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ARSTRACT

The effect of externally agplied tensile stress
on the rate of corrosion of Al in O.1N HCl and 0.1K
HC1l containing 3% and 5% NaCl has been determined by
measurement of the H2 evolved. Elastic stress and
overstrain up to 10% has little effect. 20% over-
strain apparently reduces the rate of attack, but
owing to the difficulty of assessing the true surface
area of overstrained metal, the effect of this stress
is difficult to ascertain. Similar tests conducted
on Al-7% Mg alloy show that stress has no efifect on
the resistance of the annealed alloy, but increeses the
rate of attack of the strain-aged alloy, probably
due to exposure of the anodic phase at the grain
boundaries. Potentisl messurements on Al and Al-7%
Mg alloy confirm these results.

The effect of stress on the corrosion of strain-
aged Al-7% Mg in 3% NaCl has been determined by
measurement of the O2 absorbed and H2 evolved.

There is no characteristic difference between the

rate of corrosion - time curvés for the stressed and

unstressed alloy.



A technique for investigating the stress-—
corrosion susceptibility of materials has been
developed and experiments conducted on Al-7% Mg and
£1-5% Mg alloys. From the curves of applied stress
v. percentage of the loss of strength at failure
which is due to stress-corrosion, a method is developed
whereby the stress—-corrosion susceptibility of
materials mgy be expressed on a comparative basis.

The theory that stress concentrations at the
base of cracks are responsible for mechanical failure
is discussed and an alternative theory of the
mechanical role of stress during stress-corrosion,

based on eccentric loading, is put forward.
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INTRODUCTION

Metals are rarely found in the uncombined state;
they are usually associated with oxygen, sulphur or
chlorine, The reduction of the ore to the metal
requires the expenditure of much energy and except
for the noble metals there is a tendency for the
reverse process of reccmbination with oxygen to take
place with the liberation of the equivalent energy.
The effect which is highly destructive and involves
considerable economic loss is termed '"corrosion'.

There 1s little doubt that the destructive
nature of corrosion was observed when the first
metals were used thousands of years ago, but it was
not until the late eighteenth and early nineteenth
centuries that chemists gave serious thought to
the phenomenon. Fecw theories of fundamental
importance were propounded, although as early as
181¢ it was suggested that corrosion was an electric
effect. This theory, however, remained latent
until the commencement of the present century when

the modern electrochemical theory was introduced



and the increasing evidence which followed in support
thereof resulted in greet advances in our knowledge
of the theory underlying corrosion.

In the modern world, the metallic resources of
the nation are of vital importance in domestic
economy, world trade and defence. The advancements
made in the metallurgical field and the increased
use of metals and alloys have resulted in considerable
intensification of corrosion research and the data
now available have grown to enormous proportions.
Nevertheless, the cost of corrosion damage is still
prodigious and it can be appreciated that a knowledge
of its principles is of primery importance to the
Engineer, Metallurgist, Chemist and Chemical Engineer.

One of the major difficulties of corrosion
research is the correlation oI laboratory observation
with behaviocur under service conditions, where
additional factors are likely to exist which may
seriously affect the behaviour of a metal to a
corrosive environment. One of the most important
of these is the influence of mechanical stress,
both internal stress set up during fabrication and
applied stress operating in service, acting in conjunction

with electrochemical forces. It is now well known
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that under certain conditions a metal or alloy
with attractive mechanical snd corrogion resisting
properties, may fail when subjected to the
simultaneous action of stress and corrosion, a
phenomenon known as "stress-corrosion cracking’.

The present investigation is a study of this
field, particular attention being devoted to the
properties of aluminium and its alloys used in the
ship-building and aircraft industries where the need
for light-weight structures has resulted in a large
and increasing demand for such metals. Service
failures of certain aluminium alloys have been reported,
however, as due to stress—-corrosion and this thesis
deals with the effect of stress on the corrosion of
this metal and some of its alloys.

The investigation was commenced with the object
of determining the effect of stress on the general
corrosion of aluminium in hydrochloric acid. Such
corrosion is of an obviously exaggerated nature since
aluminium would not be used in contact with hydrochloric
acid in service, but it has the advantage that no
protective films are formed on the metal during
exposure to the corroding environment, thus any changes

would be due to the effect of stress on the meval and



not to rupture or to change in the nature of any
protective film. Another advantage is that the
strength of the acid may be adjusted to give
convenient rates of attack, thus enabling useful
observations to be made in a comparatively short
period of time.

It was appreciated that although much work has
been published on the effect of stress on the general
corrosion of metals, the results are in some respects
uncertain since several factors other than stress
influence the corrosion, and unless a suitable
experimental technique is employed the secondary
factors may have a greater effect than that due to
stress. Therefore, much of the present work was
devoted to the development of suitable experimental
methods. A rapid and accurate chemical method, viz.,
measurement of the hydrogen evolved, was devised and
measurements of the efiect of stress on the potential
between aluminium and the corroding solution were made
using & valve-voltmeter, thus enabling very small
changes in potential to be detected. In both methods
variation in corrosion rate due to factors other than
stress were reduced as far as pcssible. The techniques

developed for measurements on aluminium were then



used to determine the effect of stress on the

general corfosion of an alloy which exhibited stress-—
corrosion cracking in neutral sodium chloride
solution.

The experimental work was then extended to study
the effect of stress on the localised corrosion of
certain aluminium alloys in solutions of sodium
chloride, the service failures of aluminium alloys
having occurred in an environment of sea water.
Laboratory investigations on the stress—corrosion
of these alloys, as described in the literature,
have been largely of a qualitative nature and in
many cases the effect of corrosion in the absence of
stress has not been determined. Accordingly, in
the present work, suitable techniques were developed
using Al - 7%lMg alloy, which is known to be
susceptible to stress-corrosion, to determine
quantitatively the effect of corrosion alone and of
stress and corrosion acting together,

A chemical method for determining the corrosion
rate by measurement of the oxygen absorbed and the
hydrogen evolved was investigated and a mechanical
method, in which the loss in ultimate tensile strength

of the alloy was used as the criterion of measurement,



was satisfactorily developed. The latter method
was Turther used for the study of other alloys of

doubtful stress—corrosion characteristics.



PART 1

THEORETICAL CONSIDERATIONS
LITERATURE SURVEY



INTRODUCTION

Corrosion damage by electrochemical action may
be broadly divided into three groups. Firstly,
uniform corrosion such as occurs when a base metal is
immersed in acid solution. A large number of anodic
and cathodic regions are set up on the surface, the
metal passing into solution as ions at the anodes and
combination of electrons with hydroxomium ions forming
hydrogen at the cathodes. Secondly, pitting which
occurs when a small anodic area is coupled with a
relatively large cathodic area, usually in neutral
solutions. The cathodic reaction is the combination
of electrons with dissolved oxygen forming hydroxyl
ions. For the same dissolution of metal, pitting
results in greester damage fhan uniform corrosion
since it can lead to premature perforation. Thirdly,
intercrystalline corrosion which occurs when an
anodic material is present along the grain boundaries
of an alloy, usually the result of unfortunate
heat-treatment.

It was recognised over 30 years ago that the

presence of static stress may result in a greater



deterioration of a material subjected to a corroding

environment than when stress is absent. Season

and corrosion-cracking of brass formed the subject

of a discussion published in 1918 (1). ILxtensive

research on this subject was made by many investigators

and the results of lMoore, Beckinsale and Mallinson (2)

were of primary importance in the understanding

of this phenomenon. Increasing interest in the

effect of mechanical stress on the corrosion of

many other metals and alloys was apparent during the

1920's and 1930's. A symposium on the stress-—

corrosion cracking of metals held in America in

1944 (3) indicated much of the important work done

in this field, and the subject forms an important

section of a symposium on internal stresses in

metals and alloys held in this country in 1947 (4).
It would appear that the effect of stress on

general corrosion is relatively small, but if a

tensile stress is acting during corrosive conditions

where the attack is concentrated on a limited

number of grain boundaries, a highly dangerous type

of attack may occur in which a rapid loss of strength

results.

In the present section, a survey of the factors



relevant to the effect of stress on corrosion is
made, The theories of electrochemical corrosion
are not discusseds; detailed accounts being given in
many well-known text-books and publications, notably
kvans (5,6), Speller (7), Uhlig (8), Gatty and
Spooner (9), Coates (10) and Vernon (11).
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I. STRUCTURG, DEFCRMATION, HEAT TREATMENT AND
STRUCTURAL CORROSION OF METALS

Metal Structure

When a liquid metal is cooled to its freezing
point, small nuclei form which act as seeds for
crystal formation and during solidification these
nuclei dissipate heat, this being greatest at the
crystal corners. Radial arms are formed which send
out secondary arms at right angles to then. This
is repeated giving rise to dendritic formations.

If the metal contains impurities, these are the last
to solidify and accumulate in the interdendritic

metal.

Pure metals often lack the necessary characteristics
for certain applications and their properties may
be modified by addition of an alloying element.
Nearly all metals are mutually soluble in the liquid
state and in the solid state most systems show some
mutual solubility even though this may be over a

limited range of composition. S0lid solutions are

homogeneous, but in the range of insolubility, the
microstructure consists of one constituent dispersed

in the other usually in a characteristic pattern.
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If the proportion of eutectic is small compared
with that of the solid solution, then since the
former is the last to solidify, it will form as the
interdendritic material amnd hence along the grain
boundaries. As well as reducing the strength of
the alloy, such formation may render the alloy

susceptible to intercrystalline corrosion.

Deformation of Metals

Deformation of metals, effected by the applica-
tion of stress, may be of two types, viz. elastic
deformation and plastic deformation. In the former
case the strain is removed when the stress is removed,
and although the strain is of measurable dimension
there is no apparent effect on a polished surface of
the metal even under high magnification.

When a metal is stressed beyond the yield point,
the strain persists after the applied stress has been
removed and certain changes occur in the metal which
have been examined by means of the microscope and by
X-ray technology. A metal crystal congsists of atoms
arranged in a definite pattern and when stressed into
the plastic region the atoms glide or slip along

crystallographic pl:nes. Initially only a few
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planes are affected, but as the stress increases more
planes are deformed., iith consequent disorganisation
of the metal slipping becomes more difficult and the
metal becomes harder, a process known as cold working
when carried out at ordinary temperature. In a fine
grained metal the work required for distortion is
greater than that for a coarse grained metal, hence
the former is generally stronger and harder than

the latter,

An account of this subject is given by Carman (12).

Heat Treatment of Metals and Alloys

Annealing
Annealing a metal or alloy is effected by

maintaining it at a temperature below the fusion
point for a certain period of time, and then cooling.
This results in certain changes in the texture of

the metal. Annealing mey be carried out for one or
more of several reasons, but usually to relieve
internal stresses caused by cold working or to refine
grain structure. In the case of alloys, grain
refinement brings about a greater asgree of
homogeneity, which is necessary in cases where

segregation of a component at the grain boundaries
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mey impeir the properties of the alloy.

Quench-Ageing

A solid solution of two or more metals which
normally deposits one of its constituents on cooling
may often be retained in a supersaturated condition
by quenching. The excess of dissolved substance
may then separate in a fine state of dispersion when
the alloy is maintained at atmospheric or moderately
elevated temperature. This separation brings with
it important changes in physical and mechanical
properties, notably an increase in the hardness and
a greater degree of resistance to corrosion. Age—
hardening brought about in this manner is a character-
istic of a large number of alloys.

In aluminium-copper alloys of the duralumin
type, quenching from an elevated temperature produces
a supersaturated metal of unstable structure, and
on maintaining the metal at atmospheric or at somewhat
elevated temperature to accelerate the process,
separation of CuAl2 of sub-microscopic dimensions
from the solid solution results in an increase in
hardness and general corrosion resistance. If,

however, there is too long a delay in quenching the
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alloy once cooling has commenced, precipitetion of
the CuAl2 may occur along the grain boundaries
rendering the alloy susceptible to intercrystalline

attack.

Strain-Ageing

When certain alloys, which are in a relatively
stable but supersaturated state at ordinary
temperatures, are subjected to strain, the constituent
held in solid solution may separate when straining
is followed by ageing. This may be explained by
fhe fact that diffusion occurs more rapidly in a
deformed lattice. Strain—-ageing will cause
precipitation from the sclid solution when the degree
of supersaturation is so small that it will not
occur after quenching; thus in aluminium-copper
alloys precipitation of CuAl2 from an alloy
containing less than 2% Cu meay be effected by strein-
ageing but not by quench-ageing.

In the case of the aluminium-magnesium alloys,
the solubility of magnesium in aluminium is apyroxi-
mately 1.5% at ordinary temperatures. Magnesium
in excess of this amount will separate from the solid
solution as the @-component, A15Mg2’ The condition

of the preoipitated_@—phase is dependent upon the
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treatment of the alloy. Mockel (14) reports that

in an aluminium alloy containing 7% Mg, ageing at 7500.
‘for prolonged periods causeS'mua@—phase to separate
along the grain boundaries as a continuous network.
Annealing at 50000. and above produces a "string of
pearls' structure. lMetcalfe (15) showed that aluminium
alloy rivets containing 5% Mg are rendered susceptible
to intercrystalline attack due to precipitation of

the (5—phase when subjected to tropical temperatures
and that cold working the rivets before heating causes
grain boundary precipitation of the @ —-phase to

take place more readily. Perryman and Hadden (16)
report that cold work before ageing aluminium-7%
magnesium alloys has a profound effect on the mode

of separation of the @ -phase., The effect of the
degree of cold work and time and temperature of

ageing is discussed.

Structural Corrosion

It has been reported that the presence of
boundary atoms which cannot orientate themselves
simultaneously on two crystal lattices and therefore
possess a higher potential energy than the atoms in
a crystal, may result in j;referential attack of the

crystal boundaries of pure metals. It is doubtful,
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however, whether specific atteck at the grain
boundaries takes place unless a trace of impurity
is present forming a phase which is anodic to the
crystal grain (17). In the case of alloys in which
a component or components separate at the grain
boundaries, structural corrosion may occur due to
the preferential attack of the more anodic phase or
phases. Dix (18, 19) carried out measurements of
potential difference between the grain boundary
zones and grain bodies of large grain metal and
verified that the presence of anodic regions at the
grain boundaries was the cause of selective corrosion.
However, the attack is seldom entirely preferential
and occurs to some extent on all phases.

If, as in’the case of the aluminium-magnesium
alloys, the phase at the grain boundary is anodic
to the solid solution, then this phase is preferen-
tially attacked. If this phase forms a continuous
network between the grains, ccunsiderable penetration
may occur and it will cease only if the inner metal
becomes inaccessible to the corroding medium due to
Tilm formation or if an accumulation of metallic salts
shifts the potential in a cathodic direction. In

the case of the precipitated component forming an
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agglomerated structure, there i1s a discontinuous path
of preferential attack and regions of resistant material
between regions of @ -phase arrest penetration.

Retardation of the rate of quenching of
aluminium-copper alloys after solution treatment
results in CuA12 particles being precipitated at the
grain boundaries. It was originelly thought thet
this phase was cathodic to the grains and therefore
would cause attack of the latter. Gayler (20) has
shown that the Al-Cu solid solution is also a
cathode, and in the view of Evans and Whitwham (21)
is the main cathode, whilst the copper impoverished
regions at the grain boundaries are the anodic
regions and are attacked.

The grain boundaries are not always anodic to
the grains and in a few cases the converse is true,
the grains being preferentially attacked. In such
an,élloy, agglomeration of the constituent at the
,grain boundary is unlikely to retard the preferential

attack.,
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IT. SINULTANEOUS ACTION CF STRESS AND CORR0SION

S8tress~Corrosion

Broadly the term stress—corrosion includes
any combined effect of stress and corrosion on the
behaviour of metals (22). The stresses may be of
two main types, cyclic and static. The damaging
effect of corrosion and cyclic stresses is known
as corrosion fatigue, but this subject is outwith
the scope of this summary.

The presence of static stresses may influence
the rate of general corrosion or under certain
conditions may result in cracking of the metal
without general attack. In the latter case, the
action is known as "stress-corrosion cracking”.

There has been much confusion over the term
"stress-corrosion' chiefly due to the rather wide
interpretation by Germen investigators, and to avoid
misunderstanding it has been specifically defined
in this country as follows: 'the term stress-
corrosion implies a greater deterioration in the
mechanical properties of the material Through the
simultaneous action of static stress and exposure to

{
a corrosive environment than would occur by the
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separate, but additive action of these agencies'" (23).

Influence of Stress in Acid Solutions

Whereas in stress-corrosion cracking, failure
of a metal occurs without general attack, the presence
of stress may influence the general corrosion which
occurs in acid solutions. This subject is discussed
by Evans (6), Speller (7), Uhlig (8) and Bryan (24)
numerous references being cited. The investigations
have been varied in nature and the results are
confusing; increesse, decrease and no change in the
corrosion rate have been reported. It would appear
that the effect is specific for both the metal and
for the environment. However, in nearly all cases
the effect has been small.

Several investigators have determined the
difference in potential between stressed and
unstressed specimens, but in general this amounts
to only a few millivolts. kecent work by Bvans
and Simnad (25), while investigating the mechanism
of corrosion fatigue of steel in acid solution, shows
that although elastic deformation: does not affect
the chemical or electrochemical properties of the
steel, deformation beyond the elastic limit alters

these properties, making the iron behave like a
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more reactive metal.

In some cases the nature of the attack may be
influenced by stress. WWhiteley and Hallimond (26)
report that when iron which has been strained is
exposed to nitric acid, the relative proportions of the
nitrogen compounds produced are different from those

produced with unstrained iron.

Influence of Stress in Neutral Solutions

The rate of attack in neutral salt solutions
is usually controlled by the availability of oxygen.
If the cathodic reaction is such that the oxygen
is used up at the same rate as it arrives: at the
metal surf:sce, the sole governing factor is the rate
of diffusion of oxygen to the metal, and changes wrought
in the metal by stress have little or no iniluence
on the rate of attack. This fact was verified by
Friend (27) in investigations on the influence of
stress on the corrosion of iron in sea water.

A metal immersed in & salt solution containing
oxygen soon becomes coated with an oxide or hydroxide
film which tends to stifle the attack. The presence
of stress may damage such films causing an increase
in the rate of attack and also = a variation in

the distribution of the attack (28). Evans and
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Simnad (29) studied the shift in potential with

time of iron subjected to tensile and compressive
stresses in neutral solution (vide also p. 102).

They indicate that stressing within the elastic

range affects the potential by altering the state of
repair of the film covering the surface. They

suggest that stresses within the plastic range

depress the potential of the metal itself, irrespective

of damage to the f£ilm

Stress-Corrosion Cracking

An important effect of stress on corrosion is
that which results in the complete failure of the
metal. Probably the best known example of stress-
corrosion failure is the "season cracking" of brass.
Failures have also been reported in other copper
alloys (30), in aluminium alloys (3), in ordinary
and stainless steels (31), in lead (32) and many

other alloys.

Factors Involved in Stress-Corrosion Cracking

The intensgsive research devoted to the study
of stress-corrosion cracking during the past few
years has indicated that there are three principal

factors involved: (a) stress, (b) environment, and
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(c) the internal structure of the metal. The
relative importance of eaci factor may vary according
to the metal and they may interact, one accelerating
the other.

(a) Stress. It is generally agreed that there
must be a tensile stress acting on the surface of

a metal, either internal or applied stress. Usually
tensile stresses in the region of the yield strength
are necessary, but failures have been reported

at lower stresses.

(b) Environment. Stress-corrosion cracking has

been observed in a large number of metal systems,
but for each metal the failure appears to be assoc-
lated with a specific environment. In each case it
has been observed that the corrosive medium produces
an effect between the extremes of general corrosion
and passivity. The exact role of the corrosive
medium after initiation of the attack is a subject
of controversy and speculation.

(¢) Internal Structure. The internal structure

of a metal is of particular importance, stress-—
corrosion cracking being a development of structureal
corrosion. Mears, Brown and Dix (33) state that

stregss—corrosion cracking follows essentially the
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same mechanism as other types of intérgranular
corrosion in-agueous media.

Time. | The time required for failure magy vary

from a few minutes to a matter of years. Cne of

the difficulties of laboratory investigation is the
correlation of accelerasted tests with service failures

in which the mecharnisms megy differ acpreciably.

Theories of the Mechanism of Ztress~Corrosion

Cracking with Special Reference to Aluminium Alloys

There is more or less general agreement on the
initial role of the corrosive environment, but &as
Dix (19) has pointed out, not only is it necessary
for the corrosive medium to be such that it produces
a localised type of attack, but in certain alloys,
including those of sluminium, the structure of the
alloy must be such that there exists a susceptibility
to selective corrosion aslong continuous paths, as,
for example, the grain boundearies. Investigation
of the corrosive action of salt solutvions on
aluminium alloys in the absence of stress has shown
that the susceptibility to corrosion is dependent
upon the internal structure of the alloy (34-37).

When a metal susceptible to stress-corrosion

is corroded under stress it is possible that the
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rate of corrosion is grezter from the commencement
than if corroded in the absence of stress. Just
before failure, however, the rate of deterioration

in mechanical properties increases rapidly (38-40).
Champioh (41,42) has explained these effects as being
due in the first instance to high local stress at the
base of pits, formed in the metal by corrosive action,
rendering the anodic phases there even more anodic.
This gives rise to the minor stress corrosion effect.
The second stage or major stress corrésion effect
arises when a pit has developed to such an extent
that the stress concentration at its base exceeds

the yield point of the metal. Tocal plastic
deformation occurs, breaking the film which has
hitherto retarded attack on the anodic phese at

the grain boundary and rapid corrosion occurs. The
yvielding of the metal reduces the stress concentration
at the base of the pit to below the yield point

and corrosion proceeds until the stress concentration
again exceeds the yield point and the process is
repeated. The cross-sectional area of sound metsl

is successively reduced and nence The time interval
between each process of yielding becomes progressively

shorter until the metal fails. The process is



therefore an accelerzting one.

Keating (43) sugeests that the function of
stress in stress—-corrosion cracking may be confined
to the development of purely mechanical damage
and that stress concentration regions which are
developed by localised corrosion are initially
opened out into fine cracks. He finds it difficult
to visualise penetration of electrolyte to the base
of a crack and especially renewal of active
corrodent by diffusion at a rate which would keep
pace with a propagating crack. However, Allen
(44) points out that Keating's views cannot give
a complete picture otherwise stress—corrosion
cracking should be encountered whenever the corrosive
conditions and nature of the metal are such that a
pitting type of attack is produced.

A detailed theory of the mechanism of stress—
corrosion in aluminium - 7% nmagnesium alloy was
recently put forward by Gilbert and Hadden (45).

It is postulated that stress concentration at the
base of an advanced crevice causes mechanical
fracture between @ and the solid solution. Rapid
corrosion of the newly exposed @ surfaces then occurs

with evolution of hydrogen, this process being



retarded by film formation and reverting to attack
by oxygen absorption. Subsequent mechanical
disruption by the same process continues until the
ultimate tensile stress of a residual metal is
exceeded. it is suggested that a supply of active
corrosive agent is maintained at the tip of the

crack by capillary action immediately after extension
of a crack.

