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ABSTRACT

The corrosion behaviour of 18 % Ni M250 grade maraging steel under weld
aged conditions in two different acid media, namely, hydrochloric acid and sulphuric
acid in various concentrations and temperatures have been studied by Tafel
polarization and electrochemical impedance spectroscopy techniques. The corrosion

rate in the sulphuric acid medium was higher than in the hydrochloric acid medium.

Five organic inhibitors were synthesized and characterized using spectral and
elemental analysis. The five inhibitors were 1(2E)-1-(4-aminophenyl)-3-(2-thienyl)
prop-2-en-1-one (ATPI), 2-(4-chlorophenyl)-2-oxoethyl benzoate (CPOB), 2-(4-
bromophenyl)-2-oxoethyl- 4-chlorobenzoate (CPOM), (E)-1-(2,4-dinitrophenyl)-2-[1-
(2-nitrophenyl) ethylidene] hydrazine (DNPH) and 5-diethylamino-2-{[2-(2,4-
dinitrophenyl) hydrazin-1-ylidene]methyl} - phenol (DDPM). The results pertaining
to the corrosion inhibition studies of five inhibitors in two different acid media at
different temperatures in the presence of varying concentrations of inhibitors are
reported in the thesis. Activation parameters for the corrosion of the alloy and
thermodynamic parameters for the adsorption of the inhibitors have been calculated

and the results have been analysed.

The adsorption of first four inhibitors on the alloy was through both
physisorption and chemisorption, with predominant physisorption in both the media.
The mode of adsorption for the DDPM predominantly chemisorption in both the
media. The adsorption of all the five inhibitors on alloy surfaces follows Langmuir
adsorption isotherm. The inhibition efficiencies of first four inhibitors decrease with
the increase in temperature, the inhibition efficiency of DDPM increases with the

increase in temperature.

Key Words: Maraging steel, Corrosion, Inhibitor, Adsorption.
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CHAPTER 1

INTRODUCTION



1.1 IMPORTANCE OF CORROSION

The deterioration of materials due to reactionshwiteir environments is the
currently accepted broad definition of corrosiomeTterm corrosion has its origin in
Latin. The Latin term “rodere” means ‘gnawing’ atwbrrodere” means ‘gnawing to
pieces’ (Sastri et al. 2007). The process of caros the transformation of pure metal
into its undesired metallic compounds. Corrosiomgyrddes the useful properties of
materials and structures including strength, aes and permeability to liquids and
gases. The life of a metal gets shortened by domgsocess (Uhlig 1948, Bardal 2003).
The corrosion can be a fast or a slow process dépgrupon the metal and the
environment in which it is undergoing corrosion fffama 1987). It occurs with all metals
except the least active noble metals such as gulgktinum (Banerjee 1985).

Finished Steel Product
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\ : Corrode
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Energy /

Mining Ore\ .
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Fig. 1.1: The corrosion cycle of steel.
Most of the metals occur in combined state exdepiibble metals. Pure metal is
extracted from their ores by metallurgical procesgrgy being supplied in the form of
heat or electrical energy (Pierre 2008). The okthipure metals are relatively at higher

energy state compared to their corresponding ares,they have a natural tendency to



revert back to their combined state. Thus corros’brmetals can be considered as
extractive metallurgy in reverse (Fontana 1987, i®a000). Fig. 1 illustrates the
corrosion life cycle of a steel product (Davis 2p(brtunately, the rate at which most of
these processes progress is slow enough to progefel building materials. Only inert
atmospheres and vacuums can be considered fregrosion for most metallic materials
(Philip 1996).

1.2 NEED FOR CORROSION STUDY

Corrosion is all around us. It shows itself in ratined structures that are falling
down with age. Corrosion processes cost billiondadfars each year in maintenance and
repair. Corrosion is relentless and patient, aeditable. There are three primary reasons
for concern about and the study of corrosion -tgafeconomics and conservation.
Corrosion is an economic problem associated closély the loss of capital assets and
business profits. Corrosion control provides mastaatageous course of avoiding such
loses. Emergence of rust holes in body panel of aatemobile, aircrafts, failure of
weapons in defence, outdoor rusting of steel haaldshrusting of steel bars in concrete
bridges, expensive repair and replacement of plogsystems, water heaters are
common experience®etroleum industry, chemical processing plantserdeation of
concrete bridges, electric power generation platestronic equipments, ships and other
concrete structures etc., are facing devastatingsion costs (Fontana 1987, Sastri et al.

2007, Philip 2007)The scientist studies corrosion mechanism to imgrov
* The understanding of the causes of corrosion.
» The ways to prevent or minimize damage caused bpsion.

* The understanding of mechanism of corrosion andpih&sible methods and

mechanism of control.



1.2.1 Some of the economic consequences ar e as follows

» Replacement of corroded equipments.

» Overdesign to allow for corrosions.

* Preventive maintenance, for example, painting.

» Shutdown of equipment due to corrosion failure.

» Contamination of a product.

» Loss of efficiency.

» Decrease in the heat-transfer rate in heat exchange

» Loss of valuable product (Fontana 1987, Davis 200Cafferty 2010).

1.2.2 Still other consequences ar e social. These can involve the following issues

« Safety, for example, sudden failure can cause érplosion, release of toxic
product and construction collapse.
* Health, for example, pollution due to escaping piadrom corroded equipment
or due to a corrosion product itself.
» Depletion of natural resources, including metalsd ae fuels used to
manufacture them.
* Appearance as when corroded material is unpleasintpe eye (Davis 2000,
Philip 2007).
Another aspect of concern is the limit of resesrin the world. We have reached
a level of maturity to be able to recognize that matural resources are limited and finite
in our world, and that methods to conserve theseurees by recycling and other
methods have a prominent role to play. Corrosia@vegntion and protection arrests the
degradation of metals/materials and contributes significant way to the conservation
of resources with minimum damage to the ecosyst&ige materials are prone to
corrosion it is useful to know the factors bothedirand indirect, which affect the choice
of materials and their related corrosion resistailceghe design of an engineering
structure (Sastri et al. 2007).



1.3 ELECTROCHEMICAL THEORY OF CORROSION (Fontana 1987, Bardal
2004, Gadag and Shetty 2006, Einar 2004, Pierr8)200

The corrosion of a metal in the environment is #&cteochemical process.
According to electrochemical theory, corrosion aiatal in aqueous solution involves
oxidation and reduction with the formation of armdnd cathodic regions on the metal
surface. These regions together form corrosiors.cAll anodic region oxidation reaction
takes place (i.e., liberation of free electronsyl dne metal is converted into its ions
(M™). Consequently, metal undergoes corrosion at tieeia region. Thus anodic metal
is destroyed by either dissolution of the metalfdom soluble ionic products or an
insoluble compound of the metal, usually an oxibgere are several cathodic reactions,
which are frequently encountered in metallic caoonsdepending on the type of
reducible species present in the environment. Atothc site, reduction reaction (i.e.,
gain of electrons) takes place. Since metal cabhaatduced further metal atoms at the
cathodic region are unaffected by the cathodicti@acThe electrons liberated at the
anodic region migrate to the cathodic region céustig corrosion current. The metal
ions liberated at the anode and some anions foahedthode diffuse towards each other
through the conducting medium and form a corropi@uuct somewhere between anode
and cathode. Since anodic and cathodic reactioogr @multaneously and at the same
rate on metal surface, they create an electroclammédl. The basic corrosion process in

acid medium is represented in Fig. 1.2.

The anodic reaction in every corrosion reactiothes oxidation of a metal to its

ion. This can be written in the general form:
M - M™+ ne (1.

The number of electrons produced is equal to thenes of the metal. The possible

anodic reaction during corrosion of iron can baespnted as follows,

Fe_ Fé' +2e (1.
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Fig. 1.2: The electrochemical cell set up betweeoda and cathodic sites on a metal

surface undergoing corrosion.

There are several cathodic reactions, which arguémetly encountered, in
metallic corrosion. The most common cathodic reastiare;

Hydrogen evolution (acid solutions):
2H +26 — H 1 (1.3)

Hydrogen evolution (neutral or basic solutions):

2H,0 +2¢ - 20H + H,1 (1.4
Oxygen reduction (acid solutions):

4H*+0O,+4e -~ 2H O (1.



Oxygen reduction (neutral or basic solutions):
2H,0 + Q, + 4e . 40H (1.¢

Rusting of iron in neutral aqueous solution in pihesence of atmospheric oxygen
is a common example of corrosion. Corrosion ofijppoduces Fé ions and OHions at
the anode and cathode sites, respectively. Thesediffuse towards each other. Since
smaller F&" ions diffuse more rapidly than OHbns, their combination occurs more

commonly near the cathodic region to produce irtdel&e (OH).
2F€" + 40H - 2Fe(OH)! (1.7

If enough oxygen is present, ferrous hydroxideeadily oxidized to hydrated ferric
oxide.

4Fe(OH) +Q +2H O- 2(Fe © .3H O) (Yellow Rust) (1.8)

In the presence of limited oxygen, ferrous hydrexsl converted into magnetic oxide of
iron (F&0,) and known as black rust.

3Fg( OH, +/5, Q -~ Fe Q .34 O (Black Rust) (1.9)

1.4 CLASSIFICATION OF CORROSION

Corrosion has been classified in many different svaylassification is usually
based on one of three fact@dones 1996, Philip 1996, Davis et al. 2003).

No. | Factor Types Characteristics

_ Electrochemical attack in
1. Wet corrosion

Nature of the the presence of moisture

corrodent Direct chemical attack in

2. Dry corrosion _
the absence of moisture




Mechanism of 1. Electrochemical corrosion Destruction by eldgtes

2. .
corrosion 2. Chemical corrosion Direct chemical attack
) ) Corrodes at the same rate
1. Uniform corrosion )
, Appearance of the over the entire surface

corroded metal Metal corrodes only at

2. Localized corrosion
small areas

1.4.1 Formsof Corrosion (Fontana 1987, Jones 1996, Philip 1996)

The classification is based on the appearance mbded material. Some of the

types of corrosion cases observed are discussea bel
1.4.4.1 Uniform corrosion

It is one of the most easily measured and predetédrms of corrosion. The
corrosion corresponds to the corrosion attack wighgreatest weight loss of the metal. It
is the uniform thinning of the metal without anycétized attack, thereby causing an
eventual failure of the material. Uniform corrosiengenerally thought of in terms of
metal loss due to chemical attack or dissolutiothef metallic component into metallic

ions.
1.4.4.2 Galvanic corrosion

It refers to corrosion damage induce@mvtwo dissimilar metals are coupled in a
corrosive electrolyte. When two different metaliiaterials are electrically connected
and placed in a conductive solution, the potewlifi¢rence between the two will provide
a stronger driving force for the dissolution of tflees noble (more electrically negative)
material. The less noble metal will suffer fromaeadion while the more noble metal acts

as the cathode. Example: steel screws in coppet.she



1.4.4.3 Crevice corrosion

Crevice corrosion is a localized type of corrostmeurring within or adjacent to
narrow gaps or openings formed by metal-to-metaleiometal contact. It results from
local differences in oxygen concentrations, assedialeposits on the metal surface,
gaskets, lap joints, or crevices under a bolt ouad rivet heads where small amounts of
liquid can collect and become stagndbitevice corrosion may take place on any metal
and in any corrosive environmeiithe material responsible for forming the crevicede
not be metallic. Wood, plastic, rubber, glass, cet&; asbestos, wax, and living
organisms have been reported to cause crevicestamAfter the attack begins within
the crevice, its progress is very rapid. Examplerrasion of steel in an industrial

environment resulting from wetted area within ccevi
1.4.4.4 Pitting corrosion

It is a localized and intense form of corrosionttresults in holes in the metal,
where the bulk of the surface remains unattackating® occurs only when a small area
of a metal becomes anodic with respect to theaktte surface. In the extreme case, it
appears as a deep, tiny hole. The depth of theey®ntually leads to a thorough
perforation or a massive undercut in the thickredgshe metal part. This form of attack is
most commonly found in those materials of whichspas films have broken down.

Example: stainless steel exposed to chloride coingiwater.
1.4.4.5 Intergranular corrosion

As the name suggests, this particular corrosiomackst those sites where
individual grains within a metallic material touebch other. It is a localized attack at and
adjacent to grain boundaries, with relatively ditttorrosion of the grains. These
boundaries are natural regions of higher energy ttughe greater frequency of
dislocations of atoms from the natural order of mhaterial's structure. Grain boundary

material of limited area, acting as anode is intacinwith large areas of grain acting as



cathode. Example: Depletion of chromium in the mrAoundary regions results in

intergranular corrosion of stainless steels.
1.4.4.6 Selective leaching

It is the process whereby a specific element msoreed from an alloy due to an
electrochemical interaction with the environmenisithe preferential dissolution of one
element from an alloy. The result of this corros®that of leaving a porous and usually
brittle shadow of the original component. Examplg®ezincification of brass alloys is
the most familiar example of this type of corrosidah Selective loss of aluminium in

aluminium-copper alloys and the loss of iron intégam-carbon steels.
1.4.4.7 Erosion cor rosion

It is a type of corrosion resulting from the inged rate of corrosion attack which
is due to the movement of a corrodent over a na&talace. The movement of the
corrodent can be associated with mechanical wdae.ificrease in corrosion due to the
erosion process is usually related to the removdbmage of the protective surface film.
The mechanism is usually identified by localizedrasion which exhibits a pattern that
follows the flow of the corrodent. A type of corrms familiar to pump impellers, this
form of attack is caused by the formation and @dsiéaof tiny vapour bubbles near a
metallic surface in the presence of a corrodene Pplotective surface film is again

damaged, in this case by the high pressures céysi collapse of the bubbles.
1.4.4.8 Stress corrosion cracking (SCC)

In this type of corrosion, the cracking is indudemm the combined influence of
tensile stress and a corrosive environment. Dustngss corrosion, the metal or alloy is
virtually unattacked over most of its surface, wHihe cracks progress through it normal
to the direction of tensile stress. In this typeoifrosion, stressed part of the metal acts as
anode and the stress free part acts as cathodan lead to unexpected sudden failure of

normally ductile metals subjected to a tensilesstrespecially at elevated temperature in



the case of metals. SCC often progresses rapiatiyisasmore common among alloys than
pure metals. Season cracking of brass and causbcitdement of steel are two classic

cases of stress corrosion.
1.4.4.9 Hydrogen embrittlement

Atomic hydrogen generated during pickling, platingelding or corrosion;
diffuses into the metal or alloys through the ghagundaries and combine at the crystal
imperfections to form molecules. The equilibriumegsure of molecular hydrogen in
contact with atomic hydrogen exerts very large sues. Therefore high internal stresses
are induced which cause stress corrosion and thlisref of equipment. Hydrogen
blistering, hydrogen embrittlement and decarbuioratre caused because of hydrogen
damage.

1.4.4.10 Corrosion fatigue

Corrosion fatigue is defined as the reduction digte resistance due to the
presence of a corrosive medium. Thus corrosiomgdatis not defined in terms of the
appearance of failure but in terms of mechanicaperties as there is degradation in
these. There is usually a large area covered wittosion products and small roughened
area resulting from the final brittle fracture. @msion fatigue can be viewed as special

case of stress corrosion cracking.
1.5 FACTORSAFFECTING CORROSION RATE

Some of the important factors which influence thte rof corrosion are discussed
below (Speller 1951, Jones 1996, Gadag and Shedf)2

1.5.1 Nature of the metal

The tendency of a metal to undergo corrosion ireags solution depends upon
its electrode potential, which is variable, subjecbther conditions such as temperature,

pressure and concentration. In general, the mat#fslower electrode potential values

10



are more reactive than the metals with higher eddet potential values. The metals with
lower electrode potential are more susceptiblectmrosion than the ones with higher
electrode potentials. However there are exceptiorthis general trend as some metals

show passivity.
1.5.2 Differencein potential between anodic and cathodic region

Larger the potential difference between the anoggion and cathodic region of

the corrosion cell, higher is the corrosion rate.
1.5.3 Nature of the corrosion product

The corrosion product formed on the surface ofrtle¢al may or may not act as
protective film. If the corrosion product depositesl insoluble, stable, uniform,
nonporous and adherent it acts as a protective. fAmthin, invisible, impervious,
continuous film formed on the surface acts as aidvabetween the fresh metal surface

and the corrosion environment.
1.5.4 Ratio of anodic to cathodic area

The rate of corrosion is greatly influenced by te&tive sizes of anodic and
cathodic areas. If a metal has a small anodic arehlarge cathodic area, then the
corrosion is more intensive at the anodic regiocabse electrons released at the anode
are rapidly consumed at the cathode. If cathodenaller than anode, the consumption of

electrons at the cathode will be slower and lowdirhe the corrosion rate.
1.5.5 Hydr ogen overvoltage

Hydrogen overpotential is an important factor ofrrosion where hydrogen
evolution is the cathodic reaction. Under the givenvironmental conditions of
temperature, pressure and flow rate of medium, esatial exhibits its own characteristic
resistance (hydrogen overpotential) to hydrogeriutiam reactionHigher the hydrogen

overvoltage, more difficult is the liberation ofdrpgen on the metal surface. Hence any

11



factor, which increases hydrogen over potentiall @ansiderably retard the corrosion

rate.
1.5.6 Temperature

In general, corrosion rate increases with the es@an temperature, probably due
to the increase in conductance of the medium, dseren polarization effects, solubility

of corrosion products, breakdown of protective fibtc.
1.5.7pH

Depending on the pH of the medium and the natutbeimetal, either hydrogen
evolution or oxygen reduction reaction predominatasgeneral, lower the pH of the
corrosion medium, higher is the corrosion rate. Ewesv, some metals like Al, Zn, etc.,

undergo fast corrosion in highly alkaline solution
1.5.8 Presence of oxidising agents

The presence of oxidising agents increases thegiorr rate of the metal. Even

noble metals undergo corrosion in the presenceidising agents.
1.5.9 Polarization at anodic and cathodic region

During the process of corrosion, the polarizatidrthe anode and the cathode
decreases the corrosion rate substantially. Palsoiz at the electrodes is due to: (i)
change in concentration at the vicinity of the #&lade (ii) overvoltage or (iii) presence of

surface films on the electrodes.
1.5.10 Effect of dissolved oxygen

Amount of dissolved oxygen in the corrosion mediplays a significant role in
cathodic reaction of the corrosion. In many casesspective of the pH of the solution,
corrosion occurs at relatively slow rate involviogygen as the depolarizer. Differential
aeration or oxygen concentration cell is formedtm metal surface, when it is exposed

12



to the environment having different oxygen concaiins. Oxygen rich area becomes
cathodic whereas oxygen deficient area becomesi@arniadsome cases the metal oxide

formed acts as a passive barrier between metahanehvironment.
1.5.11 Effect of velocity of the medium

If the corrosion is due to presence of stagnantzaincorrosive fluid or due to
formation of shielded area, increase in velocityl decrease the corrosion rate. If the
corrosive ions are supplied because of velocity,abrrosion rate will increase. Increase
in velocity can also increase the corrosion rateretthe corrosion resistance is due to

formation of less strong surface film.
1.5.12 Effect of other ions present in the solution

The rate of corrosion process is affected by tlesgmce of certain ions like Cl
SO, NOs, etc. For instance in the formation of protecti on the metals such as
aluminium, iron, copper etc., chloride ions wilterfere and can cause extensive damage.
Similar effects with less severity were also obedrin the presence of sulphate ions.
Sometimes the intermediate corrosion products becpradominant in controlling the

rate of corrosion process.

1.6 THERMODYNAMICS OF CORROSION (Fontanal1987, Davis 2003, Philip 2007,
Winston et al. 2008).

Thermodynamic approach of energy changes involvedhé electrochemical
reactions of corrosion provides the information wbdhe driving force and the
spontaneous direction of the reaction. The chandeee energ\AG is a direct measure
of the work capacity or maximum electric energyikde from a system. If the change
in free energy accompanying the transition of desysfrom one state to another state is
negative, this indicates a loss in free energy alsd the spontaneous reaction of the
system. It is not possible to predict accurateby ¥klocity of a reaction from change in

free energy. This parameter reflects only the timacof reaction by its sign, and any
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predictions of velocity based on the magnitude h&f thange in free energy may be
erroneous.

The free energy change accompanying an electroclaémeaction can be
calculated by the following equation.
AG = - nFE (1.10)
whereAG is the free energy change, n is the number efreles involved in the reaction,
F is the Faraday constant and E is the cell patenti
To determine the potential of a system in whichréectants are not at unit activity, the

Nernst equation can be employed, that is,

E=E +2308 logle (L1
nF Bed

where E is the cell potential ?Ehe standard cell potential, R is the gas consfhris
absolute temperature, n is the number of electi@msferred, F is the Faraday constant,
ax and aq are the activities of oxidized and reduced spedi&sis, there is a definite
relation between the free energy change and tHepo&tntial of an electrochemical
reaction. In any electrochemical reaction, the megfative or active half-cell tends to be
oxidized, and most positive or noble half-cell terid be reduced. Electrode potentials
are very useful in predicting corrosion behavioiilt. metals with reversible potentials
more active than hydrogen will tend to be corrotgdacid solutions. Hence, electrode

potentials can be used to state a criterion farosoon.

Potential/pH diagrams (Pourbaix diagrams) graplhjicabresent the stability of a
metal and its corrosion products as a functionhef potential and pH of an aqueous
solution. The pH is shown on the horizontal axid #me potential on the vertical axis.
The main uses of these diagrams arByédicting the spontaneous direction of reactions,
i) Estimating the composition of corrosion produci, Predicting the environmental
changes that will prevent or reduce corrosive &ttac

14



20 T o | T ] | R A
I;\
= 16 o
[*]
2 12 Fe*?
0 a2 -
11]
_g Oah---—— —
™
E ool Fe*?
z
o =04
o
= -08}
'*E FQ(OH)Z
S -2} Fe
o
n" _15 1 1 1 | |

. T (-
-2 9 2 4 6 8 10 12 14 16
pH

Fig. 1.3: Pourbaix diagram fomiiwater/dissolved oxygen system.

From a corrosion engineering perspective, the vafigourbaix diagrams is their
usefulness in identifying potential — pH domainsewehcorrosion does not occur - that is,
where the metal itself is the stable phase. By rotlimtg potential (e.g., by cathodic
protection) and/or by adjusting the pH in speciiemains identified using Pourbaix
diagrams, it may be possible to prevent corrosiomftaking place.

A typical Pourbaix diagram for iron is shown in Fig3. As shown, it is possible
to delineate areas in which iron, iron hydroxidesrdus iron etc., thermodynamically
stable. That is these forms represent states afdbfree energy. Thermodynamics does
not predict how fast the corrosion reaction willcoc To understand the kinetics of
corrosion, examination of a number of electrochamprinciples for example, mixed
potential behaviour, polarization behaviour, and toncept of exchange currents, are
required. Some useful terms used to explain elelctnmical kinetics of corrosion are

explained in the following sections.
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1.7 KINETICS OF CORROSION (Robert et al. 2003, Nestor 2004, Philip 2007, ieier
2008)

Electrochemical reaction kinetics is essential etedmining the rate of corrosion
of a metal exposed to a corrosive medium (elededlyOn the other hand,
thermodynamics predicts the possibility of corrosibut it does not provide information
on how slow or fast corrosion occurs. The kinetits reaction on an electrode surface
depends on the electrode potential. Thus, a reacdtt® strongly depends on the rate of
electron flow to or from a metal-electrolyte ineé. If the electrochemical system
(electrode and electrolyte) is at equilibrium, thiwie net rate of reaction is zero. In
comparison, reaction rates are governed by cherkioatics, while corrosion rates are

primarily governed by electrochemical kinetics.

Electrochemical kinetics of a corroding metal carcharacterized by determining
at least three polarization parameters, such aesion current density &) corrosion
potential (Eo) and Tafel slopes {band/or ). Then the corrosion behaviour can be
disclosed by a polarization curve (E vs. log i)akmtion of these parameters leads to the
determination of the polarization resistance and torrosion rate which is often
converted into Faradaic corrosion rate l@ving units of mm V. In reality, polarization
effects control the cathodic and anodic currends #ne integral components of corrosion

processes.

To develop a current in either a galvanic or etggtic cell, a driving force in the
form of a potential is required to overcome thastasce of ions to movement toward the
anode and the cathode. Just as metallic condudtes force follows ohm’s law and
equal to the product of | in A and R €&. The force is generally referred to as ohmic
potential, or IR drop. The net effect of IR droptasincrease the potential required to
operate an electrolytic cell and to decrease medspotential of a galvanic cell.

Therefore, the IR drop is always subtracted froenttteoretical cell potential, that is,

E = Ecathode- Eanode_ lR (11‘

cell
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The equation 1.12 predicts that at constant eléetrpotentials, a linear
relationship should exist between the cell voltagd the current. In fact, departures from
linearity are often encountered and under theseumistances, the cell is said to be

polarized. The polarization may arise at one oh labé¢ctrodes.

The degree of polarization of electrode is measurgdthe overvoltage or
overpotential, which is the difference between the actual eteldrpotential E and the
thermodynamic or equilibrium potentiakffwhere E < g but in the case of anodic
polarisation this equation will be opposite (E 2)EIt is important to realize that
polarization always reduces the electrode potefdrah system. The polarization is said
to be anodic when the anodic processes on theradectre accelerated by moving the
potential in the positive (noble) direction or aadit when the cathodic processes are
accelerated by moving the potential in the negatactive) direction. There are three

distinct types of polarization and these are adelitas expressed in Eq. (1.13):

ntotaI: Tlact-i- n conc+ lR (11

where, i)nact IS the activation overpotential, a complex funetidescribing the charge
transfer kinetics of an electrochemical reactiggy is always present and the main

polarization component at small polarization cutsesr voltages.

i) Meonc IS the concentration overpotential, a functioncdésg the mass transport
limitations associated with electrochemical proesssiconc iS dominant at larger

polarization currents or voltages.

iii) IR is the ohmic drop. This function takesordccount the electrolytic resistivity of an
environment when the anodic and cathodic elemdrdascorrosion reaction are separated

by this environment while still electrically couple
Electrochemical polarizations are divided into ¢hmeain types.

a) Activation polarization
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Activation polarization is usually the controllifigctor during corrosion in strong
acids since bothconcand IR are relatively small. Activation polarizatiis caused by the
resistance against the reaction itself at the ned¢mlrolyte interface. In other words
activation polarization is caused by a slow elet#roeaction because the reaction at the
electrode requires activation energy. Both anodid eathodic reactions can be under
activation polarization. A reaction for which acttion polarization dominates is referred

to as activation controlled.
b) Concentration polarization

Concentration polarization is observed when thetiea rates are controlled by
the diffusion of the specific species in the bulkciolyte to the metal electrolyte
interface. When a chemical species participatinga ilcorrosion process is in short
supply, the mass transport of that species to treoding surface can become rate
controlling. Concentration polarization usually gweninates when the concentration of
the active species is low; for example, in dilutdda or in aerated waters where the

active component, dissolved oxygen, is only preaerery low levels.

¢) Ohmic polarization

Solutions of electrolytes have rather poor conditgticompared to metals,
particularly in dilute solutions. In corrosion sgsts, if the metal surface is covered by
paints or other films of insulating material ottlife electrolyte surrounding the electrode
has high resistance, it will give rise to a potantlrop through either a portion of
electrolyte or through the film on the metal su€fae both, which is known as resistance
polarization. If resistance polarization dominage®action, it is referred as resistance or
IR controlled. The ohmic drop will become an extedyrimportant factor when studying
corrosion phenomena for which there is a clear re¢ipa of the anodic and cathodic

corrosion sites, for example, crevice corrosion.
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1.8 MIXED POTENTIAL THEORY

According to this theory (Wagner and Truad 1938); alectrochemical reaction
can be divided into two or more oxidation and remuncreactions, and there can be no
accumulation of electrical charge during the resctiTwo basic premises underlie
mixed-potential theory. First, the anodic currenain electrochemical cell must equal the
cathodic current. This is a requirement of the eovetion of electrical charge. The
number of electrons generated by the total of mitlation reactions must be exactly
equal to the number of electrons consumed by tia¢ ad all reduction reactions. Second,
for the purpose of examination and definition oé thlectrochemical cell, the anodic
(oxidation) and cathodic (reduction) reactions dan defined, written, and treated
independently. Oxidation reactions occurring atahede liberates electrons as given by
equation (1.1) to (1.2). The mixed potential theqnpposes that all the electrons
generated by anodic reactions are consumed byspameing reduction reactions. The
more common cathodic reactions encountered in aguemrrosion are given in
equations (1.3) to (1.6).

During corrosion more than one anodic and more trencathodic reaction may
be operative. The mixed potential itself, whiclcasnmonly referred to as the corrosion
potential (Eorr), is the potential at which the total rates of takk anodic reactions are
equal to the total rates of all the cathodic reenxsi The current density atJk is called
the corrosion current density,J, and is a measure of the corrosion rate. Whentalme
such as iron is corroding in an acid solution, botte half-cell reactions occur

simultaneously on the surface.
Anodic: Fe Fé& + 2e (1.1
Cathodic: 2H +2e— H (1.1

The corrosion behaviour of iron in dilute mineraidasolution (HCI) can be taken

to illustrate the importance of kinetic factor ietdrmining the rate of corrosion. The

19



electrochemical characteristics of the system @anepresented by the modified Evan’s
diagram schematically shown in Fig.1.4.
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Fig. 1.4: Electrode kinetic behaviour of pure iraracid solution (schematic).

Each electrode has its own half-cell electrode mtaik and exchange current
density, as shown in Fig. 1.4. However, the twd-ball electrode potentialsggre,+and
En+/m2 Cannot coexist separately on an electrically cotidel surface. Each must polarise
or change potential to a common intermediate vdiyg, (corrosion potential) which is
also referred to as a mixed potential since it mbination or mixture of the half-cell
electrode potentials for reaction (1.14) and (1(I6hes 1996, Fontana 1987).

If an iron piece is dipped in HCI containing sonsréus ions, the electrode
cannot remain at either of these two reversibleqals but must lie at some other
potential. Iron is metallic and a good conductoretdctricity and therefore the entire
surface must be at a constant potential. The tatds of oxidation and reduction
reactions are equal at the intersection of polagmacurves for the two processes

represented by ;. The rate of hydrogen evolution and the rate @ idissolution will
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be equal and this is expressed in termsq@f icorrosion current density. For most of the
metals the corrosion current density giAlcm?® will be equal to the corrosion rate of
0.025 mm ¥.

1.9ELECTROCHEMICAL CORROSION TESTING

Corrosion of metal occurs through electrochemieattions at the metal-solution
interface. Understanding the electrochemical phesmmm of a corrosion process will
help to monitor and mitigate corrosion reaction. l&ng electrochemical methods, it is
possible to monitor as well as understand the hetaatrochemical process taking place
on the metal surface. Unlike weight loss or gratimemethods, electrochemical
methods are fast in determining and analysing tketrechemical properties (Davis
2003, Robert 2003). The electrochemical methodd tmethis study are described in the

following sub-sections.
1.9.1 DC Electrochemical monitoring techniques:

DC polarization test is a potential dynamic comosiesting technique. When an
electrode is polarized, it can cause current tovfloa electrochemical reactions that
occur at the electrode surface. The amount of oturgenerated is controlled by the
kinetics of the reactions and the diffusion of teats both towards and away from the
electrode. In a cell where an electrode undergogsrm corrosion at open circuit, the
open circuit potential is controlled by the equilimm between the two different
electrochemical reactions. One of the reaction®iggas cathodic current and the other
anodic current. The open circuit potential is dals® potential at which the cathodic and
anodic currents are equal. It is referred to asx@anpotential. The value of the current
for either of the reactions is known as the cooosiurrent. Mixed potential control also

occurs in cells where the electrode is not corrgdin

1.9.1.1 Tafe Polarization technique for estimating corrosion current (Fontana 1987,
Jones 1996, Bardal 2004, Winston 2008)
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The Tafel plots are generated by applying a paemtd 250 mV in both the
positive and negative directions from the open utirgotential against reference
electrode. The current density is measured andlyslatted on a logarithmic scale. The
corrosion potential (&) and the corrosion current density,{) are obtained from the
Tafel plots. The corrosion potential (f) or the open-circuit potential is the potential a
metal will assume when placed in contact with adcmtive medium. Ky is a
characteristic of the corroding system and is wateel with the electrochemical
instrumentation. The Tafel plot provides a diregasure of corrosion current, which can

be used to calculate the corrosion rate.

A typical Tafel plot consists of an anodic and ¢hodic branch, the intersection
of these branches can be projected on the X arxky¥ @ get the.ér and the &, values.
Tangents are drawn to the anodic and cathodic megibthe Tafel curve, the intersection
of these provide the values of,Eand ior When projected on the corresponding axes. If
the electrode potential is plotted against thefitiga of applied current density the plot
as given inFig 1.5 is obtained. The slopes of the linear podiof this plot are called the
Tafel constants, which are used to calculate tHarigation resistance using the Stern-

Geary equation.

R,= -2 :(A?E WE - 0 (1.1€
| |

corr
where,i is the total current at a potential Efis the open circuit potential.

ba bC

= BB (1.1
2.303(h +h )

b, & b are the Tafel proportionality constants for thedio@nd the cathodic reactions;

respectively. The corrosion rate is calculated gigive following equation.

The corrosion ratevor) can be expressed as (in mi):y
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Corrosion ratey_,,,) = K Leor vy (1.18)
p

where ior = corrosion current density in pA/ém

p = Density of corroding material in g/ém

EW = Equivalent weight of corroding material (@io weight/oxidation number)

Tafel Plot

,mV

corr

Potential Relative to E

Cathodic

100 nA 1mA 10 mA 100 mA

i, mA cm™

Fig. 1.5: Plot of the current density versus pagtrghowing the extrapolation of the

Tafel regions to the corrosion potentialeHo yield the corrosion currentop.

It is usually assumed that the process of oxidasamiform and does not occur
selectively to any component of the alloy. Equinéleveight (EW) for alloys was

calculated from following equation:

EW = (1.19)
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where f is the mass fraction of th8 element in the alloy, Ws the atomic weight of the

i" element in the alloy and is the valence of thd'ielement of the alloy (Dean 1999).

E E
i.curr
i, Acm? i, Acm?
a)
ECDl'l'
E E
i.curr
i, A cm? i, Acm?

Fig. 1.6: Determination of corrosion current dendy extrapolation of linear parts of the
polarization curves. a) Both the cathodic and thed& reaction are under activation
control (the overvoltage curves are Tafel lineg).The cathodic reaction is diffusion
controlled and the anodic reaction activation called. c) The cathodic reaction is
activation controlled, the anodic curve is irreguld The cathodic curve is irregular, the

metal is passive, i.e. the corrosion current eqine@gassive current.

The intersection point between the extrapolatect(Ti&gions, in other words the
overvoltage curves, gives the corrosion currenfotdunately, the overvoltage curves are

not always pure Tafel curves. But if either the dinar the cathodic overvoltage curve

24



has a sufficiently long linear part around the osion potential, the necessary basis for
the determination of corrosion rate is present:lithear part of the actual polarization
curve can be extrapolated to the corrosion potenfihus, the corrosion rate is
determined regardless of the other polarizatioweuin Fig. 1.6 four different cases are
shown, in which the corrosion rate is determinecekiyapolating linear parts of both or

one of the polarization curves.

Advantages of Tafel polarization method:

With this method it is possible to measure very tmsrosion rates.

* It can be used, to continuously monitor corrosiaie 1of a system.

This technique is more rapid than the conventiare@ght loss methods.

The Tafel constants,land i can be used with linear polarization data.
Disadvantages of Tafel polarization method:

* This method can be applied only to systems comtgimne reduction process,

since Tafel region is distorted if more than orduion process occurs.

* To ensure reasonable accuracy, Tafel region mushéxover a current range of
at least one order of magnitude but this cannotabhieved because of

interference from concentration polarization arfieoextraneous effects.

» Due to polarization of material under test by savbundred mV from corrosion

potential, the system gets disturbed.
1.9.1.2 Linear polarization method (Fontana 1987, Jones 1996)

The main advantage linear polarization has over Tredel polarization
measurement method is its potential spectrum isnsall, that it is essentially a non —

destructive test. Consequently, linear polarizatimeasurements can be repeatedly made
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on the same test electrode, allowing it to be Useddther applications. Over a small
potential range (< 20 mV), it is observed that #pplied current density is a linear
function of the electrode potential. The appliedeptials are more positive than the
corrosion potential result in anodic current, whsreotentials that are more negative
than the corrosion potential result in cathodiaent to the specimen. At potentials that
are further away from the corrosion potential, hear relationship between potential
and current is no longer obeydthe usefulness of this measurement is that theesbp

potential versus current plot, i.&AE/Aiap, The relationship of the slope of the linear

polarization curve to the corrosion current densibe anodic and the cathodic Tafel

slopes are,
A_E = _babC (1.20
Ai,,, 2.303i,,(b,+ b,)

where,AE/Aiapp is the slope of the linear portion of the curvgahd Ris the anodic and
cathodic slope and.i is the corrosion current densityhe typical linear polarization
graph is shown in the Fig. 1.7.

