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] Abstract

The injection of steam and CO, mixtures at. about 300°C
and high pressures is ljkely in the near future for the
recovery of viscous-o0il deposits{ The attendant problems of
corrosion of steel from the high tempefature condensgtés are
not well known., Work done in the'past deals with carbgnic‘
acid corrosion up to 120°C only. ‘

In this work the problem was studied for ah' API
pipeline steel X-70 by
1. Weight¥loss tests in autoclaves at 200 and 300°C.

2. X-ray diffraction ané séanning electrén microscopy of
the supface films.

3. Potentioedynamic polarization runs from 100—256°C.

4. U-bend stress ;orrosion cracking tests at 150°C.

The carbonic acid corrosion of the X-70 steel was found
toAbe low, between 5-10 mpy, in the tempefature range of
200-300°C, and the presence of ammonium carbonate or
.bicafbonafe lowers the ?orrosion rates to about 1 mﬁy. The 1
surfaceAfilm formed at high temperature and/or high pH was a
mixture of maghetite and siderite and was more protective
than the low temperature and/br low pH film of hematite and

siderite. No immediate danger of stress coxrosion cracking

was revealed.
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1. Introduction
Steel is extensively used in oil and gas recovery
~ ogerations. The problems of corrosion and the need for
_protection in these operations are well recognized. With the
development of technology for increased recovery from
existing wells and development of new deposits which were
once considered not feasible, materials are subjected to
more aggressive gnvironments and severe working conditions.
Material selection and protection against corrosion is

critical for the success of these operations.

1.1 Enhanced o0il recovery operations.

It is reported that the average_production from a crude
0il well is about 34% of the original oil in place'. The
importance of enhanced oil recovery (EOR) can be dramatized
by the statement that an increase of 1% in récovery in the
U.S. would add 4 billion barrels of crude oil, and a 6%
increase will make them free from dependence on o0il from
Middle-~East countries'.l

Of the variousAEOR methods currently in practice,
thermal recovery using steam injection is the most widelj
used. Ste;m injection is a powerful method especially for
heayy oil reservoirs, and accounts for well over 500,000
barrels per day (b/d) of heavy oil world wide? (U.S.A.
300,000 b/d, Canada 15,000 b/d). The next most promising

method is carbon dioxide flooding. The usual temperature

range for CO, flooding is 40-70°C.



In view éf,very viscous o0ils found in deposits such as
tar sands, and other par#meters involved, it is éxpected
that there will be many projects in the near future
combining the two most powerful EOR\techniques. Injection of
steam and CO., either together or alﬁernatély at
temperatures and pressures up to 300°é and 2000 psi

respectively, is likely to take place in the near future.

1.2 Need for corrosion studies

Obviously such an aggressive approach for EOB calls for
an understandihg of ghe corrosion characteristics of
conventional materials in the new operating conditions
before deciding to ektend their usage or repléce with more
costly alloys. |

Extensive literature is available about corrosion of
mild steels i; high temperature water and steam in boilers.
Here the problem is mainly due to the bresence of trace
amounts of dissolved oxygen>and CO; in the feed water. The
problem is controlled by efficient deaeration techniques and
addition of inhibitors and alkalies to scavenge the

remaining traces of oxygen and neutralize the carbonic acid

(formed in the cc.:densers below 120°C due to the dissolution

of CO, in the conde . steam). Also, carbonic acid
corrosion in hig:r pr > gas wells is widely recognized
and some literature 1. “lable on the causes and methods
of protectgon. ne ii“‘f "z avzilable on carbonic acid is

confined to temperat.-e- . -N°C and lower pressures
3 P



which are applicable to gas condensate wells.

As ‘ammonia is likely to be the prime candidate for
cérrosion‘p}evention, ammonium bicarbonate and’carbonéte are
likely to be present in the condensates formed at high

~ temperatures and pressures. The studies of corrosion and“
stressvcorrosion cracking associated with carbonate and

bicarbonate environments, available in the literature, are

limited to only atmospheric pressures and temperatures up to

[
V.

go°c.

- The present thesis makes 5 preliminary study of
corrosion charaétexistics of an API pipelineASteel X-70 in
some of the environme té'and conditions applicable to the
stéam and CO, injection systems at high temperatures and

pressures.




2. Theory

2.1 Electrochemistry
Corrosion is the destructive attack of a metal by

chemical or electrochemical reaction with its environment.-

~

Corrosion in aqueous solution is usually electrochemical in
N : )

nature. ~o B

A

~
R

2.1.1 Corrosion‘tendency—;hd electrode potentials

The tendency for any chemical reaction to proceed is
measured by the Gibbs free energy change AG. The more
negatjve the value of AG, %he greater is the tendency for
the reaction to take place. If AG is negative, the reaction
rate may be rapid or slow and is governed by the electrode

kinetics.
In view of the elecffochemical nature of corrosion, the
corrosion reaction of a metal M is uéually represented as
g M = M"" + ne-

where n is the number of electrons or chemical equivalents

taking part in the reaction.

I : )
The tendency to corrode is normally expressed in terms

of the electromotive force (emf) of the corrosion cells that
are an integral part of a corrosion process. The free energy

3

change (AG) in Joules accompanying the corrosion reaction is
expressed as
AG = -nFE

where F is the Faraday constant (96500 Coulombs/eq) and E is



the émf of the cell in volts.

2.1.2 Cell potential and EMF series
The cell potential depends on the concentrationé of the
reacting ions, temperature and preSsure. The sfandard
électrode potentials of different meta%s at 25°C and at unit
activity of the reacting ions are expressed with reference
to the hydrogen ion reduction reaction
2H® + 2e” = H, |
the emf of which is considered as zero under standard
conditions. These values are determined experimentally using
half cells consisting of metal/metal ion and
hydrogen/hydrogen ion on platinum, ana are given in standard
books of electrochemistry or corrosion under the title
Standard EMF series, as the redox potentials for the
reduction reaction of the metal ion. The more’noﬁle or
positive fhis value 1s for a me?al, the less is the tendency
to corrode. i
. However, the cofrosion reactions that usually take
place are rarely at the standard conditions of unit activity
and at 25°C. The actual cell potential E for conditions of
interest can be calculated using the Nernst equation:
E = E° - (2.3 RT/nF){log(a,/a;)} |
Where E° is the half cell potential under standard
conditions, R is the un.’ersal gas constant, T is the

absolute temperature, n and F were defined earlier, and a,

and a, are the activities ‘of reduced and oxidized species

(.



respectively. From the value of E thus obtained the value of
AG is calculated.

| This forms the basis for the thermodynamic
calculations. In most instances, the actual magnitude of the
free energy change is unimportant. in corrosion applications.
The most important is the sign of free eAergy change for a
given reaction, since this indicates whether or not the
reaction is spontaheous. The §imple rule derived from the
free energy calculations can be stated as® |

In any electrochemical reaction, the most negative or

active half cell tends to be oxidized, and the most

positive or noble half cell tends to be reduced.

Redox potentials are very useful in predicting
corrosion behavior. From the above rule, all metals with -
reversible potentials more active than hydrogen will undergo
anodic dissélution in acids where hydrogen reduction is the
main cathode reaction. Likewise, all metals with more noble
potentials will not be corroded. However, 1if theré is |
sufficient oxygen, then the cathodic reaction is the oxygen
reduction:

O, + 4H* + 4e~ = 2H,O where E° is 1.229 V at 25°C.
Thus metals like silver and copper with positive potentials
at +0.799 V and +0.337 V can undergo corrosion in aerated |
acids.

The half cell potentials, and the thermddynamﬁc free
energy calculations can only be used to state a criterion

for corrosion. The actual rate of corrosion is. decided by



electrode kinetics.

2.1.3 Pourbaix diégrams

M. Pourbaix devised a compact summary of thermodynamic
data in the form of potential-pH diagrams, which relate to
the electrochemical and corrosion behavior of metals in

water. The main uses of these diagrams are:

1. Predicting the spontaneous direction of the reactions.
2. Estimating the composition of corrosion products.
3. Predicting the environmental changes which will prevgﬁt

or reduce corrosive attack.
The potential-pH diagram for Fe-H,0, taken from West* is
) h '
reproduced in Fig. 1. For a knowledge of corrosion rates the

N

study of electrode kinetics is necessary.

2.1.4 Electrode kinetiics

2.1.4.1 Exchange current density

At equilibrium conditions, the rate of oxidation and
reduction (r, & r, respectively) must be equal, and there is
no net reaction. The oxidation-reduction rates are
conveniently expréssed in terms of current density using
Faraday's law. These rates in moleé'per sq.ém. per second
are expressed as: |

r, = r, = io,/nF

where 1, is g%e exchange current dénsity in amperes per cm?,

n and F having already been defined. The exchange current

density is a function of redox reaction, elec:rode
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composition aﬁd 5urfacelcondition, temperature and the ratio
of oxidized and reduced species which are present. Fig. 2° -
gives H, - H’ exchange current densities on various meﬁal
electrodes. The value of i, on platinum is approximately 1

mA/cm? and on mercury is.10°'? A/ cm?,

2.1.4.2 Polarization o
When corrosion occurs, there is net oxidation occurring at
the anode. The electrodes will no longer be at their
equilibrium potentials. THis deviation from the equilibrium
is called polarization. Polarization is defined as the
displacement of the electrode potentikl resulging in a net
current. The extent of leariiatiyn ig usually ﬁeasured in
terms of overvoltage, and is abbreviated as n. The
overvoltage or the shifz‘frqm thé equilibrium potential is
stated.in terms of volts/or millivolts. The pélarization in
corrosion cells is divided into two main types:

1. Activation polarization

2. Concentration polarization.

2.1.4.3 Activation polagizatién
This refers to electrochemical reactions which are
controlled'by a slow step in the reaction sequence. For
example, the hydrogen evolution takes place according to:
‘H* +. e » H. :
H+ H > H,

The slow step can be either the electron transfeg or

formation of hydrogen molecules. The relationship between
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the reaction rate and overvoltage for activation

polari;ation is given by the Tafel equation:
n, = t B(log i/io) e

where 1 1s the oxidation or reduction rate in terms
current_density, and B is a constant-bnown as the Ta
constant. The Tafel equation is grapﬁicall§'illustr’
Fig 37, where a logarithmic current. scale is'used. From the
figure it can.be seen that electrochemical_reactions are
very sensitive to small changes in eleéctrode ;otent1al At
all potentials more noble than the rever51ble potent1al a
net ox1datlon process occurs and at all potentlals more

active or negatlve than the reversible potential, a net

reduction occurs. o B ; *

|.4.4-Concentration polarization’
This“is.as a result _of depletion of reacting ions neaf
the electrode surface. Again taklng the example of hydrogen

1on.reductlon, at low reduction rates, the dlstrlbutlon of

H* ions in the solution adjacent to the electrode surface 1s o

-relat1vely uniform. At very hlgh reductlon rates, the reglon
ad]acent to- the electrode surface WIll become depleted of H*
1onsi If the reductlon rate is 1ncreased furthet ‘a 11m1t1ng
'ratelwill'be reached which is determined by the diffusion -
rate of H'-ions to ‘the electrode:surface.'This llmiting_taté
tis the'llmiting current density i, and rep:esents,the |

B 5axf§um rate of<reduction possible for a gi'ven‘s.y’stem,;and3

is expressed as:

i, = DnFC /x
.
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where D is the diffusion coefficient of reacting ions, C is
the concentration of the reacting ions in the bulk solution,
and x is the thickness of the diffusion layer. The diffusion
layer thickness x is influenced by the shape of the
particular electrode, ceometry of the system and agitation.
i, is only significant during reductjon processes and is
usually negligible during metal dissolution.

Fbr an electrode under only concentration polarization,
the equagion for ovérQoltage n, is

n,= (2.3RT/nF)[1-(i/i )] ,

Fig. 4° “shows the concentration polarization and-the

influence of factors (solution velocity, concentration, and

temperature) that affect the limiting current densities.

2.1.4.5 Combined polarization

Both types of polarization‘usuaIly~2ccur at an
eleétrode. @t low rates, activation polarization usually
controls, while at higher reaction rates concentration

polarization becomes controlling. The total polarization®’is

he sfim of the two:

Fig. 5° shows the combined polarization curve.
During anodié dissolution, n_is not a éactor, and the
egquation for the kinetics is given by:
n = B log i/i,

this applies to almost all anodic dissolution reactions

except for metals which demonstrate active/passive behavior.



-

i1

During reduction processes, concentration polarization

“becomes important as the reduction rate approaches the

2
limiting current density. The overall reaction becomes

n - B log (i/i6) + (2.3RT/nF)log(1-i/i )

red
This applies to all reduction reactions.
Thus,; using only three basic parameters f, i, and 1, , .

the kinetics of virtually every corrosion reaction can be

described.

2.1.5 Mixed potential theory. a o ’
This theory is_attributed to Wagner and Traud in 1938,

and consists of two simple hypotheses:

1. Any electrochemical reaction can be divided into two or
more partial oxidation and reduction réactidns.

2. There can be no net accumulation of electrical charge
during an electrochemical reaction.

From these it foliows that during the corrosion of an

électrically isolated metal sample, the total rate of

oxidation must be equal to the total rate of reduction.
The mixedvpotential theory, together with the kinetics

already discussed, forms the basis of modern eléectrode

kinetics theory.

2.1.5.1 Mixed electrodes

i

A mixed electrode is an electrode or metal sample which
is in contact with two or more oxidation-reduction systems.
For a metal undergoing corrosion, the anodic and the

cathodic reactions are no longer at their équilibfium

D “
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potentials. To illustrate the principles, a simple

discussion of corrosion of iron under different conditions

is presented below.

2.1.5.2 1. Pure irgn in agueous solutions with no oxygen or
oxidizing agents.

Fig. 6° quélitatively represents the corrosion of iron
in dilute acid solutions where there is no oxygen or
oxidizing agents. The two reactions occurring are iron
dissolution (Fe =» Fe"® + 2e”) and hydrogen evolution (2H" +
2e” -+ H;) The electrode cannot remain at either of these
reversible potentials, but must lie at some other potential.
Since the iron electrode is metallic ;nd i; a gobF
conductor, its entire surface must lie at a constant
potential. This potential is achieved when the second  “
hypothesis of the mixed botentiél theory is satisfied; that
i;, the total rate of oxidation must be equal to the total
réte of reduction, and is at thé'intersection rep;esented by
the 'mixed' or corrosion potential E_ . The rate of iron
dissolution or hydrogen evolution in terms of current
density is represented by i_.

It is worth noting that the exchange current‘denéity io
for hydrogen reduction on the metal plays an important role
in the high or loé corrosion rates observed. A low i, for
hydrogen shifts the curvé to the left, shifting the-point of
intersection to lower values of i,or E“”‘and a high value of

i, for hydrogen does the opposite. Though zinc is more

active or electronegative than iron (E° for Zn is -0.76 V
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and E° for Fe is -0.44 V) the corrosion rate in dilute HCl
for 2Zn is much lower than that for Fe, the reason being i,
for zn at 107 '° A/cm? is much lower than i, for Fe which is
10-¢® A/ cm?. This shows that, while thermodynamics indicates’

corrosion for both the metals, the electrode kinetics

decides the rate of corrosion.

\.

.1.5.3 2. Iron in aqueous solutions in presence of
oxidizers or oxygen. |
The‘principles illustrated above represent one of the
simplest corrosion systems, that is, a metal in confact with
a single redox system. ﬁnder_many actual corrosion
conditions, the environments are more complicated. Fig. 7
r%presents the corrosion behav1or of iron in neutral to
basic solutions saturated with air or oxygen. The
polarization curves for the redox reactions, i.e. metal
dissolution, hydrogen reduction and oxygen reduction are
indicated. The basic principles of mixed-potential theory
are extended to this system. At steady state, the total rate
. ~.
| gﬁ oiigafépn must be equal to the total rate of reduction.
////The/fotal‘raQe of oxidation follows the metal dissolution
rate until the reversible hydrogen potentlal is reached and
aﬂ increase takes place because of the hydrogen ox1dat1on
currents, and a furrher increase can occur only when the
oxygen reductlon reversible potential 1is reached Similarly,
the total rate of reduction is determined by adding the

total reduction currents cvorresponding to oxygen~reduct10n,

hydrogen ion reduction and metal reduction. The point at



14

[

which the total rate of oxidation eguals the total rate of
reduction is the mixed or corrosion potential of the system.
Thelgfaphical construction in this case leads to the
éonaition:
i (Fe- Fe?*+2e-) = i(H'~ Ho)+ 1(0;+2H,0 +4e"= 4(0H) )
It can be.noted that the presence of oxygen increases the E_,
and i,, and decreases the hydrogen evolution from i(H*-H,)
to i (H - H,). This phenomehon is often termed
depolarization and is a result of shift in the corrosion
potential. |

The above examples are shown for systems under
activation golarization. The same principles can be applied
to systems where one or more of the feduction'processes are

under diffusion control, and will be as shown in Fig. 8°.

