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INTRCDUCTION

Stress corrosion cracking (S ¢ C) may be defined

as a non=ductile fracture

resulting from the simult+neous application of a tensile stress and a

specific corrcdent. A lot of laboratory time is spent on research into

the mechanicm of 5 ¢ C but no wnified theory has as yet emerged and it
is not proposed to enter into a discusuion of rival theories. Good

reviews hive been publishe: (1, 2). The function of corrosion engineering

is to minimize the effectr. of stress corrosion on plant equipment with

recpect to both conscouential hazards and plant profitability. The

obvious method is to avoid completely those materials of construction

which are susceuvtible under operating conditions. In most cases an

alternative material can be chosen but this frequently involves a cost

penalty. Methods of using Succeptible materials in a safe manner are an
attrictive alternative but require a knowledge of all the factors

affecting the phenomenon. The factors of greatest importance to the

Corrosion Engineer may be stated:-

1, The corrodent is specific for individual metals and alloys.

Table I is a partial list of the more common S C C gituations.

The fact that a reagent attacks a metal does not recessarily mean

that stress eracking will result. In fact the specific stress
corrosion reagent is frequently one in which immeasurably small

metal loss would occur by wniform corrosion in the perivod to fajlure.

2. The application of stress and corrodent must be
Alternate

simul taneous,
exposure to stress and corrosion can induce failure
but it will not be a stress corrosion failure,

3. The stress does not have to result from an applied load. Residml

stresses in deforned raterial are frequent causes of failure. The :

stress level necessary to cause S C C varies from one system to :

another. In, for eyample, the nitrate cracking of carbon steel
stresses near to vield are necessary. mode
failing 1o induce S C C ev

the limit below which no

rate elastic stresses

en over extended expo:.ures whereas

5 C C cen occur in the ammonia/brass system
is a froctior of the vield strees,
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7.

A faclor of overriding importance is the concentraticn of a
specific jon in the layer of ligquid in contact with the metal.

It is important to distinguish this from the bulk concentration.
There are many cilrcumstances in which stress corrosion has occurred
only in thoue plices where vome physicol factor has caused the
specific ion to concentrate locally. A typical exanple is the
splurh zone in a jacketed vessel. Tiquid splashed onto the wall
above the water line evanorates to give a concenirated solution
which produces S C C even when the melal exposed to the bulk

liquid shows no such failure.

Increace in teuperature promotes stress corrosion cracking. In some
systems there i a limiting temperature below which the time to
initiation is co long that for all practical purposes the system can
be considered immune. In others, for example brass in ammonia

solutions cracking occurs readily at ambient temperature.

There is a timc lag between exposure to S C C conditions and the
initiation of a detectable crack, the so-called induction period.
In any given system the delay is a complex function of stress
level, corrodent concentration, temperature etc. Even when all the
factors are fully and precisely known the time to initiation of a
crack can be predicted only on a statistical basis. Each
individual crack initiation is a random event.

Crack propagation is rapid although orders of magnitude slower
than a brittle facture. It is rare for cracking to be
continuous, more frequently it occurs in a series of steps
and the time to ultimate failure may be prolonged, up to years
in some instances.

Cracking is normally perpendicular to the applied stress but is
frequently irregular in direction, rfollowing microstiresses
imposed by inhomogenities in the metal. S C C is frequently
characterised by multiple branching. The form similar to a
river delta shown in Plate I is usually referred to as a

'*typical stress corrosion crack!?.




while this crack morphology 15 common 1t 15 not exclusive.

Plate ? is a photomicrograph of another crack in the same specimen
as Plate I. In this case the branches are short, show no
secondary branching and are orthogonal to the main crack axis,

but toth plates illustrate trancgranular chloride stress corrosion
cracking 1n austenitic stainless steel, P.ate 3 1llustrates
ammonia «tress cracking of brass. Again the morphology is
different, the cracks are ecxclusively intergranular. In some
cases mixed, 1¢ both intergrunular and transgranular paths are
seen in tle same crack. In come two phase alloys it 1is not
unconmon to find a fracture which ic propavated as a stress corrosion

crach in one phase and as a cleavage crack in the other.