Advantages of linear polarization technique:

* The method permits rapid corrosion rate measurearghtan be used to monitor

corrosion rate in various process streams.

» It is used for measuring very low corrosion rateswuclear, pharmaceutical and
food processing industries, which are difficult aretlious to perform by

conventional methods.

* This method is non-destructive since the potergllied to the sample is very
small.
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Polarization (E-Econ)

Current density

Fig. 1.7: Linear polarization curve
Disadvantages of linear polarization technique:

 The main demerit of this technique is that it nedddel data to calculate
corrosion rate, which must be obtained either frit@rature or from other

experiments.

e If solution resistance is very high, corrosion sateould be erroneously

underestimated.
1.9.2 AC Electrochemical monitoring techniques:
1.9.2.1 Electrochemical | mpedance Spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) alsmwvk as AC impedance
spectroscopy is a nondestructive electrochemicahadethat is used to evaluate the
electrochemical properties of electrode and eldeti@ectrolyte interfac&lS has found

its application in the field of electrochemistryetio the vital information that is extracted
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about the electrode surface and the interfacigbgntees with an electrically conducting

electrode. Corrosion is one such field where EI&ypla major role in analysing the

kinetic properties and the mechanism. Knowing anaddewustanding the basic

electrochemical reactions at the electrode sudackelectrode/electrolyte interface is the
key factor in understanding the corrosion mechasiand its properties. Electrochemical
impedance is usually measured by applying an A@rmi@l to an electrochemical cell

and measuring the current through the cell. Thea dddtained is then modeled as
equivalent electrical circuits and a variety of omrhation like the charge transfer

resistance, film capacitance, double layer capac#acoating resistance, number of
defects and life-time durability of the system tenobtained (Robert et al. 2003, Nestor
2004, Barsoukov and Macdonald 2005).

1.9.2.2 Principle of the EIS technique (Winston Revie 2000, Venkatasubramaniyan
2009, Gamry instruments 2009)

EIS is based on Ohm’s law on electrical circuitdchihdefines resistance as the

ratio of voltage over current.

r=E (1.21)

where, R is the resistance, | is the current thinaing resistor and E is the voltage across

the resistor.

The ability of a conducting material to resist ft@v of current in an electrical
circuit is called resistance and the material ikedaa resistor. For ideal resistors, the
resistance value is independent of frequency atuafent and voltage values. Impedance
is the general term similar to resistance and &l wshere complex behaviour of one or
more electrical circuit elements exists. In EISrealt AC voltage (1-10 mV) is applied to
the electrochemical system over a wide range ofuieacies and the response to the input
signal i.e., current, is measured. The responseemursignal usually has a phase

difference with the applied potential signal. THeaege in output potential with phase
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difference when an AC current is applied to a sysie called overvoltage. When an
electrochemical system is stimulated by a potesighal it causes various fundamental
processes such as electron transfer within theretkx and at the electrode/electrolyte
interface to and from, from a charged species. Edetirode / electrolyte interface will
behave uniquely when the system in disturbed bglectrical signal. By measuring this
unique transient response it is possible to extraatious properties of that

electrochemical system with a single measurement.

The rate of transfer of charged particles withia tlectrolyte, electrode and at
electrode/electrolyte interface depends on thestaste of the electrolyte, electrode and
on the rate of reaction at the interface. Surfairactural defects, crystallographic
orientation, inclusion of foreign species can alsituence the local electric field. EIS
always applies a small potential disturbance ireptd maintain the pseudo linearity in
the cell’s response. For small electrical signésresponse is always pseudo linear with

a small change in phase between the applied apdnes signal.
Consider an AC sinusoidal potential signal as tipaif to the electrochemical system:

E=E, Sinet) (1.22)

where, Eis the potential at time t,(Hs the amplitude of the signaband tare radial
frequency and time respectively. The response @oathove sinusoidal potential signal
will be a sinusoidal current signal which has tame frequency with different amplitude
and a phase shift. It is given as

I =1, Sin(ot + @) (1.23)
where, § is the amplitude andi$ the current response at titneith a phase change

By applying Ohm’s law on electrical circuits to thbove input and response signal we

can calculate the impedance as below.
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7= TE (1.24
_ _E, Sint) 1.2
I, Sin(t + @) -

_ Sin(ot) |
‘= ZOSin(cot + @) (12

where 2 = Byl is the amplitude of the impedance.

By applying Euler’s rule of complex functions féretabove relation, it is possible
to express impedance in the form of complex fumctdth both real and imaginary parts

as given below
Z=2Z,(cop +]Sip) (1.2

The complex function is expressed in one or bothtle two graphical
representations called Bode and Nyquist plotdidfreal part of the impedance is plotted
against the imaginary part of the impedance onisds@nd ordinate axes, respectively,
we get a Nyquist plot. From the Nyquist plot ifigssible to extract few electrochemical
parameters such as solution resistance, polanzetgistance and total resistance. Also it
is possible to determine the number of time constanolved in the electrochemical
reaction by looking at the shape of the Nyquist.dach semicircle in the Nyquist plot
is characteristic of a time constant involved ire telectrochemical proces3he
impedance behaviour of an electrode may be exptaasRyquist plots of - Zyg as a
function of Zje as in Fig. 1.8.

A Nyquist plot does not show any frequency valuthalgh some definite
frequency was used to get the impedance at each plaint. To overcome this
shortcoming, a Bode plot was developed to indiextectly what frequency was used to

create a data point. Thus a Bode plot is plotteth wwequency on the abscissa axis and
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the absolute value of impedance and the phase amgte ordinate axes. A typical
Bode plot is shown in Fig. 1.9.
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Fig. 1.9: Bode plot
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From the Bode plot it is possible to read impedanith respect to frequency and also
the involvement of capacitance and resistance enetactrochemical reaction from the

phase angle and frequency.
1.9.2.3 Equivalent electric circuit models

The analysis of Nyquist and Bode plots from experital data is done by fitting
the experimental curves to an equivalent electdralit consisting of common electrical
circuit elements such as resistors, capacitorsjrahgttors. These circuit elements should
have some physical relationship to the electrochahparameters of the reaction. For
example a resistor can be used in places where #rerpossible conductive paths in the
electrochemical reaction. Therefore electrochemiparameters such as solution
resistance (between the reference electrode andidhiéng electrode) and polarization
resistance are represented by an equivalent resnstbe model circuit. Capacitors and
inductors are used where there are possible spa@eyec polarization region in the
electrochemical process. The impedance of a capakés inverse relationship with
frequency and the current through a capacitor ldaelsoltage across the capacitor by 90
degrees. These electric circuit elements are céethén a fashion that represents the
actual electrochemical process taking place. Sabeetrical circuit models can be made
in different configurations with different elementsgive the same output, there could be
more than one possible circuit model for a paréicdlectrochemical reaction (Deepika

2003,Venkatasubramaniyan 2009, Gamry instruments 2009).

1.9.2.4 EIS modeling parameters (Stansbury2000, Deepika 2003, Robert 2003,
Nestor2004)

While fitting the EIS data to electrical circuitspme important parameters need to be
considered.

Electrolyte Resistance (Ry)

Electrolyte Resistance or Solution resistance fsnof significant factor in the

impedance of an electrochemical cell. A moderne@tebde potentiostat compensates for
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the solution resistance between the counter anefemte electrodes. However, any
solution resistance between the reference electandethe working electrode must be
considered when the system is modelled. The resistaf an ionic solution depends on
the ionic concentration, type of ions, temperatmd the geometry of the area in which
current is carried. In a bounded area with areand\ langthl carrying a uniform current

the resistance is defined as:

R=p (1.28)

Where,p is the resistivity of the solution.
Double Layer Capacitance (Cy)

An electrical double layer exists at the interfdmgween an electrode and its
surrounding electrolyte. This double layer is fodhees ions from the solution stick on to
the electrode surface. Charges in the electrodesegarated from the charges of these
ions. The separation is very small, of the ordeawngstroms. The value of the double
layer capacitance depends on many variables imgueliectrode potential, temperature,
ionic concentrations, types of ions, oxide layesdectrode roughness, impurity

adsorption, etc.
Charge Transfer Resistance (R«)

The charge transfer resistance is formed by a esirghetically controlled
electrochemical reaction. In this case, theresmgle reaction at equilibrium. Consider a
metal substrate in contact with an electrolyte. Tiegal molecules can electrolytically

dissolve into the electrolyte, according to:
M = M™+ ne (1.2

or more generally:
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Red = Ox + ne (1.3

In the forward reaction in the first equation, élens enter the metal and metal
ions diffuse into the electrolyte. Charge is betramsferred. This charge transfer reaction
has a certain speed, which is dependent on the dingaction, the temperature, the

concentration of the reaction products and therjate
Film Capacitance (Cs) or coating capacitance

A capacitor is formed when two conducting platee aeparated by a non-
conducting media, called the dielectric. The valfithe capacitance depends on the size
of the plates, the distance between the platestlamgroperties of the dielectric. The

relationship is:

Cy=—S (131)

where d is the thickness of the fili8the surface of the electrode€,the permittivity of
the air ande is the local dielectric constant. Whereas thetetad permittivity is a

physical constant, the relative electrical permittyidepends on the material.
1.10. METHODS TO CONTROL CORROSION

Corrosion is both costly and dangerous. Billiohslalars are spent annually for
the replacement of corroded structures, machinang components, including metal
roofing, condenser tubes, pipelines, and many atkers. The corrosion can be better
understood with the basic knowledge of electrockamiand thereby a suitable and more
appropriate corrosion control method could be dgpesti. Understanding of the corrosion
process in general and chemical reaction involweghrticular leads to more information
about corrosion control and prevention methodss the practical experience for many

corrosion engineers that adoption of simple contrethods has enhanced the service life
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of a particular component, thereby finally incregsthe life of the equipment (Davis
2003, Bardal 2004, Sastri et al. 2007, Pierre 2008)

The control methods listed below can be selectednolerstanding the corrosion process.
» Altering the nature of metal
» Changing the nature of environment of the metal
» Painting, electroplating, surface modification
* Neutralizing the corrosion agents of the environmen
* Anodic and cathodic protection
» Alloying.
» Addition of inhibitors.

1.11 CORROSION INHIBITORS (Revie 2000, Davis 2003, Pierre 2008, Revie and
Uhlig 2008)

An inhibitor is a substance, which when added imalsrooncentrations to a
corrosion environment decreases the corrosion Tdte.inhibitors reduce the corrosion
rate either by reducing the probability of its oceace or by reducing the rate of attack
or by doing both. Inhibitor forms thin film on timeetal surface by adsorbing themselves.
Inhibitors protect the metal surface from the &tat the constituents of environment.
Corrosion inhibitors are widely used in the indystr control corrosion. They find major
use in closed environment systems that have gaadlation, so that an adequate and

controlled concentration of inhibitor is ensured.

Inhibitors are used in a wide range of applicatismsh as oil pipe lines, domestic
central heating systems, industrial water coolitygteams, acid pickling and metal

extraction plants. Inhibitors are also commonlyeditb coolants, fuels, hydraulic fluids,
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boiler water and many other fluids used in indusByme of the most effective inorganic
inhibitors are chromates, nitrites, silicates, oadies, phosphates, and arsenates. There
are plenty of organic inhibitors, they include agsnheterocyclic nitrogen compounds,
sulphur compounds (such as thioethers, thioalcoltloisurea, thiosemicarbazbazones),
some natural compounds (such as glue, plant egtiachey) and mixture of two or more
compounds. An efficient inhibitor is compatible ithe environment, is economical for

application, and produces the desired effect whiesgmt in small concentrations.
A corrosion inhibitor may act in a number of ways:

* It may restrict the rate of the anodic processher ¢athodic process by simply

blocking active sites on the metal surface.

* It may act by increasing the potential of the metaface so that the metal enters

the passivation region where a natural oxide fibmmfs.

» The mode of action of some inhibitors is that theilbiting compound contributes

to the formation of a thin layer on the surfaceiochtstifles the corrosion process.

Inhibitors are often easy to use and offer theaathge of in-situ application
without causing any significant disruption to theogess. However, there are several

considerations when choosing an inhibitor.

Cost of the inhibitor can be sometimes very higremwltthe material involved is

expensive or when the amount needed is huge.
» Toxicity of the inhibitor can cause jeopardizindgeets on human beings and other
living species.

* Availability of the inhibitor will determine the ktion. If the availability is low,

the material is often expensive.

* Environmental friendliness.
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A good inhibitor is selected based on the conatilars of cost, toxicity,
availability, environmental friendliness and gresproach availability for the synthesis

of environmental friendly inhibitors, etc.
1.11.1 Classification of corrosion inhibitors

Inhibitor selection is based on the metal and ¢hgironment. A qualitative
classification of inhibitors is presented in FiglQ Inhibitors can be classified into
environmental conditioners (Scavengers) and interfahibitors (Revie 2000 and Davis
2003).

Classification of Inhibitors
Interface Inhibitors Environmental Conditioners
(Scavengers)
I Vapour Phase I &_ufd Pha:el
¥ ¥
Anadic Cathodic Mixed
(Passivator)" (adsorption)
3 ! - ¥ v ¥
Poison Precipitators I Physical I Iﬂ""’"" j I Film Forming® “

Fig 1.10: Classification of inhibitors
1.11.1.1 Environmental conditioners (Scavengers)

These substances act by removing corrosive adeos the solution. It is
apparent that these inhibitors will work very effeely in solutions where oxygen
reduction is the controlling cathodic reaction lwitl not be effective in strong acid
solutions. Examples of this type of inhibitor adisim sulphite and hydrazine, which

remove dissolved oxygen from aqueous solutionadisated in the following equations:
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2Na,SQ+ Q - 2Na SQ (1.32
N,H,+ O, - N,+ 2H,0 (1.3

1.11.1.2 Interface inhibitors

Interface inhibitors control the corrosion by fongi film at the metal/
environment interface. Interface inhibitors canclassified into liquid and vapour phase
inhibitors.

a) Liquid phaseinhibitor

Liquid phase inhibitors are classified as anodathedic and mixed inhibitors,
depending on whether they inhibit anodic, cathadiboth electrochemical reactions.

Anodic (passivating) inhibitors

Anodic inhibitors are those substances which redbeeanodic reaction rate by
acting on the anodic sites and polarize the anashiction. They displace the corrosion
potential (Eor) in the positive direction and reduces corrosiomnrent (ior), there by
retard anodic reaction and suppress the corrositsn Anodic inhibitors are generally
effective in the pH range of 6.5 - 10.5 (near r@uio basic). Basically, oxyanions such
as chromates, molybdates, tungstates and alsonsadiute are very effective anodic
inhibitors. Oxidation of metal is the reaction tloaturs at anodic sites during corrosion.
The anodic inhibitors combine with metal ions fodrat the anodic region, forming the
sparingly soluble respective salts. These compotordsed are deposited on the anodic
sites forming the protective films, which acts asrier between fresh metal surface and
corrosive medium, thereby preventing further anodiaction. Anodic inhibitors are
found to be effective only when sufficient amourittioe inhibitor is added into the
corrosion medium. When concentration of an anauhdbitor is not sufficient, corrosion
may be accelerated rather than inhibited. ThecetiEanodic inhibitors on polarization

curves is shown in Fig. 1.11 (a).
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Cathodic inhibitors

These are the substances which reduce the catrezditton rate and polarize the
cathodic reaction. They displace the corrosion @k in the negative direction and
reduce corrosion current, there by retard cathoelction and suppress the corrosion
rate. Cathodic inhibitors may divide into threeecmries viz. (i) those that absorb
oxygen (deaerators or oxygen scavengers), (iiethiost reduce the area of cathode, and
(i) those that increase the hydrogen over poééntif cathodic process. Cathodic
inhibitors inhibit the hydrogen evolution in acidolutions or the reduction of oxygen
in neutral or alkaline solutions. It is also obshthat the cathodic polarization curve is
affected when a cathodic inhibitor is added to &tey. Substances with high
overpotential for hydrogen in acidic solutions dhdse that form insoluble products in
alkaline solutions are generally effective cathoitigibitors. Some examples of such
inhibitors are inorganic phosphates, silicates orates in alkaline solutions which
inhibit the oxygen reduction at the cathodic sit8sbstances such as carbonates of
calcium and magnesium, due to limited solubilitiodk the cathodic sites. Cathodic
inhibitors can provide inhibition by two differemtechanisms: (1) as cathodic poisons,
(2) as cathodic precipitators. The effect of catbadhibitors on polarization curves is
shown in Fig. 1.11 (b).

Cathodic poisons:

The cathodic inhibitors which reduce corrosion lmyéng the reduction reaction
rate of the electrochemical corrosion are callethadic poisons. The cathodic poisons
such as sulphides and selenides are adsorbed onetia¢ surface whereas compounds
of arsenic, bismuth and antimony are reduced ataiieode and form a metallic layer.
They reduce the rate of hydrogen reduction. Thesgbitors are effective in acid
solutions but are ineffective in environments whetleer reduction processes such as

oxygen reduction are the controlling cathodic rieast

Cathodic precipitators:
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The other types of cathodic inhibitors either sltle cathodic reaction by
selectively precipitating on cathodic areas to @ase the surface impedance and limit
the diffusion of reducible species to these arBas.example calcium, magnesium and

zinc ions precipitate as their respective hydrogide cathodic sites.

Mixed inhibitors

About 80% of the inhibitors are organic compoutitist cannot be designated
specifically as anodic or cathodic inhibitors armé aalled mixed inhibitors. In these
compounds the electron density distribution catisesnolecules to be attracted to both
anodic and cathodic sites. They are adsorbed dwtonetal surface, forming a layer,
which influences the electrochemical activity abtththe anode and cathode. These
inhibitors are more desirable because of their ensial effect on the corrosion process
equally or unequally, depending on the concentnatib the inhibitor. The corrosion
potential remains unaffected but the corrosin curdensity decreases. These inhibitors
suppress the rate of both anodic and cathodic ioescby adsorption on the metal

surface. The effect of mixed inhibitors on polatiza curves is shown in Fig. 1.11 (c).
b) Vapour-phase inhibitor

These inhibitors have relatively high vapour pressuand that adsorb on the
metal surfaces. They are organic compounds chamedeby small vapour pressures
from 0.013 to 66.66 Pa. They include inhibitors $team and vapour zones in a closed
system. On contact with metal surface, vapour e$¢hinhibitors condenses and moisture
hydrolyses it to liberate protective ions. Tempgrarotection against atmospheric
corrosion, particularly in closed environments dam achieved using vapour-phase
inhibitors (VPI). Substances having low but sigrafit pressure of vapour with inhibiting
properties are effective. The VPIs are used by empating wrapping paper or by placing
them loosely inside a closed container. The slopovaation of the inhibitor protects
against air and moisture. In general, VPIs are reffextive for ferrous than non-ferrous
metals (Revie 2000, Banerjee 1985).
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Fig. 1.11: Evans diagrams showing the effect ofitamd of a) anodic inhibitor, b)

cathodic inhibitor, ¢) mixed inhibitor.

1.12 EXAMPLES OF CORROSION INHIBITORS (Jones 1996, Revie 2000, Bardal
2004, Philip 2007)

Application of corrosion inhibitors is the mostoeaomical and practical method
to mitigate electrochemical corrosion. Several geoof organic compounds have been
reported to exert inhibitive effects on the coroosof Iron and Iron alloys. Inhibitors are
rarely used as pure substances. They are usuabkyunes. Commercial inhibitor
packages contain, in addition to active inhibitaher chemicals like surfactants,
deemulsifiers, carriers and biocides. The actigeddient of organic inhibitors invariably
contain one or more functional groups containing onmore heteroatoms, N, O, S, P or
Se through which the inhibitors anchor to the mstaface. Some common anchoring
organic groups are given in the Table 1.1. Thesegg are attached to a parent chain
(backbone), which increases the ability of the litbr molecule to cover a large surface

area. The backbone may contain additional molecolesubstituent groups, to enhance
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the electronic bonding strength of the anchorirmugron the metal and/or to enhance the

surface coverage

Table 1.1: Common anchoring organic groups

Structure Name Structure Name
—-OH Hydroxyl —CONH, Amide
—C=C- -yne —SH Thiol
—C-0-C- Epoxy —-S— Sulphide
—COOH Carboxy —-S=0- Sulphoxide
—C—-N-C- Amine —C=S—- Thio

—NH> Amino —P=0 Phosphonium
—NH Imino —P- Phospho
—NO, Nitro —As— Arseno
—N=N-N-— Triazole —Se- Seleno

1.13CORROSION INHIBITION MECHANISM

The primary event on the inhibiting action of angound is adsorption. Thus it is
very important to predict which substances will d@sorbed on a metal and at what
potential region the adsorption will occur. If thésorption is electrostatic in nature, then
it will depend on the charge of the metal surfdbat is the adsorbate, and the charge of
the adsorbent, that is the inhibitor. Thus it igyvenportant to know the electrical
properties of both of the components participatmghe process. Then it is possible to
predict the type of the compounds which will beferentially adsorbed on the metal
surface at the corrosion potential. The effectigsnef organic inhibitor is related to the
extent to which they adsorb and cover the metdhear The extent of adsorption of an
inhibitor depends on many factors such as the eatnd the surface charge of the metal;
the mode of adsorption of the inhibitor; the intobis chemical structure; and the type of
the aggressive solution. The presence of hetenmsai@xygen, nitrogen, sulphur, and

phosphorus), triple bonds, and aromatic rings ia thhibitor's chemical structure
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enhances the adsorption process. It has been edptitat the order of the inhibitor
efficiency of heterocyclic organic compounds folkthe sequence: oxygen < nitrogen <
sulphur < phosphorus (Morad 1997, Abd EIl-Rehim 19d%aled 2004).

The zero charge potential(.) is defined as the metal potential measured agains
the reference electrode under conditions of zeevgghon the metal. At the zero charge
potential the ionic double layer is absent at tleeteode, At the zero charge potential an
electrode is best able to adsorb substances deskaivthe electrolyte. The ability of an
electrode to adsorb organic molecules is reducéideipresence of potential difference at
the ionic double layer. This is because the fialdlspin water molecules having high
dielectric constant, dislodging organic moleculesf the surface. Thus the adsorption
capacity of an electrode is a maximum close tozéw charge potential. Antropove
(1963) proposes a special scale of potential, rifimli value of which is the zero charge
potential of the surface,c,. Then the potentialy on this scale will be the difference

between the steady state potengialof the electrode and the zero charge potential

\V = \Jr!st_ \Vz,ch 0'34)

Fory > 0 the metal will be positively charged relatigethe electrolyte. In this case a
layer consisting primarily of anions will be adjateo the metal surface on the side of
the solution. Fory < 0, the metal will be negatively charged relatigethe solution; in
this case the double layer on the side of the isolus made up of cations. Knowledge of
the zero charge potentials of metals and the stsi@dy potentials in a given medium can
facilitate considerably the selection of suitabterasion inhibitor. If the zero charge
potential is higher than the steady state poteafigie metal in a given electrolyig ¢ >
Vs, the metal surface is negatively charged, thenatteorption of cations or positively
charged colloid particles will be most likely. Rescn < ys, the metal surface is positively
charged, the adsorption of anions and negativedyged colloid particles is most likely
(Papavinasm 2000, Abd EI - Maksoud 2008).
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Inhibitors protect the metal in three possible w&ysnes 1996, Revie 2000,
Bardal 2004, Philip 2007)

1)  Physical adsorption
i)  Chemical adsorption
i)  Film formation
i) Physical adsorption

Physical (or electrostatic) adsorption is a restiktlectrostatic attraction between
the inhibitor and the metal surface. The metalaaigfcan be either positively charged or
negatively charged. When a metal surfacepasitively charged negatively charged
(anionic) inhibitor is adsorbed on the metal swefaeositively charged molecules acting
in combination with a negatively charged intermégliean inhibit a positively charged
metal. On the other handationic species would not be adsorbed on a pe$§itcharged
metal surface. Physically adsorbed species caerbeved from the surface by physical

force such as increased temperature and increatedty.

Physical adsorption depends on

* Structural parameters, such as hydrocarbon dbagth and the nature and position of

substituent in aromatic ring.
* Electrical characteristics of inhibitors i.e. ofpa of the hydrophilic group.
* Type of ions present in the solution.
* Potential of the metal.
i) Chemical adsor ption
The most effective inhibitors are those that cloathy adsorb (chemisorb), a

process that involves charge sharing or chargesfeaietween the inhibitor molecules

and the metal surface. Chemisorption takes place slowly than physical adsorption.
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This results in a strong binding of the inhibitevgéh the metal surface. As temperature
increases, adsorption and inhibition also incredikes phenomenon is caused by sharing

of charges or charge transfer between inhibitociggeand the metal surface.
iii) Film formation

During the chemical adsorption adsorbed inhibitmiecules may undergo surface
reactions producing films. The properties of filmse dependent upon its thickness,
composition, solubility temperature and other pbgkiforces. Some adsorbed inhibitor
molecules produce polymeric films. Corrosion pratetincreases markedly as the films
grow from nearly two-dimensional adsorbed layerthtee-dimension films up to several
hundred angstroms thick. Inhibition is effectivelyowhen the films are adherent, are

insoluble, and prevent access of the solutionéatital.
1.14 MARAGING STEELS

Maraging steel was developed in 1950s for appbaoati requiring ultrahigh
strength in combination with good fracture touglsndhese alloys are low carbon steels
that classically contain about 18 wt % Ni, substardmounts of Co and Mo together
with small additions of Ti. However, depending dmetdemands dedicated by the
application, the composition of the material cannbedified (Stiller et al. 1996). The
initial development of these steels is attributachély to the work by Bieber of Inco
(International Nickel Companyin the late 1950s. This work resulted in the finsb
grades of maraging steel being introduced. Thesasstontained 20 per cent and 25 per
cent nickel, respectively, with small additions @uminum, titanium and niobium.
Further development by Decker, Eash and Goldmausstitited the very effective
hardening produced in Fe-Ni martensites by cobatt molybdenum (Sha and Guo
2009). In the early 1960s various grades of 18Hiaging steel (200, 250, 300) having
cobalt and molybdenum were developed (Sagar €086). The name maraging derives
from “martensite- aging,” referring to the heatatment carried out to induce the

precipitation of intermetallics in the Fe - Ni nmemsitic matrix, responsible for the
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excellent mechanical propertiédlenapace et al. 2010, Poornima et al. 2010). The
strength of Fe-Ni alloys can be increased by thditiadth of cobalt and molybdenum,
whereas alloying with aluminium and titanium forimgermetallics with other elements,
in particular with Mo and Ni (Nayak 2004, Grum &Bidbe 2006).

Maraging steels are a special class of ultrahigbngth steels that differ from
other steels in that they are not hardened by cathdact, carbon is considered as an
impurity element in these steels and is kept asdsws commercially practicablestead
of relying on carbide precipitation, these steels hardened by the precipitation of
intermetallic compounds. The absence of carbohensteels confers significantly better
hardenability, formability, and a combination ofestgth and toughnesA. number of
grades of maraging steels have been optimisedowder specific yield strength levels.
The compositions of some common grades developéddtesnational Nickel Ltd. (Inco)
are shown in Table 1.2. Typically, these steelgaiarhigh levels of nickel, cobalt and
molybdenum (Nayak 2004, Sha and Guo 2009).

Maraging steels are basically martensitic in stiectin the solution annealed
condition and in this condition are easily machii@dhrbach and Schmidt 1990). It has
been known that Fe-Ni alloys of 5-25% Ni transfdnem austenite to martensite when
cooled to room temperaturidowever, the Fe-Ni martensite so formed, unlike rirere
familiar Fe-C martensite, is relatively soft ancttlle. The strength of this basic system is
increased primarily by addition of Co and Mo whilBt and Al form intermetallic
compounds with other alloying elements, enabling dwardening to take place.
Increasing Ti content progressively increases gthethough toughness may be reduced.
Hardening occurs by ageing this martensitic stmectinence the term maraging) at a
temperature in the range of 450 °C to 500DQGring aging heat treatment, high strength
is achieved by precipitation of a high amount deimetallic compounds (like Rdo,
NioMo, NizMo, Ni3Ti, Fe;Mo, etc.; depending upon the alloying elements aguohg
treatment) dispersed in a carbonless martensititrimaupersaturated with alloying
elements.
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Table 1.2: Nominal compositions (wt%) and the refipe strength of commercial

maraging steels (Inco).

Alloy designation Ni Mo Co Ti Al ¥ (MPa)
18Ni (200) 18 3.3 8.5 0.2 0.1 1400
18Ni (250) 18 5.0 8.5 0.4 0.1 1700
18Ni (300) 18 5.0 9.0 0.7 0.1 2000
18Ni (350) 18 4.2 12.5 1.6 0.1 2400
18Ni (cast) 17 4.6 10.0 0.3 0.1 1650

During this stage, the metastable martensite irstbels decomposes. Fortunately,
the precipitation hardening occurs much more rgpitlan the reversion reactions
producing austenite and ferrite. Thus, substartaidening can be produced before
reversion occurs. Austenite reversion, or the preea of it in most cases, is important
to ageing, because austenite is a stable phasmoit temperature for maraging steel
compositionsThe hardening alloying elements include titaniumpnadium, aluminium,
beryllium, manganese, molybdenum, tungsten, niopitantalum, silicon and copper.
When heat-treated, the alloy has very little dinemal change, so it is often machined to
its final dimensions. They can be finely polishedl @asily fabricated. Nearly 30 grades
of maraging steel including Ni-Cr, Ni-Co-Mo and @{b-Mo-Cr type have been
developed during past several years. Maragingssggaherally contain less than 0.03%
carbon, 5-25% Ni, 7-9% Co, 4.5-5% Mo, 0.1-1.4% 0i1-0.3% Al, 0.1-0.4% Nb,
0.1%Be, 0.1-0.2% Cu and W and V up to 6 % in spemdges (Stiller et al. 1996,
Pereloma et al. 2004, Sha and Guo 2009).

Maraging steels are characterized by a large numbatloying elements and,
consequently, they are expensive materials compeitednany other engineering alloys.
The compositions shown in Table 1.1 may be compargdcarbon steels with typically
0.04 — 1.7% C and 0.8% Mn. The resulting ultraragkngth (Ys) in maraging steels (the
last column of Table 1.2, compared to standardlys&length grades of 275 and 355 MPa

for carbon structural steels) is accompanied byuahrhigher cost in producing them.
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The maraging alloy development is significantlyluehced by the availability and price
of the alloying elements. For instance, the develem of a family of cobalt-free
maraging steels in the late 1970s was solely duthdéosharp rise in cobalt pricing.
Although the manufacturing of maraging steels rexsuspecial processes, their ageing
heat treatment is very simple, resulting in minimdistortion (Grum and Slabe 2006,
Sha and Guo 2009).

The automobile manufacturers and corresponding coemt suppliers of all over
the world have been looking for ultra-high-strengtlaterials for weight reduction or
other reasons, in which maraging steel with supgi-kstrength can be considered as a
new choice. Maraging steels have been extensisgy in a variety of applications due
to their attractive combination of properties sashhigh strength, moderate toughness
and good weldability (Grum et al. 2006, Rao e2aD9). Due to the low carbon content,
maraging steels have good machinability. Maragtegls are iron alloys which are
known for possessing superior strength and toughmwashout losing malleability,
although they cannot hold a good cutting edge. Tiexe higher modulus of elasticity
and lower thermal expansion coefficient. Anothepamant property is its better thermal
conductivity, which reduces surface temperatureinguthermal loading and lowers
thermal stresses (Klobcar et al. 200Byer the past half a century, two major types of
maraging steels have been developed (He et al.c202 18Ni maraging steels and the
cobalt-free maraging steels. Between the two tyfles,18Ni maraging steels are in a
more advanced and mature stage of development pplications, with maximum
strength levels reaching 2400 MPa accompanied yd goughness and ductility.
However, these steels contain an expensive alloglegent, cobalt, at levels as high as 8
— 13%. This keeps the steels rather expensivegptieg wider selection and application.
Therefore, developing cobalt-free maraging steeh weduced quantities of expensive
alloying elements in order to lower the productomst has been an important direction of
maraging steels research. Over the past two decadesmous advancement has been
achieved in the development of cobalt-free maragiegls, to a strength level of 2000
MPa (He et al. 2002c).
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1.14.1 Uses of maraging steel (Razek et al. 1997, Nayak 2004, Ohue et al. 20@djadi
et al. 2008, Poornima et al. 2010, Wang et al. 2010

Maraging steels have been extensively used in i@tyanf applications due to
their attractive combination of high strength, mde toughness and good weldability
(Menapace et al. 2010).

« Maraging steel's strength and malleability allowgo be formed into thinner
rocket and missile skins, allowing more room foylpad while still possessing

sufficient strength for the application.

« Maraging steels are suited to engine componenicadioins such as crankshafts
and gears that work at 'warm' temperatures andfitimg pins of automatic
weapons that cycle from hot to cool repeatedly gvhihder substantial loads and

impacts.

+« Their uniform expansion and easy machinabilityyiedrout before aging makes
maraging steel useful in high wear portions of adsg lines, as well as in the

manufacture of dies.

+ In sporting use, for the construction of bicyclarfres, fencing blades and golf

club heads.
¢ In surgical components and hypodermic syringes.

¢ Maraging steel is used in creating gas centrifdgesranium enrichment, nuclear
bomb casing due to its extremely high strength laadnce. Nations importing
maraging steel often find themselves receivingeaigdeal of attention (Nedjad et
al. 2008).
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1.14.2 Role of alloying elementsin maraging steel

Nickel maraging steels have been extensively usadvariety of applications due
to their attractive combination of high strength,oderate toughness and good
weldability. Although Fe-Ni system, particularly Be-18 % Ni level, offered a number
of technological advantages including moderatetgngt and very tough martensite on
solution annealing, the negligible dimensional de® insensitivity of the
transformation product to cooling rate, etc., thetes a need to strengthen the Fe-Ni
martensite with various alloying elements to a levkeengineering interests without
affecting the toughness. The important alloyingredets in the Fe based maraging steel
are nickel, molybdenum, cobalt, titanium and alumim The residual elements should
be kept as low as possible as they adversely dfffiectproperties of maraging steels.
Common residual elements present are carbon, sulpiticon, manganese, aluminium,
hydrogen, oxygen and nitrogen (Gupta et al. 1996dhani 2001, Nayak 2004). Table
1.3 gives the effect of alloying elements in mamggsteel.

Table 1.3: Role of alloying elements in maragiregekt

Element Effect

Fe-Ni martensite is quite tough and soft, is a walted host for ag

(1)

Ni hardenable elements. Nickel is also responsibléifgin toughness b

<

promoting cross slip during deformation.

Increases strength by solid solution hardening.mSomtermetallic
Mo compounds F#&Mo, NizMo. Improves toughness by reducing grain

boundary segregation.

Enhances martensite formation by elevating s*NMemperature

Reduces the solubility of Mo and increases volumection of

Co precipitates.
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Ti Improves age hardening characteristics by forming iNbrecipitate.

Al Elevates Ms temperature slightly. Increases sthehgtsolid solution
hardening and age hardening. Strong deoxidiser.
Ties up with Ti and Mo to form their respectivelides which reduc

C the strength as well as ductility

s Forms, particularly in welds, low melting titaniwsualphide promoting
hot shortness.

Si Lowers impact properties.

Mn Lowers impact properties.

H More than 3 ppm induces cracking tendency

o Forms oxides and reduces ductility and toughness.

N Forms nitrides and reduces ductility and toughness.

D

*M s temperature is a temperature at which martensagssto transform from

austenite.

1.14.3 Weld aged maraging steel

Maraging steels exhibit superior combination prépsrincluding high specific

strength, excellent fracture toughness and goodakdity (Grum and Slabe 2006). For

many of the applications of these steels, weldsmthe important means of fabrication.

The unique property of being weldable in solutiediscondition followed by a low

temperature ( 480° C ) post - weld maraging treatnneakes these steel attractive for

fabrication of large structures (Klobcar et al. 800Several welding process have been

recommended for steels. Though with low heat inprdcesses like electron beam

51



welding, high joint efficiencies can be achievedcommon practice, gas tungsten - arc
welding [GTAW] is widely employed in view of the gsistency of weld quality and
overall economy. During welding the metal will be liquid state (fusion zone) which
will be subsequently cooled to room temperaturenddethe principal microstructure
change in the weld fusion zone is transformatioaustenite to martensite on cooling. It
was reported by Shamantha et al. (2000) that thee afsfiller material similar in
composition to the maraging steel base materialiltseesn segregation of alloying
elements, particularly molybdenum and titaniumthat substrate boundaries in the weld

fusion zone (Schnitzer et al. 2010).

