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INTRODUCT ION

Stress corrosion cracking in its simplest terms is metal failure
resulting, over a period of time from the conjoint action of stress and cor-
rosion, In reality, the problem is more involved than this definition might
suggest for the reason that the two operating factors, namely, stress and
corrosion do not act in a simple additive way. Stress corrosion cracking
is not a mere case of metal corrosion in the presence of stress. Although
it is true that corrosive attack is part of the mechanism, the extent or
severity of corrosion is not a guiding criterion for susceptibility to crack-
ing. Many mildly corrosive environments have been recognised as strongly
potent in causing this type of failure. A classical example was noted (1,
2) in an experimental alloy which was stressed and immersed in a mineral
0il-Nujol-and which failed in 735 days. Failure was due, as later confir-
med, to the small amount of moisture absorbed while the specimen was being
machined in air prior to testing. Again, as Champion reports (3), alumi-
nium alloys are much more suspectible to stress corrosion cracking in weak

industrial acid environments than in strong acid solutions.

The complexity of the problem is further emphasized by the lack
of any systematic classification of stress corrosive environments or a
suitable explanation for the very different effects of closely related

chemicals.

With regard to stress, common experience indicates that tension
at the metal surface is essential if cracking is to occur. This may be

produced by application of external tensile loads. It may also occur as



residual stress, developed by assembly of improperly matching parts or by
prior cold working or quenching without adequate stress relief. In prac-
tice, a far greater number of failures arise from internal rather than ex-
ternal stresses. This is probably related to the difficulty of estimating
accurately the magnitude and direction of internal stresses which may, there-
fore, attain unexpectedly high values. On the other hand, stresses due to
external loads are easily calculable and hence can be maintained within safe

operating limits.

The earliestexample of stress corrosion cracking dates back to
1886 (4) with mention by Robert Austen of a gold-silver-copper alloy failing
in ferric chloride solution. Since themn, many studies have been reported
but no adequate theory is yet available to explain the phenomenon in its
entirety, despite the lapse of nearly eighty years. One of the reasons for
this is that effective remedies were easily hit upon by trial and error and
were adopted in an empirical way to mitigate the problem in industry. For
example, it was realized that cracking could be overcome by an adequate
softening heat treatment or by a suitable compositional change in the ma-
terial. Fallure could also be prevented by superficial compressive stres-
ses. The problem of stress corrosion cracking remained of active interest,
therefore, only to the basic research worker, Recently, however, it has
bé&ome evident that most commercial metals and alloys are prone to failure
under suitable conditions, This realization, coupled with a partial under-
standing of the mechanism, has resulted in a tendency on the part of met-
allurgists to suspect stress corrosion in every dubious case of metal

failure,

The very early problems in this field have been solved. The



"season cracking' of brass has been overcome by a proper annealing treat-
ment and boiler failures resulting from "caustic embrittlement" have been
reduced to a minimum by proper feed water treatment and the use of suitable
steel., In spite of this, stress corrosion cracking continues to manifest
itself, Rapid development of new alloys and the necessary reduction of sa-
fety factors in certain new applications are providing an ever-widening
field for this phenomenon. It has become clear that the old trial and er-
ror methods are inadequate and expensive. A judicious approach would now
seem to Involve a concerted effort to understand the basic mechanism of the

process so that the problem is averted from the start.

Several theories have been proposed from time to time of which
the "electrochemical mechanisms" and the '"partial electrochemical - mecha-
nical mechanisms" enjoy the greatest popularity. Even these have their
shortcomings and are by no means universal in application. This is evident
from their inability to predict environments in which specific alloys will
crack or, alternatively, to predict those alloys that will fail in a given
environment., Such being the case, there is justification for another and

closer look into the subject.

A critical review of the literature dealing with stress cor-
rosion cracking and hydrogen embrittlement - the latter phenomenon repre-
senting the case of brittle failure due definitely to the action of hydro-
gen - reveals very interesting similarities between the two phenomena, The
comparison is especially good in regard to the mode of failure, the nature
of the fracture surfaces and the effects of variables such as "eold work",

strength, hardness and composition of materials, This observation, coupled



with a lack of convincing differentation between the two modes of failure,
has prompted the present investigation into the possible role of hydrogen

in stress corrosion cracking.



LITERATURE SURVEY

The main factors in stress corrosion cracking are a) stress,
b) corrosive environment, c) structure of the material and d) time. These
factors interact and depending upon conditions, assume varying degrees of

relative importance in different cases.

a) Stress

Stress may be defined as the intensity of force produced in a
body either from within, due to unequal expansions or from the application
of an external load. In so far as any given point within the body 1is con-
cerned, the terms "external force'" and "internal force'" cannot be differen-
tiated since, in both cases, the force is applied through the immediately
ad jacent material, However, the two terms serve the purpose of enabling

a classification of stresses acting on a system.

Internal or residual stresses may be further sub-divided into
two classes (5)t macrostresses and microstresses. Macrostresses arise
from heterogeneous plastic deformation and operate over areas comparable
in size to dimensions of the material. Microstresses, on the other hand,
act over domains of microscopic magnitude. They are generated by such

factors as 1) grain boundary effect, 2) slip and 3) anisotropy.

Residual stresses are very important in relation to stress
corrosion cracking because numerous failures result from their action.

Considerable attention has been given to internal stresses, especially



in cold formed brass articles (6) and mild steel boiler plates (7,8). Dif-
ficulty of measuring the magnitude of internal stresses has focussed atten-
tion on practical remedial treatments consisting of common sense methods of
keeping stress concentration at a low value. This is achieved by the avoi-
dance of sharp changes in cross-section, the use of generous fillets and the
proper alignment of mating parts. Heat treatment methods are, at best, a
compromise between the desire to retain strength and hardness in the material

and to provide the maximum stress relief.

Experimental work with known external loads has been done by
Moore et al (9) on 70-30 brass in mercurous nitrate solution, by Parr and
Straut (10) on boiler steel in caustic solutions and by Rawdon (11) on
duralumin., There is general agreement with the view that time to failure
increases with a decrease of tensile stress and that stress assumes signif-
icance only when it attains sufficient magnitude so as to cause at least
some plastic deformation (12) in the material. This does not imply that
the conventional elastic limit has to be reached. The boundary between
elastic and plastic behaviour is not sharply defined (13); stress calcu-
lations based on applied load and gross cross-sectional area do not take
into account stress concentrations which, in some instances, attaim high

enough values to produce localized plastic yielding.

According to Eckel (14), a decrease in the tendency to crack
with a diminution of applied load suggests the existence of a ''threshold"
or "limiting" stress below which stress corrosion cracking does not occur.
This claim has been substantiated by showing that graphs of applied stress

against time to failure are asymptotic to the "time axis'. Scheil (15)



for instance, reports a value of 10,000 psi for austenitic stainless
steels in boiling magnesium chloride solution. Warren and Beckman (16),
working on sulphide corrosion cracking of high strength, low alloy steels
give threshold values as a function of hardness., Sufficient results,
however, are mot yet available to confirm the gemeral existence of a
threshold stress for all systems. Reproducibility of threshold values

is poor (17), even for apparently identical test conditions and the con-
sensus seems to be that threshold data should not be relied upon heavily

in engineering design.

More important than the strains per se developed due to stress
are the changes brought about in the rate and distribution of corrosion
reactions. Tammann and Newbert (18) observed increased rates of corro-
sion for cold worked aluminium and magnesium alloys in hydrochloric acid
over the annealed materials, Friend (19) noticed a similar effect in the
case of iron in dilute sulphuric acid although he observed no marked
difference in corrosion rate in sea water, These results were later

confirmed by Skapski and Chyzewski (20).

Before attempting to explain these observations, it is im-
portant to study the effect of stress on the electrode potential of
metals, Jacquet and Duet (21) observed that cold worked, high purity
aluminium in neutral 3% sodium chloride solution was 40 to 50 mv more
anodic (electronegative) than annealed metal, while Evans and Simnad (22)
reported the potential of cold worked steel in dilute hydrochloric acid
to be approximately 40 mv more anodic than annealed steel. Hoar and

West (23) found a similar effect In strained 18-8 stalnless steel wire.



One is tempted to ascribe the iIncreased corrosion rate of
cold worked metal to its greater anodic potential. However, it is dif-
ficult to explain on this basis the equal dissolution rates of annealed
and cold worked iron in sea water, as observed by Friend, or of commer-

cially pure nickel in hydrochloric acid, as shown by Copson (24).

For aluminum specimens, Thompson has shown that the potential
variation caused by plastic straining gradually diminishes if the metal
is left undisturbed for a period of time. This is explained on the basis
that plastic deformation causes a rupture of the surface film, exposing
fresh metal which is more anodic than the film. With lapse of time,
the film is repaired and the potential approaches its original value.
Logan (25) has studied this aspect of the gubject in greater detail and
has demonstrated large variations of potential - up to 0.76 volt in some
cases - with breakdown &f atmospherically formed surface film for alumi-

nium and magnesium alloys and for brass and steel.