Evidence of the discontinuous nature of the
process is given by potential measurements on
cracking specimens. Small and fairly freguent
anodic kicks were observed during the period of
active cracking. Thege observations were confirmed
by the fact that small discontinuous movements of
the loop specimen = were observed during active
cracking.

From experiments carried out on Al-7%Mg alloy,
Edeleanu (46) concludes that stress exerts no
influence during the first stages of the stress-—
corrosion process, but that corrosion'plays a vital

role during the final rapid cracking.

Non-Susceptibility to Stress-Corrosion Cracking.

The theories of stress~corrosion outbtlined above

do not explain why many &lloys susceptible to inter-
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crystalline corrosion have not yet been shown to
be susceptible to stress-corrosion cracking.

In the initial stages of attack, the degree to
which stress may render the anodic phase of an alloy
more anodic will probably vary according to the
phases present and the conditions of these phases.
In the case of the mechanical cracking of an alloy,
Champion (42) has suggested that when the protective
film at the deepest point of the attack is
ruptured by plastic deformation the corrosion
occurring before film repair is complete may be
insufficient to take the loceal stress beyond the
yield point again, in which case a rapid succession
of film ruptures will not occur. Susceptibility
to stress—corrosion will therefore depend on the
film-forming characteristics and the deformability
of the metal.

A second possibility is that stress-corrosion
may follow an exponential law (47) and if the
asymptotic portion of the curve is reached before
the local stress has exceeded the yileld point, then
plastic deformation will not occur.

Evans (48) suggests that there may be two tyvpes

of hold up to cracking along grain boundaries viz.
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bridges of mechanically strong material and chemically
resistant material. If these are not identical,

the probability of permanent hold up will be negligible,
but if they are identical then stress-corrosion will

be less serious or possibly absent.
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ITT. MEASUREMINT OF CORROSION

Tests which are designed to study the mechanism
of corrosion are of wide variety. The actual
method of estimsting the amount of corrosion which
has taken place may also be one of many, the
particular test and method of measurement being
designed as the most suitable for the purpose and
circumstances of the test.

A table of the most important methods for
determining the amount and influence of corrosion
is given by Borgmann (49}5 various methods are also
fully discussed by Evans (6). Many of the methods
are highly specialised and mention will be made
only of those methods applicable to the present
problems.

In many corrosion tests it is sufficient to
measure the corrosion after exposure of the specimens
for a measured period of time, However, in the
majority of cases it is necessary to determine the
relation between corrosion rate and time of exposure.
Tt is therefore an advantage to be able to make
estimations of the amount of corrosion without

disturbing the corrosion process, thus enabling a
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corrosion -~ time curve to be drawn for a single
specimen., In many cases this is not possible but
such curves may be obtained by corroding a large
number of identical specimens under identical
conditions and testing several samples at measured

intervals of +time.

Measurement of Genersl Corrosion

The methods which may be employed in estimating
the general corrosion of a metal such as occurs when
a base metal is exposed to a non-oxidising acid are:
i. Loss in weight.
ii. Gain of metallic constituent by the solution.
iii. Volume of hydrogen evolved.
The first method entails disturbance of the
metal specimen, the second requires disturbance of
the corroding solution, the third enables measurements
to be made without disturbing the specimen or the

corroding solution.

Measurement of Corrosion in Neutral Solutions

In this type of attack gain or loss in weight
of the metal does not give an accurate estimation of
the attack and does not afford a continuous means

of measurement. An accurate continuous method was
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developed by Bengough and his co-workers (50-52)

in which the oxygen absorbed and the hydrogen evolved
wes measured; corrosion - time curves were obtained
for a single specimen without disturbing the corrosion
process. This method was further utilised by
Champion (5%) in investigations on the corrosion of

high-purity aluminium in potassium chloride solutions.

Blectrochemical Methods of Corrosion Testing

A direct method of estimating the corrosion is
to measure the current flowing between the anodes
and cathodes on a metal surface. If T is the current
flowing, E the difference in potential between the
electrodes and R the resistance of the electrolyte
between them, then I may be determined by measuring
B and R and applying Ohm's Law. However, this
entails the separation of the anodes from the
cathodes, a condition which can be made possible in
gpecial cases only. Details of this method are
given by Evans (6).

The resultant of anodic and cathodic potentials
existing on the surface of a metal may be obtained
readily, but although the variation of potential
with time may give valuable information regarding

the corrosion process especially when protective



films are formed, it does not give a quantitative
measure of the attack except in isolated cases.

A quantitative determination is possible only
by chemical estimation of either the anodic reaction
viz. the quantity of metal taken into solution, or
the cathodic reaction viz. the quantity of hydrogen

evolved or oxygen absorbed.

Potential - Time Curves

Curves of the overall potential difference
between a metsl and an electrolyte have been widely
used to indicate the tendency of a metal to corrode.
A metal which becomes anodic with respect to the
solution indicates a tendency to corrode, whilst a
cathodic metal indicates passivity.

Potential - time curves may be misleading
if a large area of metal is exposed to the corroding
solution and the attack is of a localised nature,

In such cases the area of metal exposed should be

very small.

Measurement of Stress~Corrosion Cracking

Since the direct result of corroding a metal
under stress is the reduction of its mechanical

properties, it follows that the criterion of



mcasurement most suitable is the lcss in mechanical
properties, notably elongation and ultimate tensile
strength. This hes the disadvantage of being a
discontinuous method and a large number of specimens
are required to obtain corrosion - time curves.

A number of investigators have recorded the
decrease in yield strength, but Champion (54) points
out that this effect may be small whilst the loss

in ultimate tensile strength is appreciable.
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INTRCDUCTION

The main types of corrosion have been ciassified
under the headings (2&):

(a) General Corrosion

(b) Tocalised Corrosion

(¢) Intercrystalline Corrosion
One type does not exclude the other and it is
possible for the three types to occur simultaneously
in the one piece of metal.

In general corrosion, almost uniform attack
and general etching of the whole surface is
brought about and is usually associated with
strongly acid or alkaline conditions, it being
seldom met with in The neutral range. In the case
of aluminium, the oxide film on the metal is dissolved,
exposing the metal, As such the full intrinsic
properties of the metal will operate.

Tocalised corrosion is observed under conditions
which bring about local breaskdown of surface films
and leaves large areas. comparatively unaffected,

whilst in intercrystalline corrosion the attack is
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concentrated at the grain boundaries of the metal
due, e.g., to the precipitation of an anodic phase
after strain-ageing.

Although stress—corrosion failures have been
reported in several metals and many alloys, in most
of the theories advanced to explain these failures
stress is regarded as havihg a purely mechanical
action or it is considered that the stress, in
opening up cracks in the metal, ruptures protective
films allowing access of the corroding medium to a
hitherto protected surface. Little is known,
however, about the effect of stress on the susceptibility
/of the metal itself to corrosion and the experimental
work was commenced with the object of investigating
this effect. This can be done only if there are no
protective films formed on the metal during the
corrosion process and therefore the first section
of the experimental work was a study of the effect
of stress on general corrosion in hydrochloric acid
solutions. In order to avoid the complications
involved in structural corrosion of an alloy, aluminium
was used. The work was then extended to include
aluminium - 7% magnesium alloy, which is known to be

susceptible to stress—corrosion in sodium chloride solutions.
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The investigation was further extended to
study the stress-corrosion cracking of aluminium-—
magnesium alloys. Such failures have been reported
as occurring in several of these alloys when they
are strain-aged and subjected to an environment
of sea-water, or in the laboratory to solutions of
sodium chloride. The corrosive attack is
intercrystalline and of a highly localised nature,
differing from general corrosion in that the attack
appears to be controlled by the formation of
protective films. Experimental technigues were
developed on an alloy known to exhibit stress-
corrosion properties and then used for the
investigation of alloys the properties of which have

not previously been fully determined.

The experimental work is arranged under the

following headings:
A. GENERAL CORROSION

I. Corrosion rates,

(2) aluminium in solutions of hydro-
chloric acid and hydrochloric acid
containing sodium chloride,

(b) aluminium - 7% magnesium alloy in
hydrochloric acid containing sodium
chloride.

TII. Potential measurements in acid solutions.
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LOCALISED CORROSTION

The effect of stress on the corrosion of
strain-aged aluminium-magnesium alloys in
sodium chloride solutions.

I. Measurement of oxygen absorbed and
hydrogen evolved.

’II. Measurement of the loss of mechanioal

properties.
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PRELIMINARY CONSIDERATIONS

At the outset it was necesscary to decide on
the form of the metal specimens to be tested.
Rolled sheet and wire are the only forms in which
a metal can be obtained such that there is a high
probability of reproducible samples. Most of the
investigations on corrosion under stress have been
carried out on specimens cut from rolled sheet.
This, it appeared, had disadvantages in that it would
necessitate comparatively large loads for stressing
in tension in the region of the yield poinﬁ, and
that the corrosion would possibly involve edge effects.
‘It was therefore decided to use specimens in the form
of wire, Comparatively small loads would then be
required for stressing 16 gauge wire, thus simplifying
the apparatus, and edge effects would be non-existent.
Many methods have been utilised for stressing
a metal specimen during stress-corrosion tests, but
it was considered that the simplest means was by
a tensile stress applied via a steelyard. The value
of the stress would then be known accurately and the
possibility of variations in the stress applied to other

specimens stressed to the same value would be diminished.
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SECTTION A

GENERAL CORROSION

I. MEASUREMENT OF CORROSION RATE IN ACID SOLUTIONS

(a) CORROSION OF ALUMINIUM

Although it would have been desirable to use
aluminium of the highest purity for this investigation, a
supply was not readily available in the required form
at the time and commercial purity metal was used.

The metal was received in the form of wire,

0.064 in, diasmeter, in coils. Chemical analysis
carried out by the methods recommended by the British
Aluminium Company (55) gave the composition as:-

Cu .o 0.02%

Si .o 0.15%
Fe ces 0.47%

Al con 99,31% (not by difference)
Total ... 99.95%

Annealing
The metal was annealed by heating at 59000. in

an air oven for 3 hours.

Mechanical properties

The stress-strain properties of the annealed

metal were determined by direct loading on a length
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of 10 f+t. The 0.1% proof stress was evaluated
by the offset method.
0.1% proof stress = 2.43% tons/sq.in.,
equivalent to a
direct load of 17.5
1bs.
Ultimate ten81le strength =4.46 tons/sq.in.,

equivalent to a direct
load of 32 1bs.

Creep
For applled loads greater than about 80” of the -

0.1% proof stress, the aluminium showed high creep
properties and it was impracticsble to apply a

direct load of more than 14 1bs.
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DEVELOPMENT OF TECHNIQUE FOR DETERMINING
CORROSION RATES

An apparatus was constructed whereby the
wire specimen was immersed in the corroding solution.
A direct tensile stress was appiied by means of a
steelyard.

The apparatus consisted of a vertical corrosion
tube, 3 ft. € in. in length, 1 in. internsl diameter,
in which the wire specimen was contained. This
tube was Jacketed and water from a constant
temperature tank was circulated through the jacket,
maintaining the corroding liguid at a constant
temperature.

The wire specimen was clamped to a steelyard
held above the corrosion tube and fixed to an
adjustable clamp below the tube. A rubber bung
was fitted at the lower end of the tube to retain
the corroding liquid, the wire passing through it
being sleeved by a narrow bore glass tube and sealed
by a small rubber bung partly bored to fit over the
glass sleeve and partly to allow the wire to pass
through it as shown in Fig. 2. A length of 30 ins.
of wire was exposed to the corroding medium,

protection being given at the water line and at the
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base of the tube by coating with a polymethacrylic
resin (I.C.I. Bedacryl, 144 T,L.). The method of
sealing at the base of the tube permitted adjustment
of the wire without rupturing the protective coating.
The apparatus was held in a framework constructed
of "Lcofix" strip metal. Five corrosion units, all

identical were set up.

The experimental determinations were commenced
by corroding the metal in dilute hydrochloric acid.
Several methods of estimating the rate of corrosion
were apparent and thesec were investigated.

Analysis of the amount of aluminium taken into
solution could be effectec either by withdrawing
the corroding liguid at definite intervals and
analysing it for metal content or by withdrawing
small samples and estimeting the metal content by
a micro-analytical method. It was thought that
the latter method would disturb the corrosion
process as little as possible and methods for

effecting such an analysis were investigated.

Polarographic Analysis (56)

A Cembridse Folarograph was used for obtaining

self recording current-voltage curves for the



- 43 -

solution under investigetion., The technique
employed by Gull for the determination of aluminium
in magnesium alloys was investigated (5Z), but it
was found that the aluminium step in the current-
voltage curve was so ill-defined that accurate
analysis was not possible when the aluminium
concentration was less than about 0,01%, whereas
analysis of solution containing about 0.001% was
required.

A recently developed method was investigated, which
utilised the principle that ions such as bromate, in
small concentrations, are catalytically reduced at
the dropping mercury electrode in presence of a )
relatively large concentration of cations such as
aluminium, but if the conditions‘are reversed so
that the concentration of bromate is much larger
than that of aluminium, the diffusion current
obtained becomes proportional to the aluminium
concentration (58). This method was found to be
a considerable improvement over the direct method
of analysis and a technique was developed whereby
concentrations of 0.003%3% of aluminium could be
analysed accurately. However, in order to carry

out an estimation, it was necessary to withdraw



comperatively lerge samples of the corrodinz sclubion
and concentrate by eveporation, thereby defeating the
origingl aim of teking smell samples, and snalysis
of the larger samples could be carried out as repidly
by gravimetric anslysis
Ir much of the preliminary work for developing
the experimental technicue for corrosion in acid
sclutions, the polarogrzzhic anzlysis was employed
and the more important of the resultis are given,
A specimern analysis illustrates the method of
‘znalysis and calculation of the amount of corrosicr.
The polerograph afforde a rarid and accurste
method of micro-anzlysis of z larzge number of semples,
especiglly iT estimstiorn of more than ome constitusnt
is recuired. Since it is az useful tool in corrosgion

research, zm account of the ftecimigue which was

developed for the arelysis of zluminium is given im full

ag an a:pendix to this thesi

Specimen Analysis

TARIE I

irmealed Al corrodec in 0.1 HCL at 206°C
Jorrosion after 142 hours.

* Surface area of wire exposed 5C.8 sg.cus.
Total volume of corroding eolutiom 472 ml.

* oonleulsted from average dismeter snd lergti euoged



SPECIMEN POLAROGRAMS

FIG. 3



- 45 ~

250 ml., of the corroding solution concentrated to
50 ml. 1C¢ ml. of this, 5 ml. of bromate base
solution and calculated volume of KC1l solution
made up to 25 ml. with distilled water. (see
appendix).

Polarogram 54, - unknown solution

Sensitivity ..3s
Ht. of step .. 1.20 in. Ht. at % sens. .. %6.0 in.

Sensitivity ..®o *
Ht. of step .. 1.77 in., Ht. at % sens. .. 35.4 in.

Average ee 35.7 in,

Polarogram 56. - Al standard soln. 0.005 gms./litre.
10 ml, std, 5 ml, base in 25 ml., total.

Sensitivity ..ws .
Ht. of step .. 1.66 in. Ht, at-s sens. .. 49.8 in.

Sensitivity .. s
Ht. of step .. €.98 in., Ht. at-+ sens. .. 49.0 in.

Average .o 45,4 in,

Corrosion of wire in 200 o X o 7 o ¥V
gms./sq. metre Y . S

where x = step height of unknown solution,

Yy = step height of standard at same sensitivity,

z = concentration of Al in standard solution
before dilution, in gms./litre,

V = total volume of corroding solution used in
corrosion test, in mls.,

S = surface area of wire exposed, in sq. cms.
. . _ 200 . 35.7 . 0.005 . 472

Corrosion of wire = IS 50.8

6.71 gms./sq. metre

i
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Experimental results

Experiments were carried out to determine the
effect of the interval between renewal of the
corroding solution, and also the effect of temperature,
on the rate of attack. The effect of applied stresses

less than the 0.1% proof stress was investigated.

TABLE IT
Corrosion of annealed Al in 0.10C N HC1l at 2000.
Solution completely withdrawn and fresh solution
added at the intervals stated.

Corrosion expressed in gms. Al dissolved/sg.metre.

Interval Average corrosion per 24 hours
_(hours) a b c d
24 1.%4 1.3%32 1.%6 1.%1
24 1.28 1.16 1l.26 1l.42
24 l.42 1.28 1.32 1.35
96 1.21 1.15 1.11 1.18
96 1.15 1.15 1,10 1.16
%30 1.C0C 0.96 0.95 0.9%

The average corrosion rate per 24 hours when
the corroding solution was renewed at 96 hour intervals
was somewhat less than when renewed after 24 hours,
and over %30 hours the average rate per 24 hours was
considerably less. Gstimation of the acidity of
the corroding solution after various periods of
immersion showed:-

Initial . 0.100 N

o4 hrs. .. 0,098 N
96 hrs. .o 0,095 N
330 hrs. .. 0.087 N.
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Hence, reduction in the rate of attack was due,
at least in part, to a reduction in the acid strength
as the hydrogen ions of the acid were replaced by
aluminium ions. Relatively small changes in the
normality of the solution had an appreciable effect
on the corrosion rate.

Samples withdrawn after 96 hours immersion
required little evaporation to raise the concentration
of aluminium to values which could be accurately
analysed. It was therefore decided that in subsequent

tests, this interval of corrosion would be adopted.

Effect of temperature

Experiments were conducted to determine the
effect of temperature on the rate of corrosion.
Wire specimens were corroded for 96 hours at the
temperature stated. Fresh specimens were used for

each test.

TABLE TII

Aluminium, No applied stress.
Correcded in O.1 NN HCI1.

Tgm'. Corrosion in 96 hours
_(°¢C (gms./sg.in./24 hrs.)
20 1.21 1.%2 1.30 1.%6
25 1.80 1.85 1.71 1.91
%0 2.58 2654 2.62 2.75
35 %.48 3.61 3,65 | 3.51
40 4,50 4,82 4,65 4.89




The average increase in corrosion rate with each

o . . .
5°C. increment of temperature rice was:

Increment % Incresse in corrosion rate
200 - 252 40
500 < 350 %
o] o)
357 = 40 32

The temperature control of the corroding
solution was % %PC., hence the variation in corrosion

rste due to temperature fluctuation was about T ug,

Effect of stress

The effect bf stress on the amount of cérrosion
after 96 hour intervals Was determined. Fresh wire

samples were used for each determination.

TABIE IV
Aluminium. Corroded in 0.1 If HC1 at 20°C.
Applied stress Total corrosion
(% of Proof stress) (gms./sc. metre).
ZERO 4,82 4,51 4,42 4,58
30 4,31 4,70 4,58 4,38
60 4,70 4,53 4,82 4,62
ZERO 4,61 4,40 AVERACE: 4.57
30 4,29 4,37 44
60 4,65 4,70 4,67
Discussion

Although the polarograph was rot used in the

final technique for determining corrosion rates,
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results obtained were useful in establishing
several details necessary for accurate reproducibility
of results.

Small changes in acid strength had an apprecisable
effect on the rate of corrosion. The results
given in Table II show that the average amount of
corrosion per 24 hours during intervals of 96 hours
and 330 hours were successively less than those
during intervals of 24 hours due to a gradual
reduction in acid strength during corrosion. The
actual rates of corrosion after intervals of 96
hours and %30 hours would be even less, hence it
was necessary that acid strength be made as nearly
identical as possible in all tests.

Changes in the temperature of the corroding
solution had a marked effect on the corrosion
rate, but in this case, the accuracy of the
determination was governed by the temperature
control of the corroding solution which in turn was
controlled by the circulation of water from a
thermostatically controlled reservoir through
Jackets surrounding the corrosion tubes. By
maintaining the corroding solution a few degrees

above atmospheric temperature, the loss of heat from
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the solution to the surroundings would be reduced
to a low value and the fluctuation in temperature
would be reduced to a minimum.,

Applied stress within the proof stress value
appeared to have no effect on the amount of corrosion
during an interval of 96 hours, the variation recorded
in the average values of six tests (Table IV) being
within the variation which could be caused by
temperature fluctuation.

If samples of corroding solution were taken
at more frequent intervals than about 96 hours, it
was necegsary to concentrate the solution for
analysis. Since this entailed drawing off an
appreciasble volume of corroding liquid and therefore
necessgitated complete renewal of the sclution to
reproduce conditions of corrosion, other methods for

estimating the corrosion rates were investigated.

Gravimetric Analysis using 8-hydroxy guinoline

The compound 8-hydroxy quinoline (oxine),
.HO.09H6N, forms a compound with aluminium in which
the metal replaces the hydrogen to give Al(09H6NO)5.
The quantitative precipitation of aluminium oxinate

is now recognised as being one of the most accurate
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methods for analysis of aluminium.

In an attempt o decrease the time of analysis,
several other methods were investigated. Instead
of drying the aluminium oxinate and weighing, the
complex§was dissolved in concentrated hydrochloric
acid, the solution brominated and excess bromate
estimated by titration. Although this proved to
be time saving, the accuracy of the analysis was
sacrificed.

Colorometric analysis using aluminon reagent
was attempted (59), but the accuracy was insufficient

to make this an effective method.

Gasometric Analysis‘

When a base metal is immersed in an acid solution,
hydrogen is evolved, the volume of which is a
measure of the weight of metal taken into solution.
By frequent measurements of the volume of hydrogen
libéfated, the amount of corrosion may be ascertained
without disturbing the specimen or the corroding
solution. This method has the added advantage of
being the most accurate meang of analysis, a
comparatively large volume of hydrogen being evolved
for a small quantity of metal dissolved. 1 ml., of

hydrogen is evolved for the dissolution of 0.0008%
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gms, of aluminium.

The method provided a difficulty in the means of
sealing the wire specimen at the top of the corrosion
tube, in order that the hydrogen evolved could be
collected, such that the stresses were not arrested
nor localised at the seal. It became evident that
the only method by which this was possible was by
making the seal independent of the corrosion tube,
The method developed made use of a floating bell
fitted inside the corrosion tube and sealed mmto the
wire by means of a rubber bung.

The original design required certain modifications.
An internal glass seal was constructed in the
corrosion tube such that itlcontained the bell,
ensuring that all the hydrogen liberated was
collected. For the purpose of taking measureﬁents,
it was necessary to choose an arbitrary value of the
gas space in the bell to which it could be adjusted
prior to each measurement. The simplest means of
effecting this was to adjust the levels of the liquid
ingide énd outside the bell so that they corresponded.
By submerging the bell such that this level occurred
in the narrow stem above it, an accurate zero set

was obtained.
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The volume of gas was measured by means of a
gas burette graduated in hundredths of a ml. The
connections between the bell and burette were of
capillary tubing in order that the dead space volume
was as small as possible,

The volume of hydrogen collected overnight was
frequently greater than the capacity of the bell.

To accommodate the gas, a reservoir was constructed
consisting of a bulb filled with water and fitted with
a levelling tube. The reservoir was connected to

the connecting tube between the bell and burette

via a stopcock so that it could be disconnected when
necessary.

