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(ABSTRACT) 

Stress-corrosion cracking of austenitic alloys in an oxygen-free carbon dioxide environment 

containing chloride ions was studied under static conditions. Stiffness and X-ray measurements 

supported results obtained from SEM photomicrographs indicating that the CT specimens loaded to a 

stress intensity of 22 ksi-in. ·5 were not susceptible to SCC in this environment. These alloys were also 

evaluated for their SCC resistance in boiling MgCh and NaCl solutions. Results of this study indicated 

that alloys containing higher nickel contents were more resistant to chloride SCC. 
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1.0 Introduction 
Corrosion is the deterioration of a metal by chemical or electrochemical reactions. The 

chemical reaction results in the oxidation of the metal atoms to metallic ions. The oxidation process 

involves electron transfer and is therefore an electrochemical reaction. This reaction frequently occurs 

in an aggressive liquid environment. Hence, corrosion is often considered electrochemical in nature 

and if accompanied by a deterioration in structural integrity may result in a catastrophic failure. 

The cost of corrosion to the economy of a developed nation is staggering. Direct economic 

losses result from the repair and replacement of components, the need for corrosion protection 

systems such as inhibitors or sacrificial anodes, and the cost increments associated with the use of 

corrosion-resistant alloys. Indirect costs resulting from shutdowns, loss of efficiency, and 

contamination of the product also contribute to economic losses. Estimates of corrosion prevention 

measures and corrosion-related failures in the United States alone exceed tens of billions of dollars. It 

is frequently estimated that corrosion costs range from 3 to 4% of the GNP of industrialized nations. 

Selection of the appropriate structural material is critical for safe and cost effective operation 

of any engineering system. Mechanical properties, corrosion resistance, availability, formability, 

joinability, as well as economic factors, must all be considered in order to make the proper material 

choice. Plain carbon steels arc inexpensive but do not possess the mechanical properties necessary in 

more demanding circumstances. High-strength, low-alloy (HSLA) steels have excellent mechanical 

properties, but they can be susceptible to stress-corrosion cracking (SCC) under many conditions. 

Austenitic stainless steels and nickel-based alloys are excellent candidates for systems which require 

toughness and corrosion resistances. However, the chromium and nickel components of these alloys 

are expensive. Nickel-based alloys are also excellent candidates in corrosive environments, but they are 

very difficult to weld. These examples illustrate a few of the parameters which must be addressed in 
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order to choose the appropriate material for a specific system. Because no metal or alloy has the "best" 

behavior for all circumstances, alloy selection is generally a compromise situation. 

Stress-corrosion cracking is the synergistic action of tensile stress and corrosive environment 

and is a signiricant problem in many engineering systems. Under conditions that promote SCC, 

normally ductile metals can fail by a brittle-like fracture mode. Both microscopic (localized) and 

macroscopic (uniform) stresses can interact with the material and the environment to initiate sec. 
Possible sources of such stresses include residual stresses which result from the fabrication process, 

applied stresses, and even stresses due to the pressure of the corrosion products that accompany the 

electrochemical reactions. An alarming characteristic of SCC is that there may be little or no visual 

evidence of corrosion and that the corrosive attack may be dramatically increased by addition of 

impurities in concentrations as low as a few parts-per-million (ppm). Therefore, careful consideration 

should be given to design and material selection when sec is suspected. 

Carbon dioxide (C02) is used in the food processing industry and can be found many soft 

drinks. Although dry C02 is noncorrosive to metals and alloys, in the presence of moisture CD2 can 

form a weak solution of carbonic acid (H2C03). Consequently, this seemingly harmless compound can 

adversely affect the integrity of carbon steels under certain conditions. 

The effect of C02, used as a medium to transport food products during their preparation, on 

the structural integrity of piping systems is of interest to food processing companies. Although there is 

a significant amount of research in the area of environmental fracture of austenitic stainless steels in 

chloride-containing environments, little is known about the effects of high pressure C02 on these 

alloys. The primary purpose of this work was to investigate the stress-corrosion cracking behavior of 

four austenitic stainless steels, AISI Types, 304, 310, 316, and a German alloy, Type 18/10/2, along 

with two nickel-based alloys, Inconel 600 and Incoloy 800, when they were exposed to an oxygen-free, 

high pressure C02, chloride containing environment. The exposure studies were carried out in an 
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autoclave under static conditions. A preliminary investigation was carried out to characterize the 

stress-corrosion crack morphology of these materials in an environment containing only chloride ions. 

The materials were then ranked according to their performance in both of these environments. 
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2. Literature Review 
Over the years, the list of alloys susceptible to stress-corrosion cracking has grown. It has 

been recognized that some alloys are only susceptible in certain temperature ranges while exposed to a 

particular environment. Heat treatment and mode of loading also play major roles. Because of 

synergisms among stress, environment, and material this phenomenon is a very complex process. In 

order to evaluate the performance of an alloy, the interaction of metallurgical, mechanical, and 

environmental variables must be addressed. The following sections of this thesis will review the effect 

of alloying additions and environment on the SCC behavior on various austenitic alloys. Several 

proposed mechanisms for sec and a brief description of fracture mechanics will also be discussed. 

2.1 Materials 
2.1.1 Austenitic Stainless Steels 

Alloys of iron are considered stainless steels if they contain at least 12 percent chromium. The 

excellent corrosion resistance of austenitic alloys is mainly due to a chromium rich passive film which 

forms on the surface of these alloys [1]. 

Austenitic stainless steels make up 65% of the total U.S. stainless production [2]. Because of 

their formability, corrosion resistance, and wide range of mechanical properties, stainless steels from 

the AISI Type 300 series are used in a variety of applications ranging from the food processing to the 

nuclear industries [3]. Unlike ferritic steels, which are plagued with the problem of a ductile to brittle 

transition, austenitic stainless steels do not experience an abrupt transition in toughness even at 

temperatures as low as -196°C [3]. Figure 2-1 illustrates the effect of compositional changes on the 

properties of various austenitic stainless steels and reveals the versatility of these alloys. 
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2.1.1.1 Effects of Alloying Additions 
Austenitic stainless steels retain the face-centered cubic structure (Y) at room temperature. 

This is achieved by adding austenite stabilizing elements which either stabilize the austenite phase or 

retard the formation of ferrite. In the latter case the austenite present at room temperature will be 

metastable. To avoid the decomposition of the austenite the steel must be cooled rapidly from the 

austenite region to the Ms temperature. Major alloying elements in austenitic steels include chromium, 

nickel, carbon, molybdenum, titanium, and niobium. 

The basis for all stainless steel is the Fe-Cr system (Figure 2-2). Chromium, in the range of 12 

to 25 percent is used to control the corrosion resistance of austenitic stainless steels. Since chromium 

closes the y-loop and promotes the formation of ferrite, additions of nickel are necessary to inhibit the 

kinetics and promote the stability of the austenite at room temperature [4]. The basic austenitic steels 

require a minimum of 8% nickel to compensate for the ferrite stabilizing effect of chromium and must 

be increased as the chromium content is increased. 

Increased corrosion resistance, especially resistance to pitting, can be attained by adding 1.5 to 

4% molybdenum and is the primary difference between Types 316 and 304 stainless steels [5]. 

Molybdenum has also been shown to increase the time necessary to deplete the chromium from the 

grain boundary region [6]. The depletion of chromium is referred to as sensitization. 

Small additions of titanium and niobium are added to the basic 18Cr-8Ni stainless steel to 

form Types 321 and 347 respectively. For these alloys, the nucleation of Mz3Qj is retarded by 

precipitating highly stable titanium and niobium carbides [5]. Stabilizing treatments, which precipitate 

TiC and NbC, are conducted for several hours at 840 to 9000C. This effectively reduces the carbon 

level while maintaining the high chromium content in the austenite. Thus, the corrosion resistance of 

these steels remains high. However, at temperatures above 1050°C, which occur during welding, both 

Ti and Nb can dissolve in austenite. During cooling at lower temperatures, especially at shorter times, 
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M23C6 carbides will precipitate prior to the precipitation of either TiC or NbC, decreasing significantly 

the corrosion resistance of these alloys (Figure 2-3) [4]. 

Although carbon is slightly soluble in austenite it is still a strong austenite stabilizer. Carbon 

promotes the precipitation of chromium carbides in the form of M23C6, causing a degradation of 

intergranular corrosion resistance. The solubility limit of carbon is 0.5% at llOOOC while at 800°C it is 

only 0.05%. Therefore, upon slow cooling from the austenitizing temperature (10500C), or by 

reheating in the sensitization range (5500C to 8000C), carbon will come out of solution and form 

chromium carbides. If the chromium carbides precipitate at grain boundaries, the surrounding areas 

are depleted in chromium, leaving this area susceptible to corrosive attack. A reduction in low 

temperature ductility can also occur due to these grain boundary precipitates [3, 4]. High cooling rates 

from the austenitizing temperature through the sensitization range are necessary to avoid carbide 

precipitation [4] 

To avoid sensitization stainless steels such as Types 304L and 316L stainless, which contain 

0.03% carbon, were developed. Since the carbon content in these materials is below the solubility limit 

of Cr23C6 in austenite in the sensitization temperature range carbide precipitation will not readily occur 

[7]. Further reductions in the carbon level, below 0.01 %, are possible with the use of inert-atmosphere 

melting techniques and vacuum remelting processes [8]. 

Heating austenitic stainless steels in the range of 540 to lOOO°C for extended times, typical of 

long term operation in this temperature range, can result in the formation of another precipitate, sigma 

phase (a). Sigma phase is a hard, brittle, intermetallic phase consisting of iron and chromium of 

varying composition which precipitates at grain boundaries and triple points [3]. Sigma phase also has 

the tendency to form in areas of low carbon concentrations, such as zones adjacent to precipitated 

carbides [5]. It is an undesirable phase since it reduces corrosion resistance and lowers mechanical 

properties. 
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Generally, lower chromium content austenitic stainless steels are relative free of a formation. 

However, silicon, which is added to Types 304 and 316 stainless steels, readily combines with Fe and Cr 

to form a phase. Molybdenum, in excess of 0.65%, also aids in the precipitation of a phase [5]. The 

higher chromium content, 24 to 26%, of Type 310 makes it particularly prone to sigma phase 

formation. Stabilized alloys such as Type 321 lie within the a+ y field at 650°C (Figure 2-4) [3]. 

2.1.1.2 Mechanical Properties 
Austenitic stainless steels have a single phase structure. The yield strength is typically low 

because the only effective hardening mechanisms in theses alloys are solid solution hardening and grain 

refinement. Annealed Type 304 and many of the other fully austenitic stainless steels have a yield 

strength of about 35 ksi (240 MPa) and a tensile strength of approximately 85 ksi (585 MPa). The large 

difference between the yield and tensile strengths illustrates the ability of these alloys to work harden. 

The work hardening is a result of a strain-induced transformation of austenite to martensite and 

increases in the yield strength in excess of 217 ksi (1500 MPa) are possible [9]. Empirical relationships 

have been developed for a range of alloys which relate the effects of substitutional solutes, grain size, o 
ferrite, and twin spacing on the yield and tensile strengths of austenitic stainless steels [7]: 

Yield strength (0.2% offset, MPa) = 15.4 [4.4 + 23(C) + 0.94(Mo) + 1.2(V) + 0.29(W) 

+ 2.6(Nb) + 1.7(Ti) + 0.82(Al) + 32(N) + 0.16( o ferrite) + 0.46d-112] 

(Eqn. 1) 

Tensile strength (MPa) = 15.4 [29 + 35(C) + 55(N) + 2.4(Si) + O.ll(Ni) + 1.2(Mo) 

+ 5.0(Nb) + 3.0(Ti) + 0.14( o ferrite) + 0.82r1/2] (Eqn. 2) 

Elongations approaching 50% in tensile tests are possible, demonstrating the excellent 

ductility possessed by these steels. Titanium and niobium carbides can act as a dispersion 
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strengthening mechanism effectively increasing the high temperature creep properties of stabilized 

alloys [4]. 

2.1.2 Nickel-base Alloys 
Nickel-base alloys are characterized by a ductile, fully austenitic structure similar to the 

stainless steels. Inconel 600 and Incoloy 800 alloys are typical of the nickel-base, nickel-chromium-iron 

and nickel-iron-chromium systems respectively. Both alloys possess reasonable strength and excellent 

elevated temperature corrosion resistance. The ability of nickel-base alloys to withstand aggressive 

environments has led to their application in the chemical and nuclear industries. 

Nickel-base alloys, as austenitic stainless steels, are susceptible to carbide precipitation (M23C6 

or M7C3), at grain boundaries during thermal treatments between 500 and 800°C. Therefore, there are 

restrictions to the use of these alloys in welded structures. Depiction of chromium from the adjacent 

matrix decreases the corrosion resistance. Desensitization, the diffusion of chromium back into the 

grain boundary region, and the conversion of continuous carbide films to more discrete particles occurs 

after aging resulting in an increase in corrosion resitance [10). 

2.1.2.1 Inconel 600 
The addition of chromium to nickel produces excellent corrosive resistance to a wider range of 

oxidizing and reducing environments. One such alloy is Inconel 600 (72Ni-15Cr-7Fe). As discussed 

previously, nickel is an austenite stabilizer so this material has a fully austenitic structure. The high 

levels of chromium make this alloy almost immune to chloride stress-corrosion cracking and assist in 

solid solution strengthening. Inconel 600 is not precipitation hardenable and can only be strengthened 

by cold work. The tensile strength can range from 550 MPa (80 ksi) for annealed material to 1033 

MPa (150) ksi for cold drawn material. Elongations of over 50% are possible demonstrating the 

excellent ductility of this alloy [11, 12). 
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2.1.2.2 Incoloy 800 
Incoloy 800 is a fully austenitic, solid solution alloy consisting of 30 to 35% nickel and 19 to 

23% chromium. This alloy may become sensitized and susceptible to environmental attack after 

exposure to temperatures of 540 to 76fJJC. Sigma phase will form in this alloy only after long exposures 

in the sensitization range. The tensile strength of Incoloy 800 in the annealed condition is slightly lower 

than that of Inconel 600 while elongations are somewhat higher, about 515 MPa (75 ksi) and 60% 

respectively. 

Small additions, totaling less than 1 %, of aluminum and titanium are added to increase the 

high-temperature strength of this alloy. Both titanium and aluminum react with nickel to form a stable 

intermetallic compound, Ni](Al,Ti), gamma prime (y'). Like the austenitic matrix, gamma prime has a 

face-centered structure [13]. Atoms initially cluster much like the formation Guinier-Preston zones in 

high strength steels. This causes an age hardening effect which is due to coherency strains [7]. After 

the stable precipitate forms strengthening occurs when dislocations shear the y' particles. However, 

after these precipitates increase in size Orowan looping is the most likely strengthening mechanism [13, 

14]. 

Both Inconel 600 and Incoloy 800 have good impact strength at room temperature and 

maintain virtually all of their toughness at cryogenic temperatures. Neither alloy experiences a ductile-

to-brittle transition with decreasing temperature [11, 12, 15]. 

2.1.3 Schaeffler Diagram 
As was discussed in the previous sections various elements influence the structure of austenitic 

stainless steels. Compositional changes in the fusion zone as a result of filler rods of different 

composition than the base material used during welding can also change the structure. Thus, 

predicting the final structure is important in order to avoid localized corrosive attack. 
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Both nickel and chromium equivalents are represented by empirical equations which were 

developed to predict the austenite or ferrite forming tendencies of various alloying additions [4]: 

Ni equivalent = (Ni) + (Co) + 0.5(Mn) + 0.3(Cu) +25(N) + 30(C) (Eqn. 3) 

Cr equivalent = (Cr) + 2(Si) + 1.5(Mo) + 5(V) + 5.5(Al) + 1.75(Nb) + 1.5(Ti) 

+ 0.75(W) (Eqn. 4) 

where the concentrations are in weight percent. The Schaeffler diagram reveals the effect of alloying 

elements on the structure of Cr-Ni stainless steels by plotting Cr and Ni equivalents (Figure 2-5). This 

diagram was initially used for welding but has found application in alloy development. A fully 

austenitic structure is necessary to assure excellent corrosion resistance while the formation of 

martensite can promote hydrogen embrittlement. 