2.2 Passivity

Passivity is & rhenomenon observed during corrosion 6f
certain metals and alloys. It can be defined as a‘loss of
chemical reactivity under certain environmentél conditions,
resulting in very low corrosion rates. Passivity is the
result of formation of a tﬂin film bf corrosion product on
the metal surface. This film 1s only 30 angstroms or less in
thickness, and is delicate or strong depending upon the
environmental conditions. p

Fig; 9° illustrates the typical behavior of an

active-passive metal. The metal initially demonstrates

behavior similar to a nonpassive metal. That is, as the
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electrode potential is made more positive, the metal follows
‘typical'Tafel behavior, and dissolution rate increases
exponentially., This is the active region. At more noble
potentials, dissqlution rate decreases to a very small value
and remains essentially independent of potential over a
considerable poteﬁtial_region.This is known as the passive
region. Finally at very noble potentials dissolution rate
again increases with increasing potential in what is known
as the transpassive region. |

The important‘characteristic'of‘an active-passive metal
is the position of its anodic current density maximum i,
known~as the critical anodic current density for passivity
and the primary passivation potential waor such a current‘
density maximum. Eléctrode potentials can be crudely equated
to the oxidizing power of a medium.

When cohsidering the electrode of an active-passive
~metal, the peculiar S-shaped aﬁodic polarization curvés of
these metals leads to interesting results. Fig. 107
illustrates 3 poésiblé cases which may‘occur when én
active—péssive metal is exposed to a corrosive en&ironment
such as an acid solution. Reduction processes under
activation polarization control are shown by curves 1, 2 and
3. In case t, there is only pné stable intersection pofﬁt A,
which is in the active region and a high corrosion rate is
observed. In case 2, there are 3 possible intersection
points at which the total rates of oxidation and reduction

are equal. These are points B, C and D. Point C is
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o
electrically unstable, and the system can not exist at this
pointl Points B and D are stable; B is in the active region
and corresponds to a high corrosion rate, while D'is in the
passive region with a low corrosion rate. This system may
exist either in the passive or in the active state. In case
3 there is only one stable point in the passive region at
point E. For such a system the metal or alloy will
spontaneously passivate and remain passive. This system can
not be made active and always demonstrates a very low
corrosion rate. |

From a pfactical viewpoint, case 3 is most desirable.
Case 2‘is most undesirable since an unexpected transition
from a passive to active state as a result of EUrfacé damage
or other factors could lead to a rapid attack.

From Fig.10 it can be seen that the current-maximum or
nose of fhé anodic polarization curve is important. A
spoﬁtaheous passivation process only occurs if the cathodic
reduction process clears the tip of the nose of the anodic

[

dissolution curve as shown in case 3.
2.3 Effect of high temperatures and pressures
For any chemical reaction at a given temperature and
pressure, the equilibrium constant K; the standard free
energy change AG°, the standard enthalpy change AH® and the
standard entropy change AS° are related®
" AH® - TAS° = AG° = - RT 1ln K (1)

The temperéture dependence of enthalpy and entropy is giveﬁ
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by the change in the heat capacity at‘constant pressurs, AC

(3aH®/ @T) = ACP; (dAS°/ dT) = ACC /T (2)
The following felations result from the integration of (:Z
between a reference tehperature 92 and the given temperature
T, represented by.subscripts. The usual reference

temperature is 298.5 K. or 25°C.

T T
AG® = AH® + [AC®4dT - T(AS; + JAC® d1lnT) (3)
T 8 [}} P 8 P

AGY = AGy - (T-6)AS; + ;AC; dT —T!AC? dinT (4)
The corresponding equation for equilibrium constant is

RlnK, = RInK - (1/T - 1/6)AH; —1/T;AC°dT + jACfdlnT (5)
The values of AG?, AH? and AS? are known from the

computations in standard 'publications. Values of heat

-

capacities are measure. experimentally, and various
empirical correlations are adopted to describe these values.

The effect of changing pressures on the solvent over
the range of temperatures is also considered. The basic
thermodynamic relation to determine the effect of pressure
“is

(0AG/0P) = AV (6)
where AV is the volume chénge for thé reaction.

Fr&ﬁ ﬁhe above considerations and using differént
empirical relationships and approximations, the potential-pH
diagrams are extrapolated for higher temperatures.

‘ Two such diagrams by Lewis*‘ for iron in y?ter,
reproduced in a paper by Mann’, are shown in Fig. 11,
-PassiQationA}SQassumed to be possible with Fe,0, or a-Fe;0;,

and the diagram of immunity-passivation is constructed for a



temperature of 300°C and shown in Fig.‘12. In neutral and
dilute alkaline solutions, Fe;0, is the stable oxide formed
by‘the overall reaction |

3Fe + 4H,0 -+ Fe;0, + 4H,
In the pH range 7-12 (measured at room temperature),.the
oxide forms a thin film over the metal surface and observed
corrosion rates are low. This pH range compares with the

®

passive region between 7 and 9.5 measured at 300°C. The
traditional boiler water treatment of deoxygenation and;
alkalization leads tg operation in this‘regiop of the
Pourbaix diagram.

Briefly, the m;in factors that affect the kinetics of
corrosion reactions at high temperatures and pressures are
as follows:

1. Higher reaction’ratés at elevated temperatures.

2. Changes of pH due to increase in the ionization
consténts'of water and acids.

3. Decrease in solubilty of gases like oxygen, carbon

dioxide, etc., yith temperature, and an increase in

their solubility with pressure.

Fig. 13* briefly depicts the effects of various factors.

@iﬁ Corrosion rate measurements

2.4.1 Weight loss tests

The weight loss test is a gravimetric method for measuring

~the corrosion rates. This method is useful only to study the
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uniform and average rates of corrosion, and loses its
applicability when the study is specific for pitting, loss
of a particular component of the alloy,"ecc.

In this method, a number of weighed coupons are exposed
to corrosive environments, and the coupons afe wiphd;gwn in
succession at regular intervals. The corrosion products are
vcleaned thoroughly from each sample by either.o;c or a
combination of mechanical, chemical or electrochemical
methods. The cleaned samples are weighed and the weight loss
in each case is noted. From the weight loss thus obtained
and the known values of surface area and time of exposure
for the coupon, the corrosion rate is calculated.

/
2.4.2 Electrcchemical methods

The electrochemical methods of corrosion rate

measurements are based on the mixed potential theory.

2.4.2;1 General rate equation

A corroding system may be under the influence of two or
more anodic and cathodic reactions. Out of these only one cf
the anodic reactions, usuélly the metal dissolution, and
only one of'the'cathodic reactions are dominating. The
currents induced by the remaining systems‘are almost
negligible.
Let E” and 1* be the equilibrium or corrosion potential and-

current respectively. I:and I:aré the anodic and cathodic

currents at a. potential E. Since there is no net current at

E*
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at E¥ : 1% =1,=1, . | (1)
In a polarizea condition at a potential E, the net current I
is the difference of anodic and cathodic currents I,& I..

at E : I = #(I,- 1) (2)
Current I at potential E is given by the Tafel equation

(E ~ E* ) = B, log I, /1, (3)

or 1,/1" = exp 2.3(E -E* )/8, (4)
The cathodic currents will be '
I,/1" = exp 2.3(E-E* )/B, (5)
B.is neéative whereas B is positive.
Substituting these in equation (2) we get
1/1% = + [exp{2.3(E - E* )/B.} - exp(2.3(E - E* )/B. 11 (6)
which is the dimensionless general rate equation developed
by Wagner and Traud’. When the cathodic reaction is |
diffusion controlled B, = infinity and the equation
simplifiés to )

1/1* =+ [exp{2.3 (E-E* )/B;} - 1]J

From the general rate equation a number of different methods

have been developed to determine the corrosion rates.

2.4.2.2 Rigorous method, known Tafel slopes

The situation arises often that the anodic and cathodic
slopes are known to remain coﬁstant over the set of
conditions under investigation. In such cases the Tafel
slopes may be determined once, and thereafter, the
determination of corrosion rate requires just a single
current measurement at any value E. Simple substitution of

the measured values of I and E and E* into the e uation (6)
g
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yields the value of corrosion current.

‘2.4.2.3 Large potential approximation or Tafel egtrapQ}ation

The rate equation described above contains two
exponential terms on the right-hand side, one of which has a
positive exponent and the'other a'negative exponent. The
negative term becomes negligible for large values of (E—E*),
and the pdlarization curves are then given by T

Anodic: I/I* = exp {2.3(E- E* )/8B, }

Cathodic: 1/1% = exp {2.3(E- E* )/B8.}
These are also the values for partial current Tafel lines.
In other words, at large potentials, usually about 50 mV
from E¥, the polarizétion curve coincides with the partial
current curves.

Thus, the anodié Tafel slope is determined as the slope
of a linear semilogarithmié plot of large potential I and E
measurements. Extrapolation of thislline to E = E yields
the corrosion current.

This method has a disadvantage for passivating metals.
On the.aqodic side at large potentials passivatiqp»may set
in, and the above discussion no longer holds. Howe&ér, the

method 1is valid on the cathodic side if there is no

concentration polarization at large potentials.

2.4.2.4 Small potential approximation
This method is called the linear bolarization method

and is also known as the polarization ﬁesistance method.

This was developed by Wagner and Traudﬂin 1938, It is based

~
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on the fact that equation (6) gives a direct proportionality
between the meter current and'overvoltage AE as the latter
becomes very small.
Taking the derivative dI/dE as E approaches E" , it is found
that |

d1/dE =_(2.3/B,+‘2.3/BC)I*
‘witﬁin 10 mV more noble or more active than the corrosion
potential, it is observed that the applied current density
is a linear function of the electrode potential as
illustrated in Fig. 14°. From the slope of the curve thus
obtained and knowing the values of f,and B the corrosion

current can be calculated.

2.4.2.5 Rigorous general method or 3 point method

The 3 poiné method was developed by Barnartt in 1870°'°
making use of the general rate eguation. Here the currents
are measured at. selected potentials of AE, ZAEvand -20E. The
ratios ry; and r, are defined as

(I at 2AE)/(I at -2AE)

T,
r, = (I at 2AE)/(1 at AE)

It was shown that these ratios are interrelated through the

quadrétic equation. : 7
| U? - r,U0 +Jr, = \
The two foots of which are
+Qé root U= exp'(2.3AE/Ba)
-ve root U; = exp (2.3AE/B,)

The first root gives the value of B,and the second root

gives B,. When the Tafel slope. are known, any one of the I
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i A . ,
and E data points is substituted into the gengral rate

equation to obtain the corrosion cdrrent.

- .v. | :“ ‘ ﬁ;
i - /

2. 4 3 Stress corros1on crack1ng ' _

. The ASTM (Amerlcan Society .for Testing and Materlals)
definition for stress corrosion cracking (ch) is "A -
'cracking"%rocess'requiring’the.simultaneous:action of a
-corrodent and sustalned tensile stress.

- Many 1nvest1gators, however have cla551f1ed all
cracking failures occurrlng in corrosive medlums as SCC
including failures due to hydrogen induced cracking. These
two types of cracking respond differently to env1ronmental
variables. For example, cathodic protect1on 1s an effectlve
method for preventing SCC whereas it rapldly accelerates

1

hydrogen cracklng Hence it is suggested by many that these

J

two processes should be treated separately.
SCC often occurs in innocuous and.mild.environments in
’ ’ o
which the metal or alloy is virtually unattacked or rapidly
passivated over most of its surface, while fine cracks,g |

either'intergranular or transgranular or both, propagate

through the metal under the action of stress. There are very

-

slight or no corrosion products. High strength materials are °

‘more susceptible to SCC than low strength materials. As the

a

list of environments that cause SCC for any alloy is
extending, the hypothesis that only particular or specific

ions cause SCC is much debated and perhaps not valid.

/1-

anymore. It is suggested that for any comblnatlon St alloy

\\\J

L
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and environment that can cause SCC, there is a threshold

stress below which no crécking can occur. This threshold

‘stress is between 5-90% of the yield stress. Such stresses

are usually present in the designed stress levels or from

residual strysses resulting from welding, heat treatment,

etc.

The field of SCC is noted for controversies, arguments
and many hypotheses. There'are many theories pre§ented and
contested, and no siﬁgle theory 1is all—encompassiﬁg to
account for the SCC ogserved in various metals/environments.
In a recent paper on SCC, Ford'' gives an excellent summary
of the subject of SCC. The various models of SCC can be
broadiy classified as |
1. Dissolution models

In these models crack extension is mainly by corrosion

and assisted,by stress.
2. Mechanical models A

In these models crack extension is mainly by mechanical

iy .

faplure and assisted by corrosion.

AN

N

-~
~

3. Hydrogen embrittlement models N

From thé numerous models proposed in the above three
categeories, only the two mast popular'and{widely accepted
AN

models are discussed here.

Film rupture model:

This is a dissolution model and Logan'?, incorporating

»

“many people'é ideas, first fully explained the model.

"’ L
o



Briefly, the film rupture model states that initially
there is a passive f{lm which under the action of stress
breaks at microscopic or ibmicroscopic spots. Pre-existing
paths for corrosion may or may not be present. Thi’s
" localized rupture leads to a situation of small anodes of
fresh metal and‘large'céthode of remaining film—éoéered
metal; Intensive éorrésion-takes place at these sméll
anodes. This process repeatsi\leading to cracking. The fact
that cracking can be stopped by cathodic protection and.
procéeds in steps gives more support tolthis mechanism.
Hydrogen decohesion model:

o

This is one of the hydrogen embrittlement models and

was proposed by Troiano!?®.

There is considerable hydrogen charging of the metals .
either during the thermal treatments or in the corrosion
reactions. The atomic hydrogen formed is quickly adsorbed on
the surface of the metal andAis‘highly mobiie. This hydrogen
is transpo:ted either by diffusion or by dislocation motion
to various sites in the metal and these sites are : lattice;f‘
grain boundafies, incoherent or coherent precipitates,
dislocétion tangles} voids or pores, etc. Thompson and
Bernstein'* represent in a simple yet pomprehensive diagram
the.various steps or the reaction paths for hydrogen from ;
its generation to the fracture of the metal.

Briefly, the decohesion theory states that hydrogen -

reduces the cohesive strength between the atoms. Under the

action of stress the .atomic hydrogen quickly moves to points
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of triaxial stress just ahead of the crack tip. A critical

combination of stress and hydrogen concentration 1is reached.
This results in rupture of the atomic bonds and extensioﬁ of
the crack tip. This process is repeated and agrees well with

the discontinuous nature of crack propagation observed.

3

Whatever the mechanism, it i1s important to note that
both corrosion and tensile streés play-important roles in
the cracking. Stress results in rupturing the protectivé
films which could be tarnish films, thin oxide films, layers -
richer in the more noble componént or other passive films.
The repassivagion kinetics plays an important role, which
dépends upon the passivation characteristics of the metal
and aggressiveness of the environment. If the repassivatioh
rate is very‘high, only pit formation may occur. If it is
toé lpw only general corrosion méy occur. It is the critical

combination of repassivation kinetics and the strain rate

that cau;es §CC.

In view of the'gene;ai passivation of the metal
including the cracked surfaces and localized corrosion at
the crack tip, the usual range of potential in which
‘cracking takes place is where an active/passive or
passive/actjvé transition takes place.

The susceptibility to SCC is affected by the chemical
compqsition and thé metallurgical structure of the meﬁal,
i.e. preferential orientation of gfains; composition and

distribution of precipitates, dislocation interactions, etc.
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These factoré interact with the environment composition and
stress to affect time to cracking, etc. As is the case with
most chemical reactions SCC is usually accelerated by
increasing temperature, but sometimes temperature may
ingrease the repassivation rates and help in reducing the

SCC susceptibility.

2.4.4 Testing for SCC

The laboratory testing for SC¢ can be broadly
classified as :

1. Constant total strain tests.
2. Constant load tests.

3. Constant strain rate tests.
4. Frécture mechanics tests.

Without going into the merits of different types of
testing, it is sufficient to say that the method selected
depends upon the purpose, results required, and the
equipment available. Often, these tes£s are complementary.

In the present work, the constant total strain type
with a U-bend specimen was chosen as recommended in ASTM
G-30-79. The significénce and use of U-bend specimens as
mentioned in the standard are reproduced:

a). The U-bend specimen may be used for any metal alloy

sufficiently ductile to be formed into the U shape

without mechanically cracking. Thé specimen is most
easily made-from strip or sheet but can be machined

from plate, bar, castings or weldments.
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b). Since the U-bend usually contains large amounts of
elastic .and plastic strains, it provides one of the
most severe tests available for smooth (as opposed to
notched or precracked) stress corrosion test specimens.
The stress conditions are not usually known and a wide
range of Stresses can exist in a single stressed
specimen. The specimen is therefore unsuitable for
studying the effects of different applied stresses on
é%c or for studying variables which have only a minor
effect on cracking. The advéntage of the U—bgnd
specimen is that it is simple and economical to make
and use. It is most useful for detecting large
differences‘between SCC resistance of 1) different
metals in the same environment 2) one metal in
different metallurgi;al conditions in the same

environment, or 3) one metal in several environments.



3. Literature Survey

3.1 Aqueous environments at ordinary temperatures

3.1.1 Effect of dissolved oxygen ~//

At ordinary temperatures in neutral or near neutral
water, dissolved oxygen is necessary for appreciable
" corrosion of iron. Fig.'15'5 shows typical data of cbrrosion
of mild steel as a function of oxygen concentration. In the
absence of diésolved oxygen,dthe cOrrnsion rate at room
temperature is negligible, for bofh“pure'iron and steel.
| Although increase in oxygen concentration at first
accelerates corrosion, it is found that beyond a critical
concentration the corrosion rate drops again to a Qery.lbw
value. This occurs sooner in distilled water than when Cl-
ions are present. In distilled water the maximum corrosion
occurs at 12 ml O,/liter. This value increases with
dissolved salts and with temperature, and deqreases with
increase in velocity and pH.