A complete unit for measuring the volume of
hydrogen is shown in Fig. %, and the arrangement of

the apparatus is shown in Fig. 5( facing p.54).
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LXPERTMENTAL PrOCELDURE

Pretreatment of the Wire

An oxide film is formed on aluminium wheﬁ it is
exposed to air, snd when the metal is immersed in
acid the film must be dissolved before attack on the
metal can commence. Straumanis (60) found thet the
oxide skin is rapidly destroyed by concentrated
hydrochloric acid, but with decreasing acld strength
there is an increase in the "period of induction' which
elapses before attack becomes vigorous and steady.
With high purity aluminium, the period of induction is
nearly 2 days when immersed in 2N hydrochloric acid.
Maas (61) reports, however, that impurities shorten
the induction period.

Preliminary tests were carried out in which
the aluminium wire was pretreated by immersing in
hydrochldric acid of various strengths.- When the
acid was sufficiently concentrated to dissolve the
oxide film, the surface of the metal was etched and
roughened, probably resulting in an apﬁreciable increase
in the surface area (vide also p. 65). A satisfactory
technique wag to immerse the wire in 0.2 hydrochloric

acid for 24 hours, after which it was washed with
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the corroding solution used in the test, immersed

in it for one hour and then fresir corrodent used

for the test itself. Although it is probable that
the oxide film was not completely destroyed by this
procedure, there was no undue roughening of the metal
surface and reproducible results were obtained

during the subsequent experiments.

Details of Assembly

The length of wire exposed (30 ins., 76.2 cms.)
was the gsame in all tests. It was arranged that
the metal was protected at the surface of the liguid
and was not exposed to gas when a depression in
liquid level occurred due to accumulation of gas
in the bell. When a specimen was stressed, final
adjustment of the position of the wire was made by
means of the adjusfable clamp below the corrosion
tube.

The corroding liguid was introduced into the
corrosion tube via a tube entering the base of the
latter (vide.Fig. 4y, Conditionslwere allowed
to stabilise for half an hour before commencing
observations.

A little water was introduced to the surface

of the mercury in the gas burette to ensure that
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mercury vapour did not come into contact with the

aluminium,

Method of taking Observations

The level of the water in the reservoir was
adjusted to a graduation mark. At the time of
measurement, the level of the liquid inside the bell
was adjusted to the zero set by drawing gas into the
burette. If the feservoir was in use, tﬁe level of
the liquid in it was restored to the original set
by dréwing gas from it‘into the burette, and allowing
it time to adjust itself to the temperature in the

burette.

Tests Conducted

Experiments were carried out in order to
determine the effect on the rate of corrosion of:-
i) External stresses below the proof stress.
ii) Internal stresses, caused by overstrain of the
metal.
iii) External stresses applied to overstrained metal.
In (i) the stress was continuously applied, in
(ii) the metal was overstrained to the extent
indicated in the data obtained and corroded without

external loading and in (iii) an external stress was
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continuously applied to the overstrained metal.
In all cases, comparison was made with unstressed
specimens.

The initial experiments were conducted with a
solution of 0,1 N HCI1. In order to link these
tests with those conducted on the stress-corrosion
of aluminium allodys, sodium chloride was added to
the acid and a series of tests carried out with
0.1 N HCl1l containing 5% NaCl. It was decided
afterwards to use %% NaCl solutions in tests with
alloys in order to conform with the work of other
investigators and a series of tests using 0.1 N HC1
containing %% NaCl was carried out to give uniformity
to the work discussed in this thesis,

In all cases the corroding solution was static
and initially saturated‘with air. The solutions were
renewed after 96 hours and observations continued for
a second period of 6 hours.

Most of the tests were conducted at 2500., but
some were carried out at BOOC. since at one period the’

room temperature exceeded 25°C.

Presentation of Results

The data may be presented either as curves of

the total corrosion v. time of exposure or of the rate
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of corrosion v. time of exposure. The latter appeared
to afford a neater mode of expressing the results,
especially for comparing the attack under different
conditions of stress. This curve had the advantage
that any inaccuracies incurred due to the collection
of the comparatively large volumes of hydrogen
evolved overnight were not recorded, and hourly
measurements made at intervals during the day were
sufficient to express the results.

The curves for each specimen were drawn as
shown in Fig. 6. for the specimen set of observations

given in Table V.

Specimen Observations

TABIH V

Corrosion rate of aluminium with time of immersion.

Aluminium Unstressed
Corroding solution : 0.1 N HCl + 3% NaCl.

Data recorded.

time since last volume reading, hours.

volume of hydrogen collected in interval, ml.
rate of corrosion during interval, ml. H2/hour.
total time of immersion at which r is the
average value, hours.

*0 0

T
v
r
T

L0 2
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Interval time Volume H, Rate Total time
% v r T
0.25 0.27 1.08. 0.13
0.25 0.28 1.12 0.38
0.75 0.72 0.96 0.88
0.75 0.60 0.80 1.63
1.00 0.69 0.69 2450
1.00 0.68 0.68 2450
1.00 0.72 O 72 5.50
1.00 0.70 0.70 6.50
1.00 0.69 0.69 7.50
1%.00 9.01 0.69 14.5
1.00 0.65 0.65 21,50
1.00 0.65 0.65 22.50
1.00 0.68 0.68 2%.50
4,00 2.53 0.6% 26,00
1.00 0.6% 0.63% 28.50
17.00 11.18 0.66 37.00
1.00 0.61 0.61 46,50
1,00 0.60 0.60 47,50
%.00 1.75 0.58 49,50
2.00 1.21 0.61 52.C0
18.00 10.77 0.60 62.0C
1.00 0.60 0.50 71.50
2.00 1.14 0.57 7%.00
2.00 1.17 0.59 75.00
1.00 0.59 0.59 76450
1.50 0.91 0.61 7775
3.00 1.7%. 0.58 80.00
12.00 6.70 0.56 87.50
1.00 0.56 0.56 94.00
1.30 0.82 0. 54 95.25

Corroding solution renewed
Interval time Volume H2 Rate Total time
t v r T
0.25 0.62 2.48 0.13
0.25 0.54 2.16 0.%8
0.25 0.37 1.48 0.63%
0.25 0.40 1.60 0.88
0.30 1.04 2.08 1.25
0.3%0 0.75 1.50 1.75
0,30 0.65 1.%0 2.25
0.%0 O.54. 1.08 2.75

Continued
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Interval time Volume HE Rate Total time
t v r T
1.00 1.21 1.21 %4350
1.00 0.98 0.98 4,30
16,00 1%.00 0.81 1%.00
2.00 1.41 0.71 2%.C00
1.00 0.72 0.72 2%.50
2.00 1.37 0.69 25.00
2.00 1l.46 0.7% 27.00
1.00 0.71 0.71 28.50
16.3%0 11.52 0.70 3'7.25
1.00 0.71 0.71 4,25
1.50 1.01 0.68 47,25
%,00 1.98 0.66 46,50
2.00 1.%1 0.66 52,00
19.00 13.15 0.69 62.50
2.00 1.%2 C.66 73,50
1.00 0.64 O0.64 74450
2.00 1.%2 0.66 76.00
16.00 10.41 0.6% 85.00
%.00 1.84 0.61 94,50

General Observations

The rate of hydrogen evolution attained a
maximum value within about an hour of adding the
corroding solution. This rate diminished rapidly
eventually reaching a steady rate. A subsequent
reduction in the rate was due to a gradual increase
in the pH of the solution as the hydrogen‘ions of the
acid were gradually replaced by metal ions.

‘hen the corroding solution was changed, the

maximum rate primerily atiained and the subsequent
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steady rate became successively greater with few
exceptions. The time taken to attain a steady
rate also increased with successive changes in the
solution, Analysis of the gas evolved during the
period of high rate proved it to be hydrogen.

These observations are shown in Figs. 7 - 9.
Fig. 7 shows the increase in rates of attack when
the corroding solutiorn was renewed, Fig. & shows
the increase in the maximum value of the initial
attack when the solution was renewed and Fig. 9
shows that similar curves were obtained for stressed
metal.

The curves are for corrosion in 0.1 N HCl + 5%
NaCl. Similar results were obtained for the acid

alone and with %% NaCl.

NOTE

The different colours indicate different
specimens and the numbers indicate renewal of the

corroding solution.
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DISCUSSION

A possible explanation of the hipgh initisl rate of
attack with subsequent decrease to an almost steady
rate is that the system is initially in a state of
non-equilibrium and thereafter tends to equilibrium.
Aluminium is initielly immersed in a solution
saturated with air, free from aluminium ions and
containing a high concentration of uniformly distributed
hydrogen ions. When attack commences, aluminium ions
pass into solution at anodic points and the main
cathodic reaction, which occurs at regions of low
hydrogen overvoltage, is the combination of electrons
with hydrogen ions with subsequent evolution of hydrogen
gas. It has been shown by Whitman and Russel (62)
that oxygen accelerates the attack of aluminium by
4% hydrochloric acid, whilst Bryan (63) has shown that
oxygen appreciably increases the corrosion of &luminium
by 0.1 N hydrochloric acid. Thus a second cathodic
reaction is the combination of electrons with dissclved
oxygen. The overall rate of attack is therefore grezter
than that due only to the discharge of hydrogen ions.
As .corrosion proceeds, the concentration of aluminium
ions increases in the ligquid immediately adjacent to the

metal surface, eventually tending to a constant value
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as the ilons diffuse into the mein body of the solution
at the same rate as they pass intoc the diffusion layer
at the metal surface (vide Kemball (64)). The hydrogen
ions originally in the liquid layers near the metal are
discharged and hydrogen ions then diffuse from the bulk
of the solution to the metal surface. Although it is
unlikely that the rate of corrosion is dependent upon
the rate of diffusion of hydrogen ions to the metal
surface, as has been cugegested in the case of magnesium
(65), the characteristics.of the solution in contact
with the metal are difierent from what they were at the
commencecment of attack.

Ags the dissolved oxygen is used in the cathodic
reaction, 1t muSt diffuse to the metal surface from the
bulk of the solution. Replenishment of the oxygen in
the bulk of the solution can occuf'only by passage of
oxygen from the surface of the solution. The role
of oxygen therefore diminishes, since the latter process
can take place only by convection currents (vide also p.143 )
and may eventually become non-existent. Thus after a
period, conditions tend to become steady with a constant
rate of attack. Subsequent decrease in the rate of
attack is due to a decrease in the hydrogen ion
concentration of the solution.

Confirmastion of the different conditions when the
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corroding solution was introduced and after a period of
time was obtained by running off the corroding solution
after the steady conditions had been attained.  The
solution was mixed and saturated with sir and returned.
A fourfold incresse in the rate of attack occurred, the
rate returning to the originel value after about four hours.
Ixplanation of the increase in the steady rate of
attack after each change of corroding solution is that
it was probably due to an increase in the surface area of
the metal, as shown in ¥ig. 10, Destruction of an
incompletely removed oxlide film may also have contributed
to an increase in the rate of attack. These reasons
may also explain the marked incresse in the maximum rate
of hydrogen evolution in the initial stages which resulted

when the corroding solution was renewed.

Factors Influencing Accuracy of Results.

Three factors may have an agppreciable influence on
the accuracy of the observations on the rate of
corrosion as measured by the volume of hydrogen evolved.
First, Eydrogen is slightly soluble in agueous
solution; about © ml. will dissolve in 470 xl. of the
corroding solution. Hence the volume of gas coliscted is
lessg than that formed in the cathodic reaction. However,

dissolution of hydrogen is greatest in the early stages
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of the experiment and since the rate of hydrogen

evolution wag 0.4 - 0.5 ml. per hour in Q.1N hycrochloric
acid, there should be little error in the measurement
after about 20 hours. In the experiments, comparative
values between stressed and unstressed metal were required
rather than absolute corrosion rates, hence any error
would tend to be eliminated.

Second, corrosion by dissolved oxygen was not measured.
It was considered, however, that corrosion by this means
rapidly diminished as the oxygen was removed and after
about 20 hours would be relatively small. Any error
would be of the same order in all tests and therefore
the results under various conditions of stress would
be comparable.

Third, a certain amount of uncontrolled stirring is
caused by convection currents and by bubbles of hydrogen
rising through the solution. It is probable that to
obtain accurate valuess of the corrosion rate controlled
gstirring is necessary. This would ensure uniform
concentration of ions and dissolved oxygen in the bulk
of the solution and also control the size of gas bubbles
leaving the metal surface; a factor which has been shown
by Schnurmann (56) to affect the rate of dissolution.
Again, however, any errors due to uncontrolled stirring
would tend to be eliminated since comparstive rates of

attack were required.
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THEL INELUZNCE OF STRESS

The influence of stress on the corrosion rate
of aluminium is shown in the curves which follow.
To eimplify comparison of results, the curves for
each specimen were drawn as shown in Fig. © and then
traced onto transparent paper, thus the results for
several conditions of stress are visible simultanecusly.
In order to avoid unnecessary complication,
and to eliminate errors due to dissolution of hydrogen,
the initial high rates of hydrogen evolution are
omitted and steady state values only are shown. It
was found that if all values for the rates of attack,
as indicated in Fig. 6 (p. 59) were shown for all
specimens, it was difficult to distinguish the curves
drawn through these points due to the close proximity
of the lines. o make comparison as clear as possible,
a selection of values are shown for one specimen,
the other curves being traced without including the
plotted values.
Figs. 11 - 14 show the influence of stress for
corrosion in Q0.1 N HCl1l, Figs. 15 - 20 for corrosion
in 0.1 N HC1l + 5% NaCl and Figs. 21 - 26 for O.1 N
HC1 + 3% NaCl.

The corrosion rate is expressed as the volume
-1
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of hydrogen evolved per hour corrected to a pressure
of 760 mn. Hg, since comparative rates are required.
The absolute rate of attack may be obtained as gms.
of aluminium dissolved per sq. cm. by multiplying the

mls. of hydrogen by 0.0021.
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NOTE

The different colours represent
different specimens. TWo curves
per specimen were obtaiﬁed, the
éorroding solution being renewed
after 96 hours and the test carried

on for a further 96 hours.
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ANNEALED 20 3 OVERSTRAIN
10% OVERSTRAIN

EFFECT OF OVERSTRAIN ON THE SURFACE
OF ALUMINIUM

FIG. 27
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Discussion of Results

It may be concluded that the application of
an external stress within the proof stress has no
effect on the corrosion of aluminium in the corroding
media used. These results are in agreement with
those obtained by polarographic analysis and for
the influence of stress on the potential of aluminium
in these solutions, as described in the following
subsection.

Internal stresses set up in the metal by over-
straining have no apparent influence on the rate of
attack up to 1C% overstrain, but the rate of evolution
of hydrogen from a length of metal overstrained 20%
is less than that from the same length of unstrained
metal. However, when a metal is overstrasined, the
cross-sectional area is reduced but the surface
becomes roughened as shown in Fig. 27. It is,
therefore difficult to determine accurately the
true surface area. The average diameters of the
metal measured by a micrometer weres:- |

Annealed .vive....0.0640 in.
1% overstrain ...0.06%8 in.
10% overstrain ...0.0605 in.
20% overstrain ...0.0590 in.
An attempt was made to measure the true surface

area of overstrained metal by mounting several



O — Al mounted in plastic and polished to cross section
Diameter-0-070 in.

Unmounted wire shown above. Diameter-0-059 in.

FIG. 28
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specimens in plastic and polishing to expose the
transverse cross-—-section. Manual polishing did not
give a true cross-section, however, due to the soft
nature of the metal the surface flattened into a
flange as shown in Fig. 28.

Calculation of the surface area on the assumption
that no roughening occurred shows that on a length
of 30 ins.:-

Arnealed cieeceans 5.03 ing.

1% overstrain ... 6.01 ins.
10% overstrain ... 5.70 ing.
20% overstrain ... 5.56 in“.

Allowing for this reduction, an observed rate
of corrosion of 1 ml. hydrogen per hour equated to
equal surface areas gives:-

1% overstrain ... 1.00 ml./hr.
10% overstrain ... 1.06 ml./hr,
20% overstrain ... 1.09 ml./hr,

If these corrections be applied to the curves
for the corrosion of overstrained metal, then any
variations due to stress will be very small.
However, it is probable that roughening of the
surface increassed the surface area to some degree,
but since data are not available, the rates of
attack shown in the curves are not corrected, the

values being the volume of hydrogen evolved per

hour from a length of %0 ins.



- 87 -

The number of specimens tested for any
particular condition is too small to permit statistical
analysis, but a simple analysis may be made by taking
the mean value of the rate of attack after 20 hours
and after 8C hours immersion and evaluating the
mean of this value for the two curves for each
specimen, The results for various conditions of

stress may then be compared.

TABLE VI
fxample
A, Aluminium. No stress., (Fig. 22)
0.1 N HC1l + %% KaCl.
ml. H2/hour
Specimen 1. 2. 3 4, 5. 5.

lst. corrd., liacd.

Rate after 20 hrs. | 0.70 | 0.62 | 0.61 | 0.58 | 0.56 | 0.51
Rate after 80 hrs. [ 0.63% | 0.57 {0.54 | 0.52 | 0.51 | 0.48

2nd. corrd. licd.

Rate after 20 hrs. |0.65 | 0.59 | 0.50

] C. 0.54 1 0,48
Rate after 80 hrs. | 0.58 | 0.54 | 0.45 | Q.

1 10.%0 | 0.a4
Mean value 0.62 | 0.57 | 0.48 | 0.55 | 0.52 | 0.u5

Mean of 1st. & 2nd.[0.65 | 0.5 | 0.53 | 0.54 C.il 0.48

Continued
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Aluminium 20% overstrain (Fig. 25)
ml. Hz/hour.
Specimen 1. 2. A 4, 5.
lst. corrd. iiqd.
Rate after 20 hrs. CeB5 1054 | G55 | 047 | C 46
Rate after 80 hrs. 0,52 | 0.50 | 0.5110.45 | 0.40
Mean value O0.54 10.52 | 0.52 | C.46 | C.4%
end. corrd. ligd.
Rate after 20 hrs. Cu54 | 0.50 | 0.55 | O4% | 041
Rate after 8C hrs. Co52 | Cudt7 | 0,48 | 0.41 | 0.39
Mean value 0.51 [ 0.49 | 0.51 | O 42 | 040
Mean of lst % 2nd. 0.535 1 0.51 1] 0.52 | 044 | 0.42
Comparing A & B
8.1 = 0065 bl = 0055
a5 = 0.5% b5 = 0.52
az = 0.54 b4 = 0O.44
8.5 = 0051 b5 = 0042\
36 - 0048
£a = 3,30 2b = 2.42
a = 0.55 b = 0.48

equivalent to

Although the value of b is 0.07 less than &7,

a reduction of 1%%, the deviation between
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a; end 3 is 0.10 and the values of b, and b3 are
greater than ag and ag whilst b2 is greater than e
Thus the reduction in the rate of attack caused by
overstraining the metal 20% is less than the variation
reéorded in the corrosion of unstressed metal under
identical conditions and several specimens of over-
Stréined metal showed a higher reate of attack than
specimens of unstressed metal which show the lowest
rate of attack of the specimens tested.
Although a rigid arnalysis would require many
more tests, it was considered that further experimental
work on This subject was unnecessary, especially in
view of the fact that factors other than stress
showed an* gppreciable influence on the rate of attack.
During experiments in which analysis was carried
out by means of the polarograph, it was shown that
variation in the temperature had an appreciable
effect on the rate of corrosion, Table ITI, p.47. A
rise in temperature from 2500. to 5000. resulted in
a 44% increase in the corrosion rate, equivalent
to an average increase of nearly 9% per degree rise
in‘temperature over this range. A fluctuation of
R %OC. was possible in the temperature of the corroding

solution, hence for a corrosion rate of 1 ml. of
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hydrogen evolved per hour, the error was t 0.045 ml.

It has been shown by many investigators that the
rate of attack of aluminium in hydrochloric acid is
considerably influenced by the composition and
purity of the metal. Straumanis (69) states that
the presence of 0.01% copper produces appreciable
increase in the raté of attack and 0.1% coiper
increased the rate 1600 fold. 0.1% iron increases
the rate 160 fold. Moore and Liddiard (6%) have
shown that there is an enormous increase in the

resistance as the metal approaches 100% purity:-

TABIE VIT
% Aluminium - Loss in wt. (g./sg.dm.)
3.79 HC1 389 HCL (by wt.)
99.50 10 in 3 hrs. 10 in % hr.
99.90 - % in 15 hrs.
99.95 - 0.7 in 16 hrs.
99.99 0.044 in 52 hrs. 0.06 in 16 hrs.

Changes in the concentration of acid and of
sodium chloride also have a marked influence on the
corrosion rate. Clelland and Sly (88) obtained the
following results for the variation of the rate of
attack of 99.3% aluminium in hydrochloric acid

containing wvarious concentrations of sodium chloride:-
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TABLE VIIT
0.25 N HC1
% NaCl Corrosion rate
(mgms./sq.cm./day)
0 1.17
2 1.76
5 2.16
10 6.77
16 58453
22.6 153,

It may therefore be concluded that whereas a
high degree of overstrain may have a small effect
on the rate of corrosion of aluminium in acid
solutions, this is not significant when compared
with the effect of slight changes in the corroding

conditions and of the metal composition.
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I. (b) CORRCSION OF ALUMINIUM-MAGNESIUM ALLCYS

In Section B, the efiect of stress on the
structural corrosion of aluminium-magnesium alloys
in sodium chloride solutions is described.

This section describes experiments conducted on
one of the alloys, MiW.”7., to determine the efrect of
stress when corroded under conditions which result
in general attack.

The properties of alloy MW.7/. were:-
Composition: Cu ... Nil
Mn ... 0.%0%

Fe > O 0.20%
Si vee 0.17%

I\I’Ig LI 6.85%
Al ... Remainder.

Mechanical properties:

Annealed. 0.1% proof stress = 11.1 tonsg/sg.in. Bquiv.
to direct load 80 1lbs.

Ultimate tensile 20.8 tons/s¢.in. Equiv.
strength to direct load 149 lbs.

i

Overstrained 10%, aged 24 hours at 12500.

0.1% proof stress = 16.0 tons/sq.in. Equiv.
to direct load 106 1lbs.

Ultimate tensile 22.% tons/sg.in.fBguiv.
strength to direct load 148 1bs.

Details of strain-ageing are given in Section B,

D.158.
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Pretreatment of the Alloy iiires

Preliminary experiments were conducted in winich the
alloy wires were cleaned 1n the same menner as the
aluminium wires, i.e. in 0.2 hydrochloric acid for
24 hours. (Vide P. 54). However, there were consider-
able variations in the rates of attack on different
specimens which was considered %o be due to appreciable
attack on the alloy during the pretreatment. When no
attempt was made to remove the oxide film and the wires
were merely degreased in toluene, reasonably reproducible
results were obtained. The strain-aged wires were
sealed in a tube with argon during the ageing process
in order that the oxide film on the strain-aged alloy
should not differ from that on the annealed alloy.

The experiments conducted were similar to those
cerried out on aluminium. Shorter lengths of wire were
exposedrto the corroding solutions and corrosion tubes
of a correspondingly shorter length were used.