2.2 Environment (C0 2 Corrosion) 

Dry carbon dioxide (C02) is noncorrosive to metals and alloys except at temperatures in 

excess of 400°C [16). However, in the presence of water, C02 can form a weak solution carbonic acid 

(H2C03). This process allows the evolution of hydrogen into the environment and can result in the 

embrittlement of certain low alloy and stainless steels. The severity of C02 corrosion is dependent on 

the COz partial pressure, pH, temperature, flow velocity, and the presence of contaminants. 

2.2.1 Mechanism of C02 Corrosion 
The rate of hydrogen evolution in an aqueous, oxygen-free C02 environment can occur by two 

different mechanisms. In the first mechanism [17] C02 and HzO combine to form carbonic acid 
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[Equation Sa] while still in solution. The carbonic acid dissociates [Equation Sb] and diffuses to the 

metal surface [Equation Sc]. This is followed by an electrochemical reduction of the hydrogen ions 

resulting in the liberation of hydrogen which adsorbs on the surface [Equation Sd]. The reactions are: 

C02sol + H20 = H2C03sot (Eqn. Sa) 

(Eqn. Sb) 

(Eqn. Sc) 

(Eqn. Sd) 

where the subscripts sol = solution, ad = adsorbed, and • indicates a species at the metal-solution 

interface. 

The second proposed mechanism [17] involves the hydration of carbon dioxide to carbonic 

acid on the metal surface rather than in solution This is the principle difference between the two 

mechanisms. The adsorbed carbonic acid will either be reduced directly or will dissociate to yield 

hydrogen ions which are subsequently reduced. Two possible reaction sequences have been proposed 

for this mechanism, (6a) - (6b) - (6c) - (6e) or (6a) - (6b) - (6d) - (6e). 

C02sot = C02ad (Eqn. 6a) 

C02ad + H20 = H2C03ad (Eqn. 6b) 

(Eqn. 6c) 
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(Eqn. 6d) 

(Eqn. 6e) 

In mechanisms 1 and 2 the adsorbed hydrogen atoms can be absorbed by the metal, which may result 

in embrittlement, or they can recombine to form molecular hydrogen and desorb from the surface. 

2.2.2 Reaction Layers 
The thickness, mechanical properties, structure, and chemical composition of passive films will 

influence the protective nature of the passive layer. Porous, relatively adherent films may give rise to 

localized corrosion while loosely adherent surface films which can be easily removed by high fluid shear 

stresses or by erosion would result in uniform corrosion. Studies have shown that the corrosion 

kinetics change and effect the stability of the protective films which form at temperatures above 600C 

[18). Schmitt reported that within the temperature range of 60 to 1300C the permeability of these 

layers decrease resulting in a reduction of the general corrosion rate [19). Consequently, localized 

forms of corrosion such as pitting, stress-corrosion cracking, and erosion corrosion are observed in this 

temperature range. 

Auger Electron Spectroscopy (AES) and Electron Spectroscopy for Chemical Analysis 

(ESCA) studies revealed that the films on low and medium alloy steels exposed to a C02 environment 

at temperatures below 600C were composed of iron carbonate (FeC03). However, when the 

temperature exceeded lOOOC the major constituent of the film was magnetite (Fe304) [20, 21 ). In 

higher chromium containing steels such as Type 304 and 25% Cr duplex (a -y) stainless steel, the layer 

was comprised mainly of chromium oxides, Cr(III)-0 and Cr(III)-OH [20, 22). Ikeda [20) showed that 

the chromium content of the passive layer increases as the chromium content of the metal increases, 

thus, enhancing the corrosion resistance of the alloy. 
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2.2.3 General Corrosion in Aqueous CO 2 

Numerous investigators [16, 23, 19] have shown that alloy steels containing at least 12% 

chromium are less susceptible than low alloy steels to general corrosion in oxygen-free, C02 

environments. Figure 2-6 illustrates the effect of chromium and nickel content on the general 

corrosion rate. Bryant and others found that if either the C02 partial pressure or the temperature is 

increased, additional chromium in excess of 12% is necessary in order to provide satisfactory corrosion 

resistance in aqueous solutions containing C02 and chloride ions [21, 24, 25]. Bryant also reported that 

of the materials investigated in his study, Monel K-500 (22% Cr /5.5% Ni) possessed the best corrosion 

resistance in the most severe conditions, less than 1 mpy. This was attributed to the large nickel 

content and the nickel-rich protective film which forms on this alloy [21]. 

2.2.4 Stress-Corrosion Cracking in Aqueous CO 2 

The major weakness of austenitic stainless steels is their susceptibility to chloride stress-

corrosion cracking. This phenomenon has been studied for many years. Investigators have shown that 

in the presence of dissolved oxygen, only a few parts per billion (ppb) of chloride ions are necessary to 

cause cracking [26, 64]. A similar case can be made for aqueous solutions containing carbon dioxide, 

chloride ions and oxygen especially at elevated temperatures [25]. However, only limited data are 

available on the SCC behavior of austenitic stainless steels and nickel-base alloys for high pressure C02 

environments (above 1000 psi). There is also evidence that shows some low alloy chromium steels 

become susceptible to SCC in chloride-free C02 environments at pressures as low as 145 psi [17]. 

2.2.5 Effect of pH in Aqueous CO 2 Environments 
Increasing the pH of the solution favors the formation of bicarbonate (HC03-) and carbonate 

(C03=) [16]. This decreases the corrosive nature of the solution by reducing the carbonic acid content 

(Equations Sa and 6b ). 
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2.3 Stress-Corrosion Cracking Mechanisms 

Interactions between materials and environment can result in crack growth at stress intensities 

below those associated with fracture in the absence of environmental influence. The combined effects 

of tensile stress and environment which results in the failure of an alloy is referred to as stress-

corrosion cracking. Investigations have shown that SCC occurs in three stages [27, 28]: 

Crack nucleation: Pit formation occurs after the protective film is ruptured by 

environmental or mechanical means. 

Crack propagation: The crack advances from the base of the pit during the second 

stage of this process. Variables which effect the rate with which this stage proceeds 

are diffusion rates of the liquid in the crack, electrical potentials, stress state, 

temperature, metallurgical variables, pH, oxygen concentrations, and reaction rates 

at the crack tip. 

Failure: Overload failure occurs as the load-bearing cross-section is reduced. 

There arc three generally accepted theories used to explain the mechanisms involved in SCC 

[29, 30] These include film rupture or anodic dissolution, stress-sorption, and hydrogen cmbrittlemcnt 

(Figure 2-7). All three mechanisms involve complex interactions between chemistry, metallurgy, and 

mechanics. 

2.3.1 Film Rupture/Metal Dissolution 
A number of investigators [31, 32] have proposed that in aggressive environments the passive 

film maybe mechanically ruptured by either a local stress concentration or by dislocation pile-ups along 

active slip planes (Figure 2-7a). This process is followed by crack arrest in the plastic zone ahead of 
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the crack tip. At this time the electrochemical process dominates. The small region of exposed metal 

becomes highly anodic resulting in its dissolution. Finally the area repassivates and the cycle begins 

again. 

Nucleation of a stress crack at the surface is dependent on the composition, thickness and 

mechanical properties of the protective film, the height of the slip steps, and the rate at which the 

protective film reforms with regard to rate of slip step growth [35]. Scully [26] showed that larger slip 

steps, resulting from co-planar dislocation motion would fracture or effectively thin the protective layer 

allowing the environment to react with the metal. However, the protective layer can not easily be 

broken in materials in which cross slip is the predominant mode of dislocation, such as in bee alloys, 

since the slip step height will be small. Thick and ductile films also inhibit localized attack. ESCA 

studies have revealed that Fe203 and Cri03 are present in the surface layers to a depth of 

approximately 7.5 nm in austenitic stainless steels which were exposed to air at 5000C. However, there 

was no indication of nickel oxides in this layer [34]. 

The maximum crack propagation rate occur in cracks with high aspect ratios at intermediate 

passivation rates as reported in the review paper by Ford [35]. Slow passivation rates allow excessive 

dissolution of the crack faces leading to blunting and subsequent crack arrest. Rapid film formation 

will also decrease the rate crack propagation since the maximum penetration of the crack during each 

cycle will be small. 

Branching is characteristic of transgranular cracks found in austenitic stainless steels. Silcock 

[32] suggested that during the propagation of transgranular cracks, competition exists between the 

mechanical driving force which results in the growth of the crack perpendicular to the tensile stress and 

the electrochemical driving force which promotes crack growth along grain boundaries, twin 

boundaries and inclusions. Generally, transgranular cracking in austenitic stainless steels is associated 

with lower repassivation rates [26]. Investigators [38, 39] have also noted that transgranular cracks tend 
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to follow the {111} slip planes which accounts for the fact that cracks abruptly change direction when 

they encounter another grain. 

2.3.2 Stress-Sorption 
The Stress-Sorption Mechanism (Figure 2-7b) was first proposed by Uhlig [38]. Absorption of 

a detrimental species which interacts with the strained bonds in the area of the crack tip causes a 

reduction of the surface energy of the metal. The reduced surface energy (Y) leads to a reduction of 

the stress required to cause brittle fracture. The theoretical fracture stress (or) proposed by Griffith 

[14] is represented by the following equation: 

Of = [(Ey /a)]1/ 2 (Eqn. 7) 

where E is the elastic modulus, a is the atomic bond spacing of the unstressed lattice, and y is the 

surface energy. Thus the formation of a crack will only occur if the strain energy of the initial 

uncracked material is greater than the corresponding surface energy of the two new surfaces formed. 

2.3.3 Hydrogen Embrittlement 
Hydrogen embrittlement involves a cathodic reaction which produces hydrogen (Figure 2-7c). 

This is different from other SCC mechanisms in which anodic reactions produced passive films or 

metal dissolution. In this mechanism molecular hydrogen dissociates by chemisorption on iron 

liberating atomic hydrogen which then diffuses into the metal. A critical concentration of atomic 

hydrogen is necessary for the metal to become embrittled. The embrittled region ruptures, allowing 

more hydrogen to diffuse into the material. Adsorbed hydrogen has been shown to promote the 

formation of E and a' martensite and has been found on the fracture surfaces of austenitic stainless 

steels which failed by stress-corrosion cracking [39]. If oxygen is present it will react with the iron to 

form a protective layer effectively blocking the hydrogen from diffusing into the metal. However, if the 
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oxygen is removed hydrogen can reduce the film and once more enter the metal [40] There have been 

numerous models developed to explain hydrogen embrittlement, some of which are [10, 41]: 

Reduction in the cohesive strength of the lattice due to dissolved hydrogen. 

Adsorption of hydrogen which reduces the fracture stress by decreasing the surface 

energy needed to form a crack. 

Hydrogen-induced transformation of austenite to martensite platelets which serve as 

preferential paths for crack propagation. 

Formation of a hydrogen-rich phase. 

Hydrogen enhanced local plasticity. 

As in other SCC mechanisms described in previous sections, the environment plays a major 

role in the susceptibility of a material to hydrogen embrittlement by influencing the rate of production 

of hydrogen ions. In aqueous systems, the potential at the crack tip determines whether the production 

of hydrogen is thermodynamically feasible. Adsorbed or reaction layers can effect the rate at which 

hydrogen enters the metal. Microstructural and processing variables such as grain size, grain boundary 

precipitates, twin boundaries, inclusion, heat treatment, and cold work interact with hydrogen making 

prediction of hydrogen embrittlement difficult. 

2.4 Crevice Corrosion 

Another highly localized form of corrosive attack is crevice corrosion. Crevices, such as those 

which occur in welded joints, under bolts and flanges, or under sediment exist in many engineering 

systems. In the crevice the flow of the bulk electrolyte is restricted causing the chemical composition of 

this area to change considerably. Crevice corrosion can result if either the anodic or cathodic reactions 
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are suppressed inside a crevice. This form of localized attack can dramatically compromise the 

structural integrity of the system in a very short time. 

There are two types of electrochemical reactions which can occur inside a crevice resulting in 

highly localized attack. The first is a metal ion concentration cell. Here the flow of the metal ions 

from the crevice to the bulk solution is restricted. If this situation arises the cathodic reaction will be 

localized inside the crevice while concentrating the anodic reaction near the mouth of the crevice 

(Figure 2-8a}. 

The second form of attack is referred to as an oxygen depletion cell. The reduction of oxygen 

can occur inside a crevice by the following reaction: 

(Eqn. 8) 

This depletes the electrolyte of oxygen inside the crevice. The cathodic reaction is suppressed while 

promoting the anodic reaction inside the crevice (Figure 2-8b). 

2.5 Fracture Mechanics 

Over the past thirty years fracture mechanics has been increasingly utilized in the prediction 

and control of brittle failures in structures. It was formally introduced in 1957 by George R. Irwin [42]. 

Until that time failure of components at stress levels lower than the design stress were not totally 

understood. However, with the advent of this new methodology it was proposed that the crack tip, by 

acting as a severe stress concentrator, would redistribute the stress causing the adjacent area to be 

plastically strained. Crack extension associated with these plastic strains would progressively reduce 

the load bearing ligament until final overload occurred. Therefore, the prediction of brittle fracture 

prior to general yielding is possible using fracture mechanics even with low toughness materials. 
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The analytical procedures incorporated by fracture mechanics relates the magnitude of the 

stress field surrounding the crack tip, referred to as the stress intensity factor (K), to the nominal 

applied stress, to the size, shape, and orientation of the crack and to the material properties. These are 

the primary factors which effect the susceptibility of a material to brittle failure [43]. Other factors 

which effect the primary variables are the mode and rate of loading, environment, temperature, and 

residual stress. 

An advantage of fracture mechanics testing is that results obtained for small scale specimens 

can be applied to actual engineering structures. Since K is the magnitude of the stress field at the crack 

tip, values of K found in the lab to produce crack growth can be expected to produce the same result in 

any combination of size and geometry which duplicates this level of K for the same material and 

environment. Generally, fracture mechanics specimens contain pre-existing flaws, fatigue cracks or 

machined notches. This is to overcome the problems associated with crack initiation. Since most 

engineering structures normally contain surface cracks and flaws this is a realistic model. 

Many of the studies in involving environmental assisted cracking were concerned with the 

plane-strain fracture toughness (K1scc) which is based on linear elastic fracture mechanics (LEFM). 

K1scc refers to the stress intensity below which crack growth will not occur in the presence of an 

environment using pure tension as the mode of loading which is designated by the "I". The primary 

assumption requires that plane-strain conditions be maintained at the crack tip [43]. To ensure a 

relatively small plastic zone in relation to the specimen size the following geometric limitations for a 

valid K1scc specimen are recommended [42, 43]: 

a ~ 2.5(K1c / ays )2 (Eqn. 9) 

B ~ 2.5(K1c /a ys ) 2 (Eqn. 10) 
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(W - a) <::: 2.5(K1c /ays )2 (Eqn. 11) 

where a is the crack length measured from the load line on the specimen, B is the specimen thickness, 

and W is the width of the specimen measured from the load line (Figure 2-9). 

James [45] reported that these equations are too restrictive for low strength materials which 

exhibit significant strain-hardening, such as annealed austenitic stainless steels. For these materials he 

suggested the flow stress (a ys + au) /2 be substituted for the monotonic yield strength. In either case 

thick sections or very low temperatures would be necessary to obtain valid results. 

Therefore, for tough, ductile materials which experience plastic deformation and crack 

blunting, the fracture process is better described by elastic-plastic fracture mechanics. This is 

especially the case with small-scale laboratory specimens that experience plastic yielding comparable to 

the dimensions of the specimen. Both the J-integral and crack tip opening displacement (CTOD) are 

two concepts utilized for treatment of cracked bodies which exhibit elastic-plastic behavior. The J-

integral considers the average deformation energy over an area surrounding the crack while the CTOD 

relates the force necessary for crack extension to the crack opening displacement (COD). However, 

there is still only limited data available in the open literature for either of these methods on austenitic 

stainless steel. 

The load-displacement record is an important source of information for a variety of fracture 

mechanic testing. The actual response of the specimen subjected to an applied load can be monitored 

directly. The reciprocal of the slope of the load-displacement plot, the compliance, is characteristic of 

material and length of the crack. Propagation of a crack in a material is reflected by a decrease in the 

slope of the load-displacement record. 
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In addition to monitoring crack propagation the load-displacement record can be used to 

detect (42): 

- Large scale yielding in the specimen 

- Indication of high precracking loads 

- Specimen alignment 

- Stiffness of the load frame 

An truly elastic material will exhibit a linear load-displacement record while a bending of the record at 

higher loads will result if yielding occurs in the specimen. In the case of yielding the slopes of the load 

and unloading curves will remain constant but the unloading curve will not pass through the origin (42). 

