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CBAPTER I 

INI'RCD'lCTION 'ID CORROSION 

1.1 Corrosion Costs 

It is an essential aspect of ,nature that everything has a preferred 

form or state, corresponding to a lminimal free energy. Altering a sub

stance will raise the free energy,: causing a thermodynamic driving force to 

develop towards returning the material to its apr ior ic state. This is the 

basic trait of corrosion. A few materials are used in their natural state, 

gold for example. otherwise, alte~ation and purification are required to 

place a metal into a useful form. :This higher energy form allows the envi

ronment to corrode the metal, retqrning it to a metal compound such as an 

oxide or a sulfide. 

Due to the understanding that corrosion is a natural process which 

occurs in all places: at home, at iwork, and on the road, it is often toler

ated as an unavoidable fact of life. Unfortunately, it is also a cause of 

death. Asphyxiation, explosion, and contamination have been the deplor-

able, though unforeseen, consequences of uneducated tolerance to corrosion. 

Society realizes that such a loss of life is not tolerable. This has led 

to increased safety precautions concurrent with a heightened awareness of 

the possible effects of corrosion. For the past three decades, this aware

ness has placed an emphasis on understanding the processes and control of 

corrosion. The texts of researchers such as Evans, Fontana, Hudson, and 

1 



Uhlig have increased what Shrier has termed our "corrosion consciousness" 

and the need to understand metals.13 

Even so, it is still a costly business. Tremendous economic loss is 

suffered by every industrialized nation. In feet, it is estimated that a 

developed country spends almost four percent of its gross national product 

on metallic corrosion and its consequences. A congressional directive for 

a conprehensive cost study by the jNational Bureau of Standards and Battelle 

Institute led to the u.s. Department of Commerce statement that "corrosion 

will cost the u.s. an estimated one hundred and twenty-six billion dollars 

in 1982."30 These figures would Update to approximately one hundred and 

seventy billion dollars in 1988. 

Furthermore, since there exi~ts a large dependency on foreign sources 

for critical metals and more natiJns are pushing toward increased indus

trialization, there is mounting cqmpetition for metal resources. Fontana30 

states that the corrosion "costs will escalate substantially due to world-

wide shortages of construction materials and increased energy costs." 

Additionally, it must be reali~ed that industry is constantly pushing mate

rials to the limit of their capabilities. What is, at one time, considered 

to be an ultimately harsh environment quickly becomes standard conditions. 

Therefore, corrosion is expected to continue taking its toll on a nation's 

economy. 

Yet, a nation is not entirely without recourse. Twenty-five to thirty 

percent of the costs of corrosion are avoidable. Many practical problems 

can be abated utilizing current c0rrosion information. Increasing the 

knowledge and skill of engineers ~ managers through corrosion education 

will ensure enlightened material selection and enhanced performance. While 

education is a vital part of effective corrosion control, it is also neces-
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sary that the pool of information should continue to increase. Continued 

research into the types, causes, and mechanisms of reactions is justified 

by the beneficial application of such knowledge. 

1.2 Environmentally Assisted Cracking 

I 

One of the largest problems ~ the corrosion industry is environmen-

tally assisted cracking, EOC, wher
1
e an applied stress and a corrosive envi-

ronment together cause problems t~at would otherwise not arise if either 

acted alone. The environments that cause the problems usually produce low 
I 

general corrosion. Diagnostic eff~ciency for detection of general corrosion 

has been inproving rapidly, resul~ing in newer, specialized alloys that 
I 

resist general corrosion. This a~lows materials to be used in more severe 
I 

environments, increasing the operating stresses, temperatures, and concen

trations. Consequently, localized :corrosion is on the rise, leading to a 

great increase in the frequency of EAC failures. 

A major characteristic of EAd, is the embrittlement of the material 

involved leading to the common term of environmentally induced ernbrittle

ment. Such ernbr ittlement introduqes a high potential for catastrophic 

failure. Therefore, the safety, ~eliability, and cost of a product are 
I 

affected by a damaging environment. The ernbrittlernent is a very conplex 

phenomenon involving intricate associations between rraterial, geometry, 

terrperature, time, residual and applied stress, and environment. Minute 

deviations in any part of the system can drastically alter the system's 

prq>ensity towards ernbrittlernent. For exanple, only a 4-5°C critical 

terrperature range can occur in some ernbrittlernent systems. It is often 

difficult to anticipate actual operating conditions of a system, or to 

determine the total residual stresses present in a system. 
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With so many variables, prediction of susceptible systems is limited. 

As a result, tremendous amounts of experimental testing must precede design 

to ascertain safe operating parameters. The high disaster potential of FJlC 

is often compensated for by the use of overly conservative design. With 

the increasing costs of materials and the severity of standard environ

ments, overdesigning is less tolerable. Better understanding of the vari-

ables and their interactions is necessary. 

1.3 Major Categories of EAC 

Three major categories of FJ.1!t are Hydrogen ent>rittlement (HE), liquid 

metal enbrittlement (IME), and stress corrosion cracking (~). other, more 

restricted, examples are solid metal embrittlement and radiation damage. 

Currently, there is no unified thfk>ry to explain the mechanisms of the FJlC 
I 

categories although each has witn~ssed intense investigation as demon-

strated by recent conferences and reviews. A damaging environment is often 

difficult to avoid and new materi~-environrnent combinations for embrittle

ment are discovered regularly. 

While there presently appears to be no obvious system for predicting 

susceptible cases, many researchers have noted similarities between embrit

tlement categories. For exanple, 'ent>rittlement typically occurs over a 

limited tenperature range. Cracking, in all cases, propagates in a discon-

tinuous fashion and is proportionally related to the stress intensity fac-

tors of a system. Also, the ent>rittlement can be conpletely intergranular 

(IG) , transgranular ('IG) , microvoid coalescence (M\C), or a corrbination, 

demonstrating the diverse crackin~ modes that can be obtained in differing 

environments. The sensitivity of a particular system can be increased by 

any, or all, of the following, increased alloy strength, low stacking fault 



energy (SFE) or local ordering leading to planar slip, and grain size 

alteration. Additionally, all can result from a strictly surface phenome-

non. In all cases the enbrittlement conditions are highly specific to 

system corrbinations. 

Due to the similarities, individual mechanisms are not conpletely 

understood and often the category qistinctions are overridden • .Actually, 

numerous researchers have made the suggestion that the same mechanism may 

be responsible for HE, IME, as well as sec. For example, Lynch and 

Trevena51 have come to the conclusion that the critical factor of adsorp-

5 

tion of either adatoms or hydrogen is responsible for embrittlement crack

ing. This insistence of a single ¢racking mechanism further conplicates 

the predictions of susceptible systems~ The problan may be due in part to 
I 

the fact that there is currently no means to observe crack initiation or 

growth, which leads to interpretation of circumstantial evidence that sug-
I 

gests that, since there exist so many similarities, there must be only one 

active mechanism. 
i 

Yet, there exist some obvious.practical differences. Liquid metal 

errbrittlement seems to be the sinpiest case, demonstrating the 

sinplest modes to fracture. It is strictly a surface phenomenon. Neither 

sec nor HE need be a surface phenomenon. Specifically, hydrogen can be 

present initially as an interstitial of the material involved, and it can 

thereby cause extensive embrittlement damage without being transported 

across the surface. Hydrogen errbrittlement can occur internally in a vari-

ety of forms. 

Stress corrosion cracking may!be transport limited and requires the 

presence of an anode/cathode corrbination. A major distinction is that sec 

is an anodic occurrence and HE is cathodic. There exist extremes of current 
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densities that clearly attribute to either the occurrence of SOC or of HE. 

A pertinent example is demonstrated when an over-potential causes a holiday 

occurrence which generates hydrogen and induces hydrogen embrittlernent. 

The most intense forms of corrosion act under a conbination of stress and 

corrosive environment. Generally, the main distinction for stress corrosion 

cracking is a crack propagated under the influence of corrosion. That is, 

corrosive solution must be pulled ~oward the crack tip to cause the crack 

to advance. Also, for sec crack grOwth to continue, creep exhaustion rrust 

not occur. Neither of these occurrences is necessary for either hydrogen or 

liquid metal embrittlernent. 

Therefore, the mechanisms responsible for the stress corrosion crack
! 

ing failure could be very differen~ from the mechanisms involved in HE and 
i 

in IME. Indeed, the high specificlity of the SOC cases would inply that 

there is not a single operative meChanism in the categories of ~ failure. 

It is reasonable that there should be an entire spectrum of ernbrittlernent 

mechanisms, ranging from being basically corrosive in nature to being 

strictly mechanically induced. Th~s, more study into stress corrosion 

cracking is warranted. 

1.4 Corrosion Resistant Alloys 

1.4.1 Stainless Steels 

The most inportant material system utilized in industries for general 

corrosion resistance is stainlesg,steel. Stainless Steels are si.nply iron 

based systems that have been alloyed with Chromium to ensure resistant 

properties. They have been in user since Faraday first determined the bene

fit of alloying steels with Chromium in the early 1800s. The chromium 

addition led to a passivating film that allowed the material to exhibit 
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resistance in numerous environments previously too corrosive for the use of 

steel. 

Additional alloying elements induce different phase characteristics 

that have led to five major categories of stainless steels: ferritic, 

austenitic, martensitic, duplex, and precipitation hardening. An entire 

spectrum of alloy constituents have led to the development of stainless 

steels which can be used in almost any environment. During high terrpera

ture exposure, the stainless steels develop a protective oxide layer which 

increases their usefulness. Same stainless steels exhibit temperature 

resistant characteristics that a11bw them to be used in the diverse envi-
' 

ronments of turbine and jet engine~,- automotive exhaust systems, boiler and 

feedwater heaters, chemical reaction tubing, and nuclear reactors. They are 

also typically used in every low temperature application, such as cutlery 

and surgical devices. 

However, stainless steels are
1 
not always appropriate since they are 

often subject to Fl!C. Problems geherally arise due to the occurrence of 

chrome depletion. It is not uncommon during chrome depletion that the 

chromium carbides are precipitated! to the grain boundaries in a discontinu-

ous fashion. This increases the tendency towards intergranular cracking. 

Thin sections of stainless steels, or cold worked systems are more prone to 

depletion and oxidation. Unfortunately, this allows small areas to serve as 

anodes to the rest of the grain, increasing incidences of localized corro-

sion. Also, oxygen has a detrimental effect on numerous stainless steel 

systems. The sensitivity of stainless steels leads to the occurrence of 

numerous forms of localized corrosion, which can in turn lead to different 

elements of Fl!C. 

As the more corrosion resistant forms of stainless steels are obtained 
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by increasing the Molybdenum content, it is distressing that the presence 

of Mo has been shown to have a detrimental effect on the SOC resistance in 

some environments.6' 18 Also, in numerous environments, due to the trans

passive characteristic of the system, stainless steels are often subject to 

pitting attack. Indeed, this is the major problem experienced in cooling 

water systems. The presence of pits can imnediately lead to the occurrence 

of embrittlement cracks. 

Actually, there are numerous cases cited where SOC of stainless steels 

occurs (see Chapter 2) • Since chrome depletion and grain boundary segrega

tion play the major roles in the SOC of stainless steels, it is understand

able that most cases that occur are intergranular. Yet, transgranular sec 

can also occur. It has been long understood that while ferritic stainless 

steels are generally resistant to 'rn;sec, austenitic stainless steels com

monly suffer from this form of attack, especially in chloride environments. 

This is basically due to the fact that austenitic stainless steel is a 

metastable alloy with a low SFE. Also, while duplex materials tend to have 

the general sec resistance of ferritic materials, they are often subject to 

pitting in numerous environments. 11dditionally, all of the EAC problems in 

stainless steels are increased in heat affected zones (HAZ) • A HAZ can 

cause otherwise resistant stainless steels to fail. Since welding is a 

common field fix for corrosion problems, and it can induce a HAZ in most 

stainless steels, welding operations typically cause major sec problems for 

materials already in use. Another form of FJIC occurs in stainless steels 

used in sour gas wells. This environment increases the cathodic reactions 

of the system, liberating hydrogen which in turn destroys the integrity of 

the stainless steel. There now exist superalloys exhibiting the phase char

acteristics of austenitic, or duplexed involving austenite and ferrite. 
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The Dalamines are exanples of Super alloy stainless steels. These alloys are 

commonly used in sour well environments5, often considered the severest 

possible environment. 

It is typical that in extremely subversive environments, such as when 
! 

sour gas, high concentratiOn syst~, high temperature and/or pressure 
I 

conbinations are experienced, not' only the chromium content, but also the 

nickel content of a stainless st~l is increased to meet the demanding 
! 
I 
i 

environment. This has led to moSt of the stainless steel superalloys men-

tioned previously. Indeed, the ~ickel plays a major role in the resistance 

that is desired. Some superallo~s contain over thirty percent, as seen in 
' 

superaustenitics like Sanicro 28.5 Even so, the iron based superalloys are 

not the preferred materials for high temperature use. 
! 

1.4.2 Nickel Base A1loys 

Nickel base alloys are pref~rred for high temperature use. Nickel is 

an inherently face center cubic ~FCC) structure that can be strengthened by 

the formation of precipitates in.the matrix. Nickel has become a vitally 

~rtant engineering material. ;A wide range of Nickel base alloys is used 
i 

when awlications demand a corrbination of toughness or high strength and 

corrosion resistance. The alloys are used extensively in virtually every 

industry, particularly the chemicbal, dairy, power, food, textile, marine, 

and paper industries. The property of passivation, for systems containing 

as little as thirty percent Nicke1, 31 when oxidizing conditions are 

maintained, ensures the resistante of this family of alloys. 
I 

There are several useful categories of Nickel base alloys: Ni, Ni-cu, 

Ni-cr, Ni-cr-Mo, Ni-cr-Fe. Cl:>viausly, several of the categories form an 

overlap between stainless steel and Nickel base alloys. Cabots and Hastel-
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loys are strictly extensions from the high Mo Stainless Steels. In the 

extremely subversive environments mentioned previously, the Nickel base 

superalloys, such as MP35N, Hastelloy C276, the Incoloys, and the Inconels, 

are completely overriding the use of Stainless Steels. 

The solid solution alloys, such as the Monels, are also utilized in 

numerous environments where stainless steel cannot serve. The Monels exhi

bit the best general corrosion resistance characteristics in the Ni-cu 

series. The Ni-cu series also offers the benefit of being extremely pure 

and non-toxic, as well as demonstrating high resistance to fouling. This 

system is often used in the food industry, witnessing high acidity from 

lactic, bromic, acetic, and formic environments. It is also commonly· used 

in the chemical industry, where distillation often requires the presence of 

hydrofluoric, hydrochloric, or sulfuric media. 

Since Nickel base alloys are inportant materials, their tendencies 

toward environmentally assisted cracking must be understood. A few years 

ago there existed uncertainty and ambiguity as to the extent of the suscep

tibility of Nickel base alloys to HE, LME, and SOC. However, certain char

acteristics had been noted. The presence of halide ions or aeration can 

adversely affect the resistance of numerous alloys. Also, residual 

stresses can be severely detrimental to any system. It was generally 

accepted, though, that the Nickel alloys can operate over extensive temper

ature ranges, in most environments, without severe problems. 

1.5 F1C Investigations in Ni Base Alloys 

It is a vital issue to classify which conditions may induce the 

occurrence of F1C in Nickel base systems. Price and his colleagues have 

investigated HE and I.ME by mercury in diverse Nickel base alloys. The 
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investigations involved slow strain-rate testing and corrosion fatigue 

methods. They found that all of the alloys investigated were susceptible 

to some extent, and they noted several similarities. An interesting fea

ture of the EAC demonstrated was that the cracking sequence progressed 

through IG to TG, to MVC with an increase in the strain or the stress 

intensity. It was also determined that the most susceptible alloy system 

was the Ni-cu system. Within this category, the Monels were most suscep

tible to cracking at room temperature. Actually, the Monels exhibited 

their greatest cracking tendencies at room temperature. 