As explained in the section on mixed potential theory,
oxygen 1is a‘depolarizer, and the main cathodic reaction
tnking place'is oxygen reduction. As the oxygen
concentration is increased, the cathodic reaction inc;eases
and the anodic dissolution increases. Above the éritinal
concentration, the cathodic reduction curve clears the

anodic peak, and the point of intersection of the anodic and

cathodic curves will be such that metal will be passivating

29



and the corrosio; rate will be very low.

Because passivity requires higher oxygen
concentrations, in the event of local breakdown of pissive
film, active-passive cells are established (e.g.'near
crevices). Such a breakdown is accompanied by severe
pitting, particularly at higher temperatures, in the
presence of halide ions, etc. This behavior limits the
practical use of highef oxygen concentrations as a means of
reducing corrosion of steel.

A
3.1.2 Effect of temperature \>

When corrosion'is-controlled by diffusion of oxygen,
the corrosion rate at a given oxygen concentration
approximately doubles for every 30°C rise in temperature. In
an open vessel, allowing dissolved oxygen to escape, the
rate increases with tempeiature to about 80°C ana then falls
to a very low value at the boiling point as shown in Fig.
16'*., The falling off of corrosion above 80°C is related to
a marked decrease of oxygen solubility in water as the
temperature is raised,‘éndAthis effect eventually
overshadows the accelerating effect of temperature alone. In
a clpsed system oxygen cannot‘escape and the corrosion rate
‘continues to increase with temperature until ;ll oxygén is
consumed., -

When corrosion is atﬁénded Ey hydrogen evolution_the

rate 1s more than doubled\fpr-every 30°C rise. The rate for

iron corroding in HCl, for example, approximately doubles
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for every 10°C rise.

3.1.3 Effect of pH

The effect of pH on corrosion of iron in aerated water
at room temperature is shown' in Fig. 17'°¢. Sodium hydroxide
and hydrochloric acid were used to adjust pH in the alkaline
and acid ranges.

Within fhe range of pH 4-10 cbrrosion rate is
independent of pH and depends only dn how rapidly oxygen
diffuses to the metal surface. The major diffusion barrier
of the film, hydrous ferrous oxide, is continuously renewed
. by the corrosion process. Regardless of pH of water within
this rahge, the surface of iron is always in contact with an
alkaline solutioﬁ of saturated hydrous ferrous oxide.

Within the acid region (pH less than 4), the ferrous
oxide film is dissolved, the surface pH falls %nd the metal
is more or less in direct contact with the agueous
environment. The increased rate of reaction is then the sum
of both an appreciable rate of hydrogen evolution and oxygen
depolarization. .

Above pH 10, increase in alkalinity of the environment
raises the pH at the iron surface. The corrosion rate
correspondingly decreases because iron becgmés increasingly
passive 1in th; presence of alkalies and dissolved oxygen.
The potential of iron in water of pH less than 10 changes
from an active value of -0.4 or -0.5 V to a noble value of

0.1 V in 1IN NaOH, with an accompanying decrease in corrosion
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rate. If the alkalinity is markedly increased, for example,
to 16 N NaOH, passivity is disrupted and the potential
achieves a very active vaiﬁé’of -0.9 V. The corrosion rate
correspondingly increases to about 0.0001 to 0.004
ipy(0.05-2.0 mdd), but that is still a relatively low rate.
Iq this region, iron corrodes with the formation of soluble
sodium ferrite(NaFeO,). In the absence of dissolved oxygen,
thg reacfion proceeds with the evolution of hydrogen,
forming sodium hypoferrite (Na,FeO,). |
3.1.4 Effect of dissolved‘carbon dioxide
Carbon dioxide in appreciable conpen&ration accelerates

.the corrosion of iron. Dissolved carbon dioxide, or carbonic
acid, is similar to any acid that reacts with iron evolving
hydrogen. | | h

H,0 + CO, = H.CO,;

H,CO; = H* + HCO,;"

Fe = Fe?' + 2e-

2H® + 2e- = H,
This fact is of practical&importance in the corrosion of
steam return lines, where carbon dioxide expclled from
boiler wqter dissolves in the condensate to‘form carbonic
acid above room temperature. This 1s also important in oil
an'gas reéove;y operations where carbon dioxide is either
présent in the well or deliberatelyiinjected for enhanced

recovery.



33

The corrosion rates of.mild-steel(0.15% C) in various
concentracions of dissolved carbon dioxide or carbon dioxide
plus oxygen at 60 and 90°C are given in Fig. 18'*‘. Carbon
dioxide is not as corrosive as oxygen in equal
concentrations. At 60°C, for example, 4 mL of oxygen per

~liter produces seven times more corrosion in a given time
than a solution containing the same concentration of carbon
dioxide. At gas concentrations of 20 mL/L; at the samewxw
temperature, oxygen is ten times more corrosive than carbon
dioxide. | -~

The work of Heuyn and Bauer, mentidneé by Speller'’,
found that, compared with the rate of corrosion in-water
saturated wifh air, the addition of 15% carbon dioxide
doubled the rate, while water saturated with carbon dioxide
(withbut air) was only'one third as corrosive. Bauer also
found that water saturated wjth oxygen—-free carbon dioxide
is less corrosive than water saturated with air. According
to Speller, these results wére confirmed by distilled water
immersion tests at 70°C in the National Tube Company
research laboratory. Where the water was saturated with
carbon 'dioxide, the loss of wrought iron or steel pipes of
various commercial grades was 20% lower, ahd where saturated
witﬁ air and 12% carbon diox}de the loss was 24% higher than
when saturated with air alone. The composition of iron was
not a factor in the air saturated water, but in carbonic

acid waters with or without air, wrought iron and

copper—bearing steel gave better results.

£
.
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C. Dewaard and D.E. Milliams '* reported the results of
carbonic acid corrosion on an X-52 steel at differgnt
partial pressures of carbon dioxide up to one ?ar, and gave
the corrosidn rates obtained by the linear polarization
technigue as shown in Table 1. They found that above 80°C
all specimens became passive in a métter of hours, and
proposed a relation between pH and temperature, in the range
of 5- B80°C as follows:

pH(CO, paftial pressure=1) = 4.17 x 1077t + 3.71
where t is the temperature in degrees C. |
They proposed that the corrosion rate of steel in carbonic
acid obeys the relation |
log i = -1.3 pH + B
In the usual corrosion of steel in an acid .without air, the
rate determining step is the hydrogen reduction reaction
H* + e~ = H ‘
2H= H, or H* + H + e~ = H,
The relation between the corrosion current i and pH is shown
to be of the form
log i = -A.pH + B
and when it is assumed that the anodic dissolution reaction
does not depend on pH, the value of A = 1.
However, Bo;kris et al. obtained evidence of a pH dependent
mechanism
Fe + OH" = FeQOH + e~
FeOH = FeOH" + e~

FeOH®' = Fe?* + QH-
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With this mechanism, the anodic dissolution rate at any
constant potential is inversely proportional to H® ion
concentration which leads to a less marked dependence of
corrosion rate on pH, A being about 0.5.

The experimental value obtained by DeWaard et al. is
1.3 which does not agrée with the value of 0.5. They propose
a correlation of corrosion rates with the concentration of
undissociated acid rather than that of dissociated acid
(pH). They suggest the cathodic reactions

H,CO; + e~

H + HCO;~
HCO;~ + H* = H;CO;

After an initial adsorption on the metal surface, an
unaissociated carbonic acid molecule is directly reduced.
The subsequent dombination of Ha ms to form H, molecules
is probably much faster, and hence will not be rate
determining. fhis also holds for the recombination of
bicarbonate ion, with H* diffusing from bulk of the
electrolyte towards the metal as shown above. Qniy when
there is a cathodic shift in potential, the diffusion of
hydrogen ions cannot keep‘up with the amount of HCO;~ formed
and the second reaction will be rate determining, and is
equivalent to H* + e’ = H

With the:above hypothesis, Deeward et al. arrived at a
value of A = 1.25 which was in close agreement with the’
experimental value of 1.3. The effect of temperature on
corrosion rate at a constant pH was described with- an

activation energy of 10.7 kcal/mole. Finally it was stated
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that quantitative predictions of corrosion rates as a
function ef the CO, partial pressure and the temperature are
possible provided passivation does not occur. - |
V.P. Kuznetsov'®’ investigated the characte;istics of

ce}bonic acid corrosion of steel 45 at a CO; pressure of 5
kgf/cmzland temperatures up to 120°C in distilled water
similar to a particular gas well condensate. These tests
were conducted in autoclaves and the corrosion rates at‘8,
20, 40, 60, 80, 100, and 120°C without mixing were 1.8, 1.9,
3.1, 5.3, 6.8,and 3.9 mm/year respectively; with mixiné they
were 2.5,';.7, 8.7, 15.8, 20.4, 18.5, and 14.2 mm/year

. respectively. Up to 60°C the corrosion products form a very
noncohesive permeable film of a black substance with
magnetic properties. X-ray structural anelysis showed that
it had an amorphous structure. With an increase in
temperaturexto 80°é pale gray iron carbonate (siderite) was
observed in the corrosion products and the amount formed %as
greater without mixing. Its crystals filled the pores in the
previously for - noncohesive film, making it more compact, |
stronger, and less permeable. With a subsequent increase in
temperafure,-Kuznetsov observed an increase in the
2lkalization of the layer in the vicihity of the electrode

and the amount of siderite deposited, and the permeabilty of

the oxide film decreased. » o
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3.2 High temperature water, steam ang carbon dioxide‘
Steam attacks iron resﬁlting in a protective film of
magnetite (Fe;0,) as follows.
3Fe + 4H,0 = Fe;0, + 4H, -
The mechanism of this reaction, so far as it is unde ood?°®
indicates that Fe;0, is formed below about 570°C and that
above this temperature FeO forms instead. The -latter then
decomposes on cooling to é mixture of mpgnetite and iron
according to the equation ' . -
4FeQ = F83O; + Fe

Around 300°C, which is the point’of our interest, the
corrosion of steel by steam isvpractically‘negligible and
harmless. Even at 595°C from the tests condﬁcted on various
steéls’{ the corrosion rates were found to be less than 2
mm/year. ’

Evans:?, while discussing problems in nuclear power
plants hentioned the paper by Catchpole??, Catchpole states
that in CO, atmospheres at 350-450°C mild steel is oxidized
to Fe;0, , which gfadually thickens and breaks away.
Preliminary, investigations suggested that the effects vere
likely to be small énd should cause no appreciable weakén{ng,
due to metal loss. However, after a broken.bolt was found at
a power station, a mdge searchihg'igvestigation was carried
out. This confirmed the original expectationé as regards
free surfaces, but at trapped surfaces.between npﬁs and
bolts, the increaée in volume due toloxidatiog was fopnd to-

be capable of leading to failure. By limiting temperatures



to 360°C, with only an occasional operation at 380°C, the
situation was brought under control. G.B. Gibbs et al.,?*
discussing the same problem in 1982, mentioned that the
problem was due to the presence of traces of condensed steam
and carbon monoxide. They recommend the use of mrla’steels
only up to 300°C, and 9% Cr steels in ﬁhe 300-500°C rangé.

‘Summing up, so 1oﬁg as H,0 is ih the‘steamwphase both
H,O and CO. form a protective magnetite layer and do not
pése any problems. But carbon dioxide atmospheres above
1350°C can lead to probleﬁs of breakaway oxidation if traces
of condensed steam and carbon’ monoxide are present,

especially at trapped surfaces. ﬁjﬁ -

3.3 High temperature water.énd carbon dioxide
At lower temperatures’® (e.g. rbdm temperature to about
100°C and probably at higher tempefatures) before a
relatively thick surface film develobs, experiments show
that Fe(OH), is therihitial reaction product and not fé30a~
The Fe(OH), formed eventually decomposes into magnetite
according to the Schikorr reaction |
3Fe(OH), = Fe,0, + H, + 2H,0

Any factors that disturb the protective,mégnepite layer on
steel, either chemically or mechanicélly, induce.a higher
raté of\reaction, usually in a localized region, causing
piftiqg or sometimes grooving, .

«/H.S. Qadiyar et al.?® in their study of co:rosion and

.
e

mégnetite growth on C—steels‘at 310°C in water confirmed the
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above mechanism. Their results are given in Table 2.

#tect of dissolved oxygen ‘ S

Oxygen in agueous solutions acts as a depolariser and
increases the corrosion rate. As the oxygen concentration
increases beyond a'particular level the cathodic reaction
clears the critical current dénsity required for passivation
and iron will passivate. The manner in which the oxygen
content of water affects the amount and distribution:of
corrosion was brought out by Ruther and Hart?* who studiéd a
range from below 0.1 up to 540 ppm with temperatures bétween
50~315°C. At 260°C a low oxygen (less than 0.1 ppm)
concentration gave a uniform brown-black coating on the
metal, and after an initial period, the corrosion became
low, to a rate of 0.4-0.5 mg/cm? in a 30 day test. At
“intermediate éoncentrapiqns of oxygen of about 50 ppm, there
was severe pittihg and much higher metal ioss. At a higher
oxygen congbntration of 540 ppm, a thin protective film was
formed so that the corrosion rate wag only about 0.25—0.3
mg/cm? , which was actually lower than when very little
oxygen was present. The protective film formed at high
oxygen congentrations consisted of a—FeZO3; and at lower
concéntrations.the film was magnetite. This might seem to
suggest tnzt the p;oper way to protect is not fo remove
oxygén, . .eep at the highest possible concentration.
Method: . avoidir >sion based on high oxygen

concentrations arc .cult and indeed might be dangerous.
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Any small area screened from oxygentﬁould likely to suffer
corrosion, and the large cathode-anode ratio could easily
lead to intense pitting attack.

Uhlig?°,in connection with boilers,recommends the

following maximum limits for oxygen:

qud water ' ‘ 0.3 ppm
Hot water 0.1 ppm
Low pressure boilers 0.03 ppm
High pressure boilers 0.005 ppm

The above results‘are achieved by deaeration both by

mechanical and chemical methods.

- 3.3.2 Presence of carbon dioxide
In all the literature reviewed, the problem of

corrosion due to CO, was mostly up to 90°C and some to
120°C. In boilers, the problem of corrosion-is felt’ only in‘
the condensers where the temperatures are below 120°§.

. The problem of CO, is onl& with the dissolution‘of CO,
in the condensed steam, forming carbonic acid. Tﬁe
solubility of CO, in wéter decreases with increase in
temperature, but increases with increase in pressure. The
data of Solubility of CO, in water up to 120°C and 700
atmospheres “rom Dodds et al. is reproduced in Fig. 1927, In
the usﬁal range of interest of pressure and temperature in
enhanced oil recovery operations of 100-200 atmospheres and

“and 120°C the solubility is a maximum of about 5 kg of CO,

/100 kg of H,O. However at hidher operating temperatures
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between 120-300°C this is expected to be much lower. The
results givén by Nesbitt?** for 106 atmoépheres pressure at
200, 250 and 300°C are given in Table 3.

In boiler applications the dissolved CO, in high
temperature waters is fixed as carbonates with alkali
additions. The carbonates are unstable aﬁd dissociate into
CO. andAthe hydroxides. For example,

Na,CO,; + H,0 = CO, + 2NaOH
(NH,).CO; + H,0 = CO, + 2NH,OH

As the boilers operate at pressures ranging from 200

psi to about 2000 psi, the.problem of CO, corrosion seems to

be at temperatures below 120°C;

Except for the papers already discussed and literature

[
from boiler applications, no information is found above

120°C.

3.3.3 Control of feed water in boilers

\In boiler applications, thesadditjyon of alkali to feed
water limits any corrosion caused by Ca, to tﬁe boiler
itself, by converting dissolved CO, to carbona%;s. At the
prevailing boiler temperatures, the carbonates Jdi.sc.iate as
mentioned above, bringing hot carbonic acid into contact
.with condenser and return .line systems. Steel returu line
.systems suffer serious corrosion if the CO, content of the
boiler water is high. Soluble FeCO; is formed.which returns

to the boiler, where it decomposes, the CO, being again

available for further corrosion.
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3.3.3.1 Addition of alkali

Addition of NaOH to water reduces the rate of the

reaction

3Fe + Hzo‘; Fe;0, + 4H,
Feed water for a high pressure boiler is treated to a pH
(measured at room temperature) of about 10.5 to 11.0. In low

s

pressure boilers (less than 250 psi) this value is commonly
11-11.5. In some high pressure boilers, particularly in
Germany, NH,; is used instead of NaOH at correspondingly
lower pH values (8.5-9).