This is not the case when crack growth occurs. 

2.5.1 Closure Effects 
One anomaly which can occur is a slight nonlinearity in the load-displacement record at low 

loads. Figure 2-10 illustrates schematically the effect of closure on load-displacement trace. Numerous 

investigators have studied closure effects in various materials (46, 47, 48]. Elber (49) showed that 

compressive stresses at the crack tip induced during fatigue precracking can produce a closure effect 

while others have shown that surface roughness on the crack faces and oxides deposited inside the 

crack can produce a similar effect. Since the crack is prevented from opening at lower loads the 

specimen exhibits an increase in stiffness, effectively acting as if the crack was shorter. Once the crack 

fully opens the load-displacement record becomes linear. Figure 2-11 illustrates the mechanisms of 

fatigue crack closure. 
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Figure 2-1 Compositional modifications of 18Cr-8Ni austenitic stainless steels [3]. 
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Figure 2-5 Schaeffler diagram showing the effect of alloying elements on the basic 
structure of Cr-Ni stainless steels [4]. 
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3. Proposed Environmental Test 
There are two general approaches to environmental testing. The first method, a decreasing K 

test, requires that a constant displacement be maintained throughout the test. As the crack proceeds 

through the material the stress intensity decreases resulting in the arrest of the crack. The second 

method is referred to as a increasing K test. During this test the load is held constant. The stress 

intensity increases as the crack propagates until fracture of the specimen occurs. Time to failure tests 

are conducted in this fashion. 

Due to the environmental restrictions caused by the use of high pressure C02, a decreasing K 

test incorporating a compact tension (CT) specimen was chosen. The CT specimens were modified to 

accommodate a wedge which was used to apply the load during the test. This specimen geometry has 

two advantages. First, its size allows for the testing of several specimens in the autoclave 

simultaneously, therefore, assuring that each specimen is exposed to identical environmental 

conditions. Secondly, the specimen configuration simulates a crevice which will most likely be present 

in the actual system. The crevice will also enhance the severity of the corrosive environment. In order 

to realistically model the actual operating environment a 5% solution of sodium chloride was dripped 

into the fatigue cracks of each wedge loaded CT specimen prior to C02 exposure. Due to the 

toughness of the materials, the necessary sample size recommended for a valid LEFM CT specimen 

was not observed. Since Type 304 austenitic stainless steel is readily susceptible to stress-corrosion 

cracking it was add to the list of alloys tested as a control. 
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4.0 Materials 
Six different hot rolled annealed plates (HRAP) were used in this study. These included three 

austenitic stainless steels from the 300 series, AISI Types 304, 310, 316, one German austenitic stainless 

steel, Type 18/10/2, and two nickel base alloys, Inconel 600 and Incoloy 800. Plate thickness ranged 

from 12.2 mm (0.48 in) to 13.2 mm (0.52 in). The nominal compositions for these alloys are given in 

Tables 4-1and4-2. 
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Table 4-1. Chemical composition of austenitic stainless steels [8]. 

Chemical Analysis (weight %) 
Element 

304 310 316 18/10/2 

c 0.08 0.25 0.08 0.10 

Mn 2.00 2.00 2.00 2.00 

p 0.045 0.045 0.045 

s 0.030 0.030 0.030 

Si 1. 00 1. 50 1. 00 1. 00 

Cr 18.0/20.0 24.0/26.0 16.0/18.0 16.5/18.5 

Ni 8.0/10.50 19.0/22.0 10.0/14.0 10.5/13.5 

Mo 2.0/3.0 2.0/2.5 

Ti ;:::::: 5 x %C 
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Table 4-2. Chemical composition of nickel-base alloys [12, 15]. 

Materials 

Chemical Analysis (wt %) 
Element~~~~~~~~~~~~~~----l 

Inconel 600 Incoloy 800 

c 0.15 0.1 

Ni 72.0 30.0/35.0 

Cr 14.0/17.0 19.0/23.0 

Fe 6.00/10.0 39.5 min 

Al 0.15/0.60 

Ti 0.15/0.60 

Mg 

Si 

Cu 

s 

1. 00 

0.50 

0.50 

0.015 

1.50 

1. 00 

0.75 

0.015 
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5.0 Experimental Procedures and Typical 
Results 

5.1 Outline of Testing Procedure 

Two separate studies were performed in this investigation to accurately evaluate the response 

of materials. The first study, which will be referred to as a chloride stress-corrosion study, was used to 

verify that cracking tendencies of the various materials were typical relative to each other. During this 

phase each alloy was exposed to solutions containing various concentrations of chloride ions. This 

simple, well known test has been used in the past to evaluate the sec behavior of numerous alloys. 

After the morphologies of the alloys were characterized the second study, referred to as a 

C02/chloride SCC study was performed to evaluate the response of the materials in a C02 

environment. Compact tension specimens, made from each of the six alloys were exposed to a static, 

high pressure C02, chloride containing environment for a period of one month. Two separate test 

were run in this environment. During this investigation crack growth was monitored using 

load/displacement curves and X-rays stress analysis. The fracture surfaces were analyzed using a SEM 

and an ESCA following this test. 

A flowchart outlining these two studies is shown in figure 5-1. A more detailed description of 

the testing procedure and some typical results will be presented in the following sections of this thesis. 

5.2 Metallography 

Samples for metallographic examination were sectioned from the plates and standard 

metallographic procedures for mounting, grinding, and polishing were observed. The austenitic 

stainless steel specimens were electrolytically etched in a 10 percent oxalic acid solution using a 6 volt 
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battery. The nickel-base alloys were electrolytically etched at 6 volts in a 5 percent nital solution [50]. 

Microstructures were observed and photographed using an aus.JENA Neophot 21 metallograph. 

Typical microstructures for the as-received hot rolled annealed plates are shown in Figures 5-2 

and 5-3. Horizontal strain lines consistent with the directionality of the rolled structure is exhibited by 

all the alloys [51]. The strain lines appearing as long, dark streaks preferentially etch because of their 

reduced corrosion resistance. Most of the stainless steel microstructures examined in this study 

exhibited twinning, which is characteristic of austenitic alloys. 

5.2.1 Austenitic Stainless Steels 
Intermetallic inclusions and chrome carbides are present in the austenitic stainless steels [51]. 

Carbides can be seen outlining the austenite grain boundaries in the Type 310 stainless steel (Figure 5-

2). The formation of carbides along the grain boundaries can lower both the tensile properties and 

corrosion resistance of this material. 

5.2.2 Nickel-Base Alloys 
Both Inconel 600 and Incoloy 800 are stable, solid-solution, austenitic alloys. Titanium 

nitrides, titanium carbides, and chromium carbides are the only precipitates found in the 

microstructure of these alloys [12, 15]. The titanium nitrides and carbides appear as angular-shaped 

inclusions randomly dispersed throughout the austenite matrix. Twinning was also evident in this 

material. 

5.3 Tensile and CT Specimen Preparation 

Tensile specimens were machined from the plate in accordance with ASTM Standard E 8-86 

[52]. The specimens were 6.35 mm (0.25 in) in diameter with a gage length of 31.75 mm (1.25 in) 

(Figure 5-4). 
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Compact tension specimens were machined from the plates in accordance with the American 

Society for Testing and Materials (ASTM) Standard E 399-86 [44) (Figure 5-5). The CT specimens 

were machined with the crack plane in the transverse longitudinal (T-L) orientation (Figure 5-6). Due 

to the initial thickness of the plate the specimen thickness (B) for the Type 18/10/2 was 11.81 mm 

(0.465 in). All other specimens had a thickness of 12.82 mm (0.505 in). The width (W) and initial 

crack length (a) for all specimens, as measured from the load line, were 50.80 mm (2.0 in) and 15.87 

mm (0.625 in) respectively. 

The specimens were modified to accommodate a wedge which was used to apply the load 

during the long-term exposure tests. To avoid any possible galvanic effects the wedges were made of 

the same material as the CT specimens. Also, four small holes were drilled and tapped on the front 

face of each CT sample to allow the attachment of knife edges, which are used to attach the COD gage 

to the CT specimen. An aluminum alignment block was used to aid in the attachment of the knife 

edges since they were to be removed and reattached at various times during the study. 

5.3.1 Specimen Designation 
A numbering scheme was adopted in which each specimen was given a two part code 

consisting of two numbers (e.g. 1-1). The first number of the code represented the alloy, 1 thru 6. The 

second part identified the specimen number within that alloy sequence. Identification codes for the 

specimens can be found in Table 5-1. 

5.4 Mechanical Properties 
5.4.1 Hardness Measurements 

Rockwell B hardness measurements were made on the as-received plates using a 3HM 

Rockwell Hardness tester. Hardness data for the as-received plates are presented in Table 5-2. 
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5.4.2 Tensile Properties 
Tensile testing was performed on an automated 22 kip capacity servo-hydraulic test system in 

accordance with ASTM Standard E 8-86 [52]. The system, a Materials Test System (MTS) model 810, 

was controlled by a 448.82 Test Controller and interfaced to a Digital Micro PDP-11 computer (Figure 

5-7). A program written in MTS BASIC was used to conduct and collect the data. Tests were run 

under stroke control at a rate of 0.71 mm/min (0.028 in/min) at a temperature of 22.°C. A listing of 

the program is given in Appendix A. The data were then transferred to an IBM PC via a 

communications program (X-TALK) and analyzed using Lotus 1-2-3. 

Stress-strain curves characteristic of the alloys are shown in Figure 5-8. Average values for the 

mechanical properties of the three tensile specimens tested from each alloy are summarized in Table 5-

3. 

5.5 Chloride Stress-Corrosion Cracking Study 

Chloride stress-corrosion cracking studies were conducted in a 45 percent solution of boiling 

(154°C) MgCl2 in accordance with ASTM Standard G 36 [53] (Figure 5-9). Specimens were cut from 

each of the plates and ground, using a 4 1/2 inch circular grinder rotating at 12,000 RPM, parallel and 

perpendicular to the rolling direction. These specimens were placed in magnesium chloride solution 

for exposure times of 9 hours and 1 week. After exposure the specimens were examined for cracks. 

Sensitized specimens were also studied. The austenitic stainless steels, Types 304, 310, 316, 

and 18/10/2, sensitized at 5300C for 12 hours, and the nickel-base alloys, Inconel 600 and Incoloy 800 

sensitized at 6100C for 17 hours, were furnace cooled and ground. Following exposure to the boiling 

MgC}i for periods of 15 hours and 1 week, the specimens were examined for evidence of surface 

cracking. Coupons which exhibited cracking were sectioned perpendicularly to the ground surface. 
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These specimens were ground, polished, and etched, and photographed using the procedures described 

in the section on metallography. 

Similar studies were conducted using a 32 percent solution of boiling (120°C) MgCl2 and using 

a 2 percent solution of boiling (101°C) sodium chloride. Exposure times in the MgCl2 were 12 hours 

and one week while a longer study of, one month was conducted in NaCL Again the ground surfaces 

were examined for cracks. 

Stress-corrosion results for both magnesium chloride and sodium chloride tests for the six 

alloys are shown in Table 5-4. Inconel 600 was the only alloy resistant to chloride stress-corrosion 

cracking under the conditions of this study. These results are consistent with those found by Copson 

(Figure 5-10). These results suggest that as the Ni content of the alloy increases the susceptibility to 

chloride cracking decreases. The most resistant austenitic stainless steel, Type 310, showed signs of 

cracking only after one week exposure to the boiling, 45 percent solution of MgC}z. Cracks were seen 

in all the other austenitic stainless steel alloys after only 9 hours of exposure in the as-received and 

ground condition. Specimens placed in boiling 2 percent NaCl for one month showed no signs of 

cracking. 

The sensitized Incoloy 800 specimen exposed to MgClz for 38 hours did not fail although a 

similar specimen exhibited stress cracks after only 15 hours. One possible explanation may be 

variations in the state of residual stress caused by nonuniform pressure during surface grinding. 

Another possibility is variation in the pH of the solution. Studies have shown that the pH, which was 

not monitored during this study, may affect the SCC susceptibility [32]. The pH of the MgCl2 solution 

would be low initially, thus increasing the dissolution rate of the protective film and exposing fresh 

metal to the environment. This situation would promoting SCC. However, after preferential 

evaporation of HCl from the solution the dissolution rate of the protective film would decrease, thus 

reducing the probability of sec. 
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5.5.1 Surface Cracks 
Surface cracks were evident in all materials except Inconel 600 (Figures 5-11- 5-15). Crack 

directions were not influenced by the rolling direction. However, the cracks were observed to be 

perpendicular to the grinding direction. Stress-corrosion cracks aligned in this orientation would be 

expected since the tensile stresses developed during grinding are aligned parallel to the grinding 

direction [55). It has also been found that tensile residual stresses in excess of 400 MPa (58 ksi) have 

been induced in Type 304 stainless steel by abusive grinding techniques [56). Crack orientation was 

also observed to change as it encountered the interface from parallel to perpendicular grinding (Figure 

5-16). 

Branching of the surface cracks, especially in the Types 304 and 18/10/2 stainless steels, was 

evident in all of the specimens except for the Inconel 600 (Figures 5-11 - 5-15). Although the Type 316 

stainless steel exhibited some branching tendencies, a majority of the cracks observed were straight 

(Figure 5-13a). The most dramatic change in the number of cracks appeared in the sensitized and 

ground Type 304 specimen (Figure 5-17). This was not unexpected since this material is extremely 

sensitive to chloride stress-corrosion cracking especially in the sensitized condition. Again these cracks 

were orientated perpendicular to the grinding direction but they appeared much shorter than those in 

the as-received and ground specimen. 

5.5.2 Microstructural Observations 
The branched, transgranular characteristics of the stress-corrosion cracks as they proceed 

downward from the surface in the cross-sectional views of the coupons arc shown in Figures 5-11 - 5-

15. Highly branched cracks occurred in the Type 310 stainless steel and Incoloy 800, while deeper, less 

branched cracks were observed in the Types 316 and 304 specimens. Shallow somewhat branched 

transgranular cracks were characteristic of Type 18/10/2 stainless steel. Both twin and grain 

boundaries can act as obstacles which impede crack propagation (Figure 5-15c). However, inclusions, 
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carbides and nitrides in the austenite matrix did not seem to have an effect on the advance of the stress 

cracks. This is illustrated in the unetched micrographs (Figures 5-11- 5-15). 

5.6 COJChloride Stress-Corrosion Cracking Study 
5.6.1 Summary of the Test Procedure for the C02 /Chloride 

sec study 
The following is an outline for the test procedure used for the first series of CT samples 

exposed to the C02/ chloride environment: 

- Precrack the compact tension specimens 

X-ray measurement of specimen while under load. 

Load/displacement measurement taken. 

- Expose loaded CT specimen to 154°C MgC!i for 4 hours. 

Load/displacement measurement taken. 

(ESCA study of an Inconel 600 specimen.) 

- Expose loaded CT specimen to boiling water for 4 hours. 

X-ray measurement of specimen while under load. 

Load/displacement measurement taken. 

- Expose loaded CT to 2000 psi C02 and 5% NaCl at 70°C for 1 month. 

X-ray measurement of specimen while under load. 

Load/ displacement measurement taken. 

Manually overload the specimen. 

SEM fractography of all fracture surfaces. 

Both the exposures to boiling MgC!i and to boiling water were excluded for the second group of CT 

specimens tested. 
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5.6.2 Fatigue Precracking 
Fatigue precracking was accomplished using the precracking program module in the Jic 

software supplied by MTS in accordance with ASTM Standard E 399-83 A2 [44] on the automated 

MTS system described above. The system was operated in load control and was cycled at a frequency 

of 20 Hz using a sinusoidal tension to tension cycle with a load ratio (P min/P max) of 0.1. Crack growth 

was monitored both by the MTS program and visually. For information regarding the expressions used 

to calculate the crack length and stress intensity see Appendix B. 

Reference marks, used to monitor the length of the crack, were scribed on the specimens 

perpendicular to the direction of crack propagation at 5 mm intervals. The first mark was scribed 2 

mm from the root of the machined notch. Visual monitoring of the crack, while the specimen was 

under a static load was enhanced by polishing the surfaces of the CT specimens and by using oblique 

illumination. 

