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INTRODUCTORY NOTE.

The work described in this report was, at the
outset, intended to comprise a short investigation of
corrosion problems in general as they affect steam
genersting plant. It soon became evident, however,
that the particular type of boiler corrosion known
usually as "caustic cracking' or "caustlic embrittlement",
provided a particularly attractive field of study and
virtually the whole of the investigation has been
devoted to an attempt to clarify certaln aspects of the
provlenm presented by fallures due to this cause,

Those who are acquabnted withh the subject of
caustic cracking will agree that there is as yet no
indisputable explanation of the' fundamental causes of
it, and the present writer has given much of his
attention to a search for such an explanation,

It is because of this that a discussion has been
introduced at the end of each reslevant part of this
report and a general discussion has been embodled in
Part VII, The practical and experimental work done in
the course of this investigation is described in
Parts III, IV, V and VI, Part III includes a
statistical analysis of extant observations. One paper
dealing with thls part of the work has already appeared
and another is in print. A relationship between
hydrogen overpotential and hydrogen embrittlement has been

tentatively established in Parts IV and V. The writer



was encouraged by results which he obtained with the
apparatus described in Part VI, This apparatus, which
is of his own design, is, so far as he knows, the

only one of 1ts kind in this country. Care has been
taken to accredit data and information taken from
.outside sources to the proper authorities, Since
ideas and concepts normaelly result from a series of
assoclations, the origins of which may be forgotten,
the writer mey not have been able to cite the source
of every item, but he has endseavoured to do so to the

best of his ability.

James Watt Engineering Laboratories‘
University of Glasgow,

e et et

Janvary, 1948,
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PART 1

THE OCCURRENCE OF CAUSTIC CRACKING IN PRACTICE.




THE CCCURRENCE OF CAUSTIC CRACKING IN PRACTICE,

1., INTRODUCTION,

The feilure of bollers in service due to cracking
within the riveted seams, and at other‘similar locations
has for a great many years engaged the serious attention
of those responsible for the manufacture and operation of
steam generating plant, The extent bf the problem will
become apparent when it is réalised that the presence of
such cracks, because of their position, will not be detected
in any normal inspection of the boliler unless they have
reached disastrous proportions, This state of affairs
implies at least the replacement of the affected plates,
and not infrequently of the complete boller shell, Such
economic considerations are, nowever, of minor éonsequence
in comparisonwith the very real danger of complete
disruption of the boliler, with the attendant danger to
human life and to neighbouring plant.

Failures attributable to cracking of the seams
are rather infrequently met with(in this country, though
occasional cases do occur, especially in Scotch marine
boilers, In America, the trouble would appear to be
rather more prevalent, and its .occurrence in locomotive
boilers is a matter of some concern. In consequence,
research has been carried out in the U,S,A, much more
vigorously than here.

Despite its compesrative rarity as a male of

boiler failure, this fomm of cracking has been responsible
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for e discguleting number of explosions. The case of the
Dutch East Indian stesmship "Pahud™ 1) 2)X , and that of
the disastrous explosion of a water-tube boiler at
Reisholz, in Germsny, may be speclally mentioned, The
Reisholz explosion, whichk resulted in the loss of
o7 lives and caused much material havoc 3) led to the
formation of the Vereinipgung der CGrosskesselbesitzern, an
orgenlsation which has dome much in investigating not
only this problem of boiler operation but many others as
well, |

Occasionslly feilures superficially of the
nature outlined abhove may be attributed to more or less
obvious causes as, for example, excessive stresses set
up during fabrication, fatigue, or (more rarely) feaulty
material, - In most cases, however, none of these factors
is operative to the requisite extent, and the cause of
feilure must be sought elsewhere.

It was sugpested early in the present century‘by
Stromeyer 4) 5) and by Parr 6), that the cracks might be
due to the asction on the boller metal of caustic alkalil
formed by the hydrolysis of the sodium carbonate freguently
added to the boiler feed. This view has come to be
generally asccepted, and consequently failures of thls type
are freguently referred to as "caustic cracking”, or on

account of the apparently brittle nature of the cracks,

X The filgures refer to a bibliography to be found
at the conciusion of the report.
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"caustic embrittlement', In subsequent sections these
ideas will be examined in more detail, but in the
meantime 1t is necessery to lnguire more closely ihfo the
nature of the problem by en examination of the features

typifying such failures,

2. LOCATION AND MACROSCOPIC C:HARACTERISTICS OF CAUSTIC
CRACKS,

On the gross scale, caustic cracking presents a
number of well-defined characteristics which, while not
necessarily unique, permit us, when taken in conjunction
with the resulﬁs of a micrographical study, to arrive at
several important conclusions regarding the mechanism
whereby the cracks are produced, These distinguishing
features are summarized below,

(1) The cracks are confined to regions where cavities
may exist in the boiler structure, and to which the main
body of feedwater has but limited access, Typilcal
locations ere the riveted sesms of the shell-plates and
the rolled-in ends of fire=tubes,

(i1) They only occur at areas where a considerable
degree of asymmetrical stressing, accompenied by plastic
deformefion of the metal, is present; as, for example,
in the vicimity of rivet holes.

(111) The cracks appear to be brittle in character, in
that they are not assoclated with any appreciable

elongation of the metal, Nevertheless, tests carried
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out on specimens taken from the region of the cracks do
not reveal any appreclable reduction in the ductility
of the metal (7) X,
(iv) In riveted seams the craﬁks are frequently found
to pass from rivet hole to rivet hole, though not alwajs
in a continuous fashion, as will be clear from the
accompanying photograph (Fig.l), of an embrittled shell
pléte. Sometimes they are found to be distributed
radially round the circumference of the rivet holes,
They do not alweys traverse the supposed'lines of maximum
stress. Cracks are also in many céses present in the
rivets themselves, and 1in severe cases the heads may be
broken off by a blow from a hammer, This test is
sometimes apprlied in routine inspections of the boiler,
(v) Failures are not invariably confined to plates of
poor chemical or physical properties, nor are they always
agsgsociated with faulty workmanship or ‘design, Variations
in the operational conditions (temperature distribution,
frequency of on-and-off leading, and so on) are epparently
without materisl influence, It is true that in particular
cases the trouble may be aggravated by faulty material or
workmanship (such as excessive riveting pressure or
insufficient caulking of inside seams), or to exceptionally

severe operg&tingconditionsy but proper attention to these

Compare, however, the work of White and Schneidewind.
(infra p.156 )
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matters will not necessarily render the boiler inmune from
attack,

3 MICROSCOPIC CiHARACITHERISTICS OF CAUSTIC CRACKS,

Though on the macroscopic scale caustic cracks
exhibit certain unusual features it is only on the
examination of specially prepared microsections that their
peculiarities are fully revealed., The Photomicrographs
reproduced in Figs 2, 35 and 4 were taken from a mlcrosection
cut from the boilér plate of Fig 1 at the region marked by
the chaiked squere, These may be,téken as typical of
~this mode of failure, of which the salient features are set
out below.

(1) Frequently there is one large fissure in each region,
which 1s filled with the products of corrosion., T :ese are
mainly ferrosg-ferric oxide, associated with smaller
quantities of ferrous oxide (8) (Fig 2).

(ii) Associated with each of these fissures is an
extensive network of extremely.fine subsidiary cracks,

some of which may be discerned in their relation to the
main fissure in PFig 2.

(i1) The subsidiary cracks are peculiar in that they are
predominantly intercrystalline (Fig 3); tﬁat is, they

tend to follow the boundaries of the individual crystals

of which the métal is composed in preference to a path
pasdgling through the body of the crystals. Occasionelly

the fracture may become transgrsnular over a short distance,

as is shown towards the right-hand edge of Fig 3,
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put this behaviour would appear to be somewhat
exceptional.
(iv) Many of the finer cracks appear to be entirely
free from corrosion products, as 1is particularly clear
iﬁ the unetched microsection of Fig 4, In Fig 8,
however, there is some evidence of attack at the edges
of the grains bordering the crack, which in some cases
has resulted in the development of short branch cracks,
This may possibly indicate the presence of a corroding
medium,
(v) It cannot be sald that the cracks show any
particular association with inclusions, or with
pearlite as has sometimes been stated (9); an apparent
assoclation with these features of the mlcrostructure is
a natural consequence of thelr intergresnular path,

The marked tendenég of caustic embrittlement
craéks to follow an intergranular céurse distinguishes
them sharply from most normal modes of feilure in mild
steel. Cracking which is attributable to brittleness
of the material (whether on account of chemical
composition, heat treatment, or cold work), normal
fatigue, or corrosion fatigue exhibits in general no
particular regard for the grain boundaries. Occaslonally
cracks originating from these causes may pass along the

boundary of one or two individual grains, while a certain

amount of intergranular pitting on the flanks of a
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corrosion-fatigue fissure is not uncommon (10), But
such cases are readily distinguishable from the type
of failure in question,

It must not be supposed, however, that
intergranular fallure of steel is only found under such
circumstances as have been outlined in the preceding
paragraphs, Numerous examples are well known, each
assignable to certain specific causes, Nor is it a
phenomenon peculiar to mild steel; many other ferrous
and non-ferrous alloys exhiblt (under certain conditlons)
the same susceptibility., A discussion of some of the |
more important examples of intergranular failure is under-
taken in Part II, since it is only by thismeans that
the particular type under review may be placed in 1its
proper perspective.

4, THE INFLUENCE OF THE FEEDWATER.

So far, any mention of the part played by the
chemical composition of the boiler feedwater in the
production of caustic cracks has been avoided. The
relationship is an involved one and, as yet, by no
means fully understood. Full consideration has
therefore been postponed to PartsIII and VII, but it
ls convenient to discuss here certain practical aspects
of the matter,

As has already been mentioned, 1t was determined

by the earliest investigators that cracking identical with



(a)

(b)

Bi
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that occurring in practice could be obtained by
geverely stressing mild steel in hot caustic soda
solutions,. A difficulty immediately arose in attempting
to correlate these results with practice, in that the
concentration of alkali required to produce failure
exceeded by many times that found in the feedwater of
embrittled boilers, It is possible, however, to
suggest a mechanism whereby the nécessary concentration
may be atteined at those regions susceptible to attack.

Fig 5(a) represents, diagrammatically, a
botler seam which has been badly caulked internally and
externally so that an internsl cavity is in limited
communication both with the interior of the boiler and
with the atmosphere, It is easy to envisage ﬁhat
feed seeping into the seam will be rapidly concentrated
by evaporation into the atmosphere, and that ultimately a
depoéition of solid salts Wili occur in the cavity.
This condition has been ingeniously repreduced by
Dr. Schroeder in his "Embrittlement Detector” to which
we shall have occasion to refer lster.

By means of a simple but instructive experiment,
Straub 7) has shown how concemtration of the feedwater
may take place even in cases where the seam is btightly
caulked externally. Referring to Fig 5(b), water enters
the seam and evaporates either partially or completely.

the vapour being ejected into the body of the feedwater.
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Due to temperature variatlons the vapour remaining
in the inner cavity is condensed, thus permitting the
entry of a fresh portion of feedwater; or it may be
that opening and closing of:%he cavity through
operational pressure fluctuations serve the same end.
By this process a high concentrationyof salts is soon
attained.

It has been shown by Pfleiderer 3) that the
deposition of salts may readily oceur even under
conditions much less severe than those implied in the
above discussion, and it seems doubtful if riveted
seams can be rendered entirely immune by even the
most lavish care in fabrication, The occurrence
is no doubt blosely connected with the remarkable

powers of seepage possessed By alkaline solutions,
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11 THE NATURE OF THE CRYSTAL BOUNDARY, AND IWTERCRYSTALLINE
FTAILURES LN wETALS AND ALLOYS,

In this part of the work it is proposed, first,
to discuss the nature of the boundary layer separating
the crystals of metallic aggregates, and second, to
give an account of some of the circumstances under which
metals and alloys are found to frscture in an
intercrystalline manner, In order to avoid lengthy
digressions at a later stage, and to preserve a
logical sequence it is desirsble to include in this
brief review material which mey not be unfemiliar,

The treatment is, on the whole, objective, but on some
matters of dispute the writer has ventured to submit
his own opinion, Where this has been done, the fact is

explicitly stated,

NATURE OF THE GRAIN BOUNDARY.

1. NOTE ON CRYSTAL STRUC TURE,

The individual crystals of a metal ( or indeed
of any true solid) are built up by the regular disposition
in space of atoms or groups of atoms so as to generate
a space lattice. Such a lattice may be represented by
a network of points in space so arranged that each point
possesses identical surroundings., This condition
imposes a severe restraint on the number of possible
arrangements:; there are ihdeed only fourteen.

In the simplest case only one atom is associated
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with each point of the lattice, Thus &~ iron (ferrite)
the allotropic modifieation stable at normal temperatures
has a body - centred cubic structure in which there are
iron atoms at each cube corner and at the cube centre
and nowhere else, Similarly x - iron (austenite)
stable between 912°C and 1400°C has a face-centred
cubic structure, there being atoms at each corner of the
unit cube and at the centre of each cube face. Fuch
more complicated arrangements are, of course, possible
in which symmetrically arrayed groups of atoms (or other
units of structure, such as asymme trical atom groups)
are associated with each polnt of the space lattice.
Crystallographers have shown that 230 such space-groups
are possible, each of which is associated with one or
other of the 14 space-lattices. These space groups
are generated by the operation of certain symmetry.
eleménts in space in a manner analogous to the
generation of the 32 classes of macroscopic crystal
symme try by the operation of symmetry elements at a.
point, X

X The relevant references are:- .
F.C., Phillips, "An Introduction of Crystallography',
London (1946). Ch, VI and Pt. II:
(S8ir) W.L. Bragg, "An Introduction to Crystal Analysis’
London (1928). Ch. IV.
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2, FORFATION OF THE GRAIN BOUNDARY IN PURE MNETALS.

When a pure metal crystallizes from its melt
numerous minute crystallites (nuclei) of solld are
first formed, in each of which the atoms are disposed
in regular array, as outlined above. The crystsllite
as a whole, however, possesses a random origntation
with respect to its neighbours, As crystallization
proceeds the nuclel continue to grow in certain
preferred directions with respect to its internal
structure, the random orientation of each with respect
to the others is, however, still maintained. This
process of growth continues until only & thin film of
molten material separates each developed crystal
from its nelghbours, It is the mode 6f solidification
of this film which determines the nature of the
intercrystalline boundary.

Two suggestions have been advanced. The older:
is that the inter-atomic stresses set up during the
solidification oflthe intergranular film are sufficient
to disrupt completely the regular arrangement of the
étoms and produce an amorphous layer. This intergranular
"amorphous cement”, as it is frequently called, is
regarded as being similar to the flowed layer of
amorphous metal (Bellby Layer) produced by
metallographic polishing. Because the regular

crystalline structure is the most stable arrangement. of
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the atoms of a metal in the solid state, it will
possess the ninimum free energy of all possible states
at the tempersture in guestion, The emorrchous state
existing at the boundary will therefore possess a
higher free energy and on t*lis account might be
expected to exhiblt an enhanced propensity to change;
its presence has thus frequently been invoked to
explain changes which commence at or are confined to the
grain boundéries. For example, structural changes
occurring in the solid state which commence at the
grain boundaries, such as the transformation of
austenite  to pearlite (11), are sometimes ascribed to
their increased activity as is also the tehdency shown
by certain metals to fall intergranularly at elevated
temperatures. In the latter case it is suppcsed that the
intergranular metal being, in effect, a glass, will
possesé a certain capaclty for viscous flow, thus
facilitating rupture between the drystal grains (12).
The hypothesis that an amorphous layer possessing the
properties attributed to it above exists has been
gigo%rously defended by Rosenhain (13).

{ Recently the notion of an amorphous film
extending to several hundred atolic layers 1in depth such
as the above considerations would appear to imply has
fallen sowewhat into disfavour. It 1s known now that

the stresses set up by the relatively displaced positions
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of the atoms 1n the approaching crystal faces become
negligible beyond a few atomlc diameters and it is
widely held that the distorted layer cannot exceed
this thickness. It is now supposed that the
contiguous crystals preserve thelr regular atomic
arrangement to within a few atomic layers of the
interface, while across the remaining déstance a
gradual rearrangement of the atoms takes place as
each crystal face strives to attain the structure of the
face which the other presents to it. A compromise is
thus attained, and it is such a thin, distorted layer
which is believed to constitute the interface,

It is extremely difficult to obtaln reliable
“experimental evidence which would enable one to decide
between the two altermatives advanced above, since
the presence of even minute amounts of impurities
may profoundly influence the behaviour of the boundaries,
This matter is discussed in the ensuing section.

Se INFLUENCE OF IMPURITIES AND OF ALLOYING ELEMENTS,

As an example of the manner in which the
addition of a second component (not forming s continuous
series of solid solutions) to the melt of a pure metal
may influence the behaviour of the crystal boundaries,
the system iron-sulphur may be considered. This is a
case of considerable practical importance.

Pure iron crystallizes in the & form at 1537°C;
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the addition of sulphur to the melt causes a
progressive lowering of the initial freezing point until
a eubectic 1s formed between X - iron and iron
sulphide at 985°C and 31% sulphur, Solidification of
an alloy containing less than the eutectic proportion
of sulphur takes place by the separation of pure iron
(the solubility of sulphur in solid irom being
negligibly small) until the remainder of the melt attains
the eutectic proportions, when simpultaneous precipitation
of iron and FeS occurs, In commercial iron and steel
sulphur is present only in small quantities as an
impurity, consequently the eutectic solidifies not as
well-defined grains, but as thin fillms in the interstices
between the iron crystals. The presence of these thin
films results in intergranular brittleness at normal
temperatures, and because of the lew melting point of the
eutectic, in weakness sat hoﬁ-working temperatures:
a condition known as 'hot-shortness'.

This behaviour is typical of several alloy
systems in which a secondary phase forms a brittle
intergranular film, Another example is provided by
the system gold-bismuth, Pure gold, one of the
mpst malleable and ductile of metals, is rendered
extremely brittle by the addition of as little as
0.1 per cent. of bismuth,

In the examples cited above, the intergranular
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component is deposited from the melt, but its presence may
also result from changes occurring in the solid state,
An exawple 18 the farmation of intergranular cementite
in low carbon steels (carbon content 0,10% or less)
by separation from austenite at the eutectold tempersture.
Similarly the phenomenon of age-rardening (notably in
mild steel, aluminium-copper and copper - beryllium alloys)
is regerded as being due to the separation of a new
phase at the grain boundaries and along certain crystall-

ographic planes from a supersaturated solid solution,

INTERCRYSTALLINE FAILURE,

4. CLASSLFICATION,

Failures of metallic materials by intergranular
fracture fall, as a general rule, into one or other of
four main classes;

(1) Those attributable to the leaching out of the
grain boundary material by some (usually specific)
corrosive medium, The presence of meohanical stress,
either internal or éxternal is Pfrequently a neceaaarj
adjunct to failure of bhis type.

(11) Those which result from the reaction of gases
dissolved in the metal with the grain boundary material
to form products whose self-adhesion or adhesion to
the contiguous metal is inferior to that of the grains
themselves,

(1i1) Those due to the penetration of liquid metal

between the grains,



Fig,
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(iv) Those due to inherent intergranular weakness
resulting from the composition or heat treatment of the
metal,
In subsequent sections each of the above
classes will be examined in some detail.

5. CORROSION AT GRAIN BOUNDARIES.

Fallure of a metalllc aggregate by the separation
of individual grains is an exceptional state of affairs.
and can seldom be attribﬁted solely to the structure of
the metal ahd the effect'of mechanieal stress. Certain
corrosive media exert a profound effect in this
connection, ,

As has been pointed out earlier, the metal in
the region of the grain boundaries, belng more or less
distorted, has anvenhanced free energy content. In
consequence of this, the exposed boundaries of the
surféce crystals might be expected to be anodic
towards the remainder of the surface when the metal is
immersed in an electrolyte, This is, indeed,
frequently found to be the case, and in many metals and

"alloys corrosion is initiated in thét region, Due;
however, to the accumulation of corrosion preducts,
polafisation sets in, and the attack becomes more
general, This can perhaps be made clearer by reference
to Fig 6. The anodic areas at ﬁhe érain boundaries,
AL, begin to corrode first, the accompanying flow of

positive ions in the solution being indicated by the
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arrows. As the products of corrosion bezin to
accurmlate, the potential difference between A and the
remainder of the grain surface B, 1s reduced, The
attack therefore becomes less intense, and ultimastely is
spread uniformiy over the entire surface,

The sequence of events outlined above may be
somewhat modified when the metal is simultaneously
subhjected to a tenslle stress, the tiny intergranular
pits initially formed are extended and widened, thus
permitting access of the electrolyte to their roots,
which, in view of the intense distortion existing there,
are invariably anodic towards the remainder of the surface.
Under these conditions, and provided polarisation is
comparatively weak, serious intergranular pitting
may result, It is at least doubtful, however, if
these conditions alone are sufficient to account for
intergranular cracking, As a matter of fact,
beceuse of macroscoplc areas of differing electro-
chemical potentiasl ( due, H r example, to differential
aeration) intergranular pitting is comparatively rare
in practice, though the phenomenon is sometimes
observed on the sides of corrosion fatigue cracks where
the conditions existing at the surface are naturally
& minor importance. Intergranuvular cracking,
though more commen, is a much more subtle occurrence,
and the problem is perhaps best approached through the

medium of specific cases.
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Perhaps the best known example is provided by the
cracking of cold-worked brass in an atmosphere contsining
ammonia, In this case the formation of (probably) the
- complex cuprammonium ion, Cu, QNHg,X prevents polarisation
by free cuprion, while the redldual stresses resulting
from cold work facilitate the propagation of the attack.
Thus far, however, the explanation is very probably
incomplete.  There is evidence that only the /)’ -
constituent of brass is attacked by ammonia, while it is
only the mono-phase X -brass which 1s susceptible to
intercrystalline attack (14). On.this account,
i$ has been suggested that failure 1s due to trapes
ofthe‘/ﬁg-constituent existing at the grain boundaries,

Certain nickel-chromium steels, and notably the

alloy containing 8 per cent nickel and 18 per cent
chromium are susceptible to intergranular attack under
certain conditions, These steels are quenched from
1000 - 1200°C and are austenitic at room temperatures,
for although the solid solution ig thermodynamically
unstable the rate of decompositicn 1s immeasurably slow,
If, however, the steel is heated in the region 600 - 900° ¢
the austenite breaks down with the precipitation of
chromium carbide, The reaction proceeds most rapidly
at the grain boundaries, which become impoverished in

X ,
It appears to be sometimes overlooked that

cuprammonium hydroxide is only $table in
concentrated solutions of ammonia., This fact

may invalidate the argument in some cases,
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chromium and so more liable to atitack., It is this
decomposition of the austenite which is responsible for
the well known phenomenon of weld degay.