Uhlig (26) maintains that stressed metals corrode more ra-
pidly than corresponding unstressed ones when the cathodic evolution of
hydrogen is rate controlling. This is because plastic deformation pro-
duces compositional differences leading to the development of local
cathodes where hydrogen evolution is facilitated. The manner in which
compositional gradients arise during cold work depends upon the pre-
ferential segregation of foreign atoms to grain boundaries and other
imperfections where dislocations tend to concentrate. By the same ar-
gument, when the oxygen depolarization reaction is rate controlling, the

state of the metal does not affect its corrosion rate because then,



availability of oxygen at the metal surface is the governing factor.

b) Corrosive Environment

One of the characteristics of the phenomenon of stress corro-
sion cracking lies in the specificity of environments that produce failure
of a given metal or alloy. Thus, boiling concentrated aqueous nitrates
and alkalis produce failure of mild steel, while chlorides, sulphates and
perchlorates are ineffective (27). Stainless steels, types 304 and 347,
fail in oxygenated neutral sodium chloride solution at 74°C but remain
uncracked when the pH is raised to 8.8 by sodium hydroxide addition (28).
Again, 957 magnesium - 5% aluminium alloy cracks in aerated distilled
water but does not in the absence of oxygen (29). Several similar examples
could be cited to emphasize the diversity in behaviour of chemically sim-
ilar: corrpdents.or, alternatively, the wide range of susceptibility of
similar metal systems in a single corrodent. A problem, however, arises
when attempting a general explanation of all cases by means of any of
the published stress corrosion theories. Numerous laboratory investi-
gations have been conducted but these are restricted to media which pro-
duce failure in reasonably short periods. A list of environments for

some of the sensitive metals is given in table I(30).

With regard to the nature of corrodents that produce cracking,
only very broad generalizations can be made. Those most active in cau-
sing fallure produce little general surface corrosion; the attack is
highly localized and similar to "pitting corrosion'" in unstressed speci-

mens, The number and type of pits formed in the unstressed condition
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TABLE I

Environments that cause stress corrosion
cracking of some metals and alloys.

[After E,C. Roberts (30)].

Material

Copper alloys
Aluminium alloys

Gold alloys

Inconel
Lead
Magnesium alloys

Monel metal
Nickel

Plain carbon and
low alloy steels

Stainless steel

Environment

Ammonia vapours and solutions; amines

Sodium chloride solutions including sea
water, especially those containing hydrogen
peroxide

Ferric chloride solutions; acetic acid
solutions

Sodium hydroxide solutions
Lead acetate solutlons

Sodium chloride-potassium chromate solutions;
saline atmospheres

Fused sodium hydroxide; hydrogen fluoride;
hydrofluosilicic acid

Fused caustic soda

Sodium hydroxide solutions; sodium hydroxide-
sodium silicate solutions; calcium, ammonium
and sodium nitrate solutions; sulphuric acid-
nitric acid solutions; hydrogen cyanide sol-
utions; acidic hydrogen sulphide solution;
sea water; molten sodium-lead alloy

Acid chloride solutions such as magnesium
chloride and barium chloride; sodium
chloride- hydrogen peroxide solution; sea
water; sodium hydroxide - hydrogen sulphide
solution.
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offer an indication of the tendency of the material to crack under stress
corrosion conditions., Tempering temperatures are important in this re-
spect, For A,I.S,I. 403 stainless steel, Fontana (31) has shown that

sharp pits develop in material tempered at 650°F and that acuity progres-
sively decreases with increase of temperature up to 1100°F when round-based
pits become evident. This is the basis of his explanation for the greater
suspectibility of mildly tempered materials in comparison to those sub-
jected to high tempering temperatures. Sharfstein and Brindley (28) report
that mustenitic stainless steels fail in neutral sodium chloride solutions
as dilute as 5 p.p.m. In basic solutions obtained by phosphate additions,
fewer pits are produced and susceptibility to cracking decreases corres-

pondingly.

Tempegature and concentration of the corrosive solution may
now be considered, On the basis of increased chemical reactivity, one
might expect shorter times to failure at elevated temperatures. According
to Roberts (30) this is not necessarily true, on several counts. Firstly,
i1f the temperature is sufficiently high, internal stresses in the metal
may be relieved with consequent reduction in the tendency towards cracking.
Secondly, the nature of the corrosion product might be altered from a
soluble type at room temperature to an insoluble, protective one at ele-
vated temperature. If, however, the coating does not cover the metal
completely, the situation may be rendered even worse because the small
remaining areas of exposed metal become centres of intensified attack

causing accentuated stress corrosion cracking.

Solution concentration is treated similarly (30). In some
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cases, a dilute solution is more severe than a concentrated one simplyr

because the material is passivated by the latter,

c) Nature of Material

It has been fairly well established that pure metals are
immune to stress corrosion cracking. This statement needs clarification
to indicate the degree of purity implied. In fact, there is no set limit
and the amount of impurity sufficient to destroy immunity depends on the
metal and the specific impurity under consideration. Thus, 99.999 + %
copper (32, 33) is immune to aqueous ammonia atmospheres in which failure
occurs with the presence of as little as 0.05% arsenic, 0.01% antimony or
0.004% phosphorus (34). Again, one atomic percent gold imparts suscep-
tibility to pure silver which is otherwlise immune in 2% ferric chloride

solution (35).

In the case of alloys, impurities have a significant effect
in some systems and not in others. For example, nitrogen and carbon con-
tents are critical for stainless steels in boiling 427% magnesium chloride
solution. In a test with 18-8 stainless steel (36) fallure did not occur
up to 300 hours when nitrogen and carbon percentages were held below 0.015,
whereas 18-8 of commercial purity failed in 0.2 to 1.4 hours. Similar
behaviour was observed for austenitic 20% Cr 20% Ni stainless steel; no
failure occurred up to 250 hours when the nitrogen content was within
0.002% but cracking occurred in 59 hours for a similar alloy containing
0.115% nitrogen. As against these examples, Graf (35, 37) and others (38)

point out, alloys of silver-gold (Ag - Au), copper-gold (Cu - Au) and alu-
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minium-magnesium (Al - Mg) stress corrosion crack in ferric chloride solu-
tion, regardless of purity. Similar results were found for brass in ammonia

atmospheres (39, 40).

No comprehensive explanation is available for these observa-
tions although preferential corrosive attack is believed to result from
potential differences arising from segregation of foreign atoms to regions
where the matrix atoms are In a state of greatest disarray. Because such
regions contain a variety of defects, foreign atoms - both large and small -
accumulate there and hold the energy of the system to a minimum. Similarly,
heat treatments that produce segregation or precipitation, develop compo-
sitional gradients and render initially resistant material susceptible to
stress corrosion, For mild steels, prolonged heating just below the trans-
formation temperature (700°C) causes migration of carbide to the grain
boundaries and induces stress corrosion failure (41). In copper-aluminium
alloys noted for age-hardening, precipitation of CuAl2 particles along the
grain boundaries (42) leaves the parent alloy in their immediate vicinity
impoverished of copper. These denuded areas, according to Dix and
Richardson (43) are anodic to both the unaffected parent matrix and the
CuAl2 particles and are thus susceptible to preferential attack. For
aluminium-magnesium alloys aged below 212°¢ for a week, Beerwald et al (44)
attribute stress corrosion to the precipitation of a B-phase of approximate

composition A13Mg2.

The importance of phase transformations is emphasized in an
investigation (45) of steel employing an aqueous mixture of hydrogen
sulphide and carbon dioxide as the corrosive environment. While no failure

results when martensite constitutes less than 33% of the structure, the
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same steel fails at a low stress - 25% of the yileld strength - when it
contains 75% martensite. With intermediate martensite content, failure

occurs only at stresses in excess of 50% of the yield strength,

d) Time

The failure process resulting from stress corrosion is con-

sidered by different authors to consist of several stages.

1. An incubation period during which no cracks are formed
but, presumably, local anode and cathode sites develop for subsequent

preferential corrosion (14).

2, A crack propagation stage during which cracks appear in
the material and propagate along paths generally perpendicular to the di-

rection of the highest tensile stress (46).

3. A sudden failure when the remaining uncracked section is

reduced to the extent that it can no longer bear the imposed load (47).

Some alloys do not fail when tested immediately after a heat
treatment or a cold deformation but a lapse of six months to a year at
room temperature renders them extremely prone to stress corrosion (1).
Obviously, this is the result of internal changes due to '"ageing'". 1In
these circumstances, time may be considered to play a dual role, namely,
that of rendering the alloy susceptible to stress corrosion followed by
its function in the actual failure process. Admittedly the two effects

overlap in many instances.

In most cases, ageing times are curtailed by elevated tempe-
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rature (1) and in laboratory investigations where times must be reasonably
limited, this technique is often resorted to. Obviously, a great deal of
caution must be exercised in these cases to ascertain that other relevant

factors are not seriously affected.

Stress Corrosion Failure in Some Commercial Metals

and Alloys.

a) Iron, Plain Carbon Steels and Low Alloy Steels

Stress corrosion cracking studies of iron and steel have been
confined, more or less, to concentrated boiling calcium, sodium or ammonium
nitrate solutions (48), boiling caustic soda, dilute nitric acid containing
a small amount of manganese chloride and at a slightly elevated temperature,
concentrated nitric acid (49), aqueous hydrogen cyanide (50) and hydrogen
sulphide solutions (51). All of these corrodents are very effective in
that failure occurs within a relatively short period of time and except

for the last two mentioned, cracking is generally intergranular.