While the investigators have not studied the susceptibility of Nickel 

base alloys to SOC, they have established a firm foundation for contrasting 

the characteristics of EAC. Generally, Nickel base alloys are considered 

to be resistant to stress corrosion cracking. However, a few cases have 

been cited, usually associated with elevated temperatures or the segrega

tion of damaging elements to the grain boundaries. The cited tendencies 

toward SOC are due to lattice distortions. As an Fa:: matrix material, the 

lattice expands readily at elevated temperatures which allows grains to be 

distorted internally. This automatically induces residual stresses. Also, 

when continuous precipitates form at grain boundaries, altering the lattice 

completely in this area, the surface free energy is changed enough to cause 

preferential attack of atoms near the grain boundary. For exanple, it has 

been determined that Inconel 6121121 tubing used in steam generators exper

ienced SOC due to continuous precipitates at the grain boundaries, and that 

a discontinuous occurrence yielded better resistance. Of course, for grain 

boundary segregation to occur, it is likely that extreme temperatures have 

been experienced, either through manufacturing or operation. 
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1.6 Investigation Objectives 

Since the reports of SOC are extremely limited for Nickel base alloys 

and several ~ investigations are vague on the details of 

what constitutes a problematic environment, extensive research is 

still required. The work performed by Price, et al., would seem to inply 

that diverse Nickel alloys could be susceptible to SOC at room temperature, 

especially the Monels. If a susceptibility does irxleed exist, extensive 

investigation is called for to determine the conditions that will trigger 

cracking. The slow strain-rate technique can generally pick up SOC tenden

cies that other methods miss. Several researchers have shown that many 

environments that can induce IG corrosion can lead to the formation of 

secondary IG cracks, which are typical in ~' by the use of slow strain

rate testing. This also concurs with the results of work conpleted by 

Price and colleagues. Utilizin9 these generalities as a basis for proce

dure, the present investigation is intended as a first step towards classi

fying the extent and nature of SOC in Nickel base alloys. Combined with 

the previous work of Price, et al., the mechanisms involved in~ may be 

more completely understood. 

The purpose of the present work is to investigate the phenomena of 

stress corrosion cracking in Monel alloys. This study represents the first 

extension from HE and IME to SOC at room temperature. Monels are the obvi

ous alloys for an initial study because of their high susceptibility to LME 

and HE. Specific objectives include: 

I • Determine whether SOC has been reported in Monel at room temper a

ture. 

II. If SOC of Monel at room temperature has been cited, determine tne 

critical characteristics inducing the phenomena. 
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III. Deduce other environments that could lead to sec in Monel at room 

tenperature. 

IV. Perform immersion corrosion tests and then SSTs on indicated envi

ronments. 

V~ Explore similarities between sec {if attainable), IME, and 

HE in Monel at room tenper ature. For exanple: 

a) cracking sequence dependency with strain 

b) effects of surface conditions 

c) grain size effects 

d) cold work effects 

e) yield strength effects 

f) the strain rate dependency 

g) fractography. 



CHAPTER II 

LITERATURE REVIEW 

As discussed previously, although ~consequences are devastating, 

and it has been intensely investigated, a method of reliable prediction 

does not exist. The procession of F1lC is not satisfactorily understood. 

It is understood that a window exists for any ernbrittlernent mechanism. 

This window demonstrates extensive dependencies: temperature, strain rate, 

metallurgical condition, grain size, and cold work. Figure 1 is a sche

matic illustrating the basic parameters and processes involved in FI!C. 

Numerous mechanisms have been proposed for every category and window vari

able. None of the generally accepted models account for all of the prop

erties demonstrated by failures. In fact, numerous models have been pre

sented that conpletely controoict most of the failure problems. Any model 

proposed strictly on the basis of an isolated environment-material

condition corrbination does not warrant consideration as a mechanism gov

erning ~. The models that span several environments and material fail

ures do warrant consideration. 

2 .1 Meehan isms of IME 

Lynch49 was one of the first researchers to emphasize the similari

ties in IME and HE. The similarities include fractography, grain size 

effects, tenperature sensitivity, and the inhibition induced by the forma-

14 



MECHANICAL 
F.oc'I'ORS 

crack geometry 
and dimensions 

surface area 
and conposition 

local stresses 
or strains 

stress intensity 
factor 

ETC GocwrH 
PARAMETERS 

l 
Bulk 
Fnv ironment 
P, T, M ......... t .............. . 
Crack Tip 
Environment 
P, T, M l· ............ . 
Absorbed 
Molecules 

....... ··l· ............. . 
Adsorbed 
Atoms 

................ 
Atoms or Vacan
cies at Critical 
Sites ........ t ............... . 
Crack Growth 
da/dt 

ELEC'I'ROCHEMICAL 
FACTORS 

critical concen
tration and rate 
of transport 

rate of physical 
adsorption 

15 

rate of dissociation 
and chemical adsorp
tion 

rate of adsorption 
and bulk diffusion 
of atoms 

rate of "embrittle
rnent" 

Figure 1. Schematic Illustration of Process and Parameters 



16 

tions of stable compounds with the environments. This has led several 

authors to conclude that more than one mechanism comes into play in LME. 

It has also led several authors to the conclusion that only one mechanism 

is effective for LME and HE. However, the conditions45 necessary for LME 

occurrence are generally agreed upon. 

1. A tensile stress in the material. 

2. Pre-existing cracks or obstacles to dislocation motion. 

3. Presence of the liquid metal, wetting the solid metal 

surface, and a transport mechanism to keep the liquid 

metal in contact with the advancing crack tip. 

4. A specific solid metal-liquid metal couple. 

s. A specific conbination of test conditions (such as 

temperature and strain rate) and metallurgical condi-

tions (such as grain size, amount of cold work, and the 

presence or absence of impurities) • 
I 

Four models for LME mechanismS have come to the forefront. Although 

these four closely depict major characteristics, each has its problems and 

cannot be considered conclusive. 

2.1.1 Stress AsSisted Disso1ution 

The basis of this model revolves around the removal of highly 

stressed material atoms by diffusion through the liquid metal, propagating 

the crack via localized dissolution. However, the propagation rates pro-

posed by this model are often much slower than what is realized through 

experiments. It nust also be considered that such dissolution often leads 

to crack blunting. 
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2.1.2 Grain BoundarY Diffusion 

This model presents a two-step process where the adsorbed liquid 

metal dissolves into the material and diffuses along preferential paths. 

An incubation period allows the environment to reach a critical concentra

tion which inhibits planar slip and nucleates a crack. As the name would 

inply, transgranular fracture is not predicted. Contrary to the following 

decohesion model, this model indicates that an increased strain rate would 

decrease embrittlernent. 

Fredell, 29 based on exper irnental work involving fi3 embrittlernent of 

Ni base alloys, concluded that this model supports the observed ernbrittle

ment. 

2.1.3 Decobesion 

Adsorption of LM at the crack tip reduces the cohesive strength of 

the material matrix. The model predicts fracture by cleavage. Yet, high 

magnification fractography of fracture surface often reveals a dominance 

of shallow voids. Also, the deQohesion would have to occur upon contact 

and therefore does not account for the incubation period that is occasion

ally reported. 

Based on this model, Kanrlar 44 concluded that an increased strain rate 

would increase material embrittlernent due to an increase of the ductile-

to-brittle transition. However, quite the opposite is usually demon

strated. 

King29 concluded, as several researchers have, that LME characteris

tics tend to be consistent with the proposed decohesion mechanism for IG 

fracture, and that TG fractures displayed characteristics of the enhanced 

dislocation nucleation model. Portions of the results may support these 
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conclusions. However, these conclusions and the optllnwffi embrittlement 

conditions present a paradox in several cases. 

2.1.4 Enhanced Dislocation Nucleation 

With the initial assumption that a common mechanism is shared for the 

crack propagation of !ME and HE, Lynch50 fornulated a model involving the 

enhancement of slip that can allow a notch to develop. The model specu

lates that adsorbed atoms interrupt the bonding strength of the metal lat-

tice. Slip systems intersecting at the interruption will be activated. A 

crack will then propagate on alternating systems, inducing voids ahead of 

the notch. As the material between the crack tip and the void is weak-

ened, they are connected by rnechan ical tearing. The sequence indicated by 

the proposed mechanism is illustrated below. 

(a) 

(b) 

(c) 

Figure 2. Mechanisms of hydrogen enhanced dislocation nuclea
tion model4~or transgranular propagation. 
(From King , p.l4) 
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Variations of this model have been proposed by numerous authors. 

Although there are reservations, this mechanism can generally describe a 

majority of witnessed fracture characteristics. 

2. 2 Meehan isms of HE 

A significant proportion of the hydrogen embrittlement research has 

been conducted with respect to high .strength steels. At room tenperature, 

hydrogen can rapidly diffuse into the metal lattice of steel~ demonstrat

ing a rate of approximately 10-9m2s-1 • Therefore, most of the resulting 

models rely on large amounts of hydrogen movement through the metal lat

tice. Such models nust be discounted for HE of single phase nickel alloys 

as the rate of diffusion is decreased by as much as four orders of magni

tude. Speculation of active mechanisms rrust consider the slower diffusion 

rate. 

2.2.1 Internal Pressure 

Hydrogen atoms can diffuse along dislocation systems until trapped in 

voids or defects within the metal matrix. When numerous atoms are 

trapped, they recombine, forming hydrogen gas which increases the internal 

pressure. The pressure can cause numerous problems, especially where the 

pressurized voids are located near the front of a crack tip. Yet, in 

nickel, the internal pressure is unlikely to reach significant levels. 

Therefore, it should be concluded that internal pressure mechanisms may 

enhance but not induce embrittlement. 
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2.2.2 Brittle Decobesion 

This model is a counterpart of the decohesion described for LME with 

the understanding that the hydrogen is not confined to adsorption at the 

crack tip. It is proposed that the presence of hydrogen will reduce the 

cohesive strength of the metal matrix. The internal hydrogen can also 

present a dislocation barrier which can promote brittle behavior by 

increasing the shearing properties. This allows brittle cracks to advance 

by plastic tearing or shear. 

The decohesion theory is presently accepted by most researchers. How

ever, no evidence has been found that hydrogen decreases atomic bonding 

when it is present as an interstitial. There also exist fractographic 

discrepancies. 

2. 2.3 1J¥drogen Enhanced Plastic it.Y 

This model states that, on a localized basis, the hydrogen that dif

fuses into a metal lattice, just ahead of the crack tip, will enhance the 

process of mechanical deformation thereby increasing the plasticity. 

There is experimental support that nickel plasticity is facilitated by 

hydrogen. 68 The model also accounts for a transgression of fracture 

through IG, 'IG, and ~. 

2.2.4 Enhanced Dislocation Nucleation 

Lynch's proposa150 of this model was discussed in the previous sec

tion. It is supported in HE by evidence indicating the phenomena occurs 

due to surface effects. The induction of voids by hydrogen is illustrated 

in Figure 3. This mechanism also predicts that cracks will propagate in 

highly specific directions. Extensive research has indicated that 



Surface Adsorption 

Grain Boundary 
Diffusion 

Void Growth 

Figure 3. Schematic representation of enhanced void 
growth by grain boundary diffusion of 
gas speci~~· (From Fatigue and Micro
structure , p.321) 

preferential slip planes are a vital parameter for brittle cracking. 

2.2.5 Plastically Blunted Decohesion 

21 

Due to research indicating that cracks do not exactly proceed along 

slip planes, this mechanism extends the decohesion model. Basically, a 

brittle crack initially proceeds by decohesion. Subsequently, the crack 

suffez:s blunting through dislocation emission. Microscopic observations 

have revealed micro cracks formed around a crack tip causing enclaves of 
.. 

uncracked material to experience necking. Meanwhile, the crack front pro-

gresses. The observations led to the conclusion that the procession and 

blunting occurs in steps less than 0.1 ~,tt.m. The model correctly corre

lates many of the parameters of HE. 



22 

2.3 LME and HE in Nickel Base Alloys 

The experimental work conducted by Price, et al., demonstrated that 

all of the alloys they analyzed experienced LME and HE. The work of Price 

and Good69-71 indicated that the major discrepancy found in the fractogra

phy of HE and LME was the greater plastic deformation exhibited by the 

hydrogen-induced fracture. It was assumed that this resulted from the 

ability of hydrogen to affect areas other than the crack tip material. 

Following research confirmed that, overall, the hydrogen significantly 

affected the initiation of cracks, while mercury embrittlement increased 

the crack propagation rate. In each case, side and secondary cracks 

resulted in all alloys. Their experiments included a diverse range of 

nickel base alloys: 

Nickel 200 

Monels 400, 405, K500 

Inconel 600, 625, 718, X750 

Incoloy 800, 825 

Hastelloy C. 

Tests revealed that alloys belonging to similar categories of compo

sition generally exhibited similar fracture characteristics. The alloy 

exhibiting the greatest tendency towards embrittlement was the 400, fol

lowed by 200, 600, and then 800. 

It was also noted that as the embrittlement was decreased, through 

various means, the fractography revealed a transition from intergranular 

to transgranular, to microvoid coalescence. An exanple of this is the 

resulting fracture characteristics at indicative strains. When test con

ditions obtained greater than fifty percent strain, microvoid coalescence 

cracking resulted. Below forty percent strain, intergranular cracking 
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resulted. Transgranular cracking was exhibited at the interim. 

As a result of LME trials, it was speculated that environment

material combinations leading to an intermediate wetting characteristic 

were most likely to exhibit errbrittlement. If wetting does not occur, or 

complete wetting does occur, the $Urface will not be adversely affected. 

However, intermediate wetting leads to localized wetting which enhances 

the localized adsorption that causes embrittlement. Numerous researchers 

have noted this relationship, and the tests with the mercury embrittlement 

of nickel alloys also suggest the possibility. Yet, further tests by 

Price and associates with differing liquid metals have been inconclusive. 

Another generality exhibited by the work of Price, et al., deals with 

the grain size dependency of errbrittlement. The greatest tendencies for 

brittle cracking occurred at intermediate grain sizes. For large grains, 

a significant amount of deformation allowed the stresses to be reduced, 

thereby relieving or blunting cracks. Conversely, small grains are capa

ble of obtaining very high energy states due to the large amount of grain 

boundary area. This would tend to allow high stresses to exist without 

causing alteration in dislocation densities, thereby inhibiting ernbrittle

ment. The intermediate grain size of the test series was in the range of 

250 p.m. 

Several studies have been conducted on the hydrogen embrittlement in 

nickel and its alloys. These studies have determined several characteris

tics of embrittlement. C~erally, the tensile strength is not adversely 

affected although HE is often accompanied by a loss of ductility and in 

most cases an alteration in the reduction of area. 

Also, enbrittlement is inhibited with an increase of the strain rate 

and/or a decreased grain size. The errbrittlement can be enhanced by the 
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presence of any impurities. Grain boundary impurities have long been 

recognized as the cause of sensitization of numerous materials. In addi

tion, it should be noted that a vast amount of experiments have been per

formed demonstrating transgranular cracking of diverse metals under LME, 

HE, and sec. However, a major portion of these tests has been conducted 

on single crystals which would preclude TG fracture. On polycrystalline 

material, HE is usually intergranular. 

One of the generalized characteristics determined by previous studies 

should be noted as a peculiarity. It has been noted that the hydrogen 

embrittlement of nickel is decreased by copper or iron additions. 46 

However, as mentioned earlier, the Monels are the nickel alloys most sus

ceptible to errbr ittlement. Side and secondary cracks are also most exten

sive in the HE suffered by the Monels. Therefore, the protection offered 

by the copper or iron constituents must be limited. 

2. 4 LME and HE of Monel 

Monel 400 is a solid solution alloy of nickel and copper, with a nom

inal ratio of 2:1. It was generally accepted that nickel is errbrittled by 

hydrogen, but not mercury. It was also assumed that copper is ernbrittled 

by mercury, but basically resistant to HE. It would be a logical assurrp

tion, then, that Monel would be adversely affected by both LME and HE, but 

perhaps more susceptible to HE. 

Although the environmental cracking of Monel has occasionally been 

noted (see sections 2.5 and 2.7), it is generally not recognized by indus

try. Indeed, technical literature seemed to imply that, while Cu-Ni 

alloys are ~ suspect, Ni-cu are only adversely affected by general cor

rosion environments. As a result only limited information is available. 



The accumulative work of Price, in association with Fredell29 ,68 , 

Good69-71 , King 45 ,72 , Morris73 , Norman74, Peevy75 , Traylor76 ,77 ' 91 , and 

Willoughby75, forms the basis of any understandings available and is 

therefore the foundation of current work. 
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The initial work established the benefit of the slow strain rate 

testing technique as Monel embrittlernent is highly sensitive to a strain 

rate parameter. Normal ductile (cup and cone) fracture results from rapid 

tensile straining. However, at lower strain rates, LME of Monel 400 

demonstrated complete, flat IG fracture, occurring well above the yield 

stress. LME of alloy K500 behaved similarly. However, greater ductility 

is demonstrated by Monel 405 in that fracture occurred after necking had 

begun. This could result due to the reduced flow stress characteristics 

of 405 which can enhance shearing over ernbrittlernent. 