During aging of the weld metal the well-known ppttion reaction occurs
leading to hardening. It is generally believed timitial precipitation in an 18 Ni (250)
steel at 480° C occurs aszMio, which on prolonged aging is replaced by eitheiMo
or thes phase. If the alloy additionally contains titanias a supplemental hardener, the
precipitation of NiTi is also possible; alternatively, a part of tharium may be present
in the molybdenum precipitate, i.e. as (Mo, Ti).réning of maraging steel takes place
in two stages namely formation of martensitic smee during cooling and subsequent
aging of martensite (Stiller et al. 1996). The mmsk and the tensile strength increases
with the progression of precipitation reaction. iDgrageing, sub microscopic domains
enriched with alloying elements and intermetallik® NiAl, NiBe, NiMn, NisTi and
NisAl are formed. The material under investigatiormisld - aged maraging steel. Its
strength and resistance to extreme temperatureggmtla truly effective material in a
wide range of atmospheres. After maraging steel unadergone heat treatment, it
demonstrates excellent mechanical properties (@raeelet al. 2004, Nayak 2004, Sha
and Guo 2009).

1.15LITERATURE REVIEW

1.15.1 Corrosion of maraging steels

The corrosion of maraging steel is of fundamentalademic and industrial
concern that has received a considerable amouatteiftion. In most of the industries
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like fertilizers & chemicals, oil refineries, nualepower plants etc., the maraging steel is
used for making containers, steam generators,diqarrying pipes and so on. In steel
and ferrous alloy industries, the hydrochloric asidised as a pickling agent. Moisture,
micro dust particles, acids & bases and other agehthe environment influence the

extent of corrosion taking place in these industrleis inevitable to expose the surface
of the maraging steel to different industrial eomiments while in use. A search of the
literature reveals only a few reports on the coomstudies of 18 Ni 250 grade maraging

steel, which is entirely in martensitic phase (Na2804, Poornima et al. 2010).

According to available literature, atmospheric @qoe of 18 Ni maraging steel
leads to corrosion in a uniform manner and getsptetely rust covered (Kirk et al.
1968). Pit depths tend to be shallower than in taglength steels (Dean 1965 and
Copson 1965). Bellanger et al. (1996) have stuthedeffect of slightly acid pH with or
without chloride in radioactive water on the coroos of maraging steel and have
reported that corrosion behaviour of maraging stéd¢he corrosion potential depends on
pH and intermediates remaining on maraging ste&hae in the active region, favouring
the passivity. The effect of carbonate ions inrgligalkaline medium on the corrosion of
maraging steel was studied by Bellanger (1994),rapdrted that the corrosion potential
did not change with carbonate ions at constant\ilth carbonate ions and at a low scan
rate, the break down trans passive potentials wiésplaced towards more positive
potentials and the passive potential region waaden while at a high scan rate these
potentials are displaced towards more negativeegal@fter the beginning of the reverse
scans, the current was again positive. These stegh#sat the corrosion kinetics was not

the same.

Maraging steels were found to be less susceptibgydrogen embrittlement than
common high strength steels owing to significamty diffusion of hydrogen in them
(Rezek et al. 1997). The corrosion rates of mamgiteels in acid solutions such as
sulphuric, hydrochloric, formic and stearic acié aubstantial although lower than those

of the low alloy high-strength steels. Polarizatgtndies indicate that maraging steels
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exhibit active - passive behaviour in 1.0 N and R.-ulphuric acids. The corrosion
potential, critical current density, primary pasdion potential and passive current
density are all affected by variations in agingatmeent. The critical and passive current
densities increase as the structure is varied flaig annealed to fully aged. Stress

corrosion of maraging steel may also occur in aodronments (Dautovich 1976).

Poornima et al. (201G)ave studied the corrosion behaviour of 18 Ni 2Efdg
maraging steel in a phosphoric acid medium spbrted that the corrosion rate of the
annealed sampls less than that of the aged sample. Similar easensalso have been
reported for the corrosion of 18 Ni 258ade maraging steel in sulphuric acid medium.
The corrosion rate for both maraging steel andlthe alloy steels in sea water are
similar initially, but from about 1 year onwardstmaraging steels tend to corrode more
slowly as indicated by (Kenyon et al. 1971). Therasion rates for both low alloy and
maraging steel increase with water velocity (Kitlak 1968). During sea water exposure
the initial attack was confined to local anodic aaewhereas other areas (cathodic)
remained almost free from attack, the later wekered with a calcareous deposit typical
of cathodic areas in sea water exposure. In tieahodic rust areas covered the entire
surface (Dean et al. 1965). Polarization testsv(Btaet al. 1971) indicate that maraging
steel does not exhibit passive behaviour in 3% Na@d that the polarization curves are

unaffected by changes in heat treatment.

The corrosion rate of maraging steel in acid sohst such as sulphuric acid,
hydrochloric acid formic acid and stearic acid aubstantial. Polarization studies show
that maraging steels exhibit active passive belavio 1.0 N and 0.1N $$0,. Heat
treatment affects corrosion rate. Critical and pa&ssurrent densities increase as the
structure is varied from fully annealed to fullyeaig(Data bulletin on 18%Ni maraging
steel 1964). Investigations on electrochemicalaion behaviour of 350 grade maraging
steel in 1.0 N BSQy4, 1.0 N HCI and in artificial sea water showed pas®€ehaviour in
1IN H,SO; but not in IN HCI and in artificial sea water (&let al. 1993)

54



Nayak (2004) has studied corrosion behaviour ofiZ0 grade maraging steel
in aqueous medium and reported that, the rate mbsion decreases as pH increases and
near neutral region corrosion rate is independémiHy corrosion rate increases with
increase in temperature, aged samples show higiter af corrosion than annealed
samples and mechanism of corrosion was found tdueeto anodic dissolution at the

grain boundary and pitting corrosion was also oleser

Literature is saturated with corrosion inhibitdos different metals and alloys.
But very less work seems to be available regarthiegcorrosion inhibition of maraging
steel.

1.15.2 Organic inhibitors for the corrosion inhibition of iron and iron alloys in

aqueous media.

A large number of investigations were carried osihg organic compounds as
corrosion inhibitors for pure iron and iron alloys various aqueous media. Organic
inhibitors play a major role as they cover the maxin surface area of the metal. Hence
small amount of the inhibitor is sufficient to covihe large surface area. However,
limited literatures reported the corrosion inhibiti of maraging steel. Some of the

important inhibitors used for iron and iron alley® given in Table 1.4.

1.4: Some important organic inhibitors studiedIfon and Iron alloys.

Inhibitor Medium Remarks References
Hydrazide derivatives Mild Steel in Langmuir adsorption Shanbhag et
HCI isotherm al. 2008
3-Anilino-5-imino-4-pheny Mild steel in | Mixed inhibitors Quraishi and
1,2,4-thiadiazoline HCI Sardar 2003
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Thioacetamide, Thiourea | Mild steel in | Thiobenzamide most Ozacan and
and Thiobenzamide H,SOy efficient and Dehri 2004
thioacetamide the least
inhibition efficiency
1,2,3-Benzotriazole Stainless | Physical interaction, Satpati and
steel in Langmuir isotherm. Ravindran
H.SOy 2008
Zenthoxylum alatum plant| Mild steel in | XPS and FT-IR show Gunasekaran
extract H3POy inhibitor layer containing| and Chauhan
compounds presentin | 2004
plant extract, iron oxide
and iron phosphate.
Propargyl alcohol (PA) Mild steel inPA inhibits the cathodic | Morad 1999
H3POy corrosion reaction by
adsorption onto steel
surface via triple-bond
carbon atoms.
Methionine Mild steel in | Temkin and modified Oguzie et al.
H,SO, Langmuir isotherm 2007
4-Phynylazo-3-methyl-2- | C-steel in Frumkin’s adsorption Fouda et al.
pyrazolon-5-one and its | HCI isotherm 2006

derivatives

5
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Benzimidazole derivatives| Mild steel in Both by physical and Popova et al.
H,SOy chemical adsorption. 2003
2-Amino-4-(p- Mild steel in | Mixed inhibitor Khaled and
tolyl)thiazole (APT), 2- H,SOy
Methoxy-1,3-thiazole Mohammed
(MTT) Thiazole-4- 2009
carboxaldehyde (TCA)
2-Amino-5-phenyl-1,3,4- | lIronin Mixed Yongming et
thiadiazole H,SOy inhibitor, al. 2009
Langmuir
isotherm

N-Alkyl quaternary

Carbon steel

Mixed inhibitor,

Fuchs-Godec

ammonium salt in HaSOy Langmuir isotherm, both| 2006
physical and chemical
adsorption
Triazole derivatives Mild steel inMixed type Wang 2006
HsPO,
Imidazole derivatives Mild steel inFlory-Huggins adsorption Ghanbari et al,
H3POy isotherm 2010
Methylthiourea (MTU), | Mild steel Efficient at 30 °C, 40 °C | Dehri and
Phenylthiourea (PTU) and in H,SO, and 50 °C Ozcan 2006

5
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Thiobenzamide (TBA)
N, N-Dipropynoxy methyl | Iron in Mixed inhibitor, Frumkin | Tianbao Du et
amine trimethyl H,SO, and Flory-Huggins al. 2001
phosphonate isotherm
Polyacrylamide (PA) Mild steel | EI-Awady, Umoren et al.
HSOy chemisorptions 2010
mechanism, synergistic
effect observed between
PA and KI
Natural honey C-steel in | Langmuir adsorption El-Etre et al.
highly saline | isotherm 2000
water
2-Naphthalenesulfonic Iron in Frumkin isotherm, Vracar and
acid, 2,7- H,SOy physical as well as Drazic 2002
Naphthalenedisulfonic chemical adsorption.
acid, 2-Naphthol-3,6-
disulfonic acid
6-Benzylaminopurine Cold Mixed inhibitor, Xianghong et
rolled steel | Temkin isotherm al. 2009
in H,SOy
1-Methyl- 3- pyridine- 2- Mild steel in| Mixed inhitar, Hosseini and
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yl-thiourea HSO, Langmuir isotherm Azimi 2009
Sodium Mild steel in | Adsorption of SDBS Hosseini et al.
dodecylbenzenesulphonateH,SO, follows Frumkin 2003
(SDBS), isotherm, HA follows
Hexamethylenetetramine Langmuir isotherm
(HA)
Barbituric acid, Mild steel in | Physical adsorption, Muzaffer et al.
Thiobarbituric acid, 5,5- | HsPOy Langmuir isotherm, 2008
Dietylbarbituric acid addition of I-improved
sodium salt. inhibition efficiency.
Phenacyl I[ron-base Mixed inhibitors, Arab and Al-
dimethylsulfonium metallic Hammet equation was | Turkustani
bromide and p-substituted| glass alloy in| used to correlate, 2006
derivatives. H3PO, inhibition efficiency and
p-substitution.

2,5-Bis(n-pyridyl)-1,3,4- | Mild Mixed inhibitor El-Azhar et al.
thiadiazoles steel in Langmuir isotherm 2001

HoSOy
Hexamethylpararosaniline| Mild steel in | Adsorption of protonated| Oguzie et al.
chloride H,SOy inhibitor, Langmuir 2008

isotherm
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Caffeic acid as green Iron in Chemisorption De Souza an
inhibitor H,SOy Spinelli et al.
2009
O- substituted anilines [roninin | Langmuir adsorption Khaled and
HCI isotherm Hackerman
2003
Quinol-2-thione Mild steel in| Langmuir adsorption Prabhu et al.
HCI isotherm 2008
2 -Mercaptobemzimidazole Mild steel [nLangmuir behaviour was| Wang 2001

H3PO, not observed suggesting
that surface attachment i
not due to simple
chemisorption.
2,3- Mild steel in | Langmuir adsorption Obot et al.
Diphenylbenzoquinoxaling H,SOy isotherm 2010
Cefazolin Mild steel in | Langmuir adsorption Singh and
HCI model Quraishi 2010
Thiourea Mild steel in | Langmuir adsorption Benali et al.
HCI model 2009
Pyrrole and Ground Mixed type inhibitors Gopi et al
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Thienylcarbonyl water 2009

benzotriazoles

Lasianthera Africana Mild steel in Langmuir and Temkin Eddy et al.
H.SO, adsorption models. 2009

Piperazine derivatives Mild steel in Langmuir adsorption Ousslim et al.
HCI model 2009

Thiadiazole derivatives Mild steel in Langmuir’s adsorption Fouda et al.
H.SOy 2009

Nayak (2004) has studied mercapto compound, 4ap&ye3-trifluromethyl
quinoline as an inhibitor for 18Ni 250 grade managsteel and reported an efficiency of
97.2% at 200 ppm concentration of inhibitor andbitlon efficiency was less for aged
sample when compared to annealed sample. Inhibligmaviour follows Temkin's

adsorption model.

The effect of 3, 4-dimethoxybenzaldehyde thiosamazone in 0.5 M }$0,
medium on corrosion of aged maraging steel wasedualy Poornima et al. and reported

good inhibitor efficiency.

Poornima et al. have studied effect diacetylmomaxthiosemicarbazone on the
corrosion of annealed 18 Ni 250 grade maragingl stegohosphoric acid solution,

reported higher inhibition efficiency.

Poornima et al. (2012) have also studied Effect @f(N,N-
diethylamino)benzaldehyde thiosemicarbazone orconesion of aged 18 Ni 250 grade
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maraging steel in phosphoric acid solution. Inidioit behaviour follows Langmuir
adsorption model.

1.16 SCOPE AND OBJECTIVES

Maraging steels have been extensively used in i@tyaof applications due to
their attractive combination of properties sucthagh strength, moderate toughness and
good weldability. Due to variety of applications naging steel frequently come in
contact with acid during cleaning, pickling, destg) acidizing, etc. Hence studying
their corrosion behaviour in acid medium and fimdout a suitable corrosion inhibitor is
of prime importance. A review of literature has ealed large number of corrosion
inhibitors for various metals and alloys. But véegs study appears to be done in the area
of corrosion behaviour and corrosion inhibition wéld aged maraging ste€o it is
planned specifically to study the corrosion behawiof weld aged maraging steel in a
medium of hydrochloric acid and sulphuric acid d@nhen use suitable inhibitors having
necessary structural requirements of a good irdribit

The objectives of the research work arelisted asunder:

* Investigation of the corrosion behaviour of 18%Mi250 grade maraging steel
under weld aged condition in hydrochloric acid adphuric acid media of

different concentrations at different temperatures.

» Investigation of the corrosion inhibition perforntanof some organic compounds
on the corrosion of the weld aged maraging steehydrochloric acid and
sulphuric acid media.

* Investigation of the effect of parameters such@g eoncentration, temperature

and inhibitor concentration on the inhibition eiiccy.

» Evaluation of the activation parameters of corrnsieaction in the presence of
inhibitors.
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* Evaluation of the thermodynamic parameters for #uasorption of inhibitor
molecules on the surface of the alloys and to amivthe type of adsorption of the
inhibitor molecules in the alloy surface.

1.17 OUTLINE OF THE THESIS

The present investigation has been documentederthésis under 4 different
chapters.Chapter 1 includes the introduction to, corrosion, theor@ticoncepts of
electrochemistry of corrosion, corrosion rate measent techniques, corrosion
inhibitors, maraging steels and the literature syron the corrosion and corrosion
inhibition of maraging steel. The chapter also ax the scope and objectives of the

study.

In Chapter 2, the materials, medium, inhibitors, methods anttutation of

various corrosion parameters, used for the preseastigation have been discussed.

Chapter 3 presents the results and discussion on the warledaout. The results
of investigation on the corrosion behaviour of walged maraging steel in hydrochloric
acid medium and sulphuric acid medium have beeocudsed in section 3.1 and 3.2,
respectively. The sections 3.3 — 3.12 describentiition effect of the five compounds,
ATPI, CPOB, CPOM, DNPH and DDPM on the corrosionna@fid aged maraging steel
in the hydrochloric acid medium and sulphuric atiddium. The effect of temperature,
concentration of the medium, and concentration ke inhibitor on the inhibition
efficiency is discussed in the chapter. The typadsorption and mechanism of inhibition

in each case is explained in the chapter.

Chapter 4 summarizes the work included in the thesis ana dists the

conclusions drawn on the basis of experimentaleaads and discussions.
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CHAPTER 2

MATERIALS AND METHODS



2.1 MATERIALS
2.1.1 18 % Ni M250 grade maraging steel

The 18 % Ni M250 grade maraging steel samples in different conditions were
obtained from National Institute of Interdisciplinary Science and Technology (NIIST),
Thiruvananthapuram. The composition of the maraging steel used in the present

investigation is given in Table 2.1.

Table 2.1: Composition of 18 % Ni M250 grade maraging steel (weight %).

Element Composition Element Composition
C 0.015% Ti 0.3-0.6%
Ni 17-19% Al 0.005-0.15%
Mo 4.6-5.2% Mn 0.1%
Co 7-8.5% P 0.01%
Si 0.1% S 0.01%
O 30 ppm N 30 ppm
H 2.0 ppm Fe Balance

2.1.2 Material Conditions

Investigations were carried out on maraging steel (18% Ni M250 grade) specimen
under weld aged condition. The maraging steel plates of composition as mentioned in
Table 2.1 were welded by GTAW-DCSP, with 5 passes using filler material of
composition as given in Table 2.2. The weld specimens were taken from the all weld
regions of the weld maraging steel. The specimen was taken from the plates which were

welded as per above and aged at 480 = 5 °C for three hours followed by air cooling.

64



Table 2.2: Composition of the filler material used for welding (% by weight)

Element Composition Element Composition
C 0.015% Ti 0.015%
Ni 17% Al 0.4%
Mo 2.55% Mn 0.1%
Co 12% Si 0.1%
Fe Balance

2.1.3 Material preparation

Cylindrical test coupons were cut from the plate and sealed with epoxy resin in
such a way that, the area exposed to the medium was constant (0.64 cm?). These coupons
were polished as per standard metallographic practice, belt grinding followed by
polishing on emery papers of 180, 400, 600, 800, 1000, 1200, 1500 and 2000 grades,
finally on polishing wheel using levigated alumina to obtain mirror finish. It was then
degreased with acetone, washed with double distilled water and dried before immersing

in the corrosion medium.
2.2 MEDIA

The media used for the investigation were standard hydrochloric acid and
sulphuric acid at five levels of concentrations. Experiments were carried out at
temperatures 30 °C, 35 °C, 40 °C, 45 °C and 50 °C (+ 0.5 °C) using calibrated thermostat.

2.2.1 Preparation of standard hydrochloric acid solution

A stock solution of hydrochloric acid was prepared by diluting a known volume
of 37 % analar grade hydrochloric acid to an appropriate volume. The solution was
standardized by titrimetry. Solutions of different concentrations (0.1 M, 0.5 M, 1.0 M, 1.5
M and 2.0 M) were prepared by the appropriate dilution of the stock solution.
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2.2.2 Preparation of standard sulphuric acid solution

A stock solution of sulphuric acid was prepared by diluting a known volume of 98
% analar grade sulphuric acid to an appropriate volume. The solution was standardized
by titrimetry. Solutions of different concentrations (0.1 M, 0.5 M, 1.0 M, 1.5 M and
2.0 M) were prepared by the appropriate dilution of the stock solution.

2.3 INHIBITORS
2.3.1 Synthesis of 1(2E)-1-(4-aminophenyl)-3-(2-thienyl)prop-2-en-1-one (ATPI)

The inhibitor 1(2E)-1-(4-aminophenyl)-3-(2-thienyl) prop-2-en-1-one (ATPI) was
synthesized as per the reported procedure (Hoong-Kun et al. 2009) in one-step reaction of
4-aminoacetophenone (0.40 g, 3 mmol) with thiophene-2-carboxaldehyde (0.28 ml, 3
mmol) in ethanol (30 ml) in the presence of 10% NaOH (ag) (5 ml). The reaction
mixture was stirred for 2 hr at room temperature. The resulting yellow solid was collected
by filtration, washed with distilled water and dried. The product was purified by
recrystallization from acetone and was identified by melting point (105 — 106 °C),
elemental analysis and infrared spectra. The molecular weight of the compound is

229.29. The synthesis scheme is given below.

Ow_ _CH;
(o]
O

S
S EtOH x
\ J w o+ — = A\

10% NaOH NH,
thiophene-2-carbaldehyde ~ NH;
4-aminoacetophenone (2E)-1-(4-aminophenyl)-3-(2-thienyl)prop-2-en-1-one

2.3.2 Synthesis of 2-(4-chlorophenyl)-2-oxoethyl benzoate (CPOB)

The inhibitor CPOB was synthesized as reported in the literature (Fun et al.
2011). A mixture of benzoic acid (1.0 g, 0.0081 mol), potassium carbonate (1.23 g,
0.0089 mol) and 2-bromo-1-(4- chlorophenyl) ethanone (1.81 g, 0.0081 mol) in
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dimethylformamide (10 ml) was stirred at room temperature for 2h. On cooling, colorless
needle-shaped crystals of 2-(4- chlorophenyl)-2-oxoethyl benzoate began to separate out.
The crude product was filtered off and re-crystallized from ethanol. The product was
characterized by elemental analyses, melting point (119-120 °C) and infrared spectra

(Fun et al. 2010). The synthesis scheme is shown below.

o OH o Br
A X
0
K,CO, o
+ _ =
DMF
o}
cl
Cl

benzoic acid

2-bromo-1-(4-chlorophenyl)ethanone 2-(4-chlorophenyl)-2-oxoethyl benzoate

2.3.3 Synthesis of 2-(4-bromophenyl)-2-oxoethyl 4-chlorobenzoate (CPOM)

The inhibitor 2-(4-bromophenyl)-2-oxoethyl 4-chlorobenzoate (CPOM) was
synthesized as per the reported procedure (Fun et al. 2011) . A mixture of 4-
chlorobenzoic acid (1.0 g, 0.0063 mol), sodium carbonate (0.744 g, 0.0070 mol) and 2-
bromo-1-phenylethanon (1.94 g, 0.0070 mol) in dimethylformamide (10 ml) was stirred
at room temperature for 2 h. On cooling, colourless needle-shaped crystals of 2-(4-
bromophenyl)-2-oxoethyl 4-chlorobenzoate separated. The product was collected by
filtration. The product was purified by recrystallization from ethanol and was identified
by melting point (127 — 128 °C), elemental analysis and infrared spectra. The molecular
weight of the compound is 353.59 (Fun et al. 2011). The synthesis scheme is given

below.
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r

o OH B
~N o)
Na,CO5
+ . ©
5 DMF o
r cl
o
cl

2-(4-bromophenyl)-2-oxoethyl 4-chlorobenzoate
4-chlorobenzoic acid 2-bromo-1-phenylethanone

2.3.4 Synthesis of (E)-1-(2,4-dinitrophenyl)-2-[1-(2-nitrophenyl) ethylidene]
hydrazine (DNPH)

The title compound was synthesized by dissolving 2,4-dinitrophenylhydrazine
(0.40 g, 2 mmol) in ethanol (10.00 ml), and H,SO4 (98%, 0.50 ml) was slowly added with
stirring. 2 Nitroacetophenone (0.27 ml, 2 mmol) was then added to the solution with
continuous stirring. The solution was refluxed for 1 h yielding a yellow solid, which was
filtered off and washed with methanol. Yellow block-shaped single crystals of the title
compound were recrystallized from ethanol by slow evaporation of the solvent at room

temperature over several days. M.p. 170 - 171 °C (Nilwanna et al. 2011).

O~ ,.0 .
~3
N Ow_ _CHj Oxy+°
o}
NH—NH
2 |l NH—N CH,
) N\O_ NN
O+ + —
N ~
| N
o I ;
0] O\N+
(2,4-dinitrophenyl)hydrazine 2-Nitroacetophenone I
O

(E)-1-(2,4-Dinitrophenyl)-2-[1-(2-nitrophenyl) ethylidene]hydrazine

2.3.5  Synthesis of  5-diethylamino-2-{[2-(2,4-dinitrophenyl) hydrazin-1-
etylidene]methyl}- phenol (DDPM)

2,4-dinitrophenylhydrazine (1 mmol, 0.198 g) was dissolved in anhydrous ethanol

(20 ml), H,SO4 (98%, 0.5 ml) was then added and the mixture was stirred for several
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minutes at 78 °C, 4-(Diethylamino)-2-hydroxybenzaldehyde (1 mmol, 0.193 g) in
ethanol (10 mm 1) was added drop wise and the mixture was stirred at refluxing
temperature for 2 h. The product was purified by recrystallization from DMF and was
identified by melting point (127 — 128 °C), elemental analysis and infrared spectra. The
molecular weight of the compound is 373.37 (Lin et al. 2011). The synthesis scheme is

given below.

CH, SN

Oxpy© (
N _CH N
N 3 N
XNH ~ .
. O+
o . + H : Y

N |
| g o
o OH

(2,4-dinitrophenyl)diazene HC” N OH

4-(diethylamino)-2-hydroxybenzaldehyde J
HiC

5-Diethylamino-2-{[2-(2,4-dinitrophenyl) hydrazin-1-
ylidene]methyl}- phenol

2.4 METHODS

Electrochemical measurements were carried out using an electrochemical work
station, Gill AC having ACM instrument Version 5 software. A three electrode
compartment cell was used for the electrochemical measurements. The working electrode
was made of weld aged maraging steel. A saturated calomel electrode (SCE) and a
platinum electrode were used as the reference and the counter electrode, respectively.

Electrode potentials were measured with respect to saturated calomel electrode (SCE).
2.4.1 Potentiodynamic polarisation measurements

Finely polished maraging steel specimens were exposed to corrosion medium of
hydrochloric acid and sulphuric acid in the presence and absence of studied inhibitors at
temperatures 30 °C, 35 °C, 40 °C, 45 °C, 50 °C and allowed to establish a steady state open
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circuit potential. The potentiodynamic current-potential curves were recorded by
polarizing the specimen to -250 mV cathodically and +250 mV anodically with respect to
open circuit potential (OCP) at a scan rate of 1 mV s™. Electrochemical polarisation
parameters were evaluated from the Tafel plots.

log:

Fig 2.1: Polarization behavior of a metal in acid solution

In the Fig. 2.1 the total anodic and cathodic polarization curves corresponding to
hydrogen evolution and metal dissolution are superimposed as dotted lines. It can be seen
that at relatively high-applied current densities, the applied current density and that
corresponding to hydrogen evolution have become virtually identical. To determine the
corrosion rate from such polarization measurements, the Tafel region is extrapolated to
the corrosion potential, as shown in Fig. 2.1. Extrapolation of cathodic and anodic Tafel
slopes back to the corrosion potential (Ecor) are shown. Intersection point corresponds to
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corrosion current density (icorr), from which corrosion rate is calculated. At least one
decade of linearity in Tafel extrapolation is desirable to ensure good accuracy. At the
corrosion potential, E.oy, rate of cathodic reduction is equal to rate of anodic reaction
(metal corrosion). Tafel constants (b, and b) are calculated from the anodic and cathodic

slopes.

Potentiodynamic polarisation parameters were extracted by Tafel fitment method.
At first the Tafel ruler tool was selected, which was inbuilt in the instrument data analysis
software. The rulers were kept on the Tafel plot and adjusted in such a way that rulers
should overlap both anodic and cathodic slopes, and central line of the ruler should
coincide with the rest potential. Auto scale function re-scales the graph to the maximum
scaling. The quality of the fitting is judged by how well the Tafel rulers overlap the Tafel

slope.

In all the above measurements, at least three similar results were considered, and
their average values are reported. The deviations from mean of test results obtained under

reproducibility conditions are also included.
2.4.2 Electrochemical impedance spectroscopy (EIS) studies

In EIS technique, a small amplitude ac signal of 10 mV was applied to the
electrochemical system over a wide range of frequencies (10 kHz to 0.01 Hz) at the OCP
and the response to the input signal was measured. The double-layer capacitance (Cq),
the charge-transfer resistance (Rc), film capacitance (Cs) and film resistance (Rs) were

calculated from the Nyquist plot.

In EIS studies data were analysed using Nyquist plots. The EIS instrument
records the real (resistance) and imaginary (capacitance) components of the impedance
response of the system. Depending upon the shape of the EIS spectrum, a circuit model
or circuit description code and initial circuit parameters were assumed and input by the
operator. The value of R was extracted from the diameter of semi-circular Nyquist plots.
Circle fit is the specific method to analyse Nyquist graphs. At first the cursor tool was
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selected, which was inbuilt in the instrument data analysis software and the cursors were
kept on the arc of the semicircle. Then the circle fit was done by using the mouse pointer
as the third point of the circle, adjusting it until the circle best fits the data and by clicking
the mouse button the results were calculated. The quality of the fitting is judged by how
well the fitting curve overlaps the original spectrum. By fitting the EIS data it is possible
obtain a set of parameters which can be correlated with the corrosion of the alloy

substrate.

In all the above measurements, at least three similar results were considered, and
their average values are reported. The deviations from mean of test results obtained under
reproducibility conditions are also included. The circuit fitment was done by ZSimpWin

software of version 3.21, the best fit was obtained within in the error range of 4 - 5.5%.
2.4.3 Scanning electron microscopic (SEM) studies and EDS analysis

The scanning electron microscopic images and EDS spectra of the samples were
recorded using JEOL JSM-6380L Analytical scanning electron microscope. The surface
morphology of the weld aged maraging steel specimen immersed in hydrochloric acid
and sulphuric acid solution in the presence and absence of inhibitor were compared by
recording the SEM images of the samples. Energy dispersive X-ray spectroscopy (EDS)
investigations were carried out in order to identify the elemental composition of the
species formed on the metal surface after its immersion in acid in the presence and

absence of inhibitor.
2.5 CALCULATION OF CORROSION RATE

The corrosion rates (veorr), in mm y'™, were calculated from the values of corrosion

current density (icorr) Using the expression 1.18 given in section 1.9 (Dean 1999).

Corrosion rate (v, ) = K Lot pyy (1.18)
p

corr

where K is 3.27 x 10 %, mm g/pA cm y, a constant that defines the unit for the corrosion
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rate, icorr iS CUrrent density in A cm, p density is in g cm™ and EW is equivalent weight
of the alloy. Equivalent weight for alloys was calculated using expression 1.19 given in
section 1.9 (Dean 1999):

EW == (1.19)

where f; is the mass fraction of the i element in the alloy, Wi is the atomic weight of the

i element in the alloy and n; is the valence of the i element of the alloy (Dean 1999).
2.6 CALCULATION OF INHIBITION EFFICIENCY
From the Tafel polarisation study, the inhibition efficiency of the inhibitor was

determined from the icorr value using following equation (2.1).

icorr_ icorr(inh)
N(%) = 2L %100 2.1)

corr

where icorr and icorr(inny Signify the corrosion current density in the absence and presence of

inhibitors, respectively.

From the EIS study, the inhibition efficiency of the inhibitor was determined from

the R value using following equation (2.2).

R, -R
(%)= — %100 (2.2)

ct(inh)

where Reynny and Re are the charge-transfer resistances obtained in inhibited and

uninhibited solutions, respectively.

The surface coverage (0) was calculated from potentiodynamic polarization data

using the equation (2.3).
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_n(%)
0="o0 (2.3)

where 1 (%) is the percentage inhibition efficiency.
2.7 ACTIVATION PARAMETERS

Activation parameters such as activation energy (Ea), enthalpy of activation (AH?)
and entropy of activation (AS*) for the corrosion of the metal in the studied acid media in
the absence and presence of different concentrations of inhibitors were calculated from
Arrhenius equation and transition state theory equation.

Arrhenius equation:

E
=B-—2 2.4
) =B % 24)

In(v

where B is a constant which depends on the metal type and R is the universal gas
constant, veor IS COrrosion rate, E, is the activation energy, T is absolute temperature. The
plot of In(vcorr) Versus reciprocal of absolute temperature (1/T) gives a straight line with
slope = - E; / R, from which, the activation energy values for the corrosion process were
calculated.

-E
Slope = =2 2.5
pe=— (2.9)

Transition state theory equation:

The entropy of activation (AS") and enthalpy of activation (AH") for the corrosion of

alloy were calculated from the transition state theory Equation.

RT AS” -AH*
= 2.6
o Nhexp[ S jexpﬂ ! ] 26)
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where h is Plank’s constant, and N is Avagadro’s number. A plot of In(ve/T) vs 1/T
gives straight line with slope given by equation (2.7) and intercept given by equation
(2.8).

-AH?

Slope = (2.7)

R. AY
Intercept = In(—
p (Nh)+ R

(2.8)

AH" and AS” values were calculated using equation (2.7) and (2.8) respectively.
2.8 ADSORPTION ISOTHERMS

The information on the interaction between the inhibitor molecules and the metal
surface can be provided by adsorption isotherm. To evaluate the nature and strength of
adsorption of inhibitor on the alloy surface, the experimental data are fitted to the
isotherm, and from the best fit, the thermodynamic data for adsorption are evaluated. The
adsorption strength can be deduced from the adsorption isotherm, which shows the
equilibrium relationship between concentrations of inhibitors on the surface and in the

bulk of the solution.

In the present study attempts were made to fit the degree of surface coverage (0)
values obtained for the weld aged maraging steel specimen in different concentrations of
hydrochloric acid and sulphuric acid in the presence of different concentrations of
inhibitor to various isotherms including Langmuir, Temkin, Frumkin, Freundlich and
Flory- Huggins isotherms. Various adsorption isotherms used to characterize the

adsorption of inhibitor on the metal surface are presented in Table 2.3.
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Table 2.3: Adsorption isotherms to characterise the adsorption of inhibitors on the metal

surface.
Name Isotherm Verification plot
Langmuir 0/1-0=Pc 0/1-0 Vslogc
Temkin 0=1/f(InKc) 0 Vslogc
Frumkin (0/1-0)e=pc 0 Vs log ¢

Bockris- Swinkels | 6/ (1-0)"[ 0+n ( 1-0 )oa/n"]=c.e™> 4|  6/1-6 Vslogc

Virial Parson 0.e2"=B.c 0 Vslogf/c
Flory Huggins log(6/c) = log mK + mlog (1- ) log (6/c) vs log(1- 0)
Freundlich 0 = Kcn log6 /vslogc
El — Awady log[6/(1- 6)] =log K +ylogc log[0/(1- 0)] vs log c.

where 0 - surface coverage; p = AG/2.303RT; AG - free energy of adsorption; R — gas
constant; T - temperature; ¢ - bulk inhibitor concentration; m - number of water
molecules; f - inhibitor interaction parameter (0, no interaction; +, attraction; -,

repulsion); K, y - constants; (Papavinasam 2006).

In order to obtain the isotherm, the linear relation between surface coverage (8)
value and inhibitor concentration (c) must be found. Attempts were made to fit the 6 and
c values to various isotherms, listed in the Table 2.2.

2.9 THERMODYNAMIC PARAMETERS

The standard free energy of adsorption of the inhibitor molecules on the metal

surface, AG%ds was calculated using the relation (2.9).

_ 0
Kass = iexp[ ag a‘“] (2.9)

95.5 RT
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where the value 55.5 is the concentration of water in solution in mol dm, R is the

universal gas constant and T is absolute temperature. K

Standard enthalpy of adsorption (AH%g) and standard entropy of adsorption

(AS%gs) were calculated from Gibbs—Helmholtz equation.
AG2, = AH?, - TAS?, (2.10)

The variation of AG%gs with T gives a straight line with an intercept equals to AH s and

slope equals to AS% 4.
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CHAPTER 3

RESULTS AND DISCUSSION



3.1 CORROSION OF 18% Ni M250 GRADE MARAGING STEEL UNDER WELD
AGED CONDITION IN HYDROCHLORIC ACID MEDIUM

3.1.1 Potentiodynamic polarization studies

The corrosion behaviour of the weld aged maraging steel specimen was
investigated in 0.1 M, 0.5 M, 1.0 M, 1.5 M and 2.0 M hydrochloric acid at 30 °C, 35 °C,
40 °C, 45 °C and 50 °C temperatures using potentiodynamic polarization technique. Fig.
3.1 represents the potentiodynamic polarization curves for the corrosion of weld aged
maraging steel in hydrochloric solutions of different concentrations at 30 °C. Similar
results were obtained at other temperatures also. The potentiodynamic polarization
parameters like corrosion potential (Ecor), corrosion current density (icorr), anodic and
cathodic slopes (b, and Db;) and corrosion rate (ver) Were calculated from

potentiodynamic polarization plots and are tabulated in Table 3.1.