Early instances of fallure in mild steels concerned "boiler
embrittlement" in which cracks were frequently observed to originate from
rivet holes (8). Fallure occurred when the sodium hydroxide in alkaline
feed waters attained a critical concentration in capillary spaces due to
slow leakage and evaporation. In high pressure boilers, silicates (52)
aggravate the attack while sodium nitrate or phosphates (53), waste
sulphite liquor, tannins and lignins have the opposite effect, In modern
welded boilers, embrittlement is much less likely if an adequate stress

relief is provided after welding.
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U-bend specimens immersed in different concentrations of
aqueous sodium hydroxide constitute popular laboratory practice for studying
caustic embrittlement (54). The effects of chemicals present in service
boilers are evaluated from the results of such laboratory test using con-

trolled additions of these chemicals.

More recently, attention has been drawn to the large number of
failures observed in the chemical industry and specifically to hydrogen
sulphide cracking to which low alloy, high strength steels are particularly
susceptible (55). While hydrogen sulphide is recognised to be the chief
corrosive agent, the presence of water is also essential; no failures re-
sult in non-aqueous solutions (55), On the other hand, it appears from
test results that oxygen or carbon dioxide have no significant influence.

A small amount of acetic acid is an effective accelerator and test tempera-

ture assumes importance in borderline cases.

b) Stainless Steel

Among the three principal types of stainless steels, namely,
austenitic, ferritic and martensitic, the first seems té be most suscep-
tible to stress corrosion cracking (15, 56, 57). Many examples of this
steel failing in practice have been reported (58, 59, 60) since the pioneer
work of Dixon (61) in 1935. Slightly acid chloride solutions are very
effective and a popular laboratory corrodent is boiling 42% magnesium
chloride solution. Cracking is normally transgranular in this solution as
well as in hydrogen sulphide and other sulphur containing compounds. Howey-

‘er,. 1f the steel is "sensitized" by heating to precipitate carbides along
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the grain boundaries, intergranular failure results,

Ferritic and martensitic stainless steels are much more re-
sistant; failure occurs only after longer exposures in the same solutions.
Uhlig (62) has shown for ferritic 13% chromium steel that rapid cracking
only occurs when conditions favour hydrogen discharge at the metal surface
such as by cathodic polarization or by coupling the steel to a more anodic
metal like aluminium. Surprisingly enough, cold drawn austenitic 18-8
wire does not crack under these conditions. It has been suggested that
hydrogen is unable to diffuse easily enough into the austenitic structure

to contribute to failure (56).

c) Copper Alloys

""Season cracking' of brass, so called because the firacture
resembles cracked seasoned wood, has received continuous attention for
almost three quarters of a century. Special interest was aroused during
the first world war when numerous failures of brass cartridge cases were
reported, Since then, brasses continue to maintain a prominent place in
the field of stress corrosion and have been employed on numerous occasions

for basic as well as applied research.

The important corrosive media are ammonia and its derivatives
in the presence of carbon dioxide, water and oxygen. Other environments
in which failure occurs include ferric sulphate (63) and mercurous nitrate

solutions (64).

More often tham not, cracking occurs intergranularly in aqueous
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solution although small individual additions to the alloy of elements (39)
like arsenic, tin, silicon, zirconium, phosphorus, manganese and silver
induce simultaneous transgranular cracks. In some cases, hydrogen ion
concentration in the corroding solution assumes importance. According to
Mattson (65), 62% copper - 38% zinc alloy fails intergranularly in a neutral
solution of ammonium sulphate and copper sulphate, but when the pH is raised

above 7.8 or lowered below 5.7, transgranular cracks become evident.

Work by Tracy and Thompson (32) reveals that, starting with
pure copper which is relatively immune to cracking, successive additions
of zinc up to 15% produce a gradual increase in susceptibility to stress
corrosion, Thereafter, there is a very rapid increase and brasses con-
taining 20% zinc are highly susceptible. From this composition to 40% zinc,

the alloys show enly a small continuing trend in the same direction.

Impurity elements in the brasses have the reverse effect to
that normally expected. According to Wilson et al (39), there is a decrease
rather than an increase in cracking tendency when elements like silicon

and phosphorus are added.

In comparison to the brasses, other copper alloys such as
aluminium~bronze, cupro-nickel, tin-bronze and silicon-bronze season crack
to a much lesser extent; only a few stray instances of failure have been

reported to date,

d) Aluminium and Magnesium Alloys

The problem of stress corrosion cracking is very prevalent
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amongst aluminium and magnesium alloys, some of which find important appli-

cations in the aviation industry.

For the aluminium base alloys, cracking is predominantly inter-

granular and occurs with great rapidity even in relatively mild environments.

Considerable importance is placed on the electrochemical nature
of stress corrosion in the failure of these alloys. Preferential attack at
grain boundaries in suitable environments is attributed to precipitation of
an anodic phase in these areas. The seriousness of the potential difference
depends on the . &lectrochemical nature of the precipitating phase with
respect to the matrix and on the relative amounts of precipitation in the
boundaries and the interiors (42). Minor alloying elements are considered

to play an important role in this respect.

That a real potential difference is developed and that anodic
dissolution of the grain boundaries does result is vividly demonstrated
for aluminium - 4% copper alloy in the work of Mears et al (34). They
compared the potential of a specimen in which the grains were insulated
with a suitable varnish with that of another in which the grain boundaries
were similarly coated. On the basis of such electrochemical relationships,
the ability of certain alloying elements to cause stress corrosion cracking
was explained., Metals like copper, zinc and magnesium which have a higher
solubility limit in aluminium at elevated temperature and which, on ageing,
form precipitating constituents at grain boundaries or planes of slip,
render aluminium susceptible to stress corrosion failure. For example,

aluminium alloys containing more than 6% magnesium, 12% zinc or 4% copper
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fail easily after a suitable ageing treatment. On the other hand, aluminium-
manganese alloys are relatively immune because the manganese solubility is
low and the aluminium-manganese phase exhibits approximately the same po-

tential as pure aluminium,

With magnesium - base alloys, the problem of stress corrosion
cracking assumes importance when the alloying elements are aluminium and/or
zinc. While pure magnesium and magnesium ~ manganese alloys are relatively
immune (66), susceptibility increases rapidly with aluminium content (67).
This is rather unfortunate because the same metal is capable of rendering
high mechanical strength to magnesium and is, therefore, an important
constituent in the light alloy series that find wide application, especially

in the aircraft industry.

As in austenitic stainless steels, and in contrast to alumi-
nium - base alloys, cracking in magnesium alloys is predominantly trans-

granular and apparently independent of the alloy structure (68).

Only residual stresses resulting from heat treatment or
improper assembly of parts have been reported to cause failure; in no
case has an applied load under service conditions, been known to cause
cracking (69). This suggests that plastic deformation may be a very im-
portant factor, and has led several authorities to advocate a low tempera-
ture, stress relieving treatment as a means of alleviating the problem.
Whether, in fact, the beneficial effects of the thermal treatment result

from the stress relief, is open to question.

Chloride solutions containing chromates or bi-chromates of
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alkali metals are popular environments in laboratory investigations because
they produce little general surface corrosion while causing rapid stress
corrosion cracking., However, according to Perryman and Brook (70), these
corrodents do not reflect practical conditions and give results that are
not as valid for practical interpretation as those obtained using milder

corrodents such as distilled water or very dilute sodium chloride solutionms.

Theories and Mechanisms of Stress Corrosion

Cracking

The phenomenon of stress corrosion cracking is well known
though not well understood. In the past, work in this field has been
devoted mainly to a search for immediate solutions to practical problems
rather than a better understanding of what was happening, Possible mech-
anisms have been proposed from time to time but none of these is completely

satisfactory.

Jones (48) was among the early investigators to make a sys-
tematic study of the phenomenon. He confirmed the conclusions of Andrew
(7) and Merica (8) that failure occurred due to rapid solution of ''amorphous
material" at the grain boundaries by the environment (56). Opposite to
this view were other theories that ignored the corrosion aspect entirely.
They emphasized the Importance of stress to the extent of stating that
the sum of the internal and external stresses were alone sufficient to
cause fallure, Subsequent realization that stress corrosion cracking
occurs only when both stress and corrosion were operative, invalidated

these earlier ideas and confined further speculation to theories that
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took into consideration the combined action of both factors.

a) Electrochemical Theories

Dix was among the first to propose an electrochemical theory
for stress corrosion (1), Stated in simple terms, crack propagation was
considered to result from selective dissolution of more or less continuous
regions of the material exhibiting a less noble potential than areas comprising
the major part of the structure. The action of stress was to extend the
preferential dissolution by pulling the metal apart along these continuous
paths and permitting the corrodent to come in contact with fresh anodic

surface.

The existence of potential variations along a metal surface
has been demonstrated experimentally. Aluminium - 4% copper alloy, exposed
to an electrolyte of sodium chloride - hydrogen peroxide solution exhibits
an open circuit potential on the %5- calomel scale of -0,748 v at the
grains and -0,792 v at the grain boundaries. Large grained annealed brass
(68) develops a potential difference of about 0.072 v between grains and
boundaries in aqueous ammonium solutions. An important question is, how
are these potential differences created. Observations by Hoar and West
(23) that strained metal lattices undergo dissolution with greater ease
than unstrained lattices lead one to suggest preferential dissolution of
grain boundaries on the same basis, since these areas also represent a
high energy state (71). The work of Lacombe (72) using aluminium in 10 %
hydrochloric acid indicates that boundaries between grains of widely

differing orientation suffer much greater attack than those where dif-
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ferences are small. Similar results were obtained for copper alloys by

Robertson (73),.

