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The Ferroxyl Indicator in Corrosion Research,

With Special Reference to the Controversy Regarding the Cause
of Pitting.

By Uriex

1

[Svans, M.A.

(Specially contributed o Tue Metar INpustry.)

1. —Introductory.

During the last two years, a controversy concerning
the cause ol 7 pittiag 7 indron and steel has been conducted,
parthy i the columns of this journal, between Mackay,
the well-lmown  American anthority on corrosion, and
Licbreich. the cnunent German investigator, on the same
subject. This dispute, ona subject of the greatest import-
ance to the practical man, turns ultimately on the question
of the reliability of the so-called  * Ferroxel Indicator.”
Lichreich s used this indicator in an experiment which~
he maintains - disproves MeRay's vicws ; MeKay replies
=y eflect --that the indicator has heen inappropriately
employed:

Now, the present writer has used the ferroxyl indicator
for sewveral vears=-both in the laboratory and for lecture
demonstrations. and has found that—unless certain condi-
tions are observed—it yields results which  are quite
misleading. The conditions necessary to obtain accurate
tformation have, however, never heen published, -and,
sinci the indicator 15 now heing eploved to test a question
ol vitad coneern to metal-users, 10 would seem advantageous
to place the matter on record.

2.- ~Early History of the Ferroxyl Indicator.

Pl credit of the " invention ™ of ferroxvl must be
allocated partly to Coshman?, and partly to Walker,
Cederholm, and Bent™). In the old method of using the
mndicator, picces of iron are immersed in o warm solution
containing u salt (say sodinm chloride), along with some
phenol-phthalein and potassium ferricyanide and cnough
avi-agar to allow the whole to set to a jelly when the
liquad cools. The picces of iron, thus embedded in a
transparent jellv, soon develop pink and biue patches
i different parts, the blue tint mdicating the anodic areas
swhere ron salts are produced, and the red colour showing
the cuthodic areas, where alkali is duveloped.

The indicator has been employed (o ascertain which
parts of an iron article become anodic and which cathodic,
Fhus it has heen found that picees of wire bent sharply or
cutolft st point usually  develop blue (anodic)
arcas to the pownts of bending or cutting (attributable to
the local stresses produced,  or 1o the removal of
a pratective ilme Again Cobb? has used the indicator to
show that certain phases often present in iron and steel,
such as graphite and cementite, as well as iron sulphide or
oxtde, can function as cathodes to the iron itself,

sucha applicationis perfectly legitimate if we are quite
sure that none of the three gredients of the indicator
(phenol-phthalem), potassium ferricyanide und agar-agar)
fhemselves affect the natural distribution of cathodic and
aiodic areas. Unfortunately, this is not the case, It is
known®  Tor  instance, that the production of anodic
and cathodic areas is argely dependent on the distribu-
ton of oxvgen ; cathodic areas tend to appear where the
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oxygen-concentration s high, aud anodic arcas where it
is low. If now we bhurv one picces of fron in a rigid jelly,
the distribution of axygen over the metallic surface will b
entirely different from that which would prevail if the
metal were immersed inowater or o salt solution, where
conveetion-currents wounld bave free plav. Therelore the
distribution of pink and blue in w specimen enibedded in
Jelly are of little practical interest. except in so far as they
serve to demonstrate the cloctro-chemical mechanison of
COTTOSLON.

3.—Ferroxyl Indicator without Jelly.

To avoid the objection just ndicated, the present writer?
decided to omit agar-agar ov other gel-forming constituent
from the mixture. The reagents employved by him are -

{1} A 1 per cent. solution of plenol-phthalein in alcolol.

(2} A1 per cent solution of potassium ferricyanide.
which should preferably be fro<hly made, although it can
be kept for a week or more o the dark,
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A smadl quantity of cach solution should be added, Just
before the experiment, to the water or solution whose action
o tron 1t is desired (o studv. The quantities chasen
should he the smallest which will allow the pink and hlue
colours to be observed without ditficulty ; this shonld e
found by previous rougl) experiments, as 0 will depeid
on the conditions of expenimest, and on the nature of the
dlumination.  The smaller 1 quantity used, the mare
confident can we be that ncriie reagent will- -of 1pself
disturb the natural distibaiion ol wnodic and cathodic
arcies ; thus is discussed Turther below