The trouble may be averted in several ways.
The maintenance of an extremely low carbon content
(less than about 0,02 per cent) is hardly practicable
on the commercial scale but 1t is quite usual to add some
substance having an affinity for carbon superior to that
of chromium, such as titanium, niebium, vanadium, or
tantalum, The carbides of these elements are
then preferentially precipitated, leaving the chromium
in solution, Another method is to produce an 0 -
iron phase by the addition of molyBdenum, Chromium
carbide 1s then precipitated at the g -~ phase boundaries,
and provided the X - iron masses are isolated no serious
damage results, Similar results- can also be
achieved by reduction of the grain size through cold
working. 1he consequent increase in grain boundary
area prevents the formation of a continuous "foam" of
deposited carbide. A rather spectacular illustration
of the protective effect of cold working was exhibited
recently in the form of an 18 per cent Cb s, 8 per cent Ni
alloy bolt in which the body had crumbled away through
intergranular corrosion, leaving the cold-worked threads
in the form of a coiled helicsl spring. Sensitivity to
intergranular attack may be detected by rehaati;g the

steel to 650°C and subsequently subjecting to the action
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of a boiling acid copper sulphate solution,

Intergranular corrcsion in light elloys is of
frequent occurrénce. Az Important exemple is provided by
duralumin, agﬁ aluminium - rich alloy containing about
4 per cent copper. This alloy possesses the property of
age-hardening to a remarkable extent, and it 1s the
resultant increese in hardness and tensile strength
which gives it its great technical importance, Age~
hardening (and temper-hardening), as the phenomenon is
understood nowadays,xigydue to the precipitation of a
second phase in sub-microscopic quantities along certain
crystsllographic planes and at the grain boundaries.

The distortions set up inithe lattice by the nuclei of the
second phase tend to boughen the alloy in a manner
snalogous to work-hamdening. As -precipitation

of the second phase proceeds the distortions in the
lattice decrease, and by the time the guantity
precipitated has reached microscopic proportions the
hardness and other properties affected by the process
have passed their maxima (15), This latter state may
readily result from edverse quenching conditions (i.e.
from too low a temperature, or too slowly) and, if the
accurulation of the second phase at the grain boufidaries
ks $ufficient, the material is rendered seriously
susceptible to intergranular attack.

On the basis of the examples described above, and

on others, the conditions favourable for intergranular
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attack (as envisaged by the writer) may be set down as
follows: -

(a) The reaction must not stifle itself, that is,
its progress must not be hindered by the accurmlation of
solid reaction products, This is naturally a pre-
reguisite of any contlnuous corrosion process, but it is
to be remembered that the intensely localised intergrenular
attackvmay be much more readily stifled by solid corrosion
products than a more generalised attack. To achileve
thigs end the products mwt be soluble in the electrolyte
or if solid, be deposited at some distance from the seat
of the attaclk,

(v) Electrochémically the process mws t be
efficiently anodically depolarised. In some cases the
reaction may be self-depolarising through the removal of
free cations by the formation of complexes while in others
a suitable depolariser may be present in the electrolyte.
In any event, the depolarisi ng agent must be capable
of functioning efficiently in the restricted
intergranular fissures.

(c) It seems highly probablg that a grain
boundary phase, anodic towards the bulk phése, must
exist in sufficient quantity to permit the initiatilon
and propagation of the attack.

() While the presence of tensile stress is not
invariably necessary (it is not, for exemple, in the

case of "18 - 8"stainless steel) it is very frequently
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an important contributory factor,

Surprise has sometimes been expressed that
intercrystalline corrosion is not the rule rather than
e?ception, the idea being based on arguments similar
to those advanced at the beginning of this section.

It is seldom however, that the conditions lasid down
above are operative to the reculsite extent,.
Conditions (a) and (b) are in themselves, in fect,
gsufficient to restrict corrosion to the metal surface

except under the mest exceptional ciréumstances.

6o INTERGRANULAR FATILURE DUE TO DISSOLVED GASES,

Several examples of intergranular attack may
probably be placed in this category x, but for the
purposes of the vresent discussion it will suffice to
give a brief account of the behaviowr of mild steel
when subjected to the action of elecirolytic

hydrogen.

Under-certain circumstances hydrogen evolved
at the surfzce of mild steel is found to penetrate the
metal, rendering it brittle and thus extremely

susceptible to cracking. The trouble is most frequently

X
For example; "Green rot" in nickel-chromium alloys
- a complicated process (Cf, U.R. Evans, "Netalliec
Corrosion, Passivity and Protection"”, London (1946),
p.116 ); intergranular oxidation of alloy steels et
elevated temperatihres; and the intergranular weaskening
of copper steels in atmospheres containing suvlphur,
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met with in lndustrial pickling processes, and is

thus frequently referred toc as "pickling brittleness’
(Beizsprodigkeit). A somewhat similar phenomenon,
met with in steel plant employed in ammoﬁia synthesis
by the Haber process, at temperatures in the region of
50000, is ¥nown 28 "hydrogen sickness" (Wasserstoffjkrankheit);
in this case decarburisation of the pearlite accompanies
the general brittleness of the ferrite grains (16).
Hydrogen is also frequently invoked as a cause of
hair-line cracks in ingots and of "fish-eyes” in

;elds; it is also responsible for the blistering
some times encountered in enamel coatings .

An account of these matters, together with very
complete bibliographies will be found in the papers

by Zapffe and Sims (17) and Zapffe (18).

. The rate of diffusion of hydrogen through
steel sheets has been investigated by several workers,
emong whom may be specially mentioned Morris (19),
Edwards (20) and Bardenheuer and Thanheiser (21).

The last mentioned workers have shown that diffusion is
much more rapid when the steel is attacked by
sulphuric acid than when hydrochloric acid 1s used.

Possibly this is due to the presence of stimulating
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impurities in the former (see below), While increase
in temperature or in acid concentration resulted in an
increased rate of diffusion, expressed as a proportion
of the total amount of hydrogen produced the amount
diffusing wss less, Increase in the carbon content of
the steel was found to decrease the rate of diffusiocn
in agreement with the known fact that hydrogen
embrittleﬁent is only troublesome in hypo-eutectoid steels.
By allowing hydrogen produced electrolytically at the
‘outer surface of a closed steel bomb to diffuse into
the interior, Bardenheuer and Thanheiser were able to
show that quite phenomenal pressures could be developed.
Theyregard t-is experiment as duplicating the
conditions existing at the discontinuities in the
metal structure resulting from non-metallic inclusions,
where pressures sufficient to cause cracking or, if the
site of the incliision be near the surface, severe
blistering may be developed. The trouble may be
very considerebly mitigeted by 'killing" the steel
in the ingot by the addition of aluminium, a process
which markedly reduced the segregation 6f impurities.
Certain impurities in the pickling acid exert a
profound influence on the rate of diffusion into
the metal and on the resultant embrittlement, Atem (22),
employing an apparatus in which a constant currvent

density was maintained, showed that mercuric chloride
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and arsenious trioxide when present in small quantities
caused a very marked lncrease in the rate of

dgiffusion of hydrogen trough a steel sheet. The
phenomenon 1s accompanied by a comnsiderable rise

in overpotential, Sdmewhat similar experiments

were carried out by Bablik (23) in hydrochloric acid,
but in which no external e.,m,f., was applied, This
worker found that the addition of a small quantity

of hydrogen sulphide to the acid inéreased the

amount of hydrogen diffused, while arsenlc and mercuric
chloride had the opposite effect,

Alekseew and his co-wdrkers (24)(26), in an
éxtensive series of expériments, have examined the
embrittling effect of minor constituents of the electrolyte
in some detail, by subjecting loaded wires to cathodic
polarisation, In (analytically) pure sulphuric
acid little or no brittlemess of the wires ensued,
but the addition of small quantlties of arsenious
trioxide, hydrogen sulphide, and sulphuiv dioxide
among other substances™ resultedlin quite spectacular
embrittlemend, accompsnied by a very considerable
lowering in tensile strength. Similar results were

obtained in 4N. sodium hydroxide solutions containing

X Telluric and selenic acid and certain
compounds of phosphorous.



28.

small cuantities of mercuwric chloride, but the present
writer has been unable fully to confirm this (p,101 ).
Several workers have examined the influence of

these "poisons

(as they are frequently called) on the

hydrogen overpotential.  Thelr results are superficially

contradictory but to the writer appear amenable to

a reasonahle interpretation; it is, however,

conveniént to postpone discussion to a later stage

(p.91 ). It is worth while noting here, however, as

has been pointed out by Evans (26), that the pesults of

eipériments carried out under an applied e.n.f.

must be carefully distinguished from those arilsing

from tests in which no external potential‘is

employed, In the first case hydrogen is discharged at

the cathode at the rate independent of internal potential

changes which may result from the addition of a poison

to the electroly&e, while in the sevond the reattion

rate, being dependeht'on the internal potential,

will be profoundly affected by changes induced 1n it.

The effect of dissolved hydrogen on the

mechanical properties of mild steel a md iron has

been investigated by many workers, Bardenheuer and

Ploum (27) have shown by means of a bend test, that

the brittleness of the metal decreases steadily with

time, recovery being almost complete after a few weelieX
X Alekseew (loc,cit) reports a case in which

onsiderable brittleness persisted even after a
iapse of three vears, P
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at room temperature, or after a few minutes at
100°%. It is important to note, however, that a
complete restoration of the original ductility is ne&er
attained. A conventional tensile test, modified to
permit cathodizing of the specimen. was employed by
Pfeil (28) with interesting results using specimens
of iron, obtalined by the decarburisation of mild steel,
he found a very considerable loss in ductility
(elongetion 1/6 normsl) in commercial sulphuric acid
at 2500, though the ultimate strength of the specimen
was but little reduced. On raising the temperature
to 4OOC the original properties of the material were
almost completely restored, though the effect of
diffused hydrogen was still obvious in the form of
surface cracks. Single crystal specimens showed very
1ittle loss of ductility even at 25°C, indicating
that the occlwded gas has very little influence on
the slip of the crystel.

A metallogréphic approach to the problem
has been adopted by Zapffe and Sims (17) and Zapffe
and Moore(29). These workers examined micrographically
the facets of the fractured surfaces of ferrite
embrittled by hydrogen, and obtained evidence of a
series of structures which they believe to piay an
intimate part in the embrittling action of the

occluded gas., The coarsest of these is a "lineage"
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structure of rifts in the surface of the facets, and the
finest a "mosalc', exhibiting a statistical regularity,
which they believe to be identical with the mosalc
structure generally associated with the name of
Buerger‘% Between the two extreme types exists
a continuous series of "transition structures'.
Zapffe and Sims regard these discontinuities in the
crystal structure as being largely inherent, though
only revealed by the action of the dissolved
hydrogen. It is supposed that hydrogen, existing
in the atomic form in the interstices of the lattice,
can combine at the site of the discontinuities to form
a molecular fluid at a high pressure, which widens
the rifts and thus renders them visible. Because
of the block form of the discontinuities a tri-axial
stress is set up by the fluild w-ich largely precludes
the normal process of slip, and brittle fallure occurs
by cleavage through the rifts, |

This explanation is not entirely'satisfactory.,
It has been pointed out (30) that the existence of a
block structure surrounded by fluid would lead to

spontaneous disintegration and a more localised

x An account of these lattice imperfections
(mosaics) will be found in Hume-Rothery
"The ~tructure of lketals and Alloys", London,
(1945 ) ch.V1
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accumilation has been sug:ested. ihe significance
of the gross lineage structure is also doubtful.
kIt has been shown (3Ll) that many of the subposed rifts
are in fact Weumsnn bands, and apparently similar
structures in normal fracture have been noticed by the
present writer, The argument is not entirely
invalidated by these criticisms, however. Thee
existence of the finer mosalc structure is little
in doubt, and it seems quite reasonable to suppose that
it plays an intimate part in the brittle failure
induced by hydrogen. The mode of failure in
hydrogenized iron will be further discussed later
(p 117 ) in relation to some of the writer's own
results.

The addition of any one of a wide group
of orgsnic compounds to the pickling bath has a
remarkable effect in restraining the diffusion of
hyarogen into the metal (21).  Among the more
important are beer yeast, sugar waste, sulphite liquor
(waste from cellulose manufacture), resorcinol and
compounds of the pyridine type. ~Sieverts and
Iueg (32} regard this latter group as being the orly
efflcient restrainers, but this is not borne out by

the work of Creuzfeldt (33). The action of these
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additives 1s generslly regarded as ieing due to the
formation of an absorbed film of colloidal material on the
surface of the metal which blocks the entry of hydrogen
atoms,

On the question of whether hydrogen embrittlement
does or does not lead to intercyystalline faillure there
appears to be some confusion, Zapffe and Moore (29)
fﬁﬁnd that hydrogenized ferrite falled in an intercrystslline
manner only when iron oxide was present at the grain
Boundaries; otherwise the fracture is trans-crystalline.
Pfeil 28) obtaeined transcrystalline fracture at
2500, but intercrystallihe at dlightly elevated
temperatures (40°C), In tests on specimens composed
of a few large crystals,trans - and intercrystalline
framture appeared to occur indiscriminately, The
writer has found intercrystalline fracture in soft
mild steel cathodigzed in ammonium nitrate solutions
in the region of 100° (p 95 ), while tests in sodium
hydroxide solutions at room temperature resulted in
transcrystalline failure with some evidence of
intergranular separation (p 106). Apparently a
moderate rise in temperature favours the intercrystalline
type and the presence of reducible intergranular film is
probably necessary, but the problem is somewhat

cbscure and merits further investigation,
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7. INTERCRYSTALLINGE ATTACK BY JMOLTEN IETALS,

An interesting type of intergranular failure is
presented by the penetrztion of molten metals along the grain
boundaries of several materials, and a brief notice may not bve
undesirable.

Perhaps the best-known example is provided by the
intergranular penetration of brass by mercury.Desch (34)
describes how ﬁ;- brass containing aluminium disintegrates in &
few seconds when moistened with mercurous nitrate and plunged
into mercury, even under circumstances where the presence of
internal stress is unlikely. The U, - bresses fail only when
a tensile load is applied. The penetration of brass, copper
and steel by molten solders is slso well known. A general
discussion, together with a2 bibliography, will be found in
Evans' book (35).

An interesting case in connection with the matters
discussed in the yrevious section has been described by
Bardenheuer and Ploum (36), who found that steel embrittled by
hydrogen is very susceptible to the penetration of molten brass.
In the absence of hydrogen the presence of tensile stress is
apparently necessary.

The examples quoted above are to be regarded as
particular cases (of immediate interest in that they result in
intergranular fzilure) of the wider phenomenon of the diffusion
of one phese into another <

x A general discussion is given by C. H. Desch
"1etzllography", London (1944) Chs. XIII and XVII.
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In cases where solld solubility does not exist the
diffusion process is invarlably intererystalline as
is the case with fungsten in mélybdenum. Even the
process of self-diffusion in lead detected by von Hevesy
by means of the radio-active isotope, thorium B, appesars
to proceed in an dntercrystalline manner,

In view of the Weli known fact that diffusion
takes place more readily in cold-worked material, it is
widely held that the remarkable speed of diffusion
along the grain boundaries may be attfibuted to the
distortion of the lattice existing there. To the writer
this explanation of intergranular diffusion appears |
incompaete. It seems improbable that the remarkable
difference in diffusicn rates existing between the

interior and boundary of a grain can be attributed solely
to an increased solubility in the distorted latitice,

Accompanying the distortion however, are almost certainly
a vastly increased number of discontinuities

(Lockerstellen) over those existing in the body of the grain,

In those regions the interatomic field of force will be
extremely weak, thus permitting ready passage of the
atomg of the diffusing phase. In some cases the
presence of an intergranular lamellar phase may
facilitate diffusion, éithef because the diffusing medium
is readily soluble in the boundary phase, or because the
nurber and extent of the discontinuities are greatly

increased, The possibility of the latter alternative will
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be readily appreclated 1f the lattice structure of the
houndary phase differs considerably from that of the bulk
phase.

On this view the penetration of hydrogenized
steel by brass, as found by Bardenheuer and Ploum, may
be regarded as resulting from the widening of the
Lockerstellen in the manner envisaged by Zapffe and
Moore. In other cases tensille stress may play an
equivalent role,

8. FAILURE DUE TO INHERENT INTERGRANULAR WEAKWESS.

Failures which may be atbributed solely to an
inherent intergranular weakness of the metal are not
cormon, and a brief notice will suffice.

The case of nild steel containing iron
sulphide has already been discussed, The trouble is
overcome by the addition of manganese whiich combines with
the sudpphur to form spherical particles of manganese
sulphide. The possibility of intergranular films is
thus obviated,

Archbutt and Rosenhain (37) have shown that
intercrystalline failure in aluminium alloys and in
lead is most readily produced when the crystal boundaries
are smooth, when they are serrated fracture tends to be
transcrystalline, |

Though surface craclks which are intercrystalline

may appear in mild steel subjected to prolonged stress
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at 5000 C, they do not exhibit any tendency to initiate
intercrystalline fracture, except in the case of
Armco iron (38), In tests prolonged over many
years Jenkins and 1;"\ﬁ.e‘llo:(' (39) andRéserwin and Hanson (40)
were quite unable to produce failure (either trans - or
intercrystalline) in mild stée;L loadvedv abo e the yield

point at boiler temperatures,
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ITI. On the Application of Stabtistical Tethods to
PField Data on Boller Ewmbrittlement.

Since the introduction of the detector unit
devised by Dr. Schroeder (41l) it has become possible to
conduct field tests on boiler embrittlement
on an exbtensive scale, As in most other corrosion
tests of this nature the data obtained are subject to a
considerable amount of experimental scatter, rendering 1t
virtually impossible to gresp their full significance
vy mere inspection, Dot diagrams, or other methods
of systematic tebulation, provide a useful surmary of
the results in that they bring any tendency towards
regularity clearly to the eye. In the two extreme cases,
when a definite functional relationship is obeyed by the
deta and when complete randommess prevalls, it is
possitle to assess the results with some confidence.

Vany sets of data lie hetween these two extremes, however,
add if they are assessed on the basks of the systematic
tabulation alone, their asslgnment to one or other of the
two classes becones largely a mwatter of personal bias,
Clearly this is an unsatisfectory pfocedure, and

if erroneous conclusions are to be avoided some

criterion of significance must be established. This

is the taslk of nathematical statistics.

Wikhin falrly recent years analytical procedures

have been developed which permlt the drawing of reliable
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conclusions frow coumparatively restricted sets of dete.

This "technioue of small.samples” is of particular importance
in asgssessing the results of experiments of the type under
consideration,  ib example of the application of such
methods to embrittlement data will be found in a recent

paper by the writer (42). In this case a regression

line was fitted to the data and its coefficients tested

for significance by "Studentt!s” t=test. Such a

procedure 1s not, however, generally applicéble,>and

the more extensive treatment to be given in the

q s s . b4
following pages requires a more versatile method.

1. CONTINGENCY TABLES. =

Perhaps the most general method of analysis
supplied by mathematical statistics is that embodied in
in the construction of a contingency table. A
contingency table may be constructed in almost every case
where it 1s desired to test for agreement between the
frequency distribution of a set of obserged data and the
distributidn of some hypothetical infinite "population”

"~
of which the observed set is assumed to be a sanple,

The subject matter of this Part: will appear
shortly in the Transactions of the American
Society of Mechanical Engineers,

XX See also Appendix I.
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From such a table a statistic may be computed.which is
characteristic of the sample az a whole, and which
provides a reliable indication of the significance of
the sample with regard to theassumed hypothetical
distribution. The derivation of such a statistic is
out-lined in the next psaragraph,

| Let a sample S of N members be drawn from a
population I. If it is now found possible to classify
the members of S in two ways, either according
to a characteristic A, or according to another
characteristic B, we may construct a eontingency table
whose columns represent the values X assumed by A, and
whose rows represent the values X assumed by B. If A
can assume the ®m values, Al R A2 s ove Am and B can
assume the n values By, B2 ses Bn then we shall have
an m X n contingency table among whose cells the

members of S_ are distributed as shown.,

X It is to be noted that these "values" need
not be of a numerical charagter.
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Al A2 [} L[] e L] Am
Bi o vy P12 - . . . .
B2 rizl n22 . L} . . '3
Bn nnl nn2 . . . . nnm

If we suppose that in the population, I, from
which S is drawn no linkage exists between A and B, then
the cell frequenciss should be propoftional to the
corresponding marginal totals, That 1s, the

expected frequency in the kth column and lth now will be

n m
V.. = =1 Mk . =315

1k

"N
where, of course, N = >_ E%l ny 4
i

The deviations of the ™ij from the correspdnding /uij
are then given by =

xﬁj = Nes = 3

1J 1]

We require, however, a statistic which will provide a
measure of the significance of the deviations of

the sample as a whole,
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Such a statistic is given by the relationship -
2 s— Xi°
X% =2 =24,
i I3,
ij
The sampling distribution of )&? was found by Pearson
to be -

aP(R2) =

5 2(2-0Q) G, EXP -XQ—l .
Mty

Where e is the number of degrees of freedom of
the table; that is, the mumber of cells which can be
arbitrarily filled without altering the marginal
totals., From this distribution may be computed the
probsbility, P(X 2y, that the value X © found in any
particular case may be ascribed to sampling variance,
A table of valués of X 2 has been constructed by
Fisher (45) for P = 0,01 to P = 0,99 and ) = 1
to M = 30, and some curves plotted from his table
are shown in Fig 7. The selection of the value of
'PO(g),above which the deviations cannot be regarded as
significant is to some extent a matter of choice.

In biological and actuarial work a value of P = 0,05
is conventionally regarded as the limit of
significance, but for the practical purposes of

boiler contrql the somewhat more stringent value

of 0,02 is probably to be preferred., - The particular
value chosen is not, however, of any great moment,

provided it is within reasmable limits.
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The conditions which the data must fulfil in order
that the X 2 = test may be applicable are not at all
onerous. The assmmption of continuity in deriving
the sampling distribution of X renders the method
gomewhat inexact when the cell frequencies are low,
however, and it is advisable to arrange the data in
such a way thmt the cell frequencies always exceed 5.
Otherwise the nature and sequence of the groups are
gulte immaterial,

2, ORIGIN AND TABULATION OF THE DATA,

Before applying the statistical method outlined in
the preceding section to a particular sample, it is
convenlent to inéert here a brief description of the
tests in which the sample originated, and of the
tabulation of its data.