From the stress corrosion point of view, it is important to
agscertain whether the greater energy release during strained metal dissolu-
tion is alone sufficient to account for the rate at which crack propagation
occurs, Uhlig (26) is of the negative opinion and has shown thermodynamically
that the change in chemical potential of a metal from the annealed to the
cold worked state is far too small to account for the observed increase in
corrosion rate, Rather, a compositional gradient produced by localized
plastic deformation or preferential precipitation during ageing is claimed
to be responsible. Kellar (74) provides experimental support for this by
his work on duralumin alloys which being initially resistant, are rendered
susceptible to intergranular cracking by the same heat treatment that causes
precipitation of discrete particles along the grain boundaries. Again,

Fink and Smith (75) have made the observation that susceptible aluminium -
copper alloys show marked precipitation at the grain boundaries. In all

these cases, three distinct zZones are developed. These are:

1. The major part of the grain that remains unaffected,
2, The grain boundary where precipitation occurs,

3. The adjoining region which undergoes a compositional

change.

The nature of the corfosive attack depends upon the relative
potentials of the three zones. The situation is conducive to rapid pref-
erential corrosion when Cﬂ) is anodic to (1) and (3) or when (3) is anodic

to (1) and (2) because, in either case, a condition of small anode and
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large cathode exists., In other words, stress corrosion cracking is anti-
cipated when either grain boundary precipitates or the adjoining regions

become anodic to the main part of the structure.

While egperimental results on aluminium alloys seem to conform
to this observation, there is considerable doubt, specially in other metal
systems, whether preferential precipitation is the only cause of selective
attack. At least for mild steels, Waber and McDonald (76) believe it is
and name iron nitride as the precipitating constituent, They have developed

the empirical formula:

FNF. = (2N%+P%-Al%-0.1C%) x 10°

which is claimed to give the '"free nitrogen factor'" and consequently a
measure of susceptibility to stress corrosion cracking. Parkins (41),
however, questions the validity of the relationship on the grounds that
deductions agpparent from the equation do not hold true. For example,
cracking susceptibility does not bear a simple relationship to chemical
composition and aluminium, added to eliminate the '"'free nitrogen' fails

to impart immunity.

Dix' theory, in general, suffers from several limitations.
Firstly, 1t assumes the pre-existence of a network of anodic material
along the grain boundaries and is therefore unable to account for trans-
granular corresion cracking or for failures in relatively homogeneous
alloys such as stainless steel and brass. The role of stress 1s also
poorly defined. The existence of threshold stress ( at least for some

metal systems) makes it appear highly unlikely that tensile forces
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merely serve to open up fissures in the material and facilitate corrosion.

To overcome these shortcomings, Waber (77) postulated the
"strain accelerated decomposition theory'" in which the major function
of stress was to initiate précipitation by decomposition of a meta -
stable phase and thus produce electrochemical contrast. According to the
theory, cracking is possible only if the following requirements are ful-

filled (56):

1. A phase transition occurs on elevation of temperature.

2. The phase change reaction rate is slow enough that on

cooling, the high temperature phase continues to exist at room temperature.
3. The meta-stable phase decomposes isothermally under stress.

4, A fraction of the tensile strength of the material is

sgfficient to produce decomposition of the matrix.

5. At least one of the products of decomposition - if there

are two - is anodic to the matrix.

6. Corrosion products formed are permeable enough so as

not to hamper entry of corrodent into cracks.

This approach suitably explains some facets of the stress
corrosion phenomenon which Dix' theory 1s unable to account for. A
serious objection, however, is that for spontaneous transformation,
there must be a decrease of Gibb's free energy and the reaction products
be cathodic to the reactant (56). This poses the problem of explaining

the formation of an anodic product as required for the stress corrosion
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mechanism, Waber, in attempting an explanation, provides separate
answers for two classes of strain accelerated transformations. For

the case in which one transformation product is obtained, the spontaneous
reaction gives a final cathodic product in accordance with the laws of
thermodynamics but is considered to proceed through a transient stage
which is anodic. Thus, martensite is considered to be the transient
product in the transformation of austenite. When two new phases are
formed, e.g., during precipitation along grain boundaries where precip-
itaté »andad jacent denuded region represent stable products, the average
product potential is cathodic but one of the phases may be anodic to the

parent matrix,

A prominent feature of this theory consists of ascribing to
tensile stress the role of initiating the decomposition reactiomn. It is
also attractive from several other viewpoints but still fails to qualify
for universal application, It has been pointed out (78, 79), for example,
that austenite is an unlikely source for yielding anodic material and
further, that 18-8 steels do fail at temperatures above which martensite
transformations can occur. Finally, stable austenitic alloys which do
not undergo transformation when plastically deformed are sometimes prone

to stress corrosion failure.

Another function of tensile stress is visualized (80) as
the breaking of protective, passivating film on the metal. Proposed
sites include the base of corrosion pits, where stress concentration
is high and local tearing of the metal occurs, and grain boundaries

where the film is considered to be relatively weak. 1In either case, a
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cell is developed between covered and film-free surfaces and the latter,
being anodic, dissolve. If film repair can occur fast enough, corrosion
stops; otherwise freshly exposed anodic surface continues to corrode.
According to this viewpoint, susceptibility to stress corrosion depends
upon film repair and deformability characteristics of the material as well

as the passivating nature of the corrosive solution.

In summary, the electrochemical theories discussed visualize
stress corrosion cracking as resulting from the combined action of stress
and corrosive environment, Crack sensitive paths either pre-exist in the
metal due to compositional variations or are developed in situ by 1) de-
composition of a meta-stable phase, 2) rupture of protective films or
3) lowering of potential due to localized plastic deformation., In any
case, a condition for preferential corrosion is achieved. However, stress
corrosion cracking rates cannot be accounted for by a simple anodic dis-
solution process as implied by the electrochemical theories (81, 82).

This has led to several other proposals, discussions of which follow.

b) Electrochemical - Mechanical Mechanisms

The electrochemical-mechanical mechanism postulated by
Keating (83) is similar to electrochemical theories only in regard to
the process of crack initiation. The latter theories propose continuous
dissolution of anodic areas with failure ultimately resulting therefrom;
the role of stress lies in developing or maintaining such anodic sites.
Supporters of the electrochemical-mechanical mechanisms hold the view

that crack propagation occurs by purely mechanical means, arrested
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periodically by obstacles in the crack path which serve to lower the
stress concentration; these must be removed by chemical dissolution

to permit further crack extension. Such obstructions take the form of
non-metallic inclusions, lattice discontinuities and unfavourably oriented
grain boundaries., Pending arrival of the corrodent at the crack tip, cor-
rosion may occur along the sides to account for the branching nature of

cracks observed in several cases,

The idea of discontinuous propagation resulting from rapid
mechanical cracking alternating with slow electrochemical dissolution
has obtained support from a number of ingenious experiments. Gilbert and
Hadden (84) have noted, during intergranular cracking of aluminium - 7 %
magnesium alloy in an oxygenated sodium chloride solution, sudden def-
lections in a beam of light reflected by a mirror attached to U-bend
specimens., Sporadic behaviour was observed by van Rooyen (85) in the
form of sudden jumps in electrochemical potential, together with simul=-
taneous acoustic signals during the cracking of aluminium - 4 % copper
alloy in sodium chloride - sodium bicarbonate solution. Microscopic ex-
aminations of single and polycrystalline o{-brasses stress corroded in
ammonia (86, 87) and motion picture studies of austenitic stainless
steels in aqueous sodium chloride (88) revealed evidence of similar pe-

riodic effects,

In spite of this evidence, a word of caution is offered re-
garding the interpretation of microscopic and motion picture data. Dis-
continuous progression of a crack in two dimensions does not imply sim-

ilar propagation in the bulk material (89). Also, there are cases sluc¢h:
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as the cracking of 18-8 stainless steel in boiling 42 7% magnesium chloride
solution (81, 85) and that of furnace cooled magnesium - 6 % aluminium -
1 % zinc alloy in sodium chloride - potassium chromate solution, in which

a cyclic cracking process is not definitely established.

The possibility that corrosion products fill cracks and exert
a wedging action, thereby contributing to tensile stresses in the system,
is a novel and interesting approach to the problem. Conditions under
which effective wedging action can occur are well defined and automatically

restrict such an effect to particular systems. These conditions are (93):

1. That the corrosion product is insoluble in the corrodent,
2. That it occupies a larger volume than the metal consumed
in its production,

3. That it forms in the crack and remains there.

Nielsen (90) has demonstrated for stainless steel in magne-
sium chloride solution that corrosion products can exert sufficient pres-
sure to extend stress corrosion cracks. The direction of propagation is
quite random, at least on a macroscopic scale, implying (93) that wedging
action occurs immediately behind the advancing tip as shown in figure
1A and not further back as shown in figure 1B. Further, the thickness
of corrosion products measuring only a few hundred angstroms, limits
the radius of curvature of the crack root to the order of lattice dimen-
sions. Such a narrow advancing front has been confirmed independently
by Gulbransen and Copan (91). Numerous results to date substantiate
Nielsen's wedge theory but more work will be necessary to establish general

validity.
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FIGURE 1

Schematic drawings of crack showing location of corrosion

product. [ After Pickering, Beck and Fontana (93)]
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Another model for electrochemical-mechanical failure is presented
by Forty (92). He states that an embrittled zone of material is required for
crack initigtion but that propagation can occur through ‘relatively ductile
regions, The role of the corrosive environment is restricted to the ini-
tiation step only., Implicit in this theory is the assumption that cracking
is possible only when crack propagation is faster than dislocation movement

so that local yielding at the advancing crack front does not occur.