It has been determined that mercury causes a greater degree of 

embrittlernent than hydrogen, but this is also strain rate dependent. 

Otherwise, the fractures due to HE and LME have the same specific fea

tures, as mentioned previously". In HE, as in LME, cracking tends to 

transform towards M\C as the strain intensity is increased. However, in 

the Monels, HE occurred most readily in small grain samples, where LME 

severity relied on an intermediate grain size. This should inply that any 

mechanism for LME specifying dissolution or grain boundary diffusion can

not be operative here, since it would be conditional that LME reaches its 

.highest potential in samples with small grains. Additionally, side and 

secondary cracks were seen in HE more than LME, but in both cases the 

extent was similarly grain size dependent. The side cracks were predom

inantly IG and occurred transverse to the tensile axis. 

Embrittlement of Monel is also sensitive to prestresses. Increasing 
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prestress inhibits errbrittlernent. A gradient corresponding to a transi

tion from plane stress to plane strain conditions arose as the ductility 

was increased. Therefore, the degree of errbr i ttlernent extremes can occur 

depending upon specimen condition. 

It was mentioned in the previous section that impurities will enhance 

embr i ttlernent. Monel · is an except ion. Several studies have verified that 

an increased concentration of phosphorous at the grain boundaries enhances 

resistance to I.ME and HE. As phosphorous inproves the packing efficiency 

at grain boundaries, the high energy state normally associated with grain 

boundaries is reduced. This allows a greater deviation in energy to be 

obtained before the integrity suffers, and it reduces the capabilities of 

hydrogen or mercury for adsorption. 

cne other inportant observation rust be made. Due to the fact that 

plasticity increases are demonstrated by the strain development leading 

from IG to TG to MVC, the sample thickness is a vital parameter for 

embrittlernent. Naturally, decreasing the specimen thickness would 

increase any embrittling tendencies. This has been verified for Monel 

tested under I.ME and HE conditions. Therefore, it will be an irrportant 

aspect in sa:. 

2.5 Stress Corrosion Cracking 

In-service failures and experimental pursuits have developed a vast 

amount of details regarding sa:. The results have been so diverse that it 

is difficult to determine what c:onstitutes corranon features. The following 

list marks the most consistent points. 

o Stress and corrosion react symbiotically. 

o Conditions are highly specific. 



o Rate of corrosion attack is low ensuring the formation of 

fine cracks. 

o Progression between IG, rn;, and M\C dominance can be induced. 

o Cracks follow direction of maximum potential energy density 

usually determined by orientation of grain and stress. 

o Secondary cracking decreases as major SOC crack propagates. 

o Crack closure does not occur. 

o Creep or crack yawning stops crack progression. 

o Detrimental strain is rate dependent, usually within 10-5 to 

10-ss-1 • 

o Prevention occurs with cathodic current potential. 
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Stress can cause the deformation and fracture of a material in sev-

eral ways, as demonstrated in Figure 4. Each way can be enhanced by 

localized corrosion. Also, the occurrence of localized corrosion can be 

enhanced by the deformation of a gain by stress. 

The extent of the interaction between stress and corrosion controls 

the rate at which a crack will grow. The interaction is governed by 

numerous parameters: 

o material elements o pH 

o material condition o time 

o stress concentration o strain 

o electrochemical potential o tenperature 

o solution concentration o pressure 

o loading mode o aeration 

The stress concentration governs the stage of growth rate for a sys

tem. As Figure 5 demonstrates, stage III will result in catastrophic 

failure. The stress is dependent upon the strain. The strain rate can 
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directly affect stress-corrosion interaction. Thresholds exist that do 

not allow any interaction {see Figure 6) • The strain effect can be 

affected by temperature {see Figure 7) • also, the loading mode often 

determines the type of embrittlernent experienced. 
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growth as a function 
of the two strain 
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• • 
€ andE • 
{Ftom Crafg1f1 

TEMPERATURE 

Figure 7. The HE window. In Region A, 
a microvoid coalescence 
{MVC) fracture occurs 
before intergranular (IG) 
cracks can be initiated. 
In Region C, plastic 
deformation occurs e~~ily. 
{From Price and King ) 
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Figure 8 demonstrates the hydrostatic stress gradient occurring 

around the crack front. The loading mode can determine the type and 

degree of stress in the area, thereby determining the propensity to fail-

ure. 

I 4L 
- I 

MODE I 
/ 

Figure 8. Hydrostatic stress gradients 
for crack loaded in Mode~1 
I and II. (From Nichols ) 

The window for SOC activity can be shifted by altering any combina-

tion of the parameters. The location of conditions within the window can 

determine the mode of fracture, ~d perhaps even the controlling mecha

nism. It is not surprising, then, that a vast amount of material

environment conbinations demonstt:ate stress corrosion cracking. An exten-

sive list of the combinations has been compiled in Appendix A. The list 

covers the major engineering metals, but not the entire spectrum of SOC. 
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The system, series, and alloys are included with the damaging environment, 

and occasionally the pertinent temperature. References are provided to 

allow further consideration of the parameters. 

Plastic deformation is a necessary characteristic of an embrittled 

failure. In stress corrosion cr~king, anodic corrosion paths can induce 

the plastic deformation. It is irrportant to note that such deformation is 

a result, not a cause, of crack propagation. It is an observed fact that 

the corrosion path is anodic to the grain(s) involved, not an explanation 

of the preferential path. These points should be kept in mind when 

reviewing mechanisms proposed as Soc explanations. 

Significant progress has beeP made toward understanding sec. OVer the 
I 

last sixty years, numerous speculations have been put forth and either 

accepted or rejected consequently!. Appendix B presents the major aspects 

of developed theories. As can bei noted, successive modifications have 

enabled the theories to incorporate more of the fracture characteristics. 

sec proceeds in two steps. .The f'irst step is an induction period which is 

generally believed to constitute :the major portion of life in a conponent. 

During this step a crack of discontinuity is developed in the metal sur-

face. The second step involves crack propagation. Although this is usu-

ally the shortest stage, proposed mechanisms appear to only consider this 

stage. However, since all materials contain pre-existing flaws, a mecha-

nism for initiating the flaw would be redundant. 

Three classifications of models are under current consideration: 

1) Dissolution Models 

a) film rupture 

b) selective dissolution 

2) Ductile Mechanical Fracture 



32 

a) corrosion tunnel 

b) adsorption-enhanced plasticity 

3) Brittle Mechanical Fracture 

a) film-induced cleavage 

b) adsorption-induced prittle fracture 

c) hydrogen errbrittlenient 

2.5.1 Selective Dissolution 

The preferential dissolution of alloy elements, first described by 

Robertson81 and Bakish in 1954 (~ee Appendix B), can inject vacancies in 

the region of the crack tip. Dislocation gliding becomes more difficult, 

causing a localized brittle frac~ure. Alternatively, when the dissolution 

removes an area of vacancy, the Il)atr ix can be hardened by increased slip 

functions. As the material hardens it becomes more brittle. This model 

cannot account for intergranular cracking, cleavage, or the cracking of 

pure metals. 

2.5.2 Film Rupture 

The integrity of a protected film can be reduced by stress concentra

tions. The stress allows slip dislocations to rupture the film, as illus

trated in Figure 9. cnce ruptured, the crack is propagated by rapid cor

rosion of the unprotected base metal. The rate of crack growth, or blunt

ing, depends upon the capabilities of the material to reform the protec

tive film. It should be realized that, if this mechanism is actually in 

play, the fracture should demonstrate extensive material loss and numerous 

changes in direction. 
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Figure 9. Schematic representations of cif.=k propagation by the film 
· rupture model. (From Craig . ) . 

2.5.3 Corrosion Tunneling 

An array of tunnels is formed in materials by corrosive action along 

any emerging slip steps. The material between the tunnels will suffer 

from increased stress and deform to fracture in a ductile mode. The frac-

ture surface would then demonstrate an alteration of grooves and microvoid 

coalescence. If the corrosion procession results in slots instead of tun-

nels, the fracture surface would be flat. This model is represented in 

Figure 1~. 

~ 2.5.4 adsorption-Enhanced Plasticity 

This model, based on the corrmon process of cqemisorption, explains 

many of the similarities between I.ME, HE, and SCX!. Voids formed ahead of 

the crack tip induces alternate slipping. The chemisorption promotes the 

brittle cleavage-like fracture that is characteristic of EN:. This model 



was discussed in more detail in a previous section. 

( a ) 

(b) 

Ductile 
fracture 

Corrosion slots 

Figure 10. Corrosion tunnel models. (a) Schematic of tunnel 
model showing the initiation· of a crack by the 
formation of co~rosion tunnels at slip steps and 
ductile deformation and fracture of the remaining 
ligaments. (b) Schematic diagram of the tunnel 
mechanism of8SOC and flat slot formation. 
(From Craig . ) · · 
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2.5.5 Film-IndUCed Cleayage 

This model extends from the film rupture model. Brittle cracks 

formed in the film proceed into t~e metal matrix. Eventually it is 

blunted and the process IWst be repeated to ensure propagation. This 
I 

model has been discussed previously, The proposed mechanism can explain 

the crack arrest markings, illustrated in Figure 11, that are often seen 

on the fracture surface. It also suggests the presence of cleavage-like 

facets. 

(a) 

(b) 
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Figure 11. Schematic illustration of 
successful events during 
the propagation of trans
granular stress corrosion 
cracks: (a) through (c) 
represent a section at crack 
tip; (d) through (f) repre
sent plan view of semicir
cular crack, showing 
cleavage steps radiating 
from initiation site; (c) 
and (e) indicate the crack 
advance distance 179r event, 
.1 X * . (From Pugh ) 
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2.5.6 bdsotption-Induced Brittle Fracture 

This model is similar to models proposed for IME and HE. The stress 

leading to cleavage fracture is reduced by the adsorption of environmental 

atoms onto the surface of the crack tip. 

2.5.7 HYdrogen Ernbrittlement 

Often, hydrogen presence can cause a material to be subjected to 

stress corrosion cracking. There, are several proposed roles of action for 

a hydrogen atom. Numerous researchers rely on one role or another to 

explain the OCC results they obta!in. However, as mentioned previously, 

sec is quite separate from HE in that it is an anodic reaction. Also, 

since the exact mechanism describing hydrogen ernbr ittlement has not been 

determined, it should not be used to explain stress corrosion cracking. 

2.6 SOC in Monel 

The corrosion rate of a mate~ial in a particular environment is an 

.inportant consideration in EAC. As discussed in the introduction, inci

dences of EAC are increasing as general corr"osion rates are reduced. Most 

EAC failures occur due to localized corrosion. Within a material system, 

then, the alloy exhibiting the lowest corrosion rate in a particular envi

ronment would be assumed most susceptible to EAC. In the Ni-cu system, 20 

to 40% Cu allows the greatest reduction in the corrosion rate, as illus

trated in figure 12. The corrposition ratio of 2:1 corresponding to Monel 

has approximately 30% Cu. 

The work of Robertson and Bak ish (see 2. 5) would confirm the assumed 

susceptibility of approximately 30% copper alloyed in Nickel. Monels can 

also exhibit transgranular and microvoid fractography. Additional support 



COPPER CONTENT lwt %1 

Figure 12. Effect of copper content on corro
sion of rickel-copper i~loys 
(From Cqnley and Evans ) 
(•) 4% Nael, aerated, 25 C, 

three days 
(o) Flowing seawater, velocity 

1.5 to 3.0 f~sec, 427 days 
(+) 80% HF, 0.5 to 1.0% H2o, 

4.0% tars, remainder mter
mediate organic polymers, 
unaerated, 130 to 145 C 
(270 to 290 F), p2essure 
110 to 145 lb/in. , 102 
days. 

In-plant test. Ni-cu specimens 
containing 70, 80, 90, and 100% 
copper corroded away during test. 
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for the assunption comes from IME and HE susceptible. As demonstrated by 

the work of Price and his colleagues, this Nickel base alloy exhibited the 

greatest embrittlement. Therefore, it would be most beneficial to examine 

the available literature involving SOC of Monel. 

As illustrated by the table listing of Appendix A, several cases of 

SOC of Monel involve a hydrogen fluoride environment. Figure 13 demon-

strates the corrosion rate of Monel 400 exposed to HF acid. The diagram 

indicates a dependency upon the acid concentration. The diagram in Figure 

14 is the isocorrosion chart of Monel 400 in HF. The lowest corrosion 

rate, independent of acid concentration, occurs near room terrperature. 
' 

This could inply that, contrary t;b common assunption, Monel 400 will dem-

onstrate its greatest tendency tqwards SOC at room terrperature, as it does 

for IME and HE. 

100 .------------....,....---: 
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Figure 13 • Effect of hydro
fluoric acid 
concentration 
on corrosion of 
Monel alloy 400. 
(From1~omley and 
Evans ) 
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However, since the common assumption is that SOC of Ni alloys is an 

elevated temperature phenomenon, only limited information is available. 

Table I supplies corrosion rate data for the effect of oxygen presence in 

boiling HF acid. Table II supplies limited room ten-perature data for the 

effect of HF on Monel 400 corrosion by H2siF 6• In each concentration, HF 

reduces the corrosion rate of H2SjfF 6• If sec is dependent upon localized 

corrosion, then Monel will be more likely to fail in hydrogen fluoride 

than in hydrofluosilicic acid. 



TABLE I 

EFFECT OF OXYGEN ON CORROSION OF IDNEL AU..IJY 400 
AID COPPER-NICKEL ALLOYD IN ~ROFLUORIC 

ACID (F:RCM CCM:.EY AID EVANS ) 

Corrosion rate (milsjyear)" 

Purge gas Monel alloy 70/30 90/10 
nitrogen 400 copper-nickel copper-nickel 

plus oxygen 
(ppm 02) Liquid Vapor Liquid Vapor Liquid Vapor 

BOILING 38% HYDROFLUORIC ACID II2 C (234 F) 

<5 9.5 6.8 3.5 3.2 2.4 2 
<500 I7 I2 2.6 2.9 2.9 3 
I500 3I 49 I2 43 II 53 
2500 29 18 I3 48 I3 42 
3500 34 54 I8 54 I7 6I 
4700 53 I07 30 I44 53 I70 

10,000 46 25 20 80 18 83 

BOILING 48% HYDROFLUORIC ACID I08 C (226 F) 

<5 II 3 3 2 
<500 22 4 7- I2 
1500 28 f4 7 30 7 40 
2500 27 9 13 42 II 54 
3500 34 29 I9 60 I7 65 
4700 43 83 22 9I 29 II8 

IO,OOO 48 75 29 I32 36 !56 
i 

a 4 day tests. 
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TABLE II 

LABORATORY TESTS OF MJNEL PJ.J.AJ:l 400 IN 
FLUOSILICIC ACID SOLUTf~NS (FROM 

CCMLEY AND EVANS ) · 

Acid concentration (wt %) Temperature 
Corrosion rate 

H,SiF. HF c F (milsjyear) 

10 0 24 75 3.7 
10 30 24 75 2.4 
20 0 24 75 2.4 
20 30 24 75 2.2 
30 0 24 75 1.1 
35.2 0 24 75 1.5 
2~ 0 80 175 15 
22 2 80 175 9 

f1Tcst duration, 96 hr. No aer1ation. 
I 
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Regardless of the preceding inplications, only limited references of 

sec occurrence in Monel are available. The conditions cited are highly 

variable. Each case will be discussed. 

Case 1.15 

The earliest case of stress corrosion cracking of Monel occurred 

years later. A 10x8x5 inch tank of 0.06 inch thick Monel, annealed to R_s 

= 71, containing 60% HF, was placed in a sink which interrnittingly con-

tained water. The corners eventually failed under TG cracking from the 

outside. No corrosion was evident. 

Case 2.15 

By 1944, it was accepted that Monel was susceptible to SOC by hydro-

fluosilicic acid. Results had led to the conclusion that sec in high 

nickel alloys and Monel only occurred intergranularly. The cracking was 

typical of that cited by Copson and Cheng • Monel tubing I 0. 84 inch CD I 
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0.11 inch thickness, BS = 96, with a hoop stress near 3lksi, was used as a 

depth gauge for a 1200p H2SiF 6 (20-25%) storage tank. The tube split over 

its entire length with the main crack being 0.02 inches wide. The same 

type of tubing fractured in just a few months when used to conduct the 

acid to a chamber containing the acid, its vapors, air, water, and carbon 

dioxide at 2250p. In each example, failure was IG. 