A high applied load (Pmax) of 13.4 to 17.8 kN (3 to 4 kips) was used in order to initiate the 

fatigue crack at the root of the machined notch. After initiation the applied load was reduced stepwise 

until the crack reached 95 percent of the final length. The load was reduced so that the terminal value 

of Kr( max) would not exceed 60 percent of the estimated value of Kie for the materials and that the 

terminal value of Kr(max)/E would not exceed 0.002 in1/ 2. This requirement is made to assures that the 

plastic zone size during final fatigue precracking cycles is less than the plastic zone during the 

environmental test in order to prevent the residual stresses associated with the large work-hardened 

zone from blunting the crack tip and then affecting the results of the environmental test [42]. 

The resulting average precrack length values (a), measured from the load lines, were 

approximately 2.41 cm (0.95 in), yielding a/W ratios of 0.475. The specimens were rotated when crack 

propagation became uneven, due to a nonuniform stress distribution possibly caused by misalignment 

of the grips. If the fatigue crack grew out of the crack plane the specimen was discarded. 
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The terminal load and stress intensity values during fatigue precracking and initial load and 

stress intensity values for the long term tests are summarized in Tables 5-5 and 5-6. Fatigue cracks 

remained in the crack plane but, tunneling, due to high local stresses in the interior of the specimens 

was evident in all the specimens tested (Figure 5-18). 

5.6.3 MgCl2and Boiling Water Exposure 
In an attempt to introduce a stress crack which would more closely model actual cracks 

present in the system, the first series of CT samples were exposed under load to a 45 percent solution 

of boiling (154°C) MgC}i for four hours. Load versus displacement measurements revealed that 

bonding of the crack faces had occurred after this treatment. This phenomena will be discussed in the 

next section. In order to remove the MgCl2 from the crack the wedge loaded specimens were boiled in 

distilled water for four hours. The second series of CT specimens were not exposed to the MgCl2 in 

order to avoid the bonding phenomena. 

5.6.4 Load Versus Front-Face Displacement Curves 
By construction of load versus front-face displacement curves, recorded at various times 

throughout the study, gross changes in the characteristic stiffness of the specimens can be detected. 

These tests were performed on the MTS system using a crack opening displacement (COD) gage to 

monitor the front face displacement. A program written in MTS BASIC was used to conduct these 

tests under load control at loading rates from 50 lbs/sec to 105 lbs/sec. The loads used for these tests 

were below the net-section yield strength of the materials. A listing of this program and a sample of 

the output is shown in Appendix C. 

Three cycles, each including a loading and an unloading segment were performed during the 

load versus displacement test for each specimen. The section discussed previously entitled, Summary 

of the 'fest Procedure for the C02/Chloride SCC Study, contains an outline of the times during which 

these tests were made. The data were collected and transferred to an IBM PC using X-TALK and 
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analyzed using Lotus 1-2-3. During the analysis procedure all data below the closure load were 

removed. Next, a series of linear regressions was performed on each individual segment. The resulting 

slopes were recorded. 

Overall the load versus front-face displacement data did not reveal gross changes in the 

characteristic stiffness of the specimens tested. Table 5-7 summarizes the results of both series of tests. 

A statistical analysis of these data using a one way analysis of variance was inconclusive in determining 

if a change had occurred in the stiffness of the specimens at a 95% confidence level [57]. The inability 

of the crack opening displacement gage to measure very small changes in crack extension and removal 

and attachment of the COD gage during the study may have contributed to the statistical fluctuations 

seen in these data. 

An artificially high stiffness during the initial portion of the load/displacement record was 

observed for all the CT specimens that were exposed to the boiling MgCl2 (Figure 5-19). Magnesium 

chloride which solidified on the crack faces is suspected to have bonded the crack together. After the 

specimens were boiled in water the stiffness for each CT specimen decreased to approximately their 

original values (Table 5-7). This would be expected since MgClz is soluble in water. An ESCA study 

was performed on the fracture surface of an Inconel 600 specimen after exposure to boiling MgCl2 and 

those results will be discussed in the section entitled ESCA Study. 

A slight nonlinear behavior was observed before the exposure to the boiling MgC!z. It was 

probably a result of compressive stress surrounding the crack faces developed during fatigue 

precracking [48]. 
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5.6.5 X-ray Residual Stress Analysis 
A second method, X-ray stress analysis was incorporated to determine the position of the 

crack tip. A brief discussion of the fundamental concepts in X-ray diffraction and the equations 

necessary for the determination of a biaxial state of stress are given in Appendix D. 

5.6.5 1 Sample Preparation 
Large surface residual stresses were introduced during machining of the CT specimens. In 

order to remove this layer both sides of the specimens were ground on wet silicon carbide paper using 

light pressure. To retain the mechanical properties of the as-received plates these specimens were not 

given a stress relief anneal. Initial grinding was accomplished using 240 grit paper which was followed 

by 320, 400, and 600 grit papers. This also aided in the visual monitoring of the fatigue crack during 

precracking. After the surface preparation was completed four lines were scribed on the specimen 

approximately every 5 mm starting 2 mm after the tip of the machined notch to assist in the alignment 

of the X-ray head. 

5.6.5 2 X-ray Procedure 
The combined stress due to both the surface residual and applied stresses parallel to the crack 

plane were determined by X-ray diffraction using a TEC Model 1610 X-ray Stress Analysis system 

(Figure 5-20). The wedge loaded specimens were aligned under the X-ray head such that the crack 

plane coincided with the diffraction plane. All measurements were made on the 220 planes using a 128 

degree Bragg angle detector mounting block and a 2 mm round collimator with CrKa radiation. The 

system was operated at 35 kV with a beam current of 1.7 mA. 1f' angles of 0, 10, 20, 30, 40, and 50 

degrees were used for all measurements made at each of the four spots on all the specimens [58]. A 

sample of the output can be seen in Appendix D. X-ray measurements were made at several points 

throughout this study which and was previously outlined in the section entitled, Summary of the Test 

Procedure for the C02/Chloride SCC Study. 
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The three materials, Type 316, Type 18/10/2, and lncoloy 800, selected for X-ray stress 

analysis exhibited surface residual compressive stresses prior to precracking ranging from 103 Pa (15 

ksi) to 138 Pa (20 ksi). The compressive stress resulted from the initial machining and grinding 

processes. Results of this study are presented in Table 5-8. Plots of the stress distributions versus the 

distance from the machined notch are shown in Figure 5-21. Highly orientated grain structures, which 

resulted from the fabrication process, were indicated by the initial X-ray measurements on Types 304 

and 310 stainless steels and on Inconel 600. Due to this texturing problem it was not possible to obtain 

reliable data for these materials so they were excluded from further X-ray measurements. 

Maximum tensile or minimum compressive stresses, in those specimens which exhibited only 

compressive stresses, occurred around the crack tip. In most cases the stresses measured on the 

surface of the specimens became more compressive, approaching the stress of the ground material, as 

the distance increased from the crack tip. Shifts in the maximum of these curves, which would have 

indicated crack extension by the various treatments, were not observed. Other investigators [59, 60] 

have also successfully used similar X-ray techniques to map the stress distribution as a function of 

distance from the crack tip. 

5.6.6 Carbon Dioxide Exposure 

5.6.6.1 Preparation and Environmental Conditions 
Two autoclaves, one made of 316 stainless steel and the other made of Hastclloy, were used 

during the C02 study (Figure 5-22). Both autoclaves were thoroughly degreased with acetone. After 

the removal of the knife edges a 5 percent solution of sodium chloride was dripped into the cracks of 

each of the six wedge loaded CT specimens. To assure that moisture was present throughout the test 

approximately 20 ml of the sodium chloride solution was poured into the bottom of the Hastelloy 

autoclave. The specimens were separated by inert phenolic spacers to avoid any galvanic effects and 

placed into Hastelloy autoclave. The autoclave was then closed. 

Experimental Procedures and Typical Results Page 48 



Carbon dioxide was then allowed to pass through both autoclaves for approximately 30 

minutes while each were vented at the top to purge air from the system. A two stage procedure was 

used in order to attain the necessary volume of C02 in the Hastelloy autoclave. First, the 316 stainless 

steel autoclave was partially submerged in an ice water bath and filled with C02. Second, this 

autoclave was then removed from bath and heated by means of external heating tapes while allowing 

the expanding COi to pass into the autoclave containing the CT specimens. This procedure was 

repeated several times. 

The Hastelloy autoclave, which was also heated with external heater tape, was allowed to 

equilibrate at 7fY'C. Excess C02 was vented until a pressure of 2000 psi was reached. These conditions 

were maintained for a period of 30 days after which the system was cooled to room temperature, 

depressurized, and the specimens removed. 

It was apparent after removal of the first set of CT samples from the autoclave that moisture 

had condensed on the surfaces of the specimens. Corrosion products had built up inside the machined 

notches of all the specimens and large pit was observed on the fatigue crack on the 304 specimen 

(Figure 5-23). Moisture was also observed on the surfaces of CT specimens from the second long term 

test. The sodium chloride solution at the bottom of the autoclave from the second exposure test was 

measured with litmus paper and had a pH of approximately 5. 

After stiffness and X-ray measurements were made the specimens were fatigued on the MTS 

to mark the end of the cracks. To avoid contact between the crack faces, a load ratio of 0.5 was used. 

The specimens were then overloaded and immediately placed in a desiccator. 
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5.6.7 Fractography 

5.6. 7 1 Macro Photography 
Macro photographs taken after the specimens were overloaded show heavy deposits of 

corrosion products at the root of the machined notch around the wedge (Figure 5-18). Not only does 

this demonstrate the corrosive nature of this environment to these normally passive materials but it 

also illustrates the severity of the localized corrosive attack which can occur in a crevice. The heaviest 

buildup of corrosion products occurred in the Types 304 and 18/10/2 stainless steels. CT specimens 

from the first test exhibited a reddish colored scale while grayish deposits were found outside the 

machined notch on the specimens from the second series. Although a chemical analysis was not 

performed on the fracture surface it is noteworthy to mention that Fe203 is reddish-brown in color and 

that Fe304 is black. Discoloration of the fatigue precracked region, indicating that the environment 

was present at the crack tip, was evident on all the specimens. The area that appears shinny in most of 

the specimens, just beyond the initial fatigue precrack, resulted from fatigue cycling after the C02 test. 

5.6. 7 2 SEM Fractography 
Fracture surfaces sectioned from the CT specimens were mounted on aluminum stubs with 

silver paste and examined using a Philips 505 scanning electron microscope operated at 30 kV in the 

secondary electron imaging mode. Both the fatigue precrack region and the area at the crack tip were 

examined at magnifications up to 600X. 

Two sets of SEM micrographs, one for each of the long term exposure tests, illustrating both 

the fatigued region near the machined notch and the crack tip region for each CT specimen are shown 

in Figures 5-24 - 5-28. Topographically torn surfaces, resulting from the tension-tension fatigue 

precracking process, are evident on all specimens. Fractographs from the first series indicate no 

evidence of crack extension due to stress-corrosion cracking caused by the combined exposure to the 

MgCl2 and the C02 in any of the CT specimens. However, numerous pits aligned in the rolling 
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direction, appeared in the crack tip region of the Type 304 CT specimen (Figure 5-24). This 

dramatically demonstrates the variation in chemistry which can occur inside a crevice. The flat facets 

appearing in most of the micrographs are austenite grains which may have fractured along a twin 

boundary (Figure 5-29). Although some corrosion products were seen near the crack tip on the 

fracture surfaces, the thickest deposits were generally observed at the root of the machined notch 

(Figure 5-30). 

SEM fractographs from the four materials tested in the second series, which were not exposed 

to MgC}z, also showed no evidence of stress-corrosion cracking. Since pitting did not occur in the Type 

304 stainless steel during this test it is believed that pitting observed in the first series was a result of 

the boiling MgCl2 exposure. 

5.6. 7 Electron Spectroscopy for Chemical Analysis Study 
ESCA provides direct information of binding energy states in an atom. The technique is used 

to determine oxidation states by analyzing peak shifts in the binding energy. Due to the shallow depth 

of penetration of the primary beam, 10 angstroms, it can be used to study the thin surface films. 

However, chemical information can be obtained from below the first few atomic layers by 

incorporating ion sputtering making this tool invaluable for studying the role of surface films during the 

corrosion process. 

In an attempt to reproduce the bonding effect seen in the first series of CT specimens after 

exposure to MgClz, another Inconel 600 CT specimen was prepared following the same procedure. 

Load versus displacement measurements were made before and after exposure under load to the 

boiling MgCl2. The CT specimen was sectioned with a diamond cut-off wheel using acetone as a 

coolant to avoid dissolution of the MgCl2 on the fracture surface. ESCA profiles were made before 

and after argon ion etching with a KRATOS XSAM800 ESCA instrument operated at 2 kV and 15 mA 

using MgKa radiation. Argon ion etching was performed for a one minute interval. 
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ESCA wide scans indicating the compositional changes of the layers on the fracture surface of 

the Inconel 600 CT specimen before and after argon ion etching are shown in Figure 5-31. The initial 

wide scan, taken prior to argon ion etching, revealed that a carbonyl group (C=O), most likely due to 

the acetone used during sectioning of the specimen, was present on the outermost layer of the fracture 

surface. A high resolution ESCA spectra confirmed that the Cls peak appearing at 288 e V was shifted 

by 3 e V from that of the peak for elemental carbon (285 e V) (Figure 5-32). This shift is characteristic 

of a carbonyl group. Magnesium and chlorine were also found at the surface (Figure 5-32). After 

argon ion etching the Cls, Ols, Mg2p, and Cl2p peaks decreased. A Ni2p peak also appears at this 

depth. The Ni2p peak appearing in the second wide scan resulted from a nickel oxide layer [61]. 

Chromium, from the base metal, was not detected indicating that the argon etching did not penetrate 

the passive film. Since the magnesium and chlorine were found on the outermost layers of the fracture 

surface, the effect observed was probably due to the solidification of MgCli around asperities on the 

surfaces. But bonding between the MgCl2 and the surfaces can not be ruled out since a detailed study 

of the surface was not performed. After sufficient load was applied the MgCl2 would fracture and the 

load/displacement curve would reflect the characteristic stiffness of the specimen. 
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Table 5-1. Specimen designations. 

Alloy Compact Tension Compact Tension 
Test 1 Test 2 

304 5-2 5-5 

310 3-1 3-2 

316 1-1 1-2 

18/10/2 6-1 6-6 

Inconel 600 4-4 

Incoloy 800 2-3 
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Table 5-2. Rockwell B hardness values. 

Hardness 
Alloy Rockwell B 

304 87 

310 74 

316 80 

18/10/2 77 

Inconel 600 84 

Incoloy 800 70 
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Table 5-3. Mechanical properties1. 

Yield Strength Tensile Elongation 
Alloy (offset = 0.2%) Strength ( 40. 5 mm gage) 

MP a ksi MP a ksi % 

304 255 37 551 80 45 

310 248 36 572 83 40 

316 241 35 578 84 45 

18/10/2 255 37 634 92 40 

Inconel 269 39 620 90 38 
600 

Incoloy 221 32 565 82 33 
800 

1 Strain Rate = 0.03 in/min at 22°c. 
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Table 5-4. Chloride stress-corrosion test results. (a) 45% MgCl2 154°C, (b) 32% MgCl2 120°C, and 

(c) 2% NaCl 101°c 

As received As received Sensitized As received Sensitized 
Alloy 

ground only ground + MgCl2 ground + MgCl2 ground + MgCl2 ground + MgCl2 
cracks cracks I time cracks I time cracks I time cracks I time (y/n) Cy/n) Chr) Cy/n) Chr) Cy/n) Chr) Cy/n) (hr) 

304 no yes 8.5 yes 15 
310 no no 9 no 15 yes 168 
316 no yes 9 yes 15 

18/10/2 no yes 9 yes 15 
Inconel 600 no no 9 no 15 no 168 no 38 
Incoloy 800 no no 9 yes 15 yes 168 no 38 

(a) 

As received 
Alloy 

ground + MgCl2 

cracks I time cracks I time 
Cy/n) Chr) (y/n) Chr) 

304 no 12 yes 168 
310 no 12 yes 168 
316 no 12 yes 168 

18/10/2 no 12 yes 168 
Inconel 600 no 12 no 168 
Incoloy 800 no 12 no 168 

(b) 

As received 
ground + NaCl 

Alloy 

I cracks time 
Cy/n) (months) 

304 no 1 
310 no 1 
316 no 1 

18/10/2 no 1 
Inconel 600 no 1 
Incoloy 800 no 1 

(C) 
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Table 5-5. Final fatigue precracking loads and stress intensities for both groups of CT specimens at the 

terminal crack length of 0.95 inches. 