Support for Forty's restricted slip theory is provided by exper-
iments on purified 16 % chromium - 20 % nickel stainless steel (94). This
alloy was immune to stress corrosion cracking under the test conditioms
employed but became susceptible when 1.5 % molybdenum was added (95). Thin-
foil transmission studies on deformed specimens of both alloys indicated

easy cross-slip in the former and restricted slip in the latter.

In reviewing electrochemical-mechanical mechanisms, one observes
that all assume the factors of stress and corrosive environment to act
sequentially, Although this offers a satisfactory explanation for dis-
continuous crack extensions, it fails to explain the specificity of metal-
solution pairs. According to Romanov (96) there are difficulties associated
with the effect of cathodic polarization. Again, if the mode of stress
corrosion cracking is essentially non~ductile, body centered cubic metals
should fail along cleavage planes and face centered cubic systems along
slip planes (56). This is in contradiction to the large number of inter-

granular failures that take place below the equicohesive temperature,

Some improvement accrues if conditions prevalent during crack

initiation are assumed to persist during the propagation stage. The
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proposition has been made (97, 98, 99) that, since only a mono-layer

of adsorbate is sufficient to reduce appreciably, forces between adjacent
adsorbent metal atoms (100), certain ion species in the corroding solution
diffuse into the crack, are absorbed at the tip and thus favour metal
separation. On this basis, a modified Keating's model would be possible
in which mechanical separation along a path of low surface energy alter-

nates with anodic dissolution.

C. Hydrogen.Embrittlement

Brittle fracture, known to result from the action of hydrogen is
classified under the heading "hydrogen embrittlement'., It has not been
(&efinitely established whether the difference between this phenomenon
and stress corrosion cracking is of a basic nature or not. Here again,
the mechanism of embrittlement is not known with certainty because none
of the theories proposed to date is completely satisfactory. These
theories, generally grouped under the names of their proponents, will
be reviewed in some detail because of obvious possible connections with

stress corrosion cracking.

Zapffe's planar pressure theory (10l), based on Smith's theory
of solution (102) states that interstitial atomic hydrogen, initially
present in the metal lattice, diffuses to "voids" or '"cavities", re-
combines into molecular form and thereby builds up hydrogstatic  pres-

sure to the critical value at which the metal lattice seperates.

The effects of strain rate and temperature are explained in
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the following manner. When the metal undergoes plastic deformation by

the action of a tensile stress, lattice voids increase in size and fresh
hydrogen from adjacent regions diffuses into them to maintain the embrittling
pressure level, If the strain rate is too high or the temperature too

low, the supply of hydrogen is not rapid enough and failure is not brittle.
The planar pressure theory also accounts for certain other aspects of the
phenomenon. For example, in hydrogenated steel samples, the appearance

of blisters, flakes and "hairline" cracks may be explained in terms of

disruptive hydrogen pressures.

There are, however, several points on which the validity

of the theory may be questioned. Some of these are:

1. Zapffe's theory predicts a continuous increase in em-
brittlement with test temperature. Actually, for a given hydrogenation
procedure, steels exhibit a decrease and then an increase in ductility-

as the test temperature is progressively elevated (103, 104, 105).

2. For low hydrogen concentrations at which the critical
hydrogen pressure is not developed, embrittlement should be absent. Ex-

periments show a continuous curve of ductility against hydrogen content.

3. A high hydrogen pressure existing in voids should
give rise to internal stresses which, in turn, should be revealed by

internal friction tests. In actuality, no such results are obtained

(106, 107).

Following Zapffe's work, Petch (108) proposed a theory

based on "Griffith's model" for brittle fracture (109). According to
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this model, crack nuclei exist in a material in a state of equilibrium
under the opposing influences of the strain energy of the lattice on

the one hand and the surface energy of Griffith cracks on the other.
Application of an external force of critical magnitude upsets this
equilibrium by producing a net energy gain due to crack enlargement,
and initiates catastrophic crack propagation. Thus, any change lowering
the crack surface energy is reflected in the decreased critical stress
requirement for cracking. Petch suggests that this lowering of surface
energy is effected by hydrogen adsorbed on the surface of microcracks
and attributes the migration of hydrogen from the lattice, to relief

of strain energy.

Petch's theory, like! Zapffe' claims that embrittlement is
diffusion controlled and suffers the same inability to explain the tempe-

rature - embrittlement relationship described previously.

Kazinczy (110) expanded Petch's theory by pointing out that
adiabatic expansion of hydrogen during crack propagation would add to
the total energy liberated, therefore lower the critical stress for
fracture, Simultaneously, hydrogen continues to diffuse into the ex-

panding void to maintain crack growth.

Bastien's thebry (111) of embrittlement is a more sophis-
ticated form of Zapffe's theory. It is based on the concept that protons
of hydrogen congregate at dislocations and form a "Cottrell atmosphere'
(112). ©Under the influence of stress, these dislocations move through

the lattice dragging the hydrogen "atmosphere'" along. When they encounter
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an obstruction such as a grain boundary, a pile-up occurs with temporary
oversaturation of hydrogen and attendant build-up of high pressure. The
mechanism requires that hydrogen diffusion is at least as fast as dis-
location movement., At high strain rates or low temperatures, this con-

dition is not fulfilled and embrittlement is effectively eliminated.

Another theory of embrittlement developed in 1950 by Troiano
et al (105) offers a new and revolutionary approach to the problem. Whereas
Zapffe, Petch, Kazinczy and Bastien have considered the damaging effect
of hydrogen contained in internal voids in the metal, Ttoiano et al att=-
ribute the blame to a critical concentration of hydrogen in the lattice.
The presence of hydrogen in the voids influences embrittlement only in-
directly "by regulating the hydrogen content in the lattice adjacent to
the void" (113). The mechanism is related to the distribution of stress
in a notched system under tensile load. Just beyond the tip of the
notch (crack) a point of maximum triaxial stress occurs and, under the
stress gradient, hydrogen diffuses in this direction. When a critical
concentration is reached a crack is formed which now serves as a new
notch tip. The process continues, and when sufficient hydrogen has dif-
fused to the new region of maximum triaxiality, a new crack forms. Thus,
the process is represented as a series of discontinuous crack extensions
with final fracture. A variation in temperature effects hydrogen mobility

and consequently its ability to diffuse to regions of triaxiality.

Troiano et al (105) investigated the ageing characteristics
of plastically strained S,A.E. 4340 steel, Hydrogenated specimens were

pre-strained at -321°%F (where hydrogen diffusion is curtailed), aged at
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higher temperatures and then tested under constant embrittling strain
rates. A typical ageing time -~ ductility curve is shown in figure 2.
The behaviour is inexplicable by the earlier theories of hydrogen embritt-

lement but Trolamo explains the changes in the following manner?

Stage 1. During the initial period of ageing, hydrogen
diffuses from the lattice to the voids in an effort to regain equilibrium
which was disturbed by enlargement of voids during the low temperature
straining. This causes a depletion of hydrogen in the lattice neighbouring
the voids, including the triaxiality regions and therefore a decrease of

embrittlement,

Stage 2. As the level of hydrogen in the voids rises, so
it does in the surrounding lattice, including the triaxiality point, and

embrittlement increases.

Stage 3. The increase in ductility during this stage, in
which ageing times are of the order of several hundred hours, is attri=-
buted simply to the reduction of gross hydrogen content of the specimen

by loss to the surrounding atmosphere.

Finally, Troiano's sustained load test (114, 115, 116) on
notched and hydrogenated specimens stressed to fractions of their yield
strength, give results of faillure gccurring after a finite lapse of time,
similar to delayed failure phenomeﬁon in stress corrosion cracking. The
importance of Troiano's theory lies in its ability to explain several
aspects of hydrogen embrittlement and perhaps, to offer a unifying con-

cept between hydrogen embrittlement and stress corrosion cracking.
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FIGURE 2

Ageing time vs. reduction of area percent for S.A.E. 4340
steel, aged at 150°F and tested at a slow strain rate at

room temperature. [After Troiano et al (105)].
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EXPERIMENTAL

The available methods of stress corrosion testing may be
broadly divided into two major categories according to the mammer in
which stresses are induced in the specimen. In the constant deflection
method, specimens are constrained to a curvature of such radius to produce
the required stress in the outermost fibres. The constraint is achieved
by jigs and holders of suitable design and capacity. In the constant
load method, the specimen is supported in a suitable apparatus and sub;

jected to an externally applied dead weight.

The main difference between the two methods lies in the di-
rection of change in the magnitude of stress during cracking. In the
first case, a stress relief occurs as cracks nucleate and propagate
(14). 1In the second case, specimens experience an increase of stress
as progressively smaller cross-sectional areas have to withstand the

same load.