0
| |—=—0.am
-100 - y
—+—05M 'v'
1.0M . A7
2001 |—v—15M g
- o Y
. 2.0M st
. _ el
o 300 —_—
9 = e
2 400+ s Mgl
> — e . v,
g iy T L v
i TRy imy ",
-500 | Pt a™,
m . %
1 I.."- . ""v
600 -| W, ot
N
D i
-700 -
T T T T T
0.01 0.1 1 10
i (mA cm™)

Fig. 3.1: Potentiodynamic polarization curves for the corrosion of weld aged maraging

steel in different concentrations of hydrochloric acid at 30 °C.
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It is seen from the figure that the polarization curves are shifted to the high
current density region as the concentration of hydrochloric acid is increased, indicating
the increase in the corrosion rate with the increase in hydrochloric acid concentration. It
is clear from the data presented in Table 3.1 that the corrosion rate of weld aged
maraging steel specimen increases with increase in the concentration of hydrochloric acid
in the solution. It is also observed from the results that the corrosion potential is shifted
towards less negative values as the concentration of hydrochloric acid is increased. The
positive shift in the corrosion potential (Ecor) indicates that the anodic process is much
more affected by the acid concentration than the cathodic process (Touhamia et al. 2000,
Machnikova et al. 2008). This observation is in accordance with Muralidharan et al.
(1979) who proposed dependence of Ecor and icor ON solution parameters. There is no
significant change in the values of b, and b with the change in concentration of acid,
which implies that, there is no change in corrosion reaction mechanism with change in
acid concentration. This fact is supported by similar shapes of polarization curves at

different concentrations of acid.

The corrosion of steel in acid medium normally proceeds via two partial reactions
in acid solutions. The partial anodic reaction involves the oxidation of metal and
formation of soluble Fe?* ions, while the partial cathodic reaction involves the evolution
of hydrogen gas (Kriaa et al. 2009). In hydrochloric acid solution, the following
mechanism is proposed for the corrosion of iron and steel. In the anodic reaction, the

dissolution of iron takes place as follows (Ashish Kumar et al. 2010):

Fe+Cl ~ = (FeCl ), (31)
(FeCl™),,, = (FeCl),, +e~ (32)
(FeCl),,, — (FeCl"),, +e~ (33)
(FeCl"), = Fe™ +CI” (34)
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In the cathodic reaction, hydrogen evolution takes place as follows:

Fe+H" = (FeH"),, (35)
(FeH +)ads +e ‘i (FeH )ads (36)
(FeH),,, +H" +e” >Fe+H, T (37)

3.1.2 Electrochemical impedance spectroscopy (EIS) studies

The impedance spectra recorded are displayed as Nyquist plots for the specimen.
Fig. 3.2 represents Nyquist plots for the corrosion of weld aged maraging steel in
different concentrations of hydrochloric acid at 30 °C. Similar plots were obtained at
other temperatures also. The point where the semi-circle of the Nyquist plot intersects the
real axis at high frequency (close to the origin) yields solution resistance (Rs). The
intercept on real axis at the other end of the semicircle (low frequency) gives the sum of
solution resistance and the charge transfer resistance (Rc). Hence the charge transfer
resistance value is simply the diameter of the semicircle (Prabhu et al. 2008). The
diagonal region in between the high frequency and low frequency region has a negative
slope due to the capacitive behaviour of the electrochemical double layer. R is inversely

proportional to the corrosion current and was used to calculate the corrosion rate.

From Fig. 3.2 it is clear that the diameter of the semicircle decreases with the
increase in the concentration of hydrochloric acid, indicating the decrease in R value and
increase in corrosion rate. The fact that impedance diagrams have semi-circular
appearance shows that the corrosion of weld aged maraging steel is mainly controlled by
a charge transfer process and the mechanism of dissolution of metal in hydrochloric acid
is not altered with the change in the hydrochloric acid concentration (Larabi et al. 2005).
As seen from the figure, the Nyquist plots are not perfect semicircles. The deviation has

been attributed to frequency dispersion. The “depressed” semicircles have a centre under
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the real axis, and can be seen as depressed capacitive loops. Such phenomena often

correspond to surface heterogeneity which may be the result of surface roughness,

dislocations, distribution of the active sites or adsorption of molecules (Li et al. 2008).
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Fig. 3.2: Nyquist plots for the corrosion of weld aged maraging steel in different

concentrations of hydrochloric acid at 30 °C.

The results obtained can be interpreted in terms of the equivalent circuit of the
electrical double layer. The circuit fitment was done by ZSimpWin software of version

3.21. The impedance data of weld aged maraging steel in hydrochloric acid were

analysed using the circuit fitment shown in Fig. 3.3 in which Rs represents the solution

resistance and R the charge transfer resistance. The constant phase element (CPE) is

substituted for the capacitive element to give a more accurate fit, as most capacitive loops

are depressed semi circles rather than regular semi circles (Tang et al. 2008). The results

of EIS measurement are summarized in Table 3.2. The impedance of constant phase

(Zcpe) is described by the expression:
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1 1

=—X

ZCPE -
Q (o

(3.8)

where Q is the CPE coefficient, n the CPE exponent (phase shift), o the angular
frequency (o = 2nf , where f is the AC frequency), n is dependent on the surface
morphology: -1< n< 1 and j here is the imaginary unit. When the value of n is 1, the CPE
behaves like an ideal double-layer capacitance (Cq). The value of double layer

capacitance (Cgj) can be obtained from the equation.
_ n-1
Cy = Q (Opay) (3.9)

where ® is the frequency at which the imaginary part of the impedance (-Z’°) is
maximum (Tang et al. 2008 and Machnikova et al. 2008).

TTTTT

)
=
=

=Z" (ohm.cm?)
-

7' (ohm.cm?)

Fig. 3.3: The equivalent circuit model used to fit the experimental data for the corrosion

of the specimen in 2.0 M hydrochloric acid solution at 30 °C.

The results show that charge transfer resistance (R;) value decreases and double
layer capacitance (Cyj) increases with the increase in the concentration of hydrochloric

acid. The increase in the Cq value may be due to the desorption of the chloride ions at the
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metal surface causing a change in the double layer structure (Abd Ei-Rehim et al. 1999).
The Nyquist plots obtained in the real system represent a general behaviour where the
double layer on the interface of metal/solution does not behave as a real capacitor. On the
metal side electrons control the charge distribution whereas on the solution side it is
controlled by ions. As ions are much larger than the electrons, the equivalent number of
ions to the charge on the metal will occupy quite a large volume on the solution side of
the double layer. Increase in the capacitance which can result from an increase in local
dielectric constant and/or a decrease in the thickness of the electrical double layer,
suggests that the chloride ions act by adsorption at the metal/solution interface (Prabhu et
al. 2007).

3.1.3 Effect of temperature

It is clear from the data presented in Tables 3.1 and 3.2 that the corrosion rate of
the weld aged maraging steel increases with increase in temperature of hydrochloric acid
medium from 30 °C to 50 °C. Fig. 3.4 and Fig. 3.5 represent the potentiodynamic
polarization curves and Nyquist plots respectively, for the corrosion of weld aged
maraging steel in 0.5 M hydrochloric acid at different temperatures. Similar curves were
obtained at other concentrations also. The increase in corrosion rate with temperature
may be attributed to the fact that the hydrogen evolution overpotential decreases with the
increase in temperature that leads to increase in cathodic reaction rate. The values of b,
and b, change with the increase in acid concentration and also with the increase in
temperature, which indicate the influence of acid concentration and temperature on the

kinetics of hydrogen evolution and metal dissolution.

The variation of corrosion rate with the temperature follows Arrhenius equation
which is utilized to calculate the activation energy (E3). According to Arrhenius equation,
the corrosion rate (veorr) IS given by given by the expression:

E

=B-—2 2.4
COI'T) RT ( )

In(v
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where B is a constant which depends on the metal type and R is the universal gas
constant, veorr IS COrrosion rate, E, is the activation energy, T is absolute temperature. A

plot of In(veorr ) VS L/T gives straight line with slope -E./R.
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Fig. 3.4: Potentiodynamic polarization curves for the corrosion of weld aged maraging

steel at different temperatures in 0.5 M hydrochloric acid.

Enthalpy of activation (AH") and the entropy of activation (AS") were calculated

from transition state equation:

# #
Ucon=ﬂexp(As jexp('AH J (2.6)

Nh R R

where h is Plank’s constant, and N is Avagadro’s number. A plot of In(vco/T) Vvs 1/T
gives straight line with slope given by equation (2.7) and intercept given by equation
(2.8).

AR 2.7)

Slope =
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AS'

~ (2.8)

R
Intercept = In(—
pt = In(5)+

AH" and AS" values were calculated using equation (2.7) and (2.8), respectively.
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Fig. 3.5: Nyquist plots for the corrosion of weld aged maraging steel in 0.5 M

hydrochloric acid at different temperatures.

The Arrhenius plots for the corrosion of weld aged specimen in hydrochloric acid
are shown in the Fig. 3.6. The plots of In(v ¢o/T) vs 1/T are shown in the Fig. 3.7. The
activation parameters are given in the Table 3.3. The activation energy values indicate
that the corrosion of the alloy is controlled by surface reaction, since the values of
activation energy for the corrosion process are greater than 20 kJ mol™ (Bouklah et al.
2005). As seen from Table 3.3, the value of energy of activation (E,) for the corrosion of
the alloy decreases with the increase in acid concentration. This indicates that the
formation of activated complex is slower in hydrochloric acid of lower concentration,

becomes faster as the concentration of acid increases.
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Fig. 3.6: Arrhenius plots for the corrosion of weld aged maraging steel in hydrochloric

acid.
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Fig. 3.7: Plots of In(veor/T) vs L/T for the corrosion of weld aged maraging steel in

hydrochloric acid.
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The variation in E, values is in accordance with the observed trend that corrosion
rate of the alloy increases with the increase in the concentration of hydrochloric acid. The
variation of enthalpy of activation (AH") with the concentration of hydrochloric acid is
similar to the variation of energy of activation (E,). The entropy of activation is negative.
This implies that the activated complex in the rate-determining step represents
association rather than dissociation, indicating that a decrease in randomness takes place

on going from reactants to the activated complex (Prabhu et al. 2007).
3.1.4 SEM/EDS studies

The scanning electron microscope images were recorded to establish the
interaction of acid solution with the metal surface. The SEM image of a freshly polished
surface of weld aged maraging steel sample is given in Fig. 3.8 (a), which shows the
uncorroded surface with few scratches due to polishing. Fig. 3.8 (b) shows the SEM
image of weld aged maraging steel surface after immersed for 3 h in 2.0 M hydrochloric
acid. The SEM images reveal that the surface of the specimen immersed in 2.0 M
hydrochloric acid is deteriorated due to the acid action. The corroded surface shows
detachment of particles from the surface.

Fig. 3.8: SEM images of (a) freshly polished surface (b) corroded surface

EDS investigations were carried out in order to identify the composition of the
freshly polished surface and corroded metal surface in 2.0 M hydrochloric acid. The
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corresponding EDS profile analyses for the selected areas on the SEM images of Fig. 3.8
(a) and 3.8 (b) are shown in Fig. 3.9 (a) and 3.9 (b), respectively.

The atomic percentages of the elements found in the EDS profile of uncorroded
metal surface were 66.5 % Fe, 17.2% Ni, 3.1% Mo, 6.7% Co, 0.07% Si and 0.22% Ti.
The atomic percentages of corroded metal surface were 13.18% Fe, 4.53% Ni, 4.7% ClI,
3.18% Mo, 66.21% O and 3.2 % Co and indicated that iron oxide is existing in this area.
These elemental compositions prove that the corrosion of weld aged maraging steel
results in the formation of oxide layer on the surface. The elemental compositions

mentioned above were mean values at different regions.
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Fig. 3.9 (a): EDS spectra of the freshly polished surface of weld aged maraging steel.
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Fig. 3.9 (b): EDS spectra of the weld aged maraging steel after immersion in 2.0 M

hydrochloric acid.
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Table 3.1: Results of potentiodynamic polarization studies for the corrosion of weld aged

maraging steel in different concentrations of hydrochloric acid at different temperatures.

Molarity of
) Temperature Ecorr b, -b, icorr Veorr
hydrochloric
) °C (mV/ SCE) (mV) (mV) (mA cm?) (mmy?
acid (M)
30 -419+3 142+3 226+3 0.22+0.02 2.53+0.23
35 -416+3 150+3 234+3 0.26+0.02 2.99+0.20
0.1 40 -412+2 159+1 242+3 0.30+0.01 3.45+0.14
45 -409+2 165+3 250+2 0.33+0.01 3.80+0.13
50 -405+3 173+2 259+2 0.37+0.03 4.26+0.27
30 -413+2 148+2 247%2 0.27+0.02 3.11+0.24
35 -411+2 156+2 254+1 0.35+0.02 4.03+0.19
0.5 40 -408+2 165+1 262+2 0.42+0.02 4.83+0.21
45 -406+3 172+1 269+2 0.52+0.01 5.87+0.14
50 -404+4 183+4 277+1 0.59+0.03 6.79+0.26
30 -371+2 153+2 256+3 0.33£0.03 3.80+0.25
35 -368+2 159+1 261+1 0.45+0.02 5.20+0.21
1.0 40 -364+2 165+3 266x3 0.56+0.02 6.45+0.17
45 -361+4 172+2 273+1 0.76+0.04 8.72+0.39
50 -358+3 177+2 278+4 0.92+0.06 10.63+0.64
30 -342+3 158+1 267+1 0.70+0.02 8.05+0.18
35 -339+3 165+4 2763 0.82+0.03 9.45+0.26
15 40 -337+4 173+4 282+3 0.94+0.02 10.85+0.19
45 -334+3 179+1 286+2 1.53+0.06 17.60+0.65
50 -332+4 185+1 292+2 1.61+0.11 18.57+1.36
30 -32413 17544 28743 2.7720.10 31.85:1.23
20 35 -321+2 182+3 293+4 3.09+0.15 35.49+1.73
40 -319+1 189+3 300+4 3.39+0.09 39.03+1.12
45 -315+3 196+1 307+4 3.63+0.11 41.73+£1.30
50 -312+1 203+1 31243 3.89+0.22 44.77+2.50
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Table 3.2: Results of EIS studies for the corrosion of weld aged maraging steel in

different concentrations hydrochloric acid at different temperatures.

Molarity of
. Temperature Ret Cai Veorr
hydrochloric acid
(°C) (ohm. cm?) (mF cm?) (mmy?
(M)
30 181.20+3.11 0.93+0.22 2.41+0.11
35 158.00+3.06 1.10+0.15 2.89+0.23
0.1 40 135.21+2.68 1.40+0.29 3.55+0.42
45 127.54+2.55 1.55+0.25 3.89+0.18
50 117.23+2.47 1.80+0.11 4.42+0.32
30 156.30+2.45 0.9610.31 2.9610.25
35 139.27+3.05 1.17+0.33 3.47+0.62
05 40 123.15+2.63 1.450.37 4.11%0.29
45 107.56+2.43 1.74+0.37 4.87+0.26
50 90.34+3.39 1.83+0.30 6.09+0.37
30 116.20+2.52 1.68+0.22 4.12+0.19
35 97.32+2.07 1.75+0.27 5.07+0.25
1.0 40 82.68+2.31 2.15+0.47 6.16+0.18
45 65.24+2.84 2.36+0.42 8.09+0.91
50 53.86+2.41 2.79+0.64 10.04+0.83
30 64.30+2.88 3.01+0.27 7.7140.25
35 58.75+2.29 3.380.35 8.78+0.36
15 40 53.4243.09 3.7410.23 10.03+0.64
45 36.89+2.85 4.13+0.33 14.91+0.12
50 32.05+2.74 4.59+0.80 17.65+0.67
30 20.21+3.10 5.75+0.52 26.87+0.18
35 17.34+3.26 8.26+1.24 32.35+0.27
20 40 15.01+4.83 13.22+1.58 38.59+0.55
45 12.89+4.85 15.87+1.38 46.36+0.24
50 11.67+3.28 18.95+1.20 52.65+0.37
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Table 3.3: Activation parameters for the corrosion of weld aged maraging steel in

hydrochloric acid.

Molarity of
),l _ E. AH* AS*
hydrochloric acid 1 N 1
(kJmol ™) (kJmol™) I mol™ K™)
(M)
0.1 39.12 41.61 -94.90
0.5 36.56 38.51 -103.71
1.0 35.70 34.98 -108.66
15 32.08 30.55 -117.80
2.0 30.33 31.24 -122.37
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3.2 CORROSION OF 18% Ni M250 GRADE MARAGING STEEL UNDER WELD
AGED CONDITION IN SULPHURIC ACID MEDIUM

3.2.1 Potentiodynamic polarization studies

Fig. 3.10 represents the potentiodynamic polarization curves for the corrosion of
weld aged sample of maraging steel in sulphuric acid solutions of different concentrations
at 30 °C. Similar plots were obtained at other temperatures also. The potentiodynamic
polarization parameters are summarized in the Table 3.4. These results predict substantial
corrosion of the weld aged maraging steel in sulphuric acid at all the studied temperatures
and concentrations. The corrosion rate increases with the increase in concentration of

sulphuric acid.
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Fig. 3.10: Potentiodynamic polarisation curves for the corrosion of weld aged maraging

steel in different concentrations of sulphuric acid at 30 °C.
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As can be seen from the polarisation curves, the corrosion potential is shifted in the
positive direction, when the concentration of sulphuric acid is increased. This observation
is similar to the one discussed in the section 3.1.4 and hence same discussion holds good
here. There is no significant change in the values of b, and b, for weld aged specimen
implies that, there is no change in corrosion reaction mechanism with change in acid

concentration.
3.2.2 Electrochemical impedance spectroscopy (EIS) studies

Nyquist plots for the corrosion of weld aged maraging steel in different
concentrations of sulphuric acid at 30 °C are shown in Fig. 3.11. Similar plots were
obtained at other temperatures also. The similar semi-circular appearance of the
impedance diagrams shows that the corrosion of weld aged maraging steel is controlled
by a charge transfer process and the mechanism of dissolution of the metal is not affected

by the variation in the concentration of sulphuric acid (Larabi et al., 2005).
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Fig. 3.11: Nyquist plots for the corrosion of weld aged maraging steel in different

concentrations of sulphuric acid at 30 °C.
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The equivalent circuit shown in the Fig. 3.3 (Section 3.1.2) is used to fit the
experimental data. The impedance plots are analysed as discussed in the section 3.1.2.
The calculated values of Rt and Cgy are listed in Table 3.5. The CPE element is used to
explain the depression of the capacitance semi-circle, which corresponds to surface
heterogeneity resulting from surface roughness, impurities, dislocations, grain
boundaries, adsorption of ions, formation of porous layers etc (Wei-hua et al. 2008). The
EIS results also show substantial corrosion of the weld aged maraging steel specimen in
sulphuric acid medium. The results show that charge transfer resistance (R.) value
decreases and double layer capacitance (Cq) increases with the increase in the
concentration of sulphuric acid. This indicates that the rate of corrosion increases with the
increase in the concentration of sulphuric acid. This is in agreement with the results
obtained from potentiodynamic polarisation studies.

3.2.3 Effect of temperature

The Fig. 3.12 and 3.13 represents the potentiodynamic polarisation curves and
Nyquist plots, respectively, for the corrosion of weld aged maraging steel in 1.0 M
sulphuric acid medium at different temperatures. Similar plots are obtained at other
concentrations also. The electrochemical polarisation parameters and EIS parameters

have already been tabulated in table 3.4 and 3.5, respectively.

It is clear from the Fig. 3.12 and 3.13 and the data presented in the Tables 3.4 and
3.5 that the corrosion rate of weld aged maraging steel increases with the increase in the
temperature of sulphuric acid medium. This may be attributed to the fact that the
hydrogen evolution overpotential decreases with the increase in temperature, that leads to
increase in cathodic reaction rate (Bellanger and Rameau, 1996). The values of b, and b,
change with the increase in temperature, which indicates the influence of solution
temperature on the kinetics of hydrogen evolution and metal dissolution processes. The
activation parameters for the corrosion of weld aged maraging steel in sulphuric acid
medium were calculated from the Arrhenius plots (Fig. 3.14) and from the plots of
In(veor/ T) Vs (L/T) (Fig. 3.15). These values are listed in the Table 3.6. The variation of

activation parameters are similar to that obtained in hydrochloric acid medium.
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Fig. 3.12: Potentiodynamic polarisation curves for the corrosion of weld aged maraging

steel specimen at different temperatures in 1.0 M sulphuric acid.
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Fig. 3.13: Nyquist plots for the corrosion of weld aged Maraging Steel in 1.0 M sulphuric

acid at different temperatures.
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Fig. 3.14: Arrhenius plots for the corrosion of weld aged sample of maraging steel in

sulphuric acid.
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steel in sulphuric acid.
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The correlation coefficient (R?) was used to choose the isotherm that best fit the

experimental data. The plots are linear, with an average correlation coefficient of 0.9691.
3.2.4 SEM/EDS studies

The surface morphology of the weld aged maraging steel specimen immersed in
1.0 M sulphuric acid solution was compared with that of the non-corroded specimen by
recording their SEM images. The SEM image of a freshly polished surface of the weld
aged maraging steel sample is given in Fig. 3.16 (a), which shows the non-corroded
surface with few scratches due to polishing. Fig. 3.16 (b) shows the SEM image of weld

aged maraging steel surface after immersion for 3 h in 1.0 M sulphuric acid, with a

deteriorated surface due to the acid action.
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Fig. 3.16: SEM images of (a) freshly polished surface (b) corroded surface

EDS investigations were carried out in order to identify the composition of the
freshly polished surface and corroded metal surface in 1.0 M sulphuric acid. The
corresponding EDS profile analyses for the selected areas on the freshly polished surface
and corroded surface are shown in Fig. 3.17 (a) and 3.17 (b), respectively. The atomic
percentages of the elements found in the EDS profile of uncorroded metal surface were
66.5 % Fe, 17.2% Ni, 3.1% Mo, 6.7% Co, 0.07% Si and 0.22% Ti. The atomic

percentages found in the EDS profile of corroded metal surface were 16.24% Fe, 7.66%
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Ni, 6.52% S, 2.79% Mo, 59.21% O and 4.17 % Co and indicated that iron oxide is
existing in this area. These elemental composition prove that the corrosion of weld aged
maraging steel through the formation of oxide layer. The elemental compositions

mentioned above were mean values of different regions.
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Fig. 3.17 (a): EDS spectra of the freshly polished surface of weld aged maraging steel.
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Fig. 3.17 (b): EDS spectra of the weld aged maraging steel after immersion in 1.0 M

sulphuric acid.
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Table 3.4: Results of potentiodynamic polarisation studies for the corrosion of weld aged

maraging steel in different concentrations of sulphuric acid at different temperatures.

Molarity of
Temperature Ecorr ba -b. icorr Veorr
sulphuric
) (°0) (mV/SCE) (mV) (mV) (mA cm?) (mmy?
acid (M)

30 -371+2 221+1 266+1 0.78+0.03 8.99+0.31
35 -368+3 257+1 283+1 1.27+0.11 14.64+1.12

0.1 40 -365+1 28943 296+3 1.99+0.21 22.95+2.27
45 -362+2 295+2 317+1 2.21+0.23 25.48+2.26
50 -359+2 298+2 321+1 2.4740.22 28.48+2.58
30 -356+2 235+1 268+2 1.80+0.17 20.71+1.79
35 -353+2 257+1 276+1 2.41+0.19 27.73+2.21

05 40 -350+1 279+1 288+1 3.831£0.11 44.07+1.44
45 -348+2 296+2 297+3 4.44+0.15 46.21+1.87
50 -346+3 31543 306+2 4.60+0.33 49.47+3.64
30 -323+2 247+1 301+3 8.56+0.38 98.41+3.85
35 -318+2 276+1 303+2 12.82+0.30 147.28+3.01

1.0 40 -309+2 292+2 305+1 16.92+0.22 194.46+2.20
45 -307+3 298+2 307+1 19.42+0.32 223.23+£3.17
50 -305+3 312+1 311+1 22.10+£0.41 253.15+4.13
30 -295+3 25242 260+1 17.02+0.28 195.54+2.79
35 -291+3 253+1 27242 23.64+0.25 271.53+2.53

15 40 -288+2 25442 276x2 28.05+0.58 332.15+5.83
45 -285+2 26613 283+1 30.34+0.46 348.61+4.60
50 -283+2 27243 296+1 33.0510.35 379.67+3.54
30 -281+3 22343 25143 20.31%0.39 233.51+3.87
35 -279+2 245+2 263+2 27.63+0.44 317.55+4.42

2.0 40 -278+1 269+2 2741 35.00+0.48 402.63+4.83
45 -275%2 281+3 288+2 40.72+0.26 468.28+2.59
50 -2731 301+3 302+2 45.24+0.58 520.05+5.81
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Table 3.5: Results of EIS studies for the corrosion of weld aged maraging steel in

different concentrations sulphuric acid at different temperatures.

Molarity of
. Temperature Ret Cai Vcorr
sulphuric
) (°C) (ohm. cm?) (mF cm?) (mmy?
acid (M)

30 74.66+3.24 21.01+3.15 8.08+0.91
35 51.17+3.47 26.57+3.99 13.15+1.23

0.1 40 35.45+2.68 32.14+2.96 20.61+1.42
45 33.36+2.54 36.48+2.87 22.88+1.18
50 30.19+2.64 41.49+2.19 25.57+2.32
30 33.56+1.62 40.12+2.65 18.64+1.55
35 26.64+4.82 65.92+2.91 24.96+1.62

05 40 17.85+3.14 109.77+2.90 39.66+1.29
45 17.84+4.29 125.60+3.51 41.52+2.26
50 17.42+4.17 158.27+3.51 44514237
30 7.09+2.45 11.00+2.79 95.62+2.89
35 5.05+2.38 11.83+1.86 142.89+2.16

1.0 40 3.95+1.35 12.37+1.20 188.68+2.13
45 3.49+2.08 15.26+1.69 216.46+3.22
50 3.15+1.64 18.08+2.38 247.02+£2.87
30 3.34+0.50 13.71+2.86 191.41+2.62
35 2.46+1.85 14.52+2.56 266.20+2.93

15 40 2.09+1.24 16.09+1.33 316.18+4.42
45 2.01+0.98 18.30+1.15 340.81+3.45
50 1.90+0.39 21.47+2.18 372.71+£4.57
30 2.58+1.31 16.45+2.15 228.66+2.26
35 2.04+1.16 17.21+2.27 310.63+3.13

2.0 40 1.72+0.78 19.56+1.58 394.26+4.42
45 1.55+0.53 23.82+2.18 458.43+3.41
50 1.48+1.33 26.00£1.80 508.87+5.73
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Table 3.6: Activation parameters of corrosion reaction of weld aged maraging steel

specimen in sulphuric acid.

Molarity of
_y _ Ea AH* AS* )
sulphuric acid 1 N 1 R
(kJmol ™) (kJmol™) (I mol™ K™)
(M)
0.1 4431 43.16 -88.32 0.9532
0.5 35.50 37.48 -111.52 0.9431
1.0 32.79 28.11 -144.08 0.9775
15 25.24 23.69 -141.93 0.9861
2.0 21.20 22.58 -142.28 0.9842
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3.3 1(2E)-1-(4-AMINOPHENYL)-3-(2-THIENYL)PROP-2-EN-1-ONE (ATPI) AS
INHIBITOR FOR THE CORROSION OF WELD AGED MARAGING STEEL
IN HYDROCHLORIC ACID MEDIUM

3.3.1 Potentiodynamic polarization studies

The potentiodynamic polarization curves for the corrosion of weld aged maraging
steel specimen in 1.5 M hydrochloric acid in the presence of different concentrations of
ATPI, at 30 °C are shown in the Fig. 3.18. Similar plots were obtained in the other four

concentrations of hydrochloric acid at the different temperatures studied.
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Fig. 3.18: Potentiodynamic polarization curves for the corrosion of weld aged maraging

steel in 1.5 M hydrochloric acid containing different concentrations of ATPI at 30 °C.

The potentiodynamic polarization parameters such as corrosion potential (Ecor),
cathodic and anodic Tafel slopes (b. and b,), corrosion current density (icor) and the

inhibition efficiency values 1 (%) were calculated from Tafel plots in all the five studied
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concentrations of hydrochloric acid in the presence of different concentrations of ATPI at

different temperatures and are summarized in Tables 3.7 to 3.11.

In general, according to the results presented in Table 3.7 to Table 3.11 and also
from polarization curves in Fig. 3.18, the corrosion current density (icor) decreased
significantly even on the addition of a small concentration of ATPI and the inhibition
efficiency (n%) increases with the increase in the inhibitor concentration, up to an
optimum value. Thereafter the increase in the inhibitor concentration resulted in

negligible increase in inhibition efficiency.

It is seen from Tables 3.7 to 3.11, that the value of b, does not change
significantly with the increase in ATPI concentration, which indicates that the addition of
ATPI does not change the hydrogen evolution reaction mechanism (Atta et al. 2011). The
parallel cathodic Tafel curves indicate that the hydrogen evolution is activation controlled
(Tao et al. 2011). Hydrogen evolution reaction has been reported to be generally the
dominant local cathodic process in the corrosion of weld aged maraging steel alloy in

aqueous acidic solutions, via H" ion or H,O molecule reduction, respectively.

It is also seen from the data that the anodic slope b, also does not change
significantly on increasing the concentration of ATPI, indicating its non-interference in
the mechanism of anodic reaction. This indicates that the inhibitive action of ATPI may
be considered due to the adsorption and formation of barrier film on the electrode
surface. The barrier film formed on the metal surface reduces the probability of both the
anodic and cathodic reactions, which results in decrease in corrosion rate (Li et al. 2007
and Ferreira et al. 2004). The inhibition efficiency increases with the increase in inhibitor
concentration, indicating increase in surface coverage and the inhibition efficiency

reaching a maximum value of 94.6 % at 0.8 mM of ATPI in 0.1 M hydrochloric acid.

It can also be seen from Tables 3.7 to Table 3.11, that there is no appreciable shift
in the corrosion potential value (Ecor) on the addition of ATPI to the corrosion medium

and also on increasing the concentration of ATPI. If the displacement in corrosion
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potential is more than +85 mV with respect to corrosion potential of the blank, then the
inhibitor can be considered as a cathodic or anodic type. However, the maximum
displacement in the present study is £20 mV, which indicates that ATPI is a mixed type
inhibitor (Ferreira et al. 2004, Li et al. 2008, Poornima et al. 2011). According to Cao
(1996) if the shift in Ecor is negligible, the inhibition is most probably caused by a
geometric blocking effect of the adsorbed inhibitive species on the surface of the
corroding metal. In the present study although there is no remarkable change (85 mV) in
Ecor, the shift in Ecor is not negligible. This can be attributed to the difference in the
active sites blocking effect of the inhibitor for the anodic and cathodic reactions, as it is
impossible that the active sites on the metal surface are identical for both anodic and

cathodic reactions of corrosion process.

As the concentration of the inhibitor increases, it is noticed that the corrosion
potential shifts slightly toward more positive potential. This indicates that the inhibitor
promotes passivation of weld aged maraging steel through adsorption (Larabi et al.
2005). The inhibitor ATPI can be considered as a mixed inhibitor with predominant
anodic action. The increase in the inhibition efficiency with the increase in inhibitor
concentration is attributed to the increased surface coverage by the inhibitor molecules as

the concentration is increased (EI- Sayed et al. 1997).

3.3.2 Electrochemical impedance spectroscopy

Fig. 3.19 shows the Nyquist plots for the corrosion of weld aged maraging steel in
1.5 M hydrochloric acid solution at 30 °C in the presence of different concentrations of
ATPI. Similar plots were obtained in other concentrations of hydrochloric acid and also
at other temperatures. The results of EIS studies for the corrosion of weld aged maraging

steel are summarized in Tables 3.12 to 3.16.

As can be seen from Fig. 3.19 the Nyquist plots are semi-circular in the presence
as well as in the absence of inhibitor. This indicates that the corrosion of weld aged

maraging steel is controlled by a charge transfer process in the presence and absence of
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the inhibitor (Tao et al. 2011). The presence of inhibitor increases the impedance
indicating a decrease in the corrosion rate. It is also observed from the figure that a
second time constant appears at the high frequency in the presence of inhibitor. The
second time constant can be attributed to the inhibitor film formation by the adsorbed
ATPI molecules. The increase in diameter of the semicircle with the increase in the ATPI
concentration, indicating the increase in charge transfer resistance (R¢) value and

decrease in corrosion rate (Vcorr)-
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Fig. 3.19: Nyquist plots for the corrosion of weld aged maraging steel in 1.5 M

hydrochloric acid containing different concentrations of ATPI at 30 °C.

In order to fit and analyse the EIS data, the experimental impedance results are
simulated to pure electronic models that can verify or role out mechanistic models and
enable the calculation of numerical values corresponding to the physical and/or chemical
properties of the electrochemical system under investigation. The equivalent circuit given
in Fig. 3.3 was used to fit the experimental data for the corrosion of weld aged maraging

steel in hydrochloric acid in the absence of ATPI. Hence the discussion in the section
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3.1.2 on the equivalen4t circuit model for the corrosion of weld aged maraging steel in

the absence of inhibitor holds good here also.

However, the impedance plots recorded for the corrosion of the alloy in the
presence of ATPI were modelled by using the equivalent circuit depicted in Fig. 3.20
(best fit within the range of 4 — 5.5% error), which consists of the R, Ca, Cpr (film
capacitance) and Ry (film resistance). The Re, Rpr, Cai and Cys were determined by the
analysis of Nyquist plots and their values are given in Table 3.12 to Table 3.16. The
results show that the values of Cq and Cy decreases, while the values of R¢ and Ry
increase with the increase in the concentration of ATPI, suggesting that the amount of the
inhibitor molecules adsorbed on the electrode surface increases as the concentration of
ATPI increases (Amin et al. 2007). The decrease in Cq and Cps could be attributed to the
decrease in local dielectric constant and/or an increase in the thickness of the electrical
double layer, signifying that the ATPI molecules act by adsorption at the interface of
metal/solution. The increase in Ry and Ryr values is due to the gradual replacement of
water molecules by the adsorption of inhibitor molecules on the surface to form an
adherent film on the metal surface and thereby reducing the metal dissolution in the
solution (Wang et al. 2010). The inhibitor molecule ATPI has the electron rich
environment in phenyl group due to resonance of z-electrons of double bonds that can be
adsorbed well on the sample surface. Also carbonyl groups are electron donating groups
containing oxygen atom as an active site (Atta et al. 2011). ATPI inhibits the corrosion
primarily through its adsorption and subsequent formation of a barrier film on the metal

surface. This is accordance with the observations of Tafel polarization measurements.

In addition, the more the inhibitor is adsorbed, the more the thickness of the

barrier layer is increased according to the expression of the Helmholtz model:

C, = —S (3.10)
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where d is the thickness of the film, S the surface of the electrode, €° the permittivity of

the air and ¢ is the local dielectric constant.
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Fig. 3.20: Equivalent circuit used to fit the experimental EIS data for the corrosion of
weld aged maraging steel specimen in hydrochloric acid in the presence of different

concentration of ATPI.

The Bode plots for the corrosion of the alloy in the presence of different
concentrations of ATPI are shown in Fig. 3.21. The frequency vs impedance plot shows
the increase in impedance with the increase in the concentration of the inhibitor
concentration, indicating the increase in corrosion resistance and inhibition efficiency. In
the frequency vs phase angle plots the high frequency (HF) limits correspond to Rs, while
the lower frequency (LF) limits correspond to (R + Rs), which are associated with the
dissolution processes at the interface (Fouda et al. 2009). Phase angle increases with the
increase in the concentrations of ATPI in hydrochloric acid. This might be attributed to
the decrease in the capacitive behaviour on the metal surface due to the decrease in the
dissolution rate of the metal. The difference between the HF limit and LF limit,

corresponding to R value for the inhibited system in the Bode plot increases with
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increase in the concentration of ATPI (Elewady et al. 2008). The adsorption of ATPI on
the metal surface modifies the interface between solution and metal surface and decreases
its electrical capacity. This modification results in an increase of charge transfer
resistance where the resulting adsorption films isolate the metal surface from the
corrosive medium and decrease metal dissolution (Arab et al. 2008, Ozcan et al. 2004,
Machnikova et al. 2008).
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Fig. 3.21: Bode plots for the corrosion of weld aged maraging steel in 1.5 M hydrochloric

acid containing different concentrations of ATPI at 30 °C.

A comparison of maximum attainable inhibition efficiencies by the Tafel method
and EIS method, for the corrosion of weld aged maraging steel in hydrochloric acid
solutions of different concentrations in the presence of ATPI at 30 °C are listed in Table
3.17. It is evident from Table that the inhibition efficiency values obtained by the two
methods are in good agreement. Similar levels of agreement were obtained at other

temperatures also.
3.3.3 Effect of temperature
The study on the effect of temperature on the corrosion rate and inhibition

efficiency facilitates the calculation of kinetic and thermodynamic parameters for the
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inhibition and the adsorption processes. These parameters are useful in interpreting the
type of adsorption by the inhibitor. The results in Tables 3.7 to 3.16 indicate that the
inhibition efficiency of ATPI decreases with the increase in temperature. It is also seen
from the data in Tables 3.7 to 3.16, that the increase in solution temperature, does not
alter the corrosion potential (Ecorr), anodic Tafel slope (b,) and cathodic Tafel slope (b)
values significantly. This indicates that the increase in temperature does not change the
mechanism of corrosion reaction (Poornima et al. 2011). However, i and hence the
corrosion rate of the specimen increases with the increase in temperature for both blank
and inhibited solutions. The decrease in inhibition efficiency with the increase in
temperature may be attributed to the higher dissolution rates of weld aged maraging steel
at elevated temperature and also a possible desorption of adsorbed inhibitor due to the
increased solution agitation resulting from higher rates of hydrogen gas evolution. The
higher rate of hydrogen gas evolution may also reduce the ability of the inhibitor to be
adsorbed on the metal surface. The decrease in inhibition efficiency with the increase in
temperature is also suggestive of physisorption of the inhibitor molecules on the metal
surface (Geetha et al. 2011).