Fig 20?° gives the corrosion behavior of iron at 310°C
at various values of pH measured at 25°C. It is apparent
from the figure that exéess alkali can be damaging to a
boiler in that the corrosion rate iqcféases rapidly as pH is
increased above 13. Excess of alkéii may slowly dissolve the
magnetite film in accord with

Fe;0, + 4NaOH = 2NaFeO, + NazFeOZ + 2H,0
fo@%ing sodium hypoferrite or ferroate NaFeO, and sodium
ferfite NaFeOz, both of which are soluble in hot .
concentrated NaOH. In addition, concentrated alkali réacts
directly and more rapidly with iron to form hydrogen aﬁd
.sodium ferroate

Fe + 2NaOH = Na,Fe0O, + H,
Reactions of this kind account in part for pitting and
groéving of boiler tubes anc are those that account for
excessive corrosion rate of iron at high values of pH..Along

these lines Potter and Mann?’ found that at 340°C, for
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example, thickneés of the final magnetite layer formed in a
given time increased as NaOH concentration increased from 5
to 20%. These data suggest that high concentrations of OH~
ions, by some unknown mechanisms directly stimulate the
Fé—HZO reaction in the presence of an intervening layer of
magnetite. There is also the possibility, however, that OH~"
ions favour formation of soaium ferroate or ferrite whichn
later hydrolyzes on cooling to magnetite and NaOH.

The uniform corrosion due to high initial pH is not so
dangerous as the accidental concentration of an alkali in
the boiler water at a crevice, such as is formed between
rivetted plates or in a cracked oxide scale or at a h&t spot
on the tube surface, which may lead to. caustic cracking.of
steels. For this reason it has been held advisable to add
buffer ions such as PO,~? (Na,;PO,) which limit the increase
in.pH a water can achieve no matter howimuch the alkali gets
concentfated. The minimum amount of PO,”® recommended for
this purpose varies from 30 ppm at a pH of_iO.S to 90 ppm at

pH of 11,

3.3.3.2 Use of inhibitors

Hydrazine (N,H,) is usually injected’®° into feed water
as soon after the deaerator as possible, and has beén in use
for some years for.the principal purpose of removing
residual'dissolved oxygen froh feed water, generally
replacing sodium sulfite for this purpose. Hydrazine reacts
" with' dissolved oxygeh according to: ‘
N,Hy + O, = N, + 2H,0

’
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At ordinary temperatures this reaction is slow. At elevated
temperatures, i.e. above 175°C, hyérazine decompose5
according to the equation

3N,H, = N; + 4NH;
In view of the slow rate of reaction of hydrazine with very
small concentrations of dissolved oxygen, the results
probably do not come only from its reducing propefties, but
also from the alkalizing effect of ammonia which is tgé
decomposition product of excess hydrazine. Also hydrazine
reduces Fe,0; to Fe,;0, which is considered more protective
at higher temperatures.

The amount of ammonia produced depends on two main
factors: a) the treatment rate in excess of the dissolved
oxygen equivelence and b) the quantity of ferric oxide in
the system. It is customary to treat with hydrgzine at a
rate~100% dreater than the dissolved oxygen concentration in
the feed water system.

It is suggested that a siénificant part of the benefits
of hydraziné treatment is due to the ammonia produced; then
it is cheaper and more iogical to reduce the hydrazine
dosage and inject ammonia as part of the treatment. Such
treétments have been found satisfactory in medium pressure
boilers( 600-900 péi) and ammonia concentrations up to 1.0
ppm are used. However, in boilers, an excess of ammonia is
harmful in view of Cu-bearing alloys used in the condensers.
A disadvantage of ammonia, where steam condenses under |

pressure, is that the distribution of ammonia between vapour
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and condensate is"unfavouréble in that the condensate 1is
depleted of ammonia. The substitution for ammonia by
cyclohexylémine-or morpholine has been advocated becauée
they have lower distribution ratios than ammonié and
therefore confer a higher pH to the condensate.

waevef.at high preﬁsures, particularly fdr
supercritical boilers, the number of acceptable reagents for
feed water treatmeht becomes very limited. Morpholine and
cyclohexylamine are probably not sufficiently stable; other
aminés of similar complexity are likely to be no better in
this respect, and ngn-volatile reagenfs like NaOH must be
obvioﬁsly excluded from supercritical,boilérs in v}ew of
dangers of SCC. This leads to but one choice for feed water
Conditioning, namely ammonia.

The dissolved oxygen level must be very low, not more
than 0.005 ppm after deéeration, and whether hydrazine
treatment wiil be of value as an oxygﬁn scavénger is
doubtful, although both hydrazine and ammonié_are.used‘in

the American supercritical stations.

3.4 Carbonic acid corrosion in gas condensate wells

The problem of carbonic acid in high pressure gas
condensate wells was first brought out publicly by Bacon and
Brown’' in April 1943. They first noted corrosion in the
Opelikha, Texas field in September 1942. Since then the
petroleum industry has recognized the wide-spread existence

of corrosion in high pressure gas condensate wells. The
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problem was originally contained by the use of soda ash
(Na,CO,) water (1/2 l1b/gallon of water; 2 gallons per
1,000,000 cu.ft.of gas produced). Before the soda ash was
used, the dissolved iron in the distillate water was
200-1000 ppm, the pH.of the water was 5.0-6.0, and CO, was
1% by volume. After}the use of soda ash pH was 7.0-8.0, and
the dissolved iron 5- 30 ppm.

A further report by H.A. Carlson®? highlighted the
problem and gave a summary of the work being done to
understand and combat the pfoblem; He emphasized the fact
thaF the corrosion was mainly due to dissolved CTO, (as the
weiis we;e sweet wells) and that the actual pH of the
solutién at 40-400 psi was 3.4-3.3 which was highly
corrosive.

H.E. Greenwell et al.®? discuss the use of amwonia to
prevent casing corrosion problems in gas condensate wells.
In that paper they gave‘thevtheoretical background for
calculating the ammonia reqhired t§ counter the problems
caused by H.,S and CO}. |

From an estimation of partial pressures of H,S aﬁd CO,,
. their concentrations per liter of the condensate were
calculated. Uséng the relevant dissociation constants (in
the article ﬁhére is no mention of temperature, and the
values used seem to be quite close to the values at room
temperafure), the pH of the condensate was calculated from:

H,CO; = H* + HCO;~

e | _
For a 'partial pressure of 4.08 atmospheres in wells having

N



100 psi casing pressure, the equivalent concentration of
Hzcog is 14.09 x 1072 mol/liter, and the ionization constant
S is |

(H*) (HCO; )/ H,CO; = 3.5 x 1077

(H*) (HCO,; ) = 3.5 x 14.09 x 10°°®

= 5.21 x 10°°

(H*)= 2.28 x 10°°

pH = 3.6
If pH is to be maiﬁtained at 8, the HCO,” will be

(H') = 1 x 10-8."

(HCO,") = 5.21 x 10°%/ 1 x 10°® = 5.21 mol/liter
Thus, an equi&alent amount of (NH,’') must be present, which
will be 5.21 mdl/liter; Greenwell et al. further described
various trials taken, methods of moqitoring the
effectiveness, and the favou:ablé results obtained.

Nowadays, the problem of carbonic acid corrosion in gas

condensate wells is well recdgnized and being countered with

the use of inhibitors, many of them being acid neutralizers.

3.5 Corrosioﬁ characteristics in carbonate and bicarbonate
solutions
The aqueous bicarbonate and carbonate solutions are
neutral to alkaline depending on their concentrations.
Passivation of steels in these solutions, products'ofi
corrosion, and their solubility at.ordinary temperatures

‘have been studied in detail.
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Thomas et al.’* studied the anodic passivation of iron
in carbonate and bicarbonate solutions at room temperature.
The polarization curves obtained by them using 0.1 M and 1 M
NaHCO,; and 0.1 M Na,CO, 5ré reproduced in Figs; 21 and 22.

They concluded that passivation in carbonate solutions”
occurs in two stages. In the first stage, the iron surface

‘becomes passivated in the same way as in solutions of other

inhibitive iqps;;b
mainly ma'gnet'i?:g‘.;};zt
carbonate form&a{ ¥ surface. In the second stage of
pa551vat1on at hlgherfJ 3 ntlalgy the ferrous carbonate ‘in
the fllm is oxidized to.h;drated ferric oxide. This accounts
for the anamolous second oxidation peak of iron in carbonate
soiutions. As the ca;boﬁate concentration in the solution'is,
increased,.the amount of carbonate film on the surface also
increases.

In fhe“NaHCO3 solutions, the first stage of passivation
1s similar to that in carbonate'solutions. The second stagé
of passivation occurs to a much smaller extent, as shown ' by
the poorly defined second oxidation peak. L

Dissol?ed oxygen in the solution does not react
directly with the iron surface in these solutions to form'
the passivating filys. The effect of oxygen is rather that.
its reduction at the iron surface enables an equlvalent
anodlc current to flow. |

"Thomas and Davies®® discussed the stability of Fe,O,

and Fe;0, films as a function of NaHCO; concentrations in a
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series of cathodic polarization curves at 25°C as shown in
Fig. 23. They concluded that two distinct passivating films
can exist on iron in near-neutral solutions. The film stable
at more positive potentials consists essentially of ferric
oxide. The film stable at more negative potentials is a
lower oxide, probably magnetite. In air-saturated solutions
at 25°C, increasing the anion concentrations up to 10°% M
makes thg passivating Fe,0, less stable by displacing the
Flade pogential to more positive values. Further increase 4n
anion concentration from 10°* M to 10" M makes the Fe,0,;
more stable by displacing the Flade potentials to mére
negative values. At concentrations above 10°' M, no Flade
potential 6f Fe,0; is observed and its potential range of
stability overlaps that of the Fe;0, film so that inhibition
of corrosion can occur. Increasing the concentration of
NaHCO, makes the Fe; 0, film less stable at its Flade
potential.

.

Davies and Burstein®‘ also made similar studies with
KHCO,; solutions at a pH of 8.8. They reported that in the
anodic polarization curves, before the first peak as
reported by Thomas et al.®*, there was also a shoulder in
~the curve as shown in Fig. 24. They proposed that from the -
rest poteﬁtial £o the shoulder, essentially Fe(OH), was
forming indepéndent of the anion concentrations. Only after
ihe shoulder, was there fprmation of-Fecoa, which was
present in the form of soluble Fe(CO,;).%? up to the first
peak, and iron dissolution during this peribd increased with

\ e
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the anion concentration.

J.M. Sutcliffe et al.®’ reported on the intergranular
SCC of carbon steels in carbonate and bicarbonate
environments. The potent solutions contained Cda‘z and HCO;"
together with a‘suitable'catioh such as NH,*, Na*, or K*, in
proportions such that the initial pH was in the épproximate
range of 8—10l5, and the solution concenkrations down to
0.25 N. For a given pH, the intergranular cracking was
confined to a relatively narrow range of electrode
potentials cofréspond}ng to that region of the polarization
curve where the anodic peqk'gave way, at its more pésitivé
side, to thevfegion of répid pasSivation. Their results on a
low carbon steel (C, 0.08; Si, 0.01; Mn, 0.35; S, 0.03: P,
0.02; and N,‘0.00Z).at.90°C ina 1 N Na2C03.+ 1 N NaHCO, are
reproduced in Fig; 25. They giso indiﬁ?ted that in a 5
temperature range of 22-90°C tested by them, the severity of
cracking and the range of potential in which cracking takes
place, increase with temperature as shown 'in Fig. 26..Théfe
was no menﬁion by them about temperatures beyond 90°C, and
higher pressures.

Berry and Péyer" reported SCC by aqueodus solutions of
CO and CO,. They mentioned that pipeline steels are
susceptible to SCC at partial pressu;es.of CO and CO, as lqw
as 1 psi (6.9 kPa). For SCC to occur, CO, CO., and H,0 as

water must be simultaneously present. For preventing-SCC

they recommended ade

PREAY

quate dehydration of the gas prior to

injection into the’pfpe line and keeping the temperature
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above the dew point, Though this paper is not directiy

.

relevant to steam}injection systems using CO; "along with

steam, there .is some need for concern as CO, used may

o

contain sufficient CO to warrant pnotective"measures. They

also 1nd1cated that oxygen in the gas m1xture greatly

increases the severity of SCC and should be av01ded

3.6 Summary of literature survey

Briefly summing up the literature survey, the following

points;relevantfto steam injection systems using steam-ang,

CO, at higher pressures and temperatures, are important.

v Yy

Y

g

Dry steam along with CO; up to about 300 c are not

con51deredﬁ
‘.‘ ', \; N
protectlve layer of magnetlte and the corrosion rates-.

harmful to mild steels. They form a

are extremely low. However, above 350°C, if stgam is

ewet‘and in the presence of traces of CO, there can be °

breakaway ox1dat10n leadlng to severe corrosion ana
sometlmes fallure of trapped surfaces llke bolt heads,j

nuts etc., o o . ‘ : : o

In boilers where COz 1s only a trace,lmpurlty and

usually flxed in the feed water’ as a .7i';;‘ o

'

»carbonate/b1carbonate by the addltlon of alkalles, 1t

15 ‘never a problem. Fa1lure to. f1x the CO;  in feed

water leads to severe corroslcﬁ'and pitting in the

condenser lines where the steam condenses, usually

~ N s 4
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below 120°C. In view of the caustic SCC problem when
non-volatile alkalies like NaOH are used, the present
trend for high pressure'bofaers 1s to use ammouia, or
inhibitors like hydrazine which decompose at hlgh
temperatures‘giving ammonia to fiﬁ the CO, when o
condemsation takes place.
‘Oxygen causes severe p1tt1ng and must be avoided in the

: system. In hlgh pressure b01lers operatlng at pressures
up to 2000 psi, it is recommended that the oxygen

-

levels be kept below 0.005 ppm. In addition, the

>~

remaining,oxygen is fixed by the use ¢. inhibitors like

hydrazine."

'The carbonic acid'corrosion problem is well recognized

—

S~
in the condensates of gas and oil wells, The usual

prevent1ve measures include the use of inhibitors to
ot i (

neutralize the acid.”In one instance successful trials ..

were reported for the use of ammonia.

. Extensive~literature is hot available about carbdnic

-3 q',').

the:problem

/

o fpressures as the. problem starts only when water is

) . y S
solves formlng

pfesent in the llqu1d phase and CO.. d1

.!‘

N
the ac1d The SOlUblllty at’ any glven pressure falls

w1th 1ncrea51ng temperature and increases with ' ;ji”

. - . .
b0 Cor

e

5
v
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pressure. At high partial pressures of CO, and when it
is one of the main constituents of the mixture being

injected, the problem has not been studied.

The passivation characteristics of steels in

Y

7 carbonate/blca:bcnate env1ronments have been studied in

'con51derable detall The- anodlc polarlzatlon curves

L ‘

‘have two cu;rent peaks.nThe pa551vat10n at lower

potentlals 1s§%ue to theqformatlon of magnetlte and at

, h1gheL potentnals due to hematite. At high temperatures

magnet1te 35 con51dered more protective.
, _ ) '

e o
€L e : N

N . PR
~ i IS

SCC of mild steels in carbonate/biéarbonate

~~environments'with solution concentrations down-to 0.25

. N has been recognized. The susceptibility and severity

increases with temperafureﬂin the "temperature range of

»

22-90°C studied;'Nc . -dies are feported at higher
temperatures and pressures.
’ ' ! B o

4
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.mill fabricated pipe section. The microstructure of this

4. Materials, Equipment, and Experimental Procedure

4.1 Steel tested

Samples cut from a pip.- se~tion of an API X-70 pipeline

stec” supplied by Battell C< .nbus Laboratories for an L‘;;égi

earlier work done in the Depa:.ment of Mineral Engineerin@éﬁ%?v‘

at the University, were used for various tests in this work.

‘The chemical composition and mechanical properties of the

steel are given in Tables 4 and 5 respectively. This steel
is a pipeline steel accofding to API (American Petroleum
Institute) specifications and has its strength levél between
API steels J-55 and N-80 which are finding frequent use in =
steam injection sygiems.

-«
[+4 :

" The samples were cut from a 0.72 inch (18 mm) thick

- steel at X500_wi£h_2% nital as the. etchant is shown in Fig.

27. This is a typical ferrite-pearlite microstructure, with

"
grains >riented in the rolling direction:“Pearlite appears. -

in,thiqlbands‘with the fine grained ferrite‘in_the‘iﬁteyband

- spacing. The steel derives its strength mainlvéfrom the fine

grain size of ferrite which is obtained from the grain
refining action of microalloying éleménts Nb and V. Cu is

added to improve the corrosion resistance of the steel. -
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4.2 Chemicals used
Corrosive test solutions were prepared from certified

ACS grade ghemicals and distilled ‘water. The distilled water

with a resistance of 18 megohms was obtained from a
Millipore water treatment unit located in the Department of

Zoology on the University's campus. The CO, and nitrogen .

gases used in this work were of the ordinary commercial

prepurified grade (N;-99.995% and CO;-9975%) from the gas

cylinders supplied by Liquid Carbonic Canada Ltd.

t)

4.3 Weight loss tests

The two autoclaves used for the weight loss tests were- .

as follows: Y »

1. 2000 mL bench mounted pressure reactor from Parr

Instrument Co..

Catalogue # 4522 &
ﬁaximum working pressure: 1900 psi (13.4 Mpa)  E
Max imum temperaturef 350°C.

Cylinder diamefer inside: 4.00 ‘inches (10.2 cm)

4

Cylinder depth'inside: 1b.50 inches (26.7 cm)
_ Bomb materialz'316 stainlégs steel o
The autoclave is shown in Figs. 28 and fgi both,takeh
from the manufacturer's manual. Fig. 28 indicates the )
complete assembled rgactor along with automaﬁfc temperature
3 controller by its side. Fig. 29 indicates the bomb head

o

assembly and the assembled bomb. | ~
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The autoclave is equipped with an internal agi£ator and
fittings for treating liquids and gases under pressure, for
measuring their temperature, for withdrawing gas or liquid
samples, and for releasing any unexpected overpressure.