In a paper published in 1942 Partridge,
Koaufmen, and Hall (44) described a series of tests
conducted by Hall Laboratories on a large number of
boilers distributed widely throughout the U.S.A, and
other countries, Schroeder.detectors were fitted to the
boilers and kept under careful observation, being
adjusted whenever necessary, and the number of days
required to produce cracking of the specimens noted,
If feilure did not occur within a gertiain period
(usually 30 days) the test was discontinued. The result

of each test, together with the analyses of the
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feedwaters and some supplementary data (rodling
‘treatment, type of feedwater pretreatment and so on)
were recorded in an extensive series of tables,
Thege were made availleble to the writer through the
courtesy of Hall Lsaborastories, and constitute the
sample to be analysed here.

Since the tables are arrsnged according to an
arbitrary system of serlal numbers, some rearrangement
is necessary before statistical tests can be
conveniently applied, The data are first divided into
groups according to the values assumed by the
characteristic whose influence it is desired to asseés,
care being taken to ensure that a sufficient number
of members are included in each group to ensure the
validity of the X ®-test. |

The number of cracked and the number of
uncracked specimens in each group are then counted
and treir frequencies entered in the appropriate cells

of the table,

A 2
3. THE APPLICATION OF THE X ~ - TEST TO THE DATA,

(a) The influence of the constituents of the Feedwater,

Almost every common constituent of boiler
feedwater has been regarded at pne time or another as
having bome influence on the incidencé of embrittlement.
Very often precisely opposite effects were attributed

to the same component by different investigators.
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Recent research has done much to clarify the position,
but the remnants of controversy have not altogether
diseppeared. In the writer's submission, many cases of
disagreement are due to personal blas in assessing
data whose significance, were they submitted to a
sufficiently critical statistical examination, could
be determined with complete certainty.

Table I summarises the results obtained by
applying the X 2 - test to various constituects of
the feed. Variations in the concentrations of
hydroxide, chloride, oxide (Ry0;), silica and
phosphate exert no influence on the relative frequency
of cracking, for the analysis shows that the value of
P exceeds the stipulated limit of 0.02 by a
comfertable margin in each case. We may therefore
reject such variations as being of no significance

with complete confidence,

TABLE 1.
CONSTITUENT xY? S P
OH 0,114 3 0.90
80, 6.925 3 0,02 - 0.05
cl 04507 3 0.90 - 0,95
R0 4,325 2 0.10 - 0.20
510, 4.658 3 0.20 - 0,30
PO, 1.167 3 0.98 - 0,99
TANNIN 11.021 1 Z.0,01
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Wthether the absence  of any of these substances would
materielly alter the relative frequency of cracking
is a guestion to which the data cannot supply an
answer X, since each is present to some extent in
every member of the sample, The matter is properly
the subject of =n extensive and carefully controlled
laboratory investigation.

Referring agein to Table I, it will be observed
that the foregoing remarks do not apply to the
constituents sulphate and tannin.,. With regard to
sulphate, the value of P lies sufficlently close
to 0,02 to merit a more detalled examinstion of the
characteristics of the distribution, while the value
of P corresponding to tennin places the significance
of this constituent beyond all doubt. |

The distribution of the data with regard to

sulphate is shown on Table II,

TABLE II

see over,

These remarks do not apply to phosphate, for
in numerous members of the sample the concentration
of this substance is zero.
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TABLE 1II,

50, UNCRACKED CRACKED TOTALS .
ppm .
0 - 37 ' 12 49
(32.52) (16.48).
200 - , 43 \ 30 . 73
(48.45) (24, 55)
400 - ° 26 . 19 45
, | (29.87) (15.13)
600 - 44 15 59
- , (39.18) = (19.84)
TOTALS 150 4 76 226
3‘? =  6.925

'D. = 3

0,02 £ P £ 0,05

At low concentrations some protective action 1s
apparent, while at intermediate values (200 - 600 ppm)
there appears to be a stimulation of cracking;
inhibition again becomes appafent at values exceeding
600 ppm, The deviations are however sufficiently slight
to engender some doubt of their reality; a doubt which
finds quantitative expression in the value of P.

In the past, considerable lmportance has been‘

attached to the maintenance of a high sulphate - hydroxide
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ratio, Lately, however, it has been sugrested that

this will only be effective in preventing failure

when combined with a high chloride - hydroxide ratio,

The support offered by the data to these two statements

is examined in Tables III and IV.

In neither case

does the observed distribution differ significantly from

the expected, so that no benefit can be derived from

the fulfillment of either of these conditions.

T ABLE III,

Na2 SO4
W UNCRACKED
0 ~ 43
. (42,76)
2 - 40
(39.52)
4 - = 29
‘ : (27,86)
6 - ; ' 26
: (27.86)
TOTALS 138

CRACKED

23
(23.24)

21
(21.48)

- 14
(15.14)

17

(15.14)

75

G
J

TOTALS,

66

61

43

43

213

0.906

3

0.,90<pP £0,95



Na, SO, / NaOH

e 4

O~ 4a TOPALS
Cracked TUncracked., Cracked Uncracked.

0 - 73 39 . 54 29 195

( :
NaCcl/ g (72.03)  (38.65)  (57.09) (27.23)
NaOH. ( '
(2 - 9 5 11 2 27
( - (9.97) (5.35) (7.91) (3.77)
Totals 82 44 65 31 222
2

X = 2,454

1n
W

0.30 P 0,50,

Indeed as far as Table IV is concerned, the significance
of the deviations has probably been over-estimated, for
the expected value in the right bottom cell 1s rather
low: a situation which tends to give a value of
P()(z) which is less than the true one.

The analysis of the influence of fannin is shown
in Table V, In the original tables this constituent
is charscterised as being "added" or'not added" in meny

cases, and a 2 x 2 contingency table has therefore been
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constructed on this basis, The large value of )(2
(corresponding to a P ¢ 0.0i) is clearly to be adduced
significant. Inspection of the table indicates that

it is due to the low observed frequency in the

TABLE V

TANNIN Uncracked, Cracked ‘ Totals.
Added 69 17 86

(57.46): : (28.54)
Not added 88 61 149

(99.54) (49.46)
Totals ‘ 157 78 235

2
X = 11,021
) = 1
P 4 0,01

"gdded-cracked" cell. Tannin must therefore be
regarded as a definite'inhibitor of embrittlement and
is, in fact, the only determined constituent of the
feedwabers which can be classified as such,

Further tests, in which the tannin content is
determined quantitatively, are necessary before the
amount of tannin required to reduce the relastive
frequency of crscking to zero can be determined with

precision,

(b)  The Influence of the Type of Pre-treatment,

’

When the tests are classified according to the
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type of pre-treatment employed &s in Table VI, some

curious and highly significant deviations become apparent.

TABLE VI

Treatment Uncracked Cracked - Totals,.

Raw 60 14 ' 74
(48,72) (25.28)

Lime-sode 32 33 65
(42.80) (22.20)

Zeolite 30 16 46
(30.29) (15.71)

Evaporated 11 . 6 17
(11,19) - (5.81)

Totals- - 133 69 202

2

K
d = 3

PZ£ 0,01

15,633

Tests in which the feedwater is treated by the lime-soda
process show a relative frequency of cracking greatly
in excess of that expected, while tests in which raw
water is employed evince a marked d&€ficit in cracked
speciméns. The relative frequencies in cases where

the feed 1s zeolite-treated or evaporfated do not

differ much from their expected values.,
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It is quite clear that these deviations cannot
be ascribed to différences in feedws ter composition
(in so fer as 1t is anslysed) since such variations
have been shown to be without effeét. The only
exception to this statement is tannin, and it might
be just thought concelvable that some relationship
exists between the amount of tasnnin present in the
feed and the type of pre-treatment employed. That
this is not the case, howéver, is clearly shown by

the analysis of Table VII. The cause of the deviations,

T ABLE VII

Tannin Raw Lime~-soda - Totals,
Added 29 32 61
(30,06) (32,94) ‘
Not added 39 38 77
(37.94) (39,06)
Totals 68 ' 70 138
2
X = 0,312

_) = 1

0,70 < P < 0,80.

therefore, remains obscure. ~ Possibly complete analyses
of the feedwaters, of each groupy in which particular

attention was paid to organic components, would have
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revealed sipnificant variations to which these results
could be attributed.

(e) The Influence of Rolling Treatment,

Table VIIT illustrates the distribution
assumed by the dat@ when classified according to

whe ther the specimens are hot or cold rolled.

T ABLE VIII,

Ungracked. Crackéd Totals,
Cold~-rolled 146 67 213
(141.70) . (71.30)
Hot-rolled 13 | 13 26
(17.30) (8.70)
Totals 159 " 80 239
' 2
X = 3,584
) = 1

0.05 < P < 0,10,

The vslue of )(2 can scarcedy be adduced significant;
but 1f it is accepted as being so, it represents an
extremely slight preponderance of cracking in hot
rolled specimens. The effect is obviously of a
secondary nature, due possibly to the different

surface cohditions produced by the two treatments.

4, I LNARY,

In the preceding paragraphs the methods of
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mathemetical statistics have been applled to the
results of experiments carried out with Schroeder
detector units.

_It has been shown that differences in
composition of the feedwsters with regard to
hydroxide, chloride, silica, oxide, and phosphate
do not materially influence the susceptibility of the
specimens to cracking,

Sulphate has been found to stimulate cracking
scomewhat when present at concentrations in the region
200-600 ppm. At concentrations outwith this range it
offers a certain amount of protection. But the
variations, though significant, are slight and no undue
importance shéuld be attached to them.

The data offer no evidence which might be adduced
as sustaining the supposedly beneficial effect on a
high Nay SO, /NaOd ratio. Nor do they support the
view that the association of a high value of this
ratio with a high value of the We@lAaOH ratio will
reduce the incidence of cracking to a significant
extent.

Specimens subjected to the action of water
contsining appreciable amounts of tannin are shown to
be remarksbly immune from attack,

Tests in which feedwaters pre-treated by the
lime-soda process were employed show a remarkable

preponderance of cracking, while tests employing raw
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waters exhiblt an equally marked iminity, Zeolite-
treated and evaporated feeds are not found to influence
the frequency of cracking to a significant extent,
The influence of differences in rolling
treatment is of a secondary nature. Hot-rolled
specimens are found to be slightly more sws ceptible

to cracking than cold-rolled.



PART IV.

THE ELECTROCHEMICAL BEHAVIOUR OF IRON

in

STRONGLY AIKALINE SOLUTIONS.
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1. Corrosion of Iron in Caustic Alkali,

The corrdsion of iron in strong solutions of
sodium and potassium hydroxide resembles that in
strong acids in that it results in the evolution of
free hydrogen and in the formation of a non-protective
corrosion product, and further in that it is virtually
independent of the presence of dissolved oxygen. |
The overall reaction, namely,

5Fe + 4 HyO = Fez0, -+ &I,
is similar to the diredt oxidation of red-hot iron by
the reduction of steam, but the mechanism of the
process in alkaline solutions is naturslly quite
different,

At normsl temperatures and in sodium hydroxide
solutions having concentrations between 0,01 mols/litre
and 2 mols/litre approkimately, iron (and steel)
remeins virtuvally immune from attack, The passivity
of the metal within this range of alkali concentration
is to be attributed to the formation of a compact,
protective film of oxide on its surface. The film, on
separation from the surface is found to have a composition

"in situ' it is

corresponding to ferrous oxide, but
probable that the linkages existing between the film and

the metal lattice are of a higher order. In any event
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the protective nature of the film is maintsined by

the extr=suely low solubility of the bhasic ferrous

hydroxide in the alkali; according to a recent

LA ‘ - — 2
determination the:solubility product [ Fe *: 7 °.Z—OH}7
ig of the order 10 ~*°, The inertness of the metal

under these circumstances is reflected in its noble
potential with respect to hydrogen of + 0.1 to
+ 0.2 volts (45). |
At high temperafures the film loses its

protective character and corrosion of whe metal surface
proceeds at a rate which depends on the concentration
of the alkali, In experiments carried out at
51000, and using sodium hydroxide solutions at
concentrations ranging frow 0,025 to 1.25 mols/litre,
Berl and van Taack (46) showed that the rate of
corrosion of iron filings increased with the alkalil
concentration, becoming very marked at concentrations
above about 0,5 mols/litre. The addition of a
small quantity of sodium sulphate (0,1 mols/litre)
restricted the corrosion rate to a low value throughout
the range; probably by virtue of its oxidising
nature the sulphate maintains the oxide film in a
staté of repair. It does not sppear toc be effective
at higher concentrations of the alkali (c¢f p.153% )

| When the concentration of sodium hydroxide

exceeds about 2 mols/litre iron is no longer immune frou
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attack even at room tempersatures. The loss of
paésivity is reflected in the rapid fall in the
potential of the metal as the concentration of the
hydroxide 1s raised above this figure to a value
( - 0,86 volts hydrogen in a solution of concentration
15.7 mols/litre), which permits the evolution of
hydrogen to take place (45). The reason for the
sctivity exhibited by the metal surface under these
iconditions is to be found in the fact that in strong
alzall the oxide film becomes partially soluble and thus
loses its proteétive character, The proceés of solution
of the ferrous oxide (or hydroxide) is not simply
physiéal, but is acéompanied by the formation of
anionic complexes, Whilst norm=lly ferrous
hydroxide behaves as a base, lonizing in such a way as to
give rise to hydroxylion,
Fe (0H), === Fe "'+ 2 on”

in solutions of extreme alkalinity 1t reveals its
amphoteric character by ionizing so as to give rise to
hydrion,

Pe (0H)2 = 2 H'+ Fe 02"

)

with formation of the momplex salt, sodium, hypoferrite,
oo \

or sodium ferrfte, NajFeO Under similar

20
conditions ferric ion produced by the oxidation of
ferrous ion in solution gives rise to sodium ferrite,

1!
formally, RFe (O0H)z == PR+ Feo 04 + 2 HgO
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The solid reaction product resulting from the sttack
of iron in alkaline solw ilons is invariebly a ferroso-
ferric oxide, which mey not, however, correspond to the

formmla FeSO en excess of Fe0 sometimes being

4”
present (47). The reaction mechanism is not certainly
known, but on the basis of a careful and extensive
exaninetion of the process as it ofcurs in pure

air-free water, Schikorr (48)(49).¢oncluled that in the
presence of iron ferrous oxide Is oxidised to the
intermediate compound by the reduction of water. He
suggests the reaction scheme

L

3 Fe 4 6 €
. vee

2 Fe + <E
(3) 8HO = 8H' 4 8OH'
(4) 8H' 4 8B = 4 Hy

L4

(1) 3 Fe

(2) 2 Fe '

(5) Fo'® 4 2 Fe 0

+ 8o’ = Fey0, +4H
giving as a total

5Fe 44 HO = Fe 0, + 4H,

It 1s not immedistely clear why, even in the

presence of oxygen, the oxidation process
" ."

Fe = Fe 4+ B

does 10t go to completion,®™ pub an explanation is provided

The proportion of two-thirds as envisaged in
the scheme of Schikorr is of course purely
formal, and in ho sense exact.
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in the work of Krause (50). In a solution of pH

greater than 5,2 colloidal ferric hydroxide carries a

the iso=-electric poinf lying at a pH in excess of
11.5, the limit of Krause's measurements, Cdalescence
of the Oppqsitely charged particLes therefore takes
place to form particles of a ferroso-ferric
~ compound whose composition naturally depends on the
charges carried by the two hydroxides, Symbolically t™e
colloidal resction may be written as an acid-base
resction, | -
Fo(OH), + Bep0s H0 = Feys0, + 2Hy0.

The abové discussion is primarily intended
to apply to the reaction as it occurs in pure water
saturated with ferrous hvdroxide, but no particular
difficulties appear to arise: in applying the arguments

to its occurrence in solutions of a strong alkali,

2. Anodic Current - Potential Behaviour.

When anodised in strongly alkaline solutions of
sodium hydroxide, ifon (or mild steel) exhibits certain
peculiaridies in its potential behaviour, The matter “as
formed the subject of e very thorough investigation hy

Grube and Gmelin (51). Working with 40 per cent.
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solutions, they obtained evidence thet anodic dissolution
ta%es place in two distinct potentiel stsges, At low
current densities electrdlysis proceeds at a potential

of about - 0.85 volts on the hydrogen scale, whereas at
higher values it changes suddenly to 4 0.65 volts, the
potential corresponding to oxygen evolution, The
crifical current density increases rapidly with
temperature, reaeching a meximum at about 70°¢,

Bvidence was adduéed by Grube and Gmelin that the lower
(more negative) potential stage is associated with the

oo,
ferrous complex sodium salt, sodium ferrlte having the
X

probable composition (Nag)"(FeOP)" while the higher

is assoclated with the formation of hexavelent iron ion,

giving rise to sodium ferrate of the composition
not

(Nag)"(FeO4)". The experiments|did reveal the
formation of sbdtum ferrite:,(Na)- - (Fes04)'', at a
separate potential stage, but it is regarded as probable
that this compound was indeed formed, though perhaps

only in small quantities. At the potential stage
resulting in the formation of the ferré%{é the electrolyte

agssumed the greenish hue characteristic of ferrous ion,

while the electrode surface remained clear and bright.

carius (Reff16)p. 76) sugsests the
alternative formqlation
(Na) * (Fe0) (OH)
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The hexavelent compound (ferrate) dissolved to forr
a solution of a reddis™ hue, and its formstion wes
accompsrnied by the evolution of oxygen, and the
appaarance of black oxide as a coating on the anode
‘sﬁrface and as black flecks in the solution,

A few exploratory experiments on similar
lines hage been carried out by the present writer (52)
with special reference to the influence of the
molslity of the solution, The apparatus in which
the experiments were carried out is %llustrated in
Fig. 8 . The solutions of sodium hydroxide were
"contained in an electrolysing cell of resistance glass,
which had been previously well seasoned in strong
caustic soda, and into which dipped the anode A of
mild steei (0.05 per cent carbon) and the cathode C
of platimum foil, A tubulus T of the form shown was
pressed firmly agsinst the surface of the ancde, and
made electrolytic connedtion through a salt bridge
inserted at 8 with a saturated calomel half-cell,
Before beginning an experiment the lye was swept free
of dissolved oxygen by passing hydrogen into the
solution through the gas stirrer shown; tﬁe gas left
the cell through a mercury trap which is not shown,
During the experiments, however, the solution was

unstirred,
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The cell was polarised by means of a 12 volt
pbattery,. the clrcuit including & variable resistance
and a milliammeter reading to 500 mA,. The potential
of the anode agalnst the calomel electrode was
measured by means of a voltmeter embodied in the modifie d
poggendorf - Hildebrand circult shown in Fig.9 .
In this system the point of division of the potentliometer
is sltered by adjusting the coarse resistance Ro

and the fine resistance R, until the galvanometer G

3
reads zero, The voltmeter V then reads the

no-current voltage (e.m.f.) of the anode-calomel
electrode cell Ej the current to actuate the
voltueter arises, of course, from the potentiometer

cell A,

The experiments were carried out with the
electrolysing cell immersed in a water bath
thermostetted at 80°C. Pure solutions of sodium
hydroxide were used, being prepared from an
analytical grade product by the methods described
in Appendix II. The anode of area 9,68 cmgwas
metallographically polished and given a medium etch in
a two ver cent solution of nitel,

| Three sets of results are represented in
Fig 10 , in which the snode potential is plotted to
a base of apparent current density. In the cass c¢f the

1.5 molel solution the lower potential stage was

non-existent; it appeared, however, with the 6.2
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molal solution, and &0 a rather grester extent with
the 20.2 molel solution, A certein amount of
instability of the lower potential stage was observed
heat the critical current density, and more
especlally in experirents carried out with 6.2 molal
solutions, Fu' ther work indicated that this effect
was attributable to the influence of time, in that
the electrode tended to become passive at a current
density considerably below the supposed critical
value,-provided sufficlent time was allowed, For
exanmple, in a 12,9 molal solution in which the
apparent! critical current density was about 0,003

2  the electrode became pegsive after

2

amp /e
10 - 12 minutes at 0.002 amp/cm® and after 40 minutes
at 0,001 amp/cm®, In this respect the present
results do not agree well with those of Grube and
Gmelin, who found that the pobential corresponding to
a current density just less than the critical
remained virtuslly stéady over a period of hours,
though it is to be remembered that in their
experiments the solutions were vigorously stirred,

The existence and gquasi-stability of the lower
potential stage is most probably to be attributed to
the slow formation of a non-conducting film of

oxide on the anods surface with a consequent increase

in true current density. The process is a slow one
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because of the appreciable solubililty ;ﬂ the c?
oxides of iron in the strong alkszli, This explanation
coincides with the views of W.J, MUller, Evans and
others X, bﬁt another explanation suggested itself
to the writer when the work was first published and
perhaps still merits consideration,

As has already been mentioned, and like
Gritbe end Gmelin, the writer subjected the anode in
thése tests to a preliminary cathodic polarisation,
Now experiments which will be described later have
shown that hydrogen is occluded by iron when the
latter is cathodized in strongly alkaline solutions
in quantities which increase rapidly with the strength
- of the solution, it appears pnossible therefore, as
has ©een pointed out by Carius (45) in a different
connection, that the reducing action of the occluded
gas will effectively prevent the formation of an
adherent oxide film and conseguent onset of
passivity as long as it can diffuse to the surface of
the metal in sufficlent quantities. Some support 1is
lent to this argument by the fact that the potentials

at the lower stage differ by only a few centivolts

As described, for example, in the article by

R. Kremann, Handbuch der Experimentalphysik
(ed, Wien-Harms), Leipzig (1933), vol., XII (II)
Chc VI. ’ . :
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tre reversible hydrogen potentiesl in the same

. I , I X
gsolution as estimated from activity data . As an

examnle, the potential of the anode in a 6,2 molal

golution at zero current was found to be - 1.13

volts while the estimated corresponding potential of

the hydrogen electrode is - 1,15 volts., As the current

density increased the anode potential became rather

more

positive; since iron occcluding hydrogen can

scareely be expected to function as an efficlent

hydrégen electrode under anode polarisation the

observation is rather what one might expect. Another

observation, apparently favouring the present point of

view, was made in an experiment employing a 20,2 molal

solution in which the anode, having previously undergone

cathodic polarisation, was subjected to a current

densify of 0.03 amp/cm® for 30 seconds. This current

density was sufficiently high to ensure passivitatiocn

by the formation of an oxide film, On reducing the

X

The activity data were obtained from the accurate
work of Akerlof and Kegeles (J. . Amer, Chem,
Soc, v.62(1940), 1».-620) and substituted in the
equa tion

RT 1 Kw
g, = Beal - g; TOE
where E,g,7 1s the potentisl of $he saturated calomel
electrode, XKw the dissociation constant of water
at the relevant temperature, and agy: the activity

of hydrozyl ion, assumed in the present case to be

ecual to che mean activity of the electrolyte,

The sccuracy of the estimation i1s probably sufficlently
good for present purposes.
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curreut to zero the electrode assumed, within the course
of a few seconds, a potentisl of approximately -0,66
volts, It seemed unlizely to the writer at the time
that this rapid fall could be attributed solely to
a solution of the oxide film by the alkali, Obviously
however, the matter‘requires a muéh fuller investigetion
than the writer has been able to afford it,

Though perhaps of interest in their own right,
the fesults of the above experiments do not appear to
shed much 1light on the problem of intercrystelline
failure, - A careful exsmination of the anodes
used showed no evidence of intercrystalline attack by
the alkali, either at the lower potential stage associated
with the fofmation of ferroate™ or at the hicher associa ted.
with the formation of ferrate. The results were not,
therefore, regarded as sufficiently encouraging to
justify the continuation of these experiments beyond the

exploratory stage.