The Arrhenius plots for the corrosion of weld aged maraging steel in the presence
of different concentrations of ATPI in 1.5 M hydrochloric acid are shown in Fig. 3.22.
The enthalpy and entropy of activation for the dissolution of the alloy, (AH" & AS") were
calculated from transition state theory equation as discussed in the section 2.7. The plots
of In(veorr /T) versus 1/T for the corrosion of weld aged samples of maraging steel in the
presence of different concentrations of ATPI in 1.5 M hydrochloric acid are shown in
Fig. 3.23. The calculated values of activation parameters are recorded in Table 3.18. The
results show that the value of E, increases with the increase in the concentration of ATPI
indicating that the energy barrier for the corrosion reaction increases. The extent of
increase is proportional to the inhibitor concentration, indicating that the energy barrier
for the corrosion reaction increases with the increase in ATPI concentration. It is also
indicated that the whole process is controlled by surface reaction (Fouda et al. 2009),

since the activation energies of the corrosion process are above 20 kJ mol™.
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Fig. 3.22: Arrhenius plots for the corrosion of weld aged maraging steel in 1.5 M

hydrochloric acid containing different concentrations of ATPI.
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Fig. 3.23: Plots of In(veerr /T) versus 1/T for the corrosion of weld aged maraging steel in

1.5 M hydrochloric acid containing different concentrations of ATPI.
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The adsorption of the inhibitor on the electrode surface leads to the formation of a
physical barrier between the metal surface and the corrosion medium, blocking the
charge transfer, and thereby reducing the metal reactivity in the electrochemical reactions
of corrosion.

The entropy of activation values in the absence and the presence of ATPI are
large and negative; this indicates that the activated complex formation in the rate-
determining step represents an association rather than dissociation, decreasing the
randomness on going from the reactants to the activated complex (Abd EI Rehim et al.
2003, Fekry et al. 2011).

3.3.4 Effect of hydrochloric acid concentration

It is evident from both polarization and EIS experimental results that, for a
particular concentration of inhibitor, the inhibition efficiency decreases with the increase
in hydrochloric acid concentration. The highest inhibition efficiency is observed at 0.1 M
solution of hydrochloric acid. As the concentration of hydrochloric acid is increased,
higher concentration of ATPI is required to achieve higher inhibition efficiency. Since
the present investigation also aims at finding the optimum concentration of inhibitor
required to get maximum inhibition efficiency, different concentrations of inhibitor have
been used in different concentrations of hydrochloric acid instead of using same set of
inhibitor concentration in all concentrations of hydrochloric acid. The decreased
inhibition efficiency in solution of higher concentration of hydrochloric acid can be
attributed to the higher corrosivity of the medium.

3.3.5 Adsorption isotherm

The information on the interaction between the inhibitor molecules and the metal
surface can be provided by adsorption isotherm (Fekry et al. 2010). The adsorption of
ATPI molecule on the metal surface can occur either through donor-acceptor interaction
between the unshared electron pairs and/or m-electrons of inhibitor molecule and the

vacant d-orbitals of the metal surface atoms or through electrostatic interaction of the
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inhibitor molecules with already adsorbed chloride ions (Ashish Kumar et al. 2010). The
adsorption bond strength is dependent on the composition of the metal, corrodent,
inhibitor structure, concentration and orientation as well as temperature. The adsorption
of an organic adsorbate at metal/solution interface can be presented as a substitution
adsorption process between the organic molecules in agueous solution (Inh,g), and the

water molecules on metallic surface (H2O4qs), as given below (Tao et al. 2011):

Inh,_,+ tzo(adS) “ Inh(ads)+ yH,O (3.11)

(sol)

where y, the size ratio, is the number of water molecules displaced by one molecule of
organic inhibitor. y» is assumed to be independent of coverage or charge on the electrode
(Oguzie et al. 2008, Tao et al. 2010). In order to obtain an isotherm, the linear relation

between the surface coverage (0) value and concentration of the inhibitor (Cjn,) must be

found. The surface coverage 6 is given by equation (2.3).

The values of 0 at different concentrations of inhibitor in the solution (Ci,,) were
applied to various isotherms including Langmuir, Temkin, Frumkin and Florye - Huggins
isotherms. It was found that the data fitted best with the Langmuir adsorption isotherm,
which is given by the relation (Wang et al. 2010):

S sy (312)

~

where K is the adsorption/desorption equilibrium constant, Cjn, is the corrosion inhibitor
concentration in the solution, and 0 is the surface coverage. The plot of Ci,n/0 versus Cinn
gives a straight line with an intercept of 1/K. The Langmuir adsorption isotherms for the
adsorption of ATPI on the maraging steel surface are shown in Fig. 3.24. The plots are

linear, with an average correlation coefficient (R?) of 0.993.

The linear regression coefficients are close to unity and the slopes of straight lines

are nearly unity, suggesting that the adsorption of ATPI obeys Langmuir’s adsorption
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isotherm and there is negligible interaction between the adsorbed molecules (Li et al.
2008). The high values of K,gs for the studied inhibitor indicate strong adsorption of
inhibitor on the alloy surface. The values of standard free energy of adsorption (AG 4gs)
were calculated using equation 2.9. The standard enthalpy of adsorption (AH’qs) and
standard entropy of adsorption (AS%gs) were calculated from the plots of (AG%gs) vs T as
per the equation (2.10). The thermodynamic parameters for the adsorption of ATPI on the

weld aged maraging steel are listed in Tables 3.19.
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Fig. 3.24: Langmuir adsorption isotherms for the adsorption of ATPI on weld aged

maraging steel in 1.5 M hydrochloric acid at different temperatures.

The negative values of AG%gs indicate the spontaneity of the adsorption process
and the stability of the adsorbed layer on the metal surface (Tao et al. 2011). Generally
the values of AG%gs less negative than -20 kJ mol™ are consistent with physisorption,
while those more negative than - 40 kJ mol™ are corresponding to chemisorptions (Fuchs
et al. 2006). The calculated values of AG%gs obtained in this study range between -29.5 kJ
mol™ and -36.4 kJ mol™, indicating both physical and chemical adsorption behaviour of
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ATPI on the metal surface. These values indicate that the adsorption process may involve
complex interactions involving both physical and chemical adsorption of the inhibitor
(Hosseini et al. 2003, Machnikova et al. 2008). The fact that both AG%gs and inhibition
efficiency decrease with the increase in temperature, indicates that the adsorption of
ATPI on the weld aged maraging steel surface in hydrochloric acid are not favoured at

high temperature and hence can be considered to be predominantly physisorption.

The negative sign of AH%g in hydrochloric acid solution indicates that the
adsorption of inhibitor molecules is an exothermic process. Generally, an exothermic
adsorption process signifies either physisorption or chemisorptions while the endothermic
process is attributable unequivocally to chemisorption. Typically, the enthalpy of a
physisorption process is less negative than -41.86 ki mol™, while that of a chemisorption
process approaches -100 kJ mol™ (Martinez and Stern 2002). In the present study, the
value of AH%gs found to be less negative than -41.86 kJ mol™?, which shows that the
adsorption of ATPI on weld aged maraging steel involves physisorption phenomena.
From the values of both AG%qs and AH g it can be confirmed that the adsorption of
ATPI on the alloy surface is mixed type with predominant physisorption.

The AS°s value is large and negative; indicating that decrease in disordering
takes place on going from the reactant to the alloy adsorbed species. This can be
attributed to the fact that adsorption is always accompanied by decrease in entropy
(Ashish Kumar et al. 2010). It is also seen from the Table 3.19 that AS%,4 increases with
the increase in inhibitor concentration. This could be the result of the adsorption of
inhibitor molecules, which could be regarded as a quasi-substitution process between
inhibitor molecule and water molecule at the electrode surface. In the present case the
solvent entropy resulting from the desorption of water molecules from the metal surface
overweighs the decrease in entropy due to the orderly arrangement of inhibitor molecule

on the metal surface.
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3.3.6 Mechanism of corrosion inhibition

The inhibitive effect of ATPI on the corrosion of weld aged maraging steel can be
accounted for on the basis of its adsorption on the alloy surface. The adsorption of ATPI
molecules on the metal surface can be attributed to the presence of electronegative
elements like oxygen, nitrogen and sulphur and also to the presence of n-electron cloud in
the benzene ring of the molecule. The adsorption mechanism for a given inhibitor
depends on factors, such as the nature of the metal, the corrosive medium, the pH, and the
concentration of the inhibitor as well as the functional groups present in its molecule,
since different groups are adsorbed to different extents (Bilgic et al. 2003, Taner et al.
2009,Wang et al. 2010). Weld aged maraging steel consists of segregated alloying
elements along the grain boundaries. Since these segregations have different composition,
their electrochemical behaviour is expected to be different from that of the matrix. Also,
the lattice mismatch between the precipitate and the matrix causes strain field around the
segregated precipitates. These strain fields in combination with the galvanic effect due to
the composition difference leads to the enhanced corrosion of weld aged maraging steel
in acid medium. Considering the inhomogeneous nature, the surface of the alloy is
generally characterized by multiple adsorption sites having different activation energies
and enthalpies of adsorption. Inhibitor molecules may thus be adsorbed more readily at

surface active sites having suitable adsorption enthalpies (Poornima et al. 2011).

On the other hand, iron is well known for its coordination affinity to ligands
possessing heteroatom (Hackerman et al. 1996). Increase in inhibition efficiencies with
increase in inhibitor concentration shows that the inhibition action is due to the
adsorption on the maraging steel surface. Adsorption may take place by organic
molecules at metal/solution interface due to electrostatic attraction between the charged
molecules and charged metal, interaction of unshared electron pairs in the molecule with
the metal, interaction of « - electrons with the metal or the combination of the above
(Selim et al. 1996). To understand the mechanism of inhibition and the effect of inhibitor

in aggressive acidic environment, some knowledge of interaction between the protective
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compound and the metal surface is required. Many organic corrosion inhibitors have at
least one polar unit with a heteroatom; this polar unit is regarded as the reaction centre for

the adsorption process (Gao et al. 2009).

It is considered that in acidic solution the ATPI molecule can undergo protonation
at its amino group and can exist as a protonated positive species. In a highly acidic
medium like the one in the present investigation, the metal surface is positively charged.
This would cause the negatively charged chloride ions to become adsorbed on the metal
surface, making the metal surface negatively charged. The positively charged protonated
ATPI molecules can interact electrostatically with the negatively charged chloride
adsorbed metal surface, resulting in physisorption (Ekpe et al. 1995, Quraishi et al. 2003,
Maayta et al. 2004). The negative charge centres of the ATPI molecules containing a lone
pair of electrons and/or m electrons can electrostatically interact with the anodic sites on
the metal surface and get adsorbed. The neutral inhibitor molecules may occupy the
vacant adsorption sites on the metal surface through the chemisorption mode involving
the displacement of water molecules from the metal surface and sharing of electrons by
the hetero atoms like oxygen or nitrogen. Chemisorption is also possible by the donor -
acceptor interactions between « electrons of the aromatic ring and the vacant d orbitals of
iron, providing another mode of protection (EI Azhar et al. 2001, Wang, et al. 2004,
Barouni et al. 2008). The presence of ATPI in the protonated form and the presence of
negative charge centres on the molecule are also responsible for the mutual interaction of
inhibitor molecules on the alloy surface (Popova et al. 2004, Morad et al. 2006, Solmaz et
al. 2008). This is reflected in the deviation of slopes of Langmuir adsorption isotherms as

discussed in the previous section.

3.3.7 SEM/EDS studies

In order to differentiate between the surface morphology and to identify the
composition of the species formed on the metal surface after its immersion in
hydrochloric acid in the absence and in the presence of ATPI, SEM/EDS investigations

were carried out. Fig. 3.25 (a) represents SEM image of the corroded weld aged maraging
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steel sample. The corroded surface shows detachment of particles from the surface. The
corrosion of the alloy may be predominantly attributed to the inter-granular corrosion
assisted by the galvanic effect between the precipitates and the matrix, along the grain
boundaries. Fig. 3.25 (b) represents SEM image of weld aged maraging steel after the
corrosion tests in a medium of 1.5 M hydrochloric acid containing 1.0 mM of ATPI. The

image clearly shows a smooth surface due to the adsorbed layer of inhibitor molecules on

the alloy surface, thus protecting the metal from corrosion.

Fig. 3.25: SEM images of the weld aged maraging steel after immersion in 1.5 M
hydrochloric acid a) in the absence and b) in the presence of ATPI.

EDS investigations were carried out in order to identify the composition of the
species formed on the metal surface in 1.5 hydrochloric acid in the absence and presence
of ATPI. The corresponding EDS profile analyses for the selected areas on the alloy
sample in the absence and presence of ATPI are shown in Fig. 3.26 (a) and 3.26 (b),
respectively, after immersion for 3 h in 1.5 M hydrochloric acid. The atomic percentages
of the elements found in the EDS profile of the corroded metal surface were 13.18% Fe,
4.53 Ni, 3.18% Mo, 66.21% O and 3.2 % Co and indicated that iron oxide is existing in
this area. The atomic percentages of the elements found in the EDS profile of the
inhibited metal surface were 22.5 % Fe, 9.87% S, 7.2% Ni, 2.11% Mo, 30.1 % O, 9.4%
N, 4.6% Co, 1.92 % Cl and 18.54 % C and indicated the formation of inhibitor film in
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this area. The elemental compositions mentioned above were mean values of different

regions.
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Fig. 3.26 (a): EDS spectra of the weld aged maraging steel after immersion in 1.5

hydrochloric acid in the absence of ATPI.
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Fig. 3.26 (b): EDS spectra of the weld aged maraging steel after immersion in 1.5 M
hydrochloric acid in the presence of ATPI.
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Table 3.7: Results of potentiodynamic polarization studies for the corrosion of weld aged

maraging steel in 0.1 M hydrochloric acid containing different concentrations of ATPI.

Conc. of
Temperature o Ecorr ba -b, icorr Veorr

inhibitor 1 (%)

(°C) (MV/SCE)  (mVdecl)  (mVdec?) (mA cm?) (mmy™

(mM)

Blank -419+3 142+3 226+3 0.22+0.02 2.53+0.23
0.1 -416+2 13943 226+3 0.11+0.01 1.20+0.14 52.4
0.2 -410+1 138+3 224+1 0.07+0.01 0.86+0.13 66.2
30 0.4 -408+2 13343 217+1 0.04+0.02 0.50+0.18 80.1
0.6 -406+2 131+1 213+1 0.03+0.02 0.32+0.20 87.3
0.8 -402+2 126+1 21143 0.01+0.01 0.14+0.11 94.6

Blank -416+3 150+3 2343 0.26+0.02 2.99+0.20
0.1 -415+2 15143 233+1 0.15+0.01 1.77+£0.12 40.9
0.2 -411+1 149+1 23143 0.11+0.02 1.23+0.22 58.8
35 0.4 -410+2 142+1 22543 0.07+0.03 0.79£0.25 73.7
0.6 -406+3 139+1 222+1 0.05+0.03 0.55+0.26 81.6
0.8 -401+1 135+1 22143 0.03+£0.01 0.32+0.10 89.2

Blank -412+42 159+1 242+3 0.30£0.01 3.45+0.14
0.1 -410+1 158+2 24143 0.18+0.01 2.11+0.12 39.0
0.2 -405+3 156+1 239+1 0.13+0.01 1.48+0.11 57.1
40 0.4 -404+1 152+1 235+3 0.08+0.02 0.96+0.23 72.1
0.6 -399+1 150+1 233+1 0.06+0.02 0.69+0.21 80.1
0.8 -398+2 145+3 23143 0.04+0.01 0.42+0.12 87.8

Blank -409+2 165+3 250+2 0.33+0.01 3.80+0.13
0.1 -403+3 161+1 251+1 0.21+0.02 2.44+0.20 35.7
0.2 -400+3 160+3 24942 0.16+0.02 1.78+0.24 53.1
45 0.4 -401+1 153+1 244+3 0.11+0.01 1.23+0.11 67.5
0.6 -397+1 15242 24143 0.09+0.03 0.99+0.29 73.8
0.8 -391+1 149+1 240+1 0.05+0.02 0.62+0.24 83.6

Blank -405+3 173+2 259+2 0.37+0.03 4.26+0.27
0.1 -406+3 171+1 257+1 0.25+0.03 2.85+0.30 33.1
0.2 -400+3 169+2 2563 0.19+0.02 2.15+0.20 494
50 0.4 -398+3 165+3 25243 0.13+0.02 1.54+0.16 63.8
0.6 -394+3 164+2 250+1 0.11+0.02 1.23+0.19 71.1
0.8 -392+1 158+1 24443 0.07£0.02 0.81+0.24 81.0
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Table 3.8: Results of potentiodynamic polarization studies for the corrosion of weld aged

maraging steel in 0.5 M hydrochloric acid containing different concentrations of ATPI.

Conc. of
Temperature o Ecorr b, -be icorr Veorr
inhibitor
(°C) (MV/SCE) (mVdec?)  (mVdec?) (mA cm™®) (mmy?) 1 (%)
(mM)
Blank -413+2 148+2 247+2 0.27+0.02 3.11+0.24
0.1 -414+3 140+4 242+3 0.13+0.01 1.54+0.11 50.4
30 0.2 -408+3 13544 23543 0.10£0.02 1.15+0.18 63.1
0.4 -406+3 130+3 232+2 0.06+0.03 0.69+0.27 71.7
0.6 -403+3 127+1 229+1 0.04+0.01 0.45+0.14 85.6
0.8 -401+2 124+3 227+4 0.02+0.01 0.23+0.11 925
Blank -411+42 156+2 254+1 0.35+0.02 4.03+£0.19
35 0.1 -410+3 14744 252+1 0.18+0.02 2.08+0.22 48.3
0.2 -406+2 14044 24743 0.14+0.01 1.57+0.11 61.1
0.4 -407+2 137+2 24412 0.08+0.02 0.97+0.21 75.9
0.6 -403+3 134+1 241+2 0.06+0.03 0.65£0.25 83.9
0.8 -398+2 132+1 239+2 0.03+0.02 0.36+0.24 91.3
40 Blank -408+2 165+1 262+2 0.42+0.02 4.83+0.21
0.1 -404+2 159+2 257+3 0.23+0.02 2.62+0.20 45.8
0.2 -400+2 152+4 250+3 0.17+0.02 2.00+0.18 58.7
0.4 -398+1 149+4 247+4 0.11+0.03 1.27+0.29 73.7
0.6 -394+1 146+4 244+4 0.08+0.03 0.88+0.28 81.7
0.8 -393+4 144+1 242+3 0.05+0.01 0.54+0.12 88.9
45 Blank -406+3 172+1 269+2 0.52+0.01 5.87+0.14
0.1 -399+2 164+3 265+1 0.29+0.02 3.39£0.22 42.2
0.2 -396+1 15742 260+3 0.23£0.03 2.63£0.28 55.2
0.4 -397+2 15443 25714 0.15+0.01 1.74+0.11 70.4
0.6 -392+1 151+1 254+1 0.11+0.02 1.26+0.18 78.5
0.8 -387+4 149+4 252+4 0.07+0.02 0.84+0.23 85.7
50
Blank -404+4 183+4 2771 0.59+0.03 6.79+0.26
0.1 -400+3 1753 2752 0.36+0.02 4.16+0.16 38.6
0.2 -394+1 16843 270+1 0.29+0.02 3.2740.20 51.7
0.4 -393+3 16544 267+1 0.19+0.02 2.24+0.15 67.1
0.6 -388+4 16243 26412 0.15+0.02 1.68+0.23 75.3
0.8 -385+3 160+3 26212 0.10£0.03 1.18+0.28 82.5
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Table 3.9: Results of potentiodynamic polarization studies for the corrosion of weld aged

maraging steel in 1.0 M hydrochloric acid containing different concentrations of ATPI.

Conc. of .
Temperature i hibitor Ecorr b, -be icorr Veorr )
(°C) (MV/SCE) (mVdec)  (mV dec) (mA cm?) (mmy?
(mM)
Blank -371£2 153+2 25623 0.330.03 3.8020.25
0.2 -373+4 149+4 2541 0.1620.03 1.81+0.27 52.3
0.4 -370+1 146+2 25141 0.1240.01 1.34+0.13 64.7
30 0.6 -368+3 14243 247+1 0.08+0.01 0.93+0.15 75.6
0.8 -365+2 14042 2442 0.0520.03 0.59+0.28 84.5
1.0 -361+3 1371 24241 0.02+0.01 0.2620.12 93.2
Blank -368+2 159+1 261+1 0.4520.02 5.20%0.21
0.2 -366:+4 15542 25843 0.23+0.04 2.58+0.37 50.3
0.4 -362:+4 152+2 2551 0.17+0.02 1.93+0.25 62.8
35 0.6 -359+1 15043 25142 0.1240.03 1.36+0.33 73.8
0.8 -356+3 1471 24843 0.08+0.01 0.8920.13 82.8
1.0 -352+1 142+4 246+4 0.0420.02 0.4420.17 91.6
Blank -364+2 16543 26623 0.5620.02 6.4520.17
0.2 -361+1 16343 26245 0.2940.02 3.3620.18 479
0.4 -360+2 160+3 260+1 0.22+0.02 2.54+0.17 60.6
40 0.6 -357+1 158+2 257+2 0.1620.02 1.82+0.24 71.7
0.8 -355+1 156+4 2552 0.1120.01 1.24+0.13 80.8
1.0 -350+1 1511, 252+1 0.0620.02 0.6620.15 89.7
Blank -361:+4 1722 273+1 0.7620.04 8.72+0.39
0.2 -350+4 1702 27043 0.4240.01 4.8020.12 44.9
0.4 -356+1. 168+2 2681 0.3240.03 3.69+0.33 57.7
45 0.6 -352+1 1652 26522 0.2420.01 2.7120.14 68.9
0.8 -350+2 1611 26142 0.1740.02 1.91+0.20 78.1
1.0 -34743 1571 2582 0.10£0.01 1.13+0.31 87.2
Blank -358+3 1772 278+3 0.92+0.02 10.63+0.24
0.2 -355+1 172+1 2754 0.54+0.04 6.24+0.36 41.3
0.4 -352+1 170+2 273+4 0.42+0.03 4.86+0.26 54.2
50 0.6 -350+4 168+4 27042 0.3240.02 3.6620.22 65.6
0.8 -34743 165+3 2681 0.23+0.04 2.67+0.39 74.8
1.0 -344+4 162+4 265:+4 0.1520.02 1.71£0.21 83.9
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Table 3.10: Results of potentiodynamic polarization studies for the corrosion of weld
aged maraging steel in 1.5 M hydrochloric acid containing different concentrations of
ATPL.

Conc. of .
Temperature inhibitor Ecorr b -be Tcorr Veorr )
(°C) (MV/SCE) (mVdec?  (mVdec?) (mA cm?) (mmy?)
(mM)
Blank -342+3 158+1 267+1 0.70£0.02 8.05+0.18
0.2 -339+3 153+4 262+3 0.37+0.02 4.20+0.18 47.8
04 -334+2 146+3 255+1 0.27+0.03 3.13+0.29 61.1
30 0.6 -330+3 14312 252+1 0.19+0.02 2.17+0.16 73.1
0.8 -326+2 14044 24944 0.10+0.03 1.13+0.31 86.3
1.0 -322+3 13814 24714 0.07+0.01 0.79£0.12 90.3
Blank -339+3 165+4. 27613 0.82+0.03 9.451+0.26
0.2 -333+3 163+4 277+3 0.47+0.02 5.374£0.22 43.1
0.4 -331+3 156+2 26913 0.3410.03 3.90+0.30 58.7
35 0.6 -330+2 153+2 26614 0.2740.02 3.0740.15 67.5
0.8 -327+4 150+1 26314 0.1610.04 1.8310.36 80.6
1.0 -321+1 148+4 261+1 0.11+0.02 1.23+0.23 87.1
Blank -337+4 17314 28243 0.94+0.02 10.85+0.19
0.2 -334+2 17143 283+2 0.55+0.01 6.29+0.15 42.1
0 0.4 -329+3 164+2 276+1 0.42+0.02 4.82+0.25 55.6
0.6 -327+4 161+1 272+2 0.32+0.01 3.72+0.12 65.7
0.8 -323+4 158+1 269+1 0.21+0.03 2.42+0.26 7.7
1.0 -322+4 156+3 267+1 0.14+0.03 1.65+0.33 84.8
Blank -334+3 17941 286+2 1.53+0.02 17.60+0.25
0.2 -327+1 17442 28143 0.95+0.03 10.88+0.33 38.2
0.4 -324+2 167+1 274+2 0.73+£0.04 8.34+0.37 52.6
4 0.6 -324+4 164+2 271+1 0.61+0.01 7.02+£0.10 60.1
0.8 -320+4 161+4 268+1 0.40£0.02 4.58+0.18 74.0
1.0 -326+2 15942 266+3 0.29+0.04 3.27+£0.37 81.4
Blank -332+4 185+1 29242 1.61+0.04 18.57+0.36
0.2 -328+1 184+2 293+1 1.02+0.02 11.74+0.19 36.8
50 0.4 -322+1 1773 2861 0.82+0.03 9.38+0.28 495
0.6 -319+3 1733 283+2 0.68+0.03 7.87+0.31 57.6
0.8 -316+4 170+4 280+4 0.49+0.04 5.63+0.37 69.7
1.0 -314+1 168+3 2784 0.41+0.03 4.66+0.26 74.9
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Table 3.11: Results of potentiodynamic polarization studies for the corrosion of weld
aged maraging steel in 2.0 M hydrochloric acid containing different concentrations of
ATPL.

Conc. of )
Temperature inhibitor Ecorr ba -be Icorr Veorr )
(°C) (MV/SCE) (mVdec?  (mVdec?) (mA cm?) (mmy?)
(mM)
Blank -324+3 17514 28743 2.77£0.03 31.85+0.32
0.3 -319+1 16742 288+2 1.62+0.03 18.58+0.25 415
0.6 -315+3 160+1 28143 1.24+0.01 14.29+0.12 55.1
30 0.9 -313+1 15714 278+1 0.89+0.03 10.23+0.27 67.8
12 -309+4 154+1 27414 0.69+0.04 7.97+0.36 74.9
15 -308+4 152+1 272+2 0.46+0.04 5.33+£0.40 83.2
Blank -321+1 182+3 29344 3.09+0.02 35.49+0.23
0.3 -315+4 181+1 288+1 1.87+0.01 21.48+0.13 39.3
0.6 -311+4 173+1 28144 1.45+0.03 16.64+0.29 53.3
35 0.9 -310+3 1703 27844 1.0510.04 12.06+0.36 65.9
12 -307+4 16743 275%2 0.83+0.01 9.52+0.15 73.1
15 -303+2 165+2 273+4 0.57+0.02 6.55+0.24 81.5
Blank -319+1 189+3 30044 3.391£0.01 39.03+0.11
0.3 -314+3 18414 301+3 2.48+0.01 28.48+0.11 36.8
0.6 -310+1 17743 294+3 1.94+0.03 22.26+0.35 50.6
40 0.9 -309+3 17411 291+4 1.42+0.02 16.37+0.20 63.7
1.2 -303t4 17142 288+3 1.14+0.03 13.11+0.30 70.9
15 -302+2 169+4 286+1 0.81+0.04 9.29+0.35 79.4
Blank -315+4 19611 307+4 3.63+0.03 41.73+0.30
0.3 -309+3 19544 30243 2.4010.03 27.5740.32 33.8
45 0.6 -305+3 188+2 295+1 1.89+0.01 21.7840.11 47.7
0.9 -304+4 18543 29242 1.42+0.01 16.28+0.14 60.9
12 -301+1 18214 28914 1.15+0.03 13.24+0.34 68.2
15 -296+4 18014 28714 0.84+0.02 9.6710.21 76.7
Blank -312+1 203+1 31243 3.89+0.02 44.77+0.20
0.3 -309+1 20214 313+3 2.71+0.02 31.20+£0.24 30.3
50 0.6 -304+4 195+2 306+3 2.16+0.02 24.90+0.17 44.3
0.9 -302+1 192+3 303+4 1.65+0.03 18.94+0.29 57.6
1.2 -296+3 189+3 300+2 1.36+0.04 15.63+0.39 65.6
15 -297+1 187+4 298+2 1.02+0.01 11.77+0.15 73.7
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Table 3.12: EIS data for the corrosion of weld aged maraging steel in 0.1 M hydrochloric

acid containing different concentrations of ATPI.

Conc. of
Temperature - Ret Cal Ryt Cot " 56)
(°C) (ohm. cm?) (mF cm?) (ohm.cm?)  (mFcm?
(mM)
Blank 181.20+£3.11 0.93+0.22
0.1 395.98+2.99 0.70+0.14 26.28+2.41 0.23+0.07 54.2
0.2 569.45+4.52 0.56+0.14 36.95+2.82 0.19+0.09 68.2
30 0.4 1019.12+3.54 0.41+0.15 64.62+2.24 0.15+0.04 82.2
0.6 1724.07+4.60 0.33+0.12 107.99+2.78 0.13+0.09 89.5
0.8 5789.14+4.59 0.26+0.06 358.09+3.87 0.11+0.08 96.9
Blank 158.00£3.06 1.10+0.15
0.1 273.97+2.08 0.94+0.19 18.78+1.78 0.30+0.10 42.3
0.2 399.90+3.92 0.71+0.28 26.52+1.63 0.24+0.06 60.5
35 0.4 644.63+4.51 0.53+0.14 41.58+2.01 0.18+0.05 75.5
0.6 954.68+2.89 0.43£0.10 60.66+1.26 0.16+0.05 83.5
0.8 1795.45+3.69 0.33+0.07 112.38+3.27 0.13+0.04 91.2
Blank 135.21+2.68 1.40+0.29
0.1 225.91+4.56 1.16+0.19 15.82+1.35 0.36+0.06 40.2
0.2 325.73+3.14 0.88+0.19 21.96+2.86 0.28+0.07 58.5
40 0.4 513.13+2.76 0.64+0.23 33.49+£2.75 0.22+0.07 73.7
0.6 738.45+2.37 0.51+0.11 47.35+1.91 0.18+0.06 81.7
0.8 1290.17+3.09 0.39+0.05 81.30+4.52 0.15+0.08 89.5
Blank 127.54+2.55 1.55+0.25
0.1 200.95+3.90 1.33+0.24 14.28+1.47 0.41+0.08 36.5
0.2 277.68+2.81 1.02+0.23 19.00+2.50 0.32+0.06 54.1
45 0.4 407.09+4.31 0.77+0.12 26.97+£1.46 0.25+0.09 68.7
0.6 509.96+2.84 0.66+0.19 33.291£1.34 0.22+0.06 75.0
0.8 844.08+4.30 0.49+0.09 53.85+£3.13 0.17+0.09 84.9
Blank 117.23+2.47 1.80+0.11
0.1 177.27£3.70 1.56+0.17 12.83+1.70 0.47+£0.06 33.9
0.2 236.30+3.08 1.23+£0.20 16.46+2.24 0.38+0.06 50.4
50 0.4 333.89+3.07 0.93£0.22 22.46+1.16 0.30%0.08 64.9
0.6 422.15+4.88 0.79+0.21 27.89+£1.22 0.26+0.07 72.2
0.8 659.71+3.39 0.58+0.11 42.51+2.61 0.20+0.04 82.2
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Table 3.13: EIS data for the corrosion of weld aged maraging steel in 0.5 M hydrochloric

acid containing different concentrations of ATPI.

Conc. of
Temperature — Rt Ca Rpr o )
(°C) (ohm. cm?) (mF cm?) (ohm.cm?  (mFcm?)
(mM)
Blank 156.30£2.45 0.96+0.31
0.1 328.50+3.70 0.74+0.31 22.13+2.01 0.24+0.12 52.4
30 0.2 448.49+2.79 0.60+0.27 29.51+£3.55 0.20+0.08 65.2
0.4 781.50+3.31 0.44+0.15 50.00£2.16 0.16+0.06 80.1
0.6 1300.33+5.18 0.35%0.12 81.92+3.91 0.13+0.07 88.0
0.8 3157.58+4.21 0.28+0.07 196.19+3.03 0.11+0.05 95.1
Blank 139.27£3.05 1.17+0.33
35 0.1 277.87+3.27 0.85+0.23 19.01+3.20 0.27+0.06 49.9
0.2 373.78+2.93 0.69+0.22 24.92+2.91 0.23+0.09 62.7
0.4 625.65+3.34 0.50+0.17 40.41£3.43 0.18+0.06 7.7
0.6 980.77+3.48 0.40£0.13 62.26+2.72 0.15+0.03 85.8
0.8 1972.66+5.79 0.31£0.10 123.29+3.78 0.12+0.01 92.9
Blank 123.15+2.63 1.45+0.37
40 0.1 232.62+2.34 1.01+0.29 16.23+2.02 0.32+0.06 47.1
0.2 308.26+2.05 0.82+0.27 20.88+2.71 0.27+0.04 60.1
0.4 496.57+3.15 0.59+0.15 32.47+3.22 0.20+0.05 75.2
0.6 739.20+4.82 0.47+0.16 47.40£2.17 0.17+0.08 83.3
0.8 1304.56+5.13 0.37+0.11 82.18+2.69 0.14+0.06 90.6
Blank 107.56£2.43 1.74+0.37
45 0.1 190.17+£2.48 1.20+0.23 13.62+2.06 0.37+0.03 43.4
0.2 247.66+3.90 0.98+0.29 17.16£3.16 0.31+0.04 56.6
0.4 382.37£3.55 0.71+0.27 25.44+2.69 0.24+0.09 71.9
0.6 540.50+5.30 0.57+0.13 35.174£3.94 0.20£0.09 80.1
0.8 852.30£3.90 0.44+0.10 54.36+2.29 0.16+0.07 87.4
Blank 90.34+3.39 1.83+0.30
50 0.1 150.07+3.62 1.40+0.38 11.15+2.81 0.43+0.09 39.8
0.2 192.42+3.58 1.14+0.37 13.76+2.77 0.36+0.06 53.1
0.4 286.88+2.89 0.84+0.33 19.57+3.59 0.27+0.11 68.5
0.6 389.73+4.16 0.68+0.14 25.90+£3.43 0.23+0.06 76.8
0.8 571.05£3.80 0.53+0.12 37.05+3.70 0.18+0.10 84.2
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Table 3.14: EIS data for the corrosion of weld aged maraging steel in 1.0 M hydrochloric

acid containing different concentrations of ATPI.

Temperature Conc. of R Cal

inhibitor , ” Rpt o 1 (%)

(°C) (ohm. cm?) (mF cm™)

(mM) (ohm.cm?)  (mFcm?)

Blank 116.20+2.52 1.68+0.22
0.2 253.93+2.08 1.0940.24 17.54+2.89 0.34+0.19 54.2
0.4 349.68+4.36 0.85+0.35 23.43+£2.57 0.27+0.11 66.8
30 0.6 522.95+5.57 0.64+0.22 34.09+£2.50 0.22+0.10 77.8
0.8 878.31+3.98 0.47+0.20 55.96+4.90 0.17+0.05 86.8
1.0 2617.12+5.83 0.31+0.10 162.94+4.37 0.12+0.05 95.6

Blank 97.324£2.07 1.75+0.27
0.2 202.79+3.15 1.1740.21 14.40+3.83 0.36+0.15 52.0
0.4 275.48+4.38 0.92+0.38 18.87+3.10 0.29+0.12 64.7
35 0.6 402.07+£2.87 0.70+0.21 26.66+3.93 0.23+0.10 75.8
0.8 643.52+4.73 0.52+0.23 41.51+3.34 0.18+0.06 84.9
1.0 1559.29+5.49 0.35+0.12 97.85+4.96 0.13+0.04 93.8

Blank 82.68+2.31 2.15+0.47
0.2 163.14+2.14 1.44+0.39 11.96+2.11 0.44+0.20 49.4
0.4 218.29+3.21 1.1340.26 15.35+3.78 0.3540.13 62.2
40 0.6 310.41+3.19 0.86+0.23 21.02+3.50 0.28+0.10 73.4
0.8 473.9045.21 0.64+0.21 31.08+£3.13 0.22+0.14 82.6
1.0 976.36+4.22 0.43+0.12 61.99+4.37 0.16+0.09 915

Blank 65.24+2.84 2.36+0.42
0.2 11551+2.14 1.72+0.35 9.03+3.60 0.52+0.15 45.9
0.4 151.74+3.62 1.36+0.23 11.25+2.94 0.42+0.18 58.8
45 0.6 209.38+3.63 1.05+0.33 14.80+2.38 0.33+0.15 70.2
0.8 303.55+5.66 0.79+0.30 20.59+3.42 0.26+0.13 79.4
1.0 542.06+5.78 0.54+0.15 35.27+3.23 0.1940.07 88.5

Blank 53.86+2.41 2.79+0.44
0.2 93.18+3.02 2.014£0.33 7.65%3.22 0.60+0.11 42.3
0.4 120.3845.71 1.60£0.26 9.33+2.57 0.49+0.17 55.3
50 0.6 161.95+3.30 1.25+0.24 11.88+3.42 0.39+0.10 66.8
0.8 225.3945.07 0.96+0.18 15.79+3.70 0.31+0.12 76.1
1.0 365.49+4.48 0.68+0.15 24.41+3.69 0.23+0.10 85.3
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Table 3.15: EIS data for the corrosion of weld aged maraging steel in 1.5 M hydrochloric

acid containing different concentrations of ATPI.