Much can be said in favour of both methods. The inherent
simplicity and convenience of handling loading frames and jigs in the
first method is unquestionable, while the ease and accuracy with which
initial tensile stresses can be evaluated are among the favourable
features of the second. The choice, however, is determined predomi-
nantly by the purpose of the investigation. In the present case, the
important features of the apparatus consisted of its ability to detect

hydrogen embrittlement and its adaptibility to stress corrosion testing.

Figure 3 is a diagram of the apparatus designed (details
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FIGURE 3

Dead weight tension apparatus for sustained load

tests



B

A

;
=

£D

i<g




40

available in Appendix I) to withstand loads corresponding to a maximum
of 3000 1b, on the test specimen. "A" was a horizontal beam supported
by two vertical columns "B" through a pivot pin. The tensile test
specimen "C" was held by the base of the frame at the lower end and
attached to the short arm of the horizontal beam at the upper. A uni-
versal joint ensured unaxial loading., Dead weight, in the form of lead
pellets contained in a bucket "D" suspended from either of two hooks "EY
or "EZ" served to load the specimen to the required stress level. Time
to falilure was measured by an electric clock suitably arranged to stop

automatically with fracture,

For calibration of the load system, a ''proving ring" of the
type extensively employed in soil mechanics was used. The ring itself
was calibrated using standard dead weights and a standard load frame
manufactured by the Photo-elastic Polarizing Instrument Company, Ir-
vington-on-Hudson, New York. A suitable jig was prepared to transform
the tensile load into a compressive load on the proving ring and dial
gauge readings were plotted against dead weights to evaluate the beam

ratios, Details of the calibration are given in Appendix II.

SEecimen

The selection of the material, its heat treatment and hydro-
genation procedures corresponded closely with those of Troiano et al
except for minor modifications, where necessary to fulfil requirements
peculiar to the present work, The steel was purchased from Bowsteel

Distributors (Canada) Ltd. in the form of ammealed 1/4" diameter rod
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of aircraft quality S.A.E. 4340. The analysis was 0.425 % C; 0.78 % Mn;
0.008 % P; 0.013 % S; 0.29 % Si; 1.70 % Ni; 0.78 % Cr and 0.25 % Mo.

The microstructure of a random sample is shown in figure 4, Finely
spherodized cementite is seen in a matrix of ferrite. Specimens prep-
ared from this stock were 20" in length, threaded at both ends for a
length of 3". A notch of root radius 0,001" and minimum diameter 0.10"

was machined 7-1/2" from one end as shown in figure 5.

Heat Treatment

This material is susceptible to delayed failure only at
200,000 psi (117) and the development of a suitable heat treatment

was hindered by the following considerations:

1, The slow dissolution rates of chromium, molybdenum and

silicon carbides in austenite (118).

2, A high susceptibility to bowing and cracking during

quenching.

3. The possibilities of decarburization.
The procedure finally adopted was as follows:

1. Specimens were thoroughly cleaned in varsol and suspended
by a jig for 20 minutes in a Vapo<oarb furnace maintained at a tempe-
rature of 1550°F and containing a neutral hydrocarbon atmosphere, The
average furnace temperature in the notch area of the specimens, as
measured independently by a potentiometer and chromel-alumel thermo-

couple, was 1603°F.
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FIGURE 4

Microstructure of S.A.E. 4340 steel, as recived. Etchant

2 % nital ( x 750)
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FIGURE 5

Dimensional details of test specimen
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2, At the end of the austenitizing treatment, specimens and

jig were dquenched vertically, in oil.

3. Specimens were cleaned of quenching oil with varsol, dried
and subjected to a tempering treatment taking 40 minutes in a Hayes Cer-
tain Curtain furnace set at 700°F, corresponding to a temperature of

640°F at the specimen notch,

4. Specimens were quenched in water and allowed to dry in air

at room temperature,

Randomly selected samples were tested to destruction in a
Hounsfield tensometer and all samples were tested for Rockwell C hard-

ness as a check on the heat treatment.

Hydrogenation

The hydrogenation bath shown in figure 6 consisted of a pain-
ted wooden trough "A" containing four parallel strands of thin platinum
wire stretched between two lucite plates "B" to serve as anode in an
electrolyte of 4 % sulphuric acid. The specimen "C" as cathode, was
placed approximately equi~distant from the platinum wires., The complete
electrical circuit, represented in figure 7, consisted of appropriate
meters, resistances and a bank of Nicad batteries adequate to meet
current and voltage requirements. The voltmeter was used to ensure

proper maintenance of the batteries.

Hydrogen delayed failure tests

Only those specimens that acquired the proper hardness on




45

FIGURE 6

The hydrogenation
bath
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FIGURE 7

Circuit diagram for hydrogenation

V -~ Voltmeter (0, to 15 v)

M - Ammeter (0 to 1 ¢ D.C,)
R - Rheostat (0 to 27.~n, 4 )
S - Switech

B -~ Nicad Batteries

A - Anode

C

- Cathode



1'F—!
L’IMI'I’II!!;’

Jut

i

-+

U

i




47

heat treatment were used for subsequent tests. Hydrogenation was ac-
complished by cathodic charging for a period of 15 minutes at a current
density of 0,02 amps. per sq.in. Electrical connection to the external
circuit was made through a copper wire tightened between two nuts at one
end. Threaded areas were insulated from the electrolyte with paraffin
wax., After charging, specimens were rinsed In water, then in alcohol and
located in the dead weight tension apparatus. Ten minutes, allocated to
ageing, were found sufficient for rinsing, drying and locating the spec-
imen in its proper position, After failure, the notch diameter was de-
termined using a vertical cathetometer of least count 0.001 cm, Fracture
was essentially brittle and this measurement permitted an accurate cal-

culation of the imposed stress during the test,

Stress Corrosion Tests

Modification of the apparatus for stress corrosion tests was
accomplished as follows. The bottom of a 2-1/2 litre chemical reagent
bottle was removed with a diamond saw. With the bottle inverted, a test
specimen was passed through a 5/16" hole in the cap. A liquid seal was

obtained by washers, rubber tubing and two nuts, as shown in figure 8.

To check the system for leaks, extended tests were conducted
with ordinary tap water., During these preliminary runs, each lasting
approximately a week, failure occurred at the notch in one specimen.
This aroused much interest and further tests were made to determine
whether or not the failure was a manifestation of stress corrosion

cracking.
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FIGURE 8

Inverted bottle containing stress corrodent

~ test specimen

- stress corrodent

inverted reagent bottle

- cover

- 1liquid seal

- part of tension apparatus
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In one set of experiments, five specimens were loaded in tap
water to various fractions of their yield strengths and times to failure
were recorded. In a second series, specimens were immersed, unstressed
in tap water for approximately twice the average failure time obtained
in the first series. After removal from the liquid, they were dried and

subjected to the same loads,

A third set of experiments repeated the first series but di-

stilled water was used in place of tap water.

The "deviation from an original plan to use common stress
corrosion solutions is justified on the grounds that water is an impor-
tant environment in many applications of S.A,E, 4340. Results from
water tests are, therefore, likely to provide a better correlation with

service conditions.
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RESULTS AND DISCUSSION

Table II gives readings of tensile tests on non-hydrogenated
samples., Five specimens, representing approximately 20 7 of the total
number were randomly chosen and tested to obtain an average value of
the strength acquired by heat treatment. A typical stress-strain curve,
shown in figure 9, indicates the characteristically high yield strength
with respect to the U.T.S. of hardened S.A.E. 4340 steel. In computation
of loads for subsequent hydrogen and stress corrosion test, the yileld

strength was taken as 90 % of the ultimate tensile strength.

Results of tests on hydrogenated samples are presented in
Table III, In addition to delayed failure, several other interesting

features were noted.

1. Failure occurred over a wide range of applied stress

below the yield strength of the material.

2. Times to failure did not bear a strong relation to the

magnitude of applied stress.
3. There was considerable scatter in results,

4, Macroscopic examination of typical fractures using a
low power binocular microscope, revealed two distinct portions of the
fractured surface., A flat but rough central portion, which was per-
pendicular to the direction of loading, possessed a 'granular" appea-

rance characteristic of cleavage fracture., This was surrounded by a
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TABIE II1

Ultimate Tensile Strengths and Hardness Readings of Typical

heat treated test specimens.

Test Average Breaking Cross-sectional U.T.S.
No. hardness load 3 area _q
R, b x 10 sq.in. x 10 kes.i.
1 45 3.226 7.70 418.0%
2 46 . :.3,808 9.33 409.5
3 47 2,621 6.65 394.1
4 45 2.845 7.54 377.3
5 46 2,912 7.54 386.2

a  Ignored for computation of average U.T.S, because the value seems

much higher than nominal.