It is perhaps worth noting that the formation
of sodium ferroate is not necessarily
associated with an oxide~free metal surface,
as appears to be implied by Grube and CGuelin,
nor does ferrate appear to result from the
normel corrosion process.



69.

Se CATHODIC CURREWT - POTERTIAL BEHAVIOUR.,

there is comsidersble evidence that the
overpotential of hydrogenx evolution at different
cathodes 1s closely bound up with the ability of
the electrode surface to adsorb hydrogen.  Now it
is this preliminary adsorption of the gas which
largely conditions its subseguent absorption into the
metal lattice; it therefore seers of interest, in
view of the results to be described in Part V, to
determine whether the overpotential of the same
metal in different solutions bears any relationship
to the degree of absorption (as indicated by
mechanical tests in the present case ) which occurs.
Several workers have carried out investigations
with this idea in mind, special attention being paid
to the influence of the "poisons" mentioned in
pPart II, Section 6 The worlk to be discussed
here, however, is concerned mainly with variations
x
A genersl treatment of hydrogen overpotential
can be found in almost any textbook on
electrochemistry; the writer has had recourse
"mainly tos
S. Glasstone, "Electrochemistry of Solutions"”,
London (1945) Ch. XVII;
N.K. Adams, "The Physics and Chemistry of
Surfaces"”, London (1941) Ch, VIII,
J.A.V, Butler, "Electrocapillarity,” London

(1940), Cch. VI; ‘
as well as to original sources.



16

iz

- MOLALITY

.‘ i
? ‘
©

i

1 \ <

\ ~

| \

o i
e ¢ & 3 8

(") YILNEL0d

“ » “
i
|
|
|
j
] |
! !




70,
in overpetential attributable to varistions in
concentration of pure solutions, but an opportunity
to discuss the worlk of previous investigstors will

arise later.

(a) Potentisl of the Electrode. Pt(Hp) : OH'

The hydrogen overpotential of a given
cathode at a given current denéity is defined as its
potential measured ageinst a reversible hydrogen
electrode in the same solution. In the experiments
presently to be described (as in many others), it
hag been found more practicable to measure the
potential of the cathode against a saturated
calomel half-cell, and it is necessary on this account
to calibrate the results by measuring the potential
of the saturated calomel electrode against the
hydrogen electrode in the corresponding solutions,
The ﬁethod of carrying out this calibration is
described below,

Apparatus and Technigue, The measurements

were carried out in a well-seasoned gas cell of the
form shown in Fig. 11 . Hydrogen entered the
cell through a capillary at the bottom and passed
out through a mercufy trap, as shown, Connection
was made to the calomel electrode through a tubulus,
and a salt bridge containing a ssaturated solution-

of potassium chloride, The stopcock of the tubulus
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wes ungreased and kept closed during the measurements,
the liguid junction between the hydroxide and
chloride bheing formed round the btarrel. The
hydrogen electrode consisted of a ppiral of platinunm
wire costed with platinum black by electro deposition
from a 5 per cent solution of platinum chloride and
was calibrated before use in M/10 potassium hydrogen
phthelate, The potential of the cell was
measured to the nearest millivolt by means of 2
Gambrell dial - type potentiometer, The solutions
were prepared from analytical grade sodium bygdroxide
by the methods described in Appendix II, and the tltre
found by means of é density method,

In carrying out the measurements the
apparatus was set up with hydrogen passing thrdugh.
the solution in a slow but steady stream and the
potential of the cell noted at regular intervals

b'd
until equilibrium was attained, In the

X .
It is interesting to note that the
attainment of equilibrium may be
followed by the progressive decrease in
potential fluctuations as the depth of
immersion of the electrode is varied.
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solutions of higher molality equilibrium was only
reached after the lapse of several hours, and in a
19 molal solution the notential showed no evidence
of settling down even after a period of 48 hours.
The velue of the potential at this molality wused in
the celibration of the overpotential measurements
had therefore to be obtained by extrapolation, and
must be accepted with reserve.

The results, corrected to lO°C.x are
plotted.in Fig. 12 ., They appear to be quite
self-consistent and in view of the care talken to
ensure that equilibriuvm was attained'may be accepted
as a reassonsble basis for the caelibration of the
pverpotential data. |

(b) Overpotential of Nild Steel in Sodium
Hydroxide Solutions.

Successful overvoltage measurements are
notoriously difficult to carry out, for the values

obteined are very largely dependent on factors

The experiments were carried out in air,
since the controlling system of the
thermostatic bath available was found
seriously to affect the measurement of
cell potentials; all attempts to eliminate
this trouble were gulte unsuccessful, The
corrections necessary (applied through the
medium of the Nernst equation) were not unduly
large however, and the slight errors possibly
incurred may be safely ignored.
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which are not readily susceptible to close control;
~ for example, the condltion of the electrode surface and

: polonisnoiey
the degree of concentratiOanay both vary within wide
limits despite the upmost care, and both may actually
change during the course of a single experiment, If the
measurements are to be carried out at low current densities
the electrolyte must be rigorously freed from dissolved
oxygen 1f consistent results are to be obtained, while at
high current densitles, measurements are affected by the
potential drop in the electrolyte between the cathode and
the tip of the tubulus, and by the possible existence of
a "transfer resistance” at the metal-electrolyte
inteffsce. Provided sufficient care is exercised
in ensuring the removasl of dissolved oxygen, it appears
to be borne out by previous work that more consistant
measurements mey be obtained by the use of low current

densities (less than about 0.00lA/bmz) x,

This was the method adopted by the writer.

Some workers at high current densities have
employed an interrupter circuit. On account

of the expremely rapld fall in overpotential
when the polarising current ceases to flow,
their results are of questionable significance.
The introduction of a valve circuit by Hickling
Salt (c¢f. Ref.SS), however, introduces new
possibilities in this direction.
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APPARAIUS AND LETHOD.

T ¢ apparstus employed in the experiments to
he described rere is shown diegrarmatically in
Big. 13 . The well-seasoned electrolysing cell

consisted of two branches L, and L containing the

2’
anode and cathode respectively, and connected by a
’capillary tube, This arrangemegg gifimised the
possibility o the oxygen formed janode diffusing into
the cathode compartment. Tach limb of the cell was
provided with a mercury gas trsp and, in addition,

the stopper of the céthodercompartment carried s
tubulus leading through a salt bridge S to a calomel
electrode CE.

The cathode was cut from mild steel sheet
(0.05 per cent carbon) and previous to each experiment
was abraded on emery paper of grade 2/0; the anode
wes of smooth platinum Sail.

Oxygen - free hydrogen was supplied to the
apparatus by passing gas from a cylinder over copper
gauze CG heated to redness in the Oven O, The gas
line also included a safety trap MT and a two-way
tap Ty,

The cell was polarised by means of a 24 volt'
battery, the circuit including a2 microammeter of
four ranges (0 - 50 A, O - 250/;.A, 0 -1 mA and
0,~10 mA) and a tank of résistors varying from 3000

to 500,000 ohms approximately. The use of a hrigh
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applied notentisl in conjunction with a heavy resistancs
ensurss that current flowing will renaln wirtually
constant, independent of any changes in the internal
resistance or back e,m.f, of cell which may occur
during the course of the experiment. The potential
of the cell cathode - calomel electrode was measured
to the nearest millivelt by means of a Gambrell
dial-type potentiometer embodying a spot-proﬂection
galvan ometer._ |

The soiutions of analytical grade sodium
hydroxide were prepared and standardised by the
methods outlined in Appendix II,

The expériments were carried out at a

room temperature of 10O C.

The procedure adopted in carrying out an
experinent was as follows, Oxygen- free hydrogen
was first admitted into the cathode compartment Lo
by properly adjusting the tap Tl ;3 the mercury trao
of this compartment was closed, and hence a stream of
gas flowed through the cepillary into the agdode

1en Mhavs pounad. nlo  Hhuo Rerenipondsnam]

compartment,|where it wag mainteined by the pressure of
the gas bubbling through it, and the stopper of the
compartment replaced with the'mercury'trap oper., The

gsolution and cell were continuously swept with hydrogen

for a period of 24 hours, to ensure complefte removel of
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oXygen. When this period of time had eiapsed the
external polarising circult was closed, and the
external resistance adjusted so that a’current of the
order of 1 mA / em® would flow on completion on the
internal circuilt. The solution wasg then allowed tc
enter the compartment Lo, This operation was carried
out by first closing the mercury trap of the anode
compartment and opening that of the cathode compartment,
Tep T7 was then adjusted so that gas flowed into L
thus forcing the solution through the connecting
capillary into Lg. When the height of the solution
in each compartment was approximately equal, the flow
of gas was interrupted and the mercury trap of Ly
opened. Since the external circuit had been
previously closed, current flowed immediately contact
was made between the solution and the cathode,
thus preventing any contamination of the solution with
iron ion.

Electrolytic connection was then made to the
calomel electrode by applying gentle suction to the
tubulus through a safety trap and opening the tap T3‘
When the tubulus was completely filled with solution
the tap was closed and the end of the tubulus plugged
whth tightly rolled filter paper,

Polarisation of the cathode was continued at

a current density of about 1 mA/bm2 for an hour in an
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effort to clear up any residusl traces of oxygen\by
a process of electrochemical reduction,

In carrying out the measurements the current
was first reduced to its initial value, and potential
readings taken at gradually increasing current
densities., Despite the rigorous atﬁempts which were
made to remove dissolved oxygen, potentiasl readings
at extremely low current densities (less than
l)yA/Cmg) showed evidence of traces still being rresent.
The current density at wiich the gas no longer influenced
the potentiasl was easily recognized, however, bteing
accompanied by an abrupt rise in potential, Once
equilibrium had been attained at this current density
upward readings were continued, allowing the electrode
time (a few minutes) to come to equilibrium at each
‘stage.

Resukts., Experiments were carried out
in 1, 5, 10, 15 and 19 molal solutions, the precise
titre in each cdse being given in Table IX, and in

10 molal solutions containing Sper cent tannin and

TABLE IX.
Titre of Sodium Hydroxide Solutiops.

Nominal., Actual,
1mnm 0,997 m,
on 5,00 1.

1l0m 10,00 m,
15 m 15,00 m,
19 m 18,97 m,
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0.38 per cent silica respectively. The precise
amount of tamnin wes readlly determined by direct
weighing ; the silica content was obtained by
dissolving as much as possible of a pure sodium
silicate powder (apparently the only form of high
grade product available) and determining the silica
content of the solution by the usual gravimetric method.
The reproducibility of the results in the
worst case was about 0.0l volts, as is indicated in

Table X.

TABLE X

Reproducibility of Overpotential lMeasurements.

19 molal, 10°.

Measured Current. Potentisasl
(M4 ) (Volts).
' lat r™n. 2nd run. Diff-

: erence.

12.7 1.222 1.217 0.005

.3 ) 1.242 1.243 0,001

182 ‘ : 1,280 1.288 0.008

402 1,302 1.311 0,009

1400 1.345 1,356 0.011

2900 1.381 1.392 0.011L

Average. 0.007
15 molal, 10°C,

11.8 v 1.191 1.185 0.004
34,1 1.224 l.222 0.00%2
167 1,272 1,268 0.004
368 1.2995 1.290 0.005
1340 1,337 1.335 0.002
3000 1,368 1.370 0,002

Average. 0,003
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When the rather extreme conditions under which the
tests quoted were carried out are talien into
eonsideration the agreement would appear to be
reasonably good,

The results accruing from the measurements, as
calibrated against the curve of Fig., 12,, are plotted
in Figs. 14 and 15, Considering the results
obtained in the pure solutions first, it will be
observed that they follow the theoretical linear
law (pp.80ff.) féirly well, though there is some slight
curvature, especially in the case of the 19 molal
solution, Though as far as the absolute value of
the overpotential is concerned, there is no obvious

Qotutesys Yo
consistent variaticn fromLfolution, the slopes of the
lines do appear to exhibit a definite_trend, the
theoreticel significance of which will be discussed
later, Twr ning to the results guoted in Fig. 15
it will be observed that the presence of silica
increases the overpotential by an amount (about 0,02
mdlts) which r emains sensibly constant over the whole
range of current densities measured, and in consequence
does not materially alter the slop of the line,
The additionbof tannin, on the other hand, results in
a quite marked increase in slope, The significance
of these results is best discussed in relation to

previous meassurements of this type and will be

postponed to p.89,
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Theories of lydrogen Overnotentisl lieasurements,

Before entering upon a discussion of the result s
described above in the liéht of the theoretical
intérpretation to be placed upon hydrogen overpotential
measurements, it 1s convenient to insert here a
brief discussion’of the relative merits (from the
present point of view) of the various theories which
have been from time to time advanced,

The~electrdde process occurring at a csthode
at which hydrogen is being evolved, nemely

2" ¢ 2@ = Hp

is generally regarded as taking place in two distinct

stages according to the scheme, %
(1) 2 H° ¢ 2@ = 2H,
(2) 2 H = Hz'

In his pioneer work on the subject,Tafel regarded stage
(2), the combination of hydrogen atoms to form
molecules, as controlling the reaction, and deduced a

relationship of the form,

Eoy = e 4 bslnt (1)

X
Alternative Mechanisms ars suggested by
Gatty and Spooner, "Electrode Potentilal
Behaviour of Corroding Metals in Aqueous
Solutions," Oxford (1938), App. III.
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where Eov s the overpotential, a and b constants

and i the current density, The factor b was

deduced to have the value RI s where }} is the
QQP .

faraday, and on this basis is therefore a parameter
dependent only on the teﬁperature. Almost all
overpotentisl measurements do in fact follow a law

of type (1) and meny show a value of b approximating
closely to the theoretical. There are cases however
where variations are found in the value of b, and for
those the theory in its unmodified form is unsble to
account,

Veny workers rezard the first stage of the
above reaction as being the controlling one; heories
based on this view lead to an expression identical
with the Tafel relationship (1), and,.in common with
Tafells theory, cannot be made easily Eo account for
values of b differing from the theoretical,  Gurney
and Fowler (53) adopted a quantum-mechanical approszch,

and found a value of b equal to of“;. where ® is

"an inderminate = constant arbitrarily put equal to

2 to give the Tafel relstlonship, These workers
regard the discharge of hydrion as taking place througn
the transference of an electron from a high energy
level in the metal to a vacant energy level of the

same height in the hydrated hydrion molecule. Erdey-
‘Grﬁg and Volmer (54) on the other hand, while still

rersarding the first stage as controlling the resction,
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suppose Hz 0° ions 0 be adsorbed on to the metal
lattice and thence discharged, An indeterminste factor
1s again obtained in the expression for b, ~These
theories, and others of similar type appear to offer
little help towards the intérpretation of the
present results, and they will not therefore be
discussed further here.

Recently a modified version of Tafel!ls
theory has been proposed by Hickling and Salt (55)
in which a semi-theoretical basis is given to b,
and which supplies a quite reasonable explanation of
the variations which are found to occur in it. As
has already been pointed out on p.69 , the present
inyestigafion is largely concerned with the possibility
of e stablishing a reletionship between the absorption
of hydrogen into the metal and the overpotential
existing at its surface, and since lickling and
Saltts theory offers explicit guidance on this
point it will be discussed here in some detall,

These workers assume initially the first
stage of the reaction 2H* <+ 28 = U“Hy namely

| oH* 4+ 2B = oH

occurs‘rapidly to give adsorbed hydrogen atoms on the
electrode surface, which in turn, in order that the
conditions of inter-phase equilibrium may be fulfilled,
give rise to free hydrogen atoms;

M ~—~—H &_.__—i M 4+ H .



Removal of the adsorbed hydrogen atoms is supposed
tc be possible in three wgys;

(2) By the reaction symbolised above progressing
to the right.

(o) By combination of the adsorbed hydrogen atoms
to form a molecqle,

M ~—— H '
+

b 1

M —— H oW
the metal then acting as a catalyst.

(¢) At high current denéitigé when the surface
approaches saturation by discharge of hydrion on
adsorbed atoms,

M——H + H +@ = N +1H

The potential of the electrode is regarded
as being determined by the pressure of free atomic
hydrogen at the electrode, which by the Nernst equation.

is

o RT ape

B 7 B o+ in (1)
1 Y Py

where Elo is the standard potential of the atomie

hydrogen electrode, age the hydrion activity, and

Py the pressure of atomic hydrogen. Now the potential
;; a reversible hydrogen electrode in the same
solution will bé, at a pressure of 1 atmosphere of
molecular hydrogen,

0 RT

Es = Eg +~§—lnaH-

RT '

3
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the standard potential of the electrode being zero by

definition, The owerpotentiasl Eov of the first

electrode is defined as the difference E2 - E1

and hence 18 given by

- . RT
= -E +

At the low current densities with which the present
work is concerned the resction mechanism (b) is
relevant. Thus let X gram atoms be adsorbed on each
square centimetre of the electrode surface, and

let 1 be the current density in amps/bmg. The rate at
which hydrogen atoms are adsorbed is equal to the rate
of discharge hydrion, namely i/ﬁy gm. atoms/cm? /sec.,
and the rate at which hydrogen atoms are desorbed to
form molecules is assumed to be gilven by the
bimolecular law, i.e. klxz e, atoms/em? /sec.

Wihen & stationary state is attained these rates are

equal, and so

1/&; = klx? o (4)
Now let it be supposed that the surface concentration,

x, of hydrogen atoms is related to the pressure, Py

of the free atomic hydrogen in the vicinity of the

electrode by the relationship

i/Mm '
% . (5)

This is the so=-called "Freundlich" adsorption isotherm

X = kg PH

and 18 virtually an empirical law, though 1t mey be

given some semblance of a theoretical basis %

X See, for example, E.K. Rideal "Surface
Chemistry," Cambridge, 1930, p, 184,
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Substitution of (5) in (4) gives
3 n/2

{ '3,1411{22 g

Py =

(6)

and substitution of this expression in the Nernst

equation (3) results in the expression

Eov = ( ~Eq - §g n ———23’ lnl«:l - -—,g:- In K )
;‘Regl 1 (7)
or
Eov ~ a 4+ blni . (72)

This relationship is similar to that obtained
on other premises, but has the advantage for
vresent purposes that it introduces a factor n
which is dependent on the adsorbing power of the
electrode, It must not be as&ﬁmed, however, that
it is necessarily superior in every respect, and
therefore a closer approximation to the truth than the
others. Indeed, as has been pointed out by Butler (56),
it is probable that no single mechanism cén satisfactorily
account for all overpotential phenomena, Butler
considers that in the case of metals showing an
affinity for hydrogen the process may well be
controlled by the adsorption méchanism, while in the
casgbf others (notably,of mercury) exhibiting no such
affinity, the discharge of hydrion is the controlling

factor. These remarks offer support to the outlook
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adopted Mere since iron (and mild steel) may be numbered
among those metels which adsorb and dissolve hydrogen
readily.

Discussion of Overpotential Results,

The valves of 2 and b of equation (7a) as
calculated from the curves of Figs 14 and 15are quoted
in Table-XI, . The values of a were computed on the
basis of ampé./bm? as the unit of current density.
The variations in a do not readily admit of a
theoretical interpretation on the basis of
Hickling and Salt's theory (or, indeed on the basis
of any other) in consequence of the indeterminancy of
kl and ko yand attention will be immediately turned
to the é;;stant b of the equation, merely noting that
in view of the complication of the expression for &a
in equation (7) the apparently random distribution of
the curves in Fig. 14 is not, perhaps, a mattér for
surprise.

TABLE XI,

X
Solution a b n

1 m NaoH 0.642 0.0508 4,17

5m M 0.725 0.0564 4,62

10m " 0.593 0.0416 3,42

15m " 0.490 0.0316 2.60
19m " (0.390)%X (0,0260)%% (2.14)%%

10m NaOH + 0,38% Si0s 0.749 0.0443 3.63

1om " ¢+ 5% tannin 0.632 0.0585 4,80

X Note that the logarithmic scales of the plotted
curves are to the base 10; the b values given
here correspond to the natural Togarithms of
the equation,

XX ljean slope of curve used as basis for these values.
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It will be observed that the values of b, and the
corresponding values of n, tend to decrease as the
molality of the solution increases. The slightly
higher value of b obtained in the case of the 5 m
solution is not readily accounted for, but may perhaps
e attributed to experimental varistions, In terms
of the overpotential theory of Hickling and Salt
the interpretation %o bebplaced upon the decrease
in n will be clear : 1t is to be attributed to
an increase in the adsorbing power of the surface as
the molality of the sodium hydroxide solutions increaseS.
This follows from the fact that, for a particular
adsorbats, the exponent % of the Freundlich
isotherm characterises'the adsorbing power of the
adsorbent, in that the smaller the value of n the
greater is its adsorbing power. It is worth noting,
in this connexion, that the values of n to which the
present measurements have given rise are in good
agreement with those obtained (n equal to 2 - 5) for
moderate adsorbeants, into which group iron falls,
’by direct methods (65).