Case 3.62 

The publication of International Nickel Company in 1947 specified 

that only a few specific solutions would demonstrate SOC in its alloys. 

For Monel, fused caustic soda in concentrations greater than 75% can cause 

embrittlement. Stress relief annealing prior to exposure would prohibit 

cracking. It was also stated that there was substantially no difference 

between age hardened Monel K500 and Monel 400. 

Case 4.15 

In 1948, Monel K500 bolts failed due to SOC in a transgranular fash-

ion in hydrofluoric acid vapor. This initiated intense investigation into 

the SOC of Monel. The bolts that caused the problems were 6 inches long, 

0.75 inch diameter, and completely threaded. They were used to fasten the 

external flanged joints of pipelines. Leaks in the pipe, which conducted 

atmospheric temperature anhydrous hydrogen fluoride, caused the bolts to 

fail in less than fifteen hours. Every thread root displayed cracks and a 

copper deposit was generally present. Bolts with the highest hardness (He 

= 36) failed under TG conditions while others (He = 31) failed while exhi-

biting both TG and IG. 

Case 5.15 

The investigation following the failures noted in case 4 revealed 

many characteristics. Test for 48% HF vapor were conducted at 140'T. 
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Results showed that Monel 400 and K500 reacted similarly and that as the 

hardness was de.creased, fracture proceeded from m to IG. When numerous 

cracks occurred in an IG manner, the cracks would stop growing. Also, 

alloy crlditions of Si, Ni and Al had no significant influence. 

Hydrofluosilicic acid vapor tests were also conducted. At 1400p, the 
i 

environment from 30% H2siF6 contained moisture, hydrogen fluoride and 

silicon tetrafluoride. Cracking results were identical to those exposed 

to HF vapors. Conversely, for 1mmersion tests for both fluids, cracking 

only occurred after two weeks and then only for aerated conditions. 

Case 615 

Copson and Cheng cite three :more exanples of the cracking of Monel 

exposed to HF. The basic fracture characteristics are the same as already 

noted. Additionally, cuprous oxide and metallic copper presence was 

noted. One of the examples failed by SOC although a high corrosion rate 

was experienced. 

Case 7.13 

In 1963, Comley and Evans noted that the resistance to corrosion for 

the Ni -cu series was best deiOOnstr a ted by the Monels. The use of Monel in 

HF media instead of steel had reduced shut-down periods significantly, 

even though SOC could be induced. 

An interesting investigation demonstrated that Monel could suffer SOC 

in other environments at elevated temperature. Table III illustrates the 

cracking observed in 5700p hydroxides, and the relationship between condi-

tion, applied stress, and the type of cracking. 

Case s35 

In 1966, Graf published results from extensive research conducted on 

Nickel base alloys by himself and his colleagues. This work is the first 



Alloy 

Monel 
400 

Monel 
400 

Monel 
400 

Monel 
K-500 

Monel 
K-500 

TABLE III 

STRESS-cORROSION TESTS ON IDNEL AI.J.J:Jf 400 AND 
MONEL AI.J.J:Jf K-500 IN Ail<ALI HYDROXID~ AT 

300 C (570· F) (FROM COMLEY & EVANS } 

a Heat treatment 

None, as cold drawn 
850C(1562F)/~hr/WQ 

Stress relieved, 540C 
(1004F)/~ hr 

Works anneal, 950C 
(1742F)/~ hr 

None, as cold drawn 
I 

870C(1598F)/5min/Wd 
580C(1076F)/8hr/FCc 
870C(1598F)/5min/WQ 
+ 580C(1076F)/ 
16hr/FCc 

None, as cold drawn 
870C(1598F)/5min/WQ 
580C(1076F)/8hr/FCq 
870C(1598F)/5min/WQ 
+ 580C(1076F)/ . 
16hr/FCc 

Yield Applied 
strengtq stress 
(ton/in ) (ton/in2) 

43.8 
12.8 
24.0 

11.4 

52.5 

21.2 
65.5 
44.9 

53.2 
NDd 
ND 
ND 

33.1 
10.3 
20.7 

8.3 

33.1 

10.3 
37.2 
37.2 

33.1 
10.3 
37.2 
37.2 

Type and 
Degre~ ot 
Cracklng 
NaOH KOH 
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1 IG 
5 

4 NI 
5 

0 IG 0 IG 

5 5 

3 IG+ 5 
TG 

5 
4 TG 
0 TG 

4 NI 
5 
0 IG 
0 IG 

5 
5 
0 IG 

aWQ = Water quenched; FC = flurnace cooled. 
bo = Specimen fractured; 1 = coarse cracks visible to naked 
eye; 2 = fine cracks visible to naked eye; 3 = deep cracks 
visible under microscope; 4 = shallow cracks visible under 
microscope; 5 = no cracks; TG = transgranular cracks; 
IG = intergranular cracks; NI = type of cracking not 
identified, cracks very short. 
cFurnace cooled at about 10C(18F)/hr to 480C(896F), then 
air cooled to room temperature. 
dND = Not determined. 

example of experiments conducted on other than U-bend samples of Monel. 

The tests were conducted on thin, flat waisted specimens, 0.3 rom thick, 8 
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nun wide. The environments contained various concentrations of HF acid 

contaminated with cuo. The work confirmed that Monel is the alloy most 

susceptible to sec in HF as the diagram in figure 15 illustrates. Also, 

the t~e to failure in 0.79MCuF2+18MHF is almost constant for alloys 

containing 90 to 65% Ni. This may ;explain why earlier investigations (Case 

5) found no deviation in soc for Monel when the nickel content was 

increased by as much as 15%. 

(0.063 ""CuF, - 0.38 M HF) solutiOn 

solution 

I 

sec of nickel-copper 
in HF- CuF2 I 

100 t---+----1solutions stressed 

100 
20 
80 

to 80% of ultim•te 
tensile strength •t 23 •c 

40 
60 

60 
40 

80 
20 

100 
0 

-Nickel, at.% Copper, at.%-

Figure 15. T~e to failure 
of stressed 
nickel-copper 
alloys in HF + 
CuF 2 solutio~~ 
·(From Degnan , 
as modified 
from Gr~~ and 
Wittich ) 
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The tests also confirmed that severe cracking can occur at room tern-

perature (Figure 16). The most embrittling environment occurred at 

0.06:M:uF2+0.3MIF, with the pH being an inportant consideration. Fracto

graphic tendencies were as noted previously. 

case 9. 

5000 

2000 

1000 

c: 500 E 
~ 
.a 200 
~ 
E 100 ., 
E 
j.:: 50 

20 

10 

Stress. percent of ultimate tensile strength 

Figure 16. Effect of stress 
and tenperature 
on sec resis
tance of Monel 
400 in BF + 
CuF., solutio~0 
(From Degnan 
as modified 
from Gr~s and 
Wittich ) 

The remaining exanples of SO:: in Monel 400 by HF do not extend any 

more information. A case is cited by z.t::Guire52 in 1986 that is typical of 
. . 
! 

those cited by Copson and Cheng15 • Degnan •s work in the 1987 edition of 
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the ASM Metals Handbook20 mentions that the presence of cupric chloride 

increases the cracking rate of Monel 400 in HF solutions. However, the 

reference noted is that of Graf and Wittich35 discussed in Case 8. Graf's 

work involved cupric fluoride. Although it is possible that Degnan did 

not intend the mention of chloride, the compound is an oxidizer, as is 

cupric fluoride. Therefore, the possibility that the noted effect was 

intended should not be ruled out. 



CHAPTER III 

PROPOSED :INVESTIGATIONS 

3.1 Susceptibil~ty at Room Temperature 

From the preceding chapter, it becomes obvious that Monel can suffer 
i 

stress corrosion cracking in room 1tenperature environments. The environ
: 
' ments cited for this temperature rlange involve the presence of hydrogen 
I 
I 

fluoride. Hydrofluosilicic acid vapors were noted as a problematic envi

ronment, but a natural conponent Qf such vapors is hydrogen fluoride. It 

is also recognized that the pres~ce of cupric fluoride can enhance the 

errbrittlement process. Therefore· it is assumed that the damage induced by 

HF may require the presence of an :oxidizer, perhaps in combination with an 

element nobler than Monel, such as copper. The first two objectives of 

this investigation have been achieved with these conclusions and the 

referenced cases of Chapter 2. 

3.2 Immersion Tests 

The preliminary experimental stage involves performing immersion 

tests. Prepared Monel coupons should be placed in selective corrosive 

solutions. The solutions will be selected based upon an anticipated cor

rosion behavior. The desired behavior will demonstrate only light or 

localized attack leading to slight pitting. If severe general attack 

occurs in a solution, stress corrosion cracks would not be anticipated. 

48 
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Conversely, stress corrosion cracks would not be anticipated if the Monel 

demonstrates conplete resistance in a solution. The following solutions 

were selected ana illustrate the broad spectrum of environments to which 

Monel is commonly subjected. 

It is assumed that no embrittlement of Monel occurs in normal atmo-

spheric conditions. For such applications, the general corrosive attack 

on Monel is less than 0.001 inches per year ( ipy) • This rate, ana 

subsequent noted rates, are quoted by Hoyt. 42 The atmospheric rate will 

be used as a minimal corrosive limit since some attack must occur. Yet, 
' 

the attack must remain low, as st~ted earlier, for stress corrosion crack-

ing to occur. Therefore, an arbitrary upper limit of attack will be set at 

0.050 ipy. 

It is desired that twelve so~utions be chosen for the immersion 
' 

tests. With the attack limits set, the spectrum limits should now be set. 

The major point of consideration ls that Monel should be in standard use 

for the solutions considered. Also, a full range of pH values should be 

considered. Therefore, acids and bases will be selected. 

Initially, a solution that is known to cause stress corrosion crack-

ing on Monel, as determined by the literature review, will have to be con-

sidered. Additionally, it is stated in previous chapters that Monel is 

the Nickel alloy that is most suspeptible to LME and HE. It has been 

assumed and theoretically supported in previous chapters that Monel will 

demonstrate the same behavior in sec. Therefore, any solution inducing 

sec in other Nickel alloys will be considered. Such environments are 

listed in Appendix A. Furthermore, environment solutions that drastically 

deviate in behavior as minor alte~ations in temperature and concentration 

occur should be investigated. It is anticipated that such solutions could 
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be devastating under proper conditions if the corrosion rate remains 

within the set limits. The solutions to be used are sel~ted based on the 

following reasons. The rates of corrosion are supplied by Hoyt. 42 

1. Ammonium hydroxide; 27% at room tenperature yields a 0.036 ipy 

rate. Nickel alloys are resistant to aqueous ammonia only in 

concentrations lower than 1%. All copper alloys are subj~t to 

sec in this environment. 

2. Ammonium Persulfate; 10% at room temperature yields a rate noted 

as >2.9 ipy. This rate is over the set limit. However, the 

obj~tive is to obtain an oxidizing acid salt environment. Cop-
~ 

per sulfate (2-5%) resul~s in a rate of 0 .018. Since copper 

would be liberated by ammonia solutions, the persulfate seems a 

reasonable environment if the concentration is kept low. Addi-

tionally, numerous sulfur environments are noted for sec in 

Inconel 600. 

3. Hydrogen Peroxide; no rate is available, but it is presumed to 

be within limits, due to extensive use. The solution is consid-

ered to be a mineral acid with oxidizing agents. Therefore, it 

is in the same category as ferric or cupric contaminated acids. 

It is assumed, then, that this solution will be capable of 

inducing pits without general corrosive behavior. Furthermore, 

the eff~ts due to the presence of oxidizing compounds have been 

noted previously. 

4. Hydrofluoric acid; 60% at room temperature yields a 0.003 ipy. 

This solution is cited m<;>st often for causing sec in Monel. It 

is also the most investigated solution. 

5. Hydrobromic acid; no rate is available. Solutions contaminated 
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with 7A elements are often noted for inducing stress corrosion 

cracking. These elements include fluorine, chlorine, bromine, 

iodine, and astatine. Astatine is not commonly encountered. 

Iodine could conceivably cause discolorations that would inhibit 

extensive examination. It is assumed that hydrobromic acid 

would exhibit characteristics similar to hydrofluoric, but not 

so severe due to its larger molecular size. 

6. Ferric chloride; 10% at room temperature yields a rate of 3.2 

ipy. This rate is out of range. For application, the concen

tration should be kept low to reduce the general corrosive 

behavior. However, ferric chloride is a standard for tests 

determining pitting susceptibility. 

7. Nitric acid; 5% at room tenperature yields a 0.065 ipy. This 

acid demonstrates a highly variable nature. At elevated temper

atures it is extremely corrosive, regardless of concentration. 

At room temperature, with a concentra tion below 0.5%, it is not 

corrosive. Also, it plays a major role in etchants for Monels. 

Therefore, selective attack is characteristic. 

8. Hydrochloric acid; 20% at room temperature yields a 0.022 ipy. 

SOC of various Nickel base alloys subjected to salt contaminated 

hydrochloric acid has been noted. Additionally, 7A elements, 

noted previously, should be considered. 

9. ketic acid; glacial yields a rate of 0.0014 ipy. Organic acids 

typically show deviating behavior on Monel when the temperature 

is altered. ketic acid also demonstrates selective etching 

capabilities. 

10. Potassium chromate; A rate not available. The chromate offers 
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an oxidizing agent. The influence of potassium contamination is 

uninvestigated. 

11. Lead chromate; rate not available. The chromate ensures an oxi-

dizing environment. Lead salt contaminants are noted for sec 

inducement in Ni-cr-Fe alloys. 

12. Lactic acid; 45% at room temperature yields a 0.02 ipy rate. 

This is a typical organic acid environment for Monel. Organic 

acids can drastically alter its corrosion rates on Monel as the 

temperature is increased. 

Finally, although hydrofluosilicic acid vapors have been noted to 

cause sec in Monel, it will not~ considered. Since hydrogen fluoride is 

a typical constituent of the vapor, the HF solution and vapors should dern-

onstrate any characteristic that H2siF6 would demonstrate. 

3.3 Slow Strain Rate Tests 

Combining the conclusions of Section 3.1 with the experimental 

results for Section 3.2, appropriate environments will be prepared for 
' 

further examination. The environments will be used for exploratory slow 

strain rate testing. Preliminary tests will be conducted to allow the 

variation of numerous parameters. The solution, strain rate, grain size, 

alloy and alloy condition will be 'altered. The effects of each alteration 

will be noted. Conclusions can then be drawn on anticipated damage to 

Monel subjected to various conditions. In addition, it can be determined 

which paraeter might offer the greatest conditional effect. 
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3.4 Confirmation SSRT 

The testing procedure of 3.3 will determine a particular environment 

that proves to be most detrimental; to Monel. That environment will be 

used for further investigation. This investigation will also utilize slow 

strain rate techniques. Within the chosen environment, parameters will 

again be altered. The variables will involve grain size, strain rate, 

cold work, and yield strength. The provisional conclusions drawn in Sec

tion 3.3 can then be verified. 



CHAPTER IV 

EXPERIMENl'AL PROCEDURES 

4.1 Immersion Tests 

4.1.1 Material and Heat Treatment 
I 

Manufacturer's data, as noted in previous chapters, indicates essen-

tially no difference in the corrosion behaviors of Monel 400 and Monel 

K500. Therefore, the immersion tests will be conducted on available Monel 

K500 sheet. Nominal composition of Monel K500 is listed below. 

TABLE IV 

CHEMICAL CCM?OSITION OF MONEL K500 

Element 
Ni 
Cu 
Al 
Fe 
Mn 
Si 
c 

Weight Percentage 
63.7 
30.2 

2.6 
1.5 
1.0 
0.3 
0.2 

Solution heat treated Monel K500 demonstrates properties relevant to 

those of Monel 400. The solution heat treated properties are tensile 

54 
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strength = 96ksi; yield strength = 51ksi; Rockwell hardness (B scale) = 
79; and strain hardening exponent, n = 0.35. The material will be a cold 

rolled, solution heat treated sheet with a sample grain size of approxi

mately 25_flm. Sample coupons of approximately 25 mrn x 12 mrn dimensions 

are to be cut from a 1.5 mrn thick sheet. 

4.1.2 Surface Preparation and Condition 

The coupons will be sanded tttough a 600 grit finish. Further 

mechanical polishing, through 0.05pm alumina using flooded wheels at low 

speed, will remove any detectable ,abrasion damage. The sanples are then 

chemically polished in an 85°C sol~tion containing 

30 ml nitric acid, 

10 ml sulphric acid, 

10 m1 orthophosphoric acid, 

50 m1 glacial acetic acid. 