Average U,T.S, = 391.8 k.s.i.
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FIGURE 9

A stress-strain curve for tempered S.A.E, 4340 steel
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TABILE III

Results of Hydrogen Delayed Failure Tests

Test Average Testing Dead Cross~- Stress Time to
No. hardness condition weight sectional failure
Rc 1Ib x 10 area -3 hr.min,
8q.In.x 10 k.s.1. sec.
1 47 u? 2.803 8.49 330.2  Instantaneous
2 48 H 2,803 8.99 311.8 "
3b 47 H 2,803 9.50 295.1 15 51 10
4 47 H 2,803 - - 10 45 51
5 47 H 2,803 10.75 260.7 0 27 30
6 45 H 1.954 7.85 249.0 0 10 30
7 46 H 1.872 8.99 208.2 0 30 29
8 46 H 1.872 8.99 208.2 22 45 45
9 46 H 1.603 8.17 196.2 0 4 20
10 48 H 1.603 8.66 185.1 1 9 0
11 42 H 1.603 9.16 175.0 3 55 30
12 42 H 1.872 11,31 166.4 0 0 45
13 48 H 1.603 9.85 162 57 1 20 45
14° 41 H - - - - - -
15 48 H d 1.603 11,12 144.1 0 25 56
16 48 NH 1.603 - - No failure in
100 hours
17 47 NH 1.603 - - No failure in
100 hours
a) H - hydrogenated specimen
b) TFracture occurred at the lower threads instead of the notch
c) Not used on account of low hardness reading
d) NH - not hydrogenated
e) In the absence of failure, estimated area used to calculate stress.

Stress %
average

Stress %
yield

93.6
88.4
83.6

74,0
70.6
59.0
59.0
55.6
52.4
49.6
47.1
46.1

40.9

€S
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ring, dot strongly concentric, which also exhibited a crystalline struc-

ture and occurred in a different plane, as shown in figures 10 and 11.

These observations conform generally with Troiano's delayed
failure studies and indicate that the apparatus and procedures used will

reveal hydrogen failure.

Results of tests in tap water and distilled water are summarized
in Table IV. A scatter in times to failure is again apparent and the
average time is in the order of a week as against a few hours for the
hydrogen tests. A fracture surface obtained in tap water is shown in fi-
gure 12, Again, fracture was essentially brittle and consisted of two
distinct areas, although a peripheral ring was markedly absent. An upper
elliptically shaped pertion of the fracture surface, extending from the

edge to almost the centre, is distinguished by its darker appearance.

The last three tests in Table IV, namely 9), 10) and 11), refer
to corrosion tests in which specimens were immersed unstressed in tap
water for 744 hours, removed, dried and subjected to tensile loads appro-
ximating 75 % of the yield strength. No failure was observed in any of
the three specimens in spite of the fact that duration of immersion
represented approximately twice the time to failure under comparable
loads in stress corrosion tests. This clearly indicates that failure
in tap water of stressed specimens is not due to the action of corrosion

alone.

The behaviour of hydrogenated specimens subjected to sustained

loads below the yield point is well recognised by virtue of extensive
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FIGURE 10

Photograph Showing a Typical Failure Surface of a Hydrogenated

Specimen,

Load 52.4 % yield ( x 20 )
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FIGURE 11

Photograph Showing a Typical Delayed Failure Surface of a

Hydrogenated Specimen. Load 46.1 % yield ( x 20 )






Test

No.

nPLNH

@~

10
11

TABLE IV

Summary of Corrosion and Stress Corrosion Tests

Average Testing Dead Cross=- Stress Time to
hardness condi- weight sectional failure
R tion 1b3x area k.s.1, hr.min.sec.
10 8q.1n,.x10
45 T.W.2 2,310 7.85 294.2 49 32 -
45 T.W, 1.954 7.12 274.4 242 21 -
44 T.W, 1.954 7.85 249.0 36 13 -
46 T.W, 1,603 - - No failure in
b 960 hours
46 D.W, 1.954 6.65 293.9 0 5 0
47 D.W, 1.954 - - 0 36 0
d 384 hours
46 C 1.954 - - No failure
47 c 1.954 - - No failure
47 c 1.954 - - No failure
a) T.W. - tap water
b) D.W, - distilled water
¢) Fracture occurred at the lower threads instead of the notch
d) C - corrosion test
e) In the abgence of failure, estimated area used to calculate stress

Stress %
average
U.T.S.

75.0
75.0
70.0
63.5

75

75.0

75
75
75

e

(]

Stress %
yield

83.4
83.4
77.8
7.0.6

83.4

LS
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FIGURE 12

Photograph of delayed failure in tap water under a load

of 83.4 %, yield ( x 20 )
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work devoted to the subject (105, 114, 119, 120). Thus, deleyed failure
is explained on the basis of the time required for diffusion of a critical
amount of hydrogen to the triaxiality peintj the scatter of results is
attributed to a number of variables which are difficult to control and
evaluate, Such critical variables comprise residual stresses and impurity
elements in the metal and electrolyte, In the present work, a similar
pattern of results was observed in stress corrosion tests as evident from
Table IV: delayed failure, brittle fracture and the characteristic scatter

of results.

These and other similarities have been reported in the

literature, e.g.

1, The display of threshold stress (30, 48, 119, 120)

2, Electron microscopic é&mparison of fractured surfaces (121)

3. The dependence of susceptibility on hardness (16, 122),
strength (26, 119), grain size (97), extent of cold work (41, 123, 124)

and purity (26) of the material.

Further, one finds many instances of so called stress
corrosion cracking in which the failure mechanism is associated with
the presence of hydrogen (125, 126)., For example, conditions which
favour hydrogen discharge on the surface of cold worked metals appre-
ciably reduce stress corrosion cracking times. This has been verified

for hydrogen generated in the following ways (62):

1. by coupling specimens to a more anodic metal,
2, by cathedic polarization and

3. by pickling.
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One is more or less forced to regard interpretations which
preclude the action of hydrogen in stress corrosion failure with the
greatest degree of caution, even when experimental results indicate
that it does not exert a significant influence on the cracking mechanism.
The setting up of experimental conditions in which the presence of hydrogen
is definitely eliminated is very difficult, especially for steel in aqueous
solution. The relative size of hydrogen as it occurs in metal lattices
is small in comparison to the interstitial spaces (127)., This affords
great ease with which hydrogen éan diffuse through the metal, Multip-
licity of sources from which hydrogen can be picked up is another important
criterion, The steel making process itself is a major source. Pickling,
electroplating and corrosion are other sources from which hydrogen can

be derived.

In attempting to differentiate between stress corrosion and
hydrogen embrittlement, many workers have based their conclusions upon
the behaviour of metals with respect to the effect of impressed anodic
and cathodic potentials. Thus, if cathodic polarization decreased time
to failure, the mechanism was considered to be hydrogen embrittlement,
an increase in time to fallure indicated stress corrosion cracking.
These conclusions are not altogether justified (26) because they pre-
suppose the effect of impressed potential to be limited to the fracture
process alone., It is true that cathodic polarization causes the gen-
eration of hydrogen but the important point is, how much of this hydro-
gen evolves harmlessly as gas and how much enters.the metal lattice.
Cathodic polarization might simultaneously bring about other changes,

for example the formation of an intervening film impervious to hydrogen




61

penetration. This would increase time to failure even though the
mechanism is hydrogen embrittlement. By the same token, an impressed
anodic voltage can cause dissolution of elements like arsenic, sulphur
and phosphorus from commercial metals in which they are usually present.
These impurities, even in minute quantities, are effective catalysts for
hydrogen intake by the metal and can thus produce effects contrary to

what one might anticipate from anodic polarization itself.

Results of the present investigation are inconclusive. The
reduction of fracture strength of hydrogenated samples is attributed to
the deleterious action of that part of the hydrogen which enters the
metal and accumulates to critical concentrations., In figures 10 and 11,
the ring is believed to represent the area over which fracture occurred
in slow, discontinuous steps, initiated by hydrogen. The central portion

failed at a high velocity, due to mechanical overload.

Tap water failures are similar to hydrogen failures in many
respects and may well be from the same cause, The hydrogen requirements
may be met from local cell action during corrosion., It is true that
only a small quantity of hydrogen would be generated under the test
conditions but then, only a minute quantity distributed in a particular
way is required to produce failure (120). The absence of a concentric:
ring for specimens fractured in tap water is not surprising. For hydrogen
induced cracks to develop uniformly around a periphery by local cell
action is most unlikely. Hydrogen enters the metal predominantly at a
few active sites and its action is distributed accordingly. The darker

area of the fractured surface in figure 12 is believed to represent such
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an affected region (128), while the remaining surface failed mechani-

cally.

The cathodic evolution of hydrogen can be represented as

follows (129):

+
2 | 2H 5 2H ---e--e--eoeo—- (1)
2H 5 H, m=ecweermcecsceemcecmeco- (2)
or H AP S ——— 3)
+ Bae—h

Phosphorus, arsenic, antimony, sulphur, selenium and tellurium are
known to inhibit hydrogen re-combination (equations '2'" and "3'") (130)
and their presence serves, therefore, to create active sites where

hydrogen enters the metal.

The much longer times to fallure of tap water test spe-
cimens is explained on the basis of hydrogen supply. In hydrogenated
specimens, the required concentration was achieved prior to the failure
test which therefore involved only the time necessary for diffusion.

In stress corrosion specimens, failure time included the hydrogenation

step which, under the mild test conditions was very slow.
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SUMMARY

The primary object of the present investigation was to obtain
a better understanding of the problem of stress corrosion cracking.
Previous work on the subject was reviewed, during the course of which,
certain interesting similarities were observed with hydrogen embrittle-

ment, The possibility of similar failure mechanisms was examined.

Experimental conditions were set up to afford a comparison
between failure modes of notched, hydrogenated S.A.E. 4340 steel spe-
cimens subjected to sustained loads, and non-hydrogenated specimens,

similarly loaded in tap and distilled water.

