c) (wt%) PCO, PH= g PN, CO: (ppm} | Hy S(ppm) Period
I B0 3.5 o] 4] l.0air 0.4 o] 6.0
Ir [2[n) 3.5 1.0 0 Q 550 o 5.0

19483 25 3.5 0.7 0.007 Bal. 880 21 5.2 720h

{30day)

iy g 25 3.5 0.7 0.07 Bal. 880 210 4.9 Y
v 25 3.5 0.7 0.3 o} 880 904 4.7
v 25 3.5 |o 1.0 |o ) 30002’ | 5.0

1}

VI 25 s.0 |o 1.0 {o 0 30002} | 3.9
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Table 3. The Results of SCC Tests in CO2/HaS Evironmentss?
SCC Test Hesults
Tempenng Tanaie Sirength Condstion W) Conditlon IV Candien ¥
Composiion Temperalure s TS Peo, 9.7 aim 6T atm 07 atm
it [(n] (kgp/mm)  (kg/mm? PH,s: 0.007 alm 007 atm 0.3 atm
Cetype 0.19C-13C: 620 7 S0 [oJ(:3:)) X 10.64 Apn
0 2] ’8 oy X414 L Fn
Q15130 630 0 &8 [aNT:K:11 x{1Q xKgh
120 2] L] aRre one LY ERY]
0158130+ QLeN 630 75 93 [« NRNTI A h 2.0
] 60 ] Qony Q6 Q26
0.10C- 13T+ O 6N €00 Ei1] w0 0y O34 X6
580 58 76 one Oonmn o4
Ni-typo 0.0C5C13Cr 25N, 540 70 b} 0% X 06y A 0m
650 EQ 0 00y 0104 LAY
0.05C-12CraN- 1Mo &0 63 u2 %09 X104 X{o7
650 4 84 X033 X403} X0
0.003C-13Cr<NL 1Mo 600 n 8 [eX 11Ty} Qo [+ Ji R}
630 65 K] Q2 On owa
00Q3C-12Cr-5M 580 [ ] D04 QN %709}
530 £2 78 QLY 006 xon
0.004C- 13 5N 580 br ] Q0.4 Q0.4 X (0.8}
0.,003C-12CraNr 1Mo 580 2 ™ 0403 Q104) 08
Low alloy KSBO 620 57 bl 0112} [sFR1Y] 0?4
2teal K090SE 570 & 72 060 o065 o5
KS85 500 3 as oun Q016) [N § 0
Note: { )} = corrosion rate {mpy).
O = crack-free.
Table 4. Typical High-Alloy Materials Being Considered for Corrosive Oilficld
Service®®
Caompasition, wi: %
Typo Matariols Source Fo Ni Ce Mo HNb+Ta T Ab Cu Others
Stainless steals
Manensitic 12-13%Cr gal. - 12 -
CASNM Bal. 4 12 G790 :
Precipitation hardaned 174 PH {martansitic) 1 Bal 4 17 L
Custom 450 {martensitic) b4 Bal. 6 15 0.7 15
A-286 {sustenitic) del. 36 15 13 -0 02 G-0150
Austenitic 20Cb.2 2 Bal a3 0 -5 10 max.
504 L 3 Bal 5 20 4-5 1%
AL 6X 4 Bal. 24 0 60 o
Sanicro 28 -] Bal. A 27 15 LKV}
Duplex
{austenitic~ferritic) AF.22, SAF.2205 6.5 Bal. 55 2 3 014N
Jranus 50 Bal 7 N 25 15
Ferralium 7 Bal, 55 25 3 Q:tN min.
DP.3 8 &al [ 25 -5 - 1M min
Nickel sifoys
Cald raduced Hastelloy C-276 7 6 Bal. 15 16 2:5Co max
4.0W
Hastelloy G 7 10 Al 22 6 2 2.0 2.5Co mny
1-0W mar.
Inconal 625 9 25 Bar, 20 9 s 0-2 02
incolay 825 9 30 42 2 3 09 2-25
Incolay 800 9 45 k] n 04 04 038
Pracipitation hardened Inconet 718 9 19 Bal. 1§ 3 50 09, 05 0-1% .-
Pyromet 31 2 15 Bal. 23 2 0-8% 23 13 0-0051




Table 5. Chemical Composition of Selected Alloy Steels?!