Anan example, suppose we wish to use the indicator in
the study of the effect of o drop of narmal sodinn
chloride solution placed on o steel surface.  For this
purpose, 005 c.coof 1 oper cent phenol-phthalein o 5,
af T per cents potassium ferrevanude added 1o 10000 ¢ o)
the sodium chloride soluiion found to give e
conspieuous blue and pink arews Godeed, it is possithle o
observe the colours with as Hude us | ee of ferricvande
solution. The steel should be
borore the experiment. When
drap ol the salt solution addition-
develops within 2 to 4 minutes o blue centre surrounded
by o pink marginad ring (Fieo 1y this indicates
the nurgmal portion, to which ovveen has best we P I
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cathodic, whilst the centre is anodic, and on 15 there
passing into solution. A little later there develops hetween
the bine and pink arcas, a nearly colourless ring (Vg 2)
indicating ihat the ferrous chloride (e anodie product)
and =odium hydroxide (the cathodic producty are interacting
{0 give forrous hydroxide, so that soluble iron salts actually
disappeat from the intermediate zone.  Sometimes the
forrous hydroxide can actually be observed as a white
ring of precipilate, which, aflter a few minutes begns to
turn brown through oxidation te ferric hydroxide ; at the
same time the blue colour in the centre begins to fade.
and finally (about hall an hour from the start) disappears,
apparently through the adsorption of the tron salts on the
Liydroxide precipitate.

These, and many similar experiments, show that in the
case of iron and steel, the distribution of anodic and
calhodic arcas is determined almost entirely by the oxygen-
distribution in the liquid, and only to a small extent on
the composition or physical character of the different
portions of the metal.  Itistrue that occasionally, although
the whale of the outer ring shows a pmk colour, there are
certain spots on it where a particularly intense pink
indicates a local high production of alkali; these may
possibly represent places where some second constituent
i« embedded in the metal, which serves to promote the
cathodic reaction—although this has not definitely been
proved.  Again, if the metal 1s exposed 1o dry air for 45
minutes before the experiment, and a scrateh s made
across the site just before the drop is placed in position,
the Jength of the seratch will at first be blue practically
{0 the edge of the drop, indicating that freshly abraded
metal is anadic to mefal previously exposed to oxvgen {see
Fig. 3); but this effect is temporary, and soon the pink
arca will begin to creep along the scrateh at cach end, whilst
the blue arca will become more central, until finally the
distribution of pink and blue will approximate to the
normal distribution shown in Digs T and 2

The ferroxyl indicator can be nsed to <how the position
of anudic and cathodic areas m other cases, for instance,
on specimens partly or wholly immersed ina liquid. It
will  be  obvious  that—to results—the
ferroxyl should be added before the experiment starts
any attempt to apply ferroxyl afto corrosion has com-
menced must almost necessarily cause a stirring up ol
the products and a displacement ol the arcas this will
be specially the case if a mixture neh in aleohol 18 used,
for then the differences between the surface tenstons of
aleohol and water may cause guile a scrious commotion,
6 it i desived (o ascertain the distribution of alkall and
ron salts o specimen which has adready commenced to
corrode. it i hest not to add ferroxyl, but Lo withdraw
very small samples by means of a fine tube from different
parts and Lo test them externally o even by this method,
Lowever, if is not casy to avoid disturbance,

4.~—Effect of Using Excess of the Indicator.

Emphasis has been Taid on the Tact thid the two reagents
{phenol-phthalein and potassium ferricvanide) must not
be added in excessive amounts. In the case of the alcoholic
phenol-phthalem solution, a larger addition may disturh
the situation by making the lguid wriad, by cansing a
change 1 the surface tensiom and, no doubt also, by
altering the oxvgen-solubilitv® The addition of  excess
of potassium ferrievanide s, pervhaps, maore detr-
mental. o the ficst place, the ferrvevanide is itself an
]r(l§111('(] oul by
the
The present

secure reliable

even

axicdising avent, and can sometinies,
Wilson s plav the same rake s
Aisturbing olleet of this ovcareencs s oohtons.

ST dor any parpose.

Areiadup TR
iseodved  axvgen

it owas desired lteve  much phenol-
phthalein present, 1t would be ady able teoaeld 1t oas a solution
stronger than 1 oper cent., 50 as Lo reduce the additon of alecohaol.

LB Wison, Ind. Eng. Chem, 13 (1923, 13,
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writer, whoen warking with ferroxyl 2 jelly, has obsery
phenonena which confinn Wilson’s statement, but in tl
absence of jelly-forming substances, the oxidising actic
of ferricvanide does not seem to be a dangerous soun
of disturbance ; no doubt, this is because the diffusion o
oxygen itsell can occur so much more readily. oot
presence of jelly, the abnormalities due to the oxidish
action of ferricyanide can often be detected owing to
fact that, when ferricyanide, instead of oxygen, playvs 1l
part of " cathodie depolariser,” no free alkall is produce
thus the cathodic arcas are shown, not by the appearan
of a pink colour, but merely by the disappearance of t!
yellow colour due to the ferricyanide.