IMPLICATIONS OF 5.C.C. IN PRACTICE

The importance that corrosion enginecrs attach to $.C.C. may be measured by

the number of papers devoted to the subject published in corrosion engineering
journals. It would be unwise to assume that this is a true reflection of
either the hazards or the cost of the phenomenon. There are some features of
S.C.C. that increase its importance to plant opcrators beyond that associated
vith safety or prucess economics. The progress of most forms of corrosion

can be predicted with a reasonable precision, sufficient for remedial action

to be planned. There may, for example, be circumstances in which it is necessar
to employ a naterial which corrodes at such a rate that failure will occur in
say three years. It is possible to live with this situation by preventative
paintenance ie, by replacing the item at two year intervals. With 5.C.C.

on the other hand such preventative measures are ineffective. Replacing an
item prior to failure gives no guarautee that the replacement will be any more
reliable than the original. Hence the effort expended on understanding S.C.C.

in order to avoid completely the situations in which it occurs.

The hazards associated with S.C.C. can be exagerated. It is rare for stress
corrosion to give rise to a catastrophic failure, a leak of moderate dimensions
is the usual outcome. However cetastrophic failures are not unknown and even

e small leak can be hazardous if the contained fluid is inflammable or toxic.
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A stress corrocion crack can form an acute notch at which corrosion
fatigue can initiate. This is a real hazard in moving wachinery g fans,

and in item: subject to cylical Streuses, eg. puluation dampers.
GENERAL UTXESS CORRGSION FAILURES IN AMIONIA PLANTS

Neglecting the main process fluids, emmonia plants share a number of
corrosion environments with other types of process plant. All equd.pment
ir exposed to atmosphere with moisture and the usual pollutants. The
majority of plants use cooling witer and many raise cteam from process
heat and treated boiler water and collect steam condensate. It is im this
area rather than the one specific to process liquors that the wajority of
Btress corrosion failures occur. I intend to dercribe three i:otal/stress

corrodent systems that have given rise to failure on ammonia plants,

AMMONIA STRESS CORROSION OF HRASS

All copper alloys are attacked to some extent by aqueous ammonia solutions.
The brasses, copper/zinc alloys eontaining more than 20% zinc, suffer
rapid stress corrosion cracking in solutions and moist atmosphercs containing
no more than a few ppm of ammonia. The cracking is usually intergranular,
it can occur at ambient temperatures and requires only modzrate elastic
stresses. The suceptibility is not significantly affected by alloying
additions eg admiralty brass (2% tin) aluwninium brass (2% aluuwinium),
silicon brass (up to 4% Si), white brass (nickel silver, up to 15% Nickel)
are all susceptible. Alloys containing a lower zinc content, gunmetal,
gilding metal ( 15% 2n) are not immuue but they are so much more resistant
that it is rare for the risk of stress corrosion to need consideration in
engincering design.

Among the zinc free copper alloys, tha cupronickels are substantially inmue.

The tin bronzes are suceptible to high concentrations only in the heavily

cold worked condition. Pure copper is sometimes said to be immune but cases

of cracking of OFHC copper have been roported and certainly PDO copper

used for tubing can be cracked in the fully hard drawn condition. The sluninium
and silicon bronzes are relatively resistant to ammonia but have Lheir owi
specific S C C corrodents. Time to failure at a given stress level is a Tunction
of ammonia ion concentration, and pH and the preier e of oxidising ageuts
usually dissolved oxygen. Under moderately aggresive conditionc protection

can be afforded by inhibitors which form copper corplexes more stable than

the cuprammonium complex eg. Benzoltriazole or substitutad Ai¢hiin cnphon ter,
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One of the Tipst oo oroed wees ol Ares corronion of brass originatedin
India wier the briti:sn Army noted cracking of brasc cartridge caset rtored
unoer poor condition.. duripy the monionn Hefnor, nence the common name for

he phenomwnon = Sesion Craveinge High te.pcrature aud numidity caused
emirnion of armonis by the ducompo: rtion of one of tne constituents of the
gmokeiens powder, and temperature yc.1ng 1in poor storage conditions
permitted coodlensation of armonia contaminated moisiure on the brast, a.ready

highiy stresced by the cold drawing operation used 1in manufacture.