Conc. of
Temperature - Ret Cal Rof Cot " )
(°C) (ohm. cm?) (mF cm?) (ohm.cm?)  (mFcm?)
(mM)
Blank 64.30+2.88 3.01+0.27
0.2 113.16%4.75 2.14+0.35 8.88+3.58 0.64+0.19 43.1
0.4 155.58+3.40 1.62+0.37 11.49+3.59 0.49+0.11 58.6
0.6 200.9445.73 1.30+0.35 14.28+3.49 0.40+0.19 68.0
% 0.8 425.55+5.20 0.73+£0.21 28.10+£3.77 0.24+0.17 84.8
1.0 537.18+5.13 0.63+0.18 34.97+£2.79 0.21+0.08 88.0
Blank 58.75+2.29 3.38+0.35
0.2 101.29+2.64 2.43+0.27 8.15+2.27 0.72+0.18 42.0
0.4 126.62+3.46 1.99+0.38 9.71+2.21 0.59+0.21 53.6
35 0.6 155.3445.41 1.66+0.37 11.48+2.16 0.50+0.27 62.1
0.8 236.23+5.04 1.17+0.24 16.45+3.77 0.36+0.22 75.1
1.0 336.68+5.07 0.89+0.15 22.63+3.97 0.29+0.08 82.5
Blank 53.42+3.09 3.74+0.23
0.2 90.54+3.03 2.70+0.36 7.49+2.48 0.79+0.23 411
0.4 113.03£2.89 2.21+0.22 8.87+3.30 0.66+0.13 52.7
40 0.6 139.11+£3.24 1.84+0.27 10.48+2.07 0.55+0.10 61.6
0.8 191.47+4.87 1.40+0.32 13.70+3.03 0.43+0.28 72.1
1.0 285.67+5.22 1.01+0.24 19.49+2.24 0.32+0.05 81.3
Blank 36.89+2.85 4.13+0.33
0.2 61.48+3.59 3.01+0.26 5.70+2.41 0.88+0.29 40.0
0.4 65.99+3.74 2.82+0.30 5.98+3.98 0.8310.10 44.1
45 0.6 81.45+2.87 2.33+0.35 6.93+3.93 0.69+0.17 54.7
0.8 113.51+5.54 1.73+0.27 8.90+3.13 0.52+0.15 67.5
1.0 154.61+4.69 1.33+0.15 11.43+1.42 0.41+0.11 76.1
Blank 32.05+£2.74 4.59+0.20
0.2 48.71+4.40 3.61+0.35 4,92+1.24 1.05+0.26 34.2
0.4 60.24+4.11 2.96x0.24 5.63+2.29 0.87+0.29 46.8
50 0.6 69.22+3.05 2.61+0.36 6.18+3.37 0.77+0.11 53.7
0.8 88.29+4.84 2.09+0.26 7.35+3.60 0.62+0.13 63.7
1.0 116.63+5.67 1.64+0.10 9.09+1.36 0.50+0.09 72.5
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Table 3.16: EIS data for the corrosion of weld aged maraging steel in 2.0 M hydrochloric

acid containing different concentrations of ATPI.

Conc. of
Temperature - Ret Cal Ryt Cot " )
(°C) (ohm. cm?) (mF cm?) (ohm.cm?)  (mFcm?
(mM)
Blank 20.21+£3.10 5.75+0.52
0.3 37.1314.11 3.68+0.29 4.20+1.26 1.07+0.15 45.6
0.6 49.15+2.93 3.02+0.55 4.94+2.00 0.88+0.11 58.9
30 0.9 68.94+3.34 2.44+0.34 6.16+2.27 0.72+0.24 70.7
1.2 124.69+3.54 1.79+0.21 9.59+3.34 0.54+0.15 83.8
15 178.76x4.07 1.55+0.11 12.92+2.79 0.47+0.10 82.7
Blank 17.34+3.26 8.26+1.24
0.3 29.34+4.51 5.63+0.40 3.72+£3.98 1.62+0.16 40.9
0.6 39.86+4.52 4.40+0.35 4.37+2.19 1.27+0.11 56.5
35 0.9 49.97+4.81 3.71+0.36 4.99+2.18 1.08+0.09 65.3
1.2 80.28+3.61 2.68+0.27 6.86+3.89 0.79+0.18 78.4
15 114.08+4.51 2.18+0.14 8.94+2.50 0.65+0.12 84.8
Blank 15.01+4.83 13.22+1.58
0.3 24.85+3.32 8.84+0.47 3.45+2.62 2.52+0.12 39.6
0.6 32.07£4.93 7.07+£0.31 3.89+2.01 2.02+0.17 53.2
40 0.9 40.90+2.34 5.76+0.21 4.44+2.96 1.65+0.20 63.3
12 61.77£2.04 4.15+0.23 5.72+3.47 1.20+0.21 75.7
15 85.28+2.58 3.28+0.15 7.17+2.01 0.96+0.14 82.4
Blank 12.89+4.85 15.87+1.38
0.3 20.08+3.91 9.95+0.31 3.15+3.89 2.83+0.28 35.8
0.6 25.88+3.30 7.95+0.40 3.51+2.46 2.27+0.28 50.2
45 0.9 30.47+4.38 6.90+0.31 3.79+2.28 1.97+0.11 57.7
12 45.39+2.54 4.96+0.27 4.71+£3.19 1.43+0.13 71.6
15 61.38+2.88 3.92+0.15 5.70+2.44 1.14+0.11 79.1
Blank 11.67+3.28 18.95+1.20
0.3 17.79+2.23 12.12+0.33 3.01+£2.61 3.44+0.29 344
0.6 22.06+3.60 9.97+0.31 3.28+2.19 2.83+0.19 47.1
50 0.9 26.05+3.58 8.59+0.26 3.5242.62 2.45%0.24 55.2
1.2 35.69+4.00 6.54+0.28 4.11+2.66 1.87+0.17 67.3
15 42.44+4.23 5.66+0.13 4.53+2.69 1.62+0.10 72.5
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Table 3.17: Comparison of maximum attainable inhibition efficiencies by the Tafel
method and EIS method for the corrosion of weld aged maraging steel in hydrochloric

acid solutions of different concentrations in the presence of ATPI at 30 °C.

n (%)
Molarity of Conc. of
hydrochloric acid ATPI (mM) Tafel EIS
0.1 0.8 94.6 96.8
0.5 0.8 92.5 95.0
1.0 1.0 93.2 95.5
15 1.0 90.3 88.0
2.0 15 83.2 82.7
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Table 3.18: Activation parameters for the corrosion of weld aged maraging steel in

hydrochloric acid containing different concentrations of ATPI.

Molarity
Conc. of inhibitor E, AH? AS
of hydrochloric
] (mM) (kI mol?) (k' mol™) (I molt K
acid (M)

0.0 39.12 41.60 -94.97
0.1 43.03 45.76 -85.22

0.1 0.2 47.73 50.75 -69.72
0.4 52.42 55.74 -61.01
0.6 56.25 59.82 -43.58
0.8 60.24 64.06 -20.34
0.0 36.56 38.51 -103.76
0.1 40.22 42.36 -93.12

0.5 0.2 44.60 46.98 -76.19
0.4 48.99 51.60 -66.66
0.6 52.57 55.38 -47.62
0.8 56.30 59.31 -22.22
0.0 35.70 34.98 -108.22
0.2 39.27 38.48 -96.98

1.0 0.4 43.55 42.68 -79.35
0.6 47.84 46.87 -69.43
0.8 51.34 50.30 -49.59
1.0 54.98 53.87 -33.14
0.0 32.08 30.55 -117.87
0.2 35.29 33.61 -105.78

15 0.4 39.14 37.27 -86.55
0.6 42.99 40.94 -75.73
0.8 46.13 43.93 -54.09
1.0 49.40 47.05 -40.24
0.0 30.33 31.24 -122.31

2.0 0.3 33.36 34.36 -109.82
0.6 37.00 38.11 -89.85
0.9 40.64 41.86 -78.62
1.2 43.61 44,92 -56.16
1.5 46.71 48.11 -46.21
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Table 3.19: Thermodynamic parameters for the adsorption of ATPI on weld aged

maraging steel surface in hydrochloric acid at different temperatures.

Molarity
Temperature -AG®4s AH®46 ASCs
of hydrochloric
) (°C) (kJ mol™) (kJ mol™) (I mol™* K™
acid (M)
30 36.45
35 36.05
0.1 40 35.91 -11.67 -69.63
45 35.74
50 35.56
30 35.39
35 33.84
0.5 40 33.70 -18.23 -55.93
45 33.54
50 33.38
30 32.72
35 32.59
1.0 40 32.43 -26.35 -47.61
45 32.27
50 32.12
30 31.42
35 31.80
15 40 32.33 -33.21 -33.67
45 33.48
50 32.82
30 30.08
35 29.96
2.0 40 29.81 -40.22 -23.19
45 29.67
50 29.52
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34  2-(4-CHLOROPHENYL)-2-OXOETHYL BENZOATE (CPOB) AS
INHIBITOR FOR THE CORROSION OF WELD AGED MARAGING STEEL IN
HYDROCHLORIC ACID MEDIUM

3.4.1 Potentiodynamic polarization studies

The potentiodynamic polarization curves for the corrosion of weld aged maraging
steel specimen in 0.5 M hydrochloric acid in the presence of different concentrations of
CPOB, at 30 °C are shown in Fig. 3.27. Similar plots were obtained in the other four

concentrations of hydrochloric acid at the different temperatures studied.
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Fig. 3.27: Potentiodynamic polarization curves for the corrosion of weld aged maraging
steel in 0.5 M hydrochloric acid containing different concentrations of CPOB at 30 °C.

The potentiodynamic polarization parameters (Ecorr, be, Da, icorr @and 1 (%)) were
calculated from Tafel plots in all the five studied concentrations of hydrochloric acid in
the presence of different concentrations of CPOB at different temperatures and are

summarized in Tables 3.20 to 3.24. The data in the Tables clearly show that the corrosion
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current density (icorr) decreased significantly even on the addition of a small concentration
of CPOB and the inhibition efficiency (n%) increases with the increase in the inhibitor
concentration for the weld aged maraging steel at all the studied concentrations of
hydrochloric acid. CPOB shows similar inhibition behaviour as that of ATPI and hence
the discussion regarding the inhibition behaviour of ATPI for the corrosion of weld aged
maraging steel in hydrochloric acid medium, under the section 3.3.1 holds good for
CPOB also. According to the observed Eco values presented in Tables 3.20 to 3.24
CPOB can be regarded as mixed type inhibitor with predominant anodic inhibition effect.
CPOB shows slightly lower inhibition efficiency than that of ATPI for the corrosion of

weld aged maraging steel in hydrochloric acid.
3.4.2 Electrochemical impedance spectroscopy (EIS) studies

The Nyquist plots obtained for the corrosion of weld aged samples of maraging
steel specimen in 0.5 M hydrochloric acid in the presence of different concentrations of
CPOB at 30 °C is shown in Fig. 3.28. Similar plots were obtained in other concentrations
of hydrochloric acid and also at other temperatures. The electrochemical parameters
obtained from the EIS studies are summarized in Tables 3.25 to 3.29. The plots are
similar to those obtained in the presence of ATPI as discussed in the section 3.3.2.
From Fig. 3.28, it can be observed that the impedance spectra show a single semicircle
and the diameter of semicircle increases with increasing inhibitor concentration. The
semicircle in all cases corresponds to a capacitive loop and the semicircle radii depend on
the inhibitor concentration. The increase in diameter of the semicircle with the increase in
the CPOB concentration, indicating the increase in charge transfer resistance (R) value

and decrease in corrosion rate (Vcorr).

The equivalent circuit given in Fig. 3.20 is used to fit the experimental data for
the corrosion of weld aged maraging steel in hydrochloric acid in the presence of CPOB.
Hence the discussion in the section 3.3.2 on the equivalent circuit model for the corrosion
of weld aged maraging steel in the presence ATPI holds good here also. As can be seen
from the Tables 3.25 to 3.29, R¢, Ryr values increases and Cg), Cps values decreases with
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the increase in the concentration of CPOB. The inhibitor molecule CPOB has the electron
rich environment in phenyl group due to resonance of n-electrons of double bonds that
can be adsorbed well on the sample surface. Also carbonyl groups are electron donating

groups containing oxygen atom as an active site (Atta et al. 2011).
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Fig. 3.28: Nyquist plots for the corrosion of weld aged maraging steel specimen in 0.5 M

hydrochloric acid containing different concentrations of CPOB at 30 °C.

The Bode plots for the corrosion of the alloy in the presence of different
concentrations of CPOB are shown in Fig. 3.29. They are similar to the ones shown in
Fig. 3.21. Hence the discussion regarding the Bode plots under the section 3.3.2 holds
good for CPOB also.

A comparison of maximum attainable inhibition efficiencies by the Tafel method
and EIS method, in the presence of CPOB for the corrosion of weld aged maraging steel
in hydrochloric acid solutions of different concentrations at 30 °C are listed in Table 3.30.
It is evident from the table that the n (%) values obtained by the two methods are in good
agreement. Similar levels of agreement were obtained at other temperatures also.
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Fig. 3.29: Bode plots for the corrosion of weld aged maraging steel in 0.5 M hydrochloric

acid containing different concentrations of CPOB at 30 °C.
3.4.3 Effect of temperature

The Tafel and EIS results pertaining to different temperatures in different
concentrations of hydrochloric acid have already been listed in Tables 3.20 to 3.29. The
effect of temperature on corrosion inhibition behaviour of CPOB is similar to that of
ATPI on weld aged maraging steel as discussed in the section 3.3.3. The decrease in the
inhibition efficiency of CPOB with the increase in temperature on weld aged maraging
steel surface may be attributed to the physisorption of CPOB. The Arrhenius plots for the
corrosion of weld aged maraging steel in 0.5 M hydrochloric acid in the presence of
different concentrations of CPOB are shown in Fig. 3.30. The plots of In(vcorr/T) vs (1/T)

are shown in Fig. 3.31.
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Fig. 3.30: Arrhenius plots for the corrosion of weld aged maraging steel in 0.5 M

hydrochloric acid containing different concentrations of CPOB.
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Fig. 3.31: Plots of In(vcer /T) versus 1/T for the corrosion of weld aged maraging steel in

0.5 M hydrochloric acid containing different concentrations of CPOB.
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The calculated values of activation parameters are given in Table 3.31. The
observations are similar to the ones obtained in the presence of ATPI. The value of E, for
the dissolution of weld aged maraging steel is greater in the presence of CPOB than that
in the absence of CPOB in the hydrochloric acid medium. The increase in the Ea values
with the increase in CPOB concentration indicates the increase in energy barrier for the
corrosion reaction. The entropy of activation in the absence and presence of CPOB is
large and negative for the corrosion of alloy. This implies that the activated complex in
the rate determining step represents an association rather than dissociation step,
indicating that a decrease in disordering takes place on going from reactants to activated
complex (Marsh 1988, Gomma and Wahdan 1995).

3.4.4 Effect of hydrochloric acid concentration

It is evident from both the polarization and EIS experimental results that, for a
particular concentration of the CPOB, the inhibition efficiency decreases with the
increase in hydrochloric acid concentration on weld aged maraging steel. The maximum

inhibition efficiency is observed in 0.1 M solution of hydrochloric acid.
3.4.5 Adsorption isotherms

The adsorption of CPOB on the surfaces of weld aged maraging steel was found
to obey Langmuir adsorption isotherm. The Langmuir adsorption isotherms for the
adsorption of CPOB on weld aged maraging steel in 0.5 M hydrochloric acid are shown
in Fig. 3.32. The thermodynamic parameters for the adsorption of CPOB on weld aged
maraging steel are tabulated in Tables 3.32. These data also reveal similar inhibition
behaviour of CPOB as that of ATPI as discussed in section 3.3.5. The high values of Kjgs
and negative values of AG®%gqs for the studied inhibitor indicate strong and spontaneous
adsorption of inhibitor on the alloy surface. The AGeds values obtained for the adsorption
of CPOB on weld aged maraging steel in all the studied concentrations of hydrochloric
acid are in the range of -32.11 to -35.95kJ mol™ indicating both physisorption and
chemisorption on the alloy surface.
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Fig. 3.32: Langmuir adsorption isotherms for the adsorption of CPOB on weld aged

maraging steel in 0.5 M hydrochloric acid at different temperatures.

The AH g values on weld aged maraging steel is negative with the absolute value
below -41.86 kJ mol™, suggesting physisorption. Therefore it can be concluded that the
adsorption of CPOB, on weld aged maraging steel is predominantly physisorption. The
AS%.s value is large and negative; indicating that decrease in disordering takes place on
going from the reactant to the alloy adsorbed species. This can be attributed to the fact
that adsorption is always accompanied by decrease in entropy (Ashish Kumar et al.
2010).

3.4.6 Mechanism of corrosion inhibition

The mechanism of corrosion inhibition of weld aged maraging steel in the
presence of CPOB is similar to that in the presence of ATPI as discussed under section
3.3.6. It is considered that in acidic solution the CPOB molecule can undergo protonation
at its free oxygen and carbonyl group and can exist as a protonated positive species. The

protonated species gets adsorbed on the cathodic sites of the metal surface through
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electrostatic interaction, thereby decreasing the rate of the cathodic reaction. The
physisorption of CPOB may be considered through electrostatic attraction between the
protonated CPOB and negatively charged chloride ions already adsorbed on the alloy
surface. CPOB shows slightly higher inhibition efficiency than that of ATPI for the
corrosion of weld aged maraging steel in hydrochloric acid medium at lower

concentration of hydrochloric acid.
3.4.7 SEM/EDS studies

The surface morphology of alloy was examined by SEM immediately after the
samples were subjected to corrosion tests in hydrochloric acid in the absence and
presence of inhibitor. Fig. 3.33 (a) represents SEM image of the corroded weld aged
maraging steel sample in 0.5 M hydrochloric acid, which shows the facets due to the
attack of hydrochloric acid on the metal surface with cracks and rough surfaces Fig. 3.33
(b) represents SEM image of weld aged maraging steel after the corrosion tests in a
medium of 0.5 M hydrochloric acid containing 0.8 mM of CPOB. It can be seen that the
alloy surface is smooth without any visible corrosion attack. Thus, it can be concluded
that CPOB protects the alloy from corrosion by forming a uniform film on the alloy

surface.

Fig. 3.33: SEM images of the weld aged maraging steel after immersion in 0.5 M
hydrochloric acid a) in the absence and b) in the presence of CPOB.
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Fig. 3.34: EDS spectra of the weld aged maraging steel after immersion in 0.5 M
hydrochloric acid in the presence of CPOB.

EDS investigations were carried out in order to identify the composition of the
species formed on the metal surface in hydrochloric acid in the absence and presence of
CPOB. The EDS profile analyses for the corrosion of weld aged maraging steel in
hydrochloric acid has been already discussed under section 3.3.7. The EDS profile
analyses of the corroded surface of the alloy in the presence of CPOB is shown in Fig.
3.34. The atomic percentages of the elements found in the EDS profile were 4.07 % Fe,
0.62% Ni, 1.85% Mo, 52.90% O, 2.03% Cl and 34.21% C, which indicated the formation

of inhibitor film on the surface of alloy.
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Table 3.20: Results of potentiodynamic polarization studies for the corrosion of weld
aged maraging steel in 0.1 M hydrochloric acid containing different concentrations of
CPOB.

Conc. of ]
Temperature inhibitor Ecorr ba -b. Icorr Veorr )
(°C) (MV/SCE) (mVdecl)  (mVdec?) (mA cm?) (mmy?)
(mM)
Blank -419+2 142+4 226+3 0.22+0.02 2.53+0.22
0.1 -417+3 138+4 223+2 0.12+0.02 1.38+0.21 443
0.2 -413+3 135+3 2204 0.08+0.02 0.92+0.23 63.5
30 0.4 -410+4 13144 216+4 0.05+0.02 0.58+0.19 77.8
0.6 -406+3 12743 234+2 0.03+0.01 0.35%0.12 85.9
0.8 -408+1 124+1 230+1 0.02+0.01 0.23+0.11 92.1
Blank -416+2 150+4 23441 0.26+0.03 2.99+0.25
0.1 -418+2 14842 23043 0.15+0.01 1.73+0.14 42.5
0.2 -415+3 14542 227+3 0.10+0.02 1.1940.15 60.3
35 0.4 -412+42 14143 224+1 0.07+0.02 0.75+0.18 75.0
0.6 -408+4 137+3 220+4 0.05+0.01 0.52+0.11 82.8
0.8 -405+4 135+1 217+1 0.03+0.01 0.29+0.08 90.4
Blank -412+42 159+2 242+2 0.3040.03 3.45+0.29
0.1 -411+3 15743 238+2 0.18+0.01 2.05+£0.11 40.6
0.2 -408+4 15312 235+1 0.13+0.03 1.46+0.28 57.8
40 0.4 -406+4 150+3 234+4 0.08+0.02 0.93+0.22 72.9
0.6 -403+2 146+3 231+4 0.06+0.01 0.71+0.12 79.4
0.8 -400+3 143+3 227+4 0.04+0.01 0.40+0.15 88.2
Blank -409+4 165+3 250+1 0.33+0.02 3.8010.17
0.1 -406+3 163+2 248+2 0.20+0.02 2.34+0.22 38.4
0.2 -404+4 160+2 245+3 0.15+0.02 1.69+0.15 55.6
4 0.4 -401+3 156+3 243+2 0.10+0.03 1.14+0.28 69.9
0.6 -399+3 15343 239+3 0.08+0.03 0.91+0.28 76.1
0.8 -395+1 150+3 236+1 0.05+0.02 0.54+0.11 85.8
Blank -405+1 1731 259+2 0.37+0.02 4.26+0.15
0.1 -407+1 17042 256+2 0.24+0.03 2.72+0.27 36.1
50 0.2 -403+2 16611 253+4 0.18+0.01 2.02+£0.12 52.3
0.4 -400+4 16312 250+4 0.1240.03 1.43+0.28 66.5
0.6 -398+2 160+2 246+3 0.1040.03 1.12+0.26 73.7
0.8 -396+2 15611 242+3 0.06+0.02 0.70£0.18 83.5
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Table 3.21: Results of potentiodynamic polarization studies for the corrosion of weld
aged maraging steel in 0.5 M hydrochloric acid containing different concentrations of
CPOB.

Conc. of )
Temperature inhibitor Ecorr b, -b. Icorr Veorr )
(°C) (MV/SCE)  (mVdecl)  (mV dec?) (mA cm?) (mmy?)
(mM)
Blank -413+2 148+4 247+4 0.2740.02 3.1140.23
0.2 -415+2 144+4 243+1 0.16+0.01 1.78+0.14 42.6
0.4 -411+3 142+3 240+3 0.10+0.03 1.09+0.29 64.8
30 0.6 -408+3 138+1 236+1 0.06+0.02 0.71+0.25 77.1
0.8 -405+1 13542 233+2 0.04+0.02 0.49+0.19 84.2
1.0 -403+2 131+1 229+3 0.03+0.01 0.30+0.12 90.4
Blank -411+4 156+2 25443 0.35+0.02 4.03+0.19
0.2 -413+3 154+1 25042 0.21+0.02 2.39+0.19 40.7
0.4 -410+4 15042 246+4 0.14+0.01 1.5540.13 61.5
35 0.6 -408+1 148+4 242+1 0.09+0.02 1.08+0.15 73.2
0.8 -405+3 144+4 240+3 0.0740.01 0.77£0.11 81.1
1.0 -402+3 14143 237+2 0.04+0.02 0.46+0.18 88.6
Blank -408+1 165+3 262+1 0.42+0.02 4.83+0.21
0.2 -405+1 163+3 258+1 0.26+0.02 2.98+0.16 38.4
0.4 -403+2 160+1 255+2 0.19+0.03 2.14+0.27 55.6
40 0.6 -400+1 156+1 251+3 0.12+0.02 1.42+0.15 70.7
0.8 -398+3 152+2 248+2 0.10+0.03 1.15+0.26 76.2
1.0 -395+1 149+2 245+4 0.06+0.01 0.68+0.11 86.0
Blank -406+2 17242 269+3 0.51+0.03 5.87+0.26
0.2 -402+1 168+4 265+2 0.33+0.02 3.84+0.16 345
0.4 -400+2 166+3 261+2 0.24+0.01 2.80+0.13 52.3
o 0.6 -398+4 162+1 258+4 0.17+0.02 1.97+0.18 66.5
0.8 -394+4 15943 255+2 0.13+0.01 1.54+0.13 73.7
1.0 -391+4 15443 251+1 0.0940.01 1.05+0.12 82.1
Blank -404+2 18311 2774 0.59+0.02 6.79+0.21
0.2 -401+3 180+3 273+2 0.40+0.03 4.56+0.26 32.9
50 0.4 -397+2 1763 270+2 0.29+0.01 3.38+0.13 50.1
0.6 -395+3 173+2 26812 0.22+0.01 2.50+0.14 63.3
0.8 -392+3 169+4 264+3 0.17+0.01 1.93+0.14 715
1.0 -390+4 165+2 261+4 0.12+0.02 1.33+0.27 80.3
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Table 3.22: Results of potentiodynamic polarization studies for the corrosion of weld
aged maraging steel in 1.0 M hydrochloric acid containing different concentrations of
CPOB.

Conc. of )
Temperature inhibitor Ecorr ba -be Icorr Veorr )
(°C) (MV/SCE) (mVdec?  (mVdec?) (mA cm?) (mmy?Y)
(mM)
Blank -371+2 15343 256+3 0.331£0.01 3.80£0.12
0.3 -373+4 149+2 254+2 0.19+0.01 2.24+0.11 40.9
0.6 -370+3 146+3 251+4 0.12+0.03 1.44+0.25 62.1
30 0.9 -368+2 14243 247+2 0.08+0.01 0.97+0.11 744
12 -365+3 140+1 244+1 0.06+0.02 0.70£0.16 81.5
15 -361+2 13743 242+2 0.04+0.01 0.47+0.14 87.7
Blank -368+2 159+4 261+4 0.45+0.04 5.20+0.43
0.3 -366+1 15544 258+3 0.28+0.03 3.2240.31 38.1
0.6 -362+1 152+2 255+1 0.18+0.03 2.14+0.34 58.9
35 0.9 -359+2 150+1 251+4 0.13+0.04 1.53+0.35 70.6
12 -356+2 147+1 24814, 0.09+0.04 1.13+0.36 78.4
15 -352+3 142+4 246+3 0.06+0.02 0.72+0.16 86.0
Blank -364+3 165+3 266+3 0.56+0.06 6.45+0.64
0.3 -361+1 16312 262+2 0.36+0.02 4.14+0.17 35.9
0.6 -360+4 160+3 260+4 0.26+0.02 3.031£0.21 53.1
40 0.9 -357+4 158+4 257+1 0.17+0.02 2.05+0.22 68.2
1.2 -355+2 15642 255+1 0.14+0.01 1.70+0.11 73.7
15 -352+4 151+1 252+4 0.09+0.01 1.07+0.19 835
Blank -361+4 17241 273+2 0.75+0.12 8.72+1.25
0.3 -359+3 17044 27044 0.49+0.03 5.71+0.30 345
45 0.6 -356+4 168+3 26844 0.36+0.02 4.21+0.19 51.7
0.9 -352+3 165+3 265+3 0.26+0.04 3.05+0.38 65.3
12 -350+4 161+4 261+4 0.21+0.03 2.43+0.30 72.2
15 -347+2 15743 25843 0.13£0.03 1.58+0.34 81.9
Blank -358+4 17743 27843 0.92+0.14 10.63£1.15
0.3 -355+3 17214 2753 0.62+0.09 7.16+1.00 32.7
50 0.6 -352+4 170+2 273+2 0.48+0.06 5.53+0.60 479
0.9 -350+4 168+3 270+1 0.35+0.02 4.13+0.21 61.1
1.2 -347+2 165+1 268+3 0.28+0.03 3.27+0.27 69.3
15 -344+4 162+1 2654 0.20+0.02 2.32+£0.15 78.1
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Table 3.23: Results of potentiodynamic polarization studies for the corrosion of weld
aged maraging steel in 1.5 M hydrochloric acid containing different concentrations of
CPOB.

Conc. of .
Temperature inhibitor Ecorr b -be Tcorr Veorr )
(°C) (MV/SCE) (mVdec?  (mVdec?) (mA cm?) (mmy?Y)
(mM)
Blank -342+2 158+2 26743 0.70£0.03 8.05+0.33
0.4 -340+3 15543 265+1 0.36+0.02 4.20+0.22 47.8
0.8 -337+3 150+4 262+2 0.27+0.03 3.13+0.31 61.1
30 1.2 -332+4 14642 259+2 0.18+0.03 2.17+0.27 73.0
1.6 -330+1 14442 256+2 0.09+0.02 1.13+0.17 86.2
2.0 -328+2 141+4 252+2 0.06+0.02 0.79+0.20 90.2
Blank -339+4 165+2 27614 0.82+0.04 9.45+0.36
04 -336+2 162+2 27314 0.46+0.04 5.37+0.38 43.1
0.8 -335+2 160+1 271+1 0.33+0.03 3.90+0.34 58.7
35 12 -331+4 15714 267+2 0.26+0.04 3.07+0.38 67.5
1.6 -329+4 15314 263+2 0.15+0.03 1.83+0.27 80.6
2.0 -325+1 151+1 259+4 0.10+0.03 1.23+0.33 87.0
Blank -337+3 17342 282+2 0.94+0.02 10.85+0.19
0.4 -335+1 170+2 280+3 0.54+0.02 6.29+0.17 42.2
20 0.8 -332+2 168+3 276x2 0.41+0.03 4.82+0.26 55.6
1.2 -329+4 164+3 273+1 0.32+0.01 3.72+0.12 65.7
1.6 -327+3 161+1 27243 0.21+0.03 2.42+0.31 7.7
2.0 -324+4 157+1 268+2 0.14+0.04 1.65+0.39 84.8
Blank -334+4 17914 286+3 1.53+0.02 17.60+0.29
0.4 -330+3 17714 28544 0.94+0.02 10.88+0.19 38.2
45 0.8 -328+4 17242 281+2 0.72+0.03 8.34+0.28 52.6
1.2 -325+1 17043 278+2 0.61+0.02 7.02+0.17 60.1
1.6 -322+4 168+1 2752 0.39+0.04 4.58+0.38 74.3
2.0 -330+3 165+4 270+3 0.28+0.01 3.28+0.11 814
Blank -332+3 185+2 292+2 1.61+0.04 18.57+0.36
0.4 -329+4 181+2 290+4 1.02+0.01 11.75+0.12 36.8
50 0.8 -325+2 17943 287+1 0.81+0.03 9.39+0.26 49.5
12 -321+2 17511 284+1 0.68+0.03 7.88+0.28 57.6
1.6 -320+2 17143 280+1 0.48+0.02 5.6310.18 69.7
2.0 -316+1 16943 276+2 0.40£0.01 4.66+0.11 74.9
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Table 3.24: Results of potentiodynamic polarization studies for the corrosion of weld
aged maraging steel in 2.0 M hydrochloric acid containing different concentrations of
CPOB.

Conc. of )
Temperature inhibitor Ecorr ba -b. Icorr Veorr )
(°C) (MV/SCE) (mVdec?) (mVdec?) (mA cm?) (mmy?Y)
(mM)
Blank -324+2 1751 287+3 2.76+0.12 31.85+1.14
0.4 -320+4 17244 285+4 1.54+0.09 17.80£1.05 44.1
0.8 -318+1 168+1 281+2 1.17+0.08 13.57+0.80 57.4
30 12 -315+3 165+2 278+4 0.85+0.04 9.81+0.42 69.2
16 -313+4 161+3 274+4 0.48+0.04 5.64+0.41 82.3
2.0 -310+3 15742 271+4 0.37+0.02 4.30£0.20 86.5
Blank -321+1 182+1 293+4 3.08+0.09 35.49+0.10
0.4 -318+2 18014 291+2 1.87+0.08 21.52+0.84 394
0.8 -315+4 177+4 287+2 1.38+0.04 15.97+0.43 55.1
35 1.2 -311+2 1751 285+1 1.11+0.04 12.85+0.35 63.8
1.6 -309+2 171+4 283+1 0.71+0.01 8.20+0.14 76.9
2.0 -307+4 16814 280+2 0.51+0.04 5.93+0.44 83.3
Blank -319+3 189+4 300+4 3.39+0.04 39.03+0.40
0.4 -315+2 187+1 297+4 2.09+0.04 24.08+0.39 38.3
10 0.8 -313+1 18542 295+2 1.63+0.03 18.78+0.33 51.9
12 -311+2 181+1 291+2 1.28+0.03 14.83+0.32 62.1
1.6 -307+3 178+2 287+2 0.88+0.02 10.15+0.21 74.2
2.0 -304+1 1744 285+2 0.64+0.04 7.38+0.39 81.1
Blank -315+3 19614 307+2 3.62+0.14 41.73+1.51
0.4 -312+3 193+3 30243 2.37+0.08 27.3410.82 345
45 0.8 -309+3 191+4 300+3 1.85+0.06 21.32+0.64 48.9
12 -305+2 188+3 298+1 1.58+0.05 18.19+0.46 56.4
16 -303+3 18514 295+2 1.07+0.03 12.39+0.31 70.3
2.0 -300+4 18143 291+2 0.80+0.02 9.3140.15 77.7
Blank -312+1 203+3 312+4 3.89+0.23 44.77+2.27
0.4 -310+4 200+2 308+3 2.60+0.12 29.95+1.21 33.1
50 0.8 -307+1 197+1 304+3 2.10+0.10 24.27+£1.04 45.8
1.2 -304+1 194+1 302+1 1.79+0.08 20.64+0.87 53.9
1.6 -300+3 190+1 299+4 1.32+0.05 15.22+0.67 66.1
2.0 -299+3 188+4 296+2 1.12+0.02 12.90+0.16 71.2
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Table 3.25: EIS data for the corrosion of weld aged maraging steel in 0.1 M hydrochloric

acid containing different concentrations of CPOB.

Conc. of
Temperature o Rt Ca Ror Cot
inhibitor n (%)
(°C) (ohm. cm?) (mFcm?  (ohm.cm® (mFcm?)
(mM)
Blank 181.20%3.05 0.93+0.24
0.1 318.45+2.66 0.51+0.14 22.11+2.13  0.12+0.04 431
30 0.2 469.43+3.63 0.330.09 3254+2.01  0.08+0.03 61.4
0.4 696.92+4.16 0.20+0.11 52.0243.95  0.05+0.02 74.1
0.6 1104.88+5.54 0.13+0.04 80.57+2.69  0.04+0.01 83.6
0.8 1948.39+6.31 0.07+0.03 142.01+4.83  0.03+0.01 90.7
Blank 158.00+3.36 1.10£0.21
35 0.1 267.80+2.68 0.63+0.24 19.04+3.73 0.15+0.03 41.0
0.2 410.39+3.23 0.44+0.15 26544321  0.10+0.02 61.5
0.4 589.55+4.53 0.27+0.08 40.79+3.56 0.06+0.03 73.2
0.6 802.03+5.48 0.19+0.06 58.25+2.19 0.04+0.02 80.3
0.8 1423.42+5.06 0.10+0.03 102.55+4.96  0.03+0.01 88.9
Blank 135.21+3.40 1.40+0.20
40 0.1 211.93+2.81 0.82+0.16 16.16+2.28  0.19+0.04 36.2
0.2 306.60+3.33 0.58+0.27 21824352  0.14+0.02 55.9
0.4 452.21+4.37 0.37+0.13 32.69+2.89 0.09+0.02 70.1
0.6 609.05+4.99 0.28+0.11 42284231  0.070.02 77.8
0.8 958.94+5.35 0.16+0.03 72.09+3.61 0.04+0.01 85.9
Blank 127.54+2.03 1.55+0.18
45 0.1 200.53+3.55 0.95+0.25 14.91+2.55 0.22+0.03 36.4
0.2 271.36+3.88 0.68+0.12 19.80+2.57  0.16+0.04 53.2
0.4 384.16+3.38 0.4620.16 28114305  0.11+0.01 66.8
0.6 520.57+5.77 0.3620.13 34.80+2.94  0.09+0.02 755
0.8 763.71+6.63 0.21+0.09 57.01+4.98  0.05+0.02 83.3
Blank 117.23+2.11 1.80£0.21
50 0.1 178.98+2.34 1.14+0.29 13474224 0.27#0.05 345
0.2 235.40+3.03 0.85+0.17 17.2743.29  0.20£0.03 50.2
0.4 332.10+3.03 0.6020.22 2361+351  0.14+0.04 64.7
0.6 402.85+4.18 0.47+0.27 29454325  0.11+0.02 70.9
0.8 626.90+5.15 0.29+0.05 45574324  0.070.02 81.3
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Table 3.26: EIS data for the corrosion of weld aged maraging steel in 0.5 M hydrochloric

acid containing different concentrations of CPOB.