2. 1000 mL autoclave from Autoclave Engineers Inc.
Manufacturer's serial #: LC 4660
Inside diameter: 3.00 inches (7.6 cm)
Depth of the vessel: 9.50 inches (24.1 cm)
Rated working pressure: 5ooo?§%§g?§ﬂ.s MPa)
Material of consfruction: 316 stainless steel

As is the case with the Parr'feacto;, this.autoclave is
eguipped with similar accessories except for automatic
temperature controller. A separate temperature controller,
with an iron;constantan thermocouple inserted into the
thermowell was used.

The Qéiéﬁt loss coupons, closely conforming in the
total surface area to the NACE Standard RP-07-75 were made
by first cutting the samples from the main pipe sample, aﬁd'
reducing to the.required.thickness by surfacé grjﬁding; The
samples were next numbered ;ith number punches, and thé
dimeﬁéiéns‘meaéured by a vernier caliper to 0.01 mm
achr:;gyT The sampleé were then sand-blasted, washed clean

with‘diﬁéiiiea water, degreased, and weighed to a tenth of a

o=y
-

milligram. = ,%;Qﬁ
R ) . LESER
»The;reQQ?red”numb%;?of samples was then assembled
PRI ‘S;' 3 . : 'v‘j; "" ' . .' . ‘ )
between two Teflon discs 0f conyenient size as shown in Fig.

30. This sample assembly;wdgﬁhéit mounted on the centrally

>
-

T

‘e
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located agitator shaft running through the autoclave head
(in the present work no agit;tion was used). The sample

assembly mounted onto the head of the 1600 mL autoclave is
shown in Fig. 31. An almost identical arrangement was used

for the 2000 mL autoclave also. The samples were again

cleaned with acetone and dried before introduction into the .

autoclave filled with the test solution. Small samples (for
study of corrosion products under the scanning electron
microscope) of about 1x0.5 cm, sandblasted and cleaned like
the coupons, were placed on the top Teflon disc before
finally sealing the autoclave.

In all the tests where CO, was not used,.nitrogen was
passed through the solution fqr 15-20 min. to deaerate the
sdldtion. The velves were theﬁ qlosed and the autoclave was
heated and controlled at the test temperature with the help

of the controller unit. In- the- testséiilng COz, the same gas

was passed through the solution for égbut 15-20 min. AP
pressurlzed to the de51red levels, all the valves were .

{
closed and the system was heated as mentloned above.-The

S

19

details of various tests are mentioned~in Chapter 5.

Coupons were withdrawn from the test at the desired
periods and the remainiﬁg coupons were placed back in the
test solutions and similar deaeration and heatigélprocedures
were followed. ’

Thevcoupbns;withdragn from the test solution were first

rinsed clean of the test solution with gently flowing

distilled water and acetone. They were then mounted on the
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X-ray diffractpmeter to take the diffraction pattern. After
this, coupons were descaled in concentrated 6 M HC1
inhibited by 3.5 g/1 of hexamethylene tetramine. The coupgns_
were first immersed for about 1 min. in the acid at 30-45°C,
removed from the acid, neutralized iq saturated NaHCO,
solution, washed with distilled Qater(and-acetone, dried and.
weighed. The same process was repeated for 1/2 min.
intervals untll the surface appeared clean of all corr051on
products. Whenever necessary‘sqme‘scrubblng with a nylon
brush was done to clean the cerrosion products during
was%ﬁng. The weight loss due to corrosion prdducts was
recorded. Attempts to measure the weight gain was given up

in v1ew of an unknown part of the corr651on products g01ng

fho con51stency With the sample

into the test solut10n=w1t
. N U(

area known ftom the dimensions measured, the corrosion rates
were calcuiated'as‘discussed in Chapter 5.
o : - as : 3
;4.4 X-ray diftrection studies
_The diffractometer consisted of the following-units:
1. X—:ay generator unit
' Manuacturediby Rigekp—Denki Co. Ltd.

A

Rating: 60 KV i
In these studles Cu-K alpha radlatlon was usedAet 35 RV
and 15 mA.

2. Goniometer unit
H8rizontal Gbn{pheter"made by PhillipscScientifie

Equipment.



el -

e

‘4.5 Scanning electron microScoby

‘Model # 1380
vThe samples were scanned at! 1° 26 per min,
3. X-ray focussing .monochromator..
by AMRAY INC. Model # E 3-202 GVW 7189.
4. Proportional detector probe
Madg}by Phillips Scientific Equipment.
Modél # PW 5965/20/30.
5.. Step scan control unit
Made by Philiips Scientific Equipment
Model;# PW 1374/00
6. Flat ged recorder
Made 'by Phiilips Scientific Equipment
Model # 8000/06/07
A range of 4x10? cps and a time constant of 1 secdnd

were found to give good diffraction patterns with the

background reduced to a minimum,
e

The scanning electron microscope vsed for the studies

was an ISI-60 manufactured ‘by International Scientific

Instruments Inc. .

. "‘ ";—‘LL,

_ Main features of the in7&rument are:

Resolution 60 A ( at/a wdrking distance of 8 mm éhd an
acceieréting voltagq/of 30 KRV)
Magnification: X10 to X600000
Accelerating voltage: 25 KV, 5 Kv, 10 KV, 15 KV, 30 KV.

Electron lens: three stage, electromagnetic.

59
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Electron gun: Hairpin tungsten filament
Pictures were taken with Polaroid camera fittings with

the SEM at one or more magnifications of 560, 1100 and 1800.

4.6 Polarization curves

s

4.6.1 Potent&ostat unit

The potentiostat unit along with the corrosion cell for
the polarization runs is shown iA Fig. 32 and consisted of
the following:

1. ECO Model 551 Potentiostat-Galvanostat.
Output voltage: *33 V at full load
Outpdt currént: +1 A,

The potentiostat gives a fast response, and is capable
of measuring the rest potential of theléell when no |
potential is appiied. Both the cathodic and anodic currents

'&%can be measured in the ranges of 0-100 uA, 0-1 mA, O- 10 mA,

0-100 mA, and 0-1 A. |

2. ECO Model 567 Digital Functién Generator.

Tﬁis is aesigned to be used as a drive for the | ‘
potentiostat. It supplies the necessary waveforms to carry
out all the modern electrochemical corrosion work., With the
preset potential reading on the potentiostat as zero,nthe
'functioh generator can scan in either direction. to a desired
level set on it, and then automatically return the scan to
zero.

3. ECO Model 560/Log Linear/Logarithmiq,interface

Al
"-“:f_/j:}"'
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This instrument is.capable of interfacing with the
ECé\potenfiostat, and prqvides 23 linear ranges from 0.5
uA to 10 uA, and 4 1ogarithmic‘ranées of ‘4 decades each
with the thresholds‘fixed at 0.1, 1, 10, and 100 uA.

4, Hewlett—-Packard Model 7044A X-Y Recorder
This recorder was used to plot the logarithmic

i
current on the X-axis and the potential in mV on the

Y-axis. This also has a provision to adjust the scales.

4.6.2 Corrosion cell arrangement

The cofrosion cell used for the high temperature and -
hlgh pressure polarization work wvas designed and assembled
by a Russian scientist Dr.D. Nadezhdin in the year 1979

P
asyociate. The cell assembly is shown in Fig. 33 and

wi;:e he was at the University of Alberta as a research

cqnsisrs of the following 3 units.

1. e working electrode of X-70 steel enclosed in an
autoclave (referred to as AE1 hereafter).

2. a counter electrode ofﬁ?g wire enelosed in‘a similar
,autoelave (referred to as AE2 hereafter).

3: an exﬁernal reference elec rode system.using a standard
calomel reference electrode at room temperature.

Both AE1 and AE2 are,of 316 stainless steel (ss), with

.5 in. (3.8 cm) internal dia. mnd 8 in. (20.3 cm) depth.

They were manufactured by Autoclave Englneers Inc., and

rated for 10000 psi (69 MPa)working-pressure. The three

" units Qf‘thehcggaagentioned above are described as follows:

,’.

-~ o
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The working eiectrode systam

The working elactrode of X-70 steel was made from a small
10 mm dia. cylindrical specimen mounted into a 3/4 in.
(1.9 cm) Teflon rod of about 2 in. (5 cm) length. The
mounting was done by first drilling an undersized hole
into the curved surface of the Teflon bloak, and heating
it with an air gun to about 200°C. The specimen was
tapered at one end and kitted into the. Teflon block. Thus
dnly a 10 mm dia. surface was exposed outside and the
remainder of the specimen was sealed inside the block.
Thg electrical connection to the spec1men was prov1ded by

a 1/8 in. (3.2 mm) dia. ss-rod fitting into an undersized

hole made into the specimen from one ~d of the Tefy

block. Thigﬁbssembly was finally mounted onto the h;E
AE1 with thé ss rod running throuéh a hole in the AE1
head. Teflon sleeves and tape were used to 1nsulate the
ss rod from the autoclave head and the “tedt solutlon At
the top of the head nylon Swagelockﬂflttlngs were used as
pressure seals. The autoclave head with the working .
esecfradé was then séréwea into the autoclave body when

required.

The AE1’body was connected on one side to the AEZ-body

by a 1/4 in. (6.4 mm) ss tube and pressure fittings. On the

3

bpposite side, the AE1 body was connected to the reference

electrode salt bridge éyStem by an ironwood plug.through

pressure fittings. The wofking electfode, the reference

electrode and the ironwood plug were all maintained at the

& '.',‘

- . I S
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same horizontal level. Just below this level The AE1 body
has an iron-constantan thefmocouple close to the working
électrode through a pressure fitting. Finaliy, under all the
connections mentioned, the AE1 body has a heating system
made og resistaﬁce heating wire mounted on ceramic
insulagérs and Qrapped around the AE1 body. A mica sheet was
used to electriéally insulate the heating wire from the AET
body. A simple manually operated voltage regulator was used
for heating control. |

2. Counter electrode system:

'A piece of coiled Pt wire was connected t. a ss rod anc
mounted through thelhead of AE2 using Tef + sleeves for
insulation and nylon Swagelocﬁ'fittingﬁ in a similariwaf
as the wcrking electrode. The AE2 body was connected on
one side to the wérking eiéctrode'unit as mentioned
above. On the opposite ;iée the AE2 body was cénnected to
a ss tube and a valve for introducing gases and"for
pressure control. At the bottom the AE2‘bday was
connected to4a pressure gauge.

3. Reference electrode system:

fhé referencg electrqde system consisted of a standard

calomel reference electrode by Fisher Scientific Co. in-a'
ﬂﬁasatuyatéd KC1 solution salt bridge. The ironwood plug,
lcénnetting the salt bridge to the test solution near the

‘wofking_eléqtrode, is enclosed in a water-cooled ggcket;
This water cooling maintains the reference electrode at

" room température. The‘ironwood*plug can be kept tightly

%
¢



pressed into the pressure fitting by a threaded rod «
running through the container of the salt bridge
seiution. A sketch of salt bridge and the connection by
the ironwood plug to the working electrode autoclave is
shown in Fig. 34. |
Thiébexterhal reference electrode system i= =iailar to
that ueed by Gerasimov®’’ and has the advant = over the

other methods using porous silica plugs, in that the

ironwood plug maintains ionic conductivity without serious

ot
t
Nt

pressure loss in ‘the autoclave.
For every polarization run, the working electrode was

polished to 600 grit, rinsed with ethanol, and the

electrical contact with the ss rod ensured.

%ﬂ;fw'The,aEtual test solutions ‘temperatures and other

| etalls are mentloned in Chapter 5.

o
4.7 SCC tests
The SCC tests were conducted accofding to ASTM

recommended practice G 30-79.

The samples were prepared to closely conform to_example'

1 given in Fig.'2\of the spec1f1cat10ns, reproduced in Fig.
35. The two legs of the U-bend specimen were held together
by a connectlng'bolt, properly ;nsulated from the_specimen
with TefIOn sleeves and washers. Fig. 36 shows a U bend
spec1men w1th the bolt in p051t10n. ‘Fig 37 shows a number of
spec1mens mounted on a rod by weldlng to the bolt heads of

\

the spec1mens. For each test solutlon one such attachment
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having 4 samples was mounted onto the'centrally,located

agitator shaft of the. 1000 mL or 2000 mL autoclaves.- The

f rest of the procedure for deaeratlng, heating the’ solutlons,

N

“withdrawal of samples etc., was similar to the we1ght loss

o

tests. The actual details of solutions used along with the

-

: S . . }
other necessary information are given:in Chapter 5.

¢ -
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' 5. Tests, Results and Discussion.
5.1 Tests and results =~ = ' ) 7
5.1.1 Coupon wexght loss tests in autoclaves

’
s

’ Tests were conducted in dlfferent medlums at 200 and

- .‘)

~30b C in 1000 and 2000 mL autoclaves. Also some tests were

conducted at “the Alberta Research Counc1l (ARC) in 300 and

100 mL autoclaves, and these tests ar marked with a

: super%prlpt of * in~ the presentatlon of the results

University of Alberta are"as‘follows}» Lo

1‘

,'psl (5.2~ 5. 5 'MPa) . Atb20p

[}

' psi (1q2ﬁp;7"mpéﬁ;'

'3.

'Inltlakgyoiume of H20- 1565 mL o ) ?‘

. \4"’

The details of various tests conducted at.the’

H,O0 + CO; at 2007 in 2000 mLoautoclave.

N

KT
Mol

Test periods: 1; 2, 3, -4“," 5, 6 and 7 weeks. . o % ! o
© i ,-,\ B \)
Pressurlzed ‘at room température w1th coz to about 7504890 .

-;W pressure controlled -8t

Ve

1450 1550- p51 (10 10.7 MPa)A — . : -

it .
v~ . . -

Solutlop/was renewed whégzver a sample was renoved

. H,0 + COz at”300°C in’ 1000 mL autoclave -

Test perlods- 1, 2, 3, 4 and 5 weeks;.

Ioltzal volume of H, O 520 mL ;

t

-Pressurlzed at room temperature with COz to 450 500 p51

(3.1;334,MP). At 300° C, pressures contrqlled at'1450—1550.

~

%Solution was renewed whenever a sample was removed

1 M NH: HCO3 + COz at 300 C in POOO mL autoclave~'

Q-

o w66



I 3 : .
Test periods: 1, 2 and 37weeks.

-

Initial volume of H,;0: 520 mL.

A Pressurizéd at room ﬁ%ﬁperature with CO, to about 400-450
A oo . M &%
‘ psi (2 8 3 1 %Eaﬂ& Pressures reached at 300°C: 2400-2500

IS

.1':Jﬂ and remglned stable. No regulatlon of

oy

psiy(16.5717.

tpssureiuas

> .
S Solution was renewed whenever a sample was remOVed
4., 1 M NH, HCG%ﬂS& 300°C in 2000 mL autoclave : ,
Test perlods 1-and 2 weeks. '+ | ‘";' . - " l] i
o : K3 : 7 Lo .
Initial solut1on ublume. 1150 ;L SR :
: S o
~. . Mpa). o )
Lo o . i
| :aSolut1on was renewed,whenever a. sam?le was fepsuid
o Small strlp of platlnum w1re was aéﬁached fo onehéi\the
N . | E 2 ueek samples to study the ef%ect d} galvanlc c6¥%051on. ''''
E ©1 M NH{HCO, '+ 1 M NH, OH at -200 cslﬁizboo mL autoclave.. 2;
‘j “ e Test perlqujy 2 and.4 weeks.%\h' ;; :,v“" .bi
5y o Infilal solutlon volume- 1550\lr;l7’“y ,'J,V "- ) L i¢?P'g
R%?ssures ;eached;‘959-975 psi (6. 5-6.7 MPa). bme‘to‘“

. ; &
leakages and solution losses final ﬁressures drbpped to
. L ) EE S ewa ’

600 psi (4.1 MPa). - = . o _; | - '@j,ﬁw"
. i . i N . - ”» ., 5.. " :“-.)‘
- Solution was not renewed.during the test. - v

. ‘ ' . . . o A N : .
Small strip of platinum-was attached to one of £he 4-week -

samples to study the effects of galvanlc cor3051on.

1M (NH.), €O, at 200°C in 1000 mL autoclaVe.,iQ'

A s

G oy
- X ]

Test perlods: 1, 2 and 4 weeks ’ -’53

Initial solution volume: 800 mL.

[CRNE a0

. 1<, :
o
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N

v

Pressurés reached at 200°C: ,1250-1300 psi (8.6-9.0 MPa).

M a

Due to leakages, and solution losses fina& pressures

dropped to 600 psit (4.1 MPa). | :

w,'Solutlon was not renewed durlng the test

For the tests at ARC, only mach1n1ng of samples ang
exposure in corr051ve medla in the autoclaves were done at

ARC. All the other necegsar% jObS were done at the

Tt
Unlver51ty These tests were as foﬁlows-

Qa; At 300° C in 100 mE autoclcves Yﬁ solutﬁons of H, O + CO,,
. 0’\

a

A MfNH coa + coz, and .M NH-"Q
"l ‘? lil'.lt‘
b At 200° C in 300 mL . autoclaves 1n solutlons of H o) +:g02

o A . N . o ) . '(,._(, a o
R S S / o

and 1 M WqHCOa ) i k%’ ' - /, . .
e \»J ' b

‘Thsgresults of - allfthe.tests are® glven ap Table 6, and‘

P &

;ﬁfA”the tests done at ARC are 1dent1f1ed with'a superscrlpt of

&y - Lo - : U"' e
The gcorrosion gates are g1ven both in the units of mlls
, woq * R > o .
per- 'year. (mpy) ‘and mllllgrams ﬁ%r square dec1metehaper day
ia o

“

& (mdd) ‘The corros1on rates are calcula&Fd u51ng theoformulae

as. follows' 7;f

> .
o ¢

Fvamr 2 10088a.4 . T
534 (2. 54)z W/DAT where W is the welght 1053 in

~ lx."