There 15 a'ways a risk of ammonia contamination of atmosphere &and cooling
water on #n ammonia r.ant and no one deliberately employs brass in such

an envirorment. hany items of equipm2nt however are not subject to

detailed specificaticn vy the plant designer but are purchased "off-the-~
shelf{" as part of a package deal. Typically, the oil coolers of a machine
are part of the rachine vendors packet and unless great caie 1s taken they
are apt to be supplied with brass tubes and tube sheets. 0Oil systems are
frequently common to turbines and compressors and can be contaginated with
ammonia and water hence there 1s a risk of cracking being initiated on the oil
side. Recirculated cooling water supplies can be contaminated with ammonia
from process leaks and herce the water side of the coolers is also at riske.
The risk from the oil side can be minimised by the addition of an inhibitor
to the oil, benzoltriazole is usually used, but specific copper inhibitors

in the cooling water are of doubtful economic value. The lubrication of
pajor machines on an ammonia plant is of such critical importance for long

term trouble-free operation that the extra initial expense of cupronickel 0il

coolers is justified.

Fittings for instrument air lines are commonly made as hot pressings in 60:40
duplex brass. Alternatives are available, gunmetal castings for example,

but they are non-standard items and difficult to procure. lHence many ammonia
plants have copper instrument air and steam tracing tubes connected by brass

fittings which car fail by the action of ammonia contaminated atmospheric mois
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Failure rarely constitutes a hazard but can upset plant operation. Some
protection can be given to brass fittings by wrapping with lanoline
impregnated tape. The protection i improved, if prior to wrapping, the
brasc 16 paintea wilh a solution of benzoltriazole in IPA to leave a deposit

of inhibitor on Lhe surface.

It may be a uselul illuttrulion to record an.acident on an amuonia plant
involving a Bourdon pressure gauge. The suge was intended fcr ammoria
duty as it was calibrated in psi Ammonia and bore the legend '"Bored Steel
Tube”. Three days after installation the gless fell out. two days later
it ceased to register. Investigation showued the glass was held in place
by a spun brass bezel aud the internal mechanism included white brass gears
and a phosphor bronze hair spring. All these items had failed by stress

corrosion induced by ammonia contaminated atmospheric moisture.

CHLORIDE STRESS CURRUC1ON OF AUSTENITIC STAINLESS STEEL

Austenitic stainless steel is subject to stress corrosiocn in solutions con=-
taining chloride ions. Crack initiatio: is very temperature dependent,

below 70°C cracking ic &0 rare as to require no consideration, between 70 and lOOOC
very high local concentrations of chloride ions are necessary and the induction
period is prolonged. Only at temperatures above 100°C does cracking occur in
moderate chloride ion concentrations. Coolirg water inevitably contains some
chloride btut it is rare for the concentration to be more than 1000 ppm.

Stainless steel should be safe in such solutions unless the design and process
operation is such 2s to give rise to a situation in which concentration can occur.
Unfortunately ynless great care is taken such situationec are common. A typical
example is the normal tubular heat exchanger. If the cooling water is on the
shell side and the process side temperature is high, water in the tube/tubeplate
crevices will boil causing high concentrations of chloride ions within the
crevice and failure of the tubes. If the cooling water is in the tubes and

they become fouled by porous deposits from the water, heat transfer will be
restricted, the metal wall temperature will rise and evaporation of water will
occur in the pores of the deposit again leading to sufficiently high local
chloride concentrations to initiate cracking. No efficient chloride stress

cerrosion inhibitor is available for addition to the water even if it were

econonic to do so.




Stress relief of complete i1tems has also proved ineffective, Handling and
operating streuses are rutficiently high to pereit S.C.C, The only method

of prevention therefore 16 a complete avoidance of the particular situation.

A general rule that auitenitic stainless steel should not be used for coolers
with water on the thell side at process temperatures exceeding 70°C or waith
water on the tube side at process temperatures exceeding IOOOC it probably
couservative but has teen shown to eliminate risk of failure for all

practical purposes., If these temperaturcs have to be cxceeded alternative
materials must be relected. Previously this involved the use of expensive lLigh
nickel alloys cuch as incolloy 82% but considerable saticfactory exnerience has
now been obtained on the so called austenitic/ferritic stainless steels which
while not entirely imnune to chloride cracking show sufficiently high resistance

to make thea economically attractive.