Final Precracking 
Alloy Specimen Terminal Stress Intensity 

(Group 1) ID Load 
(Mpa-mA · 5 ) (lbs) (ksi-inA• 5 ) 

304 5-2 1670 20.9 23.0 

310 3-1 1500 18.4 20.6 

316 1-1 1750 21. 6 24.1 

18/10/2 6-1 1450 19.8 21. 7 

Inconel 600 4-4 1800 22.5 25.0 

Incoloy 800 2-3 1800 22.6 25.1 

Final Precracking 
Alloy Specimen Terminal Stress Intensity 

(Group 2) ID Load 
(lbs) (ksi-inA· 5 ) (Mpa-mA · 5 ) 

304 5-5 1425 18.1 19.9 

310 3-2 1435 18.0 19.8 

316 1-2 1520 19.l 21. 0 

18/10/2 6-6 1450 19.9 21. 9 
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Table 5-6. Initial load and stress intensity values for both groups of CT specimens prepared for C02 

exposure. 

Stress Intensity 
Alloy Specimen Initial During C02 Test 

(Group 1) ID Load 
(lbs) (ksi-inA· 5 ) (Mpa-mA · 5 ) 

304 5-2 1880 23.6 25.9 

310 3-1 1650 20.6 22.6 

316 1-1 1750 21. 9 24.1 

18/10/2 6-1 1600 21. 8 24.0 

Inconel 600 4-4 1740 22.0 24.2 

Incoloy 800 2-3 1800 22.9 25.2 

Stress Intensity 
Alloy Specimen Initial During C02 Test 

(Group 2) ID Load 
(lbs) (ksi-inA· 5 ) (Mpa-mA · 5 ) 

304 5-5 1900 23.9 26.2 

310 3-2 2000 25.0 27.5 

316 1-2 2170 27.2 29.9 

18/10/2 6-6 1800 24.6 27.0 
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Table 5-7. Average slope of the load-displacement records. 

Material Type Incoloy Type Inconel Type Type 
316 800 310 600 304 18/10/2 

After 
Precracking 273547 286306 288894 309822 270479 257976 

1500 lbs 
After 
MgCl~ 428427 432166 406769 426291 350672 313381 

1000 bs 
After 

MgCl~ - H20 279043 280687 283790 312724 273597 262046 
120 lbs 
Before 

Autoclave 268478 280686 278369 312331 264843 255077 
2100 lbs 
Before 

****1 Autoclave 271617 282333 288963 267939 264218 
1000 lbs 
After 

Autoclave 275459 283955 295129 315867 292231 264305 
1000 lbs 
After 

Autoclave 270563 288028 283333 318799 269391 260788 
2100 lbs 

1 Data did not store on the disk. 
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Table 5-8. Total surface stress ax, applied and residual along the x-direction on the ligament of Type 

316 and Type 18/10/2 austenitic stainless steels and Incoloy 800 CT specimens. 

Distance Initial Stress Stress 
Alloy From Notch Stress After MgCl2 After C02 

(mm) (ksi) (ksi) (ksi) 

2 -15.0 -17.9 -9.4 

7 -6.4 3.9 0.6 
316 

12 -9.5 2.3 -15.1 

17 -19.3 -1.8 -5.0 

Distance Initial Stress Stress 
Alloy From Notch Stress After MgCl2 After C02 

(mm) (ksi) (ksi) (ksi) 

2 -16.8 -16.1 -15.7 

7 -14.1 -11.2 -6.9 
18/10/2 

12 -22.3 -17.9 -22.3 

17 -25.4 -17.3 -16.5 

Distance Initial Stress Stress 
Alloy From Notch Stress After MgCl2 After C02 

(mm) (ksi) (ksi) (ksi) 

2 -16.2 -11.8 -19.1 

Incoloy 7 -18.4 -12.5 -10.6 
800 

12 -18.9 -10.2 -18.3 

17 -25.4 -21. 9 -23.1 

Experimental Procedures and Typical Results Page 60 



TESTING PROCEDURE FOR RANKING MATERIALS 

Chloride SCC Study COJChloride SCC Study 

Ground Coupons CT Specimens 

MgC12or NaCl Bath MgC1 2 Bath 

Observe Crack 
Morphology 

Optical 

Study Bonding 
Effect 

ESCA 

Autoclave 
c~ /NaCl 

Monitor 
Crack Growth 

Load / Disp >-----

X-ray 

SEM 

Figure 5-1. Flowchart outlining the testing procedure for ranking the materials. 
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Type 304 Stainless Steel 

Type 316 Stainless Steel Type 18/10/2 Stainless Steel 

~LT 
L L 

Figure 5-2. Typical microstructures of Types 304, 310, 316, and 18/10/2 stainless 
steels in the as-received condition. 
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Incoloy 800 ~LT 
L L 

Figure 5-3. Typical microstructures of Inconel 600 and Incoloy 800 in the as-
received condition. 
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Figure 5-4. Standard round machined tension test specimen [52] .. Dimensions are 
in inches. 
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Figure 5-5. Proportions and tolerances of the compact tension specimen [44]. All 
dimensions are m inches. 
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LONGITUDINAL 
ROLLING DIRECTION 

THICKNESS 
SHORT TRANSVERSE 

WIDTH 
LONG TRANSVERSE 

Figure 5-6. Sectioning scheme for compact tension specimen from the rolled plate. 
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Figure 5-7. MTS model 810 Materials Test System. 
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Type 304 Stainless Steel Type 310 Stainless Steel 
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Type 316 Stainless Steel Type 18/10/2 Stainless Steel 
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Figure 5-8. Typical stress versus displacement curves for the austenitic stainless 
steels and the nickel-base alloys in the as-received condition. 
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Figure 5-9. Condenser apparatus for stress-corrosion test using boiling MgClz. 
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Figure 5-10. The effect of nickel content on the susceptibility to stress-corrosion 
cracking of iron-chromium-nickel alloys in boiling 42% MgCh [54]. 
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Type 304 Stainless Steel 

Figure 5-11. Stress-corrosion cracks in Type 304 stainless steel after exposure to 
boiling 42% MgCh. (a) Cracks in the surface of the ground specimen. (b) 
Unetched and (c) Etched micrographs showing stress-corrosion crack morphologies 
as they proceed downward through the cross-section of the ground specimen. 
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Type 310 Stainless Steel 

Figure 5-12. Stress-corrosion cracks in Type 310 stainless steel after exposure to 
boiling 42% MgCh. (a) Cracks in the surface of the ground specimen. (b) 
Unetched and ( c) Etched micrographs showing stress-corrosion crack morphologies 
as they proceed downward through the cross-section of the ground specimen. 
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Type 316 Stainless Steel 

Figure 5-13. Stress-corrosion cracks in Type 316 stainless steel after exposure to 
boiling 42% MgCh. (a) Cracks in the surface of the ground specimen. (b) 
Unetched and (c) Etched micrographs showing stress-corrosion crack morphologies 
as they proceed downward through the cross-section of the ground specimen. 
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Type 18/10/2 Stainless Steel 

Figure 5-14. Stress-corrosion cracks in Type 18/10/2 stainless steel after exposure 
to boiling 42% MgCh. (a) Cracks in the surface of the ground specimen. (b) 
Unetched and (c) Etched micrographs showing stress-corrosion crack morphologies 
as they proceed downward through the cross-section of the ground specimen. 
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Incoloy 800 

Figure 5-15. Stress-corrosion cracks in Incoloy 800 after exposure to boiling 42% 
MgCh. (a) Cracks in the surface of the ground specimen. (b) U netched and ( c) 
Etched micrographs showing stress-corrosion crack morphologies as they proceed 
downward through the cross-section of the ground specimen. 
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Figure 5-16. Stress-corrosion cracking in an as-received Incoloy 800 specimen 
ground and exposed to boiling 154°C MgCh for one week. Crack orientation 
changes as it encounters the transition in grinding direction. 
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Figure 5-17. Surface cracking in Type 304 stainless steel. Numerous surface cracks 
are shown perpendicular to the grinding direction in a specimen that was ground 
and exposed to boiling 154°C MgCh for 15 hours. 
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Figure 5-18. Fracture surfaces of CT specimens from the C02 exposure studies. 
The six CT specimens from the first series are shown on the left side of the 
photograph and the four CT specimens from the C02 study are shown on the right 
side of the photograph. 
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Figure 5-19. Closure effect on the load/displacement records for Inconel 600. (a) 
Before MgCh exposure, closure due to plasticity; (b) After MgCh exposure, closure 
due to bonding of crack faces by MgCh. 
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Figure 5-20. TEC model 1610 Series X-ray Stress Analysis System. 
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Figure 5-21. Stress versus distance from the root of the machined notch using X-ray 
stres~ analysis. (a) Type 18/10/2; (b) Type 316; (c) Incoloy 800; (d) Orientation of 
specimen. 
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Figure 5-22. Experimental set-up including two autoclaves for long term C02 
exposure studies. 

Experimental Procedures and Typical Results Page 82 



Figure 5-23. Large pit on the fatigue crack of a Type 304 stainless steel CT 
specimen after MgCh and C02 exposures. 
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I ... 
Type 304 fatigue region Type 18/10/2 fatigue region 

Type 304 crack tip Type 18/10/2 crack tip 

Figure 5-24. SEM photomicrographs of the fracture surfaces of Types 304 and 
18/10/2 stainless steels from the first C02 exposure study. The fatigue and crack tip 
regions are shown. 
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Type 316 fatigue region 

Type 316 crack tip Type 310 crack tip 

Figure 5-25. SEM photomicrographs of the fracture surfaces of Types 316 and 310 
stainless steels from the first exposure C02 study. The fatigue and crack tip regions 
are shown. 
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:er·.·'· 
Inconel 600 fatigue region Incoloy 800 fatigue region 

lnconel 600 crack tip Incoloy 800 crack tip 

Figure 5-26. SEM photomicrographs of the fracture surfaces of Inconel 600 and 
Incoloy 800 stainless steel from the first exposure study. The fatigue and crack tip 
regions are shown. 
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Type 304 fatigue region Type 310 fatigue region 

Type 304 crack tip Type 310 crack tip 

Figure 5-27. SEM photomicrographs of the fracture surfaces of Types 304 and 310 
stainless steels from the second C02 exposure study. The fatigue and crack tip 
regions are shown. 
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Type 316 fatigue region Type 18/10/2 fatigue region 

Type 316 crack tip Type 18/10 /2 crack tip 

Figure 5-28. SEM photomicrographs of the fracture surfaces of Types 316 and 
18/10/2 stainless steels from the second C02 exposure study. The fatigue and crack 
tip regions are shown. 
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Figure 5-29. SEM photomicrograph of Type of 316 stainless steel showing faceted 
austenite grain. 
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Figure 5-30. SEM photomicrograph of Type of 304 stainless steel after exposure to 
MgCh and C02 showing heavy oxide layer near the root of the machine notch. 
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Figure 5-31. Comparative ESCA wide scans of the fracture surface of an Inconel 
600 CT specimen exposed to boiling MgCh. (a) Before argon ion etching; (b) after 
argon ion etching. 

Experimental Procedures and Typical Results Page 91 



C ls 2000 0 ls 

6000 

t': t': 
!'Ji !'Ji 
l:'i 

4000 ~1000 E-
~ 

0 0 
535 

BINDING ENERGY BINDING ENERGY 

(a) (b) 

1500 

H>i>l 

t': t': 
!'Ji 1000 !'Ji 
l:'i ~ E-;::;; ~ 

Cl2p ~ 

I ~ 
500 

500 

0 0 
215 210 i9S 

BINDING ENERGY BINDING ENERGY 

(c) (d) 

Figure 5-32. High resolution ESCA scans prior to argon ion etching of Inconel 600 
CT specimen exposed to boiling MgCh. (a) Cls; (b) Ols; (c) Mg2s; (d) Cl2p. 
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6.0 Conclusions 
Materials selection involves the careful consideration of many factors which can affect the 

direct and indirect costs of an engineered system. Cost, ease of fabrication along with the corrosion 

resistance and mechanical properties should all be considered. However, with any engineering system 

safety should be the overriding concern. Cost generally rises with increasing nickel content. But with 

increasing nickel content comes increased resistance to stress-corrosion cracking. These opposing 

factors should be carefully weighed to assure the structural integrity of an engineered system. 

The objective of the C02/ chloride SCC study was to investigate the susceptibility of various 

austenitic stainless steels and nickel-base alloys to stress-corrosion cracking in a moist environment of 

high pressure carbon dioxide and chloride ions. After one month of exposure to a C02/ chloride 

environment at a stress intensity of approximately 22 ksi-in' 5 , stress-corrosion cracking was not 

observed in these alloys. This observation applies to the CT specimens from the first group as well. 

This latter set of samples was exposed, while under load, to boiling 154°C MgCl2 prior to C02 

exposure. 

Results of the chloride stress-corrosion study revealed that coupons with higher nickel 

contents which were ground and exposed to varying concentrations of MgC}z NaCl were less 

susceptible to chloride SCC. Inconel 600, the alloy containing the highest nickel content of the six 

austenitic alloys examined, was the only alloy found to be immune to chloride stress-corrosion cracking. 

Although these solutions cause rapid cracking they do not represent the actual operating environment 

and contamination of the environment by other species can dramatically affect the performance of 

these materials. So careful examination of the specific operating conditions is necessary before 

selecting the desired material. 
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After evaluation of the corrosion products on the fracture surfaces following C02 exposure the 

materials were ranked, starting with the least susceptible to the corrosive media, in the following order: 

- Inconel 600 

- Incoloy 800 

- Type 316 

- Type 310 

- Type 18/10/2 

- Type 304 

Although neither Types 304 and 18/10/2 austenitic stainless steels showed signs of cracking in 

the C02 environment, the large number of stress-corrosion cracks found in these materials in the 

chloride SCC study should eliminate them from the list of candidate materials. The performance of all 

the other materials was adequate. 

X-ray stress analysis was successful in identifying the position of the crack tip in several 

specimens. Maximum tensile or minimum compressive stresses, in the specimens which only exhibited 

compressive stresses, were observed in the crack tip region. These stresses decreased at locations a 

few millimeters in front of the crack tip. 

The MgCl2 which bonded the crack faces together by solidifying in the cracks of the CT 

specimens, dramatically increased the slope of the load-displacement record. The solidified MgCl2 can 

be removed by placing the specimens in boiling water. 
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7.0 Recommendations 

Recommendations to avoid stress-corrosion cracking: 

- High nickel content. 

- Low carbon content. 

- Alloying additions (Ti and Nb). 

- Avoid residual stresses. 

- Reduce dissolved oxygen. 

- Small grain size. 

- Avoid sigma phase. 

- A void crevices. 
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8.0 Proposed Future Studies 

In order to better evaluate the stress-corrosion susceptibility of these alloys constant extension 

rate tests (CERT) or ripple loading should be used. Either of these techniques would mechanically 

break the protective film on the surface. By increasing the number of active slip systems and the 

number of dislocations which interact with the passive film the initiation time for stress-corrosion 

cracking could be effectively reduced. 

Other recommendations which should be included in future studies are: 

- Increase the stress intensity. 

- Sensitize the materials to simulate an actual weld. 

- Modify the environment by increasing the oxygen and chloride contents. 

- Add carbonic acid. 
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Appendix A. Tensile Test Program 

A.1 The MTS BASIC program listed below was used to conduct tensile testing on a MTS Model 810 

servohydraulic test system while monitoring the load, stroke, and displacement. The extensometer 

used to monitor the displacement on the gage length of the specimen was removed after a specified 

amount of displacement to avoid possible damage. 