The samples are to remain immersed in the polish solution for a mini

num of thirty seconds and a max inurn of sixty seconds. Sample dimensions 

and weights are to be noted subsequent to final polish. 

4.1.3 Test Procedure 

Individual sample coupons are to be placed in 50 ml containers with 

30 m1 of prepared solution. The solutions are to remain stagnant at all 

times. Coupons will be removed periodically for observation. 
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4.1.4 Observation and Measurement 

Each coupon will be examined in solution every ten minutes for the 

first hour of testing, but removed on the half hour for closer scrutiny. 

After the first hour, each coupon will be examined on the half hour, 

removed from solution each hour, for the next five hours. Subsequent 

examination will occur each hour, removing the sample from solution only 

as necessary. Tests demonstrating extensive attack will be terminated. 

Otherwise, testing may continue for thirty hours. 

Each sample removed from solution for examination will be thoroughly 

rinsed with water, then sprayed with Methanol and dried with forced warm 

air. As each test is terminated, the samples will be vigorously rinsed in 

water, followed by ultrasonic cleaning while imnersed in Methanol. Cou

pons will then be dried with forced warm air. Final examination will 

include determining final weight. 

4.2 Slow Strain Rate Tests 

4.2.1 Material 

The slow strain rate tests will be conducted primarily on Monel 400 

with subsequent tests on K500. The 400 alloy offers a readily variable 

grain size. It also has the ability to be strengthened by cold work. The 

K500 alloy permits a high yield strength without cold work. Nominal com

position of Monel 400 is listed in Table v. 



TABLE V 

CHEMICAL CG1POSITION OF MONEL 400 

Element 
Ni 
Cu 
Fe 
.Mn 
Si 
c 
Al 
s 

Weight Percentage 
65.47 
31.97 
1.16 
1.01 
0.19 
0.15 
0.05 
0.002 

The material is cold drawn, stress relieved, 12.7 mm diameter bar 
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from Huntington Alloy. The heat nurrber is Ml604B, lot lA. The Monel 400 

bar properties are tensile strength = 113ksi; yield strength = 95ksi; 

Rockwell hardness (B scale) = 97; and strain hardening exponent, n, = 

0.36. 

As illustrated in Figure 17, the tests are to be conducted on waisted 

tensile specimens which have a minim.lm diameter of 6.35 mm. This corre

sponds to a minimal cross sectional area of 30.68 mm2• The waisted speci

men will allow the presence of a strain gradient along the gage length. 

Therefore, a damage gradient is anticipated. The extreme of the damage 

gradient should illustrate a MVC fracture, adjacent TG cracking, and IG 

cracking near the shoulders. The strain at different locations can be 

measured directly on a specimen subsequently. The proposed geometry will 

ensure a localized fracture zone. Additionally, the geometry is identical 

to the geometry used by King 45 an~ Frede1129 , facilitating comparison. 
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130 mm 

12.7 
mm 

63.5 mm R. 

Figure 17. Slow Stra~n ~te Sanple Geometry 
(From Kmg , p. 44) · 

4.2.2 Heat Treatment 

Heat treatment will be varied to obtain several conditions. The 

treatment ensures different hardness and grain sizes. Test sanples are to 

be treated in a vacuum oven, under 13 to 15 Pa pressure. OVen tenpera-

tures, treatment duration, and approximate resulting grain sizes are 

listed in Table VI • 

The duration is noted for length of time at full tenperature. OVen 

heat-up time was forty-five min~tes. The grain sizes correspond to the 

conditions set up by King45 and Fredell. 29 All sanples were furnace 

cooled to room temperature. 



TABLE VI 

VACUUM ANNEALING SCHEDULE FOR MONEL 400 
(AFTER KING4 ~) 

Time Chrl Tenperature (C) Grain Size ~JAil) 

as received 25 
1.25 750 35 
2.25 750 50 
3 750 100 
3 1050 250 
4 1050 350 

12 1050 500 

4.2.3 Surface Preparation and Condition 
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Disagreement occurs regarding the role of surface condition in corro-

sion attack. It is generally, but not universally, agreed that machining 

marks leave the surface with builtlin stress risers. Such a condition 

will enhance localized corrosion attack and, subsequently, induce sec. 

However, if a material is considered resistant to an environment, as Monel 

often is, and the material is annealed to relieve the machining stresses, 

the surface condition may not play a significant role. The point is 

debatable. Therefore, preliminary tests may be conducted without altering 

the surface condition. 

Generally, though, a standard preparational procedure will be fol-

lowed. 

1) Machine finished sample will be washed with water and then 

swabbed with trichlorethylene. 

2) The sample will be heat treated under vacuum conditions for 1.25 

hours at 750°C, and furnace cooled (differing schedule for 

varied grain size, as discussed previously). 



3) The sanple will be mechanically polished through a 600 grit fin-

ish, over the entire waisted section. 

4) The sample will be further polished and lightly etched by submer

sion in a 50/50 solution of nitric acid and acetic acid, duration 

of forty-five seconds. 

5) The sample will then be rinsed in water, flooded with methanol, 

and then dried with forced warm air. 

4.2.4 Test Procedure 

All slow strain rate tests will be conducted on an Ml'S machine at 

room tenperature. The testing shall be conducted under displacement con

trol conditions. Stroke control will be set at 100% to allow a full ten-

sile stroke of three inches. The' strain rate will be determined from ram 

displacement rate specifications., To remain well within the previously 

noted strain rate limits, the ram speed will be allowed to deviate between 

3.6(104) and 1.8(106) seconds for. a three inch ram displacement. The 

corresponding strain rate will vary between 3(10-S) and 6(10-7) s-1 • The 

orders of magnitude of these ratep are comparable to those cited in tests 

of Monel for IME and HE. 

Preliminary tests will be conducted in air. This test will permit 

direct measurement of strain experienced at different gage length loca

tions. Also, the standard cup and cone fracture surface will serve as a 

comparison basis for subsequent test fractures. 

Subsequent tests will be conducted in active environments. The envi

ronments will be confined to the waisted portion of the sample. A dia

gram45 of the environment chanber is supplied in Figure 18. The chamber 

is constructed with a resistant plexiglass body. A neoprene o-ring 
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Plexiglass 
Container 

Neoprene 
0-Rings 

Figure 18. Environmental Chanber Used in s29ess Corrosion 
Cracking Tests (After Fredell ) 
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embedded in the bottom layer of plexiglass ensures the maintenance of a 

tight seal. The lid contains a half inch diameter opening. When placed on 

the sample body, the top of the test chamber falls below the upper shoul-

der. This leaves a gap between the sample and the container's lid. The 

gap supplies sufficient room for the addition of the environment fluid. 

Three other variable effects will be examined. First, some tests 
' will be conducted with the test chamber only partially filled. This will 

allow the examination of a liquid phase effect, a vapor phase effect, and 

the interface effect. Secondly, some tests will be conducted under concH-

tions of aeration. Oxygen will be forced into the test solution at a con-

stant rate. This will allow the examination of the effects of aeration 

and agitation. Lastly, some tests will be conducted under a zero ram dis-

placement rate. A prestrain will be placed on the sample and the ends 

held at the resulting position. This will determine the effect of a zero 

strain rate. 

Once a test is complete,, the sample will be removed from the test 

chamber. The sample will then be washed with water and flooded with meth

anol. Further cleaning will be acconplished with the sanple placed in an 

ultrasonic cleaner while immersed in trichlorethylene. The sample will be 

subsequently dried in still air and placed in a desiccator. 

4.2.5 Observations and Measurements 

All specimens will be observed under a Bausch & Lomb stereoscopic 

zoom microscope (SZM) at magnifications up to 70X. Pertinent samples will 

be sectioned and mounted. The mounted samples will be viewed under a 

Reichert optical microscope. other selected specimens will be sectioned 

for examination in a Jeol Model 35 Scanning Electron Microscope (SEM). 
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All pertinent observations will be recorded. Characteristic cracking fea

tures will be photographed. 



CHAPTER V 

EXPERIMENTAL RESULTS 

5.1 Immersion Tests 

The results of the llnmersion tests are summarized in Table VII. It 

should be noted that the corrosion rates illustrate an extreme deviation 

from those suggested by Hoyt42 in Chapter 4. However, the concentrations 

are similar. It a:r;:pears that, when determining proper solutions for the 

slow strain rate tests, the limiting corrosion rates must be modified. 

NUmerous examples of stress corrosion cracking in Monel, when subjected to 

Hydrogenfluoride, were noted in Chapter 2. Thus the corrosion rate limits 

will be reset to the order of magnitude demonstrated by the immersion test 

for Hydrofluoic Acid. Proper solutions for continued testing also rely on 

a preference of localized or pitting attack. A summary of conclusions 

regarding appropriate behavior is contained in Table VIII. Three environ

ments were deemed appropriate for the slow strain rate tests: 

1) Ammonium Hydroxide (NH40H) r' 

2) Ammonium Persulfate ((NH4) 2s2o8), 

3) Hydrofluoric Acid (HF) • 

As Sodium Hydroxide (NaOH) isr often detrimental at elevated tenpera

tures, it will also be tested. 
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TABLE VII 

JM.ffiRSION TEST RESULTS 

TEST SOLUTION 
00. COK:ENTRATION 

1 Ammonium Hydroxide 
29% 

2 Ammonium Persulfate 
0.175 M 

3 Hydrogen Peroxide 
10% 

4 Hydrofluoric Acid 
26% 

5 Hydrobromic Acid 
12% 

6 Ferric Chloride 
0.125 M 

7 Nitric Acid 
28% 

8 Hydrochloric Acid 
19% 

9 Acetic Acid 
20% 

10 Potassium Chromate 
0.15 M 

11 Lead Chromate 
0.1 M 

12 Lactic Acid 
10% 

CORROSION 
RATE npy 

(ipy) 

23.74 
( 0 .93) 

109.34 
(4.30) 

3.02 
(0 .12) 

51.79 
(2 .04) 

29.96 
(1.18) 

32.02 
(1.26) 

2952.50 
(116 .24) 

14.67 
(0 .58) 

2.70 
( 0 .11) 

6.47 
(0 .26) 

26.98 
(1.06) 

-3.63 
( -0 .14) 

OBSERVATIONS 

selective attack shows 
darkened patches 

severe general corrosion 
after 1 hr of no reaction 

immediate gas release subse
quent polishing with empha
sized scratches 

fuzzy sediment precedes 
localized attack with 
subsequent general corrosion 

no visual reaction, sample 
brightened under presumed 
general attack 

general corrosion attack form
ing dark scale 

immediate reaction forming 
green film, subsequent 
darkening 

scratches darkened initially, 
subsequent scale loosens and 
precipitates 

slight discoloration with 
darkened scratches 

immediately forms pale yellow 
powder, subsequently precipi
tates, leaving material 
mottled 

bright polishing with subse
quent pits 

No color change, scratches 
pronounced, shallow pits 



TFST 
NO. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

SOLUTION 

HBr 

HNO 
. 3 

OCl 

Pl:Cro4 
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TABLE VIII 

COKCLUSIONS REGARDI:r;K; THE CORROSION 
ATTACK OF IMJIERSION SAMPLES 

DEX:!ISION 

use 

use 

don't use 

use 

possible 

don't use 

don't use 

don't use 

don't use 

don't use 

possible 

don't u~e 

REASON 

corrosion rate within range, 
selective attack 

initial reaction shows very 
low corrosion; reduce con
centration to reduce subse
quent reaction 

corrosion rate too low 

"control" solution, inter
mediate reaction is 
localized attack 

corrosion rate within range, 
but attack was general 

corrosion rate within range, 
but no pits observed, only 
general attack 

corrosion rate too harsh, 
concentration was too high 

corrosion rate is a bit low, 
also anticipate problems 
with the sediment 

corrosion rate too low 

corrosion rate too low; 
also, solute precipitates, 
concentration unstable 

corrosion rate within range, 
also formation of pits, but 
sed irnent could be a problem 

pits noticed may be strictly 
associated voids in the 
obvious scale formation, 
scale analysis would be 
necessary 
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5.2 Initial Slow Strain Rate Tests 

All test specimens exhibited a cup and cone fracture surface. F.ach 

sample was subsequently examined under the stereoscopic zoom microscope 

{SZM) • Most of the test samples exhibited limited stress corrosion crack

ing. The slowest strain rate used, E: = l.2{10-6)s-1, induced the greatest 

amount of cracking in all environments. This strain rate was often suffi

cient to cause limited propagation. Yet, it was insufficient to cause 

total propagation before the tensile strength in air was exceeded. Obser

vations from the SZM for each enviironment are as follows. 

5.2.1 Sodium Hydroxide (0.29M> 

Fused sodium hydroxide can cause stress corrosion cracking in Monel 

at elevated tenperatures. It has not been determined to cause sa:: at room 

tenperature. Qle sample was tested in an environment of 0.2~ NaOH for 

elimination purposes. The test was conducted at a strain rate of € = 1.2 

{10-6) s -l on a fine, 35pm, grain size specimen. There was no indication 

of cracking or corrosion. 

5.2 .2 Ammonium Per sulfate (0 .179M> 

Four tests were conducted in this environment. The grain size was 

varied through heat treatment to determine possible affects. A strain 

rate of €.. = 6.7 {10-7) s-l was used for all four tests. 

An as received sample, with a grain size of 25pm, HRB = 95, was 

tested first. The test sample suffered numerous pits. However, no dis

cernable cracking could be noted under the SZM. 

A test sample with a grain size of 250 p m, HRB = 53, was tested 

subsequently at the specified strain rate. The sarnple developed a large 
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amount of black deposit. Under the deposit, and in its vicinity, the 

sample surface suffered numerous, but very shallow, transgranular cracks. 

Two slow strain rate tensile tests were conducted on coarse grains. 

The samples were approximately 350pm and had IrnBs of 39 and 40. Stress 

corrosion cracking was induced in each of the samples. Near the shoulders 

of both samples, the cracking was conspicuously intergranular. The crack

ing gradually changed to transgranular as the fracture location was 

approached. The cracks blunted in the zone of plastic deformation. The 

fracture surfaces showed cup and cone failures. General corrosion over 

the sample surface was also noted. The sample with the HRB = 40 was later 

viewed under the scanning electron microscope (SEM) • 

Several of the SEM photographs are supplied to illustrate the damage 

to the test sample. Figure 19 is a view of the sample surface near the 

fracture. It can be seen that minor grain rUII'pling only occurred near the 

fracture. The extent of general corrosion can be seen in Figures 20 

through 22. The photographs are details of the sample surface, proceeding 

from the fracture to the outer right hand end as depicted in Figure 19. 

Near the fracture, extensive corrosion, severe grain etching, and slight 

cracking parallel to loading direction occurs, associated with grain 

boundaries. 

Figure 20 details the surface farther away from the fracture. Inter

granular cracking has begun to occur with the general corrosion. The 

cracks are fine, with only occasional grains being separated. Figures 21 

and 22 were taken at the right hand end • Many of the grains have been 

separated. 



Figure 19. Ammonium Persulfate fracture zone. 
The ductile failure illustrates 
extensive plastic deformation 
with no discernable cracking at 
this magnification; X 12 
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Figure 20. Ammonium Per sulfate sanple details 
of Figure 19. The details of the 
surface, away from fracture vici
nity, show pitting but only minor 
deformation. IG cracking is 
obvious; x 2f/Jf/J. · 



Figure 21. AJmoonium Persu1fate sanp1e details 
bordering the shoulder area. IG 
cracking and pitting are obvious; 
X 1~~~. 
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Figure 22. Aimoonium Per sulfate sanple details 
of Figure 21. The photograph 
emphasizes the pitting attack of 
the grains, the pitting nature of 
the IG cracking, and the complete 
absence of 'm cracking; X 20121121. 

72 



73 

5.2.3 Ammonium Hydroxide (29% and 15%) 

A total of seven specimens were tested in Ammonium Hydroxide. The 

series allowed numerous variables to be tested. Three grain sizes and 

four strain rates were examined. The first four tests were conducted in 

29% NH40H. 

The first test was conducted on an as received sanple. The sanple 

hardness was HRB = 103, and the grain size was approximately 25pm. The 

test strain rate was set atE= 6.7 (10-7) s-1 • The sanple showed 

general corrosion occurring with a black discoloration. Subsequent exami-

nation under the SZM revealed no stress corrosion cracks. The fracture 

was cup and cone. 