Another very common cause of stress corrosion cracking of stainless steel
equipment is the concentration of rain water containing traces of chlorides
on the surface of equipment under lagging. If lagging is applied to a hot
steinlese steel vessel and is not completely sealed against the ingress of
rain water, plant leakages, wash water etc there will be a gradual build up
of chloride ions at a position within. the lagging where the water evaporates,
When the metal temperature falls during eg a shutdown, this high chloride
front will move inwards to contact the metal wall. When the temperature
rises again the metal surface will be in contact with a solution rich in
chlorides and cracking may result. The obvious méthod of avoidance is to
ensure that water does not anter the lagging by efficient weather proofing.

It ic difficult to guzrantee thistmroughout the life of a plant, and therefore

further precaustions are necessary. The use of an aluminium foil wrapper betwee:

the stainless steel and the lagging has proved efficient in service. The
aluminium foil serves two functions. It acts as an isothermal barrier between
the cquipment and the lagging, ensuring that any water that penetrates will
evaporate before it reaches the stainless steel. If the lagging bccomes
accidently flooded with water so that liquid £i11s the crevices between tke
aluminium and the stainless steel then the aluminium will corrode and in so
doing will provide cathodic protection to the stainless steel.

i
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CAUSTIC CRACEING GF CAFION STEEL

Years ago when boilers were of rivetted construction and were fed with
boi.er feed water made alkaiine with caustic alkalies strees corrosion
cracking was a common cnuce of fairlure. It usually resulted from
operation with a minor leak around a rivet lesading to evaporetion and

local high concentration: of caustic alkalies., The high pressure

boilers on a modern ammonix nlant could not operate under these conditions
and such failures are probabiy a thing of the past. However slight
naloperation ct the boiler fred water dosing equiprment can give rise to
traces of cauntic alkalinity in the boiler 4Arum and I have investigated one
incident 1n which this causei caurfic cracking of a blown-down pipe at

a point beyond the blowdown valve where flashing-off{ occurred.

Ammonia plants sometimes have to handle caustic soda solutions for cooling

water treatment and resin regeneration in demineralisation plants. These
solutions are frequently 40-45% strength and equipment is steam heated to prevent
freezing. Caustic cracking can occur if the metal wall temperature exceeds
80°C. This is not uncommon if, for example, the steam is left on after flow of
the solution of caustic has stcpped. Caustic cracking requires stress level
close to the yield point and if all equipment exposed to steam and caustic is

stress relieved there should be no risk of failure.

STRESS CORROSION PECULIAR TO AMMONIA PLANTS
CO.. REMOVAL SYSTEMS

One of the more common systems of CO_ removal used on ammonia plants

is the so0-called Vetrocnke system whfch employs a solution of arsenious

oxide in potassium carbonate solution. The arsenic serves a dual purpose

actineg as an activator improving the efficiency of CO2 removal and as an
inhibitor preventing the corrosion of mild steel which would otherwise occur

in the potassium carbonste/bicarbonate solution resulting from the absorption
¢f carbon divxide. Although scwe of these plants have been in operation for
many years it was not until about 1968 that it became cloar that this solution
was & specific stress corrodant for carboa steel. ICI carried out an exhaustive
investigation both in the laboratory and by collecting reported failures

world-wide, The following facts emerged from the laboratory works

1. The mechanism of inhibition by arsenic was a shift in the free corrosion
potential of carbon steel in a more positive direction. In the absence




of arsenic, ihe frec corre. .on polealanl L.y ia the active rcgior.
In the presence of arsenic it lay on the borderline hetween active

and passive.

Pe Stresc corrosion occurieg Oily whei the metal was at the active/pas:.ive

tranzition,

S The free corrosion potential could be shifted fully into the pacsive
region by the addition to the rolution of a small concentration of
antimony ions ard a ferric ions and a cclution so treated did not

stres. corrode. (ref e

The ¢ resuj .. °Xolalied nowe observat.ion:, which were macde as ¢ result of the

analysic of plant failures.

a) Not «11 plaits suffered strecs corrosion. Those that escaped were ones
employing arsenic from a :zource which contained a proportion of antimony

as a natwal impurity.

b) Among the plants which suifered wvere a few which used impure arsenic
containing antimony but which did not employ air-sparging and in which

therefore any iron ions wculd be present as ferrous rather than ferric ion.