Annealed Alloy. A length of 12 in. (30.5 cm.)

was exposed to the corroding
solution.

Strain-aged Alloy. A length of 6 in. (15.2 cm.)
was exposed to the corroding
solution.

The results are shown in Figs. 29 to 33.
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Discussion of Results

The rate of attack of annealed alloy NW.7. by
saline hydrochloric aclid was considerably greater than
that of aluminium. The gradual increase in the
rate of attack with time, followed by a subsequent
falling off in the increase made comparison of
results more difficult than in the case of sluminium.

The increase in the rate of attack was probably
due to several reasons. Firstly, during an
induction period, in which the oxide skin on the
alloy surface was being dissolved, the attack graduaslly
increased as this barrier to corrosion became less
effective. Secondly, the surface area of the metal
increased as the metal was dissolved, an effect which
would not be so marked in the case of aluminium due
to the smaller rate of attack. Thirdly, increase in
the surface area due to corrosion increased the area
of the G>~phase uniformly distributed throughout the
aluminium-magnesium solid solution, and of impurities
with low hydrogen overpotential, which was exposed
to the corroding solution. Fourthly, dissolution
of hydrogen in the early stages of the attack.

The true rate of attack was difficult to

ascertain since the pH of the solution increased



as the hydrogen ions vwere displaced and the rate
of attack decreased as the concentration of metal
ions in solution increased. However, tests on the
alloy in the same metallographic condition were
conducted under identical conditions and comparison
of results is therefore legitimate.

Examination of the curves for the rate of
attack is sufficient to conclude that stress has little
effect on the general corrosion of alloy NW.7 in the
annealed state or when overstrained. As in the case
of aluminium, secondary factors such as temperature and
composition have a considerable influence on the
rate of attack.

Strain-ageing, resulting in precipitation of
the @ -component at the grain boundaries, renders
the alloy much more susceptible to corrosion in the
absence of applied stress than the annezled alloy.
This is to be expected since the corrosion is
electrochemical in nature and the presence of a
phase at the grain boundaries which differs in
solution potential from the mstrix solid solution
results in intercrystalline corrosion. A further
possibility is that overstraining, prior to ageing,

ruptured the oxide film on the surface of the slloy
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However, 10% overstrain had little effect on the
corrosion rate of the ennealed alloy (Fig. 31, p.96),
thus it may be assumed that any effect due to film
rupture was small compared with tThat due to the metall-
ographic changes caused by strain-ageing. Application
of stress appears to result in an increase in the

rate of attack, but due to the degree of variation in
the results and since greater variations in the rates
of attack than those caused by stress were obtained
when various methods of precleaning the metal were
investigated, it was difficult to draw definite
conclusions. However, increase in the rate of attack
may be explained as being due to stress opening up

the grain boundaries and exposing a larger area of

the anodic phase to the corroding solution. This
would be emphasised after some penetration along

the grain boundaries had occurred since stress

would tend to open out the narrow cracks formed by

corrosion.
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A TT. MEASUREMENT OF PCTENTIAL IN ACID SCLUTIONS

GENERAL

The object of the experiments on potential
measurements was to determine the effect of stress
on the potentizl between a corroding metal and the
solution in which it was immersed.

In acid solutions, no inhibitive film is formed

.

on the metal and a steady potential should be attained

[AH]

in a short time. In neutral salt solutions
containing dissolved oxygen, an oxide film is formed
on the metal and the potential values are governed
by repair or breakdovn of the film.

The major difficulties in the study of potential
under a given set of conditions are that no two
specimens of a metal are exactly alike and even for
a single specimen the potential drifts with time.
Comparative measurenents on different specimens may
therefore be misleading. These difficulties were
overcome by Evans and Simnad (29) by alternately
stressing and unstressing iron wire in a fatigue
testing machine and measuring the potential of stressed
and unstrescsed metel at comparable instants.

Measurements on a single gpecimen are not
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possible on a metal which has been permanently
deformed snd the only apparent method of determining
the effect of stress in the plastic range is by

obtaining values for a large number of gpecimens.

EXPERIMENTAL

Measurement of Potential

The potential of the metal in corroding solution
was determined by measuring the E.M.F. of the
corrosion cell coupled with a saturated calomel

electrode by means of a valve voltmeter.

The Valve Voltmeter

In order to measure very small changes in
potential and to indicate these changes on a scale
rather than by adjusting resistances to bring
galvanometer deflections to zero, a valve voltmeter
was coﬁstructed.

An attempt was made to obtain a suitable circuit
using a single pentode valve, but the sensitivity
obtained was too small. A satisfactory circuit was
eventually obtained by using a cathode follower, as

shown in Fig. 34.
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By adjustment of the stepped resistsnces Rl and
R2, the reading on the scale (a millivoltmeter) could
be set to any required value, small adjustments of
this reading could be made by means of the potentiometer
Pl. Changes in potential couid then be observed
directly from the meter, the values being converted
into millivolts by mesns of a calibration curve.
Values of one-hundredth of a millivolt could be
obtained at full sensitivity of the instrument, but
fluctuations due to temperature changes and vibration
did not warrant such sensitivity. By shunting the
meter, a somewhat lower semsitivity was obtained

which ensbled values of one-tenth of a millivolt to

be recorded.

Experimental

The meﬁai under exsmination, in the form of wire,
was contained in a glass vessel as shown in Fig. 35.
The top end of the wire was attached to a steelyard,
by means of which a tensile stress could be applied
to the metal, the lower end was held in a clamp.

For measurements in acid solution, the metal
was degfeased in toluene vapour, polished by rubbing
with a suspension of finely powdered calcium

carbonate in toluenke and washed in tcluene to remove
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the last traces of calcium carbonate. The metal

was completely protected, excepting for a band 1 nmm.

vide by means of polymethacrylic resin. After

addition of the corroding solution, a few minutes

were allowed to permit a steady potential to be

attained. The influence of stresses within the elastic

limit wss then determined by noting thé potential when the

metal was stress free, stresced and with stress removed.
Measurements were conducted on permanently

deformed metal by simultaneously immersing specimens

of unstressed metal and of overstrained metal in

the corroding solution and the potentials measured

against a calomel electrode and against themselves.

ATLUMINIUM.
Corroding solution : 0.1 N HCl + 3% NaCl.

Stresses within the elastic limit.

The potential of alqminium in acid sclution
oscillated considerably for periods ranging from one
hour to several days. It was not possible to obtain
accurate values since application of stress to a

metal showing a steacy potential caused the potential to
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oscillate through a range of 20-30 millivolts.
Average values were recorded, however, but as may
be seen a definite conclusion cannot be drawn, although

it appears that the effect of stress is negligible.

TABLE TIX

Potentials in millivolts on saturated calomel scale.

Time after Stress Stressed Stress
addn. of acid. free (70% P.S.) free
(mins.)
5 ~756 ~756 ~75%
8 751 753 755
11 751 750 754
15 751 748 748
60 751 751 751
120 751 751 755
180 750 744 42
185 750 749 Vel
5 =767 ~766 ~766
15 765 765 765
120 760 761 761
240 767 767 : 766
1 day 767 765 762
5 =761 not readable
20 758 758 755
60 756 755 not readable
% days 748 748 745
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Similar results were obtained for all other

specimens of aluminiunm tested.

Stresses beyond the Blastic Limit

When a metal is overstrained, comparison of the
potential for stressed and unstressed metal can be
made only by comparing the values for a large
number of specimens. The average potentials of
15 specimens of aluminium overstrained 1% and 10%
and 20 specimens overstrained 20% were obtained
and compared With‘the average value for the potential
of unstressed metal, measurements being made under

‘comparable conditions.

TABLE X
Corroding solution : 0.1 N HCl + 3% NaCl.
i Potentials in millivolts on saturated
; calomel scale
§ UNSTRESSED |
L Specimen Time of immersion (hours)
No. T 2 240
[ 1 ~751 ~754 ~755
; 2 760 760 759
3 756 755 757
4 761 763 750
5 755 756 726
§ ,;59 756 523
Continued
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Specimen Time of immersion (hours)

Yo, 1 2 24

9 -76% 761 -762

10 765 770 768

11 757 756 757

12 754 751 750

1% 760 758 762

14 758 759 757

15 763 755 756
AVERAGE -757.6 =-757.1 =757%

1% OVERSTRAIN

Specimen Time of immersion (hours)

No. 1 2 24

1 =759 =762 -762

2 763 76% 764

3 756 755 755

4 751 751 750

5 748 755 s

6 755 754 725

7 759 760 760

8 763 761 760

9 761 729 756

10 768 760 755

11 753 754 754

12 752 75% 752

13 759 758 759

14 758 755 754

15 759 760 755
AVERAGE =757.6 -758.1 -756.3%

10% OVERSTRAIN

Specimen Time of immersion (hours)
No. 1 2 24

1 ~-752 =756 =755

2 755 750 750

5 755 763 765

4 757 756 756

Continued




Specimen Time of immersion (hours)
No. 1 2 ] 24
5 -761 ~763% ~765
6 58 758 759
7 75% 750 751
8 76% 764 762
9 759 748 748
10 755 757 755
11 761 760 760
12 763 764 762
1% 751 751 751
14 749 753 755
15 752 751 753
-756.,1 ~756.3. =756.5

20% OVERSTRAIN

Specimen Time of immersion (hours)
No. 1 2 24
1 =759 =757 =756
2 761 760 759
3 754 751 753
4 758 7’55 755
5 763 765 761
6 760 759 758
7 751 754 V5%
8 752 754 755
9 758 758 757
10 750 755 755
11 763 759 760
12 761 761 759
1% /58 755 756
14 760 758 757
15 760 760 761
16 755 755 756
17 765 760 761
18 769 762 76%
19 759 761 762
20 758 755 754
AVERAGE -758.6 =757.5 -757.6
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H.M.F. of cell between gpecimens.

The E,M.F. values of the cell between different
specimens of stress-free metal and between stress-—
free and overstrained metal are tabulated below.
Wihere oscillation of the potential made it impossible
to make a reasonable estimation of the average

value, a range of readings is given.

TABIE XTI
Measurement after 60 minutes immersion

Unstressed metal

Cell between EJi.F.

specimens No. (millivolts)
l1&2 -3
1&53% +1
1 & 4 0
1&5 +6 » =6
l1&6 -5
1&7 +8
1&8 -12
1& 9 +5
1& 10 -4

Stresced specimeng overstrained 10%

Cell between EJM,F.
unstressed specimen No. (pillivolts)
% stressed specimen No.,.

1& 1 +10 - =10
1&2 +3
1&53 -5

Continued
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Cell between B F.
unstressed specimen No. (millivolts)
& stressed specimen No.

1é& 4 +5
1&5 +3 + =8
18&6 0
1&Y +2
1&8 +10 + =18
1&9 -5
1& 10 +12
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Discussion

The oscillating values in the case of elactic
stress applied toc snnealed metal makes it difficult
to draw definite conclusions. However, when these
results are considered in conjunction with those
obtained by measurement of the corrosion rate, it
may be stated thet elastic stress has a negligible
effect, as gauged by these methods on the corrosion
of aluminium in acid solutions.

The average values of the potentials of
overstrained metzl compared with unstressed metal

gave the following results:

Time of immersion (hours)

1 2 24

Unstressed =757.6 -757.1 -757.%
1% overstrain 757.6 758.1 756.%
10% overstrain 756.1 756.% 756.5
20% overstrain 758,6 757.5 757.6

After 1 hour immersion metal overstrained 10%
showed a deviation of 1.5 mv, in the cathodic
direction, whilst metal overstrained 20% showed a
deviation of 1.0 mv. in the anodic direction
compared with unstressed metal. After 24 hours

immersion metal overstrained 10% showed a deviation
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of 0.8 mv. in the cathodic direction and metal
overstrained 20% a deviation of 0.3 mv. in the
anodic direction. These values are very csmall and
comparison with the mean of the devistions of the

results obtained for each condition of stress shows:

Time of immersion (hours)

il 2 ok

Unstressed %5485 5475 %.29
1% overstrain 4,08 3.21 %410
10% overstrain 3,81 4,68 4,57
20% overstrain 3.5 3,47 2.61

Thus it may be concluded thet the effect of stress
in the plastic region is less than the variation in
the potentials of specimens treated in a manner as
nearly identical as possible.

The results for the potentiazl between different
samples of unstressed metal and between unstressed

and overstrained metal emphasise these conclusions.
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ATUNMINTUN-MAGNESTUM ALILOY MW.7.

Corroding solution : 0.1 N HCl1l + 3% NaCl.

Stresses within the yield stress

The potential of the alloy in acid solution
became steady in a short time, although this value

drifted with prolonged periods of immersion.

Annealed metal

A steady potential was attained within 10
minutes after which the metal was stressed and the
stress removed for various values of the stress.

In all cases strescses below 85% of the proof
stress showed no effect on the potential. Stresses
of greater magnitude showed a maximum deflection
of 0.2 mv. in the anodic direction when stress
was applied. On removing the stress the potential
returned to the original value over periods

varying from a few seconds to several minutes.

‘Strain—aged metal

Semples of the alloy overstrained 107 and
aged for 24 hours at 125°C. were tested. Stresses
in the region of the proof stress rendered the

potential more anodic by a maximum value of C.6 nv.
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and in no case less than 0.2 mv. (20 samples tested).
After application of stress the potential tended to
drift a few millivolts but subseqguent removal of the
stress resulted in a sudden change of between 0.2
.,and Q5 mv,., in the cathodic direction followed by

a slight drifst. The final potential after removal
of stress returned to the initial potential before
stress was applied within 2 minutes.

Applied stresses below about 75% of the proof
stress appeared to have no effect although in
several cases a slow drift in either anodic or
cathodic direction resulted, the potential eventually
returning to the original value. A selection of

results is given in Table XITI.

TAPLE XTI

Potentials in millivolts on sabturated calomel scale

Stress: 94% of 0.1% proof stress.

All readings 15 minutes after immersion of specimen.

Specimen unstressed stressed unstressed
No.
1 —797-8 "’798.1 "'7(.75’.0
2 785.1 785.5 785.2
5 776.8 7772 777.0
4 7647 V65.% VEE L2
> 798.0 798.2 797.8

Continued



Specimen ungtressed stressed stressed
No.
7 758.2 758.5 758, 4
8 761.2 761 .8 761.2
9 791.6 791.8 791.7
10 799.0 799 .4 799.4
Discusgion

As in the case of aluminium, it may be concluded
that any effect of stress is very smell. However, a
small deviation in the anodic direction was observed
in all cases when a stress of 94% of the proof stress
was applied to the strain-aged alloy.

In these experiments the effect of stress on
the average potential of an electrode was measured.
The corrosion of strain-aged alloy AW.7. was to a
large extent preferential at the grain boundaries
as well as general, the grains themselves suffering
attack. Thus exposure of an increased area of
anoaic @ -phase due to stress opening up cracks
(vide p.101) would not necessarily result in an
appreciable change in the average potential in the
anodic direction. In general, potential measurements
provide little information on the rate of corrosion, but
the experiments carried out were useful as confirmatory
tests to those in which the rete of hydrogen evolution

(
i3
[

was neasured.
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SwCTION B

THE INFLUENCE OF STRESS CON ITOCALISED CORROSION OF
ATUMINTUM-MAGNESTUM ALLOYS

It is known that aluminium-magnesium alloys
containing more than 7% Mg are susceptible to stress-
corrosion when their structure is such that they
are susceptible to intercrystalline attack. This
condition is not found in the anneasled alloy but
is induced by streain-ageing, which may be effected
in service by the prolonged exposure in tropical
climates of an alloy overstrained during fabrication.

Dix (18) discusses experiments on the stress-
corrosion of these alloys and indicates that the
probability of stress-corrosion failure is very
high in alloys containing more than 7% lig but
decresses rapidly to zero probability for zlloys
containing less than 4.8% lig. However, service
failures in rivets containing 5% magnesium have
been reported (18,69), but it is not known to what
extent the 5% alloy is susceptible.

The purpose of the experimental work was to

develop suitable techniques for stress-corrosion tests
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on an alloy known to exhibit stress-corrosion
properties, viz. Al-7%Mg, and by conducting
similar tests on an Al-5% Mg alloy to ascerteain
the stress-corrosion susceptibility of the latter
alloy and by comparing the results for the two
alloys to determine whether any light could be
thrown on the mechanism of stress-corrosion. |
Corrosion ~ time curves for alloys corroded

with and without application of stress were
investigaﬁed by utilising two different techniques:

i. The oxygen absorbed and hydrogen evolved.
ii. The loss in mechanical properties.

These are described in this section.
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B.I. MEASUREMENT OF CXYGEN ABSORBED AND HYDROGEN
EVOLVED

Measurements of the loss of strength due to
corrosion do not indicete any changes which may
occur in the mode of attack. It was therefore
decided to invéstigate whether any changes do occur
by measuring the oxygen absorbed and hydrogen evolved
during the corrosion of strain-aged NW.7/. with and
without application of external stress. Detalls
of strain-ageing are given in Section B.II, p.i52

Development of Apparatus

The essential features of the corrosion
apparatus used by Bengough and Champion (50-54) for
the measurement of oxygen absorbed and hydrogen
evolved were as follows:

i. A corrosion vessel of specified dimensions
in which the specimen'was completely immersed in
a pure saline solution saturated with air.

'ii. A pletinum spiral in the gas space of
the corrosion vessel which could be heated to dull
redness by passage of an electric current, to remove

the hydrogen evolved during corrosion.
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iii. A gas burette and manometer connected to
the corrosion vessel through a special stopcock,
enabling the changes in volume of the gas in the
corrosion vessel to be measured.

An additional feature required here was means
for applicatiqn of stress to the metal. It was
decided to use direct loading by means of a steel-
yard as used in the other experiments described
in this thesis and since the experiments of Behgough
and Champion were conducted on a metal totally immersed
in a horizontal position, it was decided to conduct
experiments with the wire speclmen inmersed
horizontally at constant depth.

A glass tube 11 in. in length and 1% in.
diameter was drawn out at the ends to a narrow
tube % in., diameter, as shown in Fig. 36. A tube
% in. diameter and 1 in. in length was Jjoined
centrally and perpendicularly to the former tube,
the open end of the latter being fitted with a B.1l4
"Quickfit" Joint. A platinum spiral was sealed into
the tube such that it could be heated by passage
of current from a battery. A burette and manometer
for determining changes ir the volume of the gas

was constructed as shown, such that they constituted
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a section which fitted into the corrosion vessel
at the B.l4 Jjoint.

The wire specimen was passed through the
horizontal tube and sealed into the vessel by
means of two rubber bungs partly bored to fit over
the ends of the tube and partly to fit over the
wire. Two brass clamps were fitted at either
end of the wire and Jjoined to lengths of licnel
wire which passed over two brass pulleys. Cne
wire was clamped to the supporting framework, the
other was attached to a steelyard by means of
which the necessary stress was applied, as shown
in Fig. %7. The whole apparatus was immersed in
a tank containing water maintained at a constant

temperature.

Ixperiments with Horizontal Immersion

The experiments consisted of the measurement
of fhe oxygen absorbed and hydrogen evolved whilst
the metal was ilmmersed in sodium chloride solution.
The horizontal tube and part of the vertical tube
were filled with corroding solution. ¥easurements
of the gas volumes before and after burning the
hydrogen were taken at daily intervals.

It beczme apparent that after a few days the
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corrosion of the wire wes not uniform, the arca
immediately below the vertical tube suffering little
attack compared with the extremities of the metzal.
The inference was that diffusion of oxygen to the
metal surface was nct uniform, the section below the
gas space receiving a greater supply than the
remainder of the metal rendering the extremities
anodic to the central portion. In order to obviate
» this difficulty, the corrosion vessel was only
partly filled with corroding solution, but the
values of gas absorbed and evolved were erratic

and reproducibility of results was poor. It was
thought that the gas evolved from the extremities

of the metal did not reaeh the platinum wire

for burning, and the voclume of gas space being
comparatively large reduced the accuracy of the
measurements.

- Due to the fact that the apparatus was difficult
to assemble for a test, and the difficulties
outdined above, it was decided to construct an
apparatus in which the metal was held in a vertical

position under conditions of total immersion.

Apparatus for Vertical Immersion.

An attempt was made to rectify certain
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disadvantages apparent in the horizontal corrosion
vessel. One of these was the method of sealing
the wire into the corrosion vessel by means of
rubber bungs. It was necessary, however, to
effect the seal in such a manner that the wire could
stretch when a load was applied and any elongation
occurring during the corrosion could teke place
without loss in the applied stress. One method
was to utilise the principle used in experiments
on the gener:l corrosion in acids, by sealing a
bell wmto the wire and arranging a mercury seal
between the bell and the corrosion vessel.

The apparatus constructed was as shown in
Fig. 3%8. A glass tube 2 ins. in lerngth snd % in.
diameter was sealed concentrically 2 ins. below
one end of a tube 11 ins. in length and 1% ins.
diameter. A glass bell 2 in. in length and 1
in., diameter was contained in the space between the
seal and this in turn was sealed with mercury. The
bell conteained a platinum spiral which could be
heated for burning the hydrogen and a capillary
connection to a gas burette and manometer, A
gas-tight seal between the wire and the top of

the bell was made with polymethacrylic resin.
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The corrosion vessel was filled with the corroding

liguid leaving as small a gas space as convenient.

A blank test was conducted with the tube
filled with corroding liguid, but no wire in the
apparatus. The platinum wire was repeatedly
heated to dull redness for about 15 seconds after
which the gas was allowed to cool and any changes
in the volume of the gss noted. It was observed
that expansion of the gas as a result of heating
the wire caused a depression in the level of the
mercury in the inner side of the seal and on cooling
a slight deviation of the mercury meniscus from
its originsl position resulted in en error in the
reading of the gas volume. Although the difference
in volume was small, it comstituted an appreciable
error when compared with the volume changes being

estimated during corrosion.

'Modification of Apparatus.

A new design was construéted dispensing with
the independent bell, the corrosion vessel being in
one section and the wire sealed into the top of the

vessel by means of a rubber bung. £ difficulty
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was caused by expansion of the gas above the corroding
solution when the plstinum wire was heated. A gide
arm was constructed on the corrosion vegsel, expsnsion
of the gas then caused a depression in the liguid
level in the corrosion tube which was compensated

by the level rising in the side arm. Subsequent
tests indicated that there was no error caused by
changes in the liguid level as was the case with the
mercury seal.

It was observed that the corrosion rate decressed
rapidly after about 3 days and specimens of strain-
aged NW.7. loaded to 91% of the proof stress did
not fail within 25 days whilst in tests involving
measurement of the loss of’strength, failure occurred
within 12 days when stress of this value was applied.
It was thought that once the dissolved oxygen in
the corroding liquid had been used, diffusion of a
fresh supply from the surface was so slow That
corrocion virtually ceased. By bubbling pure oxygen
through the corroding liquid for 15 minutes, the
corrosion rate increased and by repeating this
procedure at 48 hour intervals, failure of NW.7.

alloy occurred in less time than in the partial
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immersion tests described on p. 149.

The oxygen was passed into the corrosion tube
through the side arm, fitted with a tap, originally
constructed to permit expansion of the gas. The
manometer was enlarged to take the increased
volume when the hydrogen was burned. The apparatus

is shown in Fig. 39.