The next three tests were conducted on coarse grain specimens, 250~, 

HRBs = 50. The three tests were run with 29% NH40H. All three specimens 

demonstrated cracking characteristics similar to the results obtained with 

a coarse grain test in Ammonium ~rsulfate, but to a slightly lesser 

degree. Stress corrosion cracking occurred with shallow IG cracks near 

the shoulders. The cracks progressed to 'ffi in the higher strained regions 

near the center of the gage length. The upper halves illustrated the 

characteristics noted. However, the lower halves suffered more extensive 

general corrosion, leading to black deposits. Pitting also occurred in 

the lower halves. The lower halves were constantly submersed in the test 

solution while the upper halves were subjected to solution vapors. One 

test was concluded without fracture, prior to necking, for examination. 

Three further tests were cond!ucted on fine grain size, 35 _,..urn, spe

cimens in a solution concentration of 15%. The strain rate was varied 

from 3.0 (10-5) s -l, to 6 .QI (10-6) s -l, to a minirrum rate of 1.2 (10-6) 

s-1• Conpared to the 29% tests, the SZM showed a marked decrease in the 
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extent of cracking. By reducing the concentration to only 15%, no crack-

ing was evident on the two faster strain rates. Only the sample tested at 

the slowest rate, 1.2 (10-6) s - 1 , 1showed mild intergranular cracking. 

5.2.4 ijydrof1uoric Acid 

Although Monel is used extensively in Hydrofluoric acid environments, 

it has been known to fail, particularly when exposed to air contaminated 

with Hydrofluoric vapors. The situation was investigated for a sample 

with a coarse grain size of 500 p m, placed in a 26% solution of HF. The 

test was conducted at the medium strain rate of 6.0 (10-6) s-1 • The 

fracture surface was completely immersed in the fluid and resulted in a 

cup and cone failure. The test exhibited no cracks in the necked region 

except for a few slip band cracks, which is usual for tests conducted in 

air. Some minor pitting occurred on the imnersed section. Interestingly, 

slight localized IG cracking was noted at the top shoulder zone. This 

zone was above the liquid interface. 

5.2.5 HYdrofluoric Acid and CQQQer Chloride 
I 

A series of four tests was conducted in the acid solution contarni-

nated with Copper Chloride. Due to the difference between the imnersion 

zone and the vapor zone, as noted above, the test specimens were subjected 

to a liquid zone to just above the waist. Each of the tests will be con-

sidered individually. 

1) The test was conducted on a 35121 _))- m grain size sample, with a 

hardness of HRB = 47, at a strain rate of 4.1218 (1121-6) s-1 • A solution of 
I 

HM HF with 0.!:M CuC12 was used. A pup and cone fracture occurred. The 

interface zone was covered with a gr,een caked salt that demonstrated no 
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cracking. The lower fracture surface contained extensive crystal depo

sits, and the grain boundaries showed an IG outline. The grain boundaries 

on the upper half were attacked and outlined from the shoulder towards the 

neck. 

2) The test was conducted on a 100 pm grain size sample, with a hard-

-6 -1 . ness of HRB = 49, at a strain rate of 9.74 (10 ) s • A solut1on of IM 

HF containing 0.SM cue12 was used. A cup and cone fracture occurred. The 

interface zone was covered with bright green salt and dark solution 

marks. Tight single grain 'IG cracks occurred in the interface zone. At 

the shoulders, IG cracking was ill~strated in several grains. 

3) The test was conducted on 111210 p. m grain size sample, with a 

hardness of HRB =52, at a strain rate of 3.26 (10-6) s-1 • A solution of 

f21.SM HF containing f21.12SM CuC12 was used. A cup and cone fracture 

occurred. The sample was covered with a dark green and black scale that 

was incorrpletely salt encrusted. Extensive cracking occurred at the 

shoulders. 

4) The test was conducted on a 10f21)Am grain size sample of Monel 

KSf210, with a hardness of HRB = 66, with a strain rate condition of 3.26 

(10-6) s-1 • A solution of f21.SM HF. containing 0.2SM CuC12 was used. A cup 

and cone fracture occurred. The solution area was darkened, and salt was 
I 

encrusted on approximately 6.Smm of the sample below the necked region of 

the lower half. The scale is pitted, going to cracks and severe corro

sion. The elongated grains on the upper necked region have shallow pits, 

with shallow 45° grooves near the fracture. The shoulders showed exten-

sive cracking. 
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5.2.6 Hydrofluoric Acid and C~er F1uoride 

A series of four tests was conducted in the acid solution contarni-

nated with Copper Fluoride. Some the test specimens were subjected to a 

vapor zone above the waist. Each of the tests will be considered individ-

ually. 

1) The test was conducted on a 350 p m grain size sample, with a 

hardness of HRB = 43, at a strain rate of 3.62 (10-7) s-1 • A solution of 

0.3a.I HF with 0.063M CuF2 was used. A cup and cone fracture occurred. 

The immersed area was covered with a slightly darkened scale. The upper 

half contained a powdery blue sal~. The sample was entirely covered with 
' 

small gaping cracks. The surface cracking looked like fish scales under 

the SZM. The cracks blunted as the zone of plastic deformation took over, 

leading to fracture. 

2} The test was conducted on a 500,a.rn grain size sample, with a hard-

ness of HRB = 48. The sample was :loaded to approximately 30 ksi (about 

0 .3TS) , and held for ninety hours, in a solution containing Ql.3a.I HF and 

0 .12:M CuF 2• Failure did not occur. Copper was plated out near the upper 

edge of the liquid interface. Salt was present in conjunction with the 

copper flash. A copper oxide scale bordered the salt. The upper half had 

pronounced grains, but no crackin<_;J occurred. All evidence of the machining 

marks wa eradicated from the upper half of the test section. 

3) The test was conducted on a 250JUm grain size sample, with a 

hardness of HRB = 48, at a strain rate of 6.0 {10-6) s-1 • A solution of 

26% HF was used. The test contin~ed until the load reached about 75% of 

the tensile strength, 70.7 ksi. At this point the sample was removed from 

the test environment. Only slight grain rurrpling had occurred. The 

sample showed slight discoloration at the upper shoulder where the solu-
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tion had been applied. Dusty patches of salt had coll~ted on the upper 

half and were easily wiped away. 

4) The test was conducted on the sample of Monel 400 noted in test 3, 

above. The sample was subj~ted to a solution containing a mixture of 26% 
-6 -1 HF and 0.05 M CuF 2, at a strain rate of 6.0 (10 ) s • The environment 

chamber was filled. A brown powdery scale formed near the shoulder of the 

upper half. The powder was easily wiped away, revealing a deep red, cop-

pery sheen. The fracture was completely ductile, illustrating extensive 

grain runpling. Slight side cracking occurs occasionally near the lower 

plastic deformation zone. The cr~king appears to be IG. 

5.2.7 Aerated Hydrof1uoric Acid 

In view of the pr~eding tests, a series of four tests were conducted 

under the condition of aeration. A strain rate of 3.62(10-6)s-l was used 

for each test. The sp~imens were subj~ted to 26% hydrofluoric acid 

solution up to the waist. Air was bubbled through the solution at a con-

stant rate. 

1) The test was conducted on the 500;Um grain size specimen listed 

as number 2 in the previous s~tion. The surface finish was sanded and 

polished to remove any prior damage. <:nee the stress reached 60 ksi, 

the displacement was stopped. The sanple was then subj~ted to a twelve 

hour hold period at the constant load. Subsequently, the displacement was 

resumed and the strain rate was observed till fracture occurred. 

Examination revealed extensive gaping cracks that advanced to a depth 

of approximately three grains. IG cracking occurred at the shoulders. 

Several of the cracks contained a white grainy deposit. 

The sample was also examined ;under the SEM. '1\vo photographs of the 
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fracture surface are supplied, Figures 23 and 24. Figure 24 is a magnifi

cation of the detail of the lower outer edge seen in Figure 23. 

2) The test was conducted on a 250 )l-ID grain size sample, with an HRB 

= 47. The environment chamber was filled with the acid, up to the waist, 

with air bubbled through the solution. The test sample was loaded to a 

stress of 60 ksi and held at that point for seven hours before loaded to 

fracture. The fracture sections resulted in very shallow IG cracking at 

the shoulders, proceeding to shall~w, blunted 'IG cracks in the plastic 

deformation zone. The section that had been immersed in the fluid suf-

fered corrosion at slip bands, and' it was covered with a green scale. 

3) The test was conducted on~ a sample identical to the one used for 

test 2. However, the strain rate control was continued without any 

delayed hold time. The immersed section blackened while the upper section 

was rainbowed with reds and greens!. Only the early stages of 'IG cracking 

could be noted, near the zone of deformation. 
. I 

4) The test was conducted on an as received sample which had a hard

ness of HRB = 95. Patches of dark: scale formed on the lower section, with 

brown areas on the necked reg ion. · The failure was cup and cone. No 
! 

cracking or pits were detected, and the machining grooves did not show 

preferential attack. 

5.3 Standard Solutions Tests 

Although cracking has been d~nstrated in most of the tests examined 
i 

thus far, the ~ contaminated with C~ 2 combination has caused the most 

conspicuous cracking. In static ~oading tests, Graf and Wittich35 found 
! . 

the conposition of 0 .3EM HF + 0 .063M CuF 2 caused the most rapid failure 

in Monel. This solution was used for exploring the trends with selected 



Figure 23. Aerated HF solution sample with TG 
cracking rim about one grain deep; 
X 16 
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Figure 24. Aerated HF solution sample fracture, 
details· of bottom of Figure 23. 
Transition reg ion from 'm to ~ 
illustrates extensive degree of 
plastic deformation associated with 
'm cracking, occasional secondary 
cracking; x 330. 

8f3 
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materials and variables. The grain size of 35_.)Lm was used routinely with 

a strain rate of 1.2 (10-6) s-l unless stated otherwise. 

All subsequent test failures Occurred with a cup and cone fracture. 

The tensile strength corresponded to that of tests completed in air. Both 

halves of the fractured samples were examined under the SZM. OCcasion-

ally, the characteristics of the two halves of a sample differed. The 

major differences occurred near the shoulders of the upper half, corre-

sponding to the vapor zone above the liquid interface. To permit compari-
1 

sons, the observations for each test emphasize the nature and extent of 

the side cracking. When appropriatf, the examinations were completed under 

the SEM. 

5.3.1 Variable Strain Bate 

A series of three strain rates was examined, ranging from 1.2 (10-6) 

to 6.0 (10-6) to 3.0 (10-5) s-1• SZM observations revealed extensive TG 

side cracking for the two slower strain rates. The cracks extended about 

18 rnm from the fracture location. The upper halves showed a pale blue 

crystalline deposit rim at a distance of 16 nm above the fracture. The 

deposit corresponds to the locatiej>n of the liquid vapor interface. At this 
' 

location, there was no distinct variation in the crack appearance. 

Comparison between the tests of the slower strain rates revealed a 

similar extent of cracking. The cracks, however, were smaller in the 6.0 

(10-6) s-l test. Indeed , with a 1 further increase of the strain rate, to 
' 

3.0 (10-5) s-1, there was more ge~eral corrosion, with broad, shallow 
I 

depressions, leading towards pits. Only a few shallow transverse cracks, 

within 6 mn of the fracture, were noted. 

The three specimens were examined under the SEM. It was confirmed 
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that the extent of cracking decreased with an increase in the strain rate. 

The lowest strain rate induced shallow IG cracking 12 to 16 mrn from the 

fracture. In the same zone, on the intermediate strain rate sanple, only 

the occasional beginnings of IG cracking was noted. The sanple subjected 

to the fast strain rate showed preferential pitting associated with the 

grain boundaries, but no evidence of IG cracking. 

The transgranular cracks noted previously were more pronounced under 

the SEM using magnifications great!er than X 50. The following series of 

SEM photographs illustrate the rnajjor points of interest. It is also noted 

that, contrary to the characterist;ics of the ammonium persulfate tests, 

the IG cracks are not associated Jith pitting. 

5.3.2 Prior Cold Work 

Two tests were conducted to determine the effects of cold work. The 

tests were run under the most damaging strain rate, determined in the 

previous section to be 1.2 {10-6) s-1 • The first utilized an as received 

sample of Monel 400. With a hardness of HRB = 97 and a grain size of 25~ 

m, the sample obviously contained cold work. When the fractured specimen 

was viewed under the S~, cracks ~ere shown to be present within 10 mm of 

the fracture location. An examination of the fracture surface revealed a 
I 

distinct border of 'ro cracking. The border was 0.2 - 0.5 mm deep. The 

sample was subsequently examined qnder the SEM and conpared to an 

annealed, 35pm grain size, sanpl~ run previously under the same test con-
i 

d it ions • Both samples displayed s ±rnilar side cracking but to a lesser 

extent in the cold worked sample. 1 Also, the cold worked sample did not 

show any IG cracking • The test s~le is also presented in the next sec-
1 

tion for comparison with a Monel K500 test. 
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Figure 25. Slow rate test sample side view of 
fracture zone. Extensive transverse 
cracking with gaping is seen in the 
fracture vicinity. Except where 
associated with machine grooves, 
cracks are short and wavy; X 10. 
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Figure 26. Slow rate test sanple side view near 
shoulder. The matching groove on 
the left is seen in Figure 25. The 
cracking continues; X HJ. 
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Figure 27. Slow rate test details of Figure 25 
showing the blunting of the gaping 
cracks and numerous smaller cracks~ 
X 200. 
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Figure 28. Slow rate test details of Figure 27 
showing slip bands and slight, 
local IG crccking; X 1000. 
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Figure 29. Slow rate test fracture surface 
showing rim of 'm crackingi X 12. 



Figure 30. Slow rate test details of Figure 29. 
The TG zone is rather discontinuous 
and secondary creeks are evidenti 
X 200. 
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Figure 31. Intermediate rate test details illus
trating the size and gaping of the 
cracks near the fracture. Corrpared 
to Figure 27, this sample has more 
cracks, but the cracks are smaller 
and not gaping as nuch; X 2~~. 



Figure 32. Fast rate test details near the fracture. 
Smaller cracks, slip bands, and 
pronounced grain boundaries are 
revealed; X 1500. 

90 



91 

The second test for cold work utilized a 35 m grain size annealed 

sanple. The sanple was placed in the Ml'S machine and rapidly loaded to a 

pre-stress of 67.2 ksi. The load was then removed and the slow strain 

rate test was started under a control of 1.2 (10-6} s-1 • The resulting 

fracture and surface cracks were similar to the as received test. 

5.3.3 Monel K500 

Monel K500 sanples were tested in both the as received and annealed 

condition. The as received sarrple was supposed to be in the age hardened 

state. However, handbooks quote a hardness of me = 32 for the age bar-

dened state. The obtained sanple had a hardness of only HRB = 103, or HIC 

= 23, therefore was not fully aged. The sanple hardness was only a little 

higher than the cold worked, as received sample of Monel 400. 

SZM viewing of the fractured, as received, sanple showed a 10 rnm side 

crccking zone near the frccture. The cracking was similar to that noted 

for the as received Monel 400, discussed in the previous subsection. The 

similarity was also noted when the SEM was used • Figure 33 is an SEM pho

tograph of the Monel 400 as received sanple. Figures 34 and 35 contain the 

SEM photographs of the Monel K500 as received sanple. It should be noted 

that the finish on the sanple is parallel to the loading direction. Pit

ting attack and minor tight cracks occurred preferentially along the fin

ish marks, perpendicular to the TG cracking. 

The annealed Monel K500 had a hardness of HRB = 72. The fractured 

specimen displayed side cracking like the fine grain sized, annealed Monel 

400. SZM observations confirmed a 16mm cracking zone near the fracture. 

Close to the fracture, the side cracks were widely gaping. 



Figure 33. As received Monel 400 specimen, side 
view of the fracture. Conpared to 
Figure 25, the cracking is less 
extensive; X 12. 
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Figure 34. As received Monel K500 specimen, 
side view of the fracture. The 
sample is s~ilar to Figure 33 
and illustrates less extensive 
cracking than Figure 25; X 12. 
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Figure 35. As received Monel K5f2J0 details of 
Figure 34. The pitting asso
ciated with the finish grooves 
is pronounced; X 1500. 

94 



95 

5.3.4 Coarse Grain Size 

A coarse grained, 250_pm, specimen demonstrated extensive cracking. 

The grain boundaries of the upper test half, as viewed under the SZM, were 

attacked with shallow IG cracks over a 5 mm zone, beginning approximately 

3 nm from the shoulder. At 6 mm from the shoulder, the cracks became 

intermixed with TG cracking preferentially associated with machining 

grooves. Light IG cracking persisted to the vicinity of the light blue 

deposit zone marking the interface of the solution liquid and vapor. 