Conc. of
Temperature o Rt Ca Rpr o
inhibitor n (%)
(°C) (ohm. cm?) (mFcm?)  (ohm.cm?  (mFcm?)
(mM)
Blank 156.30+3.15 0.9620.17
0.2 275.66+2.58 0.54+0.24 19.09+2.06 0.13+0.03 433
30 0.4 416.80+3.56 0.35+0.14 27.69+3.45 0.08+0.02 62.5
0.6 620.24+4.54 0.24+0.10 40.08+3.97 0.06+0.03 74.8
0.8 914.04+6.15 0.1620.05 57.97+3.12 0.04+0.02 82.9
1.0 1756.18+6.17 0.08+0.02 109.27+4.63  0.03+0.01 91.1
Blank 139.27+3.46 1.11+0.29
35 0.2 240.12+2.69 0.63+0.27 16.93+2.23 0.15+0.03 42.0
0.4 355.28+2.63 0.43£0.13 23.94+3.70 0.10£0.03 60.8
0.6 525.55+5.90 0.29+0.15 34.31+2.70 0.07£0.01 735
0.8 740.80+6.92 0.20£0.10 47.4243.74 0.05+0.02 81.2
1.0 1378.91+7.90 0.11+0.03 86.29+3.26 0.04+0.01 89.9
Blank 123.15+2.64 1.33+0.17
40 0.2 202.55+3.08 0.80+0.30 14.64+1.18 0.19+0.03 39.2
0.4 282.45+3.20 0.58+0.17 19.50+2.18 0.13+0.03 56.4
0.6 432.11+5.34 0.37£0.21 28.62+2.85 0.09+0.03 715
0.8 559.77+5.49 0.29+0.10 36.40+2.82 0.07+0.01 78.1
1.0 867.25+6.58 0.18+0.08 55.12+3.06 0.04+0.02 85.8
Blank 107.56+3.46 1.55+0.24
45 0.2 166.76+3.41 0.96+0.13 12.46+2.53 0.22+0.02 355
0.4 227.40+2.99 0.70+0.11 16.15+2.62 0.16+0.03 52.7
0.6 325.94+3.11 0.49+0.15 22.15+3.70 0.11+0.03 67.1
0.8 433.71+4.97 0.3620.10 28.72+2.30 0.09+0.03 75.2
1.0 629.01+5.90 0.25+0.08 40.61+3.78 0.0620.02 82.9
Blank 90.34+3.69 1.74£0.26
50 0.2 137.29+2.40 1.11+0.28 10.66+2.04  0.26+0.03 34.2
0.4 182.14+3.39 0.830.28 13.39+2.65 0.19+0.01 50.4
0.6 255.20+3.34 0.59:0.23 17.84+2.34  0.140.01 64.6
0.8 332.13+4.16 0.4620.10 2253+2.84  0.110.02 72.8
1.0 465.67+5.55 0.32+0.08 30.66+3.89 0.08+0.03 80.6
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Table 3.27: EIS data for the corrosion of weld aged maraging steel in 1.0 M hydrochloric

acid containing different concentrations of CPOB.

Conc. of
Temperature o Rt Ca Rpr o
inhibitor n (%)
(°C) (ohm. cm?) (mFcm?  (ohm.cm?) (mFcm?
(mM)
Blank 117.37+3.29 1.68+0.18
0.3 200.30%3.30 1.28+0.26 14.38+3.69 0.52+0.12 41.4
30 0.6 297.88+2.28 0.96+0.16 20.2642.82 0.44+0.19 60.6
0.9 433.13+4.70 0.75+0.12 28.4243.53 0.39+0.25 729
1.2 617.7845.22 0.62+0.10 39.55+3.25 0.36+0.15 81.1
1.5 1086.77+6.28 0.48+0.07 67.83+2.21 0.33+0.10 89.2
Blank 98.28+2.56 1.75+0.10
35 0.3 163.23+2.98 1.3240.12 12.14+2.85 0.53+0.28 39.8
0.6 237.37+3.59 1.000.21 16.61+3.09 0.45+0.15 58.6
0.9 342.42+4.12 0.79+0.23 22.95+2.12 0.40+0.23 713
1.2 467.98+4.72 0.66+0.28 30.52+2.80 0.37+0.21 79.1
1.5 799.0945.27 0.51+0.11 50.49+2.68 0.3440.12 87.7
Blank 83.43+2.11 2.1540.22
40 0.3 133.23+3.49 1.64+0.26 10.33+2.99 0.60+0.16 37.4
0.6 183.74+2.47 1.2740.28 13.38+2.58 0.52+0.13 54.6
0.9 275.3543.76 0.95+0.21 18.90+2.27 0.44+0.18 69.7
1.2 350.61+4.09 0.81+0.16 23.44%2.59 0.41+0.28 76.2
1.5 521.52+4.66 0.64+0.13 33.75+2.90 0.37+0.11 84.2
Blank 65.86+2.22 2.36+0.29
45 0.3 98.89+3.36 1.83+0.25 8.26+3.65 0.65+0.18 334
0.6 133.33+3.60 1.43+0.20 10.34+2.84 0.55+0.14 50.6
0.9 187.68+3.77 1.10+0.29 13.62+2.71 0.48+0.16 64.9
1.2 244.85+3.30 0.92+0.22 17.06+3.28 0.43+0.21 73.1
1.5 343.03+4.99 0.7440.15 22.98+3.57 0.39+0.12 80.8
Blank 54.34+2.78 2.79+0.10
50 0.3 80.40+3.06 2.10+0.18 7.1542.29 0.71+0.11 32.4
0.6 105.76+3.21 1.67+0.21 8.68+3.94 0.61+0.16 48.6
0.9 146.06+3.81 1.29+0.28 11.11+2.04 0.52+0.16 62.8
1.2 187.37+2.07 1.07+0.15 13.60+2.79 0.47+0.22 712
15 256.36+3.15 0.86+0.11 17.76+2.80 0.42+0.18 78.8
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Table 3.28: EIS data for the corrosion of weld aged maraging steel in 1.5 M hydrochloric

acid containing different concentrations of CPOB.

Conc. of
Temperature S Rt Ca Rpr o
inhibitor n (%)
(°C) (ohm. cm?) (mFcm?)  (ohm.cm?  (mFcm?)
(mM)
Blank 64.30+3.36 3.0120.21
0.4 113.16+2.13 1.97+0.21 9.19+2.29 0.68+0.22 431
30 0.8 155.58+3.77 1.50+0.29 11.78+3.94  057+0.28 58.6
1.2 200.94+3.75 1.23+0.30 14.54+3.62 0.51+0.21 68.3
1.6 425.55+2.38 0.72+0.36 28.22+2.89 0.39+0.16 84.8
2.0 537.18+5.54 0.63+0.24 35.02+2.55 0.37+0.08 88.0
Blank 58.75+2.89 3.38+0.33
35 0.4 101.29+3.55 2.16+0.31 8.47+3.28 0.72+0.24 421
0.8 126.62+2.83 1.78+0.38 10.01+2.30 0.63+0.17 53.6
1.2 155.34+2.15 1.50+0.36 11.76£3.27 0.57+0.21 62.1
1.6 236.23+3.57 1.08+0.35 16.69+3.15 0.47+0.24 75.1
2.0 336.68+3.18 0.84+0.21 22.81+3.72 0.42+0.11 82.5
Blank 53.42+2.65 3.74+0.27
40 0.4 90.54+2.36 2.44%0.25 7.81+2.27 0.79+0.12 413
0.8 113.03+2.27 2.00+0.38 9.18+3.19 0.69+0.14 52.7
1.2 139.11+3.97 1.68+0.30 10.77+2.04  0.61+0.22 61.6
1.6 191.47+2.13 1.29+0.31 13.96+2.76 0.52+0.25 72.1
2.0 285.67+4.74 0.96+0.29 19.70+2.80 0.44%0.13 81.3
Blank 36.89+2.42 4.13+0.37
45 0.4 61.48+2.05 2.67+0.40 6.04+2.46 0.84+0.23 40.2
0.8 65.99+3.15 2.51+0.34 6.32+3.64 0.80+0.23 441
1.2 81.45+2.28 2.08+0.29 7.26+2.81 0.70+0.18 54.7
1.6 113.51+3.67 1.57+0.22 9.21+3.39 0.59+0.12 67.5
2.0 154.61+3.56 1.22+0.36 11.72+3.48 0.50+0.08 76.1
Blank 32.05+2.46 4.59+0.30
50 0.4 48.71+2.62 3.230.23 5.27+2.19 0.97+0.24 34.2
0.8 60.24+3.15 2.66+0.36 5.97+2.80 0.84+0.30 46.8
1.2 69.22+3.96 2.3520.23 6.52+3.19 0.77+0.25 537
1.6 88.29+2.87 1.90+0.34 7.68+2.55 0.66+0.27 63.7
2.0 116.63+3.30 1.50£0.33 9.40+2.01 0.57+0.11 72,5
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Table 3.29: EIS data for the corrosion of weld aged maraging steel in 2.0 M hydrochloric

acid containing different concentrations of CPOB.

Conc. of
Temperature o Ret Ca Rpr Cot
inhibitor n (%)
(°C) (ohm. cm?) (mFcm?)  (ohm.cm?  (mFcm?)
(mM)
Blank 20.21+3.51 5.75+1.31
0.4 37.13+2.33 3.680.22 4.96+1.41 1.10+0.19 45.6
30 0.8 49.15+2.88 3.02+0.23 5.69+2.85 0.920.29 58.9
1.2 68.94+2.48 2.44%0.38 6.90£2.90 0.790.28 70.7
1.6 124.69+3.30 1.79+0.24 10.29+2.61 0.640.27 83.8
2.0 178.76+4.49 1.55+0.21 13.59+3.95 0.580.14 88.7
Blank 17.34+2.55 8.26+1.32
35 0.4 29.34+2.34 5.63+0.58 4.49+1.07 1.5520.11 40.9
0.8 39.8622.30 4.40%0.21 5.13+2.79 1.25+0.23 56.5
1.2 49.97+2.64 3.71+0.31 5.74%2.67 1.08+0.26 65.3
1.6 80.28+3.83 2.68+0.28 7.59+3.63 0.84+0.28 78.4
2.0 114.08+3.06 2.18+0.34 9.652.08 0.73x0.12 84.8
Blank 15.01+3.21 13.22+1.21
40 0.4 24.85+2.97 8.840.78 4.21+1.81 2.3020.12 39.6
0.8 32.07+3.53 7.0720.27 4.65+2.49 1.8740.16 53.2
1.2 40.90+2.48 5.76+0.31 5.19+3.03 1.56+0.16 63.3
16 61.77+2.53 4.15+0.29 6.46%3.86 1.19+0.23 75.7
2.0 85.28+3.52 3.28+0.32 7.89+2.38 0.98+0.17 82.4
Blank 12.89+3.38 15.87+1.38
45 0.4 20.08+3.41 9.95+0.55 3.92+0.92 2.56+0.17 35.8
0.8 25.88+2.78 7.9520.32 4.28+1.29 2.07+0.22 50.2
1.2 30.47+3.45 6.900.37 4.56+2.42 1.83+0.28 57.7
1.6 45.39+2.29 4.96+0.35 5.462.40 1.38+0.24 716
2.0 61.38+3.92 3.92+0.36 6.44%3.87 1.1340.18 79.0
Blank 11.67+2.83 18.95+1.23
50 0.4 17.79+2.27 12.12+1.29 3.78+1.23 3.060.29 34.4
0.8 22.06+2.59 9.97+0.27 4.04+1.99 2.54+0.21 47.1
1.2 26.05+2.55 8.59+0.37 4.29+1.42 2.22+0.18 55.2
1.6 35.69+2.06 6.54+0.21 4.87+2.26 1.74+0.17 67.3
2.0 42.44+2.11 5.66+0.34 5.28+2.63 1.54+0.23 72.4
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Table 3.30: Comparison of maximum attainable inhibition efficiencies by the Tafel
method and EIS method for the corrosion of weld aged maraging steel in hydrochloric

acid solutions of different concentrations in the presence of CPOB at 30 °C.

n (%)
. . Conc. of
Molarity of hydrochloric

) CPOB (mM) Tafel EIS
acid
0.1 0.8 92.1 90.7
0.5 1.0 90.4 91.1
1.0 15 87.7 89.2
15 2.0 90.2 88.0
2.0 2.0 86.5 88.7
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Table 3.31: Activation parameters for the corrosion of weld aged maraging steel in

hydrochloric acid containing different concentrations of CPOB.

Molarity Conc. of inhibitor " P}
L E. AH AS
of hydrochloric acid (mM) (kI mol) (k" mol) (0 mol KY)
(M)
0.0 39.12 41.60 -94.92
0.1 46.94 49.92 -75.53
0.2 55.55 59.07 -64.88
0.1 0.4 65.33 69.47 -58.10
0.6 67.29 71.55 -38.73
0.8 70.81 75.30 -16.46
0.0 36.56 38.51 -103.73
0.2 43.87 46.21 -82.54
0.5 04 51.92 54.68 -70.90
0.6 61.06 64.31 -63.49
0.8 62.88 66.24 -42.33
1.0 66.17 69.70 -17.99
0.0 35.70 34.98 -108.24
0.3 42.84 41.98 -86.12
0.6 50.69 49.67 -73.97
1.0 0.9 59.62 58.42 -66.24
1.2 61.40 60.17 -44.16
15 64.62 63.31 -18.77
0.0 32.08 30.55 -117.85
0.4 38.50 36.66 -93.76
15 0.8 45.55 43.38 -80.54
1.2 53.57 51.02 -72.12
1.6 55.18 52.55 -48.08
2.0 58.06 55.30 -20.43
0.0 30.33 31.24 -122.33
0.4 36.40 37.49 -97.34
2.0 0.8 43.07 44.36 -83.61
1.2 50.65 52.17 -74.88
1.6 52.17 53.73 -49.92
2.0 54.90 56.54 -21.22
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Table 3.32: Thermodynamic parameters for the adsorption of CPOB on weld aged

maraging steel surface in hydrochloric acid at different temperatures.

of hy('j\fgc!a::)?/ic acid Temperature -AG s AHC g6 AS s
M) (°C) (kJ mol™}) (kJ mol™) (I molt K
30 34.04
3 33.90
0.1 40 2374 -18.33 -55.31
4 3357
50 33.41
30 32.74
0.5 35 3261
40 3245 -27.12 -43. 35
4 32.29
50 32.14
30 33.36
35 33.23
1.0 40 2307 -35.70 -36.12
45 3291
50 32.75
30 35.95
3 35.81
15 40 25 64 -43.01 -24.10
45 35.46
50 35.29
30 3271
3% 32.58
2.0 40 324 -48.99 -12.08
4 32.26
50 3211
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3.5 2-(4-BROMOPHENYL)-2-OXOETHYL-4-CHLOROBENZOATE (CPOM) AS
INHIBITOR FOR THE CORROSION OF WELD AGED MARAGING STEEL IN
HYDROCHLORIC ACID MEDIUM

3.5.1 Potentiodynamic polarization studies

The potentiodynamic polarization curves for the corrosion of weld aged maraging
steel specimen in 2.0 M hydrochloric acid in the presence of different concentrations of
CPOM, at 30 °C are shown in Fig. 3.35. Similar plots were obtained in the other four

concentrations of hydrochloric acid at the different temperatures studied.
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Fig. 3.35: Potentiodynamic polarization curves for the corrosion of weld aged maraging
steel in 2.0 M hydrochloric acid containing different concentrations of CPOM at 30 °C.

The potentiodynamic polarization parameters (Ecorr, be, Da, 1corr @and n (%)) are
summarized in Tables 3.33 to 3.37. It is seen from the Tables that the i decreases and

the inhibition efficiency (n%) increases with the increase in the inhibitor concentration.
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The presence of CPOM shifts Ecor slightly towards positive direction. However, the
maximum displacement in the present study is £25 mV, therefore it can be concluded that
CPOM acts as a mixed type inhibitor on weld aged maraging steel. The rest of the
discussion is similar to the one already discussed under section 3.3.1. CPOM shows
slightly higher inhibition efficiency than that of ATPI and CPOB for the corrosion

of weld aged maraging steel in hydrochloric acid.
3.5.2 Electrochemical impedance spectroscopy

Fig. 3.36 represents Nyquist plots for the corrosion of weld aged maraging steel
in 2.0 M hydrochloric acid in the presence of different concentrations of CPOM at 30 °C.
Similar plots were obtained in other concentrations of hydrochloric acid and also at other

temperatures.
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Fig. 3.36: Nyquist plots for the corrosion of weld aged maraging steel in 2.0 M
hydrochloric acid containing different concentrations of CPOM at 30 °C.
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The impedance parameters derived from the EIS studies are summarized in
Tables 3.38 to 3.42. It is clear from Fig. 3.36 that the shapes of the impedance plots for
the corrosion of weld aged maraging steel in the presence of inhibitor are not
substantially different from those of the uninhibited one. The plots are similar to those
obtained in the presence of ATPI as discussed in the section 3.3.2. The equivalent
circuit given in Fig. 3.20 is used to fit the experimental data for the corrosion of weld
aged maraging steel in hydrochloric acid in the presence of CPOM. As can be seen from
the Tables 3.38 to 3.42, R, Ryr values increase and Cgj, Cyr Values decrease with the
increase in the concentration of CPOM. The inhibitor molecule CPOM has the electron
rich environment in phenyl group due to resonance of n-electrons of double bonds that
can be adsorbed well on the sample surface. Also carbonyl groups are electron donating

groups containing oxygen atom as an active site (Atta et al. 2011).
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Fig. 3.37: Bode plots for the corrosion of weld aged maraging steel in 2.0 M hydrochloric

acid containing different concentrations of CPOM at 30 °C.

The Bode plots for the corrosion of the alloy in the presence of different
concentrations of CPOM are shown in Fig. 3.37. They are similar to the ones shown in
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Fig. 3.21. Hence the discussion regarding the Bode plot under the section 3.3.2 holds
good for CPOM also.

A comparison of maximum attainable inhibition efficiencies by the Tafel method
and EIS method, in the presence of CPOM for the corrosion of weld aged maraging steel
in hydrochloric acid solutions of different concentrations at 30 °C are listed in Table 3.43.
It is evident from the table that the 1 (%) values obtained by the two methods are in good

agreement. Similar levels of agreement were obtained at other temperatures also.
3.4.3 Effect of temperature

The Tafel and EIS results pertaining to different temperatures in different
concentrations of hydrochloric acid have already been listed in Tables 3.33 to 3.42. The
effect of temperature on corrosion inhibition behaviour of CPOM is similar to that of
ATPI and CPOB on weld aged maraging steel as discussed in the earlier sections. The
decrease in the inhibition efficiency of CPOM with the increase in temperature on weld
aged maraging steel surface may be attributed to the physisorption of CPOM. The
Arrhenius plots for the corrosion of weld aged maraging steel in 2.0 M hydrochloric acid
in the presence of different concentrations of CPOM are shown in Fig. 3.38. The plots of
IN(veor/T) vs (1/T) are shown in Fig. 3.39. The calculated values of activation parameters
are given in Table 3.44. The observations are similar to the ones obtained in the presence
of ATPI and CPOB.

The increase in the Ea values with the increase in CPOM concentration indicates
the increase in energy barrier for the corrosion reaction as discussed in earlier sections.
The entropy of activation in the absence and presence of CPOM is large and negative for
the corrosion of alloy. This implies that the activated complex in the rate determining
step represents an association rather than dissociation step, indicating that a decrease in
disordering takes place on going from reactants to activated complex (Marsh 1988,
Gomma and Wahdan 1995).
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Fig. 3.38: Arrhenius plots for the corrosion of weld aged maraging steel in 2.0 M

hydrochloric acid containing different concentrations of CPOM.
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Fig. 3.39: Plots of In(vcer /T) versus 1/T for the corrosion of weld aged maraging steel in

2.0 M hydrochloric acid containing different concentrations of CPOM.
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3.5.4 Effect of hydrochloric acid concentration

It is evident from both the polarization and EIS experimental results that, for a
particular concentration of the CPOM, the inhibition efficiency decreases with the
increase in hydrochloric acid concentration. The maximum inhibition efficiency is

observed in 0.1 M solution of hydrochloric acid.
3.5.5 Adsorption isotherms

The adsorption of CPOM on the surfaces of weld aged maraging steel was found
to obey Langmuir adsorption isotherm as shown in Fig. 3.40. The thermodynamic
parameters obtained for the adsorption of CPOM on weld aged maraging steel are
tabulated in Tables 3.45. These data also reveal similar inhibition behaviour of CPOM as
that of ATPI as discussed in section 3.3.5.
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Fig. 3.40: Langmuir adsorption isotherms for the adsorption of CPOM on weld aged

maraging steel in 2.0 M hydrochloric acid at different temperatures.
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The values of AG%gs and AH s suggest both physisorption and chemisorption of
CPOM on weld aged maraging steel with predominant physisorption. The AS%qs value
indicates the increase in randomness on going from the reactants to the metal adsorbed

species.
3.5.6 Mechanism of corrosion inhibition

The mechanism of corrosion inhibition of weld aged maraging steel in the
presence of CPOM is similar to that of ATPI as discussed under section 3.3.6. The
protonated CPOM is responsible for physisorption and neutral CPOM molecule
with lone pair of electrons on oxygen and n- electrons of benzene rings are responsible
for the chemisorption of CPOM on the alloy surfaces, as discussed in earlier sections.
CPOM shows slightly better inhibition efficiency than that of ATPI and CPOB for
the corrosion of weld aged maraging steel in hydrochloric acid medium. This can be
attributed to the fact that the presence of methoxy groups and chlorine and bromine group
in the inhibitor moiety increases electron density at the binding sites in CPOM. Hence
CPOM can adsorb on the alloy surface more strongly than ATPI and CPOB. Hence

CPOM covers the alloy surface more effectively.
3.5.7 SEM/EDS studies

Fig. 3.41 (a) represents SEM image of the corroded weld aged maraging steel
sample which shows the facets due to the attack of hydrochloric acid on the metal surface
with cracks and rough surfaces. Fig. 3.41 (b) shows the SEM image of the sample after
immersion in 2.0 M hydrochloric acid in the presence of CPOM. It can be seen that the
alloy surface is smooth without any visible corrosion attack. Thus, it can be concluded
that CPOM protects the alloy from corrosion by forming a uniform film on the alloy

surface.

The EDS profile analyses for the corrosion of weld aged maraging steel in
hydrochloric acid is already discussed under section 3.3.7. The EDS profile of the

corroded surface of the alloy in the presence of CPOM is shown in Fig. 3.42. The atomic
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percentages of the elements found in the EDS profile were 5.20 % Fe, 0.62% Ni, 1.20%
Mo, 15.19% O, 2.66% CI, 70.56% C and 4.37% Br and indicated the formation of

inhibitor film on the surface of alloy.

Fig. 3.41: SEM images of the weld aged maraging steel after immersion in 2.0 M
hydrochloric acid a) in the absence and b) in the presence of CPOM.
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Fig. 3.42: EDS spectra of the weld aged maraging steel after immersion in 2.0 M

hydrochloric acid in the presence of CPOM.
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Table 3.33: Results of potentiodynamic polarization studies for the corrosion of weld
aged maraging steel in 0.1 M hydrochloric acid containing different concentrations of
CPOM.

Temperature -Cor-m-. of Ecor ba -be icorr Vearr
inhibitor 1 4 2 1 n (%)
(°C) (M) (mV /SCE) (mV dec™) (mV dec™) (mA cm™) (mmy™)
Blank -419+1 142+3 2262 0.22+0.03 2.53+0.26
0.1 -415+3 138+3 2214 0.12+0.02 1.35+0.20 46.5
0.2 -411+3 135+2 219+3 0.08+0.02 0.88+0.23 65.2
30 0.4 -408+1 132+3 2163 0.05+0.03 0.56+0.25 7.7
0.6 -406+4 129+4 212+2 0.03+0.02 0.29+0.12 88.4
0.8 -403+3 12542 21044 0.01+0.01 0.13+0.10 97.8
Blank -416+4 150+3 234+1 0.26+0.01 2.99+0.12
0.1 -413+2 146+3 2323 0.15+0.03 1.68+0.27 44.1
35 0.2 -411+1 142+3 230+3 0.10£0.02 1.11+0.18 62.9
0.4 -407+3 14014 227+1 0.06+0.03 0.73+0.29 75.6
0.6 -405+3 1371 22512 0.04£0.02 0.41+0.20 86.4
0.8 -402+4 13312 2214 0.01+0.01 0.15+0.11 95.9
Blank -412+2 15943 24243 0.3040.02 3.45+0.18
0.1 -410+1 155+1 239+1 0.17+0.02 1.94+0.23 415
40 0.2 -408+3 152+4 23643 0.11+0.03 1.28+0.27 60.6
0.4 -405+1 150+3 23443 0.0740.03 0.85+0.27 734
0.6 -401+1 14842 23242 0.04+0.03 0.47+0.28 84.3
0.8 -399+1 14412 229+3 0.01+0.01 0.14+0.13 93.9
Blank -409+3 16514 250+1 0.33+£0.01 3.80+0.13
0.1 -405+3 163+3 2474 0.20£0.02 2.33+£0.17 38.7
45 0.2 -400+4 161+4 24242 0.14+0.01 1.59+0.13 58.2
0.4 -398+3 158+3 2404 0.10+0.02 1.10+0.24 70.9
0.6 -395+3 155+4 2361 0.06+0.02 0.69+0.22 81.9
0.8 -393+1 151+2 2331 0.03+0.02 0.32+0.19 91.6
Blank -405+2 173+2 25943 0.3740.02 4.26+0.21
50 0.1 -400+1 170+1 255+1 0.24+0.02 2.73+0.22 359
0.2 -398+3 166+1 2514 0.17+0.02 1.90+0.23 55.4
0.4 -395+3 164+3 24742 0.12+0.02 1.35+0.17 68.4
0.6 -393+3 161+2 24414 0.08+0.01 0.87+0.11 79.5
0.8 -391+2 158+2 241+3 0.04+0.02 0.46%0.28 89.3
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Table 3.34: Results of potentiodynamic polarization studies for the corrosion of weld
aged maraging steel in 0.5 M hydrochloric acid containing different concentrations of
CPOM.

Conc. of )
Temperature inhibitor Ecorr ba -b, Icorr Veorr )
(°C) (MV/SCE) (MVdecl) (mVdec?  (mAcm?) (mmy?
(mM)
Blank -413+1 148+1 247+3 0.2740.02 3.11+0.16
0.2 -417+3 144+1 24542 0.14+0.01 1.61+0.12 48.7
0.4 -415+4 141+1 24242 0.10+0.02 1.14+0.23 63.5
30 0.6 -410+1 14043 23914 0.07+0.02 0.74+0.15 76.2
0.8 -407+2 138+2 236+3 0.03+0.02 0.33+0.22 89.3
1.0 -402+1 1351 231+1 0.01+0.01 0.14+0.10 95.4
Blank -411+1 156+1 254+1 0.35+0.02 4.03+£0.22
0.2 -407+4 152+2 250+3 0.19+0.03 2.22+0.29 45.0
35 0.4 -409+3 150+3 248+3 0.14+0.01 1.59+0.15 60.6
0.6 -405+1 148+4 24514 0.09+0.02 1.08+0.22 73.2
0.8 -401+2 144+4 241+3 0.05+0.02 0.58+0.18 85.7
1.0 -399+2 140+1 238+2 0.02+0.01 0.26+0.14 935
Blank -408+1 16542 262+4 0.42+0.02 4.83+0.23
0.2 -406+3 161+4 258+2 0.24+0.02 2.76+0.15 43.2
40 0.4 -404+2 158+1 255+1 0.18+0.01 2.08+0.12 57.3
0.6 -402+3 155+2 252+2 0.12+0.01 1.37+0.12 71.9
0.8 -398+1 152+4 248+3 0.07+0.02 0.85+0.23 82.6
1.0 -395+4 150+3 24412 0.03+0.02 0.39+0.21 91.9
Blank -406+2 17242 26943 0.52+0.01 5.8740.13
0.2 -404+2 17043 266+2 0.3040.02 3.4740.16 41.6
45 0.4 -401+4 16612 264+1 0.2340.01 2.69+0.11 54.8
0.6 -403+4 16214 26143 0.16+0.02 1.89+0.17 68.3
0.8 -400+3 160+2 258+1 0.11+0.02 1.23+0.23 79.3
1.0 -398+2 15744 254+1 0.07+0.01 0.83+0.14 86.1
Blank -404+2 18314 27712 0.59+0.01 6.79+0.14
0.2 -406+4 17912 2753 0.36+0.01 4.11+0.12 39.5
50 0.4 -403+3 1762 2714 0.29+0.01 3.29+0.14 51.6
0.6 -401+2 1731 268+1 0.20+0.02 2.34+0.18 65.5
0.8 -398+3 1703 264+1 0.14+0.03 1.60+0.27 76.4
1.0 -395+2 168+2 261+2 0.10+0.03 1.11+0.28 83.6
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Table 3.35: Results of potentiodynamic polarization studies for the corrosion of weld
aged maraging steel in 1.0 M hydrochloric acid containing different concentrations of
CPOM.

Conc. of
Temperature inhibitor Ecorr b, -b, icorr Veorr %)
(°C) (MV/SCE) (MVdecl) (mVdec?  (mAcm?) (mmy?
(mM)
Blank -371+2 153+4 2563 0.33+0.04 3.80+0.37
0.3 -375+2 14942 251+1 0.16+0.02 1.86+0.17 50.9
30 0.6 -372+4 14442 246+1 0.12+0.02 1.36+0.21 64.1
0.9 -368+2 14142 24314 0.07+0.04 0.85+0.36 775
1.2 -366+3 139+3 24142 0.04£0.02 0.51+0.22 86.7
15 -362+4 136+1 2373 0.02+0.01 0.24+0.19 93.5
Blank -368+4 159+4 261+3 0.45+0.01 5.20+0.13
0.3 -363+2 158+3 2553 0.23+£0.03 2.65+0.31 49.1
35 0.6 -365+3 155+1 251+3 0.18+0.03 2.02+0.27 61.3
0.9 -362+4 151+4 248+4 0.12+0.02 1.43+0.17 72.6
1.2 -360+4 148+4 24612 0.08+0.03 0.87+0.29 83.1
15 -357+3 144+3 24242 0.04+0.03 0.45+0.17 91.4
Blank -364+2 16543 266+1 0.56+0.04 6.45+0.36
0.3 -360+4 162+3 263+1 0.30£0.01 3.42+0.12 47.1
40 0.6 -362+2 160+1 260+1 0.23+£0.03 2.68+0.32 58.4
0.9 -359+2 156+4 25814 0.17+0.02 1.93+0.17 70.1
12 -357+3 154+4 25613 0.11+0.02 1.30+0.19 79.9
15 -354+2 151+4 252+3 0.06+0.03 0.74+0.35 88.6
Blank -361+3 17241 27343 0.76+0.02 8.72+0.24
0.3 -363+4 17043 271+1 0.42+0.03 4.84+0.35 445
45 0.6 -365+1 16742 268+4 0.33+0.04 3.84+0.39 55.9
0.9 -362+4 16311 26614 0.26+0.03 2.95+0.30 66.2
1.2 -357+1 161+3 263%2 0.17+0.02 2.00£0.20 77.1
15 -355+1 158+4 261+3 0.12+0.01 1.35+0.14 84.5
Blank -358+4 17712 278+3 0.92+0.04 10.63+0.37
50 0.3 -355+3 17212 27512 0.53+£0.03 6.09+0.29 42.7
0.6 -351+2 170+1 2714 0.44+0.01 5.02+0.12 52.8
0.9 -348+2 168+3 26914 0.35+0.02 4.00+0.18 62.3
1.2 -346+3 164+3 266+3 0.24+0.03 2.76x0.25 74.2
15 -342+2. 161+1 262+3 0.18+0.02 2.04+0.21 80.8
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Table 3.36: Results of potentiodynamic polarization studies for the corrosion of weld
aged maraging steel in 1.5 M hydrochloric acid containing different concentrations of
CPOM.

Conc. of )
Temperature inhibitor Ecorr b, -be Icorr Veorr )
(°C) (MV/SCE)  (MVdec?) (mVdec?)  (mAcm?) (mmy?
(mM)
Blank -342%2 1584 267+3 0.70:0.03  8.05:0.31
0.3 -344+1 15542 263+2 0.36+0.03  4.15%0.37 485
0.6 -341+3 152+4 26043 0.27+0.03  3.08+0.34 61.7
30 0.9 -338+2 149+2 257+3 0.17+0.03  2.00+0.28 75.1
12 -335+1 1464 254+1 0.11+0.04  1.27+0.39 84.3
15 -331+2 142+1 252+4 0.06+0.03  0.71#0.25 91.1
Blank -339+1 165+4 276+3 0.82+0.03  9.45+0.35
0.3 -338+1 1634 273+3 0.44+001  5.04+0.15 46.7
35 0.6 -340+2 160+1 27042 0.34+0.03  3.91%0.33 58.6
0.9 -338+3 158+1 2681 0.25+0.03  2.8240.27 70.2
1.2 -334+4 155+3 264+2 0.16+0.02  1.8240.22 80.7
15 -330+4 151+3 261+3 0.09+0.02  1.04+0.26 89.1
Blank -337+2 1734 28242 0.94+0.04  10.85x0.36
0.3 -340+1 171+4 280+1 0.52+0.03  5.99+0.33 447
40 0.6 -336+2 168+1 278+4 0.42+0.04  4.77+0.36 56.1
0.9 -332+2 165+2 274+1 0.31:0.02  3.51%0.21 67.7
1.2 -330+4 161+4 270+3 0.2130.02  2.44+0.19 775
15 -328+3 157+2 268+4 0.13+0.02  1.5040.12 86.2
Blank -334+1 17943 28643 1.53+0.03  17.60+0.32
0.3 -330+2 175+3 283+3 0.89+0.04  10.19+0.40 421
45 0.6 -327+4 172+4 280+3 0.71#0.03  8.18+0.29 535
0.9 -324+4 168+1 278+4 055001  6.3740.12 63.8
1.2 -321+3 165+1 275+4 0.39+0.02  4.45%0.15 74.7
15 -320+2 161+2 271+4 0.27+0.02  3.15%0.23 82.1
Blank -332+4 185+1 292+3 1614003  1857+0.34
50 0.3 -330+2 181+4 290+4 0.96+0.04  11.09+0.36 403
0.6 -327+4 178+2 288+1 0.80+0.01  9.2240.12 50.4
0.9 -324%2 175+4 28542 0.65:0.03  7.44+0.30 59.9
12 -321+3 17242 282+1 0.46+0.03  5.2740.26 716
15 -318+2 170+1 278+4 0.35:0.02  4.0240.21 78.4
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Table 3.37: Results of potentiodynamic polarization studies for the corrosion of weld
aged maraging steel in 2.0 M hydrochloric acid containing different concentrations of
CPOM.