It is not easy to account, in general
terms, for the improvement in the adsorbing properties
of the surface accompanying an increase in the molality

of the solutions; but the following remarks may be

suggestive, It is widely neld that the adsorbing
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properties of = surface 2re to be attributed to
sub-mlicroscopic irregularities, which impart to it a
true area many tlmes its apparent =area, A detniled
account of the way in which these irregulsrities give
rise to the phenomenon of asdsorption belongs to
adsorption theory and‘need not concern us here.x
It 1s sufficient to note that a surface possessing the
necessary properties to funcpion as an adsorbent may be
produeced by the reduction of certain metzllie oxides;
among which may be numbered the oxides of iron.
Presumsbly the activity of the surface is due in such
cases to the complicated "open" structure remaining after
the removal of oxygen atoms from the lattice of the
oxide. A structure of this type might be reasonably
expected to result in the present from the reduction of
the air-forred oxide film present on the electrode. The
difficulty is, however, to account for t e influence of
increased electrolyte concentration, Possibly it mey be
due to an accompanying increase in the concentration of
impurities, though this seems unlikely in view of the

purity of the product used in preparing the solutions,

x The writer has had recourse to the dlscussions

iven by: , i
%.K. AdZmé, iThe Physics and Chemistry of Surfaces”,

London (1941) Chs, VII and VIIIj ;
E.K. Rideal, "Surface Chemistry," Cambridge (1930)

Ch. VI
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and because, in any case,nearly all_impurities Which
exert any.effect at all, do so in such a way as to
lower tile 2dsorbing power of the surface, Another
possible explanation is that because of its remsrkable
powers of seepage the strong caustic soda solutions are
able to penetrate into minute cavities in the surface
of the metal, reducing any oxide which exists there,
and so further increasing the specific surface of the
electrode; or it may be that because of the solubility
of the oxides of iron in strong caustic lye the film of
reduced oxide possesses a porous character which
increases its efficiency as an adsorbent. The
writer prefers this last explanation, but it must

be admitted that the matter is rather obscure.

Attention rust now be burned to the influence
of tennin and silica. These two substances were
selected for examination because of their gpparent
importance in relation to caustic cracking; there is
considerable and convincing evidence that tannin may
definitely inhibit the occurrence of cracking, and
there is some, though less strong, evidence thaty
silica tends to promote 1t. Here, however, discussion
will'be confined to their significance in relation to
the adsorption and sbsorption of hydrogen. Silica

increases the absolute value of the overpotential, without

however, materially altering the value of n. On the
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basis of the ideas adopted in this discussion, this
presumably measns that the discharge of hydrion to form
molecular hydrogen is slowed down in some way cher than
by a decrease in the catalytic activity of the eiectrode
surface, possibly by a blocking of the reaction stage

H + & = H
In terms of the adsorption of hydrogen it appears
that, at a given current density, the amount existing
on the surface will be greater than in the pure solution,
in virtue of the increase in the pressure of atomic
hydrogen (equation (3)) which is unsccompanied by a
decrease in the adsorbing power of tire surface., As
far as ls revealed by mechsnicel tests, however, it
does not appear that the presence of silica makes
any material difference in the degree of adsorption
and resultant absorption of the gas, Tannin,
on the other hand, definitely decreases the adsorptive
powers of the surface, as is indicated by the increase
of n, and at higher cugrent densities might be
expected to give rise to a ruch incressed overpotential,
The explanation usually given in such cases, that the
blocking of discharge is due to a preferential
adsorption process which diminishes the area of the
electrode available, is probably correct. Hechanical
tests do show some evidence that the absorption of

hydrogen is decreased by the presence of tannin,
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Though perhaps somewhat irvelevent, 1t ia
convenlent to note here some points concerning
previous woriz on the relationship between hydrogen
overpoténtial and hydrogen ewbrittlement. A short,

but extremely careful investigation of t'e influence

of arsenic and of hydrogen sulphide on the owerpotential
of steel wires in sulphuric acid has been made by
Perminov (5%). He finds that arsenic incresses the
cverpotential, while hydrogen sulphide decrcases 1t,
and concludes that;y since both substances are lknown

to stimulate embrittlement, there is no relationship
‘between the two phenocmena. This statement would appear

to be incorrect. The work of BRablik (pe7 )

indicates that, under conditionswhere no external

potentisl is applied, hydrogen sulphide stimhlates

diffusion, whereas arsenic inhibits 1%, These facts

are obviously in line with Perminov's results, for a
decrease in overpotential implies an increasé in
adsorptive power X and vice versa, When an

external potential is applied, which is sufficient to
maintain a given current density despite potential changes

occurring within the cell, the conditions affecting

The rate of production of hydrogen will also
be increased in view of the larger efféctive
potential differences of the locsl action
cells.,
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Though perhaps somewhat irvelsvant, it is
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previous woriz on the relationship between hydrogen
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overpotentisl, while hydrogen sulphide decreases it,
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to stimulate embrittlement, there is no relationship
between the two phenomena. This stgatement would appear

to be incorrect. The work of Bablik (po7 )

indicates that, under conditionswhers no external

potential is applied, hydrogen sulphide stimbhlates

diffusion, wheress arsenic inhibits it. These facts

are obviously in line with Perminov'!s results, for a
decrease in overpotential implies an increasé in
adsorptive power X and vice versa, Ythen an

external potential is applied, which is gufficient to
maintain a given current density despite potential changes

occurring within the cell, the conditions affecting

The rate of production of hydrogen will also
be increased in view of the larger efféctive
potential differences of the locsl action
cells.
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gen adsorption are meterially altered; Because

" the enhenced adsorptive power of the svrface is
st11l wainteined, hydrogen sulphide will continue to
increase the rate of diffusion into the metal,
Similerly the presence of arsenic mey stimulate diffusion,
but for different réasons; As is indicated by the
adsorption equation (5)
X = k Py L/ s
an increase in surface concentration may arise in
two ways; by an increase in the adsorptive power of
the surface reflected in a decrease in n, or by an
increase in pressure of the free atomic hydrogen at
the electrode surface. Under conditions of external
polarisation, and in the presence of arsenic, it
appears that & sufficiently high velue of Py is
mgintained (as indicated by the increased overpotential)
to more than overcome the accompanylng decrease in the
adsorptive properties of the electrode surface, It
may be emphasised, however, that the ideas advanced
above undoubtedly represent a much simplified concept
of potential in its relationship to hydrogen absorption,
and that they do not always fit well with the results
of other workers (58) (59) (32). But in the absence of
a complete theory the writer feels that they present a

usefUl basis for further research,
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v. HYDRO (Ei BEBRITTLEEENT OF NILD STEEL IN SODIUL
HYDROXIDE AND ARLCONIUL NITRSTHE SOLUTLICNG.,

The experiments of which an account is given
in this part are perhaps besﬁ described as being .of an
exploratory nature. They arose through an
attempt on the part of the writer to obtsin definite
evidence for or against the view that caustic cracking
may be attributed to the influence of hydrogen
dissolved in the metal - a matter over which theype
is much controversy. It may be said immediately
that this aim has not been fully realised, but it
is nevertheless felt that the results are of sufficient
interest to justify a fairly full account of the
menner in which they arose, A general discussion
of their significance in relation to caustic
cracking will be postponed to the concluding part of

the work (p.155.

1. TESTS ON U—BENb SPECIKENS IN SODIULK HYDROLIDE
SOLUTIONS,

In these tests 1 in.x $ in, mild steel
strip was bent in the form of a U, using é 1 in,
disméter rod as former, and stress applied by bolting the
two arms together, The specimens, usually two or
three &t a time, were immersed in 'hot, concentrated
sodium hydroxide solutions contained in a beaker of

resistance glass, The concentration of the solutions



94,
was usually in the range 300 - 400 gm / litre
and the temperature was mainteined in the region of
100°c. The duration of the tests wes up to &0 hours,
In some cases 2n external potential was applied to the
specimens (and in this, particularly, the present
investigation differs from previous ones of this
type), the polarising current being 200 mA on each
specimen. It was not possible to prepare a
microsection of each specimen tested, and in order to
detect the presence of cracks, the remainder were slowly
bent further by comnpressing the arms in a vice.

‘ As regards fsilure, the investigatioh yielded
no positive results for tests carries out under the
following conditions. | |

(1) In concentrated solutions of commercial and
pure sodium hydroxide, even though the concentration of
gome of the solutions neared saturation,

(11) As in (1), but the specimens heing polarised
so as to be either cathodic or anodic.

(1i1) As in (i) and (ii), with the addition of small
quantities (ca. 1 - & per cent)of sodium silicate (p15Qﬁ,
armmonium nitrate (P19 ) or of mercuric nitrate (pes )
to the hydroxide solutions.

Alternative forms of specimen were also tried,
but without success; it may be noted that other

investigators,, e.g. Schroeder (60), have experienced
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similar difficulties.

In connexion with these tests tnere is, however,
one rather curious point which is worth noting, 1In
tests on unpolarised speciméEE i1t was observed that
the solution assumed a greenish tinge, indicating the
presence of the complex ion FeOzny (p. 59 ) and that
the surface of the specimen became moated with a rather
loose depbsit of black éxide except in the region of
the -bend. Moreover, it was from this area that
the evolution of hydrogen x mostly took place. Since
the area of highest stress is normelly anodic towsrds
the remainder of the surface of a corroding metal,
this distribution of attack by the alksli 1s rather
surprising. It may possibly be due to the formation
in the initial stages of the attéck of an extremely

compact and resistesnt oxide film,

2. U-BEND TESTS IN AMMONIUM NITRATE SOLUTIONS.

It has long been known that ammoniuvm nitrate
solvtions (and to a lesser extent potéssium, sodium.and
calcium nitrate solutions) are capable of producing
intercrystelline cracking of stressed mlld steel, which
appears to be identicsl 1in every respecf with that

oécurring in caustic soda. Smialowski (61) has shown

Identified by the addition of sodium dichromate.
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that hot 50% armonium nitrate solutions will cause
failure of steel wire at only 507 of the ultimate
stress. Cracking of ﬁ-bend snecimens in hot
ammonium nitrate has been produced by Jenes (62);
wno attributes the attack to the penetration of the
metel by nitrogen or one of i1ts oxides, Rosenhain
and Hanson (63) have described the cracking of cold-
drawn mild-steel tubing in a nitre bath at 300°¢
after 6 monti's intermittend service, Threy regard
failure as being due to temperature and stress effects
a10ﬁé. In all the above cases the cracks were
typically interpgranvlar,

Seversl experiments in ammonium nitrate
o lutions were carried out by the present writer,
using U-bend specimens of the type described in‘the
preceding section. The solutions were near-saturated
at room temperature, and were maintained during the

tests at a temperature of about 90°¢,

4

(1) .Experiments on ﬁnpolarised specimens.
| After a few nours immersion in the hot solution
the specimens were found tc be severely and extensively
cracked, tie cracks extending in some cases alm® &
right tarough the specimen, The surfaces of the
speclmens were covered with a taick cogting of black
oxide, w:lle the solution was discoloursed by particles

of hydrated ferric exide.
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(13.) Anodically polarised specimens.,

The specirens were immersed in the hot
~solutions as before, but rendered &nodic by passing a
current of abouto0mA on eacnh specimen, After
seversl hoursqularisation they were removed and
examined, Theywere found to be covered with a
thick coating of oxide, and to have developed a
numkber of shalldﬁ‘troughs at right angles to the
direction of stress, but in no case were the specimens
cracked. One interesting case arose, however, and
merits ccnsideration, An experiment was carried out
overnight in which the Specimen was polarised
anodically in.a cold solution of tie nitrate. - In
the morming the current was found to have sun¥% to a
value undetectable on the instrument, (less than
1 mA) due, probably, to polarisation, On removal
the specimen was found to be covered wi&h a slimy
green coating of hydrated magnetite, and to be cracked,
though not extensively, This cobservation 1s
somewrat at varisnce with the unpublisiied results of
Thornhill and of Wooster and Nockolds (64) who found
cracking in armonium nitrate solutions to be assoclated
only Witﬁ the black omide formed at higher temperatures.

(iii) Cathodically polarised specimens.

In thid group the same conditlons obtalined

as in (ii), except that the specimens were cathodically
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polarised. The current was again 50 mA on each
specimen., After periods ranging from 1} to 3 hours
the specimens were inverisbly found to be cracked. The
cracks appeared to be more numerous than was the
case wita unpolarised specimens, but were finer and
did not penetrate so deeply into the metal. Since a
slicht coating of oxide was stlll formed on the
metal; another series of experiments was carried out
at a current (200 md) sufficiently high to afford
coriplete cataodic protection. Extensive cracking
still occurred, but the cracks in this case'werel
extremely fine and shallow, the degbest only
penetreting to a depth of abbut 0.03 in, There was
no evidence:of corrosion at the surface of the
specimens,

Typical micrographs of cracks produced
in smmonium nitrate solutions are shown in
Figs., 16, 17 and 18, Fig. 16 shows an unetched
microsecfion, and 1t will be noticed that at least
one branch crack of extreme fineness 1s associated
with the large main érack. Such a structure is
strongly reminiscent of caustic cracking as
exemplified by the micrograpn of Eig. 2 on p.) .
The fine crack in Fig., 16 is shown at a higher
magnification in Fig. 17, and appears to be entirely
free from corrosion products. The remarkable manner

in which it surrounds an entire grain 1s noteworthy,
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and there 1s some sugrestion that it is largely
associated with the inclusion occunying the centre of
the field. This nicrograph masy be compared with
Fig, 4 on » 5§ . he consistent intercrystalline
nature of the attack will be clear from Fig, 18,
This is a micrograph of one of the finer cracks,
which is seen to have two branches. The main
portion, extending from the top centre of the
photograph to the bottom right corner, shows some
evidence of containing corrosion products, but the
secondary branch, which commences wiere the main
crack first turns sharply right and runs about
1% in, on the photograph towards the bottom left
corner x appears to be quite clear, Some other
incipient branches from tie main branch may also be
observed, some of them of exceedihg fineness, but it
is noteworthy that there is little or ho evidence of
intergrahular pitting such as one might expect were
the corroding medium inherently intergranular in
type. The micrograrh also shows quite clearly the'

general structure of the stesl. In view of its low

X The course of this crack will appear more

clearly if the micrograph is held some
little distance from the eye.
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carbon content (0.05 per cent) it is not surprising
to find a considersable amount of intergranular pearlite
separating the ferrite grains, The cracking does not
appear to mhow any preference for these regions,

The evidence that hydrogen plays an essential
part in the mechanism of craéking in ammonium nitrate
solutions is quite convincing. Not only does cracking
occur urder circumstances in which the formation of
hydrogen is possible x but the tjpe of cracking is
strongly reminiscent of that resulting, under certain
circumstsences, from the ab8orption of hydrogen by the
‘metal, The type of crack formed under non-polarised
conditions cennot be attributed solely to hydrogen
attack, however, It appears, on comparison of this
type with that formed when the‘spécimens are cathodiged
that the absorbed hydrogen induces surface cracks
into which the corroding medium penetrates. | In this
way the original cracks are widened and extended by the
combined action of stress and corrosion, On account
of the intergranvlar weakness which results from the

presence of hydrogen in the metal the propagated

In view of the strongly oxidising nature
of the solution hydrogen is probably not
evolewed as a gas, but its formation in
the atomic form as an intermediate stage
is not excluded.
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cracks will naturelly follow 2n intergranular course.™
A further occasion to discuss the significance of taese

results will arise in the finnal »nart of tne work.

Se TESTS ON WIRE CATHODIZED IN CAUSTIC SODA SOLUTIONS.

In view of the results obtained bj Alekseew and
his co-workers, as described on p €7 , it was considered
that results of some interest might be obtained by
cerrying out tests in which stressed wire was subjected
to cathodic polarisation in various sodium hydroxide
solutions,

| The apparatus used in the experiments is

shown invFig. 19. The solutions were contained in
a boiling tube of resistance glass to which a glass
cross~pisce was welded. The wire under test was
attached to one end to tlie hook of a spring balance
and'passed round the cross-plece to a rigid support.
The tension on the wire was adjusted by raising and
lowering the Spring balance by means of an adapted
retort clamp. Polarisation was effected by means
of the platinum electrode shown, The wire employed

in the tests was of hard drawn steel, 0,008 in, in

one
The views of Jones (p 96 )Lthat failure results from
the diffusion of nitrogen or one of its oxldes
into the metal. There is no evidence that these
gases are formed at the temperatures involved in
the present experiments. Nor does nitrogen in
steel lead to intergranular brittleness, though 1t

<

may contribute to precipitation hardening.
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diameter, and had a bresking losd of 10,3 1b.,
corresvonding to 2,05 x 10° lb/inz. In the experirients
carried ouﬁ at 80°C the tube was immersed in’a
thermostetted water bath,

The results of the tests may be summarizéd
briefly as follows: -

(a) Wire broken in air, Examination‘of
the fracture under the microscope using a low-power
objective showed it to be quite ductile and accompanied
by definite necking,

(b) Wire polarised in a 33 per cent solution
of pure sodium hydroxide at 80°C and at & current
density of 0.35 A/An? 3 load 9 1b., No break occurred
after 3 hours, but the wire showed slight brittleness
on bending between the. fingers, |

(¢c) Wire polarised in same solution as
in (bﬁ at room temperature at a current density
of 0,18 A/in® ; load 9 1b. No break occurred
overnligit, though the wire was very definitély
~brittle.

() Wire polarised in 50 per cent solution
of commercial grade sodium hydroxide at room temperature;
current density 0.18 A/inz s load 9.5 1b. Fallure
occurred after 30 minutes. Repeats of this experiment
gave one other break (after 90 minutes), but in general

spontaneous failure did not occur, The wire was,



however, extremely brittle, Examination of the fractures
showed them to be of a bhrittle character, being
‘accompanied by no ne.cking; the wires also showed
a considerable amount of surface cratking.
(e) Wire polarised in 50 per cent pure sodium
hydroxide with the addition of various "poisons';
current density 0,18 A/in® ; load 9.5 1b.
(i) Solution saturated with hydrogen sulphide.

No spontaneous failure occurred though the wire was
extremely brittle.

(ii) Solution saturated with sulphur
dioxide. Resﬁlts as in (i) above.

(iii) Soluvtion saturafed with mercuric nitrate.
No results, but wire brittle.

(kv) Solution saturated with arsenious
trioxide. No results, but wire brittle,

The results outlined above indicate that,

while brittleness results from the cathodic polarisation
of stéel in sodium hydroxide solutions, i1t is not .
accompanied as a general rule by any lowering of
the tsnsile strength, Especially with regard to the
results of Croup (e) the results are at variance with
those of Alekseew, (p 27 ), for whlle there is
some qualitétive indication of increased brittleness
resulting from the presence of poisons the experimeﬁts

showed no reduction in the bresking stress. It 1s very



104,
possible that the contradiction is due to differences
in the surface conditions of the wires ewnloyed in
the two investigaﬁions. 1t 1s interesting to note
that both spontaneous Ffrilures which were obtained in
these experiments, and also the greater number of those
induced by ralsing the load, were located w ere the
wire bent round the cross-piece of the tube, while
failures induced in alr occurred on the straight
portion, This behaviour suggests some sensitivhty

of the embrittled wire to asymmetric stress.

4, BEND TESTS.

ThHe sensitivity towards bending shown by
wires embrittled in the tests described above, led
the writer to carry out some extremely simple
experiments in which the ability of the metal to
wiEhstand bending was adopted as a criterion of
brittleness.

¥ild steel rods, 5 in. long and in in

LIS

diameter, were immersed in the solutions
at room;temperature and polarised by méans of a
battery. Thfee specimens were examined in each
experiment,

A definite correspondence was found to exist
between the amount of bending which a rod could
undergo without cracking and its previous treetment,

"Preliminary experiments showed thaet the time of
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. e

polaricuticn beyend two or three nours did not
substantially alter the results, nor did waristion of
the current in the renge 12 - 250 mA/in®. Specimens
polarised anodically did not evince any evidence

of preferential attack in pure or commercisl grade
sodium hydroxide solutions in the range 1 to 20 molal;
it was possible to bend specimens so treated through
180° without cracking. On the other hand,
cathiodically polerised specimens showed striking
evidence of brittleness, which increased meriedly
with the strength of solution employed. Specimens
treated in 1 molal pure sodium Lydroxide could be
bent through 180° without cracking, those: treated in
5 and 10 molel solutions cracked on bending through
approximately 1500, while treatﬁent in 15 and 20 molal
Solutiéns rendered the specimens incapable of
standing much more than a right angle bend., An even
greater loss of ductility resulted from polarisation
in 15 and 20 molal solutions of commerci:1l grade
sodiur hydroxide solutions, the specimens snappiﬁg
off on bending through 45° - 80°, 1In view of

this last resulf, and since silica is present in fair
guantities in the commercial product, a solution of
15 molel pure sodium hydroxide to which was added
sodium silicate in an amount corresponding to 1,2 gms

silica per litre was :ade up. The crbrittling capacity
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of this solution did not eppear to differ greatly from

- &

that of the pure solution,

Typical exeamples of the behaviour of specimens
in these tests are illustrated in Fig, 20 A
microgreph of a typical crack is shown in Fig.21
because of the distortion of the metal and the presence
of numerous slag lines the course of ‘the crack is

doubtful, but it is probably transcrystalline,

S. TENSILE TESTS ON LARCE SPECINMENS,

In view of the qualitative results which have
been d escribed in preceding sections, it was considered
that an attempt to obtein reliable quantitative data on
hydrogen embritilement in caustic soda solutions would
be well worth while, The ordinary tensile test was
emploved, as being probably the least equivocal method
Qf.obtaining data in investigations of this type.

Other workers, and notably Pfeil (28), have adopted a
similar procedure,

Apparatus and Technique,

The tests were carried out in a 10 ton Avery
tensile testing machine., The speciméns, of annesled
bright bar, were of canventional form, having a
couge length of 2 in, and a diameter over the test
length of 0,550 in. The test lengths were emery finished,
The solutioﬁs of caustic soda were contained in a
glass tube, 2 in, in diameter, fitting over a rubber

stopper through which the specimen passed, as shown in



i
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Fig. 22. A rubber stopper, having a nole rather
larger then the otter diaméter of the specimen, was
inserted into thetop of the tube and served to protect
it from.bféakage when the specimen fractured. The
anode consisted of a sheet of nickel gauze surrounding
the specimen, and polarisation was effected by means
of a 12 volt battery, the circuit including a 30 oam
variable resistance and an ammeter reading to
1.5 A,

In carrying out the tests, the assembly of
Fig. 22. was mounted in the testing machine and the
external circuit closed. The solution was then
poured into the tube‘and the current adjusted to 1A,
After 2% houré)polariSation the specimen was loaded
and broken in the usual way, polarisétion beling
continued during this time, The tests were carried
out at a room temperature of 18%,

Reéults. ’

Details of the various tests carried out,
together with their results are glven in the
accompanying Table XII. It will be noticed that the
tests carry either the code letter A or B. This
distinctlon is necessary because the specimens were
machined from two different batches of materisl which,
though they had estensibly the same composition and
received identical trestment throughout, unfortunately

showed quite considersble differences in their
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nfechanical proverties. The differsnces have heen
overcome to some extent by seXpressing the results

in terms of the behaviour of the specimens in alr, and
may probebly be safely ignored,

GROUP Al, The two specimens of this group
were ppe-strained by 10 per cent on the gauge iength.
After fracturing they were found to be covered with
a large number of shallow circumferential cracks,
which appeared to be associéted with residual
mechining strains. The frecture itself was
irregvular, ~s may be séen from the photograph,

Fig, 23 (2) in which a normal fracture (c) is
included for comparison, and bore no relationship to
the normal "cup-and-cone' fracture of ductile
materisls. The reduction in area and elongation
‘ﬁere ih both cases less than the corresponding values
in air, but the reduction in area figures did not
agree well with each other,

GROUPS A2 ., Bl., and B,Z, In these groups,

and those following, the specimens w:re not pre-strained.
The fractures ébtained in Group A2 had characteristics
similar to those of Group Al; those of Groups Bl

and B2 were of the normél cup-and-cone type though
gomewhat ragged. - 'In éll cases surface cracks were
present. The reduction in ares and elongation

velues showed little consistency, but only in the case

of specimens broken in the 40 per cent caustic soda
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sclutions are they sensibly less then the correspondin~

x
values in sir,

GROUPS A3 and A4, In Group A (40 pe?éent
pure sodium hydroxide) there was little evidence of
brittleness beyond slight surface cracking, The normel
type of fracture bore no resemblance to the fractures
obteined in Groups Al and A2, The addition of
sllica (Group 44) eppeered to occasion a slightly
more brittle type of fracture, as is reflected in
the figures. In view, however, of the considerable
variations within each group too much store should not

be set upon these resulis.