Within the liquid zone, only TG cracking was noted. 

Over the entire lower half of the test specimen, the grains were 

lightly etched. However, the SZM revealed no distinct IG cracking. The TG 

cracking on the sample surface was more severe than the TG cracking of the 

35 )LID grain size. The fracture surface contained a rim of TG cracking. 

The coarse grain size facilitated extensive SEM observations. The 

photographs contained in Figures 36 through 46 display the details of the 

damage that occurred. The features are reminiscent of those observed with 

the finer grain size samples, but are ruch more exaggerated. The cracking 

was more extensive. Also, the plastic deformation was more severe, caus

ing the cracks to gap more. The slip bands are distinct in this grain 

size. The sample details will allow extensive comparisons with the previ

ous investigations of LME and HE. 



Figure 36. Coarse grain test side view in the 
vicinity of fracture. Multiple 
cracking and gaping occurs, and 
is more extensive than illustrated 
in Figure 25; X 1~. 
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Figure 37. Coarse grain test side view continua
tion to near the shoulder. Cracking 
is d iscernable throughout the length 
of this view; X 10. 
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Figure 38. Coarse grain test details of Figure 
36, near the fracture. The cracks 
are gaping under extensive plastic 
deformation; X 200. 
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Figure 39. Coarse grain test details of Figure 
38. The slip bands, pitting, and 
diverse nature of TG cracking 
within gaping cracks are illus
trated; X 11211210. 
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Figure 40. Coarse grain test details of Figure 
39, showing the stepped nature of 
an inner crack surface; X 3000. 
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Figure 41. Coarse grain test details of Figure 
37, showing IG cracking near the 
shoulder. Pitting and a:Xiitional 
corrosion are noted adjacent to 
grain boundaries. The 'ffi cracking 
shows a zigzag nature; x 1000. 
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Figure 42. Coarse grain test details of an inter
mediate location on Figure 37. The 
IG cracking dis~ars as them 
cracking becomes more conspicuous; 
X 200. 
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Figure 43. Coarse grain test details of Figure 
42. Pitting, slip bands, and 
small cracks can be seen. Although 
the crack appeared IG in Figure 42, 
this magnification reveals TG 
cracking adjacent to a mildly 
cracked grain boundary; x 1000. 
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Figure 44. Coarse grain test fracture surface. 
· • A distinct rim of 'ffi cracking 

and extensive side cracks are 
shown; X 12. 
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Figure 45. Coarse grain test details of the 'ffi 
fracture zone. The grain boundaries 
are clearly discernable. The 
cracking details vary between 
grains. The 'ffi zone gra:3ually ends 
about two grains deep~ X 300. 
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Figure 46. Coarse grain test details of Figure 
45 showing the variable surface 
details across a grain boundary1 
X 1500. 
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CHAPTER VI 

DISCUSSION AND ANALYSIS 

I 

The preceding study has combihed literature and experimental research 
I 

to determine the possibility of sttess corrosion cracking of Monels at 

room tenperature. The objectives rf the study have been achieved. As 

anticipated, the most damaging envjironments generally occur with only 

slight corrosion, and, preferably,! localized attack. Environments display-
I 

ing such a characteristic can indu~e stress corrosion cracking in Monel at 

room temperature. 

Due to the results of this study, it has become obvious that the 
! 

damaging environments can be very piverse. Experiments were conducted 
i 

with vastly different solutions, aba only the sodium hydroxide tests 

failed to display any prcpensity trards errbrittlement. Therefore, it is 

anticipated that numerous other en1vironments can be found to cause the 
I 
I 

stress corrosion cracking of this material. It is also unlikely that the 

concentrations used in the present study would be considered optimum for 

sec. For exanple, the tests cond9bted with ammonium persulfate resulted 

in extensive general corrosion damage. It is probable that, if the solu-

tion were diluted, less general cqrrosion would occur and the embrittle

ment would increase. 
I 

Chapter 2 revealed that Mone~ is widely used in situations involving 

hydrofluoric acid. Therefore, it !is not surprising that this study showed 
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that Monel is not attacked by deaerated, pure HF. It has been demon

strated, though, that the presence of an oxidizer, like CuF2, CuC12, or 

aeration, leads to sec. This indicates that HE is not involved in the sec 

of Monel. A similar inference comes from the attack by ammonia salts. It 

was previously established that ammonip causes sec in copper base alloys, 

and that HE is not involved in the attack. Monel is one third copper, so 

it is implied that the attack on Monel by ammonia does not occur by HE. 

During this study, the failure characteristics observed were consis

tent with the reported cases of Monel failure in HF, as discussed in chap

ter 2. The most distinct tendencies noticed are the side cracking and the 

prevalence for transgranular cracking. The surface fractography displayed 

the expected distinctions. Also, the cold worked and annealed materials 

demonstrated varying amounts of cracking. Furthermore, the experimental 

works of Good and King indicated the characteristic occurrence of longi

tudinal splitting of Monel when subjected to environmental embrittlement. 

The longitudinal cracks were ~lso noticed in the SOC of Monel, but to a 

lesser degree. 

The effects of changing the grain size, prior cold work, and increas

ing the yield strength of the material tested through age hardening have 

been discussed. It was found that, in each instance, 'IG cracking was 

facilitated by the lower yield strength. This is consistent with the 

behavior reported in liquid mercury tests. Appropriately, Fredell's 

study29 on HE of Monel revealed an opposite effect. For exanple, the finer 

grain sizes suffered more embr ittlement by hydrogen. This is appropriate 

since the finer grains allow an increased diffusion of hydrogen into the 

material. 
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The presence of both copper and copper oxide was noted in several 

tests conpleted for this study. The deposits were often seen in relation 

to the liquid I vapor interface. Such occurrence was also noted by Copson 

and Cheng15• Additionally, the tests conducted with 0 .3a-1 BF + 0.063 M 

CuF2 left a copper flash in the vapor zone, and copper oxide in the 

immersed zone, when the sanple was held under load. This characteristic 

is completely consistent with the observations made by Graf and Wittich35 • 

It is understood that the grain boundaries of a material are at a 

higher energy state than the grain matrix. As the material suffers plas

tic deformation, though, the energy state of the matrix is altered, becom

ing greater than that of the grain boundary. As corrosion atterrpts to 

reduce an energy state to its lowest level, it would naturally result in a 

preferential attack on the grain boundaries until plastic deformation 

causes the attack to occur within the grain. Therefore, it was speculated 

at the beginning of the investigation that if SOC does occur, a cracking 

mode transition should develop, going from IG to TG to MVC, as the stress 

is increased. In several of the test specimens, IG cracking was a corranon 

occurrence in the shoulder regions, corresponding to the area where the 

stresses and strains would be relatively low. This is consistent with the 

prior LME and HE studies. 

The increased energy states, discussed above, are intensely associ

ated with slip bands. Dislocation systems within a grain are typical 

material characteristics and represent alterations in the stress states of 

the grain's matrix. This would then imply that TG cracking would be pre

ferentially associated with the slip bands. However, this study has not 

determined whether the association is merely preferential or a completely 

necessary behavior. The photographs of the test sanples do show slip band 
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cracking in several cases. Unfortunately, the slip bands were not always 

evident. Thus the issue is yet unresolved. 

While this study has been able to induce SOC in Monel, the embrittle

ment did not occur throughout the cross section of the test samples. The 

cracks appearing relatively far from the fracture surface remained sharp, 

while those appearing close to the fracture have blunted. Conversely, the 

cracks away from the fracture were consistently shallow, while those near 

the fracture often proceeded several grains deep. This would be expected 

since the shallow cracks were only subjected to low levels of stress. 

Additionally, the blunting of the deeper cracks is presumed to be due to 

the domination of the stresses in that area. Thus, at the strain rates 

investigated, the strain component took precedence over the corrosion 

component. Accordingly, it would prove beneficial to investigate the SOC 

at lower strain rates. Lower strain rates should enhance the propagation 

of the TG cracks. 

Another related matter involves corrosion fatigue. Corrosion fatigue 

induces many of the same characteristics seen in stress corrosion crack

ing. Price and Good6 9, found that some alloys, such as I nco loy 800, are 

resistant to LME in the slow strain rate tests. However, subsequent 

tests, under fatigue loading, displayed a large degree of ernbrittlernent by 

liquid metal. They also determined that alloys susceptible to LME in the 

slow strain rate tests, such as Monel, have a negligible resistance when 

subjected to the same environments under fatigue loading. This would seem 

to imply that an environment that causes stress corrosion cracking in 

Monel, or other nickel base alloys, could be more detrimental under 

fatigue loading. This is certainly reasonable, since fatigue can often 

ensure that cracks will be initiated. Yet, the concept is not universally 
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accepted, as some alloy systems can demonstrate more resistance under 

fatigue. A follow-up study on the relationship of stress corrosion crack-

ing and corrosion fatigue in Monel would be beneficial. 

Nickel base alloys are commonly used in severe environments. However, 

there exists only limited reports of room tenperature sa:: failures. The 

high corrosion resistance of the alloy system ensures few failures. How-

ever, it also increases the likelihood that the failures that do occur 

will be due to sa::. Additionally, there exists an sa:: environment window 

for every material system. Since 1 the susceptibility to sa:: is dependent 

upon numerous parameters, it is l~kely industrial use has not yet combined 

the particular parameters that wo~ld open the window on the nickel base 

alloys. 

However, an issue set forth in the introduction of this thesis merits 

reiteration. The incidences of stress corrosion cracking failure are on 

the rise. There are several, interconnected reasons for the increase. As 
i 

technological capabilities are ~roved, the severity of the environment 

for particular processes increase$. As this occurs, the materials used in 
I 

the processes are pushed to the extreme limits of their capabilities. 

Once these limits are exceeded, alloys displaying improved resistance must 
I 

be used. Yet, in time, these alloys are also pushed to their limit. With 

the improved resistance to genera~ corrosion attack, the result is often 

localized failure. This investig~tion illustrates that numerous typical 

environments can induce such failure in Monel. 

Furthermore, the results fr~ previous studies of HE and LME have 
I 

shown severe embrittlement of Monel at room temperature. Numerous other 

nickel base alloys were also subject to the embrittlement by hydrogen and 

mercury, but to a lesser extent than that suffered by Monel. By analogy, 
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other nickel base alloys would be expected to suffer SOC at room tempera

ture. Thus, a warning is to be put forth in anticipation that additional 

incidences of SOC in nickel base alloys will be identified in the near 

future. 



CHAPTER VII 

COt\CLUSIONS 

1. Stress corrosion cracking can be induced in Monel at room tenperature 

in numerous environments. 

2. A cracking sequence of intergranular (IG) to transgranular (TG) to 

microvoid coalescence (MVC) occurred with increasing strain, as in 

the prior experiments involving hydrogen enbrittlement (HE) and 

liquid metal enbr ittlement (IME) of Monel. 

3. The cracking in hydrofluoric environments requires the presence of an 

oxidizer. Different reactions and products are formed. 

4. The cracking patterns and fractography resemble those occurring in 

hydrogen embrittlement and liquid metal ernbrittlement; there were no 

unique features. 

5. The study was not devised to assess stress corrosion cracking mecha

nisms. However, the widely differing appearance of the intergranular 

cracking and the variable degree of pitting are suggestive that more 

than one mechanism is operative. 

6. It is anticipated that all of the nickel base alloys are susceptible 

to room temperature stress corrosion cracking. 

7. It is reasoned that corrosion fatigue will enhance SOC embrittle

ment such that problematic environments may become extremely harsh to 

nickel alloys when subjected to fatigue. 
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APPENDIX A 

SELECTED SYSTEMS OF STRESS CORROSION CRllCKING 

Structure/Alloy sec Environment Ref. 

1. FCC 

Aluminum Allo.ys 

AlZnMg Sodium Chloride 79 

Al-cu NaCl + H2o2 solution 56 

NaCl+ HN03 solution 56 

Al-Zn~ Nacl solution 56,47 

Al-7Mg Nac1 43 

CQm?er Alloys 

o<.-brass (>15% Zn) Aqueous Ammonia 18,55,43 
56,54,59 
79,90 

cu NH3 vapors and solutions 43,17,56 
55 

NaN02 solutions 55,56,54 
94,43, 95 

A-cu-zn NH3 vapors and solutions 43, 56,59 

CU (NOct) f + CuSO 4 
sol t ons 17,56 

Na~SO d ('f!-6so 4) 
ol t1 ns 17,56 

cu-zn Arnines 56 

Bac12 solutions 56 
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Butane + so2 

Hydrogen Chloride 

HF 

HN03 

NH- : 
Aonoethanolarnine 

NaOH 

Mercurous nitrate 

56 

56 

56 

56 

56 

85 

56 

A-cu-zn (Al,Mn, NH3 vapprs and solutions 56 
Ag ,Sn,P ,Si,Te,Ti) 

A-cu-Zn-Al 

A-cu-Al 

Cu-Be 

A-cu-Ni-Si 

Cu-Zn-Si 

A-cu-zn-Sn 

Cu-Au 

Cu-23Zn-12Ni 

Formate! 17 

Cl 90 

NH3 vapfrs and solutions 56 
' 

~ulphat~ solutions 90 

NH3 vapprs and solutions 

NH3 vapprs and solutions 

NH3 vapors and solutions 

NH3 v~rs and solutions 

CUSO 4 • tm3 solutions 
i 

~aN02 ,NkNo3 ,NaC103 , 

Na2so45~ 
I 

NaMoO,N:CCl solutions 

NH4N03 ~elutions 

~eC13 solutions 

Aqua r~ia 

NaN03 +, Zn(N03) 2 or+ 
' ' ' 

Ca(NOz3) 2 or +Cu(N03) 2 17 

or + NH4 

56 

56 

56 

56 

56 

56 

56 

56 

56 

56 

17 

17 
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cu 

Admiralty Brass 

CU-Be 

Iron Allqys 

1lcetate. (Cu (C2H3o2} 2} 
solut10ns · 

Nitrate (Na002} 

Stagnant H2o + NH3 or 
Nitrate 

Freshwater 

NH3 vapors and solutions 

o -Stainless Steel Aqueous Chlorides 

Hot Cone. Chlorides 

Chloride Contaminated Stearn 

f.t3Cl2 

300 Series Stain- BcC12 , cre13 , HgC1, 
less (fe-cr'-Ni-c} · ca::::12 

ZnC12 ,LiC1 ,f.i3C12 , 
Coc:12 · 

m4c1,MnC12 solutions 

NcC1 + ~2Cr 2o7 
· solut·10ns 

NcC1 + (NHl~2 of 
. · NaOO l · 

2 

H2so4 + NcC1 solutions 

H2so4 at 285C 

IC1, ~' HN03 

NaOH, KOH solution at 300C 

Vinyl chloride, 
CH3CH2C1 + Water 

Aluminum, Sodium and Uranyl 

Sulfate solutions 

Caustic (OH-} 

17 

17 

17 

17 

56 

40,79 

18,40 

18,40 

43,6 

56 

56 

56 

56 

56 

56 

56 
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52,56,20 

56 

56 

56 

56 

52 



31QJ & 310S 

304 & 316 

Hi-Ni Alloys 

Nickel AllQYS 

Inconel 600 

H2S406 

Polythionic acids 

Dichlorophenol 

E.pichlorohydrin 

Ethyl benzene 

Sodium Aluminate solution 

High temperature water 

56 

56 

56 

56 

56 

56 

40,13 

47 

Oxidizing or sulfidizing 93 

Gas at 450C and 600C 93 

HF(70°C) 

M3Cl2 

High-purity steam 

High-purity steam 

Aerated boric acid + 
Na2s2o(22-95°C) 60 

20 

55,54 

18 

48,64 

High tenper ature ( 300C) 48 

Oxygen & thiosulfate ( 40C) 60 

Caustic soda 48 

Polythionic acid 60 

Low-temperature sulphur envi 48 

Sodium tetrathionate 60 

NaOH at 280C 89 

HF vapors 31 

Polythionic acids or 
sodium.tetrathionate 60 

H3Bo3 + sodium 
thlOSUlfate 60 
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Inconel 671 

Incoloy 800 

Incoloy 825 

Hot cone. caustic soda + 
oxid 

Helium 

60,31 

86 

93 

Coal gasification gases 93 

Oxidizing or sulfidizing 93 

Gas at 450C and 600C 93 

NaOH at 280C 89 

Coal gasification gases 93 

NaOH at 190C 1 
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M3Cl2 at 147C 