EXPERTMENTAL PRCCEDURE,

Assembly of Apparatus

The alloy‘was cleaned by exposing to toluene
vapour and the extremities of the wire specimens
were coated with polymethacrylic resin so that
protection was given at the water line for % in.
below the surface and a length of ¢ in. exposed
to the corroding solution.

The specimen was fitted into the corrosion
tube which was then filled with corroding liquid
which had previously been saturated with oxygen
at the temperature of the experiment. The gas
burette and mancmeter were attached to the corrosion
vessel via a short length of rubber tubing. The

connection was arranged such that the glass ends of
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the two sections, which were ground flzt, were
in contact, the rubber being bound with wire and
coated with rubber cement to ensure that no volume
changes were taken up by it. (Cf. Champion (53)).
The whole apparatus was immersed in a thermostat
tank, the wire attached to the steelyard and the
required stress applied. The level of the water in
the thermostat was adjusted so that the apparatus
was completely submerged. The assembled apparatus
is ghown in Fig. 40.
- Observations were commenced one hour asfter

assembly in order to permit coanditions to stabilise.

Blank tests showed that the apparatus was gas-
tight and that after heating the platinum wire, the
volume of gas returned to its original value,
1 0,002 ml., within 15 minutes.

The thef&ostat was controlled at 25°C. % 0,1°.
All readings were taken to within % 0.01°C. as

observed on & BReckman thermometer.

Obsgservations

The observations which were made were:
i. lMeasurement of the volume at the initial time.
ii., Measurement of the volume at the end of interval.

iii. Measurement of volume after burning the hydrog:mn.
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The volume of hydrogen was measured by heating
the platinum wire to dull redness for periods of
15 seconds and permitting the gases to cool for
5 minutes after each heating. When there was a
negligible change in consecutive readings the gas
was allowed to attain temperature equilibrium for
half an hour before the final reading was taken.

In the first series of tests the manometer was
open to the atmosphere. AdJjustments of volumes
were made for changes in atmospheric pressure, the
volume of the gas space being determined by raising
the temperature of the thermostat a few degrees and
noting the change in voclume. In later experiments
the manometer was sealed under a pressure of 760 mm.
Hg. and in assembly of the apparatus the pressure of
the gas above the corroding liquid was adjusted to

correspond.

BExperiments conducted

 Experiments were carried out in order to
determine the effect of stress on the corrosion of
strain-aged NW.7. Observations were conducted on
specimens with externally applied loads of 85%, 7%%

and 66% of the 0.1% proof stress and compared
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with those obtained for suecimens to which no

external stress was applied, when corroded in a

solution of %% sodium chloride with hydrochloric

acid added to give the solutions a pH of 3. Oxygen was

bubbled through at approximately 48 hour intervals.

Calculetion of Results

A specimen calculation of the amount of corrosion
and the observations obtained for a typical experiment
are given, The results are presented as corrosion

time curves, Figs. 41 to 47.

Specimen Calculation

Manometer open to atmosphere.
Let x be the volume of the gas space.

At 25.0080. Vol. = x + 1.000 ml.
28.00 C. VOl. = X + 10485 mlC

X 47,2 ml,

n

Vol. at 10.00 a.m. 1lst day oo 1.12 ml.

Atmos. pressure cecans 759.1 mm.

Corrected vol. cecense 0.9988x + l.116 at 760mm.
Vol., at 10.00 a.m. 2nd day cee 0.82 ml.

Atmos, pressure cessns 760.1 mn.,

Corrected vol, ceesse 1.0001x + 0,820 ml.

Hydrogen burned

Final firing at 10.30 a.m.
Vol. at 11.00 a.m. oo 0.68 ml.
.. Contraction due to H2 burning = 0.14 ml.

¢. VOLUME OF HYDRCGEN EVOLVED 0.09% ml,

H
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Oxygen Absorbed

Vol. O, absorbed
10.06 a.m. 18t - 10.00 a.m. 2nd day

= 0,50 - 0.,0013x + H2 evolved
= 0.24 + H2 evolved.

Hydrogen evolved
10.0C a.m. 1lst - 10.00 a.m. 2nd day

= 0,09% ml.

Vol. of H, evolved per hour is very small and no
correctionl is necessary.

oo Vol. of oxygen absorbed = 0.24 + 0.093 ml.
= 0‘355 mlo

Average absorption per hour = 0,014 ml,

~ VOLUME OF OXYGEN ABSORBED

l0.00 a.mo lSt - 11.00 S e 0la 2Ild day
0.%%3 + 0.014 ml.
Q.34 ml,

i

il

These values may be ccnverted into weights of
aluminium dissolved:-

Corrosion due to hydrogen evolution

Al*"® + 3e-
BHgO + H2

Anode: Al _
Cathode: 5H50 + 3e

Thus 1 ml. H2 is evolved for dissolution of 26.97/22,410
' gms. Al.
-4

= 8005 . lo ng. .A.lt

Corrosion due to oxygen absorption

Anode: 4A1 = H4A1°°° 4+ 12e”
Cathode: 502 + 6H20 + 12e = 120H

Thus 1 ml. 05 is absorbed for dissolution of 1.605.10'_5
gms. Al.
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Presentation of Results

Since these tests were conducted on & wire
immersed in a vertical position, the attack wes
probably unevenly dlstributed, eventually being
concentrated near the water linme. It wss therefore
considered.that corrosion should be exgressed as
the total Weiéht of aluﬁiniumvdissolved rsather than

as the dlccolutloﬁ per unit of surface area exposed,
the lattér express 1on haVJng little meaning unless
unlform corrosion occurs on the whole of the surface
exposed. , ;

The.oﬁéervations and caiculated results for
Q?e expéfiméhtwéfé shdwn iﬁ.Tablexnl;;and the
eﬁperiméﬁtél‘fesuits-areypresenﬁed as corrosion-time
curves and rate of corrosion - time curves in Figs.
41 - 47, In the corrosion - time curves, the amount
of Corrosion as neeg sured by nydrogen evolution and
by oxygén absorption is shown and a curve for the
total cofrbéion:inCludéd; Tn the rate of corrosior—
time curves, the ratea of attack as measured by

hydrogen'evolut;on and.by oxygen absorption are showm.
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FTIGS. 41 - 47

‘Curves for the total corrosion-
’time'and rate of corrosion-time
for alloy NW.7, wires, 0.061 in,
diameter, strain aged, immersed
vertically in %% NaCl solution

containing HCl, pH 3.
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DISCUSSION CF RESULTS

The curves for the rate of attack as measured
by oxygen absorption are similar in all experiments,
the attack rapidly rising to a maximum and then
falling at a decreasing rate. There is considerable
variation in the time taken to reach the maximum
rate and the values for this rate differ appreciably
even in experiments conducted under ildentical
conditions. There is apparently no distinction
between the nature of the curves for stressed and
stress-free alloy.

The rate of attack does not appear to show marked
changes when oxygen is introduced at 48 hour
intervals, but the periods between measurements of
oxygén absorption were possibly too long to show any
effect. However, when oxygen is not introduced,
the rate of absorption of oxygen attains a maximum
in periods similar to those shown when oxygen is
introduced, and then falls almost to zero.

The attack as measured by hydrogen evolution
shows considerable variation for specimens corroded
under the same conditions of stress. In several cases
the shkape of the hydrogen curve is similar to that of the

oxygen curve in that a meximum rate is attained within
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about 80 hours, followed by a gradual decrease in
the rate of attack. This is evident in the case

of one of the unstresscd specimens, Fig. 41, but for
the other unstresced specimen, Fig. 42, the rate of
hydrogen evolution shows a second decrease after
about 240 hours immersion, becoming almost zero after
320 hours. A similar tendency is shown by stressed
alloy, Fig. 45. In other experiments the hydrogen
evolution is very irregular, showing several maxima
and minima during the period of measurement, cnd in
one case, fig. 44, the .rate shows a marked increase
after about 120 hours, there being no vrevious
maximum,

In general, the rate of corrosion as measured by
oxygen absorption is always greater than that
measured by hydrogen evolution, but in one tect,

Fig. %/: the rate due to hydrogen evolution becomes
greatér than that due to oxygen absorption after about

270 hours.

Possible Mechanism of Attack on the Alloy Viire

Initially, the corroding solution was saturated
vith oxygen and therefore in equilibrium with the oxygen

in the gas space above the solution. Corrosion by

oxygen absorption, in which cathodic regions were
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distributed at rsndom over the surface of the wire,
would result in exhaustion of the oxygen in the
bulk of the solution, upsetting the equilibrium between
the oxygen in the solution and in the gas space.
Replenishment of the oxygen could occur only by
diffusion from the gas space and by pascage of oxygen
from the surface of the solution by convection currents
It has been shown by Bengough and his co-workers
(70,71) that the rate of attack on horizontal discs
of zinc and of mild steel, fully immersed in static
solutions of potassium chloride, falls off rapidly
with the depth of immersion. Below a depth of about
1.5 cm. the rabte of attack is almost constant at a
fraction of that when very close to the surface.
The constant rate which occurred below a critical
depth was accounted for by replenishment of oxygen
by convection currents, which are almost independent
of depth.

After exhaustion of the oxygen in the bulk
of the solution, the cathodic region would be
concentrated at the water line, where oxygen could
be replenished by diffusion. Thus attack would
chenge from "primary distribution' to 'secondary

distribution" (cf. Evans (72)). During the primary



- 144 -

attack, precipitation of aluminium hydroxide would
occur when &nodic and cathodic products came into
contact. Some of this would form a protective film
on %he alloy surface, the attack on the wire being
reﬁarded, whilst some would fall to the bottom of
the corrogion vessel.

A visible film of corrosion product was first
observed on the lower regions of the exposed wire. The
film subsequently covered the whole surface.
Examination of the wire after completion of a test
indicated that corrosion was most severe near the
uppermost end of the exposed surface, this being
verified by the fact that when a stressed specimen failed,
it invariably did so at a section within one inch
of the top of the exposed metal.

It would appear that the corrosion of the
alloy took place in two repeating phases. One when
oxygen was distributed uniformly throughout the
solution, the other when the oxygen in the bulk
of the solution was exhausted, or at least the
concentration diminished. Bubbling oxygen through
the solution at inftervals would replenish the oxygen
supply in the bulk of the solution, re-~establishing

egquilibrium with the oxygen in the gas space. The
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attack would thus revert to that of the original
phase, then pass into the second phase until oxygen
was again bubbled through the solution.

It is doubtful whether the volume of oxygen
absorbed from the gas space had a direct relation-
ship with thé quantity used in the corrosion. It
has been recognised by several investigators that
the rate of absorption of oxygen from the gas space
is not necessarily egual to the rate of consumption
of oxygen by the metal at the same moment. This
will not, however, vitiate the accuracy when the
corrosion velocity is constant or only slowly
changing. (Bvans (73), Bengough et alia (52). Vide
also discussion by Evans and Bengough (74)). In
the present case, it is probable that the corrosion
velocity was changing and discrepancies beltween
oxygen absorption as measured and the true guantity
of oxjgen used may partly account for the variation

in the results.

Bvolution of Hydrogen

Hydrogen evolution was due to cathodic reactions
involving combination of hydrogen ions from the
solution with electrons from the metal, with formation

of hydrogen gas.
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Since hydrogen ions were uniformly distributed
through the corroding solution and were at no time
supplied from an external source, the corrosion
rate as measured by hydrogen evolution was a measure
of the rate of attack due to hydrogen ion reaction at
cathodic regions, although there might be an error
due to dissolution of hydrogen in the corroding
solution (ef. p.65 ). Champion (53) in experiments
on completély immersed aluminium, found that the
hydrogen evolution: was proportional to the total
corrosion, but further experimental work would be
- necessary to establish this in the case of the alloy

wire .
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B.IT. MEASURBMENT OF THE 1085 IN MECHANICAL
PROPERTTES

Published work indicates that many techniques
have been employed in the study of stress-corrosion.
The methods of exposing the specimen to the corrosive
environment include total immersion, partial immersion,
salt spray and intermittent immersion. The application
of external stress has been effected by direct
loading, loading via levers, eccentric loading and
by indirect methods. Tn most cases the specimens
have been in the form of strips cut from rolled
sheet (3, 75, 76). In the present investigation,
specimens in the form of wire were used, for the
reasons expressed on p. 358.

The destructive effect of stress-corrosion has
been recorded as the losg of ultimate tensile strength
of elongation and of yield strength (or 0.1% proof
stress). Champion (54)has produced results showing
the relation between the loss of 0.1% proof stress and
the loss of ultimate tensile strength for several
aluminium alloys. It is shown that in some cases
a marked loss of tensile strength can occur before
the proof stress is affected. Blongation measure-

ments have been used to check the results obtained



- 148 -

by tensile strength measurements, but in the present
case the scatter of results obtained for the
elongation of uncorroded wires was considered

to be too large to render this method of assessment
reliable. The criterion of corrosion measurement
adopted was therefore limited to determination of

the ultimate tensile strength.

Development of Technique.

Stressing in tension by means of a steelyard
proved to be a satisfactory method for applying
stress in the experiments on general corrosion.
This method was therefore adopted in the present
tests.

The simplest means of exposing the alloy wire
to the corroding solution was by total immersion
in static solution. In preliminary experiments
the corroding solution used was %% sodium chloride,
and iﬁ order to accelerate the attack hydrochloric
acid to give a pH of % was added. 'However, elthough
stresses in the region of the proof stress, when
applied to strain-aged Al-7% Mg alloy, caused
failure within 12 hours, the time-~-to-failure ranged
from 8+3%2 days with stresses of 85% of the proof

stress. With smaller stresses specimens were
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unbroken after 6 weeks.

In order to accelerate the atteack, experiments
were carried out in which the specimens were partiaslly
immersed., However, with stresses less than 60%
of the proof stress, the time-to-failure was on an
average longer than 6 weeks and reproducibility of
results was poor. During earlier experiments
involving measurement of oxygen absorbed and hydrogen
evolved it was observed that little attack took
place unless the dissolved oxygen in the solution
was regularly replenished. In this event cracking
occurred in less Time than in the partial immersion
tests described above. This indicated that dissolved
oxygen played an important role in stress-corrosion
and as later shown by Gilbert and Hadden (45) its
presence is necessary for occurrence of stress-
corrosion. These considerations led to the development
of a technique whereby the corrosion process took
place in an ample suprly of oxygen by subjecting the
specimens to intermittent immersion in the corroding

solution,

Intermittent Imnmersion in the Corroding Solution.

Experiments utilising intermittent immersion,

which have been described in the literature, in
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general entail raising and lowering the specimens

into and out of the corroding solution at set
intervals., In the present case this was not a
practicable preposition, so the procedure was
reversed, the corroding vessels being filled with
“and emptied of the corroding solution at set intervals
whilst the alloy specimens remained in position.

The apparatus finally developed is shown in Fig. 48,

The corroding solution was fed Tto ten vertical
corrosion tubes, each 11 in. in length by 1 in.
diameter, from a reservoir via a manifold. A
centrifugal pump, operated from a motor driven
time switch, passed the solution from the reservoir
to a vertical tube with constant head bypass return
to the reservoir. The solution passed into the
manifold from the base of this tube and flowed
- into the corrosion tubes under gravity. The height
of the bypass governedlthe maximum height of the
liquid in the corrosion tubes.

The corrosion tubes were Jjacketed with water
circulating from a constant témperature tank maintained
at 2500. By suitable lagging, the corroding solution
was meintained at 25°C. *%°.

A cycle in which the corrosive solution pump was
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in operation for two minutes and off for two minutes
was found to be satisfactory since under these
conditions the wire specimens were not permitted

to dry out during the interval when the corrosion
tubes were empty even when the atmospheric humidity
was low. This, it was considered, eliminated the
effect of variable air humidity shown to be of con-

sequence by Perryman and Hadden (77).

Time-to-failure recorder.

In many experiments, the time-{to-failure of
a specimen corroding under stress was required. An
automatic recorder was constructed as shown in
Fig. 49. An electrical circuit was arranged so
that when a specimen fractured the steelyard arm
dropped and broke the circuit to a relgy. This
action completed a secondary circuit which heated a
32 gauge nichrome wire, in the form of a 'V' which
was fixed above a clockwork-driven revolving drum
so that it burned a small hole in a chart wrapped
around the drum. A 36 gauge nichrome wire in series
with the heavier gauge wire fused and broke the
circuit after sufficient time had elepsed for the
latter wire to mark the cheart. fiach specimen was

linked with a separste circult so that the time-to-
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failure of individual srecimens was recorded. The
chart was gracuated and the time of fracture could

be estimated to within 5 minubes.

Materials Employed.

The alloys tested were received in 500 ft. coils
of 16 S.W.G. wire, in the commercially annealed

condition; Chemical analyses are given in Table XIV.

TABLE XTIV

Analysis of Aluminium - Magnesium Alloys

Mg % Mn % Fe % Si % Cu %

Alloy
NW.7 6.85 0.%0 0.20 0.17 Nil
NW.6 4,80 0.28 0.20 0.15 Trace

(Kindly supvlied by the British Aluminium Co. Itd.).
Specimens of a suitable length (14 in.,) were
cut from the coil and immersed in 20% nitric acid
for 2 minutes followed by a thorough wash under
running water for 5 minutes. The wires were then
wiped with wet cotton wool, washed again under
running water, finally agitated in toluene to remove
the water and dried with filter paper. The specimens

were then overstrained 10% and aged in an air oven
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at 12500. for 24 hours, this treatment causing
precipitation of the anodic @J-phase at the grain
boundaries (16). In preliminary experiments the
cleaned wires were sealed in a tube filled with
argon for the ageing process in order to minimise
oxide film formation. Comparative testy however,
indicated that the resul{s were unaffected by this
procedure,

The average mechanical properties of the strain-
aged alloys as determined on a gauge length of 10 in.

are given in Table XV.

TABLE XV
Mechanical Properties of Strain-Aged Alloy Wires.

Average diameter of strain-aged wire = 0,0613% in.

NW.7 .6
Direct load,|tons/sq.|Direct load,| Tons/sq.
lbs, in. 1bs. in.
0.1% proof stress 106 16.0 81 11.5
U.T.S3. 148 2243 124 1/7.%

Corroding Solution

Preliminary tests were conducted using (a) 3%
sodium chloride and (b) 3% sodium chloride containing

hydrochloric acid ® give a pH of 3. In both cases,




- 154 -

changes in the pH of the solution during the corrosion
process were observed. Thus in order to maintain
conditions as identical as possible for all tests and
to prevent the solution from changing its pH during

a test, it was buffered at pH of 6 by addition of

the requisite quantity of acetic acid - sodium acetate.
The choice of buffer was limited in that it was
necessary that there be no ions present which would
precipitate an insoluble aluminium salt and hence
inhibit the attack. The value of 6 for the pH was

as near neutral as possible using this buffer.

Determination of Suitable Length of Exposure.

In order to ascertain a suitable length of wire
to be exposed to the corroding medium during stress-—
corrosion experiments the time-to~failure of the
Al-7% Mg. alloy under a stress of 68% of the U.T.S.
(9%4% of the 0.1% proof stress) was determined for
various lengths of wire exposed. The specimens were
protected, except for the lengths indicated, by
coating with polymethacrylic resin (I.C.I. Bedacryl,
144 T,L.). The results are shown in Table XVI

and expressed graphically in Fig. 50.
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TABLE XVI

Effect of Exposed Area on Time-to-failure of Al-7% Mg Alloy.

Applied stress = 68% U.T.S.

Length exposed, in. Time-to-failure, mins.
% 82, 180, 210
% 110, 148, 265
1 100, 125, 130
2 82, 95 .

P 76, 80
4 65, 75
5 67, 72
6 68, 81
7 62, 75
8 76, 77
9 70, 72

Increasing the length exposed above 4 in. had
little effect on the time-to-failure and a length
of 7 in. was chosen as being convenient. Protection
was given for about 2 in. below the maximum liguid
level and 1 in. above the base of the corrosion tube.

It is of interest to compare these results with
those obtained by Perryman and Hadden (78) on the
effect of exposed area on the stress-—corrosion of
Al-7% Mg alloy. They.also show that the life of a
specimen becomes greater and the scatter of results
increases as the exposed area decrecases. They suggest

that a likely explanation is that there exists on
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the surface a certain distribution of points at which
the susceptibility to stress-corrosion is greater
than elsewhere. The probability of such points
occurring in the exposed area decreases as the exposed
area decreases and thus the stress-corrosion life
would increase as the exposed area is decreased.

If, however, one of the susceptible points existed

in the smallest exposed area, the specimen would fail
as quickly as the most susceptible specimen with

the largest exposed area. This view is somewhat
confirmed by the results shown in Table XVI. The
scatter of results increases with decreasing length
of exposure, but one specimen with an exposed length
of % in. failed in a time comparable with that of
specimens with a much larger exposed length. It
would appear, however, that the points of susceptibility
are graded, there being relatively few points of
meximum susceptibility, a lsrger number of points of
a smaller susceptibility, a still larger number of
points of yet smaller susceptibility and so on.
Attack on all these points would eventually lead to
failure if this does not first occur at a more

susceptible point,.
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Corrosion of Stress-iree Alloys.

In order to ascertain the stress-corrosion
susceptibility of the alloys, it was necessary to
compare the loss of strength when corroded without
application of external stress and when stress was
applied to the corroding alloys, the corroding
environment in both events being identical.

The susceptibility to corrosion in the stress-—
free state was determined by fitting the wire
specimens in the corrosion testing apparatus, but
without spplication of stress. Specimens were
removed after various intervals of time and the
ultimate tensile strength determined. The results
for the 41-7% Mg alloy are shown in Table XVII and
for the Al-5% Mg alloy in Table XVIII (P.162 ),

The data are shown graphically in Figs. 51 & 54,

P.158 & 162 respectively.

TABLE XVITI

Loss of strength of stress-free Al-7% Mg alloy after

various times of exposure.

Time of LExposure Breaking Load ilean ean ¢
hours 1bs. Breeking Loss of
Load, 1bs. oStrength

148, 148, 148 148

0 0
4 146, 145 146 2
6 144, 143 144 3

Continued
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Time of Ixposure Breaking ILoad Mean Lkean %
hours 1bs. Ereaking Losg of
Load, lbs. &ElTrengti

24 1%3, 131 , 132 11
31 132, 132, 127 13C 12
48 120, 113, 110 114 23 ‘
60 109, 107, 104 107 28 |
76 106, 98, 96 100 52 i
96 g9, 86, 83 &6 42
122 80, Y7, 66 74 50
144 o4, 60, 58 61 59
175 50, 42, 28 43 71
200 41, 38, 31, 30 57 76
247 47, 45, 28, 33, 31, 28 37 76
' 270 41, 55’ Bla 50’ 28 35 77
290 ‘ 51, 29 30 &0

The rate of loss of strength of the Al1-7% Mg alloy
was constant duriny the firet 180 hours or =0, after
which it decreased rapidly and tended té zero after
about 210 hours.