GROUPS B3, B4 and B5, In these groups the
influence of reSoréinal and thnnin were examined,
These substances are regarded as being inhibitors
of pickling brittleness, and the former also as an
inhibitor of caustic cracking., VWhen present in small
qﬁantities (Groﬁp B.4) tannin did not materially alter
the type of fracture (that of Group A.2); . in larger
guantities, howsver, both Tanrin and resorcinel resulted in a
decrease in the amount of surféc@ cracking, accompanied'

by normal fracture,

x The variations in the quoted figures noticesble
in all the tests may be partly attributed to
the difficulty of fitting together and
measuring accurately the somewhat ragged
fractured surfaces. -
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In all groups the ultimate load showed some
varlstion from specimen to specimen, but in general
the values were close to those obtained inair, and
appeared to be independent of the degree of
brittleness of the specimen,

The sequehce of events leading to fracture in
the tests described above appears to be somewhat as
follows, At the commencement of plastic deformation
the metal is charged with hydrogen, at least in the
vicinity of the surface. The brittleness induced
by the dissolved gas leads to the formation of the
surface cracks wnlch are typical of every specimen.
Due, however, to the tempersture rise in the interior
of the metal which accoﬁpanies thiskinitial Qistértion,
the hydrogen is partly desorbed: and the occurrence is
accompanied by some restoration of‘the dvuctility of
the metsal, The smount of desorption which take; place
is dependent, finelly, on the surface pressure of the
hydrogen adsorbed bn the surface of the specimen (pp.80,ff),
The higher the surface pressure (or concentration),
the greater?éﬁdunt of absorption which takes place
during the period of po%arisation, and the less the
amount which is ejected on deformation, since the
continustion of\polarisation during deformation
ensures the maintenance of the surface pressure,

When the specimens are loaded to fsilure the type of
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frazcture obtained will thus depend finslly on the amount
cf hydrogen retzined by the metal at the end of
deformation.  If the émount is small, and ductility
is thué almost completely restored, separation will
cormmence in the usus=l way at a point on the axis of
the specimen and spread outwerds slong the surface of
a cone, giving rise to tine normsl cup-and-cone
fracture on which the presence of surface cracks will
have but 1ittle effect; If the residual gas content
of the metal is sufficient to render it sensibly brittle,
however, the specimen ill be extremely sensitive to
the presence of surface cracks; separation will
be initieted at the roots of these cracks and
propagated inwards to give rise tp a brittle tyre
‘of fracture. Obviously this will occur when suffic;ent
deformation of the (pertly) brittle wetal has taken place
to raise the stress at the roots of the cracks above
the‘separation value. The reason why brittleness
should occur in concentrated solutions of sodium
hydroxide solutions has alreedy been discussed elsewhere
(rwp;86 ff).  The ideas advaﬁggd above are lent soms
support by the fact that pre-sﬁ:aining tends to incresse

the brittlensss of the specimens at fracture, In this

[0]

case the hydrogen has less chance to escape because there

is, in effcet, less dsoformation to fracture; and

morecver, surfazce crscks appear at a later stage of the

4

totszl deformstion when the metal is more susceptible to



114,

thelr presence; the increased solukility of the r=s

curious behaviour of the specimén shown in Fig, 23 (b).
Although thils specimen had undergone considerable local
deformetion and was obviously on the point of fracture

2t the neck, it preferred in the last resort to break

in a coupletely brittle manner at the'fillet. It
appeared that the fracture was initisted by 2 nparticularly
bad regiqn of residual machining strsain, Since little

or no permsnent deformation occurred in this region it

.

is probable that its hydrogen content remained high,
rendering it extrerely sensitive to the notch effect
of the tool-defofmed retal, This‘result, and those
of Group Aa'l., incidentally serve to illustrate
that, under certsin circumstances, caustic soda
solutions are capsble of producing extrsme
embrittlement of mild steel,

A micrograph, typical of the type of crack obtsined

r. 24, It will be

)

in brittle specimens, is shown in Fi

O

observed that the original surfasce cracl, rendered
blunt »y subsequent deformetion, is accompenied by a
number of finer crscks, obviously formed at a much

later stage.x

Xincidentally, the results obtsined in the tensile test
serve bto explain why the bend test generslly gives a 10rs
sensitive indicstion of brittleness, for since in the
latter fracture is in sny event initiated at the surfeoce
of the specimen, it will naturelly be uore sensitive to the
presence of surface cracks,.
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The fine craclks are epparently mainly treas-crystalline,
though there 1s some evidence of intergrsmilar separatinn,
Turning to the chemicsl aspects of the tests
the folléwing facts emerge.
(2) Really serious embrittlement appears to
result enly in cdncentrated solutions of sodium hydroxide.
(b) The influence of commercial caustic sods
is much mere mariked than that of the pure product.x»
It has hot been pfoved that silica (present in fair
quantities in the.commercial product) contributes tb
the embbittling cegpacity of the solution, In any
event, there are very probably other substancés, such
gs compounds of arsenic and of sulphur; present in the
impure prbduct in sufficient\quantity‘to enhance 1ts
effect; further investigation along these lines is
bbvioUsl& recuired.
(¢) Tennin and resorcin@i, if present in
sufficlent quantities, definitely inhibit the

embrittlement in caustic soda solutions.

® Though not obvious in the present tests, the bend
tests described previously showed that strong.
solutions of pure caustic soda are capable of
producing quite serious embrittlement.
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A penersl discussion of these results in terﬁs of
their relationship to caustic crackinz will, 2s wsual,
be postponed to the relevant section (p155 ), but
it is convenient to insert here a brief discussion of
the present results in relation to those obtained by
Pfeil, in sulphuric acid, and to note the writer's
own views on the manner whersby embrittlement‘of mild
steel is induced by absorbed hydrogen.

| In general terms the present results agree well with

those obtained by Pfell on his fine-grained specimens of
iron, as described on p.29 . The degree of
erbrittlement noted by the writer at 18% corresponds
rather to Pfeil's results at 40°C, than to the much
nore severé reduction in ductility he noted at 25°C.
Possibly the differences are due to the different solutions
used, but in view of the one extremely brittle fracture
obtained in the present tests, it seems quite possible that
the @ifferences are to Variatio@s'in the experimentsl
techniques, The type of cracking obtzined agrees
well with that noted by Pfeil at the lower temperatures.

Wiith regard to the writer's views on the manner in
which hydrogen embrittlement is induced, it may be said
that they are on the‘lines of the theory of Zapffe and
Sims as modified by Smith (30) (P.30 ). It seems
probable that accumulation of Hydrogen will occuriin

the imperfections of the lattice and result in the setting up
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of a triaxial stress, but the writer prefers to resard the
accumulation es corresponding to the nuclei aessociated
with precipitation hardening, rather thah as a
“compressed molecular fluid", since hydrogen
embrittlement possesses ét least a superficial
resemblance to this phenomenon, For the reasons
advanced on p.}#k , it micht be expected that a
grester number of these "nuclei" of hydrogen would
occur in the region of the grain boundary and thus tend
to promote, to some extent, the intergranular feilure
of the wetal under stress.. In 2lloys or in metals
cont-ining impurities the presence of reduecible fiims
at the grain boundarieslmay pley an essential role,

as has been already noted on p.32 . .



PART VI

STRESS - CCRROSION TESTS

N
SODIUM HYDROXIDE SOLUTIONS

AT

ELEVATED TEMPERATURES.




120

VI, STRESS~-CORROSION TESTS IN SODIUN HYDROXIDE SOLUTIONS
AT ELEVATED TEMPERATURES.,

The various tests and experiments which have
so far been described have had a rather indirect
bearing on the problem of caustic cracking as it
occurs in practice in that in carrying them out no
effort was made to similate boiler conditions., In the
tests to be described in the present part an attempt
haes been made to reproduce practical conditions as
far as possible. The tests were carried out at
boiler temperstures, using specimens of materials
typicel of those employed in boiler practice and of
such & form as to give rise to an asymmetrical stress
distribution corresponding approximately to that
found in practice. It was not, of course, possible
to simulate boiler conditions precisely while still
retaining some measure of control over the tests;
care must therefore be exerclsed in assessing the
practical significance of the results.

The work is still in its initial stages, and
the sequence of tests will be found to be far from
complete. It is felt, however, ﬁhat the results
so far obtained sare sufficiently‘encouraging to
justify their insertion here, though the saccount
given must be regarded as being in the nature of a

progress report,
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1. Apparatus.,
() Basic Design.

Before proceeding to e detsiled
description of the test assembly employed in the
present work, it is convenient to insert here a
very brief account of the typss of appsaratus
employed by previous workers, and to indicate those
factors which guided the writer in his choice of e
basic design.

In the spparatus employed by Parr snd
Straub (7) the specimen was immersed in the test
solution contained in an autoclave, and stressed by
means of an external spring., The tension rod passed
into the autoclave through a packing glsnd. A
similer form was employed by Ulrich ( 65 ) 1in
Bermany. The main criticism which may be levelled
against this system is that 1t is very difficult, in
fact almost impossible, to make the glend really
pressure tight without setting up undue friction on
the tension rod, 0f course, one may introduce means
whereby the evaporated water is replaced at frequent
intervels, or alternatively the appsratus may be
dismantded and refilled when necessary, but obviously
neither of these schemes is entirely satisfactory.

Later, an appasratus was developed by Straub

end Bradbury (66 ) in which the use of a packing gland
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was obviated. In this design the corroding solution
was contained within the hollow, cylindricel specimen,
8 spring-loading system was employed. Among others,
Colbeck, Smith and Powell ( 67) and Schroeder ( 68)
have employed similar schemes, In view of the known
susceptibility of steel stressed in hot caustic soda’
solutions to the influence of surface irregularities a
particularly high standard of reproducibility of surfsce
finish 1s required, and there is considerable difficulty
in ensuring thls with specimens of this type. Moreover,
deliberate and controlled surface variations (such as
notches) cannot easily be produced.
In the apparatus employed by Jenkins and

Adcock (69 ) at the N,P.L., the entire loading system,
congisting of a dead-weight lever arrangement, was
enclosed in the autoclave; By this means, gland
friction was avoﬁded, while the use of a convenient
form of specimen was still permitted. Unfortunately
if the dimensions of the sutoclave are to be kept
within reasonable limits, the load which can be
applied to the specimen is somewhat smell, and to attain
8 high stress extremely small specimens must be used. As
a résult, the behaviour of the speclmens may be
considersbly influenced by general surface attack,

The Schroeder Detector has akso been employed

in lsboratory tests (70), but has the disadvantage

that the stress is indeterminate. In view of the
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encouraging results obtained with this apparatus in the
field, it merits further consideration and development.

An arrangement in which the specimen underwent
repeated torsion was developed by Schroeder and Partridge
(71) in which the strain on the specimen waé measured rather
than the stress, thus circumventing the difficulties
occasioned by friction at the packing gland., Probably,
however, the type of distortion produced in the specimen
resembles less closely that occurring in practice than that
produced by tension or bending.

Finelly, a particularly ingenious scheme has
been described by Schreeder and Berk (72), in which the
specimen 1s loaded by means of a push rod passing up
its centre, and is screwed into an autoclave containing
the corrodihg medium, In many ways this is the idesal
system; a packing gland is dispensed with, so that
ﬁight joints may be ensured; the surface of the
specimen in contact with the corroding medium is
external, and may thus be readily machined to any desired
form and giﬁen a consistently good finish; by the use
of a push-rod of high tensile steel considerasble loads
may be applied to the specimen, which may then be given
sufficient bulk to minimise the influence of surface
atteck., This type of appasratus is mainly open to
criticism on egonomic grounds, since the specimens must
be made with some precision to ensure truly central

loading, which naturally adds to their cost; the
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apparatus, too, is somewhat expensive to construct.

Despite its economic drawbacks the writer, when
considering the selection of a design for his apparatus,
decided that the last-mentioned schemé was the most
likely to combine ease of operation with relisble and
consistent results, and his design was therefore based on
these principles. In operation the apparatus proved
to be quite satisfactory, Although initial troubles were
(and still are being) encountered, they do not reflect
upon the fundamental design, but merely suggest some
minor modifications. Three units were constructed.

(b) Framework and Lever System,

As may be seen from the assembly drawing of
Fig.25 , the load was epplied by means of a dead-weight
lever system, This arrangement was adopted in preference
to & spring-losding arrsngement, chiefly because suitable
facilities were lacking for the calibrstion of heavy
springs. The lever assembly was carried on a
framework of I-besms, F, eand consisted of a lever,L,
beering on a knife-edge, K. The lever actuated the main
push rod, M, which was located by means of a longitudinal
key sliding in a keyway cut in the framework, An adjusting
screw, A, at the head of the push rod carried & pan P to
protect the apparatus as far as possible from the corrosive
liquid set free when the specimen broke. The dead load and
pan, W, were carried by e pin-joint, B. A stop, R,

at the other extremity of the lever permitted the load on the
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specilmen to be relieved., The sasutoclave assembly was
carried on a flange mounted on four short columns, and
was surrounded by an oven, O, resting on the top-plate
of the framework. The entire assembly was coﬁstructed so

as to be as rigid as possible. Leading dimensions are

given in Table XIII,

T ABLE XIII.

LEADING DIMENSIONS OF FRAMEWORK AND LEVER SYSTEM.

Framework, ft. 1in.
Oversll length ... tee. esse ees 7. 0
" breadth... ... ... ... 1 6
" height (less ;utoclave }
and ovVen )ee ooe 3 6
Oversll length ... cee sss  see 6 3
" breadth... .. ses ees O 43
Knife edge to push rod.. ese see O 3
" " " Jloading point.. ... 5 0

Lever ratio ... R ees 20 1
Capacity at loading point.. 500 1lb,
Equivalent weight of lever. 44 lb.

(¢) Autoclave., On the recommendation of the
steelmakers a stesinless steel contalning 18 per cent
chromium and 8 per cent nickel was first used in the making

of the autoclaves, but later this material had to be
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discardeds Finslly e straight iron-nickel alloy
containing 36 per cent nickel was employed. The events
leading the rejection of the 18 - 8 alloy are of
considerable interest in connection with the subject
matter of this report, and are discussed in detail in
Appendix III.

Two half-sections of an autoclave at right
angles to one another are shown in Fig, 26 , The
specimen, S, fitted into the body, B, the joint being
made'by means of a soft copper washer. The
specimen and the push rod, P, of high tensile steel,
were held in posltion by the nut N, A thermocouple
insert was provided in the body of the autoclave at T,
The head, H, carried two ball-ended valves, (of which
one, V, is'shown) whichwere provided with couplings, G.
It was intended that these &alves should be employed for
withdrawing the gaseous contents of the autoclave for'
analysis, or for de-serating the test solutioh, and
filling the vapour space with ges at high pressure.

Tests of this type have not so far been carried out.

Two insulated connections were also provided in the

head, as at'C, That shown carried a nickel electrode,
E, by means of which the specimen could be polarised, while
the other carried a nickel needle dipplng a short distance

into the solution and functioned as a liguid level

indicator.
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Considerable difficulty was experienced in
discovering an insulating material for use in these
cdnnections, which would withstend the corrosive fluid
in the autoclave.‘ Porcelsin cement, mica, and
 fired soapstone were tried with little success, Porcelain
automobile sparking plugs also lost their insulating
properties 1n the presence of the hot caustic doda, but the
new type,embodying an insulator of sintered aluminium
oxide (Sinterkorund),was found to be quite s&tisfactory.

Concentrated sodium hydroxide solutions possess a
remarkable abllity to seep through joints which would be
perfectly tight under other circumstances, in which respect
they greatly resemble mercury. In consequence of this the
setting-up of truly tight joints presented & serious
problem, In designing the apparatus it was considered
that simple soft washer joints on the Amagat principle
should be tried first, in preference to ground-in
meta;-to~metal joints, which are somewhat difficult to
machine. Soft steel washers were not successful, but
soft copper washers on a narrow jointing face gave
moderately gobd service. Thghtness could not be
gﬁaranteed in every case, however, and in future work
it is proposed to adopt proper ground-in joints, which
are without question the most relisble,

(d) Heating Systemn,

The autoclave of each machine was heated by

means of a cylindrical, asbestos-lagged ovem, O, (Fig.25)
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carrying three 250 watt tubular heéters,x controlled by
the switches S, The temperéture of the autoclave, as
determined by a thermocoupie- inserted at T (Fig 26)
was calibrated agsinst, end controlled by, a MacLaren
adjusteble thermostat operating over a temperature
difference of ¥ 3° ¢. An automatic cut-out
switch, C (Figs), actusted by the dropping of the
main lever when the specimen broke, was provided.
By this means the heater current was interrupted, and
simhiltaneously an hourmeter and werning lamp were
switched off,

(e) Electrical Circults,

The circuit diagram for the apparatus
is shown in Fig 27 =« Alternating current was used
in the heater circuit, and passed through the fuses F
and the main switch SM to the cut-out switch CS and heater
connections CH. In parallel with this circuit and
“between SC and CH were connected a warning lamp
WL and an hourmeter HM, both of which were thus switched
off on the opening of the automatic cut-out.‘ The
polarising circuit was tepped from a lamp benk LB
across the direct current méins, a switch SB being

placed on the live (negative) line. The tapped circult

* Later & single 1000 watt heater was substituted.
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included an ammeter AM (reeding to 0.1A) a resistance
bank RB, and a reversing switch $R. Connection wes
made to the electrode of the asutoclave through CP and to
the framework of the apparatus through CE. The iiquid level
indicator, LL, consisted of a pea lamp and button
switch connected to the needle of the autoclave through
CL, Current was supplied by a 4 volt battery, B, connected
across CE and CB, As long as the liguild in the autoclave
remained in contact with the needle the pea lamp was
illuminated on depression of the switch.
(£) Lay-out.

The layout of the testing machines is shown
in the photograph of Fig28. They were arranged
‘parallel to each other in a room having a cement floor,
with their heads towards the wall carrying their
respective switch-boards, In order that the polarising
circuits could function properly it was necessary .
that the machines should be insulated from earth. This
was accomplished by mounting them on wooden boards
covered with hard rubber sheebs.

2. Specimens.

Practically all of the tests described here
weretcarried out using notched specimens. Sbme tests
were also made using plain specimens, buf, because of
leakage, had, with one exception, to De discontinued
before the stipulated time. The dimensions of ~

both types, which differ only in the diameter of the
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test length, are given in Fig29, and a photograph of
both types is reproduced in Fig 30 .

The use of notched specimens in the bulk
of the tests was decided upon for three reasons which
it may be well to discuss here. Firstly, it is a
métter of practical éxperience that caustic cracking
is associated only with those areas of the boiler
subject to a high asymmetticsl stress, and it
seems reasonsble to uttempt to reproduce these conditions
in a controlled fashion. Secondly, many previous
workers, but especially Colbeck and his colleagues (67)
and Schroader and Berk (72 ), have found that failure
can be produced only with difficulty, or not at’all, in
symmetrically stressed specimens, And thirdly, it
appears ( 69 ) that the failure of unnotched specimens
is not always typical of csustic cracking,

Great care was taken to ensure uniformity and
accuracy in the machining of the notches, since it is
clear that any slight variations may considerably influence
the results. It is not suggested that the form of
noteh which was adopted in these tests was necessarily
the most suiteble, and when an opportunity arises to
continue the work it is proposed to investigate this
aspect thoroughly. Howsever, the specimens behaved
quite well in practice, though it 1s possible that the
stressing conditions were a trifle severe.

The chemical analyses of the specimen steels,
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as supplled by the manufacturers, are given in Table XIV.

T ABLE XIv,

ANALYSES OF STEELS USED IN TESTS,
% A B c* D EX
cC 0,10 0,135 0,105 D.13  0.165

si 0.06 0,05 0.07 0.05 0.18
s 0,030 0,033 0,029 0.043 0,028

P 0,013 0,015 0,019 0,040 0,014
Mn 0,53 0.60 0.52 0.45 0.78
Ni 0,13 0.11 0.15 neg, neg.
cr 0,035 0,020 0,08 neg,  neg.
Mo 0.015 0.020 0,03 neg, neg.

x _
Fine-grained steels., McQuaid-Ehn grain size 6/8

Steels A, B and C were used mainly in a few
preliminary tests, The mechanical properties of steels
D and E are given 1in Table XV, and their microstruebtures

are shown in Figs, 31 and 32 respectively.

T ABLE XV

MECHANICAL PROPERTIES.

, Y.P, U.S Bl, % Red, of
Steel 1b/in2 1b/in® 4 x dia area 7%
D 40,100 59,200 41 63.6
E 43,700 67,600 37 60.1

The msterisls were used in the "as rolled" condipion.
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Calibration tests were carried out at 250°C on
specimens of steels D and E in order to determine tue

breaking stresses of the notched Specimens, The results

are quoted in Table XVI,.