P " mdd

e

f mlllgrams due ‘to’ corr051on A 1s the area of the spec1men

~.

in cm?, d and T are the test duratlon 1n days and hours

) respectlvely, and D is the den51ty of the specimen in

o

g/cm’
@

6 , Observatlons of the surface f11m behav1or durlng \

~descaling operatlons such as flake form tlon, adherence to

" the surface, etc., are glven in the remarks column.

hY

&
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51,2 krrayidiffractiqn studies

X-ray diffraction studies were conducted on the .weight
g, o -

‘3w - 10SS coupons p ior to descaling dperations. After removal

'rst rlnsed clean of"

from the aut laves, the samples ere;
‘ : . % ¢ e

-y

the soluti ith gently runninc

~and dried. hen-the samples were mounted on the

-

diffractometer and the diffraction patterns were taken with

e :.‘ ' ‘h - . . 13 » » . 'v
Cu-K alpha radiation. The corrosion products were identified

\-_plctures f0r the f1rst and last week spec1mens, and those

" with the help of standard tables -and the results are

presented in Table 7 — . . - .

-

R i . 4,

5 1.3 Scann1ng electron m1croscope studxgi
L0 L g x : -
Small samples up to a srze of 1-1.5‘cm=: long and 0.5- 1

‘

”'into'the autoclaves for a study’of the surface film under

g ,o , W .
the scannlng electron m1croscope (SEM). These samples were

&, l'

w1thdrawn at regular intervals along w1th welght lossi

&y

'hfﬂlled water and acetone

!

“3 cm wide were ;ntrodpced along with welght lOSS"test coupqnsid

coupons,'rlnsed clean of the solutlon in the same way as for
S

coupons and mourted in the SEM. Pictures were taken at one
S\ ‘ '

'qf more?éonvenient magnificatisons of 560, and 1100 and 1800.

For apmonium carbonate solution whlch was the first test,

L}
N

as no - samples for SEM were 1ntpoduced only one sample cut
from omo of the.coupons after 30 days exposure was studied.

.~

As there were~too many p1ctures taken, only the

rs »

where spec1f1c features or changes are revealed are
reproduced in Fig. 38 to Fig. 67.

\

F

ey .
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5.1.4 Potentiodynamic polarization studies

A series of polariaation curves was run
'potentiodynamicaily to studyithe passivation characteristics
of the X-70 steel.

The pola,ization runs were made at temperatures of 100,
ISO,‘ZOO, and 250°cC. Testlng above 250°C was not attempted
in view, of equlpment 11m1tatdons ( Teflon blocks and nylon

pressuren eals). ‘The details of various tests are as

i
RS

follows:
g@;1. H,0 + CO, T - y
Water was initially'saturated at room temp%rature with
| COz to a pressure of 100—120rp51 (Q 7-0.8 MPa) and. then

wh
"he pressures were furthfr ;egulated at 500 p51 (3.4 MP)

©fwith €Oz at 100, 1504 and‘¢W0°€« At 250°C the pressure

»-

' was*regulated at 1900 psi (6 2 MP%P A '[_; .

2. 1 M NH.HCO, + CO,. T R
The solutions uere~saturated and pressurizedftovthe same

pressures as above. oy o ' o
PR 1 M NH,HCO,. The pressures reached at 100 150, 200,,and‘

B¥0°c were 80-100 g 180-220, 3q9—350, andd450—559 psi.."
respectively (o 55-0.7,.1.24-1.92, 2;1—2.@1, 3.1-3,8 MpPa
respectlvely) v E S .h

4.1 M NH,HCO; ¥ 1 M NH, OH : - o é -

1

The pressures rea_hed wére nearly the same as, in the case

L

or,makﬁeag solut}ons H;y-iﬁ{»w -

» e

In ‘each" case the solutlon was deaerated w1th nitrogen

for about 45 m;n.—1 hour before the autoclave was sealed off

» b o
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with;the sample. The solutions were rapldly heated in about
30—453%in to the desired temperatures and then heating was
controlled to stabilize the temperatures, About 45 min.-1 hr’
were allowed for stab1llzat10n at test temperatures. |
s

rema1n in the solutions at test temperatures for longer

durations so as to allow the.formatlon of stable pa551vep
'fllm and then start the polar1zat1on run from the fest J

potentlal As the rest potentlals wandennor change with the

7

progress of film formatlon and requlreva ver1 long t1me for.'

Lt~
stablllzathP and éurlng thlS per1od ‘the préssure in the_
%
'autoclave was dropplng due to ieakages, éhere was very poor

,reproduc1b111ty Th1s procedure was glven up, and the runs

29

:Cwere started only after:

temperature stablllzatlon of 45

[y

min. - hour mentIoned above. F1rst' wgamples were
o ';-*" B S
polarlzed in ther negat1ve direction to potentlals of -1200

o

to -1500 mV from thefrest potentlal and then from thlS level
polarization runs were made in the positive direction to

about 2000-2500 mv at a scan rate of 10 mV per minute. After

reaching the transpass1ve reglon and then traver51ng to
{
[

potentlals where the currents are nearly an oydef of
. . . . -
magn1tude hlgher, the scans were reversed . to'stud§ the
'-tendency and extent of hysterisis loop formatlon which is
cons1der€d as an 1nd1cat10n of plttlng susceptlblllty
It Eusgbbe mentloned that thebpolarlzatlon run part of
ue X R

" this study was the most troublesome and frustrat1ng for the

following ' reasons:

,'u'

Originally, attempts &&re made to allow the samples to
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-1.vRectangular and'Cylindrical samples mounted in heat-
asetting,bakelite or cold,setting~§lastic'moulds were

-5_‘. fresulting in'solution'leakages to the unéxposed parts of

v

g ‘;the Sample due to crack1ng of the mounts at the sample

>

5oy Ly
edges Only after many attempts, reasonably satisfactory

%

samples could be made in Teflon cyllndr1cal blocks,

Ve el

2. Problem of 1nsulat10n of stalnless steehxelectrode lead

IR
rods from the solutlon and from the autoclave body. This

%,

coulq be overcome only after fabrlcatlng trght f1tt1ng
‘ Teflon sleeves and Jamm1ng the “rods * wlth Teflon tape.?.
. ; : :

I, o
o Y L a M

t':3.EPre55ure leakages fgom varlous p01nts An the autoclaye.

ra

Kﬁﬁproblem was gradwally overcome, though not fully, to

3 level wh@ﬂe polarrzatf%n runs CQuld be made wlth

‘.,J« i o .

< maximim of 15 25% drop 1n pressure 1n the 5= 6 hours

. N \_
B . ”,_f &

requ1red for the gun.‘ .

»

4, Large electrical d1sturbances leadlng to w1ld

fluctuatlons 1ntthe durrent recordlngs durlng the week

o et et . : '.j"_':l# et ""'

Ju"" VoV

days. The recordings were comparatlvgly noise- free or L

i

weekendsﬂ‘espec1ally on Sundays.
) - 7

All the above factors resuﬁied in the abandoning of
many runs either midway through after'3-4 hours of work, or
after the full run. Many of the runs‘were rebeatedvahd

. majority of-them were doné on weekends. After ensurlng
reasonable repigduciblity, the best of?theﬁ were redrawn
after some smoothihg fbut still maintaining the essential

1

features). These are reproduced in Figs. 68 to 83.
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‘photograph along with Ehpwscale comp051tlon are reported 1n&J
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“After the polarization run, the samples were examined "
' ' S

g

under a microscope atga magnification up to X100 for*any pit

formation. Pitting wa@fobserved in the caseiof H,O0 + CO, at

“j);1od§c and is reproduced in Fig. 84. . /

The transformatlon of corrosion prqdpc{g from FeCO; to
Fe3O. or Fe,0, was studled in 1M NH HCO, s lutlon at 150°C.
Specimens Were held‘for about 2 hours at pgtentials

1mmed1ately after the flrst and second current peaks in

Nypolarlzat1on runs, then the potent1ostat was switched off.
&

- Solution was 1mmed1ately dralned by opening the valve, and

the sample was allowed to cool. X-ray diffraction was done

on these samples and color pictures were'taken.dA color

2

< '}i\

From the polarlzatlon curves obtalned the corrosion 1‘
rates 1nﬁh1croamperes per sqgq.c¢m. and in mpy, and values of
Tafel slopes are calculated by Barnartt s 3 point method

~

These results along,w1throther_relevant information are

reported ih ,Table 8

‘ f :
5.1.5 Tests for SCC

In v1e%jp£rthe reported suscept1b111ty of mlld steel to o

5

SCC in carbonate/blcarbonate solutlons with increasing

3

‘severlty at. h¥gher temperaéureizln the range of 25—90.C, and -

the susceptibility of pipeline steels in C02,+ H.0 (1n the
llquld phase) with traces of co, ‘1t was. thought necessary to

conduct a preliminary investigatlon at 150 C to get a quick
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[

Jlndlcatlon of the trend at higher temperatures. The
following tests were conducted:

1. H;0 + CO,

2.- 1 M NH4HCO; +CO,+ "«

“3. 1 M NH, HCO_-, - .

: At this p01nt of time both the altoclaves had developed

\
leakages and the spares necessary to fix these leakages were

“not readily available. Due to time constralnts ‘work was noE@g
continued. . _ ' o R
For the tests cbnducted the U- bend samples were
W1thdrawn at regular intervals of J,'2 or 3, and 4 weeksf
vihe samples. were first chec%ed for the amount of relaxation

'ds soon as the _stressing bolt was removed It was observed

R <‘J.

“to be. unlform at about 2.5 mm for all samples and was the

B3

”'~-same as that for an unexposed sample. ThlS w§% one

pre11m1nary 1nd1catlon of absence of any crack1ng The

e

-

samples were w:zshed free of solutions and observed at
various-magnifications up to X500 for the presence of any
‘cracks. Severe pitting was observed'on‘the samples exposed
to H, O +C02 medlum right from the first week. A'pictu
taken at about X5 indicating theoplttlng is reproduced in

1

Fig. 86.

LY

The sampIes were then sliced into 4 sectionslat‘the
'bend‘of the U w1th a diamond cutting saw, mounted in
bazelite. pollshed etched and - observed under the mlaig
up to £50( for the presence of any cracks. The«appearance'

under the microscope in each case was compared with that of

~



75

) " A
o T
the unexposed sample as a .reference. g
TR i
J"n' . <
8K Jiscussion of results
St 4

5.2;1 Weight loss tests

The results of ueight logs. tests done at ARC ared-
considered to be less significant in view‘of the smaller
size of the samples used due to restrictions in size of the
autoclaves,,and thus are not discussed However, none of
these ‘tests show‘corr051on rates in excess of those obtained
in large autoclaves ~and hence, do not indicate any alarmingﬂ
situation. o | .

U

'For all the media tested the highest corrosion rate 1n

the first week wasxaround 14‘}(%}7 in H,&' CO, at 200°C. This

e Vp y\ . :
, had evened out subseqUently,%p ﬁftood arsund 5 [ mpy aften»%¢
x 4 ' NI A C

- "’," , S . v
6 weeks. ' ~ T : : s R

The seoond‘highest.initial corrosion rate, around 5
1 mpy, was for the same medium at 300°C which more or less

remained constant for the first 4 weeks. There was .a sudden = :v@

increase to about 9.5 mpy in the fitthgﬁﬁek.

o

- ‘e:'r“
Though corr051on'products in tée above two cases

- s . Lu

appeared qu1te adherent needing 3-4 min for descallng, the

observatlon of corrosion products ih the test solution after

b 2

each period isaa.matter of concern. This can be due to
4)”* . . A

either a poorly passmvating film or due ta the dissolution ' Tyi

of corrosion products 1n_the test solutlon at high

temperatures and precipitation on cooling.b R

’ ) . - . (3
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‘ e , : g
’vh' E @ forrosion rates-in all the other tests were
,é*r}yh, a
1n1t1a%§y between 2-3 mpy, which, subsequently evened out to

\? ' about 1 mpy.
| . In 1T M NH sHCO, + CO, the corrosion products are
adherent, needing 3-4 min for descaling in HCl at 40-45°C
with-slight flake formation. , N |
o : . . : .
In the case of 1 M NH,HCO, (a pH of 7.9 at room
temperature) there was no flake formation during descaling,
“ahdfebrrosion products looked adherent, needing about 1-3
mih.in HC1l at 30-35°C for complete remoual. Inwi M (NHQ)ZCOa

(pH 8.5 at room temperature), the corr051o%4products

appeared ‘most adherent and needed 3-4 m1n A& HCl at 40-45°C

for cleaning w1th no flake formatlon.ilh €. case of M

NH HCO3 + 1 M NH, OH solutlon”(pH at room te; ;fature %&S
o ‘1 AP 7\1&(

9.6-9.7), the corrosion products fell off as‘§$EVy f18kes

&

'durlng clean1ng, taking 2- 3 min in HC1 at 30 35°C. Thls is

- Y

probably anrlndlcatlon of - 1nterna1 stresses on the»surface

film wh1ch may result in erosion‘corrosion. problpvé}if there
,é)) . .

P : . A ‘
‘ are flu1d flows. ‘ o d- ‘ : ..

In ‘both the'testszyith platinum wire no exceeéive
.corrosion rates were observed. » o
. - .
A very, rough’rule for checklng results with respect to

[

minimum test time is suggested in ASTM G 4 68 as

~

hours (duratlonY““ “3007@115 per year. =

which means that for solutlons other than H O + CO,, where RS

corrosion ratestare 1 mpy or less,bthe.testlng‘per1od should. -

‘@.'he rpughly 12 weeks and above. For H,O + Coz‘medium, where

¢
A



'5.2.2 X- ray dlffr&ctlon stud1es

\

the rates are above 5 mpy, the minimum test period should be
400 hours or- about 2.4 weeks.

In spite of the insufficient test durations in some
cases, the above results indicate thatvin the range of .
200-300°C the X—?O steel.quickly passivates and the
corrosion rates are about 1 mpy or less in all the. solutions
except H,0 + COz,.In'the case of.HZO + CO, the corrosion
rates are between 5-10 mpy with considerable transfer of
corrosion products to the solution. Hozever, it nay be noted
that no particular attention was paid‘to the oxygen content
in the -solutions except for passing COz or nltrogen thrpughg

4

the SOlUthﬂ for a period of 20 30 min. &Lso, these teSts

- were done under stat1c condltlons with no flu1d flows.

B »

'5?2}3'.‘ Q ,

‘ The scale compositions from X ray d1ffractlon stud1es
l \
show: that there are 3 p0551ble corr051on products. FeCOa
(51der1te),_Fe30q (magnetrte), and Fe203 (hemﬂtlte)

The results indicate that in bicarbonate. and carbgnate

solutions at a hlgh 1n1t1a1 start1ng pH (above roughly 8 5)

the corr051on product is malnly FeCO,.. wh1ch remaxns
N,

"reasonably stable. This~ may get converted to FE3OQ over long

‘perlods, the process probably gettlng accelerated in the

-

'presence of oxygen. I o o ' : P

-

At 1ntermed1ate pH 1evels .(less than 8), as in 1 M’
NH HC03 w1th or w1thout ‘CO,, some of the FeCO, 1n1t1ally

formed gets quy%kly converted to Feaoq ‘and both are present

.

Sa

‘«.’
<
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together.
At lower pH values (less than about 6 at room
temperatures), as is expected w1th H,O saturated with COz,

most of the FeCO341n1t1ally formed quickly transforms into

Fe,0; at lowervtemperatures, i.e. around 200°C, and the two.

exist together; At higher temperatures, i.e. around 300°C,

. the transformatlon is to Feaoa. This probably shows hlgher
o

ox1d1z1ng characterlstlcs £ the solutlon at ldwer

v q

°temperatures due to great!i solub111ty of CO..

- TR e . \—"5' -

SN s C
~x9h;¢§§a. Also ;¥ is ev1dent from the welght loss tests that ‘

u

F@GOa by 1tself or together with Fe30q 1s a better

y
Y

observatlon of flake formatlon at h1gh 1n1t1alﬁpH values
.
PR

1nd1ﬂﬁ Js that FeCO3 is sub]ect 'to er051on corr051on._

L
v

.

 5.2;3 SE stu&1es ,". - , -

'g ’ e : : ’ ‘

,f;" 0 From these studlesf)lfkls hard to make ady def1n1te
.correlatlons or draw conclu51ons except_for the followang

'dobservationgjin~€onjunction with X-raytdiffraction studies.

1. FeCO;»appears as regularly shaped crystals of un%jorm

51ze as shown 19 Flgs, 63 and 67 whereas Feaonoand F8203
A

have’ a semlcrystalllne or amorphous appearence w1th small

,f ‘ o partlcle 51ze and are ‘often present in clusters as shown

. N \\

A71n Flgs. 39 and 47. 7‘ E e .