Fig.4.

Screening Effect of Precipitate.

In the absence of jelly-forming constituent, the ch
disturbance caused by an undue amount of ferricyanide
connected with the fact that the blue precipitate form
af the anodic arca, will itself tend to exclude oxveen fre
these arcas.  Thus the distribution of blue and pink
the specumen comes to represent the distribution of axvy
al the moment when the action starled, and may not rf‘pr(fsc
the distribution which would exist later, if no indica
were present. Inthe permissible proportions of ferri-cya:
indicated above inSection 3, the anodic areas wre indicat
by a blue *“ colouration,” rather than by an actual pre
pitate ; but if we increase the amoeunt of ferricvan
solution added to 10 ¢.e.or 20 c.c. per 100 c.os of X sodis
chloride solution, a genuine precipitate appears over
anedic places, quite capable of screening the area hel
from diffusing oxygen.

PInK
SRR BLUT L
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Fig.5.
pin¥
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Fig. 6

I{, {fur instance, we take some of the solution contan
the large amount of ferricyanide just indicated, and p
a drop on a steel surface by means of a glass tube draw
a fine point, touching the metal with the glass, a Dlue -
will appear at the point of contact, since the glass sere
the metal locally {rom oxygen ; this blue spot will
continue to develop, after the glass has been moved on
conlact, owing to the screening action of the blue p
pilates. Tt should be noticed that this can be mad
occur even if the point of contact is quite close to the ma
of the drop, thus producing the very asvinmelric arrs
ment shown in Fig. 4 0 but in such a case. there will
tendency for the blue to spread gradually towisnds
centre of the drop, the extension procecding preferent
dlong the deeper grooves left by the ciery treatmer
the places which will first become exhausted of oxvgens

(To be continued.)
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\/ The Ferroxyl Indicator in
Corrosion Research.
By Urick R. Evans, M.A.

(Continued from page 482 of THE MEeTAL INDUSTRY,
November 19, 1926.)

Another interesting effect 1s produced if a glass tube
drawn to a fine point is filled with a salt solution containing
a large amount of ferricvanide and is drawn over the surface
of steel 50 as to produce a streak of hquid. A fine blue
Iine will be observed running lengthwise within the streak
of liquid, representing the place where the glass actually
touched the metal o if the tube and method of application
are both symmetrical. the blue line will be central (Fig. 3).
but it is easy to carry out the operation in such a way that
the blue line comes close to the margin.  (Fig. 6)

s.—The McKay-Liebreich Controversy.

We are now in a position to consider the dispute regarding
the cause of pitting.  McKav® explains pitting as follows :
The ferric hydroxide (rust) produced by corrosion tends to
flocculate © it may congregate at a point by settling or be
distributed by currents in the solution.  Where a little
heap lodges on the metallic surface at any point, it will
screen the metal locally from oxygen, and the portion
thus screened will become anodic to the unscreened part
around.  Corrosion, being thus concentrated on the point
in question, soon digs down into the metal.

Liebreich®, however. considers that this explanation
15 improbable, and proceeds to test the matter experi-
mentally o he takes an iron pipe showing pits covered
with " warts 7 of rust, and tests the polarity of different
parts with the ferroxvl indicator (the old form containing
agar-agar. as well as phenol-phthalein and ferricvanide).
breaking open the warts to allew access of the indicator.
The distribution of pink and blue is not, he states, that
which wonld be expecred from McKav's theory : he finds,
for instance. that the inner walls of the warts become
distinctlv pink.  Consequently he rejects McKav's explana-
tion. To this McKav!® repiies that the introduction of
the indicator probably produced a serious change in the
conditions, and alludes to the fact that ferricvanide itself
can act as an oxidising depolariser.

Liebreich gives so little description of the experimental
method adopted that it is difficult to form an estimate
regarding the importance to be attached to his observations.
But the application of the indicator after the rust-wart
had already formed was not the happiest method of pro-
cedure, and it seems tmpossible to reject McKay's theort
on so slender a plece of evidence.  Whether the concentra-
twon of ferricvamide  cmploved was sufficient tn canse
further disturbance 1= a matter on which no opinion can
be expressed. since Liebreich does not state the concentra-
tion emploved.  But the breaking open of the wall of the
rust-wart, and the application of a gel-forming substance,
can hardly be considered to leave the distribution of anodic
and cathodic areas unchanged.