Delayed failure was demonstrated in both cases at fractions
of the yleld strength ranging from 40 to 85 %. Three other similarities

were noted:

1. Brittle fracture,
2. Sporadic nature of results,

3. Fractured surface comprising two distinct areas.

The possible role of hydrogen in stress corrosion was con-

sidered,

An explanation for the much longer failure times of specimens
stressed in water as compared to the hydrogenated specimens tested in

air was given.
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SUGGESTTONS FOR FURTHER WORK

The present work has indicated that numerous problems exist
even in a qualitative study of stress corrosion cracking. Many of
the variables are difficult to control and evaluate. Experimental
results are significantly influenced by concentricity of loading, heat
treatment, surface finish and composition of the material, impurity
elements, applied current and potential during hydrogenation, temperature
and ageing time. In an attempt to overcome some of these for a better

evaluation of stress corrosion, the following suggestions are offered:
1. The use of a more sophisticated tension apparatus designed
to permit more accurate alignment.

2, Arrangements for studying the effects of temperature, pH

and impurity elements in the stress corrodent,

3. Provision to follow crack propagation by electrical resist-

ance measurements.,
4. The use of high purity distilled water as a stress corrodent.

5. The employment of sheet specimens,
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APPENDIX 1

Design of Dead Weight Tension Apparatus
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It was decided to use notched specimens of minimum cross-
sectional area 0,01 sq.in., heat treated to an ultimate strength
of 230,000 psi., The design of the tension apparatus was therefore,
based on the ability of its wvarious components to withstand loads
corresponding to 230,000 x 0.01 = 2300 = 3000 1lb. on the test speci-

men, A line diagram of the apparatus is given below:

L F El E2
v\ /™~ Fulerum
Universal
joint

[~ Test specimen

a) Universal Jgint

|
B —- “)??L( - B B '_“_F‘ -{—B
' |
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The design of the universal joint was envisaged as in figure on p. 66.
Material used was hot rolled, medium carbon steel of yield strength

42,000 psi (131).
|
Cross-sectiona]: area at section "AA" = (1/2 x 1)2 = 1 sq.in.

Using a safety factor of 2 and a stress concentration factor of 3

Safe load carrying capacity = 5*32—(2’%;‘—1 = 7000 1b > 3000 1b

42,000x5x2
2x3x8

Safe load carrying capacity of section "BB"

8750 1b > 3000 1b

Hence design is satisfactory.

b) Short Pin Supported by Universal Joint and Carrying Test Specimen

A stress concentration effect occurs < g% -
¥ ¥
| =
due to the presence of the circular —_ - —4;7‘ - I ~
0
hole. From reference (132) RT“‘ |é;! N
r _ On _ maximum stress - T
d o average stress 1 2 S
where r = radius of the hole
d = diameter of the pin minus that of the hole.
Therefore 1
" _
= 2 _ - .6
d 1_”1_];
%

From reference (132), stress concentration factor K = 2,35 = 3,

Maximum bending moment occurs at the centre and = %x% = %P-
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where P = magnitude of impressed load.
Now stress O '= ¥ _ %E % 323 - 12P3
md Tmd
43
h ﬂd3 36

Safe stress for the material used was estimated at 30,000 psi from its

average Rockwell hardness value.

3.1616x30,000 . , ¢4 gy,

Hence load carrying capacity = 36 ~

This is less than the allowable value of 3000 1b. The material was
therefore heat treated as follows: Austenitized for 30 minutes at
1700°F and quenched in oil. The stress level increased to 54,000 psi

and the load carrying capacity now became

3.1416x54,000
36 =

3,000 1b

hence satisfactory.

¢) Pin Connecting Universal Joint to Horizontal Beam

P
B c L
i ¥
- _ it | -
N Y
H—————————3t —_—
R L+" R




69

Therefore, O = 2225- = 24,2 P
md
P 3 3p
1nnptt 22 e _— 2 e—
Bending moment at section "B 7 X3 16

3
Therefore CT£ = -%%' X 325? = 15,5 P
i

Hence, maximum bending moment occurs at the centre.

Safe load carrying capacity = E%ﬁggg' = 1,240 1b

The material was required to be heat treated. Austenitized for 30
minutes at 1700°F and water quenched.

Safe load carrying capacity = ll%ﬁggg- > 3,000 1b

hence satisfactory.

d) Fulcrum Pin

2 P
2 2
: :
4 4
R =Y e & R
Maximum bending moment = 3020 x4 - 3200 x 2 = 3,000 in.lb.

Allowing a maximum stress of 54,000 psi for austenitized and oil

quenched mild steel

3000x32

d3

54,000 = d = l.21"
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Hence the central portion of the pin is required to be 1.21" diameter.

e) Bearing Plates for Fulcrum Pin Support

Diameter of pin at support = 7

1"
Thickness of plate intended to be used = -%

Bearing pressure due to load = x 3000 x4 x2 = 12,000 psi

Nof

which is below the allowable limit, hence satisfactory.
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APPENDIX II

Calibration of Dead Weight Apparatus




72

FIGURE 13

Uniaxial load beam of photoelastic apparatus, manufactured
by Photoelastic Polarizing Instrument Company, Irvington-on-
Hudson, N.Y,

F = fulcrum

L = point of support of proving ring

E = point of support of standard dead weights
Beam ratio = 3.0 8.26 : 1.



LS|

31
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TABLE V.

Proving Ring Dial Gauge Readings Corresponding to Applied

Standard Dead Weights. (Standard Beam Ratio 8.26:1; fig-

ure 13)

Magnitude of Corresponding dial gauge readings (xlO“3 in.)
:ziziizd(ii?g Initial Final Difference
1 240.0 241.0 1.0
2 240,0 243,5 3.5
4 239.5 248.0 8.5
6 239.5 252.0 12,5
8 239,5 257.0 17.5
10 239.0 - 260.5 21.5
12 239.0 266.0 27.0
14 239.0 271.0 32.0
16 239.0 277.5 38.5
20 239.0 285.5 46.5
24 238.5 296.5 58.0
28 238.5 305.0 66.5
32 238.5 315.0 76.5
36 238.0 325.0 87.0

40 238.0 335.0 97.0
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FIGURE 14

.Plot of Standard Dead Weights Against Corresponding Dial Gauge

~ Readings Using Standard Load Frame of Photoelastic Apparatus.
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FIGURE 15

Details of Arrangement to Transform Tensile Load to Compressive Load

in Dead Weight Tension Apparatus

A = beam

B = universal joint

C = vertical supporting columns
D = proving ring

E = compression jig

F = base
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TABLE VI

Dial Gauge Readings Corresponding to Dead Loads

Suspended from Point "E"; in figure 3.

Test Dead wts. Corresponding dial gauge readings (x 10.3 in)
No. from "E",
(1b.) Initial Final Difference
1 5 210.5 224.0 13,5
2 10 211.0 238.0 27.0
3 15 211.0 253.0 42,0
4 20 211.0 267.0 56.0
5 25 211.5 281.5 70.0
6 30 2120 296.0 84.0

7 35 212,0 310.5 98.5
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FIGURE 16

Plot of Readings Presented in Table VI
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TABLE VII

Dial Gauge Readings Corresponding.to Dead Loads Suspended

from Point "§af in figure 3

Test Dead wts. Corresponding dial gauge readings (x 10-3in)
No. from "E2"
(1b) Initial Final Difference
1 5 219.5 239.5 20.0
2 10 219.5 261.0 41.5
3 15 220.0 282.0 62.0
4 20 220.5 303.5 83.0
5 25 221.0 326.5 105.5
6 30 221.5 348.0 126.5

7 35 222.0 368.5 146.5
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FIGURE 17

Plot of Readings Presented in Table VII
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TABLE VIII

Date for Determining Self Weight of

the Beam

Test No-load readings Beam weight readings
Neo. Incr. Decr. Incr. Decr. Average
1 276 276 332 334 57.0

2 39 39 449 451 56.0

3 438 438 492 492 54.0
4 529 525 579 580 55.0

5 581 580 636 637 56.0

6 625 626 682 683 57.0

7 675 675 730 731 56.0
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Calculation of beam ratios

Slope of line in figure 16. k1 = 2,826

Slope of line in figure 14. k = 2,431

k
Beam ratio (load at El) = 'El x standard beam ratio
= 2:22% x8.26 = 9.615: 1
Similarly, slope of line in figure 17 k2 = 4,265
ky
Beam ratio (load at Ez) = 5 X standard beam ratio
= 3233 % 8.26 = 14.500 : 1

Calculation of Self Weight of the Beam Acting at the Point of Loading of

Test Specimens

From table VIII, beam weight less weight of compression jig

corresponds to a dial gauge reading of 56 x 10-3 in.

Load corresponding to this reading was obtained from each

of the graphs in figures 14, 16, 17 and the average value calculated.

Thus,
from fig.14, 23.4 B,R. = 8.26 Load = 23.4 x 8.26 = 193.45,
from fig.16, 20.0 B.R, = 9.615 Load = 20.0 x 9.615= 192.30,
from fig.17, 13.4, B.R. =14.50 Load = 13.4 x 14.50 = 194.30

Average = 193.35

Dead weight of compression jig = 4.25 1b

Therefore, effective self beam weight = 189.10 1b
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