Si Cr Nt S Mo
9Cr-1Mo 0.12 0.41 0.49 8.50 0.11 ©6.022 0.002 0.95
AISI 410 0.15 1.00 1.00 11.5-135 -- 0.03 --
max, max.  max. max.
AISI 420 0.15 1.00 1.00 12.0-140 -- 0.03
min.
Table 6. The Chemical Composition of Steel Used (wt%)
C Mn P S Si Ni Cr Mo Cu Al Sn
0.38 }0.43 ]0.022]0.003 J0.41 |[0.17 [12.57 [0.19 0.078 10.015 { 0.009
Table 7. Test Conditions
Temperature (°C) NaCl (wt%) AceticAcid  PCO2 PH2S PN2
(wt%)
I 22 0 0 0 0 1.0air
1 22 5.0 0.5 0 0 1.0
U1 22 5.0 0.5 0.1 090
\Y 22 5.0 0.5 05 050
A% 22 5.0 0.5 09 010
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Figure 40. Data Acquisition System
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Figure 4]1. Test Cell
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Figure 42. Attached Nylon Sleeves
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FeCl3 Etchant, 180x
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Figure 47. The Microstructure of 420 Steel Tempered at 650°C,
FeCl3 Etchant, 180x



Figurc 48. The Microstructure of 420 Steel Tempered at 750°C,
FeCl3 Etchant, 180x

Figure 49. Carbide Distribution in 420 Steel Tempered at 550°C,
Electrolytic Etchant, 400x
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Carbide Distribution in 420 Stecl Tempered at 850°C,

Figure 56.
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Figurc 61. Secondary Cracks in the Reduced Section
of Specimen Failed with SSC, 7x

117



118

LR

300

Stress (MPa)

200
100

0 1 1 v 1 . 1 M | M ] 1 ] * 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Time-to-Failure (h)

Figure 62. Stress versus Time Curve for Specimen 5 SSRT
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Figure 63. Stress versus Time Curve for Specimen 6 SSRT
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Figure 64. Stress versus Time Curve for Specimen 7 SSRT
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Figure 65. Stuess versus Time Curve for Specimen 8 SSRT
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Figure 66. Stress versus Time Curve for Specimen 9 SSRT
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Figure 67. Stress versus Time Curve for Specimen 10 SSRT
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Figure 68. Stress versus Time Curve for Specimen 11SSRT
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Figure 69. Stress versus Time Curve for Specimen 12 SSRT
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Figure 70. Stress versus Time Curve for Specimen 13 SSRT
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Figure 71. Stress versus Time Curve for Specimen 14 SSRT
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Figure 72. Stress versus Time Curve for Specimen 15 SSRT
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Figure 73. Stress versus Time Curve for Specimen 16 SSRT
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Figure 74. Stress versus Time Curve for Specimen 17 SSRT
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Figure 75. Stress versus Time Curve for Specimen 18 SSRT
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Figure 77. SEM Fractograph of Specimen 1
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Figure 79. SEM Fractograph of Specimen 2 (Ductile Fracture Zone)
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Figure 81. SEM Fractograph of Specimen 4
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Figure 3. SEM Fractograph of Specimen 6
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Figure 88. SEM Fractograph of Specimen 10
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Figure 89, SEM Fractograph of Specimen 11
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Figure 91. SEM Fractograph of Specimen 13
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Figure 95. SEM Fractograph of Specimen 17
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Figure 98. SEM Fraclograph Shows the Quasicleavage
and the Brittle Fracture
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Figure 99. Stress versus Time Curves for 420
Stainless Steel Tempered at 650°C
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