A hetrer procedure would be to remove small samples
of the liquid from the interior and exterior of the rust
wart and to test them in an external vessel. Now it hap-
Pens that another experimenter has done this. and his
results are in agreement with McKav's theorv., [ MeXav's
theory is correct, the interior of the wart should contain
an iron salt (chloride or hate. according to the pre
dominant ion in the warer causing the corresion) and should

I MeKay, Ind. Eng Chem | 17 (1925), 23,
- Liebreich, Korrosion und Metallschutz, 1 (1523), 67
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re-act weakly acid, through hydrolysis' ; thewater Outside
-assuming that it originally contained salts of sodium,
potassium, calclum. or magnesium-—shouid be alkaline.
As early as 1909, Huntlev'® described a case of corrosion
in a boiler. in which the surface of the metal was covered
with big blisters; he examined the liquid inside the blisters,
and found it tu be a solution of iron sulphate, distincrly
acid, although the liquid outside was appreciablvalkaling
This accords with McKay's theorv, and the fact that the
observation was made long before the theory was put
forward increases the value of the evidence : indesd. the
explanation suggested by Huntley is quite different from
that put forward either by McKayv or Liebreich, and in-
volves the supprosition that the sulphur came from the
iron. {In the lizht of recent work Huntlev's views on
corrosion are, in many respects, difficult to acuept, but
there 1s no reason o regard his observations as lackine in
accuracy.)

More recently, Baviis® has carricd out an examination
of vast numbers of tubercles found on the inner walls of
rusting cast-iron mpes. He has measured the 2w valueof
samples taken from the blisters, and finds them alwuvs
to be acid, rich in sulphates or chlorides of iron. Here
again the facts appear to accord with McKav's view, but
not to agree with Liebrelch's statement that the inner walls
of the warts are alkaline.

6: The Mechanism of Pitting.

There seems no serious reason. therefore, 1o dovbit the
substantial truth of MeKav's explanation of the fact thar
when once corros10n has set in at a given point, it continies
there in preference o other pomnts. Bur the o
remains, what determines the initiation of corro-ion at one
point rather than another ?

No doubt, as McKay suggests, the fortuitous setrlmg
of a blob of rust. arriving from elsewhere, at a point, may
often start the local attack rhere. But there are probably
other factors which can itate the first attack at a par-
ticular point.  Where an iron surface is covered with an
oxide-scale (procuced by heating during the process of
manufacture or subsequentlyy anv break in the weale will
expose bare iron, and an electrical cell, with the bare iron
as anode and the scale as cathode, will be set up when the
surface & wetted . since the cathodic arca wiil vasily
exceed the anodic arca, the corrosion, heing concentrated
on the small bare patch. will burrow rapidly at that point.
[t will also undermine the scale, which may peel off, hat
the action, onece localized. is likely to continue even if all
the scale 15 removed, owing 1o the screeming ctiect of the
new rust, which Keeps the metal below it anedic to the resr,
This sort of action—rto which attention has recentlc been
called by Speller™ ——is probahly quite important in the
corrosion of metal which has not been de-scaled. -

The initiation of pirting on de-scaled iron and <fee! fo—
in the anthor’s opinion'” —aiten connected with pre-ctxist-
ing capillary pore< oponing on to the surface @ the o
of such pores—even i rolicd metals—has long been =v-.
pected by engineers, and their importance in corrosion
phenomena has been emphasized from time o
notablv by Newman in his book on ““Metallic Structur

f1omt a1l

tlme—

PIT the water were guibe free from salts, the internor
react alkaline as the oo ;
hvdroxide, which is we but it is rather
4 tvpleal rust-wart would {ors such a warter, th
usuallv of a most incoherent character.  This
conceivably be the exp
mner walls of the warts sometimes show an alkaline

G0N Hantley, ] Soc Chemy. Ind., 28 (19091, 334

] R. Baylis, Ind Ing Chem., 18 (1926), 370.