TABLE XvI

AVERAGE BREAKING STRESS OF NOTCHED SPECIMENS

IN AIR AT 250° ¢, *

Av, W.s.
Steel 1b/ink

66,000
D ~ 63,000
61,000

68,000
: 66,000
64,000

b4
It is not unusual for specimens of this type
to exhibit an exceptionally hi%h breaklng
stress (Schroeder & Berk, Ref.(72)

3. TESTING PROCEDURE,

In carrying out a test, the specimen was first
well washed with paraffipn, dried, and inserted into the
base of the autoclave, with the copper jointing-ring
in position, The push rod P (Fig 26) was then placed
in position and the joint made by tightening down the
nut N, Following this, the test solutlon was poured
into the autoclave, and the head tightened down, In those

tests in which it was not iatended to polarise the
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specimen, it was surrounded by a short length of mild
steel tube, which served to minimise the effect of any
potential difference existing between the specimen and
the wall of the autoclave, This precaution is very
necessary, for the writer(s tests have shown that
polarisation of the specimen may influence the results
quite considerably: a point which appears to have been
ignored by many prcvious workers.,

After assembly, the autoclave was screwed
into position, and the screw A (Fig 25) adjustéd so
that the lever would be level on spplication of the
load. The weight of the lever was thent aken off the
specimen by screwing down the stop R, The oven was
placed in position and the heaters switched on, the
thermostat being adjustdd to give the desired temperaturs.
After the sautoclave had attained equilibrium with the
oven (in one and a half to two hours) the load was
applied to the specimen, by placing weights on the loading
pan and slowly slackening back the stop screw R, and

the hourmeter started.

4, TEST RESULTS.

As has already been mentioned, the tests to be
described here cannot be regarded as forming a complete
'series. Nevertheless, it is felt that a sufficlent
number of results have been accumulated to justify-

the belief that the apparatus and experimental technique
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are 9&pab16 of producing reliable data, as well as
permitting a few tentative conclusions to be drawn, In
the initial stages a considerable number of tests were
lost, mainly through leaskage or heater failure and,
in general, these have not been recorded here.

The results are quoted in Table XVII which will
be found to be largely self-explanatory; the following
points should, however, be noted,

(1) In tests on plain specimens the durastion was
fixed at about 200 hours if no break occurred; using
notched specimens 50 - 100 hours was regarded as
sufficient, when considered in relation to the time in
which feilure normally took place,

(11) In some tests the specimen was not completely
severed, but merely cracked, The automatic cut-out did
not then function and the time of failure was thus
indeterminate, as is indicated by an interrogation
mafk in the appropriate column.

(111) It was not, of course, possible to determine
‘the true current density on the relevant area of the
specimen in those tests in which a polarising current
was applied. Since the tests were carried out under
similar conditions, however, the results permit
comparison amongsp themselves,

(iv) For purposes of comparison the conditions of test

of Group 7 (Table XVII) were regarded as being standard.
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TABLE
STRESS - COR=

iTest " )
| No. Steel & Nominal | Temp.
Specimen Test Solution stress
1b/in2 °¢C..

1.1 B/N(l) 50% Commercial HaOH | 58,700 280
2.1 | BAN(L) 50% Commercial NaOH | 52,600 | 280

'w2,2 B/N(l» 50% I Ln . 1 it
.2. 3 B/N «1 )> 50% 1" {1 1 n
3.1 B/P(z) 50% Commercial NaOH | 35,400 280
3.2 | B/p(2) 50% i i 42)200 i

am(l) | 42,67 commercial NaoOH | 43,700 | 250

4,1
5.1 | cN(1) | 42,67 Commercial NaOH | 43,700 | 250
5.2 C/N(l» 42.6% " n " n

6.1 | B/P 42,6% Commercial NaOH | 52,700 250
7.1 | DA 41,6% Commertial NaOH | 43,700 250
Te2 D/N 41. 6% n f 1 1
Vﬁﬁ D/N 41.6% 1 1 " "
8.1 | DAV 41,69 Commercial NaOH | 43,700 | 350
8';:2 D/N 41 . 6% ] 1 1 n
9.1 | DAY 41.6% Commercial NaOH | 43,700 300
9 .»2 Dm \ 41 . 6%’ 1 ] f1 i
10.1| EA 41,6% Commercial NaOH | 43,700 250
10.2| EN 41.6% " " ! "
11,1} ¢ 41,6% Commercial NaOH | 43,700 250
11.,2| ¢ 41,6% Commercial NaOH " "
12,1 DAY 30,7% Commercial NaOH | 43,700 250
13.2 D/N 30 . 7 A n ] [{] 1
12.3 D/N ;O.'?% n n 'tl n
13.1| DAY 20% Commercial NaOH | 43,700 250
14,1| DAY 7.6% Commercial NabH| 43,700 250

14.2| DA 10.0% Commercial NaOH | 43,700 | 250
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XVII.
'ROSION TESTS.

Polarising Results.
Current, Break No break NOTES.
mA hr ,min, hr, min,
- 30-40hr, - Preliminary test.
3
66(a)( ) 13.00 - " n
10(a) 23,30 - " "
60(c) (3) 67.00 - L L
- - 91.oo§i) u " Se
- - 94,00 (4) n test. Speg. did
not break on raisin o
stress to 47,0001b/§n
- 13,31 - Preliminary test.
- 15,29 - " n
- 16013 - " "
- - 228,00
- 1.30 -
- 3,35 -
- 2,15 -
5.560 - Specimen cracked.
- - 89,07
- 2.45 -
- 2,30 -
- 36 , 30 -
- 70.00 -
- 12,00 -
- 1.02 -
- ? - Specimen cracked
- ? -
| 3 other tests lost throu
- 2,00 = leakage discoversd aftergh
: about 70 hours.
- 9.43 - 2 other tests lost throu
. leakage discovered after 45
and 99 ars respectively.
- - 120,00
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TABLE

- , T Tt Y T
| Test |[Steel & | Nominal | Temp.

No. Specimen Test Solution Stress
1b/in® | ° ¢,

15,1 D//§ 407 Pure NaOH 43,700 280
15,2 | D 40% :
16,1 | DAV 40% Pure NaOH + 5ﬁ 5104 43, 700 250
16,2 | DN 4094 " "
17.1 | DAY 4.56% Comm, NaOH + 2,5%

tannin 43,700 250
17.2 D/N 41.6% i tt i u 4] ft
18,1 | DAY 41,6% Commn, NaOH 4 5%

tannin 43,700 250
18.2 D/N 41.6% n " 1t 1" u n
19,1 | DAY 41,6% Commercial NaOH 43,700 250
19.2 D/N 41.6% i 1 n i
20,1 | DAN 41,6% Commercial NaOH 43,700 | 250
21,1 DAV 41,6% Commercial NaOH 43,700 250
S N

22,1 | DAY 41.6% Commercial NaOH 43,700 250

s

(1) Noteh 0,0125 in, eccentric.
(2) Specimen wall 0,135 in. thick.
(3) (a) Anode.

(¢) Cathode.
(4)  Some leakage - test abandoned.

.
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Polarising| Results. . )
Current  "Breax No break NOTES.
mA hr, min, | hr. min ]
- 1.00 -
- 0.48 -
- 1.04 -
- 9 - Specimen cracked.
- 4,59 -
- - 94,00
- 3.45 -
- - 12¢,00
60(a)f3{ 2,13 -
60(&) S 6044 -
22 (a) 2.29 -
64(c) 3} - 42,32 | Anode thickly coated with
' black oxide
64 (c) - 72,43 Anode thickly coated with
black oxide.
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THE INFLUENCE OF TEMPERATURE {(GROUPS 7, 8 and 9).

Tests have been quoted by Straub (7 ) in which
the time to fallure was found to depend quite definitely
on the temperature, decreasing as the temperature was
raised. On the other hand, the embrittlement detector
results analysed by the writer (42 ) showed no
such trend, nor is there any evidence of an increased
numbe r of'failures in practice at high operational
temperatures;

In the present tests, the results obtained at
300°C were similar to those at 250°C, At 350°C
failure appeared to be less certain&but it is
possible that the results are attributable to

experimental variations,

VARIATION IN SOLUTION STRENGTH (GROUPS 7, 12, 13 and 14).
| Fallures were found to persist in solutions
of reduced strength, one even being obtsined in a
7.6 per cent solution - though there 1s good evidence
that feilure is much less 1li%ely at the lower concentrations.
In general, the results appear to be in falr agreement
with those of Schroeder and Berk (72.), though these
workers! results indicate a rather higher concentration
than 10 per cent as being necessary for the occurrence
of failure, The differences between their results and
those presented here may probably be attributed to the

different degrees of stressing of the speclmens.
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PURE SODIUN HYDROXIDE, AND THE INFLUENCE OF ADDED
SILICA (GROUPS 10 and 16,7

Tests by Jenkins and Adcock ( 69) and , more
especially, by Schroeder (72 ) have indicated that solutions
prepared from an analytical grade of sodium hydroxide
are much less effective in producing failure than.those
prepared from the commerciasl product, Thelr results
further indicated that the difference is attributable to
the presence of silica (as sodium silicate) in the latter.
The writer has been unsble to confirm these
results, for, under the conditions of the present tests,
pure sodium hydroxide was found to be extremely effective
in producing failure, and the addition of silica did

not appear materially to influence the results,

THE INFLUENCE OF ADDED TANNIN (GROUPS 17 and 18).

The results of these groups are of particular
interest in view of the undoubted ability of tannin to
reduce the incidence of cracking in embrittlement
detector tests (p50). It appears from the results that,
under the conditions of test, tannin will hot entirely

inhibit cracking, though failure is less likely. In
| view of the practical importance of this aspect of
the work, & very much moré extensive invéstigation is
obviously desirable.

POLARISATION OF THE SPECIMENS (GROUPS2, 19, 20 and 21.)

The results obtazined by applyling & polarising

current to the specimens are of some interest, in view of
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the controversy 2s to whether caustic cracking is attributeble
to anodic'attack, or to production of trensient brittleness by
cathodic hydrogen. As distinet from the results obtained in
ammonium nitrate solutions with U - bend specimens, failure
was not inhibited by snodising, and indeed Tests 2.1 and 2.2
(0.0125 in. eccentric notch) indicate a decrease in the time
to failure with with incressing snodic current (c.f. Test 1.1).
Cathodising, on the other hand was definitely protegtive though
one failure wes obtained after 67 hours (Test 2.3).

INFLUENCE OF THSE COMPOSITION 4AND STRUCTURE OF THE STEEL,
(GROUPS 7, 10 and 11).

It was reported by Ulrich (65) in 1930, that & fine-

grained, non-ageing steel (73) (Izett Steel) developed by
Krupps, had been found to be remerkably resistant to caustic
cracking. American workers were, however, unable fully to
confirm these claims.

The writer's test show no particular improvement in
'performancé of the fine-grained steel C as compared with the
normal steels, but the steel E of slightly higher carbon
content was definitely more resistant. As no normal steel of
a similar content was aveilable it is not possible to say
whether the increased resistence is due to its structure, though
in view of the other results this seems unlikely.

BEHAVIOUR OF PLAIN SPECIMENS (GROUPS 3 and 6),

In agreement with the results of Schroeder and Berk

(72),
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the writer's tests have shown that symmetrically
stressed specimens are very much more resistant to attack
by caustic soda then are notched specimehs. The most
successful test was 6.1, which indicated an ability
to withstend attack considerably grester than‘that
shown in Schroederts tests. Other tests of this type
had to be abandoned after 70 - 90 kours because of

leakage.

5. NATURE OF THE FRACTURE,

The fractures which occurred spontsneously in
these tests were quibe similar and charascteristic, with
one exception, They were found to be ‘“ragged" and
had associsted with them a number of smell blunt cracks,
Fractures produced in similar specimens in air were
smooth and were not accompsnied by cracks, The
,exéeption among the spontsneous fractures, that of
the cethodically polarised specimen in Test 2,3, was also
smooth, as were induced fractures in the other
cathodically polgrised specimens,

Despite the presence of the notch the
frectures showed some evidence of necking on the intermal
surface, and an attempt was made to measure the reduction
in ares of the frectured durface. The results are
quoted in Table XVII. It will be noted there that the
percentage reduction in area of the unpolserised and

anodically polarised speclmens 1s considerably less than that

of specimens broken in air, or which hag undergone cathodic
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polarisation.

T ABLE XVIII.

REDUCTION IN AREA OF NOTCHED SPECIMENS.

Steel, Test Conditions Réd. in area.
D In sir 2243
D. " n 21 ’0
E In air. | 17.2
o nom 10,7
D - Stendard 11,3
D n 5.8
E Standard 13.3
E n 7.0
D Anode 60mA 8.9
D 111 f1 . neg
D Cathode, 64 mA 16.7
D ll' n 18.2

A fracture induced in a plaein specimen which had
’vundergone treatment in csustic soda (Test 3.1)_occurred
at the fillet and was brittle in character,

A micrograph of a crack associated with this
last-mentioned fracture 1s shown in Fig. 33 . It is
probably intercrystslline, and certainly has A
intercrystalline branches assoclated with ig. Figs.34
aﬁd_ 35 1illustrate the intercrystalline nature of the
fracture obtained in specimens which had undergone
the standard test (Groupsl and 7 ); the fractured

surface shown in Fig.34 was iron pleted by the standard

method to permit the exsmination of detasil at the edge
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of the fracture. The crack shown in Fig.35 , which is
also clearly intercrystszlline, occurred on the side of

the notch of the specimer . - - at a site comparatively
remote from the frscture. The fine-grained steel E
also gave rise to intercrystalline fsilure, as is shown
in Fig 36 . Aﬁodically polarised specimens cracked in an
intercrystalline manner (Fig.37), but those

polarised cathodically were free from this type of
fallure. The behaviour of a plain specimen which had
undergone prolonged stressing in caustic soda is

" 1llustrated by the micrograph of Fig.38 . There is a
certein smount of pltting of the surface, some of which is
apparently intergrenuler butthere is no evidence of

intensive attack,

6. GENERAL SUMMARY.

Despite the exploratory nature of the tests outlined

above, and the fact that several were marred through
leakage, it is possible to draw from the results some
qulte reliable concluslons.

(1) Pailures closely comparable with those occurring
in practice ﬁay be produced under controlded laboratory
conditions with considerable consistency. Failure is
confined to asymmetrically stressed specimens,

(ii) Concentrated sodium hydroxide solutions are more
effective than dilute solutions, though fallure has been

obtained at a concentration of less than 10 per cent,
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(111)  According to the present tests enmalytically
pure sodium hydroxide solutions are equelly as effective
as solutions prepared from the commercisl product,
Silica is not therefore necessary to produce failure nor,
apparently, does its presence stimulate it.

(iv) Tannln does not. entirely inhibit cracking
in these tests, though it definitely does so to some
extent in practice.

(v) Anodic polarisestion does not prevent, and
may stimulaste, intercrystalline fellure., Cathodic
polarisation is protective; in the only case where
spontaneous failure occurred it was not accompanied
by intercrystslline cracks.

(vi) TFine-grained steel is no more
resistant to attack than a normal steel of approximately

the same carbon content{ 0.10 per cent ).



- PART VII.

GENERAL DISCUSSION.
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VII. GENERAL DISCUSSION.

In this, the concluding pert of the report,
it is proposed to discuss some matters of genersal
interest in connection with caustlc cracking, especially
in thelir relaetion to the investigations described in
the preceding parts and to the published work of other
investigators, Its inclusion also presents an
opportunity to discuss some points which have been
omitted, either intentionally or inadvertently, in
previous discussions,

It is not proposed to summarise in deteil the
published work on the subject, since several excellent
synopses have appeared ( 74) (75) ( 18), but rather
to indicate those factors which eppear to influence the
occurrence of caustic cracking, and to discuss the
theories which have been advanced from time to time to
account for the phenomenon, |

1. FACTORS TENDING TO STIMULATE CAUSTIC CRACKING.

(1) Chemical. The property of stimulating
caustic cracking has been a ttributed to a number of
substances,

Schroeder, Berk, and O'Brien ( 76)
regerd potassium permangsnate, sodium nitrate and
lead oxide (litharge) as being necessary additions to

sodium hydroxide solutions to produce fallure of
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U-bend specimens in the region of 120°C, though they
found the first two substances to be protective at high
temperatures, They also submit evidence that antimony,
titanium and germanium salts stimulate attack, No
support for these results has been forthcoming from other
quarters, and, in particular, the wri;er has been unable
to confirm the deleterious effect of the addition of
nitrete in U-bend tests,

Silica is widely regarded as enhancing the
selective attack of sodium hydroxide, and indeed many
American workers appear to regard its presence as being
necessary.: Jenkins and Adcock (692 ) have shown, however,
that failure may be produced in sodium hydroxide solutions
of the highest purity, and the present writer's tests
indicate that the pure product is equally as effective
as the commercial, its properties in this respect being
in no‘way influenced by the addition of silice,

The statisfical anelysis of Part III indicetes that no
particular significance is to be attached to the amount

of sllica present in Schraeder Detector tests, nor is there
any evidence that failures in practice are in any way
connected with the silice content of the feedwster.

In view of the results obtained by Schreeder and Berk (72 )
it seems probable that the presence of silica does hasten
failure in cert?in laboratory tests, but the writer is

inclined to attribute this to an increased rate of surface
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attack, as is indeed indicated by the work of Jenkins
and Adcock,

(i1) Conditions of stress. There is general

agreement that asymmetrical stressing greatly increases
theBusceptibility of steel to caustic cracking., Some
workers, including the writer, have been unable to
produce intercrystelline failure of symmetrically stressed
specimens, but others have been successful in this respect
(66 ) ( 72). In some cases (67 ) (69 ) the failure of
symmetrically stressed specimens appears to be
predominantly transcrystalline, and cannot be regarded as
true caustic cracking, which,despite statements sometimes
made to the contrary, is invariably almost purely
intercrystslline,
Some controversy exists as to whether stresses

must necessarily exceed the ylelding stress of the

steel in order that cracking mey occur. Straub (7))

has produced failure in a spheroidized steel at a stress
just below the yielding stress, though he regards a

stress in excess of this as being generally necessary.
Jenkins and Adcock (69 ) found cracks in the enlarged
portions of their specimens, and a somewhat sithilar
occurrence has been noted in connection with Fig 35.

of the pres: :t work, D efinite evidence is lacking, but
as far as practice is concerned, both in boilers and in

caustic evaporators, cracking appears to set in invariébly
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at areas in which plastic deformation has occurred.

The type of stress applied, (tension, bending
or torsion) does not appear to be of material importance,
provided tension stresses exist in the surface
presented to the fluid,

(1ii) The condition of the steel., Leaving

aside questions of composition and structure, which will
be considered later, it appears that all normel steels
wsed in boiler practice are susceptible to failure by '
caustic cracking tc more or less the same extent,

though Colbeck, Smith and Powell (67 ) have indicated

that low grade steel is rather more smusceptible.

2 . FACTORS TENDING TO INHIBIT CAUSTIC CRACKING,

(1) Chemical. In lsboratory tests carried out
at 250°C, Schroeder, Berk and O'Erien ( 76 ) have
prodw ed results which indicate that the addition of
nitrates or other oxidising agents tc sodium hydroxide
solutions renders them incapable of causing intercrystalline
attack, As far as nitretes are concerned it is of
great interest to note that these results have obtained some
confirmation ( 77)rin locomotive practice in the U.S.A,,
though the writef has been unsble to obtain any
confirmetion from his statistical analysis.

Straub and Bradbury ( 66) consider that by

similteneously maintaining high Na2804/NaOH and
NaCl /NaOH ratios embrittlement may be avoided.
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They also regard a high R,03/MNaOH, where R represents
iron or aluminium, as being effective, The statistical
analysis of Part’III offers no support to these claims
nor, apparently, have they been substantiated by other
workers.,

Schroeder, Berk and O'Brien (68) have indicated that
in leboratory tests phosphates, carbonates and sulphates
offer some protection, As inhibitprs, however, these
substances did not appear to be particularly effective,
though sodium sulphate was found to prevent cracking
completely provided the sodium hydroxide concentration
did not exceed ebout 25'gms/100 giis water, The situation
as regards sodium sulphate i1s particularly interesting,
since Straub in his early work attached great importance
to the maintainance of a high S04/0H ratio. Recommendations
embodying Straub'!s results were issued by the American
Society of llechanical Engineers. Later work (including
that of Straub himself) has tended to discount the
protective action of sulphate, but actually there is more
support for these early clalms than for many of those
advanced leter, Ulrich (65), in Germany, obtained similar
results, and the confirmatory experiments of Schroeder and
his colleagues have been mentioned above. Berl and van
Taack (46) have shown that the presence of fairly small
quantitles of sodium sulpheate in sodium hydroxide solutions
is éapable of reducing tie corrosion mte of iron filings

to a remarkable extent. Some qualified support is also

of fered by the
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statisticel analysis of Part IIIy and in this connection
it is of interest to note (Tables IT and III) that it is
the absolute sulphate content of the feedwater which is of
significance, rather than the sulphate-hydroxide ratio.
Quite recently, a great deel of importance has
been attached to certain organic compounds as ibhhibitors.
Schroeder, Berk and O!'Brien have found that sulphite
waste liquor, lignin sulphonate and quebfacho, among other
substances are extremely effective in laboratory tests.
Tannin was not entirely effective in preventing
embrittlement - a result which has been confirmed by the
writer. This observation is somewhat at variance
with the results of Schroeder Detector tests. Lighin
21 1phonate has been used with some success on an
Americen railway system ( 77 ). A point which is
perhaps worth mentioning in this connection, is that among
marine engineers it is gemerally held that waters
containing & large amount of decayed vegetable matter
(such as is found in the Panama Canal) are among the
most suitsble of feedwaters., Perhaps the remarkable
immunity of boilers fed with raw water towards caustic
cracking (Part III) is attributable to the same origin.

(1) Polarisation, The tests described in

Part VI of this report indicate that cathodic polarisation
is definitely protective, This result is conflrmed

to some extent by the work of Jenkins and Adcock and of
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Schroeder (78), though the work of these investigators
differed in the essential aspect, that symmetrically
stressed specimens were used. The matter is discussed
below in relation %o the theory that dissolved hydrogen
is a contributory factor to caustic cracking,

(1i1) Structure and Composition of the steel.

The cleims of German workers regarding the resistant
properties of the fine-grained, non-ageing steel, Izett,
have not been conflrmed by other workers. The
improvement in performance noted by the writer of

the fine-grained steel E ( TableXVII , Part VI)
nevertheless appears to be considerably greater than

one would expect from a comparison of 1ts mechanical
properties with those of steel C, and he feels that more
attention should be devoted to this matter.

In a large number of tests, Straub ( 7 ) has
shown that certain steels possess a high resistance
towards csustic cracking, especially those of high
chromium content (stasinless steels). A steel containing
18 per cent chromium and 8 per cent nickel was also found
to be highly resistant, but the writer's experiences in
this connection should be noted (Appendix III)

3., THEORIES OF CAUSTIC CRACKING.