P

‘2; Scale formed 1n:§olutlons w1th hlgher initial pH shows

_ PRI
more crystallbne .appearence but. some cracks are v151b1e,

1nd1cat1ng stressed structure. S ;,J

\ - . ‘3 g L .

Y “\ . &
o L L e

v R »
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‘5.2;4 Potentzodynam1c polar1;at1on curves S o

temperaturg and pressure) to measure’ the potent1als of

2 :. _H?x 9

3. Scales formed in lower pH solutions appeared less!

xcrystalline.and more pOrous as can be.seen"from Figs. 38 i

. [P
) . >

and 46, = - o7
4. The unexpoSed portion of the small sample (whlch was
rest1ng on the Teflon disc) showed more crystalllne

FeCO;, whereas the free exposed surfabe showed more ‘Fe;0,

T e
)

.and Fe203 as shown in Figs. 42 to 45.

Except in the (NH4 ) CO, solution, samples in’ almost all

the solutions showed the presence of-elthgr cracks or a..

I
o

‘porous stry@ﬁure 1nd1cat1ng dangers of - er051on corr051on
3 . .
under,dynamli condltlons of - flu1d flows.

A . e
’ B N

N . . . N
i . ' 5,
e
. \)‘.

@ The use of ‘an external reference electrode (at room

o
worklng electrodes in hlgh temperature and hlgh presSure,

aqueous solutlons overcomes thelmalnpgroblem of 1nstab911ty

assoc1ated w1th 1nternal reference electrodes (near the ,-\fS--

| i /
worklng electrode at the same condltlons of pressure and

ftémperature) - But there are some para51t1c thermal emfs

-

generated needlng correct1on5’when convertlng to the

.

~,§tandard hydrogen scalb The ma1n contrlbutlons for such” a'

~fcorrectlon, as dlscussed by Bogearts and/van Haute‘r 1n:7

R

WV

N /

the1r very recent paper are-' o \~’Arq;

1. Temperature 1nfluence on electrochem1cal half cell
,'5‘, |

potentlals of the reference electrodes (assum1n ‘the -

i

presence of an 1ntemnal reference electrode)
. .

- ) . . .

‘ay
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2. Thermal liquid junction potential due to the cooled salt
bridge employed.

In view of the difficqltﬁes'involved witp high
temperatures and pressures, no precise method is yet
available to determine the correction®to be applied..
Bogearts and van Hauté pfopose a simple linear correction,
and, if it gains acceptance, will make the computatiohs
easy. |

The*precise valﬁeé of potentials are mainly needed for
establishing_the thermodynamic E-pH equilibrium diagraméﬁﬁ
Since the present thesis is only concerned with a
preliminary study of kinetics of corrosion and passivation
characteristics, no attempt is made either te apply the
. corrections or to discuss the thermodynamic equilibr{a;

It is difficult to establish any meaningful
correlations from the values of corrosion potentials
obtained due to the following:“,

1. The free corréding or rest potentiél was changing with
time depending upon the nature and extent of film'
formationf This can be seen from the difference in values
obtainéd at 100°C in 1 M NH4HCO,; solution under two
different conditions. When the metal was allowed to
remain for a period of 2.5 hours in the solution at 100°C
without any external polarization, the corrcsi
potential was at -692 mv. But, Qhenvthe metal was allerd
only about 45 min‘for stabilization, polarized to -1400

. hd
mV, and then the sweep started in the positive direction,
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a value of -1347 mV was obtained as corrosion potential.
3

.

The corrosion potential is also a function of the oxygen

content of the solution which was not measured.

«

2. In the case of a polarization sweep from the negative to

positive direction, the corrosion potential was a
function of the cleanliness of the:surface, which in turn
depended upon the extent af initial polarization before
starting the sweep and the time of holding at the ’
siarting potential. The scanning.rate also had an
influence on the valués of corrosion potentials obtained.
No systematic study was made on the above-mentioned
factors, and hence, no comments are made on'the various
effects.
Barnartt's 3-point méthod was used to calculate the

Ay
corrosion rates and Tafel constants. It must be mentioned

.
that the extrapolations from the polarization curves
involved considerable approximations and judgement. This was-
due to the guick passivation in certain cases, flﬁctuations
involved, questionable accurac& in getting the values for
small potentials‘of i5 to 100 mV from curves with a total
swéép of about 2500 mV and the logarithimié current scale.
In spite of cre difficulties of experimentation and
extrapolation mentioned above, the corrosion rates ébtained
agree reasonably well in the case of H,0 + CO; with those
from weight loss tests (between 5-10 mpy). Also, there is.a.

general trend of lower corrosion rates at higher

temperatures which agrees well with the findings of others,



82

éonsidered to be as a re;uli of decreasing solubility of CO,
with increasing temperatures. It-may be noted that the test(
at 250°C was at about 900 psi (2.2 MPa) as compared to 500 ’
psi (3.4 MPa) for the other 3 temperatures and there is no
drastic increase in corrosion rate. This indicates that the
temperature effects are much .. »ter th&n the pressure
effects. This agrees well with Lhe predominant effect of
temperature on solubility of CO, in water. '

'The corrosion rates gbtaingd in 1 M NH4HCO; + CO, also
show a progressive decrease with temperature and the values
are around 1 mpy or:less at 200°C and above. This also
agrees well with the values obtained in the weight loss
Ltects.

In the case of 1 M NH,HCO,; no calculations could be
made for 100°C as the polarization run was started from the
rest potential. Both at 150 and 200° the rates are about 1.3
mpy- which agree well with the values obtained at 200°C. For
250°C thé value came to 5.5 mpy which is quite in excess of

‘trend indicated at both .200 and 300°C. This may be due to
error arising out of extrapolation as mentioned before;
However, even this value is indicatggé\of lower corrosion
rates at higher temperatures.

Iﬁ 1 M NH,HCO; + 1 M NH,OH the corrosion rate at 100°C
was comparatively gquite high at about 22 mpy. The rate
decreased with riéing temperature and is around 3-4 mpy at
200-250°C. Though this value is higher than that obtained in

- weight-loss tests, it can be said that the agreement is
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guite good.
ther comments that can be made on the appearance of

the curves are: .

1. In H,0 + CO, the curves do not exhibit any passivation up
to-200°C, but there is a gradual decrease in current with .
rising temperature. At 250°C there is a distincf
passivation and the currents are less by'nearly an order
of magnitude. The sample after polarization at 100°C
exhibited considerable localized corrosion as shown in
Fig. 84. The polarization curve at 250°C showed a
hysteresis loop in the reverse scan. Though this is an
indication of pitting tendency, fhé sample did not show
any pitting. -

2. In 1 M NH4,HCO,; + CO, there is a progressive shifting of
the curves“to high currents up to 200°C and then at 250°C
there is a sudden reversal, with the currents reduced by
about 2 orders of magnitude. At 100°C there is a distinct

first current peak and the presence of a second peak,

though much less distinct, cannot be ruled out. At 150

ard 200°C two current peaks are evident. At 250°C no

. distinct current peak or passivation is observed, but the
highest current values obtained.are 2-3 orders of
'magnitude less than the other 3 case;, indicating a
dfastically reduced corrosion acti§ity. No pitting was
observed in any case.

3. In 1 M NH HCO; two distinct cu}rent peéks.are present at

all the 4 temperatures. Brief passivation can be observed
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after the first peak at 15056. The appearancé of a small
shoulder can also.be noted at both 150 and 200°C before
tire first peak. No Systemapic pattern'is observed it/the
values of curbqnt'peaks or(phe passive currents. v

A study by X-ray diffraction‘of the corrosion
products ‘of the samples held for about 2 hours just above
‘the first and second current peaks shows the same pattern
as Qbservéd by workers at low temperatures. The products
after the first peak, i.e; at a lower popential, showed
phedom{nantly Fe;0, and some FeCO;, andfhere greyish
black in Solor.‘fhe products at a higher potential, i.e.
after the second peak, wére mainly Fe,03; with some FeCO;
and were reddish brown in color. A color photograph of
both the samples together is shown in Fig. 85.
In 1M NH,HCO; + 1M NH,OH no clear pattern can be observed
except tﬁat an extremely high first current peak is noted-
at 100°C. There are a number of peaks present and theré
is a general trend for the curves to shift to lower
currents with rising temperature.

From the foregoing discussion it can be concluded
that with increasing temperatures, especially above
200°C, there is a general doqn@ard trend in the corrosion
rates to generally acceptable levels, i.e. 1-5 mpy.
Presence of oxygen or any oxidizing‘ag?hts cannot be
gonside:ed beﬁevolent as this might raise the potentiéls

to those ranges where intense general or localized

corrosion takes place. This observation agrees well with
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: v
the precautions taken in boiler applitatrqns to scavenge

the last traces of oxygen. Fe,;O, along with”sbme FeCO, is
the product of corrosion at lower poténtials in
bicarbonate solutions and is more protective than Fe,0;
formed atjhigher potentials. | .
| In H;O0 + CO, the‘éffects of rising temperature in
\\, lowering4the corrosion rates are much more than tﬁe
opposing effects of increésing pressure. The presencé of
‘ammonium carbonate is very beneficial in reducing the

‘" corrosion rates, which agrees with boiler experience.

5.2.5 Tests for scc
None of the samples showed the presence of any cracks.

However, in H,;0 +'COZ all the samples showed severe

localized corrosion which is alarming. This can be clearly

seen from Fig.‘86.
‘'The results do not show any immgdiate danger of SCC.

The résults of Sutcliffe et al. indicate increased tendency

of SCC in the bicarbonate and/dr-cafbonate solutions for the

mild steel they tested up to 90°C. The same tendency is not

revealed here. The difference can be att:ibuted to the |

following: .

1. Susceptibility to SCC is’aepéndent on the individual
characteristics of the.stgel such as chemical
composition, microstructure,'method of- fabrication, heat
treatments given, etc.

2. SCC is highly dependent on the potential, and the present

A;
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up as folloﬁs:

1.

5.2.6 Summary of discussion of results 

86

. |

work .s Céﬁried out at free corroding potentiéls almost
in g%e absence of any oxygen.

The tgsting by Sutcliffe et al. was done by the slow
strain rate method which is bound to lead to the breaking
of the specimenland hence crack intiation in:tpe short
test pefiod i1s not a probiem. Tests of the present work
are in a way hahdicapped in the sense that the testing

. "
time may not be sufficient for crack initiation.

/

The above points are brought out only to indicate
that though ﬁhere-is no immediate and obvious danger of
SCC at 150°C, the ;uséeptibility to SCC must be viewed
with caution until further testing is done Faking all the
pdésible variables into consideration,

-

In H;O0 +VCO2 the results can be viewed with more
confidence as the time factor for crack initiation is not
a consideration in view ofCEéVere localized corrosion;

All that can be said about SCC is that no imminent

or impending danger of SCC exists at 150°C in the T

environments tested.

The entire discussion of results can be briefly summed
Weight loss tests indicate that in the temperature range
of 200-300°C the X-70 steel gquickly passivates in all the
solutions tested. The corrosion rates settle down to |

mpy or less in 1M NH,HCO;, 1M NH,HCO; + CO., 1M (NH,).CO;



and 1M NHuHCOQ + 1M NH,OH solutions. In H,O *+ CO;
solutions the corrosion is initially higher at 200°CH
around 14 mpy, as compared to aboﬁt about 5-6 mpy at
300°C, and in ‘both the cases it settles down'to 5-6 mpy
after the first 3-4 weeks (except for a sudden increase
to about 9Ampy shown at 300°C in the fifth week).

X-ray diffraction and~SEM?studies indicate that at pH
values Aboég 8.5 (as in IM(NH,);CO, and 1M NH,HCO; + 1M
NH,OH) the product of corrosion is siderite. At
intermediate pH levels below 8 (as in 1M NH,HCO; and ™
NH.HC03‘+‘COZ) the .initial corrosion product is siderite,
-part4of ghicﬁ qu}ckly gets converted to magnetite and
both coexist. At low pH values say, below 6 (as is
expected in H,0 saturated with CO.), the main product of
cq:roéion at lower temperatures, i.e. 200°C, is hematite
. which is less protective than the film of magnetite'
formed at 300°C.

‘The SBM_bhotographs indicate cracked or a porous
film in all the cases except 1in (Nﬁu)zcog, suggesping
dangers of erosion corrosion where fluid flows are
involved and this possibility needs further assessment.
The results of polafization curves agree reasonably well
with that of weight-loss tests indicating much reduced
corrosion activity at 200°C and above. Preseﬁce of oxyéen
or oxidizing agents is definitely harmful since this may
raise the potentials to those levels yhere active

corrosion or severe localized corrosion may take place.
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Though severe locali%ed corrosion was observed on the
sample at-100°C in H,0 + COz only, A;d not at'higher
temperatures or in other sélutions, the presence .of a ‘
hysteresis loop at 250°C 1in H20'+ CO, must be viewed with
caution to évoid afising'of such high pétentiaié. The
presehce of severe localizea corrosion on the samples of
SCC'in H,0 + CO, at 150°C is yet another pointer for the
need of such a caution.

There is no apparent or immediate or increased

susceptibility to SCC at 150°C. However, the long term

susceptibility should be evaluated.



6. Conclusions and Recommendations
6.1 Conclusions
The following conclusions can be drawn about the
corrosion of X-70 steel in aqueous CO, solutions in -the A

temperature range of 100-300°C:

YIJ '
SN

la. In thc temperature range of 200-300°C, the corxposion. ,*tygf'
\ . ‘ “v\\\\, \
rate in H,0 + CO; is between 5-10 mpy. The presence of N
—~ R Y
NH,HCO, lowers the corrosion to about 1 mpy. . s )

ib. In (NH,).CO, and NH,HCO; (pH about 8 and above at room
temp.) the corrosion was 1 mpy or less. |
This shows that the carbonic acid corrosion of X-70
steel is low in the temper;tur; range of 200-300°C (rates
below 1d\ﬁg§ are generally considered acceptable) and there
is a promising possibility of using ammonium carbonate,
bicarbonate or ammonia for further ;educing the corrosion.
2. In the 200-300°C range, at high temperatures and/or .
~high starting pH values, the surface film is a hixture
of siderite aﬁa magnetite which is more protective than
a mixture of.hematite and siderite forhed at low
temperature aﬁd/or low ;H values.
The pfésence of cracks févealed in the SEM studies and
the separation in heavy flakes.of the scale formed at a high
starting pH (9.5) during descaling indicate a stressed film
which might give erosion corrosion problems.

3. The polarization curves did not show stable low current

passive regions.

89
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This indicétes that presence of oxygen is harmful as
this might raise the potentials to regions of active or
intense localizedlcorrogion. |
4. There was no indication of any immediate or increased

susceptibility to SCC at 150°C. 9y

This is a deviation from the trend of increased
susceptibility with temperature reported by Sutcliffe et
al.?” in their work up to 90°C for a low carbon steel.

5. Severe localized corrosion.was observed at 100 and
150°C in H,0 + CO,.

This indicates that, though the corrosion rates are low
at high temperatures, an inhibitor or neutralizer like
ammonia must always be’Uéed.

The above observations, based on the study, agree very
well with boiler practice where ammonia along with oxygen
scavengers like hydrazine are used in super-critical
boilers, as mentioned by Fortune®°. The results also agree
with the use of ammonia to control gas condensate well

corrosion by Greenwell et al.®® at a pH of 8.

6.2 Recommendations for future work
~

1. The p§25ent work was done under static conditions with
no fluid flows. An assessment of corrosion rates in

dynamic conditions of gas and fluid flows is neccessary

for a knowledge of erosion corrosion problems that

\
\

~—
mighf~arise./Such a study is all the more necessary in

view of cracks in the surface film revealed in SEM -
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studies.

Except for purging the solutions with N, or CO, for

15-20 min., the present work did not measure the oiygén
levels in the sofutions. A study ‘to find the effects of
varying\levels of Oxygéh would be’usefu1ﬁ> 7 |

A more dependable.cor;osion cell arrangement which can
ensure good reproducibilty with minimum noise should be
constructed to aetermine precise corrosion potentials,
and the effects of different variables -like CO. ﬁartidl
pressures, etc.’ -
Further investigation of.susceptibility to SCC at .
diffefent potentials, temperatures, and solutionh
combinations and concentrations'is desirable.

Work shoﬁld be done to deéetmine'the\exact,qhanges in
solubility of CO, and pH values at high temperaturesh'

and pressures, and the effects of these changes on

corrosion.

A=)

I

4
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» Tabié 1. Comparison of Experimental and Calculated Corros;gg

|

i

Rates of Grit-Blasted /Samples Under Various Conditions
. Al

Temperature

(°C)

12

<15

15
15

15

- 22

22
30
40

50

60

70

80

(from DeWaard et al.'!)