TENSILE TEST PROGRAM 

10 REM TENSILE TEST PROGRAM 
20 REM nus PROGRAM CAN ONLY DE RUN IN SfROKE CONTROL. 
30 REM TO MODIFY THE PROGRAM ON WOULD HAVE TO CHANGE THE FGRAMP 
40 REM AND ADTIMED CALLS. 
50 REM ARRAY X WILL HOLD DATA FROMADRMAX. 
60 REM ARRAY N WILL HOLD DATA FROM ADRMIN. 
70 DIM T(l000,3),N(l,1),X(l,1) 
80 CLINIT 
90 FGSTOP \ ADSTOP 
100 PRINT\ PRINT\ PRINT 
110 PRINT 'THIS PROGRAM WILL GIVE AN ENGINEERING STRESS STRAIN DIAGRAM.' 
120 PRINT\ PRINT 'FAILURE IS DEFINED DY A LOAD READING OF LESS THAN 2%' 
130 PRINT\ PRINT 'FULL SCALE AFTER THE LOAD HAS EXCEEDED 5% OF FULL SCALE.' 
140 PRINT\ PRINT\ PRINT 
150 REM THIS STATEMENT TURNS THE PRINTER ON. 
160 PRINT CHR$(27) +'[?Si' 
170 PRINT'ENTER THE FOLLOWING INFORMATION.' 
180 PRINT\ PRINT 'DATE:'; \INPUT #O:D$ 
190 PRINT\ PRINT 'TYPE OF MATERIAL: '; \INPUT #O:M$ 
200 PRINT\ PRINT 'TIIE TEST ID CAN ONLY COJ\'TAIN '6' ALPHANUMERIC CHARACTERS' 
210 PRINT 'AND CAN NOT CONTAIN ANY SPACES!!!' 
220 PRIJ\'T 'ENTER TEST ID. NAME: '; \ INPUT #O:F$ 
230 PRINT 
240 PRINT "ENTER 'FLAT OR 'CYL' TEST SPECIMEN. "; \INPUT #0:1$ 
250 IF 1$ < >'FLAT THEN IF 1$ < > 'CYL' THEN 240 
260 IF !$='FLAT TIIEN 300 
270 PRINT\ PRINT 'SPECIMEN DIAMETER (in): '; \INPUT #O:Bl 
280 F= .25*PI*Bl ·2 
290 GOTO 330 
300 PRINT\ PRINT 'ENTER SPECIMEN WIDTI-1 (in): '; \INPUT #O:W4 
310 PRINT\ PRINT 'ENTER SPECIMEN THICKNESS (in): '; \INPUT #O:T4 
320 F=W4*T4 
330 PRINT\ PRINT 'EXTENSOMETER GAGE LENGTI-1 (in): '; \INPUT #O:B2 
340 PRINT\ PRINT 'ENTER SPECIMEN GAGE LENGTH (in): '; \INPUT #O:LO 
350 PRINT\ PRINT 
360 PRINT 'ENTER SELECTED SfROKE RANGE 5, 2.5, 1, OR 0.5 (in.): '; \INPUT #O:S2 
370 IF S2=5 THEN 390 \IF S2=2.5 THEN 390 \IF S2=1TIIEN390 \IF S2=.5 TIIEN 390 
380 GOTO 360 
390 REM CALCULATES WI-IAT 1 VOLT WOULD BE 
400 S2=S2/10 
410 PRINT\ PRINT 
420 PRINT 'ENTER INITIAL RAMP RATE IN (in/min):';\ INPUT #O:R2 
430 Rl = R2/S2/60 
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440 PRINT\ PRINT 
450 PRINT 'ENfER SCALE FACTOR TO INCREASE OR DECREASE nrn RAMP RATE (0.5 - 5).' 
460 PRINT 'IF SCALE FACTOR = 1 TIIEN OLD RATE WILL BE USED' 
470 PRINT 'CAUTION! CAUTION! CAUTION! : ';\INPUT #O:Yl 
480 IF Yl < = 0 TIIEN 450 
485 IF Yl > 10 TIIEN 450 
490 PRINT\ PRINT 
500 REM TIIIS DETERMINES THE END LEVEL OF TIIE RAMP. 
510 PRINT 'ENfER END LEVEL IN (inches):'; \INPUT #O:Vl 
520 IF Vl < =S2*10 TIIEN 530 \PRINT 'END LEVEL> TIIAN STROKE RANGE'\ GO TO 510 
530 Vl = Vl/S2/10 
540 PRINT\ PRINT 
550 PRINT 'TIIE CLOCK TIME MUST BE SET BEIWEEN .002 AND .65 SEC.' 
560 PRINT 'IF 0 IS ENfERED TIIE CLOCK WILL DEFAULT TO .002 SECONDS.' 
570 PRINT 'ENfER TIIE DESIRED CLOCK TIME Tl: '; \ INPUT #O:Tl 
580 PRINT\ PRINT 
590 REM TIIIS SETS TIIE NUMBER OF INfERRUPTS BEIWEEN DATA COLLECTION POINTS 
600 PRINT 'THE NUMBER OF INfERRUPTS BEIWEEN DATA POINTS ' 
610 PRINT 'SHOULD BE BEIWEEN 1 AND 32767.' 
620 PRINT 'ENfER TIIE # OF INfERRUPTS 11: '; \ INPUT #0:11 
630 IF 11<1 TIIEN 600 
640 IF 11>32767 TIIEN 600 
650 PRINT\ PRINT 
660 PRINT 'Hl IS A VARIABLE WHICH DETERMINES TIIE AMOUNT OF STRAIN' 
670 PRINT 'NECESSARY BEFORE TIIE SYSTEM WILL SHUT DOWN' 
680 PRINT 'ALLOWING TIIE OPERATOR TO REMOVE TIIE EXTENSOMETER.' 
690 PRINT 'VALUES FOR 1-11 WILL DEPEND ON YOUR MATERIAL!!!' 
700 PRINT 'ENfER 1-11 (.02-.07): '; \ INPUT #O:Hl 
710 PRINT\ PRINT 
720 PRINT 'ENfER SELECTED LOAD RANGE 20, 10, 4, OR 2 (KIPS): '; \INPUT #O:Ll 
730 IF L1 =20 TIIEN 750 \IF Ll=lO TIIEN 750 \IF L1=4 TIIEN 750 \IF L1=2 TI-IEN 750 
740 GOT0720 
750 REM CALCULATES WHAT 1 VOLT WOULD BE IN POUNDS. 
760 L1 = (Ll *1000)/10 
770 PRINT\ PRINT 
780 PRINT 'ENfER STRAIN RANGE SELECTED 100, 50, 20, OR 10 (% ): '; \INPUT #O:Sl 
790 IF Sl < > 100 TIIEN IF Sl < > 50 TIIEN IF Sl < > 20 TIIEN IF Sl < > 10 THEN GO TO 780 
800 REM TI-IESE STATEMENTS CALCULATE WHAT 1 VOLT WOULD BE 
810 REM FOR TIIE VARIOUS VALUES ON OUR RANGE CARD. 
820 REM TIIIS IS FOR TIIE MODEL 632.03B-30 EXTENSOMETER 
830 REM TI-IESE VALUES HA VE TO BE CHANGED IF ANOTIIER EXTENSOMETER IS USED!!! 
840 IFSl=lOOTIIENSl=.1/10 
850 IFS1=50TIIENS1=.05/10 
860 IFS1=20TIIENS1=.02/10 
870 IF Sl = 10 TIIEN Sl = .01/10 
880 PRINT\ PRINT 
890 PRINT\ PRINT 'ENfER MAXIMUM STRAIN VALUE FOR GRAPH.';\ INPUT #O:X2 
900 PRINT\ PRINT 'ENfER MAXIMUM STRESS VALUE FOR GRAPH.'; \INPUT #O:A2 
910 PRINT\ PRINT\ PRINT 
920 REM 
930 R.F:rvl ************************************************************** 
940 REM START SECTION OF PROGRAM TIIAT STARTS FUNCTION GENERATION. 
950 R .. E.I\.f ************************************************************** 
960 PRINT "ENfER 'BEGIN TEST TO START TIIE TEST. "; \INPUT #O:Q$ 
970 IF Q$ < >'BEGIN TEST TIIEN 960 
980 PRINT\ PRINT\ PRINT\ PRINT 
990 ADIMMED(l,R9) \ R9=R9*L1*10 \REM INITIAL LOAD (lbs) 
1000 ADIMMED(2,R8) \RB= R8*Sl *10/B2 \REM INITIAL STRAIN (in/in) 
1010 GOSUB 2350 
1020 CKTIME(l,Tl,C) 
1030 FGARB(l,'R', RATE Rl/10,Vl) 
1040 REM ADTIMED WILL BE CONTROLLED BY STROKE (3) 
1050 REM IT WILL ALSO COLLECT DATA FROM CHANNELS 1,2,AND 3 
1060 REM WHICH ARE LOAD, STRAIN AND STROKE RESPECTIVELY. 
1070 ADTIMED(l,T,,3,11,1,2) 
1080 ADRMAX(2,X,1) 
1090 ADRMIN(3,N,1) 
1095 REM TRIGGER FOR pid. #3 (ADRMIN) 
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1100 ADTRIGGER(3,.05,l) 
1110 ADINIT \ ADG0(2,3) \ FOGO 
1120 REM DATA GOES INTO ARRAY T AFTER LOAD EXCEEDS 30 lbs. 
1130 ADIMMED(l,Z2) \ Z2=Z2*L1*10 \REM IBIS IS IBE CURRENT LOAD 
1140 IF Z2<30 IBEN 1130 
1150 ADGO(l) 
1160 REM NOIBING GOES INTO ARRAY N UNTIL 5% FULL SCALE 
1170 REM OF SELECTED LOAD IS EXCEEDED. IBIS IS CONTROLLED 
1180 REM BY IBE ADTRIGOER CALL. 
1190 IFN(l,l)=OIBEN1190 
1200 ADIMMED(l,Z2) \ Z2 = (Z2*Ll *10)/F \ REM IBIS CONVERTS LOAD TO STRESS. 
1210 ADIMMED(2,Zl) \ Zl =Zl *Sl *10/B2 \REM IBIS CONVERTS NEU TO STRAIN (in/in). 
1220 PLOT(l,Zl,Z2) 
1230 IF Zl < H1 IBEN 1200 
1240 FGSTOP \ ADHOLD 
1250 COPY(l) 
1260 VI'MODE 
1270 PRINT \ PRINT\ PRINT CHR$(7) \ PRINT CHR$(7) \ PRINT CHR$(7) 
1280 PRINT TAB(12)'•••••••••••• REMOVE EXTENSOMEIBR ••••••••••••• 
1290 PRINT\ PRINT\ PRINT\ PRINT 
1300 PRINT "TYPE 'GO' TO CONTINUE THE PROGRAM.";\ INPUT #O:A$ 
1310 IF A$='GO' IBEN 1330 
1315 PRINT\ PRINT 
1320 GO TO 1300 
1330 PRINT\ PRINT 
1340 R3=Yl*Rl 
1350 PRINT 'NEW RAMP RATE (in/min) = ';R3*S2*60;' END LEVEL = ';Vl •1o•s2 
1360 FGARB(l,'RAMP', RATE R3/10,Vl) 
1370 ADRESUME \FOGO 
1380 REM IBIS WILL STOP DATA COLLECTION IF IBE #OF DATA POil\1TS EXCEEDS 990 
1382 M=O 
1384 IF T < = 990 IBEN 1390 
1385 M = 1 \ PRINT CHR$(27) \ PRINT CHR$(27) \ PRINT CHR$(27) 
1386 CLRTXWIN(l) 
1388 ADREMOVE(l) \PRINT\ PRINT 'ARRAY T FULL!' 
1390 IF ELEVEL(N(l,1))>.02IBEN1394 
1391 FGSTOP \ ADSTOP 
1392 GO TO 1420 
1394 IF M = 1 IBEN 1390 
13% GO TO 1384 
1420 PRINT\ PRINT\ PRINT 
1430 REM ••••••••••••• MAY NEED ETIME AND SLEEP •• * ••••••••••• 
1440 ETIME \ SLEEP(lO) 
1450 REM IBIS PART PRINTS DATA TO THE SCREEN 
1460 12=5\13=16\14=28\15=38 
1470 PRINT TAB(I2)'TIME';TAB(l3)'STROKE';TAB(I4)'LOAD';TAB(I5)'STRAIN' 
1480 PRINT TAB(l2)'(SEC)';TAB(I3+ l)'(in)';TAB(I4)'(LBS)';TAB(I5 + l)'(in/in)' 
1490 T(0,0)=0 \FOR l=l TOT\ T(I,O)=T(I-1,0)+T(l,O) \NEXT I 
1500 S$=' -##.### -##.#### -#####.## -##.####' 
1510 PRINT 
1520 FORl=lTOT 
1530 PRINT USING S$,T(I,O)*C,ELEVEL(T(I,1))*10*S2,ELEVEL(T(I,2))*10*Ll; 
1540 PRINT ELEVEL(T(I,3))*10*Sl/B2 
1550 NEXT I 
1560 PRINT \ PRINT\ PRINT 
1570 PRINT THE NUMBER OF DATA POINTS IN ARRAY T WHERE 'T.' 
1580 PRINT\ PRINT'MAXIMUM STRESS WAS 'ELEVEL(X(l,l))*Ll*lO/F;' Psi.' 
1590 PRINT\ PRINT\ PRINT\ PRINT F$,M$,Yl,Tl,Il 
1600 PRINT\ PRINT Bl,B2,F,R2,R3*S2*60 
1610 PRINT\ PRINT L1 *10,Sl •10,s2•10,c 
1620 PRINT\ PRINT 'INITIAL LOAD (lbs) AND STRAIN (in/in): 'R9,R8 
1630 PRINT \ PRINT\ PRINT 
1640 PRINr '** ********************************************************' 
1650 PRINT \ PRINT 
1660 PRINT "INSERT DATA DISKS INTO UNITS 1 AND 2 AN TYPE 'GO'"; 
1670 INPUT #O:A$ \IF A$< >'GO' IBEN 1660 
1680 :RErvt ************************************************************** 
1690 REM OPEN FILE AND OUTPUT DATA TO DISK UNIT #2 AND DISK UNIT #1 
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1700 
1710 
1720 
1730 
1740 
1750 
1760 
1770 
1780 
1790 
1800 
1810 
1820 
1830 
1840 
1850 
1860 
1870 
1880 
1890 
1900 
1910 
1920 
1930 
1940 
1950 
1960 
1970 
1980 
1990 
2000 
2010 
2020 
2030 
2040 
2050 
2060 
2070 
2080 
2090 
2100 
2110 
2120 
2130 
2140 
2150 
2160 
2170 
2180 
2190 
2200 
2210 
2230 
2240 
2250 
2260 
2270 
2280 
2290 
2300 
2310 
2320 
2330 
2340 
2350 
2360 
2365 
2370 

F$=F$&'.DAT 
OPEN 'DU1:'&F$ FOR OUTPUT AS FILE #1, FILESIZE -1 
OPEN 'DU2:'&F$ FOR OUTPUT AS FILE #2, FILESIZE -1 
REM •••••••••WRITE TESf HEADER TO THE DISKS••••••••• 
FOR 1=1TO4 \PRINT #1: \PRINT #2: \NEXT I 
REM F$ IS SPECIMEN ID 
PRINT #l:F$ \PRINT #2:F$ 
REM D$ IS TESf DATE 
PRINT #l:D$ \PRINT #2:D$ 
REM M$ IS MATERIAL TYPE 
PRINT #l:M$ \ PRINT #2:M$ 
REM Bl IS SPECIMEN DIAMETER 
PRINT #l:Bl \PRINT #2:Bl 
REM B2 IS GAGE LENGTH 
PRINT #l:B2 \ PRINT #2:B2 
REM F IS CROSS SECTIONAL AREA 
PRINT #l:F \PRINT #2:F 
REM R2 IS THE INITIAL RAMP RATE IN in/min. 
PRINT #l:R2 \PRINT #2:R2 
REM Ll/100 IS LOAD RANGE IN KIPS 
PRINT #l:Ll/100 \PRINT #2:Ll/100 
REM Sl *10 IS THE STRAIN RANGE IN INCHES 
PRINT #l:Sl *10 \PRINT #2:Sl *10 
REM S2*10 IS STROKE RANGE IN INCHES 
PRINT #l:S2*10 \PRINT #2:S2*10 
REM Yl IS RAMP SCALE FACTOR 
PRINT #l:Yl \PRINT #2:Yl 
REM TIS THE NUMBER OF DATA POINTS IN ARRAY T. 
PRINT #l:T \PRINT #2:T 
REM c IS THE TIME FROM nm CLOCK 
PRINT #l:C \ PRINT #2:C 
REM R9=INITIALLOAD (lbs) AND R8=1NITIALSTRAIN (in/in) 
PRINT #l:R9 \PRINT #2:R9 
PRINT #l:R8 \PRINT #2:R8 
REM LO=MEASURED GAGE LENGTH 
PRINT #l:LO \PRINT #2:LO 
REM ELEVEL(X(l,l))*Ll *10/F IS THE ULTIMATE TENSILE STRENGTH. 
PRINT #l:ELEVEL(X(l,l))*Ll *10/F \PRINT #2:ELEVEL(X(l,l))*Ll *10/F 
FOR I= 1 TO 11 \PRINT #1: \ PRil\'T #2: \NEXT I 
REM ••••••••WRITE DATA TO THE DISKS•••••••• 
REM INT ARRAYO=TIME l=STROKE2=LOAD 3=STRAIN 
FORI=l TOT 
PRINT #l:T(I,O)*C;",";ELEVEL(T(I,l))*S2*10;","; 
PRINT #l:ELEVEL(T(l,2))*10*Ll;'',"; 
PRINT #l:ELEVEL(T(l,3))*10*Sl/B2 
PRINT #2:T(I,O)*C;",";ELEVEL(T(I,l))*S2*10;","; 
PRINT #2:ELEVEL(T(I,2))*10*Ll;","; 
PRINT #2:ELEVEL(T(l,3))*10*Sl/B2 
NEXT I 
CLOSE 
PRINT \ PRINT\ PRINT\ PRINT 
PR.IN'f'**********************************************************' 