Haynes Stellite 6B NaOH at 147C 

1 

1 

Hastelloy C276 

Hastelloy B 

Inconel X7 50 

Monel 

400F Sodium Chloride 48 

400F Acetic Acid + H2s 48 

Low-tenp HE ( 2:C) 48 

NaOH at 147C 1 

NaOH at 147C 

400F Sodium Chloride 

400F Acetic Acid + H2s 

HF vapors low-tenp HE (2:C) 

Hydrofluosilicic acid (140F) 

Air-IC02+H20+F at 140F 

HF vapors 

NaOH, KOH ( 570F) 

Fused caustic soda 

1 

48 

48 

48,31 

15 

15 

52,20,25 
31 

13 

13 

20 

35,15,20 
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Duranickel 301 HF vapors 31 

Ni-200 HF vapors 31 

HF + CuF2 inpurities 20 

Monel Ni-cu HF vapors 56 

H2SiF6 56 

Monel Ni-cu-Al HF vapors 56 

Ni-cu-Fe H2siF6 56 

Ni-cr-Fe Distilled water contaminated 56 

With lead salts at 316C 56 

Nc£1 (It::l} solution at 300C 56 

Ni-Fe-cr Nc£1 (It::l} solution at 300C 56 

MgC12 solution, boiling 56 

NaOH solution at 288C 56 

Ni-cr-Mo NaOH solution at 147C 56 

Ni-co-cr-Mo NaOH solution at 147C 56 

Other Alloys 

Ag-lAu Aquo regia 56 

FEC13 solution 56 

Au-cu FEC13, kid Sulphate 43 

2. BCC 

Cower Alloys 

B-Brass Water 79 

B-cu-zn-Al NH3 vapors and solutions 56 

Iron Alloys 

Ni, Low C Steel MgC12 solutions 56 

c(-Stainless Steel Aqueous Chlorides 79 

Phosphate 43 
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Anhydrous Ammonia 43 

MgC12,CO/COzlH20 43 

CSzlH2o 43 

Hot nitrate 43 

Caustic soda 43 

Carbonate 43 

High temperature water 43 

Carbon Steel Hot nitrate 18,65 

NO-, OH- 52,43 

co~~· Q:::O H20 43 

Hydroxide 18,65 

Carbonate/bicarbonate 18 

Hi-Strength Steel Aqueous electrolytes + 
H2S 18 

Mild, Low C Steels Sodium aluminate 56 

Monoethanolamine 52,56 

NaH6i0 4 . + H3PO 4 
s lut:wns 56 

FeCli, ~1Cl3 , 
so utwn 

MnC12 
56 

H2o-co-co2 56 

NaOH + Na2Sio3 56 

Ca (NOtl) 2 + NH 4N03 
sol twns 56 

HCN solution, HCl 56 

Anhydrous liquid NH3 52,56 

Coal gas liquors 65 

Cyanides and sulphates 65 

Nitrates of Al,An,Mg,NH3 65 



Low Alloy Steel 

Titanium Allqys 

Ti-Mn 

Ti-16V 

Ti-20Mo 

Ti-Mo-Zr-Zn 

Ti-V-cr-Al 

3. IO? 

Magnesium Allqys 

M3-Al 

Na, Mn, or Ca, K, Li, Ni 65 

Pb, Cd 65 

Caustics if contaminated 
with oxidizing salts 56 

H2S, H2S + Acetic Acid 
Solution 

H2o-co-co2 

ICN solutions 

NaCl solutions 

KCl solution 

Methanolic solution 

Methanolic solution 

Methanolic solution 

NaCl solution 

Methanol/ICl 

Aqueous Chlorides 

Aqueous Cl 

KHF2 solution 

NaCl + K2 Cro4 solution 

NaCl + K2cro4 solution 

Distilled Water 

~03 

KF solution 

KHF2 solution 

HF 

56 

56 

56 

56 

47 

79 

18 

56 

51,56 

12,56 

12,56 

12,56 

12,56 

12,56 

12,56 
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f.t]-2Mn 

M:3-2Mn-r2J. see 

f.t]-Al-Zn 

Titanium AllQYS 

Ti 

Ti-Al 

Ti-Al-Sn 

K2cro 4 solution 

Air 

KHF 2 solution 

Distilled Water 

KHF 2 solution 

KHF 2 solution 

Distilled Water 

HF 

Na::l + K2cro 4 solution 

Sea Water 

Nitric acid; ammonia 

Methanol/1£1 

Methanol + r2 solution 

12,56 

12 

56 

56 

56 

12,56 

12,56 

12,56 

12,56 

56 

52 

43,56 

56 

Aqueous Cq-, Br-, I- 18 

Organic liquids 18 

N202 18 

N204 56 

Halide (Cl,Br,I) solution 56 

Salt water, alcohol, liquid 56 
or gaseous alkanes, OCl 56 

Na::l solution 56 

Methanol/1£1 56 

MgC12 56 

Bel solution 56 

N2o4 56 

Salt water, alcohol, liquid 56 
or gaseous alkanes, OC14 56 
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z ire onium Alleys Aqueous Cq- 18 

Organic liquids 18 

I 2 at 350C 18 

Zr Methanol/Eel 56 

Hot chloride salts 56 

Nitrate-iodine salt 56 

HN03 56 

ZR-Sn Methanol/:OCl 56 

Hot chloride salts 56 

Nitrate-iodine salt 56 

HN03 56 

Other Alloys 

Be Synthetic sea water 56 

4. other 

Aluminum Alleys 

Al Aqueous Cq-, Br-, I- 47 

7075-T651 Aqueous Cl- I- 47 

2024-T351 Aqueous Cl- 8 

C~er Alloys 

A,/B-cu-zn Sea water 56 

CU-Pt,-Pd,Ga NH3 vapors and solutions 56 

A-cu-Al-Fe NH3 vapors and solutions 56 

Cu-Zn-Si NH3 vapors and solutions 56 

Cu-Sb NH3 vapors and solutions 56 

Cu-Zn-:Mn Nh3 vapors and solutions 56 

Cu-Ge Ny 3 vapors and solutions 56 

C26000 Acetate solutions 17 
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Arnines (methyl, ethyl, 
butyl) if Cu in solution 17 

Chlorides 17 

Nitrite (NaN02) 17 

Natsoi + Hrso4 Su fate 17 

C68700 Arnines (methyl, ethyl, 
butyl) if Cu in solution 17 

C72000 Citrate containing dissolved 
Cu 17 

C70600 Nitrate (NaNo2) 17 

C44300 Cu-Zn-
Antimony Chlorides 17 

NaN03 + Zn(N03) 2 or+ 17 

Ca(N03) 2 or + Cu(N03) 2 17 

or + NH4 17 

Tungstate (Na2m4) 17 

Chlorates 17 

Iron Alloys 

200 Series 
Stainless M3Cl2 solutions 56 

(Fe-cr-Mn-c) Chloride solutions 56 

400 Series 
Stainless M3Cl2, NH ~1 solutions 56 

(Fe-cr-c) H2s solutions 56 

Sulphide environments 56 

Dalmine D 22-7 5 Nacl 5 

Titanium Alloys 

Ti8AllMolV Nacl 47 

Aqueous Chlorides 79 

Ti-Al-V N2o4 56 
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Methanol 56 

NaCl solution 56,50 

Ti-0 .350 Salt water, alcohol, liquid 56 

or gaseous alkanes, OCl 56 

T i -Al-f.io-V NaCl solution 56,79 

Mol ten salts 56 

Halide (Cl, Br, I) solution 56 

Distilled water 56 

Salt w~ter , alcohol, 1 iqu id 56 

or gaseous alkanes, OCl 56 
i 

Ti-7Al-2Nb-1Ta Distill!ed water 56 

Other Alloys 

FeC13 solution 56 



APPEIDIX B 

DEVELClPMENI'S 'J:'atVARD UIDERSTANDI~iX:; STRESS 

CORROSION CRll.CKIID MECHANISMS 

1940 Dix 

demonstrated that an SOC path in a material occurred perpendicu

lar to the activating stress and that grain boundary precipita

tion caused preferential reaction 

1947 Keating, and Evans 

in independent work illustrated that SOC cracks occurred in 

alternating mechanical/electrochemical steps; localized corro

sion produced notches where the material would fail due to 

mechanical weakening 

1950 Gilbert & Hadden 

demonstrated that cracking proceeded in a jerky pattern with 

jumps in the potential 

1952 Logan 

demonstrated the effects of localized yielding at the crack 

tips; set forth the theory that the film ruptures at the crack 

tip while the sides remain protected 

1954 Robertson & Bakish 

illustrated that differential oxidation potential of material 

elements lead to local inhomogeneity which introduced a short-
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circuited galvanic cell and producing equilibrium grooves in a 

grain 

1954 Harwood 

utilizing a cleavage model, illustrated that SOC susceptibility 

was inversely proportional to the square root of the grain size, 

thereby requiring an increased stress for cleavage to occur in 

fine grains 

1954 Copson 

suggested that pitting or trenching by corrosion causes a stress 

concentration which induces plastic deformation in the metal 

ahead of the corrosion which causes a crack to grow 

also speculated that microscopic body stresses caused the varia

tions in specimen SOC susceptibility 

1954 Priest 

stated that the plastic deformation of the SOC material is not 

the cause of a crack, but rather is the result of propagation 

1956 Graf 

demonstrated that the susceptibility to SOC of an alloy was 

associated with the more noble elements acting as cathodes 

within a grain cell thereby accelerating nearby attack; further 

supports the increasing incidence of SOC when noble elements 

redeposits 

1956 Evans 

formulated a theory that hydrogen caused SOC embrittlernent by 

diffusing ahead of the crack front thereby limiting the propaga

tion to a brittle fracture mode 
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1956 Gilman 

suggested the existence of three possible cracking modes: sec

ondary cleavage, plastic shearing, and plastic necking with the 

later being the most likely 

1956 Hoar & Hines 

further demonstrated the effects of localized yielding which 

directly assisted in removing cations from the metallic lattice 

at the crack tip 

1958 Hoar & West, and Scully 

in separate work demonstrated that the localized yielding 

greatly decreased the activation polarization at the crack tips 

that allowed anodic dissolution to occur in alloys susceptible 

to SOC; also demonstrated that resistant alloys did not display 

such an effect 

1959 Edeleanu 

speculated that electrochemistry can explain many of the sec 

specialized features and that the energy differences induced by 

such factors as cold working, yielding, elastic strain energy, 

etc. could be maintained at the crack tip 

1959 Park ins, and Eng ell & Baumel 

demonstrated that grain boundaries suffered from preferential 

attack in mild stressed steel, the presence of the cementite 

boundaries in the material resulted in a jerky cracking pattern 

with jumps in the potential 

1959 Forty 

illustrated the step like crack propagation and theorized that 

preferential dissolution of one phase of an alloy caused a 
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porous region in which dislocations merged; caused a brittle 

fracture when the increased energy induced the occurrence of a 

burst of slip 

196~ Edeleanu 

attenpted to relate cracking pattern with microstructure, in 

18-8 stainless steel, martensite formed plates ahead of the 

cracks lending preferred path 

196~ Nutting & Swann 

speculated that crack formation was assisted by the formation of 

corrosion slots where stresses were concentrated due to the pin

ning of stacking faults 

196~ Robertson & Tetelmen 

explained IGSOC via preferential dissolution of a disordered 

grain boundary which lead to a weak, spongy barrier which, when 

stressed, opened up as the dislocations piled into the area; 

demonstrating the beneficial effect of a material capable of 

high cross-slip 

explained TGSOC via preferential dissolution on the slip planes 

at a Larner~ottrell barrier causing cracks to be initiated as 

the dislocations accumulated at the corrosion pores 

1960 Edeleneau & Forty 

first proposed the film induced cleavage model where the crack 

is propagated through the brittle film, well into the ductile 

material, by cleavage before blunting can occur 

1963 Pickering & Swann 

suggested that, due to a selective dissolution process, corro

sion tunnel formation allowed mechanical tearing of the material 



139 

between weakened slots inducing crack formation 

1965 Menzies 

developed a differential aeration principle based on the previ

ous work of Evans and Pourbaix whereby different oxygen concen

trations, as related to the stacking faults within a material, 

induce localized cathodic/anodic areas for initiation of SOC 

1971 Delamare & Rhead 

found that the surface mobility of a material played an inpor

tant role in the susceptibility to SOC 

1972 Wilde & Kim 

showed that some cases of SOC cracking occur at cathodic poten

tials which prevent the occurrence of hydrogen adsorption 

1973 Parkins 

speculated that a passivating film played a major role in SOC 

and demonstrated that an entire spectrum of mechanisms must be 

operative in SOC due to the specificity of cracking environments 

1974 Green & Hayden 

illustrated different cracking models involved with different 

loading modes; hydrogen diffusion enployed in mode I loading but 

not in mode III loading 

1979 Parkins 

combined anodic dissolution and mechanical crack tip film dis

ruption mechanisms through experimental evidence that showed the 

tip environment was effectively buffered to resemble the bulk 

fluid environment; illustrated that in a non-passivating system, 

the bare surface current density supplied the driving force for 

crack propagation; and in a passivating system, cracks were 



extended by slip step emergence for 'IC modes or by increased 

crack tip stress/strain for IG modes 

1979 Pednekar, Agrawal, Chaung, & Staehle 

first utilized slow strain rate tests to illustrate 

cleavage-like fracture surfaces in TGSCC of copper samples 

1979 Silcock & Swann 
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developed the corrosion tunneling model where the slots, formed 

by corrosive action, form cracks by being interconnected by 

shear fractures 

1981 Lynch 

proposed that chemisorption at crack tips weakened the shear 

strength of interatomic bonds leading to localized plastic 

deformation which induced the nucleation of a dislocation at the 

crack tip 

1983 Nichols 

postulated that hydrogen diffusion effected SOC susceptibility 

in mode II loading, since mode II would be essentially inpos

sible to maintain, and that hydrostatic stress concentration is 

necessary for cracking to occur 

1983 Bursle & Pugh 

decided that TGSOC resulted from a discontinuous cleavage of the 

crack tip film by a hydrogen embrittlernent-induced decohesion 

mechanism 

1983 Paskin, Sieradski, Sorn, & Dienes 

utilized computer simulations to illustrate a dynamic embrittle

ment model where a cleavage crack, initiated in the film and 

propagated through ductile material, caused blunting when the 
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dislocation stresses were trapped behind the crack tip 

1984 Alvarez 

illustrated that anodic dissolution is the SOC rate controlling 

step which occurs as a continuous process 

1984 Beggs 

confirmed that the cracks advanced by a sudden appearance of a 

fine crack that would begin to open as a result of creep at the 

crack tip 

1984 Meletis & Hochman 

theorized that crack growth was due to a surface energy reduc

tion mechanism followed by a mechanical fracture along the path 

of lowest surface energy, thereby illustrating the cleavage 

involvement 

1985 Sieradzki & Newman 

utilized the evidence of fractography and the spasmodic acoustic 

emissions of SOC cracking to indicate a short-range, discontinu

ous cleavage as the rate controlling step; 

indicated that a crack jumps well beyond the film boundary 

before it is arrested 

1985 Lynch 

proposed that surface adsorption enhances plasticity; that shear 

fracture connects the corrosion tunnels and that crack extension 

occurs by the microvoid formation ahead of the crack tip working 

in conjunction with alternating slip 

1985 Pugh 

concluded that resistance to TGSCC would be illustrated in mate

rials that demonstrate ready cross-slip due to the absence of 
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effective ordering or the presence of high stacking fault energy 

1986 Namboodhiri & Tripathi 

reaffirmed preferential dissolution model with a theory of 

stress-enhanced dealloying process which would be caused by 

deformation-induced polarization differences within a cell 

1986 Galvele 

explains the proportionality between current densities and crack 
! 

velocities and proposed i that sec could be explained by a surface 

mobility characterization which would lead to a method of pre

dicting susceptible mat~rial I environment combinations 

1987 Galvele 

produced a model based on the surface mobility of a material 

where a crack would gr~ when vacancies arrived at, or adatams 

were discharged from, t~e crack tip; this theory relates the 

characteristics of sec ~d LME, and proposes a method for deter-

mining critical enviro~ents for non-hydride forming metals 

1988 Lynch & Trevena 

concluded that the localized microvoid coalescence causes sec 
I 

and LME by adsorption of hydrogen into the metal lattice to 

weaken the interatomic bonding 
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