An oxide-hydroxide film became visible after
2-3 hours. The film became progressively more
difficult to remove as the time of exposure increased
and after about 24 hours it appeared to consist of
two layers. A layer next to the alloy surface
could be removed only by comparatively severe abrasion
or by dissolution in acid: on top of this was a
loose, fluffy film which was soft and essily removed
by gentle wiping. Observetions were made on the

inner film by mounting the alloy in plastic and
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polishing until a longitudinal cross-—-section was
obtained. This method possibly damaged the film and
measurements of the film thickness gave indefinite
results. An indication of the nature of the film
was given, however, by noting the time rcquired

for its dissolution in concentrated nitric acid.

It was concluded that the inner film became more
resistant with time of exposure up to about 150 hours

exposure, after which the results were indefinite.

Obgervations on the Corrogion of Al-7% Mg Alloy Wire.

Examination of the fracture of specimens broken in
the tensile testing machine showed that, in general,
the corroded section increased in size as shown in
Fig. 52. In the crogs-sectional plane of the wire,
penetration by intercrystalline attack proceeded as
a segment of increasing area. The penetration reached
the centre of the section as an approximate semi-
circle and thereafter tended to envelop an uncorroded
portion. When the asymptotic pért_of the corrosion-
time curve (Fig. 51) had been reached, the fracture
was, in general, as indicated in Fig. 52(h).

A possible explanation of the manner in which
corrosion proceeded is that the rete of corrosion is

proportional to the penetration. Consider a small
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rart of the circumference of the cross-section of
the wire, Fig. 53(a). Tet the corrosion commence
at point A. Intercrystalline penetration will
proceed in all directions and a corrosion ‘'front'
CBC' will be formed. Initially the area CBC' will
be very small and the points C and C' form new points
on the surface of the wire from which attack procecds.
Thus new corrosion fronts CDL and C'D'E' are formed.
During the interval in which the latter fronts
have formed, however, the original front CBC' will
have extended, B advancing to B', as shown in Fig. 53%(b).
This process continues and by addition of the
differential fronts, e.g. ED, DB'D', D'E', penetration
proceeds as shown in Fig. 53(c). The corrosion front
in this case is FGF'.

The intercrystalline material constitutes a
" relatively small volume of- the alloy. As this is
attacked by the corroding solution, narrow channels
are formed along the gréin boundaries. These are
filled with the corroding solution linking the bulk
of the solution, outside the wire, with the solution
engeged in active corrosion at the tip ¢f a channel.
The volume of liguid in the channels is relatively

small, thus the corroding solution at the tip of
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a channel is repidly depleted of its active constituents,
viz. dissolved oxygen and chloride ions. Replenishment
of active corrodent at the point of attack will be
effected by diffusion from the solution outside the
surface of the wire, thus it is probable that the
raﬁe of replenishment and hence the rate of attack
is proportional to the depth of penetration.
(Vide also Keatings' remarks on the function of the
corrosive medium during stress—corrosion (79)).
According to this reasoning, the rate of corrosion
will be greatest in the direction AF, AF' (Fig. 53(c)),
since the depth of penetration is least, and the rate
of corrosion will be least in the direction of greatesv
penetration, i.e. AR,

As the attack proceeds, a protective film of
hydrated alumina is formed on the surface of the
wire. The film is a barrier to diffusion of active
constituents from the bulk of the corroding solution
to that inside the wire, the stifling action increasing
as the film increases in thickness. Thué, as the
corrogsion front moves forward across the section of
the wire, the rate of penetration in all directions
decreases. The relafive effcct on the rates of

attack in the directions AF and AB (along the
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circumferences and towards the centre of the wire)
will depend on the effect of depth of penetration
on the rate of attack. It is probable, however,
that the shape of the corrosion front changes as
it moves forward, as indicated in Fig. 5%(4), and
may finally tend to that shown in Fig. 52(h), in
which the remaining uncorroded section is circular

in shape.

Corrosion of Stress—-free Al-5% Mg Alloy

The data for the corrosion of stress-free Al-5%
Mg Alloy are shown in Table XVIII and graphically

in Fig. 54 (©peosITE).,

TABLE XVIIT

Loss of strength of stress-free 'Al1-5% Mg alloy after

various times of exyposure.

Time of Exposure, Breaking ILoad, Mean Break-  lMean % lLoss

hours 1bs. ing Load,lbs of Strengtl
0 124, 124, 124 124 0
22 121, 120 120 3
42 114, 109 112 10
46 114, 111, 107 111 11
54 lie6, 110, 105, 103 109 12
64 110, 104, 102, 97 103 17
78 105, 102 104 17
o8 103, 1C1 102 18
106 101, 91 96 25
120 102, 94, 91 96 23
144 98, 90 94 24

Continued



- 16% -

Time of Exposure, Breaking ILoad, liean Bresk- Meen % Loss
hours 1bs ing Load,lbs of Strength
172 84, 78 : 81 35
200 82, 75 79 56
240 80, 76, 74 77 38
266 85, 75, 72 77 38
312 Ty H, 72 7% 41
590 72, 72 /2 42
504 70, 66 68 45

The rate of attack on the Al—5% Mg alloy increased
somewhat during the first 24 hours and subsequently it
gradually decreased, eventually tending to zero. The
film formed on the wire appeared to consist of two
layers but the outer film was more gelatinous and its
volume considerably greater than the outer film

formed on the Al-7% kg alloy.

Conclusions which may be drawn from observations
on the corrosion of the stress-free alloys are that
film formation plays an important role in retarding
the rate of attack. In the case of the Al-7% Lig alloy,
the film does not appear to offer an apprecicble
resistance to the attack until an ideal maximum
penetration is attained. Bventually, however, the
film offers a high resistance to the attack. The
film formed on the Al-5% Mg alloy appears to have

given more effective protection, the rate of attack
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being markedly retarded from the commencement, snd
only a limited penetration is finally attained.

The nature of the path of easy corrosion along
the grain boundaries has a considerable effect on
the rate of attack. Microscopic examination of
etched specimens indicated that there is a continuous
network of meteriel which suffered selective aﬁtaok

along the grain boundaries of both alloys.

Application of Stress to Corroding Alloys.

The effect of tensile stress on the Al-7% lNg
alloy was determined by applying stresses below the
0.1% proof stress, removing specimens after various
times of exposure and determining the residual strength.
Control tests, carried out on specimens completely
covered with protective resin, showed that stress
alone, when applied for the periods of the stress-
corrosion tests, had mno effect on the ultimate
tensile strength. The loss of strength due to stress-
corrosion was then taken as the difference between
the loss of strength of a stressed specimen and the
average logs of strength of an unstressed specimen
after the same périod of exposure (vide P.180), The
latter value was taken from the corrosion-time curve,

Fig. 51, P.15%8.
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The loss of strength due to stress-corrosion
under various strescses, for increasing time of
exposure is given in Table XIX and shown graphically

in Fig. 55, P. 166,

TABLE XTX

Effect of Stress and Time of Exposure on the Stress—

corrosion of Al-%% lig alloy.

Time of Exposure | Mean % Loss | Mean % Ioss| Mean % lLoss

Hours of U.T.S. of U.T.Se U.T.5. due
Stressed. Unstressed. to Stress-—
Corrosion.

A. APPLIED STRESS = 68% U.T.S.: 94% Proof Stress.

0.5 o (3)* 0 0

0.75 0.5 (1) 0 0.5
1.00 0.5 (2) 0 0.5
1.08 0.5 (1) 0 0.5
1.17 1.0 (2) o) 1.0
1.28 3.0 (2) 0 3.0
1.42 6.0 (1) 0 6.0

SPECINENS FAILED I 0.7, 1.08, 1.17, l.22, 1.25, 1.25

1.%3, 1.50 hours.
I05S OF U.T.S. DUE TO STRESS-CORROSION AT FATILURE = 32%

B. APPLIED STRESS = 54% U.T.S. ¢ 75% Proof Stress.

1.0 1.5 (2)* o} 1.5
2.0 4,0 (2) 0 4,0
3,0 7.5 (2) 0.5 7.0
4,0 15 (%) 1.5 14
4,5 16 (2) 1.5 15
5.0 28  (3) 2.0 26
5.% 17 (2) 2.0 15
6.0 31 (2) 3,0 28
SPECIMENS FATLED IN : 4.5, 4.7, 5.3, 6.5, 7.7 hours

I0SS OF U.T.S. DUE TO STRESS-CCRROSION AT FAILURE = 44%.

Continued
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Time of bxposure| Mean % Loss | Mean % Loss | Mean ¢% Loss
Hours of U.T.S. of U.T.S. UeTeS. due
Stressed. Unstressed. to Stress-
Corrosion.
Co APTLIED STRESS 419 U.T.S.: 57% Proof Stress.
2.5 4 (2)* 0 4
4,0 12 (3) 1 - 11
5.0 22 (3) 2 20
5.8 24 (2) 2 22
6.1 30 (2) % 27
6.5 30 (1) , 27
7.0 32 (2) 4 28
8.3 34 (1) 4 30
SPECIMENS FATLED IN : 6.%, 6.7, 6.9, 7.3, 7.6 hours

I0ss OF U.T.S.

DUE TO STRESS-CORRCSICN

AT FATIURE = 56%

D, APPLIED STRESS = 34% U.T.S.: 47% Proof Stress.
2.5 1.5 (1)* 0 1.5
4,0 4,5 (2) 1 4.5
5.0 £.5 (2) 2 4.5
6.0 13 (2) 3 10
8.2 26 (2) 4 22
8.8 22 (1) 4 18
9.0 35 (3) > 28
9.5 33 (2) > 28
9.7 28  (2) > 2%
10.3% 41 (1) 6 %5
11.0 38 (1) 6 32
SPECIMENS FATIILED IN : 8.5, 8.8, 9.1, 9.7, 9.8, 10.4 hours

IOSS OF U.T.S.

DUE TO STRESE~CORRCSION AT FAIIURE = 627

B, APPIIED STRESS

20% U.T.S.3

28% Proof Stress

6.0
19.5
22,0
24.0

4 (1)
18 (2)
18 (2)
25 (2)

b
8

9
10

1
10
9
15

Continued
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Time of Exposure

Mean % I.oss

Mean % loss

liean ;. Loss

Hours of U.7T.8. of U.T.5. U.r.8. due

Stregsed. Unstresced. to Stregs-

Corrogior.
£6.5 %2 (4)* 11 21
275 36 (2) 12 24
29.0 37 (2) 13 24
50.0 326 (1) 14 22

SPECILIENS FATLED IN
IOoss OF U.T.S. DUE TC

STREZSG-CORROSICN AT

25, 28, 28, 29, 32 hours.

FATLURE = 68

* Number of specimens

tested.

Under each condition of stress, several specimeng

were removed and their residual strength determined

after other specimens stressed to the same value had

failed. It is therefore probable that some specimens

were removed within a very short time of Tailure,

indicating that most of the loss of strength due to

stress—corrosion occurred in a short period Jjust before

failure.

- Similar tests were carried out on the Al-5%

Mg alloy, the results being given in Table XX, P.168.
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TABLE XX
Effect of Stress and Tire of sxposure on the Stresg—
Corrosion of Al-5% Mg alloy.
Time of Exposure | Mean % Loss | Mean ¢ Loss | Mean % Loss
Hours of U.T.S. of U.T.S. U.T.S. Due
Stressed Unstressed. to Stress—
Corrosion.
A, APPIITED STRESS = 61% U.T.8.: 9Y1% Proof Stress.
4 1 (2)* ¢ 1
5 0 (2) 0 6]
8 1 (2) 0 1
12 1 (2) 1 0
SPECINGNS FATIHD I ¢ &4, 11, 14, 17, 21 hours.
1088 OF U.T.5. DUL TO SITRESS-CORROSICH AN FATIURY = 385
B. APPLI&D STRESS = 48% UJTeZ.3  7%% Froof Stress.
24 5 (3)* % 2
32 8.5 (3) 7 1.5
42 11 (3) 9 2
47 14 (%) 10 4
SPECIMENS FATLED IN : 24, 25, 35, 40, 68 hours.
I0SS OF U.,T.S. DUL TC STRESS-CORROSION AT FATLURE = 46%

*Number of Specimens Tested.

These results, although not so conclusive as
those obtained on the Al-7% Mg alloy due to the
greater scatter of the times-to-failure of the Al-5%

‘Mg alloy, confirm the inference that most of the loss
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of strength due to stress—corrosion occurred in a
short period Jjust before failure.

In order to obtain more information regarding the
final period of failure, the elongation of the wires

during stress~corrosion was studied, as described below.

Mechanical Disruption during Stress-Corrosion.

It has been sugsested that stress—corrosion
cracking is discontinuous in nature, as discussed
on P. 23%. Gilbert and Hadden (45) obtained evidence
of this by magnifyiﬁg the movement of the side of a
stressed loop, used in their stress-corrosion tests,
end observed that when the specimen was immersed in
6% sodium ohléride solution, a crack apveared after
gbout an hour and a series of small Jjumps occurred in
the movement of the loop. At ieast 20 such movements
were observed in the subsequent 2 hours; cracking
was complete in about 5 hours. Edeleanu (46) observed
that cracks on a stressed specimen became visible only
a few minutes before actual failure. It was also
observed that there was an increase in the rate of
evolution of hydrogen bubbles a few minutes before
failure indicating an increase in the corrosion rate
in the cracks during the final stages.

It would apgrear that in the present experiments,
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the period of failure was limited to a very short
interval and in order to obtain more information on

this the extension of the Al-7% Mg alloy during
stress-corrosion tests was measured by arranging a

lever system of megnification as shown in Fig. 56, facing P.169.
Any extension was magnified 200 times and recorded

on a smoked chart which was wrapped around a clock-
work-driven revolving drum.

: Tests were conducted in which a specimen was
sﬁiessed and the extension recorded for a period
béfore immersion in the corroding solution.  The
rééording was then continued during a normal stress-—
icd%rosion test.
| When stresses in the region of the proof stress
Wé%e applied, high creep rates were apparent and it
waé difficult to distinguish between extensions due
td:creep and those due to stress-corrosion, It
was evident, however, that the final failure of the
alloy took place in one stage. In all tests with
applied stresses of 94% of the proof stress, no
change was observed in the nature of the extension
curve until 30-40 seconds before fracture when a
continuous extension of the wire took place until the

specimen fractured. Specimens removed before an
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extension was observed showed only a small loss of
strength, but when the stress was removed immediately

| the final extension became apparent, the breaking
strength in all cases was equal to the original

applied stress. Therefore the period of final failure;
during which nearly all the loss of strength due to
sfress-corrosion occurred, would appear to be not
-longer than 30-40 seconds. Typical curves are

shown in Fig. 57.

The characteristic creep curves were distinguished
for smaller applied stresses, but the final period of
failure was longer.‘ In several cases a limited
extension occurred, followed by a short interval before
a final extension which continued until fallure. For
example, when a stress of 47% of the proof stress was
applied the failure appeared to take place in two
stages with an interval of several minutes between

each movement, as shown in Fig. 58,

Measurement of the Time-to-failure,

It is apparent from the previous section that
assessment of stress—corrosion susceptibility by
determination of the residual strength of unfractured
specimens can be misleading. The effect of stress on

corrosion susceptibility was therefore ascertained
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by recording the time-to-failure of specimens under

various applied stresses.

The results for the

A1-7% Mg alloy are shown in Table XXI and for the

Al-5% Mg alloy in Table XXIT (P.173 ).

TABLE XXT

Effect of Stress on the Time~to-failure of A1-7% Mg alloy.

Stress, %
U.T.S.

Time-to-failure
hours

Mean Time-
to-failure
hours.

Standara®
Deviation

Mean % Logss*
U.TeS. due
to Stress-—
corrosion.

0.1% Proof Stress = 72% U,T.S
3

68 0.70, 1.08, 1.17, ! 1.2
l1.22, 1.25, 1.25, |
1.50. |
61 | 2.25, 2.33, 2.50, . 2.6
20759 2.920 {
54 4.50, 4.67, 5.3%%, § 5.7
65.50, 7.67. i )
&7 %5.17, 4.8%, 6.17, : 5.6
i 6'58! 7025-
41 | 6.25, 6.67, 6.92, 7.0
- 7433, 7.58,
>4 - 8.5, 8.8, 9.1, 9.7, 9.4
© 9.8, 10.4.
27 . 1t.5, 15.8, 16.5, 16.8
o 17.9, 18.3.
20 | 23, 28, 28, 29, 32, 28
14 | 48, 51, 55, 61, 67, 62
73, 79. |
71 72, 95, 111, 122, ;116
Lo 123, 1%9, 146, ;
| 17312

2 | 280, 301, 319, 350.

(5 specimens unbroken'

after %60 hours)

C.2

0.3
1.3
1.6
0.5
0.7
1.5

12
25

39
Ly
51
56
62
66

68
62

45
(17)

+Swm&wddmdMﬁm1:€?’é

(actual value) - (average

value)

& = degrees of freedom

*Figures in this column were obtained by subtracting the
applied stress from the % residual strength of unstressed
specimens for the mean time-to-failure of stressed
gpecimens.
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The results shown in Table X¥I indicste that strain-
aged Al-7% Mg alloy is susceptible to stress—corrosion
cracking with applied stresses as low as 2% of the
U.T.S. The time-to-failure increases with decreasing
stress except for the range 54%-47% of the U.T.S.,
when the difference in the time~to-failure is not
significant. The loss of strength due to stress-
torrosion increases from 3%2% for an applied stress
of 68% of the U.T.S. to 68% for an applied stress of
20% of the U.T.S. Thereafter it decreases rapidly

with decreasing applied stress.

TABLE XXTT

Effect of gtress on the Time-to-failure of Al-5” Mg alloy.

Stress ¢ m‘ Time-to-failure |lMean Tlme—!Standard* Nean p Logs™*

U.T.S. | hours. |to-fa11ure Devigtion U.T.Z. due
j i hours. ; to Stresg—

i corrosion

Vs .
0.1% Proof Stress = 65% U.T.8.
| |
6l ‘ 4, 11, 14, 17, 21, 13 : 7 1 58

48 | 24, 25, %6, 40, 68 39 15 L5
40 ; 70, 8%, 104, 129 97 26 45
22 115,120,12%,141,149 130 15 43

24 | 262,408,477 >382 \ (34)
- (2 specimens unbroken
. after 540 hours)
20 | (4 specimens unbroken |
. after 560 hours)
16 . o specimens broken
; after 672 hours, 5
. testTed. |

* See foot note to Table XXI, P.l172.,
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It is established that strain-aged A1-5¢ Mg alloy
is susceptible to stress—corrosion, but failure occurs
only with applied stresses greater than about 24%
of the U.T.S. (37% of the proof stress). The
time~-to-failure increases with decreasing stress, but
the loss of strength due to stress—corrosion is
almost constant down to applied stresses of 3%2%
of the U.T.S. Thereafter it decreases somewhat

with decreasing applied stress.

Bffect of Applied Stresses smaller than the Threshold Stress.

The effect of applied stresses which did not
cause failure of the Al-5% lMg alloy was determined
by subjecting the alloy to a stress of 16% of the
U.T.S., removing specimens at intervals and determining
their residual strength. Comparison with the loss
of strength of stressed and unstressed specimens is

shown in Table XXITIT.

TABIE XXTIT

Effect of Stress of the Tensile Strength of Corroding
Al-5% lig alloy. Applied stress = 16% U.T.S.

Time of Exposure, Rt = Mean % Loss of U.T.S.
hours Without  stress with stTress.
96 18 22 (3)*
242 %8 4% (2)
250 41 41 (2)
505 ’ 46 46 (2)
€00 48 50 (2)

* Figure in brackets indicates number of specimens tested.
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Whereas stress may have had some effect in
the earlier stages, the effect was at least not increased
with the time of exposure as occurred when a specimen
was subjected to a stress which caused failure (Table

XX, P.l168 ),

Role of Stress and Corrosion.

Certain conclusions may be drawn regarding the
role of stress and corrosion in stress-corrosion.

In the early stages, corrosion was almost
’entirely responsible for the loss of strength incurred.
This has also been shown by Edeleanu (46) who
de§monstrated that there was little difference in
the life of a specimen when stress was applied from
the commencement of attack or when applied after the
specimen had been corroded without stress for a
considerable proportion of the total time-to-failure.

When corroded without stress, the rate of
penétration along the grain boundaries was gradually
retarded by the formation of a protective film, but
when stress was applied, there was an increase in
the loss of strength which became greater with
increasing applied stress. Thus the maximum observed
loss of strength due to stress-corrosion before the

final period of rapid failure was, in the case of
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Al-7% Mg alloy, 24% after 29 hours exposure for an
applied stress of 20% of the U.T.S. and aoproximately
constant at about 30% for stresses of 34%, 41% and 54
of the U.T.S. even though the times of exposure were
11, 8 and 6 hours respectively (Table XIX, P.165 ).

The cross-sectional area of sound metal is
reduced by corrosion, thus the applied stress increasecs
and the wire stretches. &longation may also occur
by creep. Thus the protective film on the wire nmay
be weakened or ruptured with consequent increase in .
the rate of corrosion. Supporting evidence is given
by the fact that the contribution of stress before final
failure was considerably less in the case of the
Al-5% Mg alloy than for the Al-7% Mg alloy (Table XX.
P.168 ), the protective film on the former being thicker
and more gelatinous than on the latter and therefore
less prone to rupture by. stress.

During the final stage of failure Edeleanu (46)
observed that there was an increase in the corrosion
rgte. The effect of stress during this stesge has
been discussed by several investigetors (vide P. 24)
and it is considered that stress-~concentrations
exceeding the yield strength are built up at the base

of cracks resulting in local yielding and film rupture
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followed by further penetration, However, in
the light of present observeations an alternative
theory for the role oi stress is discugsed in a

separate section (P.198 ),
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VETHODS FOR EXFRESSING THE EFFECT OF STRESS
CN THE CORROSICHMN OF MATLERTALS SUSCEITIBLE
TO STRESS-CORROSION

Most of the published work on stress—corrosion is
of a qualitative nature, investigetions having been
directed to the determination of whether a metal or
alloy is susceptible to stress—corrosion in various
media, and to the study of the effect of composition
and heat-treatment on stress-corrosion susceptibility.
Iluch of the quantitative work which has been published
is of little value becsuse the corrosion. susceptibility
of the material in the stress-free condition has
not been determined.

The stress-—corrosion experiments conducted on the
aluminium-magnesium alloys in buffered sodium chloride
solution, described in this thesis, were designed
so that the loss of ultimate tensile-strength due to
corrosion acting alone and due to stress and corrosion
acting simultaneously were determined. in the
present section, methods are suggested whereby the
effect of stress on the corrosion of materials
susceptible to stress—-corrosion is expressed on a

comparative basis, the corrosion of the stress-free
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material being taken into account. The methods are
illustrated by using the data obtained on the alloys

investigated in the present work.