On the basis of his pioneer work on the
subject of caustic cracking, Parr ( 6 ) arrived at the

conclusion that fsilure could be attributed to the



156,

embrittling action of hyd;ogeﬁ occlluded by the metal in the
course of the corrosion péocess. Simllar views were
expressed by Jones ( 65 ) and Schroeder and his

colleagues ( 79), mmong others, though Schroeder now

holds a different opinion, Desch (80 ) ( 81 ) has long
argued that caustic cracking is attributable in the first
place to intergranular weakness induced in the metal by
occluded hydrogen, thus rendering the grain boundaries
susceptible to oxidising (anodic) attack., In this
connection, it 1s interesting to note that Desch ralses
objections to the term "caustic embrittlement" since, as he
quite~correctly'states, subsecuent examination shows the
metal to be quite ductile, This fact does not necessarily
preclude the possibility that the metal is brittle at

the time of attack, however, since in the absence of a
meintained surface pressure of the dissolved gas

hydrogen brittleness is a transient state. White and
Schneidewind (82 ) have demonstrated the return of
ductility to a cracked mild steel tube from a caustic
evaporator on exposure to the air. A number of
interesting experiments have been carried out by

Adcock (83), who has succeeded in showing that hydreen
penetration, accompanied by intercrystalline cracks and
decarburisation, may result from the action of sodium
hydroxide solutions on cold-worked mild steel at 300°%

and 410°, In these tests, oxidising attack appeared'to
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play a secondary part, belng confined to within a short
distance from the surface. In a lengthy summary of
the literature, Zapffe (18 ) has vigorously argued the
case for the hydrogen theory. He considers that
failure may be totally attributed to cracks resulting
from hydrogen brittleness and that the corrosion products
found in many of the cracks result from the penetration
of the alkali after they have been formed. Some support is
offered to this contention by the fact that many caustic
cracks are apparently free from corrosion products at
points remote from the surface - as was also the case in
Adcock's experiments.

Recently the view that hydrogen embrittlement
is a major factor in causing caustic cracking has
fallen somewhat into disrepute. Straub (7) considers
that failure by intercrystalline cracking is largely to
be attributed to the strain energy residing at the crystal
boundaries of the distorted metal rendering them anodic
towards the remainder of the metal, If the difference
in potentisl is not too great, selective intergrsnular
attack will occur, Straub also supposes that the
hydrogen produced in the iron-alkall reactlon reduces the
oxide in the intergranular crevices w0 fom water; the
resulting increase in volume further increases the
stress, thus tending both to facilitate atteck and to

produce fsilure directly.- Schroeder, Berk and O'Brien
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(76 ) consider that the coating of oxide formed
on the metal surface will generally be discontinuous
at the points overlying the boundsries of the surface
crystals, The uncovered grain boundaries will then
be anodic towards the oxide coating and selective attack
will occur, They attribute the differing behaviours of
the various solutions employed in their tests to variations
In their film-forhing éharacteristics. McAdam ( 84 )
considers that caustic cracking ( and, indeed,
inkercrystalline stress-corrosion cracking in general)
may be attributed to a parficular form of corrosion-
fatigue. Intercrystalline failure will be favoured by
(a) high stress, (b) low cycle frequency, (c¢) slight
" general corrosion, and (d) very little accumulation of
corrosion products., His views have not met with general
support. U.R. Evans has expressed his views on this
subject in sowme detail ( 85) ( 86), He suggests that
the physical nature of the oxide produced on irom
immersed in sodium hydroxide solutions at high temperatures
is such as to enable it to act as a cathode towards the
iron exposed at the network of cracks. This combination
of large cathode area and small anode area tends to induce
intense locsalised corrosion, The corrosion products
resulting at lower temperatures are unsulted to act in
this way. ©No stifling will occur since the presence
of stress will prevent the formetion of a coantinuous film

at the bottom of the fissures. Under these circumstances
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wi "

the attack will tend to follow the grain boundaries

since the energy change involved in removing an atom

from this region will be considerably less than thet

involved in removing it from the undistorted lattice.

He considers that intergranular attack will be especially
favoured if the grain boundary layers are naturally anodic
towards the bulk metal, or if circumstances permit

the removal of the metal ions as complexes. Due to the
"Creeping power" of sodium hydroxide solutions, concentration

cells of the type

Fe [/ NaOH (conc.) / NaOH (did.,) / Fe,
crevice liguid metal
junction surface

are set up between the concentrated solutions in the
crevices and the dilute solutions outwith them. Stifling
end polarisation in the crevices will be prevented by the

solution of the oxide film to form complex ions (p.57’ ).

A considerable proportion of the work carried out
by the writer, and described in this report, has been
devoted to an attempt to elucidate the question of
the relationship of hydrogen embrittlement to caustic
cracking. In this connection the following points
may be noted.

(1) CEwmbrittlement tests carried out at room
temperature indicate that a quite serlous loss in duetility

may result from the electrolytic production of hydrogen at
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the surface of mild steel immersed in sodium hydroxide
solutions, The fact that the cracks produced were mainly
transgranular is not of material importance since, as
has been already pointed out, slightly different
conditions may result in their following an intergranular
path, Cold-worked specimens proved themselves to be
more susceptible, in agreement with Adcock's work at
higher temperatures, Commercial sodium hydroxide was
found to be more effective in producing embrittlement than
the pure product, a fact which is suggestive, in view of
the results of several investigators of caustic cracking
in relation to this point. It has not been definitely
determined whether the silica content of the solutions
is the significant factor. One is alaso led to
correlate the inhibiting action of tannin in these tests
with the results described in Part III, though it is
obvious that the film=forming characteristics §f
this substance may play the dual role of stifling anodiec
attack and preventing the penetration of hydrogen
into the metal, The possibility of a relationship
between the embrittling capascity of a solution
and its overpotential characteristics has already been
discussed.

(11)  Despite these results, it does not appear that
hydrogen penetration alone will result in failure under

conditions of symmetrical stress, since the tensile
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strength of mild steel is not materially reduced by
ité presence, Even a considerable smount of
asymmetrical stressing may not result in failure, as
has been indicated by the polarisation tests described
in Part VI, though it must be remembered that in
these tests the load was applied immedlastely before the
commencement of polarisastion, The plastic deformation
of the still ductile metal would therefore tend to smooth
out the stress gradients to some extent. The production
of intercrystalline cracks in anodic tests in the same
connection, does not hecessarily disprove the theory that
hydrogen plays an essential role, since under conditions
of low anodlc current density a certain amount of
hydrogen may be formed at the cathodes of local action
cells. To be more preclise,provided the applied
anodic potential does not render the potential of the
cathodic areas of the metal surface more positive than
that corresponding to the relevant reversible potentisal
of the hydrogen electrode, the formation of hydrogen is
still possible.

(1i1) Both in practice and in laboratory tests
ceustic cracking is intergranular throughout. This would

sppear to indicate a general imtergranular weskness, for,
if failure were due solely to the dissures initially

formed by intergrahular corrosion, one might expect the

cracks to be propagated in a normal transgranular fashion
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under the influence of the epplied stress,

(1v) In connection with the evolution of hydrogen
from the stressed areas of a U-bend specimen noted in
Part IV, an interesting observation of Colbeck's (87)
has just come to the writer's notice. In experiments on
concentration cells of the type

Fe / NaOH (conc.) / NaOH (dil) / Fe
this worker has found that, though the electrode
immersed 1n the concentrated solution was initially
anodic, it later became cathodic towards the‘eleotrode in |
the dilute solution, The opinion expressed by the
writer in connection with his observation that an initially
anodic aree may eventually become cathodic towards
the remainder of the surface is thus confirmed to
some extent.

(v) The striking similarity between caustic
cracks and those produced by ammonium nitrate and other
nitrate solutions leads one immediliately to suspect that
they have a common origin, The wide divergence in
chemicsl and physical properties of the caustic alkalis
and the nitrates renders the view that cracking is due
to specific and selective anodic attack somewhat
improbable. In particular, the role attributed by
Evans to complex formation in sodium hydroxide solutions
does not held in ammonium nitrate solutions, The writer's

experiments on polarised U~bend specimens immersed



163,
in ammonium nitrate solutions, which indicated that
conditions permitting hydrogen evolution are essential for
the production of intergranular fallure, indicate that if
the similarity between the two cases is real, then hydrogen
penetration is the common denominator. The precise conditions
urd er which lutergranular fatlure will resukt, might
reasonably be expected to differ as between hydroxide
and nitrate solutions, and an investigation correlating

the two groups seems highly désirsble.

On the basis of the points ennumerated above
and of previous discusslons throughout the report, the writer'!s
view of the mechanism of caustic cracking may be
summarised briefly in these terms:- In the initial
stages of the attack of concentrated alkali on
stressed steel, a non-protective oxide film is formed,
the process being accompsnled by the formation and
partial occlusion of hydrogen, As eoorrosion proceeds,
surface pitting takes place ( by virtue of the stress
present in the metal) which may or may not be
intergranular ( ¢f.. Fig, 38), Stress concentrations
are set up at the bottoms of the pits, Which result in
intergranular cracking of the metal now rendered brittle
by the occluded hydrogen. ‘The subsequent penetration
of these cracks by the alkall results in the formstion of
a voluminous oxide, They are thus widened; giving

rise to the typicek fatergranular #issures, The local
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stresses set up by the oxide formed in the cracks in

company with the zpplied stress facilitates their
propagation, always in an intergranular manner, until

finelly rupture occurs, This conception of

caustic cracking conforms largely with that advanced

by Desch, and also by Zapffe, though it implies to

some extent the views of Evans with regard to the

possibility of a corrosion process teking place in the cracks
without stifling itself through film formation or

polarisation,.
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APPENDIX I

CONTINGENCY METHODS,

1. Preliminary Theorems,

Though a- discussion of the mathematical
bagis of the')(\2 - test is scarcely necessary for
our purposes, a brief account is given here for the

sake of completeness. x

A few preliminery theorems on gamms variates
may first be established, The frequency distribution
of such a variate of parameter .& is given by

- 21
dF = % x S (x>0)

[ (o)
The factor [‘(R) normalising the fumction

o0
so that ]‘ AF = |,
(&}

Now congider a normally distributed variate

x with mean zero and standard deviation o .
\‘ . - S
The. distribution function is

©

AP ‘ ¢ A,

* - gfamw

A %ood account is giwen by}Weﬁtherburn,
Mathematical Statistics", Cambridge (1947).

b 4



(ii)

Meking the substitution

%
AN = x
A3
we get o
Qe . . To
AR = = . b

Now as X varies from -0 through Qto *+ o0, s

varies from + 00 to QO and again to+00 hence the

3

probability distribution PM» , of AL is twice as dense

as that of xx , Thus
l
= g "M | 1_1..'—_ A -
A e
— [ —W
- g — ™ > ‘

o NN
since ,\‘f‘{( = ().

2
. P L=
That is the distribution of L or 5 G,._.,_is

a gamma variaste of parameter l/a‘,x.

Now let = and 4 be independent gamma variates
o
of parameters £ and mv respectively and let % = ®+ la 3

we requlire the distribution of 2

X  This is true also if the normal distribution

has a meen differing from zero,
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First of all, let *& have a fixed value in the

interval <y then dz= & (x+y) =dse. The
probability thet % 1lies in the interval dx is then

. ~(x-4)
P = Iy = = () ) (z—*a) Sades

But the probability that should have a given
value in the interval du. is

: i o8 }h\.——\
dm I ()

Hence the probability of the combined event that

Y should have a value in %, and % a value in A% is

~% =1

I T Y. . (- )S"’“l .
Uy P2 T TR Pl LA

Now ¢ and A aré twevarlates (otherwise the gemma

integral does not converge), and hence 3 may assume
any value in the range Q to %. Hence the probability

that 2 should have a value in the intervel X 1is

4
L = 2 » A% (2, )2-"1 e —|
F= = 7™ o A .
N )
To evaluate this integral we make the substitution
N =xk. Thus, for a given value of X Qha = xdk
and the ihtegral becones ’
|
-% -1 -1 =
wpr =22 . | T (-6 . (b
Err e

Q « Z0OG

o



(iv)

°‘1°. RN \ 2-1 et
= Q . . - _ -
% P(Q)'F‘(““’) X (1—k)" . & .G
(]
- B (v, m) ‘ -'x._z"““'*""'.“dm
Do)y o ()
— o+ L — 1|
- &'z._ ré R % A
TV (e )

Hence  1is a gamma variate of parameter (R+my,
By extension of this reasoning it may simply be shown that
the sum of any number of gamma varietes X , a4, X eeveeeen.
of parameters £, mv, ™ ..... respectively is a gemma
variate of parameter ( &+ ~r~v 4+ My + P I

It follows from the above result and the previous one
that 1f ey (A= l,'D; , seeseedny) are muindependent variables

with standard deviation _c_S_i, and common mean zero,then

Z. (2. ‘“d":. ) = —:i'xg‘ is a gamma variate with

parameter ( 5."")

Contingency Methods.

Let a sample of Ij members of a population be grouped
according to the A characteristicsa¥,, &; , ....., and
let the probability that any member of N have the characteristic
W, be P . Then according to a well known
generalisation of Bernoulli's Theorem, the p:c'oba‘bil:i.tyx

that there are Mu, members of ALY, , v, members of

’

X of. Levy & Roth, "Elements of Probability",
Oxford (1936)
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|
e ~ .
= P‘:“.P:.‘ soeae F,‘,‘. . ‘ H (1)

m"‘- “‘la‘- LI m,h.l_

Wa , seecene.. is
P

Now 1f the Mu; are not small we may write Stirling’s
formula for the factorial, viz:-

m"—%. — N

’_\_'J(Q.'T\‘)m: Q in (1)s
. N-\-Ji __H ——
oy oy o H R A]'Q.'TC
P P\ Pa ot PN n\,‘-\-%. __m‘ ""I\-""‘i —Ny, -
oy NES LT [ AN Fl %
That is oL '
run, +
P -k(HP) .m“m(HE ma'.(z
where K isa constant Bince [N =,\’Mh
g
|
Now wrilte
N, = Npi
and
] . _mi — 9%
[}
N (Np;) %"
f
hence Moy, = Vi F A %b

Substituting these transformations in (2) gives

‘log P‘N- log K =Z- (N\.L‘\’é)“log 0‘0 7

L "y
= > (‘“’i"'é log Vi -
A Q;, i o Qtla%&
/ .
- = R G s (4 Sby
RN
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Now if 9_;_ is large %L will be small in comparison,

—

hence we may write

log pw-logk. = ——Z (0L+‘é+0;{2 ) N
: L g L &,
x (D2 4= )
\);,"’* 2 &
e -4
"'Zf {5%;“"%;.3., +O( 9;*) 7
I 0 —

L
where Q ( QL ) denotes terms of order --é or

less in V), .

Now Z (%h \)E) = Z (“"i." {)») =N -MN=0
o ,

1 . o=

since Z:..: Ri | .

and hence,to order V. o,
-5 )

' "
log prw - log k = - é Z'_ gi.
A
. -\ 2
. [ ‘ pn-\' - k Q, az'-.ﬁ- %'An

That is, the frequency F.-)N varies as the sum

of the squares of & normel variates of zero
mean and standard deviation unity, hence from the

! i Q
preceding section {XQ' = —E%L, is a

gamma variate, But the variates g-h are subject to

o

the linear restriction
%,
8.V =0 , (3)

Hence there are in effect cnly n —| independent

normal variates, and the distribution of X 2 ( or
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rather é%‘&. ) becormes (see below)

: X (n-D)

-5\)(9-
L (MY L O

| |
by -
K -1 oty
| &'P‘&'r_‘( 'a.)
Iy
_ I ' ' -3
oLP,)(~Q“%‘F(&__§l“.

or

Now let us exsrine the effect of linear restraints

on the variates %L of which (3) above is an exanple,

—

Let the variates %-h be represented by a point
in]N -fold space. Then the density of distribution

at this point is given by

1
—3Z¢¢ _—
k,.Q. Q
where OP is the distance of the point P from the

origin, Now, for any given value of -j.:.—'.z_%:‘
the density of distribution is constant over the
hypersphere of radius OP. If now the variates are

——

subject to § linear restraints of the type

o g, + °'a§&+ e a8, o b ()
This 1s eQuivalent to restricting the assumable values

of %L to the surface of intersection of the

—

The constraints are usvally linear with respect %o
the mvy , but 1t may then be shown that they are
also Tinear with respect to the E .

A

'
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hyperspheree cf )_E dimensions and the S nyperplanes
of which (4) is a type, that is to a sphere of

(- &) dimensions, Hence the distribution

of 2_ %:’ will be as before with @ = (h - )
substituted for A. The variate Q

is then called the degree of freedom of the sample Tﬂ_.

The distribution of 'K~  then becomes

Iy .
. l LSRN,
d:PQ - 1 . R ‘IXA Lo dtrx.
_ 2 a2
The probabilityp ('X ) that a given value Xq
will be exceeded in random sampling is then given by

~the integral

P X

[<Va)
d,p.xa.
Ko

€2 ‘ .
and values of Xo for velues of @ = | to QO and

for fixed values of [P have been tabulated by
Fisher (ef p.4g . and Fig "7 )
ST 1
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APPENDIX 1II,

THE PREPARATION AND DETERMINATION OF CONCENTRATED SOLUTIONS
OF SODIUM HYDROXIDE.,

A concentrated (approximately 45 per cent)
solution is first prepared, by dissolving A.R. sodium
hydroxide in a resistance-glass boiling flask which has
been well sessoned with caustic alkali over a period of
several Wéeks. Distilled water is used, and it is
preferable, though not essential, that this should
previously have been freed from dissolved carbon
dioxide, Sodium carbonate, which is insoluble in
the lye, is allowed to settle out; sedimentatlion may be
hastened considerably by immerd ng the flask in a
water bath at 40°C. The lye is then allowed
to rest for a few days until it is perfectly clear,
when it may be carefully decanted through a sintered-
glass Blchner funnel into & seasoned flask of
resistance glass or into a waxed bottle. |

The molality of the solution thus prepared
may be estimated by neutralising a known weight with
hydrochloric acid, and weighing the evaporated
residue as sodium chloride (88 ), or, since highly
relisble data are available ( 89 ) (9Q ), by =
density method.

Solutions of lower molality maey be prepared

by weighing into a knowy weight of the lye the
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the requisite quantity of carbon dioxide-free distilled

water, This is determined from the equation
- = 1000 x ( ,I_li]_-_ _1 g
1000 + mlMW (m gn.,,

where x is the weight of lye taken, m; its molality,
%ﬂ the molecular weight of sodium higzoxide, and m
the molality of the solution desired. Solutions of low
molality may be checked by titration, and if the two-
indicator method is used the residual carbonate content may
be estimated, By these methods it is possible to set up
solutions of known molality with an accuracy of 6.2 per cent
or better, and of negligible carbonate content,

Where a more approximate method will suffice, as
in the prepsration of solutions of the commercial product,
the same préparative methods may be used, substituting
tap weter,® for distilled water. In view of the
impurities in the commercial solution it is best to aetermine

‘its molelity by titration of a known weight.

The water supplled to the University contains
a negligible quantity of dissolved salts,
and in particular ibs silica content is
extremely low,
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APPENDIX _III,

FAILURE OF THE AUTOCLAVES OF "18 - 8" STEEL.

It ‘has alresdy been mentioned that the original
autoclaves used in the stress-corrosion tests (Part VI)
had to be discarded, because they proved to be
unsatisfactory in service. The reasons leading to
thelr rejection are of some interest, and are recounted
briefly below,

According to published deta (91 ), and in
the experience of the steelmakers, the austenitic
18 per cent chromium, 8 per cent nickél stainless steel
used in the making of these autoclaves shows a good
resistance towsrds caustic alkali, and, as far as the
wrifer is aware, there are no records of failure of
this materisl due to the sction of caustic alkalf,

The first of the autoclaves was placed in service
in November, 1946, and showed a quite satisfactory
resistance towards surface attack. After the
apparatus had been in service for an aggregate of about
200 hours, however, it was found that a large number of
extremely fine cracks had developed on the inside surface
of the sutoclave, | Cracking appeared to have set in first
at the  base, and to have spread later over the entire
internal surface, A micrograph of a typicel crack is

shown in Fig.39 . It will be observed that it is quite
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straight, paying no attention to grain boundaries or
to twinning planes, and free from corrosion products.
There 1s no evidence of distortion in the surrounding
metal, '

Tests were immedistely stopped on the discovery of the
cracks, and the materisl returned to the mekers for
exsmination, In their report they made the following
observations; |

(1) The metal showed no abnormal properties, either
with regard to mechanicel properties or corrosion
resistance,

(11) It had been suggested that the cracking might
be attributed to hydrogen embrittlement, but an attempt
to induce embrittlement had, however, yielded negative
results,

(iii) They were unsble to recommend any sultable
alternstive materisl,

At the writer{s reguest he was furnished withg a
number of short bars of different materiels, In these,
central holes were drilled to a depth of about{4 in,

Into the cavities thus formed a little 40 per cent
commercial caustic soda lye,was poured and the cavities
sealéd by welding over a plug inserted at the open end.

The bars (or, rather capsule8) - wagre then placed in an oven
end maintained at a temperature of approximateiy 200°% ®r
14 deays. At the end of this perliod the caﬁsules were

removed, sectioned and polished, and carefully examined.
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(iv)
The results of this little investigation, together with the
analyses of the materisls tested, are given in Table XIX.
The resultsizgz}irmed bymagnetic crack-detection tests,
except in the cases of the non-magnetic 18 - 14 and 18 - 8
chromium-nickel steels, The cracks observed in the
18 - 14 material were similar in appearsnce to those shown
in FigpSQ, beingiextremely fine and completely free from
corrosion products. Theig distribution 1s indicated in
the sketch of Fig 40 .
The only probable explanation which the writer
can suggest for the occurrence of these cracks, and of
those in the autoclave, is that they are due to
hydrogen embrittlement, for, in view of the mechanical
- properties of the materials, and of the position and nature
, of the cracks, fectors such as overstressing, intergranular
weakneés ( & = phase), and selective corrosion may be
safely discounted. If this view is accepted, then the
capsule experiments offer some support to the views
expressed by the writer in connection with caustic
cracking. It is, moreover, particularly interesting to
note that despite the fact that only slight corrosion of
the 38 - 14 alloy occurred, sufficient hydrogen apparently
diffused into the metal to cause very serious embrittlement,
It will be obvious from the results of Table XIX
thet the only definitely resistant material tested was that
conteining 36% nickel, and this was finally adopted in the



(v)
manufacture of the autoclaves, As far as may be
Judged from the limited service which they have

undergone, the behaviour of the new autoclaves

is entirely satisfactory.
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