PRINT "TEST AND DATA STORAGE COMPLETE!!!!"\ PRINT 
PRIN'f'**********************************************************' 

PRINT\ PRINT "TYPE 'YES' FOR ANOTHER TEST OR 'NO' TO STOP. "; 
INPUT#O:K$ 
IF K$< >'YES' TI-IEN IF K$< >'NO' THEN 2250 
IF K$ ='YES' THEN GO TO 2320 
REM THIS STATEMENT TURNS Tl IE PRINTER OFF 
PRINT CHR$(27)+'[?4i' 
STOP 
REM THIS STATEMENT TURNS THE PRINTER OFF 
PRINT CHR$(27) + '[?4i' 
CHAIN 'DUO:LOAD.BAS' LINE 10 
RE:l\1 ********************************* 
REM SET UP ON-LINE PLOT 
RE:rvt: ********************************* 
CLRTXWIN(l) 
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2380 TEKMODE 
2390 PHYL(l,0,100,0,100) 
2400 AXES(l,-100,-100) 
2410 AXES(l,100,100) 
2420 SCALE(l,O,O,X2,0,A2) 
2430 COMM(l,F$,X2* .45,A2* .95) 
2440 IABEL(l,'STRAIN (in)','STRESS Psi',X2/10,A2/10,1) 
2450 IABEL(l,' ',' ',X2/20,A2/20,3) 
2460 RETURN 
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Appendix B. Stress Intensity and Crack Length Expressions 

B.1 The geometric parameters of the CT specimen, width (W), thickness (B), and crack length (a), 

along with elastic modulus (E) of the material are incorporated in the MTS software used for the 

determination of crack length. The crack length is related to the compliance through a fifth degree 

polynomial of the form [62]: 

a/W = OJ + C1(Ux) + C2(Ux)2 + C3(Ux)3 + C4(Ux)4 + Cs(Ux)5 

(Eqn. Bl) 

where 

Ux = 1/[(BEV /P)1/2 + 1] (Eqn. B2) 

and OJ, C1, ... , Cs are compliance coefficients (Table B-1). V and Pare the crack opening displacement 

measured at the front face of the CT specimen and the applied load respectively. V /P is the slope of 

the load/displacement data recorded during the test. From this data the stress intensity may also be 

calculated. The equation relating stress intensity (K) to load, displacement and crack length is given by 

[62]: 

K = [P/(BWl/2)][(2 + a)/(1- a)3/2][0.886 + 4.64a - 13.32a2 + 14.72a3 - 5.6a 4] 

(Eqn. B3) 

where a = a/W. This equation is valid for a/W > 0.2. These equations were also used too calculate 

the initial stress intensity of the specimens after wedge loading for C02/ chloride SCC testing. 
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Table B-1 Front face compliance coefficients for CT specimens [62]. 

Co C1 C2 C3 C4 C5 

1.0010 -4.6695 18.460 -236.82 1214.9 -2143.6 
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Appendix C. Load-Displacement Program and Sample Output 

C.1 The MTS BASIC program listed below was used to conduct load-displacement testing on a MTS 

Model 810 servohydraulic test system. Both COD and load were recorded for future analysis. 

CTLOAD.BAS 

10 PRINT\ PRINT\ PRINT 
20 PRINT '1HIS PROGRAM WILL LOAD AND UNLOAD IN LOAD CONTROL.' 
30 DIM T(l000,3),V(l,1) 
40 CLINIT 
50 PRINT CHR$(27)+'[?5i' 
60 FGSTOP \ ADSTOP 
70 PRINT\ PRINT 'ENTER THE FOLLOWING INFORMATION.' 
80 REM MUST MAXIMUM OF SIX ALPHANUMERIC CHARACTERS WITH NO SPACES. 
90 PRINT\ PRINT 'TEST ID. NAME: '; \ INPUT #O:F$ 
100 PRINT\ PRINT 'SPECIMEN ID.: '; \INPUT #O:R$ 
110 PRINT\ PRINT 'DATE:';\ INPUT #O:D$ 
120 PRINT\ PRINT 'TYPE OF MATERIAL: '; \INPUT #O:M$ 
130 PRINT CHR$(27) + '[?4i' 
140 PRINT 'ENTER SELECTED STROKE RANGE 5, 2.5, 1, OR 05 (in.): '; \INPUT #O:S2 
150 IF S2=5THEN170 \IF S2=2.5THEN170 \IF S2=1THEN170 \IF S2=.5THEN170 
160 GOTO 140 
170 REM CALCULATES WHAT 1 VOLT WOULD BE 
180 PRINT CHR$(27) +'[?Si' 
190 S2=S2/10 
200 PRINT 
210 PRINT 'ENTER TIME FOR ONE SEGMENT (sec):'; \INPUT #O:H4 
220 PRINT\ PRINT 
230 REM 2 SEGMENTS = 1 CYCLE 
240 PRINT 'ENTER DESIRED NUMBER OF CYCLES (1 CYCLE = 2 SEG.): ';\INPUT #O:P4 
250 IF P4 > 6 THEN 240 
260 PRINT\ PRINT 
270 PRINT '1HE CLOCK TIME MUST BE SET BETWEEN .002 AND .65 SEC.' 
280 PRINT 'IF 0 IS ENTERED THE CLOCK WILL DEFAULT TO .002 SECONDS.' 
290 PRINT 'ENTER THE DESIRED CLOCK TIME Tl: '; \INPUT #O:Tl 
300 PRINT\ PRINT 
310 REM THIS SITTS THE NUMBER OF INTERRUPTS BEfWEEN DATA COLLECTION POINTS 
320 PRINT '1HE NUMBER OF INTERRUPTS BEfWEEN DATA POINTS' 
330 PRINT 'SHOULD BE BEfWEEN 1 AND 32767.' 
340 PRINT 'ENTER THE# OF INTERRUPTS 11: '; \ INPUT #0:11 
350 IF 11 < 1 THEN 320 
360 IF 11>32767 THEN 320 
370 PRINT\ PRINT 
380 PRINT 'ENTER SELECTED LOAD RANGE 20, 10, 4, OR 2 (KIPS): '; \INPUT #O:Ll 
390 IF L1=20 THEN 410 \IF Ll =10 THEN 410 \IF L1 =4 THEN 410\ IF L1 =2 THEN 410 
400 GOT0380 
410 REM CALCULATES WHAT 1 VOLT WOULD BE IN POUNDS. 
420 Ll=(Ll*l000)/10 
430 PRINT\ PRINT 
440 PRINT 'DISPLACEMENT RANGE SELECTED 100, 50, 20, OR 10 (%)? '; \ Il\1PUT #O:Sl 
450 IF Sl < > 100 THEN IF Sl < > 50 THEN IF Sl < > 20 THEN IF Sl < > 10 THEN GO TO 440 
460 REM THESE STATEMENTS CALCULATE WHAT 1 VOLT WOULD BE 
470 REM FOR THE VARIOUS VALUES ON OUR RANGE CARD. 
480 REM THIS IS FOR THE MODEL 632.03B-30 COD EXTENSOMEfER 
490 REM THESE VALUES HA VE TO BE CHANGED IF ANOTHER EXTENSOMEfER IS USED!!! 
500 IFSl=lOOTHENSl=.25/10 
510 IFSl=SOTHENSl=.125/10 
520 IFS1=20THENS1=.05/10 
530 IF Sl = 10 THEN Sl = .025 /10 
540 PRINT\ PRINT 
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550 
560 
570 
575 
580 
590 
600 
610 
620 
630 
640 
650 
660 
670 
680 
690 
700 
710 
720 
730 
735 
736 
740 
750 
760 
770 
780 
790 
800 
810 
820 
830 
840 
850 
860 
870 
880 
890 
900 
910 
920 
930 
940 
950 
960 
970 
980 
990 
1000 
1010 
1020 
1030 
1040 
1050 
1060 
1070 
1080 
1090 
1100 
1110 
1120 
1130 
1140 
1150 
1160 
1170 
1180 
1190 

PRINT 'ENTER MAXIMUM DISPLACEMENT FOR GRAPH (.001-.25) '; \INPUT #O:S9 
IF S9 > = 1.00000E-03 IBEN IF S9 < = .25 IBEN 580 \ PRINT\ PRINT 
PRINT 'INCORRECT DISPLACEMENT VALUE TRY AGAIN!'\ PRINT\ PRINT 
GOTOSSO 
PRINT\ PRINT 
PRINT 'ENTER UPPER LOAD LEVEL (lbs): '; \INPUT #O:Vl 
IF VI< = L1 *10 IBEN 610 \PRINT 'END LEVEL > 1HAN LOAD RANGE' \ GO TO 590 
PRINT 'ENTER LOWER LOAD LEVEL (lbs): '; \INPUT #O:V2 
IF V2<Vl IBEN 630 \PRINT 'LOWER LEVEL> UPPER LEVEL'\ GO TO 610 
Vl=Vl/Ll \ V2=V2/Ll 
PRINT\ PRINT\ PRINT 
PRINT CHR$(27) + '[?4i' 
PRINT\ PRINT 
R.El\.f *************************************************** 
REM BEGIN FUNCTION GENERATION AND DATA COLLECTION 
RE.rd *************************************************** 
PRINT "ENTER 'BEGIN' TO START IBE TEST. "; \INPUT #0:0$ 
IF 0$< >'BEGIN' IBEN 700 
CLRTXWIN(l) \ TXTSPOS(l,14,10) 
PRINT•••••••••••••• PRELOADING SPECIMEN •••••••••••••• 
ADIMMED(2,02) \ 02=02*Sl *10 \REM IBIS IS IBE INITIAL DISPLACEMENT 
ADIMMED(l,01) \ 01=01 *Ll *10 \ REM IBIS IS IBE INITIAL LOAD 
ETIME \ SLEEP(7) 
FGRAMP(l,20,V2/10) 
FGGO 
FGSTATUS(l,K) 
ADIMMED(l,Z7) \ Z7=Z7*Ll *10 \REM IBIS IS IBE CURRENT LOAD 
CLRTXWIN(l) \ TXTSPOS(l,11,30) \PRINT Z1 lbs.'\ ETIME \ SLEEP(.8) 
IFK< >0 IBEN 770 
FGSTOP 
CLRTXWIN(l) 
GOSUB2580 
CKTIME(l,Tl,C) 
ADRMAX(2,V,2) 
ADTIMED(l,T,,1,11,2,3) 
FGREPT(l,'R', TIME H4,P4*2,Vlf10,V2/10) 
ADINIT \ ADGO \ FGGO 
FGSTATUS(l,Pl) 
ADIMMED(l,Zl) \ Zl = Zl *Ll *10 \ REM Tl-IIS IS IBE CURRENT LOAD 
ADIMMED(2,Z2) \ Z2 = Z2*Sl *10 \ REM IBIS IS IBE CURRENT DISPLACEMENT 
PLOT(1,Z2,Zl) 
IF Pl< >0 IBEN 890 
ADSTOP \ FGSTOP 
COPY 
VTMODE 
PRINT CHR$(27) +'[?Si' \ PRINT\ PRINT\ PRINT\ PRINT CHR$(27) + '[?4i' 
CLRTXWIN(l) \ TXTSPOS(l,9,5) 
llEIVI ************************************************************* 
REM PROGRAM WILL UNLOAD A SPECIMEN UNTIL ZERO LOAD IS ATTAINED 
:RE,l\{ ************************************************************* 
REM BEGIN FUNCTION GEN. TO UNLOAD 
R.E.l\f ************************************************************* 
PRINT "ENTER 'GO' TO BEGIN UNLOADING. "; \INPUT #0:0$ 
IF 0$< >'GO' IBEN 1040 
CLRTXWIN(l) \ TXTSPOS(l,9,1) 
PRINT TAB(14)'******************* ***** * *** ******** ** *' 
PRINT\ PRINT TAB(24)'UNLOADING SPECIMEN TO ZERO LOAD' 
PRINT\ PRINTTAB(14)'*******************************' 
ETIME \ SLEEP(S) 
PRINT \ PRINT 
FGARB(l,'R', TIME 30,0) 
FGGO 
FGSTATUS(l,Pl) 
ADIMMED(1,Z2) \ Z2=Z2*L1*10 \ IFZ2< =0 GO TO 1210 
CLRTXWIN(l) 
TXTSPOS(l,11,30) 
PRINT Z2' lbs.' 
ETIME \ SLEEP(.8) 
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1200 IF Pl< >0 TIIEN 1140 
1210 CLRTXWIN(l) 
1220 TXTSPOS(l,11,34) 
1230 PRINf 'Z2' lbs.' 
1240 TXTSPOS(l,14,10) 
1250 FGSfOP 
1260 PRINf •••• REMOVE SPECIMEN AND TURN OFF HYDRAULICS***' 
1270 ETIME \ SLEEP(S) 
1280 T6=1Nf(H4/(Il*C)) 
1290 CLRTXWIN(l) 
1300 R.El\f *************************************************** 
1310 REM TIIIS PRINTS DATA TO TIIE SCREEN 
1320 R.El\t *************************************************** 
1330 PRINf "HARDCOPY OF DATA? 'YES' OR 'NO':";\ INPUT #O:E$ 
1340 IF E$< >'YES' TIIEN IF E$< >'NO' TIIEN 1330 
1350 IF E$ ='NO' TIIEN 1370 
1360 PRINf CHR$(27) +'[?Si' 
1370 T(O,O)=O \FOR 1=1 TOT\ T(I,O)=T(l-1,0)+T(l,O) \NEXT I 
1380 PRINf \ PRINf "LIST DATA ON TIIE SCREEN? 'YES' OR 'NO':";\ INPUT #0:0$ 
1390 IF 0$< >'YES' TIIEN IF 0$< >'NO' TIIEN 1380 
1400 IF 0$='NO' TIIEN 1540 
1410 PRINf \ PRINf \ PRINf 
1420 12=5\13=18\14=29\15=42 
1430 PRINf TAB(I2)'11ME';TAB(13)'LOAD';TAB(I4)'DISPL.';TAB(I5)'STROKE' 
1440 PRINf TAB(I2-l)'(sec)';TAB(I3-l)'(lbs)';TAB(I4-1)'( in )';TAB(IS + l)'(in)' 
1450 S$=' -####.### -#####.## -#.###### -#.####' 
1460 PRINf \ PRINf 
1470 19=0 
1480 FOR 1=1 TOT 
1490 19=19+ 1 
1500 PRINf USING S$,T(I,O)*C,ELEVEL(T(l,1))*10*Ll, 