Pregentation of Stress~Corrosion Data

Stress-corrosion implies a greater deterioration
in the mechanical properties of" the material through
the simultaneous action of static stress and exposure
to a corrosive envircnment than would occur by the
separate, but additive, action of these agencies

(vide P.18). Thus, if:

Sy = % loss of U.T.S5. when corroded under static stress,
Su = % loss of U.T.S. when corroded without stress

, for the same period of exposure,
Sl = % loss of U.T.S. when stressed to the same

extent and for the same period, but not
exposed to the corrosive environment,

evidence of stress-corrosion is provided if SS is
greater than (Su + Sl). A function f, may be
defined as the increase in the loss of tensile strength

due to the application of stress during corrosion, i.e.

fSZSS_ (Su+sl) oo LI o-oEqno l

fS is thus the % loss of U.T.S. due to stresg-corrosion.
(Vide also Perryman & Hadden (16)).

It has been shown by Liddiard (38), Perryman &



~ 180 -

Hadden (40), Edelesnu (46) and also in this thesis
(P.147) that the effect of stress is most marked

in the last Stagés of the life of a specimen.

During the time prior to the period when stress exerts
this marked effect, the application of stress may

have a relatively small effect (vide Table XIX, P. 165).
Hence, as Perryman & Hadden point out, in order to

gain a true assessment of stress—corrosion susceptibility,
it is necessary to expose some specimens to failure.

A true assessment of stress-corrosion susceptibility
may be obtained if the loss of strength due to stress—
corrosion 1is taken as the effect of the application
of stress during corrosion at the time of failure.
Thus, if':

g = % loss of U.T.S. at failure when corroded

c - under stress,

87 = 7 loss of U.T.S. of unstressed specimen

exposed to the time-to~failure of the

e stressed specimen,

Sl = % loss of U.T.5. of a specimen stressed to
the same extent and for the time-to-

failure, but not exposed to the corrosive
environment,

c c c c .
fs ZSS"' (Su'f'Sl) e eo *s e LI E({nu 2

where f: is the % loss of U.T.8. due to stress—corrosion

at failure.

For example, an applied stress of 4I5 of the
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U.T.S. (57% of the proof stress) resulted in failure
of 41-7% Mg alloy in an average time of 7 hours
(Fig. 59, P.172). The loss of strength at failure
(82) wes thus (100 - 41), i.e. 5% of the U.T.S.
After 7 hours, the average loss of strength when
corroded without stress.(sg) was 3% of the U.T.S.
{Fig. 51, P.15@). Application of stress to the
uncorroded alloy had no effect. Thus, the loss of
strength at failure which was due to stress—-corrosion
(fg), as defined above, was (59 - 3) i.e. 56% of

the U.T.S.

A curve may be drawn showing the loss of strength
at failure which was due to stress—corrosion fof
various applied stresses by plotting fg against the
applied stress. Such curves for Al-7% Mg and Al-5% lig
alloys are A.B. in Figs. 61 & 62 respectively. The
times-to-failure under various applied stresses and
the loss of strength when corroded without stress for the
time~to-failure were taken from the respective curves
for the corrosion v. time and applied stress v. time-
to-failure, Figs. 59 & 51, P. 1728& 158 for the Al-7%
Mg alloy and Figs. 60 & 54, P, 173& 162 for the Al-5%
Mg alloy. (Vide also Tables XXIV & XXV, P. 187).
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Limit of Stress-Corrosion Susceptibility

Ideally, a material with the meximum susceptibility
to stress—corrosion fails when stressed during
exposure to a corrosive environment, but suffers no
loss of strength when subjected to the separate action
of stress and corrosion, i.e. the loss of strength at

failure is entirely due to stress-corrosion. Thus,

Max. f: - U.T.S. - stress applied x 100
U.T.S.

c
or Max. fs

i

Where P is the stress applied expressed as a % of the
U.T.S.

A line X.Y. may be drawn in Figs. 61 & 62
satisfying Eqn. 4. This represents the maximum %
loss of strength due to stress—corrosion which is
theoretically possible under any applied stress.

If a material has no stress-corrosion susceptibility,
f; is zero for allrapplied stresses.  Hence the
curve A.B., showing the experimental results, must
lie within the area bounded by 0.X.Y. The stress-—
corrosion susceptibility of a material subjected

to any applied stress may then be assessed by comparison

s e ogo;wq‘n. 5

lOO—P LI LI I "o LI ..qu’l.
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of' the actual loss of strength due to stress~corrosion,
as given by A.B., and the maximum value, as given by

X.Y.

Comparison of Stress-Corrosion Susceptibility

The stress corresponding to point B (Figs. 61
& 62, P.182 ) is the lowest which was observed to
cause failure of the alloys by stress-corrosion, and
iﬁ the case of the Al-5% llg alloy, stresses smaller
than that corresponding to B (Fig. 62) had little
effect on the residual strength of the alloy (vide
Table XXIII, P.174). Hence, the stress corresponding
to B is approximately equal to the threshold stress,
i.e. the maximum stress which the alloy will sustain
without failure by stresc-corrosion (43). The
position of A.t. for various materials may vary from
the applied stress axis to X.Y., thus the area between
A'.B., where A' is the value of i extrapolated to
an applied stress egqual to the U.T.&S., and the applied
stress axis is a measure of The effect of stress on
the corrosion of the material. This i1s the shaded
area A' .BE.C. for the alloys examined (Figs. 61 & 62).
The 'area ot stress—-corrosion' for a matericl with
the theoretical maximum stress-corrosion susceptibility

is 0.X.Y., whilst for a material witha no stress-—
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corrosion susceptibility the area is zero. The area
of stress-corrosion obtained from the experimental
data may therefore be expressed as a percentage of
the maximum area, and it is suggested that the
susceptibility of materials to stress—corrosion may
thus be expressed on a comparative basis. An alloy
with the theoretical maximum stress-corrosion
susceptibility will have a value of 100%, and if

there is no tendency to stress-corrogion the value

is0%,

The results for the two alloys examined weres:-—

Stress-corrosion susceptibility of Al-7% lig alloy = 79%
Approximate threshold stress = 2% of the U.T.S.

s

Stress—-corrosion susceptibility of Al-57 Mg alloy
Approximate threshold stress = 24 of the U.7.&.

il

Alternative Method for Fresenting Stress—-Corrosion Deta

The method for presenting stress—corrosion
data as discussed above and illustreted in Figs. 61 &
62, is possibly the simplest. It has the disadvanta: e,
however, that assessment of the effect of stress
necescitates comparison of two values of the loss of
strength due to stress-corrosion viz. the experimental
and the theoretical maximum value, both of which vary

with the applied stress. This disadvantage may be
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overcome by fixing one of these values so that it is
independent of the applied stress.

Define a function of the stress—-corrosion at
failure, g:, as the ratio of the % loss of strength
due to stress-corrosion to the ideal maﬁimum % loss
of strength due to stress—-corrosion for the same

applied stress, expressed as a percentage. Thus,

c :‘S i P
gszm— Xloo e e e s o0 0 u-oﬂlqﬂ. 5

s - (8¢ + 89)
or gg = = uc L x 100 .en .o con ...Bqn,. 6
Sg

(Nomenclature as previously, P.180).

Thus g: is the % of the loss of strength at
failure which is due to stress-corrosion.

The maximﬁm value of gg which is theoretically
possible occurs when the loss of strength is entirely

due to stress-corrosion,

. raC c _
i.e. (Su + Sl) = 0. Thus,

l\'la.){o gg = lOO s o e C Y e ...Equ. 7
which is independent of the applied stress. When

there is no stresg—corrosion susceptibility,
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(Su + Sl) is egual to S, thus g is zero for ell
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aprlied stresses.

The effect of stress on corrosion may be illustrated

by plotting the
which is due to

stress applied.

stress—-corrosion (gg) against the

Curves E.F. are obtained for

% of the loss of strength at failure

Al-7% Mg and Al-57 Mg alloys in Figs. 63 & 64 respect-

ively.

Tables XXIV & XXV, below.

TABLE XXTV

Stress-Corrosion Data for Al-7% Mg alloy.

Data for plotting these curves are given in

Applied | Mean Time- Loss due % Loss % of loss
Stress, | to-failure, Corrn. only, [U.T.5. due | U.T.3. due
Z UsTeSe hours. % UeTeS. Strese- Stresc-
(Fig.59,r.172) | (Fig.51,P.158 ) Corrogion | Corrgsion
s 8

68 1.2 0 32 100

61 2.6 0 %9 100

54 5.7 2 44 96

47 5.6 2 51 96

41 7.0 5 56 95

o O.4 4 52 Dol

27 16.8 7 67 92

20 28 12 68 85

14 62 26 60 70

7 116 48 45 48

2 312 78 20 20




APPLIED STRESS — %U.T.S.

Y s

o 20 40 60 80 100

% OF THE LOSS OF STRENGTH AT FRACTURE
. DUE TO STRESS-CORROSION

EFFECT OF STRESS ON THE CORROSION OF
. STRAIN AGED Al-7% Mg ALLOY-

FI1G.63



APPLIED STRESS — %U.T.S.

- 188 —

i

| N SR

ki

20

40 60 80 100

% OF THE LOSS OF STRENGTH AT FRACTURE
DUE TO STRESS-CORROSION

EFFECT OF STRESS ON THE CORROSION OF
STRAIN-AGED AI-5% Mg ALLOY

FIG. 64



-~ 189 -

TABLE

LV

Stress~Corrosion Data for Al-5% Mg Alloy

Applied Mean Time- Loss due % Loss % of Loss
Stress, to-failure, Corrn. only, |U.T.3. due|U.T.5. due
% U.T.S. hours: % U.T.S. Stress— Stress-
(Fig.60,P.173)| (Fig.54,P. 162 ) Corrogion| Corrgsion

fg &g

61 13 1 58 98

48 59 7 45 &7

40 68 15 45 75

32 130 27 41 60

24 382 42 (34) (45)

By a reasoning similar to that discussed on P.184,

expression of the area bounded by E'.F.G., where L' is

the value of E extrapolated to the U.T.S., as a percent-

age of the maximum area, i.e. that bounded by thé

axes, together with the threshold stress, appears to

give a useful summary of the stress-corrosion

susceptibility of a material.

The results for the two.alloys examined were:

Stress—-corrosion susceptibility of Al-7% Mg Alloy = 85%
Approximate threshold stress

= 2% of the U.T.S.

. Stress—corrosion susceptibility of Al-5% Mg alloy = 67%
Approximate threshold stress
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DISCUSSION ON THE MECHANTCAL ASPECTS OF STRESS-
CORROSTION

Stress Concentration at the Base of Cracks

Many of the theories of stress-corrosion which
have been put forward are based on the assumption
that a local stress concentration is built up at
the base of a narrow crevice formed by corrosion,
the initial production of such a crevice being due
to some kind of selective attack, usually along
the grain boundaries. These views have been
discussed in the literature survey of this thesis (P.24).

If, in a tension member, a fine crack is of
such dimensions that the stress concentration at
its bacse exceeds the yield strength, a small region
at the base of the crack will yield and the radius
of curvature at the base of the crack increases so
that the stress concentration is reduced to below
the yield strength (80). If such a member is
slowly loaded to fracture, the breaking stress of
the original sound area of metal is at least not
less than that of an unnotched specimen. Thus,
although the theoretical stress concentration at
the base of a crack may be many times the yield

strength, relief is given by local yielcing and the
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ultimate breaking stress is not apireciably affected.
It may be visualised that if in a specimen

stressed in tension, a crack is formed perpendicular

to the direction of the stress by corrosive action,

yielding of a small region at its base will

“occur soon after the stress concentration has

exceeded the yield strength and the stress will

be relieved by an increase in the radius of

curvature. Further corrosion may subsequently

reduce the radius of curvature so that the yield

strength is again exceeded and the process

continues until the applied tensile stress is

greater than the ultimate strength of the residual

sound metal. The time required between each

yielding decreases gince the applied stress increases

with decreasing area of sound metal. However, unless

the corrosive action which reduces the radius of

| curvéture between successive processes of yielding

is very rapid, the rate of decrease in strength

of the metal will not irncrease appreciably until

the applied stress exceeds the yield strength of

the residual sound metal. Yielding of the whole

section will then occur. cubsequent propagation

of the crack will then occur with ranid accelerstion
P ,
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although complications mey arise due, e.g., to
work hardening of the metal, and to the fact that
no two specimens will behave in exactly the szme
manner, Values for the oxidation of sluminium

as observed by Steinheil and guoted by Champion
(53) show that a film is formed on the oxide-free
metal with extreme rapidity, subsequent building

up of the film following an exponential law. A
film C.0104 microns thick was formed in 1.% minutes
whilst after %0 days the thickness was 0.0410 microns.
Therefore, if it be considered that rapid corrosion
occurs at the base of a crack after yielding and
relief of stress concentration due to exposure of
the metal by film rupture, it would appear that
this is to a very limited extent due to the rapid

film repair.

Calculstion of stresg concentration at base of cracks.

The stress concentration factor has been
evaluated by Inglis (80) for an elliptical hole
2a x 25 in a plate subjected to a uniform tensile

stress £ as:



£, = f{l 2‘/-?3} — *’1? 1

where fA the tensile stress at the base of the hole,
- half the major axis of the ellipse and

therefore the depth of the hole,

the radius of curvature at the end of the

major axis of the ellipse, i.e. at the

base of the hcle.

i

il

%

It is considered that a fine crack is an ellipse

with a very high retio of a : b, and Keating (&3)
has applied the above equation to show the extent
to which stress concentration varies with the

dimensions of a crack as shown in Fig. 64Q).

o \
£l . \\\\\\\
. x 3
|
g .
g
e
° /o
-d
£ Lxio
a
[
©
-5 I P I .
Ly (6 . 1 - =1 -3
o2 e o® 10 io o)

radius of curvature. in.

FIG. 64(Q)
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Vg;y small changes in the depth and radius of
curva%ére at the base of a crack may result&iﬁivery
large chonges in the stress concentration factor.,

(Fig. 65 shows a photomicrograph of a crack in
a specimen of N7.7 which failed when subjected to
a load of 857 of the proof stress at another section
of the metal, Thus the crack shown is a subsidiary
oné in which the stress concentration apparently
did not exceed the yield strength of the metal, or
if it did so this ¢rack did not propagate to the
extent of failure. Since the crack follows the
grain boundaries of the alloy, the radius of
curvature at the base ié not more than half the
width of the grain boundesry. This value mey be
estimeted from Fig. 56 which shows the grain

boundaries magnified 1500 times and is about 4.

107° in., the depth of the crack being about 1072
ind te, when the specimen is subjected to.load

the stPéS§ concentration at the tip, as calculated

from HEquation 1, Wastggga;egt%xygpre than 100

times the applied stress. wwKeating suggests that

the tip of a crack is tbeﬁyinqte opening beltireen

planes of atoms, in which case the stress concentration

would be congiderebly higher than that calculsasted.
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Suchh a hizh stress concentration would be
expected to result in immediate tearing of the
Specimen,

Gilbert and Hadden (43) enlarging thé views
of Keating as a result of their experimental Work,
put forward the following reasons to explain why
local mechanical fractures occurring during stress—
corrosion, once started, should stop after making
limited progress:

(a) Tuhe formation of subsidiary crevices in the
vicinity Qf.the main crevice would reduce the stres
concentration. |

(b)'The stress concentration may Ee reduced owing
to an increase in the radius of curvature at the
tip of the crevice; this could occur for a number
of reasons, e.g. encountering an obstacle such as
én inclusion.

(¢c) The fracture might stop when sn unsuitably
Qrientated grain boundsry was reached, because only
a component of the stress at the tip of the crevice
is acting to cause fracture along a grain boundary
not perpendicutar Lo the stress direction.

(d) If the stress concentration necessary to cause

fracture along a grain boundary containing G is less
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than that necessary to cause fracture, along a
boundary not containing ¢, it is possible that
fracture may be stoured when a gap in the P at the
grain boundaries is encountered.

The above views may be divided into two classes:
in (a), (b) and (¢) the value of the stress
concentration is reduced by some means and in (4d)
the stress concentration remains constant but
the strength of the material along the grain
boundary varies. It is difficult to appreciate
that in the former‘clase, reduction of stress from
100 times the applied stress to a value which does
not exceed the yield strength occurs or that in
the latter class, the}difference in strength between
grain boundaries containing P and those not
containing @ is 10C fold. A possible explanation
is that the equation for the stress concentration
at the base of an elliptical hole is applicable
only within limits of the ratio of the major axis
to the minor axis, for as the ratio of a : b
increases, fA tends to infinity. It is more
probable that fA tends to some maximum value as
a ¢ b increasses and therefore the equation for
the stress concentration at the base of an elliptical

hole is modified to:



...]_9'7_

|22, .2
£, =1 1-:[2‘/;.61?] Eqn. 2

where G-% is some function of the ratio of a : b.
The stress concentration at the base of a crevice
may therefore be very much less than that

indicated in Fig. o4@,in which case the reasons

for limited mechanicél fraéfures can be more readily

understood.

GOISET 3KMAZ G071 G3204XE  ERlYW GR22IRTIe



TYPICAL STRESS-CORROSION FAILURES, Al-7 % Mg ALLOY

Subsidiary cracks visible on wire

UNSTRESSED WIRE EXPOSED FOR SAME PERIOD

FIGS . 67468
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ATTRRNATTIVE THEORY OF THE MECHANTCAL ROLE OF STRUESS

bxperimental observations

During the experimental work on the A1-7% Mg
alloy, it was observed that when a specimen failed,
part of the section at the crack showed destruction
purely by mechanical damage whilét the remainder
showed destruction by corrosive action. The
section which failed mechanically was irregular and
slight necking of the wire was evidenf whereas the
corroded section was almost flat with no necking of
the wire. Figs. 6 & 68 show two typical stress—
corrosion failures. Confirmation of the two types
of failure were obtained by microscopic examination
of the section at which failure occurred.
Mechanical failure was evident by elongation of
the grains, corrogive failure by intercrystalline
attack.

In most cases the section which had failed by
corrosive action and combined corrosive action and
stress was a circular segment, the base forming an
approximate chord of the circular cross-section of
the metai. Furthermore, several fairly large

cracks were formed at other points along the surface
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of the wire which was exposed to the corroding
medium, the magnitude of these cracks, in general,
‘decreased with distance from the point of fracture
although a large number of very small cracks were
visible along the whole length of the specimen.
Exposure of the section of the larger cracks showed
that they were in various stages of development from
a small pit to a segment of the cross-—section. These
proved difficult to photograph as opening up the
cracks deformed the adjacent metal to such an extent
that the whole cross-section could not be brought
into focus. A sketch of the observations is given

below in Fig. 69:

fracture

.

fracture

s
ofw
000

% CORRODED SECTION

F1G. 69
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Bending stress along AB = _I\::_y

M= bending moment about principal axis,
y = distance AB from principal axis,
I= moment of inertia of cross section ADB

BENDING STRESS ALONG BASE OF STRESS-CORROSION CRACK

FIG.70
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The similerity between the dev lopment of
these creacks and the development of the corroded

.
L

CI1C

(Y\

section of unstresced metal will be aupars

7
Q.J‘

Theoretical considerations

If it be assumed that thé”increase in stress
at the base of a crack is due to eccentrlc loading
of the spe01men, the centre of stress being
displaced from the central axis of the wire, an
analyols of the stresses 1nvolved may- bﬁ made.

Referrlng to Fig. /O opp081te, thu centre of
stress of a tensile load of p -1bs. applied tc the
wire is the central axis FF. ‘va a crzck, depth n,
is developed such that it forms the segment AEC,
the centre of stress will noﬁ beialong NN and:the
metal along AB will De subdected to a bﬁ»dlmb strecc

Abe tending to open the crcck such tnai
AB.  _ | My _ F.e;d
o ‘[I]" =1

The tensile stress ABft acting on AB is»% y vhere
A is the area’ of the sogmenu ADb hence the totsal

-

ABn
S I is gilven Ly :
Strc D+E o o

For a circular segment it car be roadily shovm that:
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Area = }éR2(2o< - sin2e« )
The centroid position: I —= AR = 4
LFSil’le
= R [64 —  3sindk COS“]
: T -1 = d_g
- nl1- 4sinda
- T - 3s5inle
The moment of inertia INN
. .. 6
_ i . 281n5o¢ cose 8 sin
= R {%(2“ - Slng‘*)( 1+ 2= sinXcosX / T 7TA -~ sinost
Consider a crack 0.0l in. in depth in a wire
0.06 in. diameter:
(0.03)2
Area of sound metal = ‘22320 [4.6+ 0.9939]
= 0.002517 in®.
_ » (0. 74%5) e
= 0.023 in
d2 = 0.027 in.
_ S I (_-2(0.7453)° {0, 6567)
Tgy = (0.03) [ (46 o.,9591&+(2.5 T (0. 7653)(0.5757)
_ 8 _ (0.745%)8
. -7 . 4
Ty = 4.316 . 1077 in",
Hence:
o _ o (0.003)(C.027), )
bat T F T EIE TI0 ! 0002817



STRESS AT BASE OF CRACK — LBS./SQ.IN.

Facing P. 200

ALLOY WW.7.

STRESS AT THE BASE OF SEGMENTAL CRACKS
DUE TO ECCENTRIC LOADING.

Wire diameter taken as O-O600 ins.

CRACK DEPTH — INS.

0.005 0-0l0 00l5 0-020 0025
o — . T LI —

FIG. 71
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= 7.3 p 1bs./in2.

-

Velues of fb+t may be celculated for crecks C.02
aud C.02 in. desp and curves drswn for the variation
of 4, dl, d2 and T with depth of creck. Values of
fb+t may then be obtained for any intermediate depth

of crack.

TARBLE ZCNT

T in lbe./d 2
F, . in 1be./in”.
b+t & Lt

n in inches.
P = 100 1bs. 90 1bs.] 80 1lbs.
AB .. Do A AR

n oot Tpat Tout Tyit
0.C01 55,380 55,380 )1 840 28,300
C.0C2 35,700 Sh, 800 ,C)C 29,360
0.CC% 5“,30 5%,900 ’4 S 470 50,640
0.004 59,900 55,000 7/,/10 51,920
C.CCE 41,800 31,700 574520 35,440
0.006 39,060 34,720
0,007 36,320
0.0C8 38,160
6.0C9 40,080
0.010

The vealues for lower loads may be tabulated in

8 similar menner, snd shown graphically as in Fig. 71.

Applicetion of the ecceutric loading theory

For a load of p lbs., corrosion will proceed
until a crack has developed such that the combined

stress at the base exceeds the yield strength.

The binding strecss tends
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deformation of p at the base of the crazck will
proceed. Such deformation will result in glip
oscurring in @ until the stress exceeds the intver-
atomic forces in this compornent anda tearing will
~.result which may occur without deformation of

the surrounding grains. The tear may be
_temporarily arrested due to sn unsuitably
orientated grain boundary or to intermetallic
inclusions when further corrosive sction will

be necessary to pass the obstacle, when overcome
the combined stress at}the base of the crack will
be greater than that which resulted in the original
Htéar, hence further obstacles Wiil be léss
effeculve in arresting the pfocess. #ith high
1n1t1&1 loads on the specinen, llttle arresf of
the process would be expected end for lower loads
only obstacles preseﬁt after yielding had Just
commenced would be expected tc arrest the

craéking for any period of time. This is confirmed
by the observations on the exten51on of the wire
durlng stress—corros1on when loads in region of
the proof stress resulted in sudden failure while
the feilure which occurred with lower loads

appeared to take place in twe steps
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Analysie of the curves in IFig., 71 show thet
the direct load recuired for yielding to occur at

The bese of & crack are as shown below:

TABLE VI

Load . Depth of crack | Direct load reqd.