Partial CO,

_pressure

(bar)

.52
.37

.21

.92
.88
.80
.69
.53

Calculated

corrosion

rate

(mm/y

0.66

0.43

0.35

0.24
S1.51

0.95

1.32

1.99

2.89

3.94

)

A
Experimental

corrosion

rate

(mm/y)

0.40

g

[
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Table 2. Metal Loss, Magnetite Film Thickness and Adherency

for Carbon Steel in Water at 310°C

(Saturation Pressure, 1440 psi)

(from Gadiyar et al.??®)

Exposure Metal Loss Adherent % Adherency

time (h) (mm/y) . oxide, (um)

1. pH 7, oxygen less than 0.05 ppm:
140 0.048 ‘ 1.20 73

530 0.02 1.90 | 75.6

2. pH 7, oxygen 3.5 ppm?
140 0.06 1.52 74

530 . 0.034 3.24 75.8
3. pH 10, oxygen less than 0.05 ppm:
140 0.038 1.02 78.3

530 - 0.018 1.80 79.6

4. pH 10.5, oxygen 3.5 ppm:

140 0.055 1.3 75.8
530 | 0.031 - 3.20 82:2
1460 0.015 4.12 78.8
3050 0.008  4.50 ‘ 77.5
5060 0.005 4.7 78.1

6650 - 0.004 5,10 80.6
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“Table 3. Solubility of CO, in Water at at High Temp. and

. Pressures

(from Nesbitt?®)
T°C Pressure Mole fractions Mole fractions
" (atm) in gas - 4 in ligquid
x(C0,,g9) x(H,0,g) x(CO,,1) x(H;0,1)
200 100 0.789 0.211 0.012 0.988

250 100 ‘0.465 0.535 0.0M 0.988

300 100 0.110 0.890 0.004 0.996
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Table 4. Chemical Composition of the X-70 Steel Used for

Testing

The chemical composition of the X-70 steel in weight

percent is as follows:

’/> Element / . Ladle analysis Check analysis
Carbon 0.10 0.08
Silicon 0.25 . 0.25
Manganese 1.48 1.48
Phosphorus 0.014 0.012
Sulphqr 0.002 - 0.002
Niobium ' 0.05 0.04
Aluminum 0.033 0.035 .
Vanadium 0.10 | 0.10
Copper 0.31 0.33
Nickel 0.32 0.31
Carbon Eguivalent . 0.40
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’”

Table 5. Mechanical Properties of the X-70 Steel Used for

Testing

The mechanical properties of the X-70 steel are as

follows:

Yieid strength, psi 74,100 (511 MPa)
Tensile strength, psi 89,700 (618.5 MPa)
Elongatioﬁ, percent ' 43
Yield ratio, percent 84
cv-100, ft-1b’ 88 (119.2°J)

v

+ CV-100 is defined as the energy level of the lowest

temperature Charpy specimen exhibiting 100% shear area.



97

34y ut

Ssa|
Ut

A4C0 |

{ piucy )

TUOLIN|OS 183)
‘m+UDTCLQ UG LS00 4402

UDNW D, Sp-0v ¥ | DH
DUl { 8DS8L J4Gy Ulw p-g

Wi 4 uLdolpe a3y (N

.61 -0V 32 1o U uiw -t

PISIeR!

GOt

UM Dul {uedsap Dut unp

LO L JRWUO S @4 ON $S3onpogad
U0} SOuJdUD BABY O} PpUunoy sem

uc, 3N cs

159}

‘POt J3d ydeos 4oy vy

Snavwoy

(« 3d132543dNnSs €

S3AB|D03NY U}

[Cel S o]
O~

c ¢
ST
[

15

VE
i€
1z

—Qwo T~

0 TN
oW T

)]

8¢

%
L E
SE
8y
‘8L

— N~

ppw
aled

oy O O L
38 2Ne] L€
60°0 v 0
ot 4 6 ¢€¢
LL° T voae
[ 4 6 84
Sy 6 5 BEL
veL S L v8E
£8°6G 9 68¢
6 € 'l
6C S Z g8
vG i vore
St 9 Si
i vt
826 V1e9
[4eRne b 00S
GE'9 | 812G
98°§ 6 t8t
[T E' tviIE
18°8 b L8C
[3 4 L cee
Adw (Bw)
UO L SOJJI0) ss0| yybiom
S BJdR

SEoby
SE bl
91 b
Sl i
Sy
9 b
ES Ev
SLEv
GC Ev
6L Er
VSEY
Ht £
¥t Lt
1S L
gL €
(ST 35 4
58°¢Ct
£g8 ¢t
S8 1t
16 2

oy et
(WD)
eaJy

L 1OUNDD UDJurasSay e} Jdoqly

e

8¢
vi

o€
S

St
8¢
|4
tl

3%
Zr

SE
8¢

ti

(sAvp)
POy Jad

SUOpL S1s3])

Ol-3yDjoM WoJ4j) Sojey Uo}jsoJd0) ‘g a|qel

D.00E ¥ .G # 353
P00 + "ODH'HN W L "8
2,008 xv # 1S9}

5.00Z 4

9.00¢

€ o4 159}

T ok Asey

4 1S3y
b # 3551

03 + OH "V

aunjedsodway
pue uo\}INn(os



98

tOH 2.sr-0v
Ul ulw p-g paugitnbay
‘wiid jusaaypy Buixe|y oN

“tOH 5 ,6E-0E ul
‘Hiw £-g pauinbay bBuiues | D
BlIUM LD JBWIO BME(§ AALRSH

"LOH J,8E-0¢
Up ‘Ujw g-1 paJinbay Buyuva|d
@ lYM U0l IRWIOS 3MEL4 ON

TPBAJISQO
UGt jewaoy a8xery 4B 1S | OH
D.8FV Ul UwW p-g pBuainbay

SAdCway

9°9
€8
9'8

}

-~
™~

hed
— &~ nn

ppw

( A/ww pGz0 0 = Aduw

60}
66"

cO”
b
v
£6°

NN~ —

o))
n
N - -

S6°0

oL’z

cr’

L9’
£6°

OO0

ve’
66"
Sy

~N-00

Adw

31LJ U0} SOUU0)

L
'S
=14

-0~

0N o
<
©

"6t
ey

@ N W

‘EE

(a0}

“9i

'Zs
8t
Ly

=1

N O

(Bu)
sso| jubiam

“Panu} U0l g algel

3

ey
89 zr
56 pv
Ve
8Y Lb
06 Lb
89° 9t
00" €v
s6 zr
z6 zv
00 €v
9111
Ly
Py
SRR
S
Qv LL
L6 Zv
06 zt
reZy
L6 Tr
(W)
rvauy

181RJ UOLSOJUOD JOj J03IDES LD} SUBAUOD)

OE
S 2.00T € || 4 3S9y
L ‘O0Y('HN) W b °3
o€ (8dim wnuple|d yitm) |
og
‘G4
L .00 e OF » 1s8t
HO'HN W I + ‘ODH'HN W'V '@
v (8dim wnuiierd yiwm)
- v
-ty ]
L 2.00€ 32 6 # 1S3
8z ,
vi
8- D.00C €% 8 # 1S9y
ot
4 2.00C B L ¥ 1s3]
L “ODH'HN W 4 D
[
[ .
vi 2.00€ 3@ 9 4 3isay
L 20D + "ODH'HN W L 9
(shep) 8Jniedaduws)

POt 4ad

pug uotin(os



Table 7. Scale Composition from X-ray Diffraction Studfgs.
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(Results from ARC are marked with a superscript* )

Sclution

ia. Hzo + CO,

1b. H,O + CO."

2a. H,;O0 + CO.

2b. H.O + CO.*

3a. ' M NH.HCO,
+ CO-:

/

3b. 1 M NH,HCO,”
+ CO,

Tempefature
(°c)

200

200

300

30C

300

Time
(weeks)

W BN

~ Oy U de

[P N

FeCO,

Fe;0,

Composition

and slight
Fe 203
FeCO;
FeCO,
FeCO;
FeCO;
FeCO,

FeCO,

Fe203
Fe;_vo:;
F8203
Fe:O;
Fe,0,
F8203

and
and
and
and
and
and

FeCO;

FeCO;,
Fe,O,

Fe,0, and very
slight FeCO,

and very
slight FeCO;

Fe30u and FECO3
Fe,0, and FeCO;
Fe;0, and FeCO;

FeCO; .

FeCC, and slight
Fe JOu

FeCO,

FeCO;

FeCO;

Fe,;0, ancd very
slight FeCOj;

=CO, and slight

20y

el

and si::at



Solytion:

*

4a. 1 M NH,HCO,

>

4b. 1 M NH,HCO,"

4b. 1 M NH4HCO,
(NH,

) 2CO 5

6. 1 M NH,HCO,
+ 1 M NH,OH

A% ‘~f‘

Table 7 contd.
emperature Time
°C) (weeks)

200 1
2

4

300 1
2

o 4
300 1
2

200 1
2

4

200 1
2

4

Composition

Fe JOq

Fe,0, and slight
FeCO; v
Fe JOu

Fe 30u
FegO.and FeCO,
Fe;Onand FeCO;

Fe,0, and slight
FEAC03
Fe 30u

FECOJ
FeCO;
FECOJ

FeC03
FeCO,
Fe 30u
Fe 30a

and slight

180
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Table 8. Corrosion Characteristics from Polarization Curves

(Corrosion rates by Barnartt's 3 point method) 4

Solution and E(corr) Corrosion rate B. B.
temperature (mv) i(corr) mpy
pA/cm?

A, H,0 + CO;:

A\

100°C L 1200 25.2 1.6 0.22 -0.23
150°C : -935 = 22.8 10.5  0.11 -0.09

- 200°cC I ~960 14,1 6.5 0.21 -0.24

250°C _ =TT -1060 15.7 7.2 0.24 -0.18
B. 1 M NH,HCO, + CO,:

100°C -550 3.53 4.4 0.22 -0.08

150°C ~740 8.38 3.9 0.04 -0.07

200°cC -860 2.67 1.2 0.05 -0.05

250°C +805 0.08 0.04 0.27 =-0.15
C. 1 M NH.HCO,:

100°C - $ d :

- 150°C -1040 2.75 1.3 0.08 - -0.04
200°C -850 2.74 1.3 0.15 -0.06
250°C -820 11.9 5.5 0.09 -0.08

D. 1 M NH,HCO, + 1 M NH,OH:
100°C -1100  47.1 21.6 0.08 -0.05
150°C -1140 16.2 7.4 0.04 -0.03
200°C ~-800 4.6 3.2 0.18 =-0.17
250°C -766 8.40 3.9 0.15 =0.11

$ 3 point method could not be applied in this case as the
polarization run was started from the rest potential.

(Conversion factor for corrosion rate: 1 mpy = 0.0254 mm/y )
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Fig. 1. Pourbaix diagram for the system Fe-H,0 at 25°C (;fom

West*) '
b
03¢
@
3 ,.
2 s : P o
‘o ° ' Platinized
- iHg) (Fe} (Pt) Pt
| | .
€ 00— ————— e ——— —————
o
a
- —
N .
2 L
Iz |
-Q3 It L ; i . ! . )
07 10T o 100 0% 107t i 1272 gt

Current density, amp/c m?

Fig. 2. Hydrogen-hydrogen ion exchange current densities

(from Fortana and Greene®)
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Fig. 3. Activation polarization curve of a hydrogen

electrode (from Fontana and Greene?)
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Fig. 4. Effect of environmental variables on concentration

polarization curve (from Fontana and Greene’)
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Fig. 5. Combined bolarization curve (from Fontana and

Greene?)
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Fig. 6. Electrode kinetic behavior of pure

solution - schematic (from Fontana and

.

iron in acid

Greene?)
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Fig. 7. Effect of oxygen on the corrosion of iron in neutral

to alkaline solutions
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Fig. 8. Corrosion of metal M under diffusion control (from

Fontana and Greene?)

!



106

mNe—— 4

w/mt [

1 10 100 1000 10000 .,
Current density, loQ scale . ! .

«

Fig. 9. Typical anodic dissolution behavior of an

sactive-pass metal (from Fontana .and Greene?’)

.
.

Fig. 10. Behavior of an active-passive, metal under corrosive

coﬁdigj‘ns (ffom’Fontana and Greene?)

[ d

A



107

350%C 170 mim

150°C 40 atn

s 0
- -
z z
-t -
o o
> >
. z z
® 0 o N
Z z
-~ o
w —
.0
. s
o

Fe N

pH oH

Fig. 11. Potential-pH diagrams for Fe-H,0 at 250 and 350°C

according to Lewis (from Mann’)

pH
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at 300°C . (from Mann’)
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Fig. 15. Effect of oxygen concentration on mild steel in

slowly moving distilled water at 25°C in a 48 hour test

(from Uhlig'®)
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Fig. 27. Microstructure of X-70 steel with 2% nital as the

etchant. X500
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Fig: 28. 2000 mL Parr pressure reactor with its heating

arrangement and automatic temperature controller
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“ig. 29. 2000 mL Parr pressure reactor head assemb.y and

assembled bomb

Fig. 30. Weight-loss test coupons assembled between 2 Teflon

o> . discs
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Fig.

31. Weight-loss test coupon assembly mounted onto the

~Bead of 1000 mL autoclave-

32. The potentiostat unit along with the corrosion cell
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Fig. 36. U-bend specimens with Teflon sleeves and bolts in

. position
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Fig. 37. U-bend specimens assembled together by welding a
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Fi¥g. 38. Surface film in H,0 + CO, at 200°C after one week.

X560

Fig. 39. Surface film in H,0 + CO, at 200°C after one week.

X1100
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X560

Surface film in H,O0 + CO, at 200°C after 7 weeks.

X1100
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[

Fig. 42. Surface film in H.0 + CO. at 200°C after 2 weeks
(top side of the sample, freely exposed to the solution).

X560

Fig. 43. Surface film in H,O + CO, at 200°C after 2 weeks
(top'side of the sample, freely exposed to the solution)

X1100
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Fig. 44. Surface film in H,0 + CO, at 200°C after 2 weeks
(bottom side of the sample, not freely exposed to the

solution). X560

Fig. 45. Surface film in H,0 + CO, at 200°C after 2 weeks
(bottom side of the sample, not freely exposed to the

solution). X1100
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Fig. 47. Surface film in H,O0 + CO, at 300°C after one week.

X1100



Fig. 48. Surface film in H;0 + CO: at 300°C after five

weeks. X560

Fig. 4G. Surface film in H,0 + CO, at 300°C after five

weeks. X1100
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Fig.

50.

51.

Surface film in 1 M NH,HCO, + CO, at 300°C after

one week. X560

Surface film in 1 M NH,HCO; +.CO, at 300°C after

one week. X1100
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at 300°C after 3

+ CO;

1

Surface film 1in

52.

Fig.

M NH, HCO;

X1100

weeks.

Surface film in 1 M NH,HCO, + CO, at 300°C after 3

53.

Fig.

%1800

weeks.



Fig. S54. Surface film in 1 M NH,HCO, at 200°C after one

week. X560

Fig. 55. Surface film in-1 M NH,HCO; at 200°C after one

S

week., X1100



Fig. 56. Surface film in i M NH,HCO,; at 200°C after 30 days.

X560

e

Tiq. 57. Surface film in 1 M NH,HCO, at 200°C after 30 days.

21106
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Fig. 58. Surface film in 1 M NH,HCO; at 300°C after one

week. X560

Fig. 59. Surface film in 1 M NH,HCO, at 300°C after one

week. X1100
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Fﬂg. 60. Surface film in 1 M NH,HCO, at 300°C after 2 weeks.

X1100

Fig. 61. Surface film in 1 M NH,HCO, at 300°C after 2 weeks.
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Fig. 64. Surface film in 1 M NH,HCO, + 1 M NH,OH at 200°C

after one week. X560

Fig. 65. Surface film in 1 M NH,HCO; + 1 M NH,OH at 200°C

after one week. X1800
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Fig. 66. Surface film in 1 M NH,HCO, + 1 M NH,OH at 200°C

after 4 weeks. X560

Fig. 67. Surface film in 1 M .+ 1-M NH,OH at .200°C

after & weeks. x1100



Potential (mV vs. s.c.e.)

- —1000-

-Fig.

1200
1000 ~
800

600

400

200
0
~200
—400

~600

800

— - Forward scan
- (10 mV/min)
———~— Reverse scan

(10 mV/min)

—-1200

—_

—-1400

1T T TTTHY T T TTE T 1 T HTTiT] i LR LRRA

10 100 1000 , 10000
Current Density ( uA/cm”)

100°C.

137

68. Potentiodynamic polarization curve in H,0 + CO, at
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Fig. 69. Potentiodynamic polarization curve in H;O * CO. at

150°C.
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Fig. 70. Potentiodynamic polarization curve in H,0 + CO; at
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Fig. 71. Potentiodynamic polarization curve in H:0 + CO: at

250°C.
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fig. 72. Potentiodynamic polarization curve in 1 M NH,HCO, +

CO, at 100°C.



142

1200

1000

Forward scan
(10 mV/min)
———— Reverse scan

- 800 (10 mV/min)

500
400
200 -
0
200
~400 -

—-600

Potential (mV vs. S.c.e.) /\

-800-
~1000-

—1200

—1400 1T T PN T T ETTH T 1 I.Il|ll] T L BRI RRA

i 10 100 1000 _ 10000
Current Density ((uA/cm”)

{

Fig. 73. Potentiodynamic polarization curve in 1 M NH,HCO, +

CO, at 150°C.
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Fig. 75. Potentiodynamic polarization curve in 1 M NH ;HCO,; +

CO, at 250°C.
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Fig. 76. Potentiodynamic polarization curve in 1 M NH4HCO,

at 100°c.
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Fig. 77. Potentiodynamic polarization curve in 1 M NH,HCO;
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ation curve in 1 M NH,HCO.
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Fig. B84. Pitting on the sample after polarization run in H:O

+ CO, at 100°C.
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