ELEVEL(T(I,2))*10*Sl; 
1510 PRINf ELEVEL(T(l,3))*10*S2 
1520 IF 19<T6TIIEN1530\PRINf\19=0 
1530 NEXT I 
1540 PRINf \ PRINf \ PRINf 
1550 PRINf 'NUMBER OF DATA POINfS IN ARRAY TARE 'T 
1560 PRINf \ PRINf \ PRINf 
1570 PRINf \ PRINf \ PRINf 'T6 = 'T6 
1580 PRINf \ PRINf \ PRINf 
1590 CLRTXWIN(l) 
1600 PRINf CHR$(27)+'(?4i' 
1610 R.E.l\t *************************************************** 
1620 REM SfORES DATA TO TIIE DISKS 
1630 R.El\t *************************************************** 
1640 PRINf ••••••••••PLACE DATA DISKS IN DRIVES.•••••••••• 
1650 PRINf \ PRINf \ PRINf 
1660 PRINf "ENTER 'GO' TO BEGIN DATA STORAGE.";\ INPUT #O:U$ 
1670 IF U$< >'GO' THEN 1660 
1680 CLRTXWIN(l) 
1690 PRINf \ PRINf \ PRINf \ PRINf \ PRINf 
1700 PRINf' STORING DATA TO THE DISK DRIVES.' 
1710 REM OPEN FILES AND OUTPUT DATA TO DISK UNITS 1 AND 2. 
1720 F$=F$&'.DAT 
1730 OPEN 'DUl:'&F$ FOR OUTPUT AS FILE #1, FILESIZE-1 
1740 OPEN 'DU2:'&F$ FOR OUTPUT AS FILE #2, FILESIZE-1 
1745 R.E1\.f *************************************************** 
1750 REM WRITE HEADERS TO TIIE DISKS 
1755 R.El\f *************************************************** 
1760 REM F$ IS TEST ID 
1770 PRINf #l:F$ \ PRINf #2:F$ 
1780 REM R$ IS TIIE SPECIMEN ID 
1790 PRINf #l:R$ \ PRINf #2:R$ 
1800 REM M$ IS MATERIAL TYPE 
1810 PRINf #l:M$ \ PRINf #2:M$ 
1820 REM S2*10 IS TIIE STROKE RANGE IN INCHES 
1830 PRINf #l:S2*10 \ PRINf #2:S2*10 
1840 REM H4*2 IS TIIE TIME FOR 1 CYCLE IN SECONDS 
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1850 PRINT #l:H4*2 \PRINT #2:H4*2 
1860 REM P4 IS THE DESIRED NUMBER OF CYCLES (1 CYCLE = 2 SEGMENTS) 
1870 PRINT #l:P4 \PRINT #2:P4 
1880 REM Tl IS THE CLOCK TIME IN SECONDS 
1890 PRINT #l:C \PRINT #2:C 
1900 REM 11 IS THE NUMBER OF INTERRUPTS PER DATA POINT 
1910 PRINT #1:11 \PRINT #2:11 
1920 REM Ll/1000*10 IS THE SELECTED LOAD RANGE IN Kips 
1930 PRINT #l:(Ll/1000)*10 \PRINT #2:(Ll/1000)*10 
1940 REM St *10 IS THE SELECTED DISPLACEMENT RANGE IN INCHES 
1950 PRINT #l:Sl *10 \PRINT #2:St *10 
1960 REM Vl *Ll AND V2*Ll ARE THE UPPER AND LOWER LOAD LEVELS RESPECTIVELY 
1970 PRINT #t:Vl *Ll \PRINT #2:Vt *Ll 
1980 PRINT #l:V2*L1 \PRINT #2:V2*L1 
1990 REM TIS THE TOTAL NUMBER OF DATA POINTS IN ARRAY T 
2000 PRINT #t:T \PRINT #2:T 
2002 REM Qt IS THE INITIAL STRAIN 
2004 PRINT #t:Ql \PRINT #2:Ql 
2006 REM Q2 IS THE INITIAL LOAD 
2008 PRINT #l:Q2 \PRINT #2:Q2 
2010 FOR l=t TO 6 \PRINT #1: \PRINT #2: \NEXT I 
2020 REM IN ARRAY 'T O=TIME l=LOAD 2=STRAIN 3=STROKE 
2030 19=0 
2040 FOR l=l TOT 
2050 PRINT #l:T(I,O)*C;",";ELEVEL(T(I,l))*Ll *10;",";ELEVEL(T(I,2))*Sl *10 
2080 PRINT #2:T(l,O)*C;",";ELEVEL(T(I,l))*L1 *10;",";ELEVEL(T(I,2))*Sl *10 
2ll0 NEXT I 
2120 CLOSE 
2130 CLRTXWIN(l) 
2140 PRINT \ PRINT\ PRINT\ PRINT 
2150 PR.IN'T'***********************************************' 
2160 PRINT 
2170 PRINT' TEST AND DATA STORAGE COMPLEfE !!!' 
2180 PRINT 
2190 PRIN'T'***********************************************' 

2200 EfIME \ SLEEP(S) 
2210 PRINT \ PRINT\ PRINT 
2220 PRINT "ENTER 'YES' OR 'NO' FOR HARD COPY OF GRAPH. "; \INPUT #O:L$ 
2230 IF L$='NO' THEN 2450 \IF L$='YES' THEN 2240 \PRINT \GO TO 2220 
2240 PRINT \ PRINT 
2250 CLRTXWIN(l) 
2260 S9= ELEVEL(V(l,l))*Sl *10+ 3.00000E-04 
2270 R3=T6*2 
2280 FORJ=l TO P4 
2290 ON J GO TO 2300,2310,2320,2330,2340,2350 
2300 1=1 \ D=R3 \GO TO 2360 
2310 I=R3\D=2*R3\GOT02360 
2320 I=2*R3+1 \D=3*R3\GOT02360 
2330 1=3*R3+1 \D=4*R3\GOT02360 
2340 1=4*R3+1 \D=5*R3\GOT02360 
2350 I=5*R3+1 \D=6*R3\GOT02360 
2360 GOSUB 2460 
2370 FOR M=ITO D 
2380 PLOT(l,ELEVEL(T(M,2))*Sl *10,ELEVEL(T(M,l))*Ll *10) 
2390 NEXTM 
2400 COPY(l) 
2410 VTMODE 
2420 NEXT J 
2430 REM TillS IS TO FORM FEED TO THE NEXT SHEET OF PAPER 
2440 PRINT CHR$(27) +'[?Si'+ CI-IR$(12) + CHR$(27) + '[?4i' 
2450 STOP 
2460 llEl\4 ********************************************************* 
2470 REM SEf UP PLOT 
2480 TEKMODE 
2490 V6= Vl *Lt +50 
2500 PHYL(t,O,t00,0,100) 
2510 AXES(t,-100,-100) 
2520 AXES(l,100,Vl *Ll +50) 
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2530 SCALE(l,O,O,S9,0,V6) 
2540 COMM(l,F$,S9*.45,V6*.95) 
2550 LABEL(l,'DISPLACEMENf (in)','LOAD lbs',S9/10,V6/10,1) 
2560 LABEL(l,' ',' ',S9/20,V6/20,3) 
2570 REfURN 
2580 R.E.~ ••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
2590 V6= Vl *Ll +50 
2600 CLRTXWIN(l) 
2610 TEKMODE 
2620 PHYL(l,0,100,0,100) 
2630 AXES(l,-100,-100) 
2640 AXES(l,100,100) 
2650 SCALE(l,O,O,S9,0,V6) 
2660 COMM(l,F$,S9*.45,V6*.95) 
2670 LABEL(l,'DISPLACEMENf (in)','LOAD lbs',S9/10,V6/10,1) 
2680 LABEL(l,' ',' ',S9/20,V6/20,3) 
2690 REfURN 
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B.2 The following is a sample of the data stored on the data disks by the load/displacement program. 

test id 
specimen id 
material type 
stroke range (in) 

6008 
4-4 

IN600 
1 

40 
3 

0.5 
4 

10 
0.05 
1000 

30 
484 

0.61065 
8.85E-05 

time for one cycle, (load/unload) (sec)" 
#of cycles 
time for one interrupt (sec) 
# of interrupts per data point 
load range (kips) 
displacement range (in) 
upper load level (lbs) 
lower load level (lbs) 
total number of data points 
initial load (lbs) 
initial displacement (in) 

TIME LOAD 
(sec) (lbs) 

======================== 
2.00 125 
4.00 223 
6.00 321 
8.00 416 

10.00 513 
12.00 610 
14.00 707 
16.00 805 
18.00 903 
20.00 996 
22.00 917 
24.00 825 
26.00 723 
28.00 628 
30.00 532 
32.00 432 
34.00 337 
36.00 239 
38.00 142 
40.00 47 
42.00 109 
44.00 209 
46.00 304 
48.00 402 
50.00 497 
52.00 598 
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DISPLACEMENT 
(in) 

============ 
0.000343 
0.000615 
0.000902 
0.001151 
0.001444 
0.001757 
0.002073 
0.002382 
0.002711 
0.003009 
0.002745 
0.002452 
0.002119 
0.001814 
0.001502 
0.001182 
0.000885 
0.000595 
0.000345 
0.000113 
0.000266 
0.000519 
0.000791 
0.001084 
0.001383 
0.001704 
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54.00 690 0.001989 
56.00 786 0.002295 
58.00 886 0.002629 
60.00 990 0.002942 
62.00 933 0.002786 
64.00 838 0.002469 
66.00 741 0.002172 
68.00 645 0.001928 
70.00 547 0.001627 
72.00 452 0.001308 
74.00 358 0.000986 
76.00 260 0.000684 
78.00 164 0.000398 
80.00 44 0.000133 
82.00 93 0.000179 
84.00 193 0.000423 
86.00 289 0.000684 
88.00 383 0.001012 
90.00 481 0.001333 
92.00 576 0.001635 
94.00 674 0.001946 
96.00 771 0.002253 
98.00 866 0.002559 

100.00 982 0.002855 
102.00 952 0.002820 
104.00 854 0.002511 
106.00 759 0.002214 
108.00 660 0.001901 
110.00 565 0.001600 
112.00 469 0.001304 
114.00 372 0.001008 
116.00 276 0.000721 
118.00 180 0.000453 
120.00 55 0.000211 
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Appendix D. Fundamental Concepts and Equations in X-ray Stress 
Analysis and Example Output 

D.1 The X-ray technique for measuring residual stress is based on diffraction of electromagnetic 

radiation according to Bragg's law 

nA. = 2d sinO. (Eqn. Dl) 

Constructive interference occurs when the path difference of the scattered rays is equal to an integer 

multiple, n of the wavelength (Figure Dl). The separation of certain crystallographic planes increases 

in the presence of a compressive stress due to the Poisson effect causing a peak shift in the intensity 

from that of the stress free state. If the tp angle is changed diffraction occurs from a similar set of 

planes that are oriented differently with respect to the stress field. This also results in a shift of the 

peak intensity (Figure D2). 

Once the strains have been obtained the stress may be calculated using Hooke's law, assuming 

the residual stresses are elastic. The coordinate system is shown in Figure D3. For an isotropic 

material the equation becomes: 

(d¢ tp + do)/ do = (1 + v)/E{ aucos2¢ + a12sin2¢ + a22sin2¢ + a33}sin2tp + (1 + 

v)/Ea33 + v /E{ au + 022 + 033} + (1 + v)/E{ a13cos¢ + a23sin¢ }sin21p 

(Eqn. D2) 

where E is the Young's modulus and v is Poisson's ratio. 

Assuming a biaxial state of stress, the stress components normal to the surface 033 = 013 = 

023 = 0. The previous equation then reduces to: 
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(d¢ 1/J + do)/do = (1 + v)/E{ oucos2¢ + 022sin2¢ }sin21/J - v /E{ 011 + 022} 

(Eqn. D3) 

After performing a least-squares fit to the data measured at various 1/J angles the stress in the S¢ 

direction can be determined. Although unstressed lattice spacing, do, must be known when using the 

Sin21/' technique, substitution of the lattice spacing measured at 1/J = 0 for do in the above equation is 

acceptable. This substitution may be made since the difference between do and d measured at any 1/J 

angle in the presence of elastic strains is less than 0.1 % [63]. 
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D.2 The following is a sample output of results from the X-ray stress analyzer. 

***************** 
Dat•1 31-MAY-89 Tim•t 001131~ 

s..pl• Description 1 
310 STAINLESS STEEL 3-1 AFTER PAECRACJ<ING WEDGE LOADED 
SID£ 1 ORIENTATION 1 SPOT 1 

9yst9111 HArdwar• Confi;uration 1 
Auto Psi An;l• Driv• 
Psi Anol• Poaition Encad.,. 

ADC ChAnnels Full Seal• 
ca111 .. tor- Slit Type -

X-ray Taro•t "•t.,.ial Mid Nav•l•n;th 
Detector l'lc:luntin; Black Bragg An;l• 
Oscillating Psi An;l• 
High Valtao• And lie•• Current. 
Peak Baundin; Range <percent> 

11at.,.1al IJ) Numer 
11at.,.ial Type 

Stress Spectra Fil• Spec:ifications 
Str••• Spec:tra Acquisition Date1 
Stress Spec:tra Count Tl,.. (sec:) 

Calibration Fil• Specifications 

Detector C.libration Coeffici•nts 
A 0.11J971E-OS B 0.292762£-0:S 

Psi Sin""2CPs1> Pk Chan Intens ---- ----- ---o.o 0.00000 130. 93 297.:S 
10.0 0.02987 131.00 288.1 
20.0 0.11660 130.~ 290.6 
30.0 0.2494B 130.:58 4:58.2 
40.0 0.41219 . 131.~ 473.3 :so.o O.:se:s77 131.49 3:50.7 

Fitted Delta D vs Sin""2<Psi> Data 
D Spacina Intercept 
Slape of Fitted ~ine 
"at.,.ial Strn• Constant 

Residual Str•s• 

FWH'1 

1. u 
1.08 
1.09 
1.09 
1.13 
1.20 

CauntinQ Stati•tic• Str••• Error <+I-> 
Goadn••• of Fit Stress Errar <+I-> 
Total Str••• ErrCI'" (+/-) 
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Round 

Chromium 

~o. 

2:56 
2.00 

2.290Ci2 
128.00 

o.oo 
1. 70 
20. 

BO 
304 Stainl••• CCr 220> 

000:591.SPC 
03-JUL-BB 22:34128 

12:5 

CCR2!5B.128 

c o.o:se~o1 D 120.42:57 

Kalp Car -----
0.06621 
0.06617 
0.0601!5 
0.0601:5 
0.0602? 
0.06636 

2-Theta D Spacing St. Dev. ------- -------- ----
128.09 1.2739:57 0.0000:59 
128.09 1.2739~ 0.000039 
l:?S.07 1.274073 0.000043 
128.07 1.274068 o.oooo:ss 
128.11 1.273821 0.000028 
128.12 1.273??6 o.oooo:s? 

1.274021 
-3.:s718'92E-04 

4.9:50000E-oa 

-:5.7 ksi 
1.3 k•i 
4. 0 ksi 
4.2 lcsi 

-39.1 '1Pa 
9.0 MPa 

27.:S .... 
29.9 MPa 
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D.3 The following is a example of and-Spacing vs. Sin2 Y, plot from the X-ray stress analyzer. 

S•mple Description 1 
310 STAINLESS STEEL 3-1 AFTER PRECRACKING WEDGE LOADED 
SIDE 1 ORIENTATION 1 SPOT 1 

Stress Sp•ctra File Specifications 

Residual Strns 
Statistical Error- (+/-) 

< ksi > 
( k•:I. ) 

-~.66 
4.19 

1.275558 d(psi) a-SPACING vs Sin.....ZCpsi) 

1.275261 

1.274964 

1.274667 

1.274370 

1.274073 x x - -x - - - x - - -x-1.273776 

1.273479 
0.0 0.1 0.2 0.3 0.4 0.S 0.6 

Appendix D. 

01'.)0:591.SPC 

<mi:ia> -39. 05 
<mp•> 29. 90 

Sin,...2Cpsi) 

0.7 0.8 
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Figure D-1. Diffraction of X-rays by a crystal [63]. The difference in path length of 
X-rays ABC and DEF is GE+ EH and is equal to 2d sino. 
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X-ray tube 

(a) 

(b) 

Peak for all Psi angles. 
for an unstressed sample 

A 
'--------> 20 

Intensity 

... / 

.0 +so 
. 

. 
. 

'--------> 2() 

Intensity 

~ -so . ;'• . 

. 
. 

. \ ...... 

'-------- 20 

Figure D-2. Peak shifts due to orientation of the grain to the stress. (a) Certain 
atomic planes that satisfy Bragg's law and diffract at a 2 theta value. (b) Peak shifts 
from planes which are oriented differently to the applied stress. 
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Figure D-3 Definition of the laboratory coordinate system L; and specimen 
coordinate system Si [63]. 
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