As a result of ihis investigation ICI devized a system of adding antimony,
monitoring the free corrosion potential of the plant by installing a
epecially designed reference electrode ang 6parging with air to maintuig
the measured potential ahove predetermined limits., 1This system is the
basis of patents and patent application (ref 3) and is available on
license and has been installed successfully on seven plants. A detailed
@ccount of the investigation has been published (ref 4). This work led
to a more exhaustive investigation into thne mechanism of inhibition

by redox potential systews sueh as ASS+/153+, V5+/VlH etc and a safe
biodegradable inhibitor has been discovered which could be used as a
substitute for vanadium in other CO, removal systems (ref 5).,

CARYON SIFEL N LIQUYD AMMONIA

———

Liquid ammonia is ap iorizing solvemt like water and solutions in liquid

awmonia can prodguce cerrocion phciaomena similar to those more usually

erperienced in aqueous nolutions.




i
¥

A number of accidents have occurred as a re ult of stress corrci.ion of

quench tempered steels in impure liquid amwonia, Renesrch by Fielps (rer 6)
showed thit the uctive agent was oxygen diwcolved in liquid ammonia

and that the streus corrosion reaction couid be inhibited by the additioa

of water. It was later found thot cracking wae net confined to high

strenglh =teel: but could occur with ordinary caroocn steels. Although no
serious occurrences have been reported, investigutions throughout iurope

have chow: extennive cracking in a number of Horton spheres uced to

rtore liguid amronia under pressure at near ambient temperaturess A nuaber

of firms have jointly cpon.ored research into the problew. The results so

far availisble show that cracking does not occur below about 10 ppm

dissolved oxygen and above thi:. the reaction is inhibited by vuter addition:z,
The results have implications for ammonia producer:. It is unlikely that plunt
equip ent wili ever be in contact with ammonia containing sufficient oxygea to
be dangerous bui storsage and transport of liquid armonia must be such as to
ensure against the ingress of air or alteraatively there must be the deliberate

addition of sufficient water to inhibit stress corrosions

STRESS CORROSION PREVENTION

A survey carried out in the States in 1961-62 showed that 39% of the corrosion
failures of chemical plant equirzent werc due to stress corrosion. A

similar analysis of the corrosion failures investigated in the Teesside
Materials Group corrosion laboratories of ICI for 1973-74 showed only &% as being
stress corrosion failures. The difference, in my opinion, may be ascribed

to the increasing awareness of the problem and the improved precautions taken
over the 10 years but it must be emphasized that this improvement has been
obtained only at a cost. The methods of preventing stress corrosion and

the cost penalties may be summarized.

1. Improved materials selection. Where the traditional material of construction

is known to be subject to the risk of SCC an alternative may be chosen.
The alternative is usually more cxpensive, frequently very much more.
This increases capital costs not only in purchase of material but in time
Af nroarnramant and delaya and aypense in fabrication in a material to

which the manufacturer is not accustomoed.
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Stress relief. This again involves capital cost and sometimes delay

in completion.

Improved design, Frejuently all that is necessary is a change in
detailed design of e:uivment, for example, the elimination of crevices
in a jacketed reactor. iowever an exhaustive study of the design and
opcration of the equipment has to be undertaken by process designers,
mechanicel designers and materials specialists working together as a
toam, if all risks arc to be eliminated and such design effort is

expensive and time consuming.

Process limitation. If all other methods are inapplicable it may be
necessary to limit plant operation, cither in terms of operating temperatures
or sourcec of feedstocks etc. in order to prevent the equipment being
exposed to the risk. This can result in operation below maximum
efficiency and carries an economic penalty in terms of reduced revenues.

It is probable that stress corrosion failures will never be completely
eliminated. New processes and new materials are likely to involve atress
corrosion situations which cannot be predicted on existing knowledge.

The known stress corrosion failures could be prevented but only at

& cost of time, money and skilled effort.
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Table 1

STREES CORROSION CRACKING SYSTEM

Alloy

Carbon Steel

Austenitic Stainless Steel

Nickel Alloys

Copper Alloys

Aluniniwm Alloys

Titanium

Corrodent

Rydroxyl ions
Nitrate ions
Caronate¢/Bicarbonate ions

Chloride ions
Hydroxyl ions
Polythionic acid
Hydroxyl ionc

Amaoniux ions
Sulphite ionc

Water and salts

Red fuming nitric acid
Anhydrour methanol
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