% proof stress at ylield for yielding
(ing.) (1bs.)
94 0.C014 145
85 0.0040 140
75 0.C066 137
66 0.0092 1%%
57 0.0119 127
47 0,0147 119
38 0.,0182 110
28 0.022 10C
19 0.026 89

The minimum strength of specimens of NW.7

just before fracture were (Table XIX, p.16%5):

‘ Loed Strength
(% of proof stress) (1lbs.)
o 142
5 100
57 98
47 87
28 87

The strength for loads of 94% of the proof
sﬁress and 28% sre of the order of the direct
load recuired for fracture although for intermediste
loads the values deviate congiderably, howev:er

the depth of crack recuired for fracture to occur
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may be somewhat greater than that for yielding to
commence, and the strengths just before fracture as
recorded above are the minimum values cbserved, which
may be exceptionszlly low, in which case the calculated
values and experimental values will be closer than

those shown.

ancture of notches

The experiments of Gilbert and Hadden (4%)
showed that when artificial notches were made in
a8 tensile test piece, parts of the fracture were
intercrystalline and no deformation of the crystels
was apparent, whilst the fractures of unnotched
specimens were~wholly transcrystalline with gross
deformation of the crystals. However, in
experiments where a gradually increasing stress
was applied, intercrystalline cracks began to
~appear in the surface at about %% overstrain,
and at about 11% overstrsin transcrystalline cracks
also appeardd. It would therefore agpear that
the nature of the crack depemds on the rate of
loading. The tearing action at the bacse of a

notch caused by stress-corrosion would be very slow
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to bogin with and as the area of scund metal decressed,
the overall stress on the section would increase with
incressing rapidity until it exceeded the ultimete
strength of the residuel metal and sudden mschanical
fracture would result, this being a transcrystalline

fracture.

Criticisms of failure by eccentric loading.

An objection to the theory of failure by
eccentric loading is that a tension member with a
semi~circular notch does not fail at a lower load
than that calculated for the strength of the
‘residual cross—-section. gsuming an increased
stress at the base of the semicircular notch, if
this exceeded the yield strength then in a ductile
specimen the stress would distribute itself over
a small area at the base of the notch. If, however,
there were a selective path at the base e.g., the
(@ phase, then the stress.distribution would be
loéalised on this phase and tearing might occur if
the distribution could not reduce the stress to
below the yield stress. Tearing would increcse
the local stress and the process would eccelerate

across the section of the metel. I there were no
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selective path, deformation wculd not be localised
to an extremely small ares and would Therefore
reduce the combined stressvdue to bendirg end
tension to below the yield stress sund tearing would
not occur. . Such distribution of stress would occur
until the yield strength of the residual section

was passed and hence fracture would occur with the
applied stress which would fracture an unnotched

specimen.

Conclusion

In conclusion, a considerable amount of work has
recentl& been done on stress distikibution around
notches, much of it involving complex mathematical
analyses.  One of the chief difficulties appears
to be the correlation of the results obtained by
photo-elastic measurements on trensparent material
e.g., perspex, nitro-cellulose etc., and those
obtained on metals which hsve entirely different
structures. The subject is considerably complicated
by the fact that no two metalg specimens are exactly
alike and may therefore behave in a different manner

when subjected to standerd tests.
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It is possible that stress concentration due
to fine cracks and the effect of eccentric loading
both play a part in the stress-—corrosion failures
encountered in the work of this thesis and there
will probably be much speculation on the effect of
mechanical stress before a theory is universally

accepted.



APPENDIX

POLAROGRAPHIC ANALYSIS

OF ALUMINTIUM
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POLARCGRAFPEIC PRINCIFLES

The polarograph, in a simple form, consists of
an elecWolytic cell in which an aqueous solution of

the material to be examined is contained, the anode

N_hich is a pool of mercury and the cathode of’
%ﬁiéh’is mercury dropping from a glass capillafj:w’
A gradually increasing L.M.F. 1s applied to the cell
by means of a rotating potentiometer which is

geared directly to a recording drum,. A strip of
photogrephic paper is wrapred around the drum and
the current passing through the cell is recorded by
means of a spot of light reflected from the mirror
of 2 galvanometer onto the photographic paper.

The galvanometer is connected in series with the
cell by way of a variable shunt which is'used to
alter the'senSitiVity of the galvanometer as
required. The record obtained, termed a polarogramn,
is a current-voltage curve,

';Ip practice, the electrical resistance of the

éiéc E"ol;yte in the cell is made negligible by tﬁé
addition of a salt with a cation having a high
deposition potentisl, e.g. lithium chloride. The
anode 1s of & large area and unpolarisable in

comperison with the dropping cathode, hence the
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THE POLAROGRAPH  (DIAGRAMMATIC)

FIG. 8972




electrical resistsnce of the whole cell is
determined solely by the processes occurring at

the cathodic mercury-water interiacc. As the
E.M.F. of the cell is graduslly increased from

zero, the current passed by the cathode remains )
negligible until the deposition potential of one

of the cations present in the electrolyte is reachicd.
At this point a sudden but limited incrcase in
current occurs and concentration polarisation sets
in, The cathodic mercury-water interface bacomes
denuded of cations having that decompOSition

voltage and further electrolysis is limited by tho
rate ot which fresh ions can diffuse to the interfece
from the bulk of the solution. No further increese
in current occurs with increasing applied voltage
until the next deposition potential is reachéd. In
this manner a current-voltage curve consisting of

a number of steps is obtained, the voltage at which
a step occurs gives a qualitative indication of

the cation responsible and the height of the step

is directly proportiornal to its concentration.

The pclarogrenh as originaelly designed by

o

Heyrovsky and Shikite (84) is shown diagrammeticelly

in Pig. 2e.
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ATATYSTS OF ALULMTITUM

Direct iethod

During the experiments or the corrosion of
aluminium by‘hydrochloric acid, thevpolarogrﬁph'was
used for estimating the amount of sluminium taken into
solution. The determination presented some difficulty
Ey reéson'bf the comparstively low pH (4.1) at which
hydroly51% of clumlnlum salts to insoluble aluminium
hydrox1de occurs, Ixact polgro srachic determinations
cannot be made in solutions of lower | pH than 3.5
since the géneral slope of the flat portions of
%he curve becones too steep, due to iﬁcrease in
h&drogen'deposition with increasing voltage, to
éilow éccuréte measurenents to be unade. Thecse
difficultiesbwere overcome by CGull (5%) who used
the polarowrawﬂ for the snalysig of sluminium in
magn631um alloye. ATter dissolution of the alloy
inyﬁydfoéhloric acid, most of the cxcess acid was
neutfaliSed With potassium hydroxide, With‘

‘v1gorous %huklnf to avoid local Lrec ipitation of
'alumlnlum hydrox1qe. Neutralluuulon'to the chan;ec
point of bromophenol blue indicator at pH 7.8 wes
completed by careful zddition of C.1 I ECE and the

solution left for %-4 hours to ensurc completbe



dissolution of any treces of colloidal aluminium
hydroxide.

The above method was investissted by oreparing
solutions containing a known quantity of sluminium
in 0.1 N HCl, to simulcte the corroding solutions
for anelysis, end the following technigue was used.
10 drops of bromophenol blue were added to 20 ml.
of a standard solution and the free acid carefully
neutralised with potassium hydroxide solution.
Sufficient of a concentrated solution of magnesium
chloride was then added to make the final
concentration in the solution as polarographed
equivalent to 0.125 N, this reproducing the conditions
used by Gull. "The solution was diluted, the neutral
point redetermined and finally made up to 25 ml.
with water. Prior to amalysis the solution was
de~-oxygenated by passing hydrogen through it for
30 minutes.

Experiments indicated that whereas concentrations
of aluminium in the solution to be analysed (i.e.
before dilution) which were greater than 0.01%
gave well-defined current-voltage curves, for lower
concentrations the height of the step was difficult

to measure and below about C.CO5% aluminium the
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step was so ill-defined that it was not poseible
to estimete the neight with eany degree of accuracy.
Since in the corroding solutions to be analysed
the aluminium concentrations were of the order of
0,001% modifications of the above technique
were investigated.

The effect of salts with a cetlon having a
high deposition potential other than magnesium
chloride was examined. 0.05 N barium chloride
gave better defined curves for aluminium concentrations
in region of 0.01% but the curves for lower
concentrations were no better than those obtained
with magnesium chloride. C.1 N lithium chloride

had much the same effect as magnesium chloride.

Indirect Method using Bromate Solution
| It became apparent that the method of‘analysis
described above was unsuitable for aluminium
concentrations below about 0.Cl% and an indirect‘
method of analysis recently developed by the
Cambridge Instrument Co. (58) was investigated.

It is well known that nitrate ion in smell
concentration is catalyticelly reduced at the

dropping mercury electrode in the presence of a
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relatively large concentration of caltions such
as aluminium, The present method of analysis
is dependent upon the fact that if the conditions
are changed so that the concentration of nitrate
is much larger thah that of aluminium, the diffusion
current obtained becomes nearly proportional
to the aluminium concentration. Other oxidising
agents such as bromate and iodate behave in
a similar manher. The Ceambridge Instrument Co,
invesgtigated the bchaviour of aluminium in the
presence of a large excess of nitrate, bromate or
liodate and concluded that the method wss superior
to the direct measurement of aluminium since in
the latter the step occurs at a high potential and
does not give a well-defined diffusion current and
also the hydrogen ion concentration of the solution
must be very carefully regﬁlated. In the new method
hydrogen ion concentration was much lessg critical,
a better diffusion current was obtained and
interference by other substances was considerably
less. . Of the three sclutions bromate wars the mogt
satiéfacto:y.

The base solution suggested was a solution

containing:
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0.20 N KBrO

0.2 I KCl ~

0.002 1 HCL
and the technique recommended was to add a known
volume of. the aluminium solution to &£ ml, of the
base solution, followed by a few dfops of bromophenol
blue indicator and after neutralisation firstly
With 0.1 N KOH and finally with 0,01 N KCH, to
make up to 1C ml. with distilled water.
| “The record gives two steps, at Ehk, -0.%5 v.
and El, -0.78 v. against a saturated calomel
électrode. The second step is used for aluminium ’

measurement, the first being due to hydrogen icns.

Experimental Investigation

Experiments were carried out to determine the
scope of the bromate method.

Effect of acldit

The effect of variation in the pH of the
solution in the region of the change point of

bromophenol blue indicetor was investigated.

TABLE XXVITT

Solution as polarographed:

10 ml. of bese solution, 1C ml. of an Al stendard
solution, made up to 25 ml. after addition of
KOH:

(a) until yellow colour just zebain:=d,

(b) to green change point,

(¢) until blue colour Jjust formed.

g ~ Vg oy o Vb . o oem A - ! P s L R
Step helghts eyuated to 46 sonsitivity.

s T R R T I
(&) $.74 in., (b) C.°6 in., (¢ $.52 in.
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Thus slight veriation in the pH of the solution
in the region of the change point of bromophenol blue

has no effect.

Effect of “KC1 concentration in solution as polarogrephed

Preliminary experiments indicated that the bromate
meﬁhodwwas-unsuitabie'for the analysisibf aluminium
in,conéentrationslof less than ebout C.CO3%% in the
solution to be analysed (i.e. before dilution with
base solution). In order to carry out enalyses
on the aluminium éontent of the corroding solutions,
it was necessary to concentrate by eveaporation. The
- concentration of potassium chloride in the solutiocn
as polarogrephed therefore varied with the degree of
evaporation. The effect of vafious concentrations
of potassium chloride in the supporting electrolyte

was investigated.

TABLE XXTX

Base solutions containing (a) 0.2 N XKC1, (b) 1.C I KC1,
(¢) 2.0 N KC1 prepared. 10 ml. Al standard solution
in C.1 N HCl added to 1C ml. base solution, neutrslis-d
and made up to 25 ml. The quantity of KCl in
golutions as polarographed therefore (a) 0.21 g.,

(B 0.77 &., ?0) 1.47 5.
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Concn. in soln. as vpolarograpled Av. gtep heipht
— 1 equat. 45 sens.
0.21 g. C.0C19% 4.%50 in.
0.77 AL
1.47 6.80
.21 g. 0.003%%% .10 in.
C.77 9.25
1.4% $.55
0.21 ¢. 0.0C65% 14.4 in,
0.77 16.0
1.4% 15.8
0.21 g. _ unknown 11.6 in.
0.%7 10.5
1.47 12.0

The change in KC1l content from C.21 g. to
0.77 . had an epvreciable effect on the step height.
Change from 0.77 to 1l.47 had a relatively small
effect.

It was therefore decided to standardise the
concentration of potassium chloride in the solution
as polarographed. After five fold evaporation
of the corroding solution, subsequent neutralisation
resulted in the formation of approximately 0.%5 g.

of KC1 in 10 ml. This quantity was chosen as a

convenient standard.

Final technique

A sample of the corroding solution was evaporated
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to a known extent and 1C ml. of the concentrated
solution was added to 1C ml. of a base solution
- containing 0.2 I KBr06 only. 4 calculated qguantity
of standard KCl solution was added to make the finsl
gquantity of KC1l in the solution as polarographed
equal to 0.35 g. and the mixbture neutralised to
the change point of bromophenol blue firstly with
1 N KOH and finally 0.01 N KOH, shaking vigorously
to dissolve the aluminium hydroxide. ATter making
up to 25 ml. the solution was left for at least 3%
hours to ensure complete dissolution of the aluminium
hydroxide.

Prior to analysis, the'solution was deoxygenated

by bubbling hydrogen through for 15 minutes.

Accuracy of results
A series of analyses conducted by the polarograph

were checked by gravimetric estimation of the aluminium

using 8-hydroxyquinoline.

TABLE XXX

Concn. Al in g./litre

Folarograph 0.%95 0.358 0.310 0.362 0.358
Oxine 0.409 0.%62 0.31% 0.3%346 0.%82
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The maeximum deviation between the estimations
carried out on the polargraph and gravimetrically
was approximately 4%, and since the deviations
were in either direction, the usefulness of the

polarograph is demonstrated.



SUMMARY -
AND

CONCLUSIONS
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SUMMARY

It is well known that stress applied to a
corroding metal or alloy may influence the rate of
attack and in some cases may cause premature failure.
The role of stress may be to alter the intrinsic
properties of a metal, i.e. render it more reactive
or otherwise, and to alter the nature of protective
films by stretching or rupturing them. Certain
alloys which are susceptible to intercrystalline
corrosion may suffer severe loss of strength when
comparatively small stresses are applied, even though
the actual amount of metal corroded is relatively
small.

In the present investigation, the effect of
tensile stress on Al corroding in acid solutions
where no protective films are formed, has been
investigated to determine whether stress influences
the reactivity of the metal. The effect of stress
on Al-7% Mg alloy in the annealed state and strain-
aged, to render it susceptible to intercrystalline
corrosion, has also been investigated in acid solution.

A technique for investigating the stress-



- ccd -

corrosion susceptibility of eluminium alloys has
been developed and the efiect of stress on the
corrosion of strain-aged A1-7% lig and Al-5% lig alloys
in neutral 3% sodium chloride solution has been
determined.

In a1l the experiments the stress was applied
via avsteelyard and the specimens were in the form
of 16 gauge wire. A high probability of obtaining
reproducible samples was thus obtained. Only
comparatively small loads were reguired for applying
high stresses, thus simplifying the apparatus, and
"edge" effects which may be apparent when specimens
are in sheet form were eliminated. The experiments
were conducted at constant temperature. A summary
of the experimental work is given below.

. The effect of (a) external stress below the
proof stress and (b) internal stress caused by
overstrain on the corrosion of Al was determined by
measuring the rate of attack in O.1N HC1, 0.1l HC1
containing 5% NaCl and 0.1N HCLl containing 3% NaCl.

Methods for determining the rate of corrosion
were investigeted. The aluminium taken into
solution was determined by the polarograrhic method,

but the method was not sensitive enough and necessitated



a five-fold concentration of the solution before
analysis could be carried out. Under taese conditions
this method was rapid and accurate, especislly when
a large number oif analyses were reguired and a
detailed account is given in the spvendix. Gravimetric
analysis using 8-hydroxy-quinoline was effective,
but as in the case of the polarograph, necessitated
disturbance of the corrosive environment. Colorimetric
analysis using aluminom resgent was not sufficiently
accurate. The method finally adopted was measure-
ment of hydrogen evolved. Measurements were taken
without disturbance of the corroding metal or of
the solution. Certain inaccuracies may have been
introduced due to (a) dissolution of mydrogen,
(b) non-messurement of corrosion by dissolved
oxygen and (c¢) uncontrolled stirring. Since
comparative rates of attack were required, however,
the effect of these inaccuracies was reduced and
further minimised by presenting the data as rate of
hydrogen evolution - time curves, omitting the results
for the first 20 hours.

The effect of tensile stress on the rate of
corrosion of Al-7% Mg alloy in O.1N HC1l containing

3% NaCl was determined by messuring the rate of



hydrogen evolution. The efrect on corrosion of
elastic stress on the strain-ased alloy was determined.

The effect of tensile stress on the potential
between Al and O.1N HCLl conteining 3% lNall was
investigated. Measurements in the elastic range
of stress were conducted on single specimens,
eliminating difficulties of variation of specimens.
Measurements of the potentiel against a calomel
electrode and against other specimens were made on
permanently deformed metal by simultaneously immersing
specimens of unstressed and overstrained metal in
the corroding solution.

Measurements were made of the polential between
annealed and strain-aged Al-7% Mg alloy and 0.1N
HC1 containing 3% NaCl.

The effect of stress on the corrosion of Al=-7%
Mg alloy under conditions where a protective film
of corrosion products is formed was investigated by
measuring the volume of oxygen absorbed and hydrogen
evolved when the wire specimen was vertically
immersed in a %% NaCl solution containing HCl, pH 3.
Measurements were conducted by observing the changes i
volume of the gas above the corroding solution, the

hydrogen evolved being removed at a heated platinum
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wire.

A technique for determining the effect of
stress on corrosion in neutrasl salt solution was
developed. The specimens were subJjected to inter-
mittent immersion and the rate of corrosion assessed
by determining the loss of ultimate tensile strength.

Experiments were conducted on strain-aged A1-7% lig and
Al-5% Mg alloys. The specilmens were exposed to
3% NaCl solution buffered at pH 6 by Nsdc - HAc for
a cycle of 2 minutes immersion and 2 minutes out of
contact with the solution. The cycle was arranged
so that the specimens did not dry out during the
interval when they were out of contact with the
solution. The extent of corrosion with increasing
time of exposure was determined for stressed and
unstressed specimens, and the time to failure of
stressed specimens determined using an automatic
recorder.

Measurements of the elongation of stressed
specimens with time were made by recording the
extension, magnified 200 times by means of a system
of levers, on a smoked chart.

lethods have been developed whereby the stress-

corrosion susceptibility of materials may be expressed




- 22D -

on a comparagtive basis.
(1) by plobtting the percentage loss of strength

due to sitress—corrosion against the applied
stress,

(ii)by plotting the percentage of the loss of
strength at fallure due to stress-corrosion
against the applied stress.

The conception that stress concentrations at
the base of_fine cracks, caused by corrosion, are
responsible for local yielding and subsequent
extension of the crack, ultimately resulting in
failure, is discussed. An alternative theory of
the mechanical role of stress is advanced, based
on the concept that the presence of a combined
bending'and tensile stress at the base of a crack
due to eccentric loading is greater than the gpplied

tensile stress. This causes extension of the crack

and ultimately leads to failure.
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CONCLUSIONS

Application of tensile stress within the proof
stress has no effect on the rate of corrosion of

Al in dilute acid solutions.

TInternal stresses set up by overstrain have no

effect on Al up to 10% overstrain.

The rate of H2 evolution from a length of Al
overstrained 20% is less than that from the same

length of unstrained metal.

Variations in conditions other than stress have
a greater efiect on the rate of corrosion of Al

than stress alone.

Elastic stress and 10% overstrain have no effect
on the rate of corrosion of annealed Al-7% Mg

alloy in dilute acid solution.

The rate of corrosion of stress-free strain-aged
Al-7% Mg alloy is considerably greater than that
of the annealed alloy.

Applicetion cf elastic stress to the strain-aged

Al-7% Mg alloy results in a small increase in
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the rate of attack.

Potential measurements confirm that elastic
stress has no effect on the corrosion rate of

Al in dilute acid solution.

The effect of plastic stress on the potential
of Al is small, and less than the variation in
the potentials of specimens given identical

treatment.

The effect of stress on the potential,of annealed
Al-7% Mg alloy in dilute acid solution is

negligible.

A stress of 94% of the proof stress causes a
small deviation in the anodic direction of the

strain-aged Al-Y% lig alloy.

The curves for the rate of attack of A1-7% Mg
alloy by 3% I7aCl solution, pH 3, as measured by
oxygen absorption are similar irrespecti&e of

the applied stress.

The attack as measured by hydrogen evolution sho.s
considerable variation for specimens corroded

under the same stress.
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It is confirmed that Al-7% Mg alloy is susceptible

to stress-corrosion.

The time-to-failure of Al-7% Mg alloy increases
with decreasing applied stress, ranging from 1
hour for stresses of 68% of the U.T.S. to longer

than 300 hours for stresses of 2% of the U.T.S.

The loss of strength due to stress—corrosion

of Al-7% Mg alloy increases from %2% of the U.T.S.
for an apylied stress of 68% of the U.T.S. to 68%
for an applied stress of 20% of the U.T.S.
Thereafter it decreases rapidly with decreasing

applied stress.

The threshold stress of Al-7% Mg alloy.is about
2% of the U.T.S.

It is established that Al-5% Mg alloy is

susceptible to stress-corrosion.

The btime-to-failure of Al-5% Mg =zlloy increases
with decreasing applied stress, ranging from about
1% hours for stresses of 61% of the U.T.S. to

380 hours for stresses of 24% of the U.T.S.

The loss of strength due to stress—corrosion of
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Al-5% Mg slloy is almost consbtant at about 40%
of the U.T.S. for stresses from 61% to %2% of
the U.T.S. Thereafter it decreases somewhat

with decreasing applied stress.

The threshold stress of Al-5% Mg alloy is about

24% of the U.T.S.

The effect of stresses smaller than the threshold
stress applied to Al-5% g alloy is relatively
small and any effect does not increase with time

of exposure after the early stages of attack.

The loss of strength of the alloys is most marked
in the last stages of the life of the alloy. All
the loss of strength of the AL-77 Mg élloy stressed
to 68% of the U.T.S. occurs within 1 minute of
failure. With smaller stresses the loss is

most marked within minutes of failuré.

The stress—corrosion susceptibility of the alloys

‘examined as assessed by the methods described is:

Method (i) Al-7% Mg alloy = 7%
Al-5% Mg alloy = 45%
Method (ii) Al-7% Mg alloy = 85%
A1-5% Mg alloy = 67%.
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