MITN, Speller. In izng Chem., 17 {1923). 344,

U R. Evans, Chem Ind., 43 (1924), 222 ]. Soc. Chem. Ind.,

45 (19261, 37T.
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published in 1896. Indeed, Liebreich himself, in collabora-
tion with Maass, has expressed the view that, in brass
condenser tubes, surface defects may serve o initiate cor-
rosion*®@ in this manner, Bengough and May**b consider
that it is the microscopic, invisible pores, rather than
visible defects, which are most liable to set up localized
attack. - ‘

The Newer Electrochemical Theory explains how a pore
of appropriate dimensions may come to promote pitting.
If a pore opening on to the surface of iron becomes filled
with liquid, the interior, being inaccessible to oxygen, will
be anodic to the outer surface; the total corrosion will
depend largely on the amount of oxygen reaching the large
surface outside the pore, and the attack, being entirely
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concentrated on the small area inside the pore, will dig
rapidly down_into the metal. Over the mouth of the pore,
the interaction between the soluble iron chleride or =sul-
phate formed inside with the alkali formed at the cathodic
area outside will produce a bulging membranecus blister,
brown on the outside (through oxidation to the ferric
state), but dark green or even white on the inside (Fig. 7) ;
1t'is these blisters which Liebreich calls “* rust-warts "
and Baylis describes as ““ tubercles.”” The membrane may,
for a time at least, promote the action by shielding the iron
below from oxygen, and thus kecep the action localized on

o
T

=
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Fig.l0.

the pit. But there are many ways known in which the
action may extend laterally, and thus become less localized
and, therefore, less dangerous. Not infrequently the skin
may burst at a point**c and liquid rich in iron salts may
exude ; but the boundary of the exuding liquid will soon
become encased in a new membrane of iron hydroxide due
to inferaction with the alkali without ; thus we arrive once
more at a complete blister, but it 1s a bigger blister than
before (Fig. 8.) Cases of this kind have been observed
by Baylis' and also by the present writer.

sa E. Maass and . Liebreich, Zeitsch.

Metallkunder.,, 15
(1923), 245,
*¥b G.D. Bengough and R. May, J Mot. Met., 32 (1924), [96.
**0 The bursting may occur as a result of mechanical injury,

but it seems likely that it may also be caused by variations of
osmotic pressure; at periocds when the salinity of water flowing
through a pipe becomes unusually low. the osmotic pressure
within a tubercle may exceed that ouside, and there is a tendency
for water to be drawn in through the membrane, which mayv
become distended until it bursts, '

1 J. R. Bayliss, Ind. Eng. Chen, 18 (1926), 379, .
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But there is another more important manner 1in which
attack—originally localized at a point—may become morc
extensive, and therefore less intense.  Whilst in some waters
(notably saline waters containing a limited quantity ot
sodium carbonate), the walls of the blisters have a tough
character, and are firmly rooted to the metal, thus tending
to keep the action localized, in other waters the precipi-
tated hydroxide is of a loose, featherv character, easily
moved from the site of the pit by water-currents or even
by gravity. If it accumulates upon the metallic surface
anywhere, the area thus blanketted being screened from
oxvgen. will also become anodic to the unblanketted arca
and the attack, being no longer confined to the pit, will
be far less intense. This development from Ilocalized
“ point corrosion " into long streaks or streamers will be
familiar fo many ; in stagnant water, the streaks extend
verfically downwards, the corrosion product moving under
the force of gravity (Fig. 9); in gently flowing water, the

_streaks usually point in the direction of flow (Fig. 10) ;
where the water current swirls against a surface, a remark-
able series of spiral rust-streaks is sometimes seen. It
should, however, be noticed that rapidly moving water

- usually prevents the corrosion-product from settling on the

imain part of the surface, and only the mouths of the pits
remain covered with blisters or tufts of hydroxide ; thus
increased rapidity of motion of the water, although under
some conditions reducing the fofal corrosion (as indi-
cated by the researches of Heyn and Bauer' and of
Friend™) often tends to keep the action localized upon
small points, and thus renders the attack more intense
and more dangerous.
T (THe ExD.)
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The Metal Craftsman’s Art.

Miniature Silver Ewers for Church Use.

These two little vessels and their tray were made some
100 vears ago for ecclesiastical use. Both ewers are so
set on the tray that each can be lifted on and off, a short
pin adding materially to their stability if the tray be
moved about. One ewer has amongst its decorative orna-
mentation a bunch of grapes, thus indicating it as the
vessel for wine, the other little ewer being ornamented with
bulrushes to indicate it as the water cruet.

The whole is a skilful and pretty piece of metalwork and
is now in the possession of a clergyman in one of the Midland
Counties, by whose courtesy” our photograph has been
provided. The ewers are of wrought silver and are
barely six inches in height.

"L Heyn and Q. Bauer, Mitt-Kgl. Materialprivfungsamt, 28
(1910}, 93,7130,
14 . AN, Friend, Trans. Chem. Soc. 119 (1921),-932