Conc. of )
Temperature inhibitor Ecorr b, -b, Icorr Veorr %)
(°C) (MV/SCE) (MVdecl) (mVdec?  (mAcm?) (mmy?
(mM)
Blank -324+2 1753 287+3 3.08+0.12 35.44+1.23
0.4 -327+3 17314 291+3 1.65+0.15 19.02+1.67 46.4
0.8 -322+3 16814 28543 1.24+0.01 14.21+0.15 59.6
%0 1.2 -318+3 17043 282+1 0.92+0.04 10.51+0.40 70.2
1.6 -315+2 165+2 2784 0.57+0.03 6.51+0.33 81.2
2.0 -310+1 159+1 27413 0.33+£0.02 3.80+0.17 89.2
Blank -325+4 189+4 3073 3.50+0.15 40.34+£1.17
0.4 -323+1 19344 305+2 1.94+0.14 22.32+1.44 44.6
.- 0.8 -319+4 186+1 303+2 1.52+0.04 17.52+0.43 56.5
1.2 -320+1 18314 299+2 1.11+0.02 12.71+£0.24 68.1
1.6 -316+3 17843 29543 0.74+0.04 8.51+0.43 78.6
2.0 -313+2 1751 29313 0.45+0.04 5.11+0.45 86.9
Blank -321+3 19242 32544 3.88+0.24 44.74+2.36
0.4 -324+1 188+2 32212 2.22+0.14 25.53+1.44 42.8
10 0.8 -320+2 185+2 3171 1.78+0.01 20.52+0.14 54.1
12 -318+4 181+1 319+2 1.32+0.05 15.22+0.47 65.8
1.6 -315+3 1763 312+3 1.03+0.02 11.81+0.23 75.6
2.0 -310+1 17012 309+1 0.60+0.04 6.91+0.42 84.3
Blank -322+1 20614 332+1 4.18+0.22 48.15+2.51
0.4 -318+2 208+3 330+1 2.49+0.13 28.63+1.28 40.2
45 0.8 -320+1 203+1 33543 2.02+0.05 23.22+0.49 51.6
1.2 -317+4 198+3 327+1 1.59+0.02 18.32+0.19 61.9
1.6 -314+3 195+4 3234 1.13+0.01 13.01+0.14 72.8
2.0 -309+1 191+3 319+2 0.82+0.02 9.41+0.23 80.2
Blank -319+1 22413 3404 4.51+0.21 51.95+2.36
0.4 -322+2 227+3 3371 2.76+0.11 31.73£1.14 38.6
50 0.8 -324+1 221+3 33213 2.30+0.04 26.431£0.41 48.7
1.2 -321+1 218+4 33515 1.88+0.05 21.62+0.46 58.2
1.6 -315+4 214+2 330+2 1.47+0.03 16.92+0.32 67.3
2.0 -307+4 211+3 3263 1.05%0.03 12.01+0.32 76.7
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Table 3.38: EIS data for the corrosion of weld aged maraging steel in 0.1 M hydrochloric

acid containing different concentrations of CPOM.

Conc. of
Temperature - Ret Cal Ryt Cot " )
(°C) (ohm. cm?) (mF cm?) (ohm. cm?) (mF cm?)
(mM)
Blank 181.20£2.35 0.93+0.11
0.1 367.62+3.63 0.74+0.08 24.99+1.34 0.24+0.06 50.7
30 0.2 527.66+4.68 0.58+0.07 34.94+2.93 0.20+0.08 65.7
0.4 842.01+7.84 0.45+0.13 54.48+3.39 0.16+0.06 78.5
0.6 2188.41+9.25 0.31+0.10 138.16£3.80 0.12+0.10 91.7
0.8 8547.17+£11.97 0.25+0.08 533.37+2.54 0.11+0.04 97.9
Blank 156.30£3.28 0.96+0.13
35 0.1 296.42+3.06 0.79+0.19 20.57+£1.78 0.26+0.10 47.3
0.2 422.78+4.64 0.62+0.18 28.42+2.27 0.21+0.11 63.1
0.4 644.80+6.21 0.49+0.15 42.2242.77 0.17+0.11 75.8
0.6 1345.09+5.19 0.35+0.08 85.74+2.56 0.13+0.08 88.4
0.8 3868.81+7.53 0.27+0.07 242.60+3.83 0.12+0.05 96.3
Blank 116.20+4.46 1.68+0.16
40 0.1 213.02+4.54 1.25+0.20 15.38+2.17 0.39+0.10 455
0.2 288.34+3.68 0.98+0.15 20.06+2.81 0.31+0.10 59.7
0.4 454.62+5.88 0.71+0.19 30.40+3.38 0.24+0.06 74.4
0.6 787.80+7.27 0.50+0.19 51.11+£3.96 0.18+0.13 85.3
0.8 2053.00+10.48 0.331£0.14 129.74+3.11 0.13+0.10 94.3
Blank 64.30£3.60 3.01+0.22
45 0.1 113.46+2.01 2.19+0.17 9.192.09 0.650.08 433
0.2 148.40%2.20 1.73+0.08 11.37+3.56 0.52+0.11 56.7
0.4 216.50+3.81 1.25+0.07 15.60+3.36 0.39+0.11 70.3
0.6 345.88+4.28 0.87+0.19 23.64+2.79 0.28+0.07 814
0.8 548.63+6.04 0.63+0.07 36.24+3.69 0.21+0.14 88.3
Blank 20.21+£3.73 5.75+0.50
50 0.1 34.38+4.42 3.98+0.07 4.28+1.40 1.15+0.12 41.2
0.2 43.40£3.36 3.20+0.14 4.84+2.59 0.93+0.14 534
0.4 62.13+4.12 2.30%0.06 6.00£2.23 0.68+0.18 67.5
0.6 93.91+3.64 1.60+0.12 7.98+2.11 0.49+0.17 78.5
0.8 141.92+4.20 1.14+0.07 10.96+2.66 0.36+0.12 85.8
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Table 3.39: EIS data for the corrosion of weld aged maraging steel in 0.5 M hydrochloric

acid containing different concentrations of CPOM.

Conc. of
Temperature - Ret Cal Ryt Cot )
(°C) (ohm. cm?) (mF cm?®) (ohm. cm?) (mF cm?®)
(mM)
Blank 156.30£2.83 0.96+0.26
0.2 317.10+2.50 0.76+0.11 21.85+1.48 0.25+0.11 48.8
30 0.4 455.15+3.88 0.59+0.18 30.43+£2.47 0.20+0.14 63.8
0.6 726.30+3.87 0.46+0.20 47.284+3.95 0.17+0.12 76.6
0.8 1887.68+7.12 0.31+0.12 119.47+2.69 0.12+0.19 89.8
1.0 7372.64+9.21 0.25+0.12 460.37+3.75 0.10£0.03 96.0
Blank 139.27+4.73 1.11+0.24
35 0.2 264.12+3.79 088+0.19 18.56+2.02 0.28+0.12 454
0.4 376.71+4.60 0.68+0.15 25.56+2.80 0.23+£0.19 61.1
0.6 574.55+5.54 0.52+0.11 37.85+2.21 0.18+0.16 73.9
0.8 1198.54+8.63 0.37£0.15 76.63+£3.47 0.14+0.15 86.5
1.0 3447.28+11.66 0.27+0.05 216.40+2.09 0.11+0.04 94.1
Blank 123.15+4.82 1.33+0.28
40 0.2 225.76+4.24 1.0040.16 16.17+3.01 0.32+0.16 43.6
0.4 305.58+3.23 0.80+0.10 21.14+3.08 0.26+0.13 57.8
0.6 481.81+4.59 0.59+0.15 32.09+2.39 0.20+0.12 72.5
0.8 834.92+7.83 0.43+£0.13 54.03+£3.20 0.16+0.17 83.4
1.0 2175.80+9.61 0.31+0.08 137.37£3.52 0.12+0.10 92.4
Blank 107.56+2.28 2.55+0.37
45 0.2 189.80+4.90 1.17+0.19 13.94+2.53 0.36+0.10 414
0.4 248.23+3.48 0.95+0.20 17.57+2.06 0.30+0.11 54.8
0.6 362.15+2.86 0.72+0.11 24.65+2.66 0.24+0.12 68.4
0.8 578.59+4.08 0.54+0.14 38.10+2.03 0.19+0.19 79.5
1.0 917.75+6.54 0.42+0.06 59.18+3.79 0.15+0.11 86.4
Blank 90.34+3.82 3.74+£0.59
50 0.2 153.67+2.50 2.34+0.15 11.69+2.13 0.41+0.19 39.3
0.4 193.99+3.79 1.11+0.18 14.20+3.37 0.35+0.11 515
0.6 277.71+2.43 0.84+0.11 19.40+3.32 0.27+0.14 65.6
0.8 419.80+3.50 0.63+0.15 28.23+3.18 0.21+0.13 76.6
1.0 634.41+4.71 0.50+0.04 41.5743.62 0.18+0.09 83.9
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Table 3.40: EIS data for the corrosion of weld aged maraging steel in 1.0 M hydrochloric

acid containing different concentrations of CPOM.

Conc. of
Temperature - Ret Cal Rpt Cot " )
(°C) (ohm. cm?) (mF cm?®) (ohm. cm?) (mF cm?®)
(mM)
Blank 116.21+2.67 1.68+0.17
0.3 242.59+3.84 1.19+0.24 17.48+2.60 0.52+0.30 52.1
30 0.6 337.79+3.97 0.97+0.11 23.274£3.00 0.45+0.15 65.6
0.9 530.59+4.10 0.76+0.29 35.024£2.77 0.40+0.27 78.1
12 937.10+6.01 0.60£0.29 59.78+2.40 0.36+0.29 87.6
15 2112.73+8.03 0.48+0.20 131.38+3.11 0.33+0.11 94.5
Blank 97.32+£3.94 1.75+0.18
35 0.3 195.77+2.81 1.23+0.28 14.62+3.02 0.53+0.12 50.3
0.6 252.07+3.00 1.04+0.12 18.05+2.59 0.46+0.19 61.4
0.9 363.06+2.39 0.84+0.13 24.81+£3.58 0.42+0.22 73.2
1.2 640.13+5.75 0.65+0.23 41.69+2.12 0.37+0.23 84.8
15 1216.25+6.45 0.53+0.17 76.78+2.45 0.34+0.19 92.2
Blank 82.61+2.57 2.15+0.45
40 0.3 160.39%3.42 1.49+0.22 12.47+2.07 0.59+0.11 485
0.6 201.96+3.47 1.26+0.19 15.00+3.08 0.51+0.19 59.1
0.9 291.87+3.96 0.99+0.15 20.48+3.14 0.45+0.28 71.7
1.2 444.09+£3.03 0.79+0.22 29.75+£3.42 0.40+0.28 814
15 764.81+4.55 0.62+0.20 49.28+3.25 0.36+0.11 89.2
Blank 65.22+2.70 2.36+0.35
45 0.3 120.52+3.37 1.57+0.25 10.04+1.91 0.61+0.24 459
0.6 148.86+2.32 1.35+0.12 11.77+£3.71 0.53+0.19 56.2
0.9 200.00+3.44 1.10+0.23 14.88+2.65 0.48+0.19 67.4
1.2 291.07+4.83 0.88+0.25 20.43+£3.26 0.43+0.13 77.6
15 449.66+5.02 0.71+0.14 30.09+3.55 0.3910.14 85.5
Blank 53.86+2.31 2.79£0.25
50 0.3 96.94+3.21 1.87+0.23 8.60+1.60 0.68+0.16 445
0.6 117.72+3.24 1.61+0.23 9.87+2.60 0.60+0.30 54.3
0.9 148.21+3.86 1.36+0.28 11.73+3.12 0.54+0.28 63.7
1.2 223.24+2.98 1.03+0.16 16.30+2.69 0.46+0.18 75.9
15 309.20+4.69 0.85+0.22 21.53+£2.00 0.42+0.17 82.6
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Table 3.41: EIS data for the corrosion of weld aged maraging steel in 1.5 M hydrochloric

acid containing different concentrations of CPOM.

Conc. of
Temperature — Rt Cal Rt Cot 1 (%)
(°C) (ohm. cm?) (mF cm®) (ohm. cm?) (mF cm?®)
(mM)
Blank 64.30£2.83 3.01+0.45
0.3 119.74+3.22 2.60+0.11 9.99+3.07 0.85+0.12 46.3
30 0.6 176.16+2.97 2.08+0.18 13.43+2.04 0.70+0.16 63.5
0.9 278.35+3.92 1.68+0.16 19.65+3.10 0.61+0.26 76.9
1.2 462.59+401 1.41+0.20 30.88+2.55 0.55+0.19 86.1
15 905.63+6.23 1.20+0.25 57.86+3.68 0.50£0.12 92.9
Blank 58.75+£3.13 3.38+0.52
35 0.3 106.43£3.06 2.83+0.21 9.18+2.24 0.90+0.18 44.8
0.6 135.68+2.57 2.43+0.15 10.96+2.93 0.79+0.16 56.7
0.9 185.33£3.13 2.05+0.11 13.99+3.06 0.70+0.30 68.3
1.2 277.12+4.72 1.70£0.11 19.58+3.99 0.62+0.20 78.8
15 455.43+5.23 1.4240.16 30.44+2.31 0.55+0.18 87.1
Blank 53.424+3.47 3.74+0.36
40 0.3 93.39+2.62 3.11+0.22 8.39+3.33 0.96+0.20 42.8
0.6 116.38+3.81 2.69+0.27 9.79+2.84 0.85+0.20 54.1
0.9 156.20+2.84 2.26+0.11 12.21+2.18 0.75+0.16 65.8
12 218.93+3.68 1.90£0.15 16.03+3.58 0.66+0.28 75.6
15 340.25+3.65 1.57+0.21 23.4243.43 0.59+0.12 84.3
Blank 36.89+2.08 4.13+£0.72
45 0.3 61.48+2.26 3.47+0.18 6.44+2.19 1.05+0.21 40.2
0.6 75.91+£3.43 3.00+0.29 7.32+2.88 0.92+0.29 51.4
0.9 96.32+2.79 2.57+0.25 8.57+2.41 0.82+0.13 61.7
1.2 134.64+2.12 2.12+0.22 10.90+2.35 0.71+0.11 72.6
15 184.45+3.03 1.82+0.16 13.93+3.41 0.64+0.20 80.1
Blank 32.05+3.44 5.75+£0.40
50 0.3 51.86+3.39 4.54+0.27 5.86+2.67 1.30+0.30 38.2
0.6 61.99+2.62 3.96+0.29 6.48+2.70 1.14+0.29 48.3
0.9 75.95+2.14 3.42+0.26 7.33+2.88 1.02+0.18 57.8
1.2 105.08+2.21 2.74+0.16 9.10+2.15 0.86+0.19 69.5
15 135.23+3.88 2.35+0.17 10.94+3.21 0.77+0.11 76.3
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Table 3.42: EIS data for the corrosion of weld aged maraging steel in 2.0 M hydrochloric

acid containing different concentrations of CPOM.

Conc. of
Temperature N Ret Cal Rpt Cot " )
(°C) (ohm. cm?) (mF cm?) (ohm. cm?) (mF cm?®)
(mM)
Blank 20.02+2.98 5.71+0.35
0.4 39.04+3.28 3.13+0.16 1.9040.22 0.82+0.27 48.7
30 0.8 48.05+3.84 2.84+0.12 2.80+0.74 0.64+0.16 58.4
1.2 61.06+£3.41 2.11+0.20 3.60+1.04 0.46+0.15 67.2
1.6 87.09+2.55 1.56+0.28 4.90£2.69 0.331£0.11 77.3
2.0 157.16+4.88 0.83+0.20 8.80+2.75 0.21+0.16 87.2
Blank 18.02+2.28 8.25+0.24
35 0.4 33.03+£2.33 5.23+0.30 1.60+0.16 1.36+0.13 454
0.8 41.04+£2.83 4.79+0.16 2.50+0.80 0.89+0.27 56.1
1.2 54.45+3.62 3.67+0.19 3.30+1.51 0.63+0.19 65.9
1.6 74.27+£2.60 2.98+0.13 4.40+2.46 0.52+0.21 75.7
2.0 116.12+4.30 2.05+0.19 7.90+2.95 0.31+0.10 84.4
Blank 15.52+2.65 13.21+0.29
40 0.4 27.03+£3.42 7.44+0.29 1.52+0.36 1.89+0.26 425
0.8 33.33+2.11 5.35+0.26 2.20+0.93 1.22+0.23 53.4
1.2 41.54+2.49 4.76x0.21 3.10+1.42 0.92+0.16 62.6
1.6 57.46+3.80 4.11+0.29 4.00+1.55 0.78+0.15 72.9
2.0 89.39+3.74 3.05+0.25 6.80+2.93 0.45+0.12 82.6
Blank 13.21+2.15 15.74+0.88
45 0.4 21.52+3.68 10.64+0.11 1.30+0.39 2.40+0.48 38.6
0.8 26.43+3.28 7.02+0.22 1.90+0.58 1.73+0.17 50.5
1.2 32.63+3.79 5.89+0.23 2.80+1.79 1.45+0.24 59.5
1.6 44.84+3.43 4.35+0.23 3.70+1.38 0.92+0.28 70.5
2.0 73.27+£2.57 3.23+0.20 6.00+2.73 0.61+0.22 81.9
Blank 11.01+£2.55 16.31+0.50
50 0.4 17.12+2.80 12.72+0.24 0.90+0.29 3.16+0.37 35.6
0.8 20.12+2.23 9.52+0.29 1.50+1.39 2.62+0.10 46.2
1.2 24.82+2.01 7.76+0.27 2.30+1.62 1.99+0.25 55.6
1.6 32.43+£3.77 6.10+0.24 3.10+1.85 1.35+0.22 66.5
2.0 51.05+2.28 4.24+0.18 5.40+1.78 0.91+0.15 78.4
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Table 3.43: Comparison of maximum attainable inhibition efficiencies by the Tafel
method and EIS method for the corrosion of weld aged maraging steel in hydrochloric

acid solutions of different concentrations in the presence of CPOM at 30 °C.

n (%)
. . Conc. of
Molarity of hydrochloric

. CPOM (mM) Tafel EIS
acid
0.1 0.8 97.8 94.5
0.5 1.0 95.4 96.8
1.0 15 93.5 94.5
15 15 91.1 92.9
2.0 2.0 89.0 87.2
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Table 3.44: Activation parameters for the corrosion of weld aged maraging steel in

hydrochloric acid containing different concentrations of CPOM.

Molarity
Conc. of inhibitor E, AH? AS
of hydrochloric acid
(mM) (k3 mol?) (kJ'* mol) (I molt K
(M)
0.0 39.12 41.60 -94.92
0.1 51.64 5491 -71.66
0.1 0.2 55.16 58.66 -60.04
0.4 66.11 70.30 -56.17
0.6 70.42 74.88 -33.89
0.8 73.55 78.21 -21.62
0.0 36.56 38.51 -103.7
0.2 48.26 50.83 -78.30
0.5 0.4 51.55 54.30 -65.61
0.6 61.79 65.08 -61.37
0.8 65.81 69.32 -37.04
1.0 68.73 72.40 -16.70
0.0 35.70 34.98 -108.26
0.3 47.12 46.17 -81.70
1.0 0.6 50.34 49.32 -68.45
0.9 60.33 59.12 -64.04
1.2 64.26 62.96 -38.64
15 67.12 65.76 -13.25
0.0 32.08 30.55 -117.83
0.3 42.35 40.33 -88.95
0.6 45.23 43.08 -74.53
15 0.9 54.22 51.63 -69.72
1.2 57.74 54.99 -42.07
1.5 60.31 57.43 -14.42
0.0 30.33 31.24 -122.31
0.4 40.04 41.24 -92.35
0.8 42.77 44.05 -77.37
2.0 1.2 51.26 52.80 -72.38
1.6 54.59 56.23 -43.68
2.0 57.02 58.73 -14.98
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Table 3.45: Thermodynamic parameters for the adsorption of CPOM on weld aged

maraging steel surface in hydrochloric acid at different temperatures.

of r']\)/l/ ggz:?lloric Temperature -AG4s AHC46 AS® 46
acid (M) (°C) (kJ mol™) (kJ mol™) (I mol* K™
30 35.59
35 35.45
0.1 40 35.27 -9.53 -67.21
45 35.10
50 34.93
30 35.43
35 35.29
0.5 40 35.12 -15.21 -50.25
45 34.95
50 34.78
30 35.82
35 35.67
1.0 40 35.50 -21.43 -40.06
45 35.33
50 35.16
30 36.00
35 35.86
15 40 35.69 -29.08 -31.22
45 35.51
50 35.34
30 34.65
35 34.51
2.0 40 34.34 -35.06 -24.05
45 34.18
50 34.01

175



36  (E)-1-(2,4-DINITROPHENYL)-2-[1-(2-NITROPHENYL)  THYLIDENE]
HYDRAZINE (DNPH) AS INHIBITOR FOR THE CORROSION OF WELD
AGED MARAGING STEEL IN HYDROCHLORIC ACID MEDIUM

3.6.1 Potentiodynamic polarization studies

The potentiodynamic polarization curves for the corrosion of weld aged maraging
steel specimen in 1.5 M hydrochloric acid in the presence of different concentrations of
DNPH, at 30 °C are shown in Fig. 3.43. Similar plots were obtained in the other four
concentrations of hydrochloric acid at the different temperatures studied. The
potentiodynamic polarization parameters (Ecorr, Be, Da, icorr @and m (%)) are summarized in
Tables 3.46 to 3.50.

E (mV/SCE)

— T — T — T — T
1E-4 1E-3 0.01 0.1 1

i (mA cm™)

Fig. 3.43: Potentiodynamic polarization curves for the corrosion of weld aged maraging

steel in 1.5 M hydrochloric acid containing different concentrations of DNPH at 30 °C.

According to the observed E.qr, b, and b, values presented in Tables 3.46 to 3.50

DNPH can be regarded as a mixed type inhibitor with predominant anodic inhibition
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effect as discussed earlier in the section 3.3.1. DNPH shows lower inhibition efficiency
than that of ATPI, CPOB and CPOM for the corrosion of weld aged maraging steel in
hydrochloric acid medium.

3.6.2 Electrochemical impedance spectroscopy

- Z" (ohm.cm?)
g
1
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Fig. 3.44: Nyquist plots for the corrosion of weld aged maraging steel in 1.5 M
hydrochloric acid containing different concentrations of DNPH at 30 °C.

The Nyquist plots obtained for the corrosion of weld aged samples of maraging
steel specimen in 1.5 M hydrochloric acid in the presence of different concentrations of
DNPH at 30 °C are shown in Fig. 3.44. Similar plots were obtained in other
concentrations of hydrochloric acid and also at other temperatures. The electrochemical
parameters obtained from the EIS studies are summarized in Tables 3.51 to 3.55. From
Fig. 3.44, it can be observed that the impedance spectra show a single semicircle and the
diameter of semicircle increases with increasing inhibitor concentration, indicating the
increase in charge transfer resistance (R¢) value and decrease in corrosion rate (Vcorr). The

plots are similar to those obtained in the presence of CPOB as discussed in the
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section 3.3.2. The equivalent circuit given in Fig. 3.20 is used to fit the experimental data
for the corrosion of weld aged maraging steel in hydrochloric acid in the presence of
DNPH. Hence the discussion in the section 3.3.2 on the equivalent circuit model for the
corrosion of weld aged maraging steel in the presence of CPOB holds good here also.
The results show that the values of Cq and Cy decreases, while the values of R and Ryt
increase with the increase in the concentration of DNPH, suggesting that the amount of
the inhibitor molecules adsorbed on the electrode surface increases as the concentration
of DNPH increases (Amin et al. 2007).
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Fig. 3.45: Bode plots for the corrosion of weld aged maraging steel in 1.5 M hydrochloric

acid containing different concentrations of DNPH at 30 °C.

The Bode plots for the corrosion of the alloy in the presence of different
concentrations of DNPH are shown in Fig. 3.45. They are similar to the ones shown in
Fig. 3.21. Hence the discussion regarding the Bode plot under the section 3.3.2 holds
good for DNPH also.

A comparison of maximum attainable inhibition efficiencies by the Tafel method
and EIS method, in the presence of DNPH for the corrosion of weld aged maraging steel
in hydrochloric acid solutions of different concentrations at 30 °C are listed in Table 3.56.
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It is evident from the table that the n (%) values obtained by the two methods are in good

agreement. Similar levels of agreement were obtained at other temperatures also.

3.6.3 Effect of temperature

The Tafel and EIS results pertaining to different temperatures in different
concentrations of hydrochloric acid have already been listed in Tables 3.46 to 3.55. The
effect of temperature on corrosion inhibition behaviour of DNPH is similar to that of
ATPI, CPOB and CPOM on weld aged maraging steel as discussed in the earlier section.
The decrease in the inhibition efficiency of DNPH with the increase in temperature on
weld aged maraging steel surface may be attributed to the physisorption of DNPH. The
Arrhenius plots for the corrosion of weld aged maraging steel in 1.5 M hydrochloric acid
in the presence of different concentrations of DNPH are shown in Fig. 3.46. The plots of
In(vcorr/T) vs (1/T) are shown in Fig. 3.47.
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Fig. 3.46: Arrhenius plots for the corrosion of weld aged maraging steel in 1.5 M

hydrochloric acid containing different concentrations of DNPH.
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Fig. 3.47: Plots of In(veer/T) versus 1/T for the corrosion of weld aged maraging steel in

1.5 M hydrochloric acid containing different concentrations of DNPH.

The calculated values of activation parameters are given in Table 3.57. The
observations are similar to the ones obtained in the presence of ATPI. The increase in the
activation energy for the corrosion of weld aged maraging steel in the presence of DNPH
indicates the increase in energy barrier for the corrosion reaction. The entropies of
activation in the absence and presence of the inhibitor are large and negative. This
implies that the activated complex in the rate determining step represents an association
resulting in decrease in randomness on going from the reactants to the activated complex
(Gomma and Wahdan 1995, Marsh 1988).

3.6.4 Effect of hydrochloric acid concentration

It is evident from both the polarization and EIS experimental results that, for a
particular concentration of the DNPH, the inhibition efficiency decreases with the
increase in hydrochloric acid concentration on weld aged maraging steel. The maximum
inhibition efficiency is observed at 1.0 M solution of hydrochloric acid.
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3.6.5 Adsorption isotherms

The adsorption of DNPH on the surfaces of weld aged maraging steel was found
to obey Langmuir adsorption isotherm. The Langmuir adsorption isotherms for the
adsorption of DNPH on weld aged maraging steel in 1.5 M hydrochloric acid are shown
in Fig. 3.48.
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Fig. 3.48: Langmuir adsorption isotherms for the adsorption of DNPH on weld aged

maraging steel in 1.5 M hydrochloric acid at different temperatures.

The thermodynamic parameters for the adsorption of DNPH on weld aged
maraging steel are tabulated in Tables 3.58. These data also reveal similar inhibition
behaviour of DNPH as that of ATPI as discussed in section 3.3.5. The values of AG%gs
and AH° .4 indicate both physisorption and chemisorption of DNPH on weld aged

maraging steel with predominant physisorption.
3.6.6 Mechanism of corrosion inhibition

The mechanism of corrosion inhibition of weld aged maraging steel in the

presence of DNPH is similar to that in the presence of ATPI as discussed under section

181



3.3.6. It is considered that in acidic solution the DNPH molecule can undergo protonation
at amino group and can exist as a protonated positive species. The physisorption of
DNPH may be considered through electrostatic attraction between the protonated DNPH
and negatively charged chloride ions already adsorbed on the alloy surface.

DNPH shows slightly lesser inhibition efficiency than that of ATPI, CPOB and

CPOM for the corrosion of weld aged maraging steel in hydrochloric acid medium.
3.6.7 SEM/EDS studies

Fig. 3.49 (a) represents SEM image of the corroded weld aged maraging steel
sample which shows the facets due to the attack of hydrochloric acid on the metal surface
with cracks and rough surfaces. Fig. 3.49 (b) shows the SEM image of the sample after
immersion in 1.5 M hydrochloric acid in the presence of DNPH. It can be seen that the
alloy surface is smooth without any visible corrosion attack. Thus, it can be concluded

that DNPH protects the alloy from corrosion by forming a uniform film on the alloy

surface.

Fig. 3.49: SEM images of the weld aged maraging steel after immersion in 1.5 M
hydrochloric acid a) in the absence and b) in the presence of DNPH.

The EDS profile analyses of the corroded surface of the alloy in the presence of
DNPH is shown in Fig. 3.50. The atomic percentages of the elements found in the EDS
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profile were 6.20 % Fe, 0.86% Ni, 2.71% Mo, 22.37% O, 3.01% CI, 62.44% C and 6.23

N and indicated the formation of inhibitor film on the surface of alloy.
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Fig. 3.50 (a): EDS spectra of the weld aged maraging steel after immersion in 1.5

hydrochloric acid in the presence of DNPH.
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Table 3.46: Results of potentiodynamic polarization studies for the corrosion of weld
aged maraging steel in 0.1 M hydrochloric acid containing different concentrations of
DNPH.

Temperature -COI:IC-. of Ecor ba -be icorr Vearr
inhibitor 1 4 2 1 n (%)
(°C) (M) (mV /SCE) (mV dec™) (mV dec™) (mA cm™) (mmy™)
Blank -419+2 142+3 2264 0.22+0.02 2.53+0.22
0.1 -418+3 137+4 2233 0.10£0.03 1.10+0.26 56.7
0.2 -414+2 131+2 217+3 0.08+0.01 0.95+0.11 62.5
30 0.4 -411+4 127+2 212+1 0.07+0.02 0.83+0.19 67.1
0.6 -407+1 12414 208+2 0.06+0.02 0.64+0.16 74.6
0.8 -401+2 12043 20514 0.04+0.02 0.48+0.08 80.9
Blank -416+2 150+2 23442 0.26+0.02 2.99+0.23
0.1 -412+1 147+1 230+4 0.12+0.02 1.37+0.18 54.2
35 0.2 -410+3 141+2 2274 0.10£0.01 1.19+0.15 60.1
0.4 -405+3 135+2 221+2 0.09+0.02 1.06+0.20 64.7
0.6 -400+1 130+1 2164 0.07+0.02 0.83+0.18 72.3
0.8 -397+4 126+2 2103 0.06+0.03 0.64+0.16 78.7
Blank -412+2 159+4 242+4 0.3040.01 3.4510.14
0.1 -413+2 155+4 238+1 0.15+0.02 1.67+0.22 51.8
40 0.2 -409+2 148+1 23242 0.13+0.02 1.46+0.21 57.8
0.4 -407+3 14443 22943 0.11+0.03 1.30+0.26 62.4
0.6 -403+1 140+1 224+1 0.0940.03 1.04+0.29 70.1
0.8 -396+2 13614 22014 0.07+0.01 0.81+0.28 76.6
Blank -409+2 165+3 250+3 0.33+£0.02 3.80+0.18
0.1 -408+3 161+4 2452 0.17+0.01 1.93+0.11 49.1
45 0.2 -405+4 154+1 240+1 0.15+0.02 1.70+0.21 55.2
0.4 -400+1 15014 237+1 0.13+0.02 1.53+0.18 59.8
0.6 -397+42 144+4 2333 0.11+0.03 1.23+£0.29 67.6
0.8 -395+3 140+2 231+2 0.0940.02 0.98+0.17 74.1
Blank -405+4 173+1 25944 0.3740.02 4.26x0.22
0.1 -402+2 169+1 255+2 0.20+0.01 2.29+0.11 46.1
50 0.2 -396+4 165+3 250+4 0.18+0.02 2.03+£0.20 52.2
0.4 -392+2 160+3 24414 0.16+0.01 1.83+0.11 56.9
0.6 -390+4 156+3 2403 0.13+0.01 1.50£0.15 64.7
0.8 -387+1 152+2 2354 0.11+0.01 1.2240.13 713
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Table 3.47: Results of potentiodynamic polarization studies for the corrosion of weld
aged maraging steel in 0.5 M hydrochloric acid containing different concentrations of
DNPH.

Temperature -Cor-m-. of Ecor ba -be icorr Vearr
inhibitor 1 4 2 1 n (%)
(°C) (M) (mV /SCE) (mV dec™) (mV dec™) (mA cm™) (mmy™)
30 Blank -413+1 148+2 247+3 0.27+0.02 3.11+0.20
0.1 -415+4 145+4 24214 0.13+0.02 1.46x0.17 53.5
0.2 -410+2 139+2 2371 0.11+0.02 1.27+0.20 59.4
0.4 -407+2 132+3 2301 0.10£0.03 1.12+0.28 64.1
0.6 -402+1 129+3 22512 0.08+0.01 0.88+0.12 717
0.8 -398+1 125+4 221+1 0.06+0.03 0.68+0.28 78.2
35 Blank -411+2 15642 254+1 0.35+0.02 4.03+0.22
0.1 -409+1 151+1 252+1 0.18+0.02 2.02+0.17 50.1
0.2 -404+3 1474 24742 0.15+0.02 1.77+0.19 56.1
0.4 -400+4 13943 241+1 0.14+0.02 1.58+0.19 60.9
0.6 -398+2 135+1 235+1 0.11+0.03 1.26+0.29 68.7
0.8 -392+4 12943 231+1 0.09+0.02 1.00+0.15 75.3
40 Blank -408+2 16514 26212 0.42+0.03 4.83+0.27
0.1 -405+3 161+2 25814 0.23+£0.01 2.60+0.14 46.5
0.2 -401+3 155+3 251+3 0.20£0.01 2.30+0.13 52.7
0.4 -396+3 151+1 24412 0.18+0.02 2.07+0.20 57.6
0.6 -392+4 147+1 23944 0.15+0.01 1.68+0.13 65.5
0.8 -390+3 14314 23544 0.1240.01 1.35+0.12 72.2
45 Blank -406+1 17244 269+2 0.51+0.02 5.8740.15
0.1 -402+2 16743 26714 0.29+0.02 3.39+0.23 43.0
0.2 -400+3 16243 260+3 0.26+0.02 3.03+0.22 49.1
0.4 -397+4 155+2 25413 0.24+0.01 2.73+£0.11 54.1
0.6 -393+4 146+1 250+3 0.20+0.03 2.24+0.28 62.3
0.8 -390+1 14314 24613 0.16+0.01 1.84+0.14 69.1
50
Blank -404+1 1832 2773 0.59+0.01 6.79+0.14
0.1 -400+1 180+3 27313 0.36+0.02 4.12+0.24 39.4
0.2 -397+43 1751 2671 0.32+0.02 3.70+0.18 45.6
0.4 -393+3 168+3 262+2 0.29+0.02 3.35+0.23 50.6
0.6 -390+4 163+4 254+3 0.24+0.03 2.79%0.26 58.9
0.8 -387+3 160+1 250+4 0.20+0.03 2.31+0.28 65.9
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Table 3.48: Results of potentiodynamic polarization studies for the corrosion of weld
aged maraging steel in 1.0 M hydrochloric acid containing different concentrations of
DNPH.

Temperature -COIle-. of Ecorr ba -be icorr Veorr
(°C) inhibitor (mV /SCE) (mV dec™) (mV dec™) (mA cm?) (mmy™) n (%)
(mM)
Blank -371+1 153+4 256+1 0.33+0.01 3.80+0.10
0.2 -370+2 149+4 252+1 0.13+0.02 1.48+0.17 61.1
0.4 -367+3 144+2 245+3 0.11+0.03 1.25+0.26 67.0
30 0.6 -365+3 138+4 238+4 0.09+0.02 1.07+£0.17 71.8
0.8 -362+4 134+4 233+2 0.07+0.02 0.78+0.18 79.5
1.0 -358+4 130+3 228+1 0.05+0.03 0.53+0.30 86.2
Blank -368+4 159+4 261+3 0.45+0.02 5.20£0.16
0.2 -364+1 154+2 259+4 0.19+0.03 2.13+0.33 59.0
0.4 -360+4 14742 25544 0.16+0.01 1.81+0.13 65.1
35 0.6 -355+1 14242 248+1 0.14+0.02 1.56+0.20 70.1
0.8 -351+2 135+2 244+1 0.10+0.02 1.15+0.16 77.8
1.0 -347+4 132+3 242+1 0.07+0.04 0.81+0.39 84.5
Blank -364+2 165+1 266+4 0.56+0.03 6.45+0.26
0.2 -362+3 161+3 263+1 0.24+0.04 2.81+0.37 56.4
0.4 -360+1 155+3 256+1 0.21+0.02 2.41+0.24 62.7
0 0.6 -354+1 152+4 24944 0.18+0.02 2.09+0.24 67.6
0.8 -350+1 148+2 24412 0.14+0.03 1.57+0.30 75.7
1.0 -345+4 143+1 23943 0.10+0.04 1.13+0.36 82.4
Blank -361+4 172+1 273+1 0.75+0.03 8.72+0.31
0.2 -356+1 1674 271+1 0.35+0.02 4.05+0.20 53.5
45 0.4 -352+2 160+3 265+4 0.30+0.02 3.50+0.17 59.9
0.6 -350+1 155+4 262+2 0.27+0.04 3.06+0.37 64.9
0.8 -345+4 149+1 2562 0.20+0.01 2.35+0.11 73.1
1.0 -341+2 142+1 251+1 0.15+0.04 1.74+0.35 80.0
Blank -358+2 177+1 278+1 0.92+0.02 10.63£0.18
0.2 -353+1 174+1 27543 0.46+0.03 5.28+0.32 50.3
50 0.4 -350+4 167+1 26712 0.4040.03 4.59+0.34 56.8
0.6 -349+3 163+3 262+2 0.35+0.01 4.05+0.10 61.9
0.8 -344+1 158+3 256+3 0.27+0.03 3.16+0.32 70.3
1.0 -340+2 153+3 252+2 0.21+0.03 2.41+0.26 76.4
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Table 3.49: Results of potentiodynamic polarization studies for the corrosion of weld
aged maraging steel in 1.5 M hydrochloric acid containing different concentrations of
DNPH.

Conc. of .
TEMPETBIIE  hibitor e o o e e n (%)
(°C) (M) (mV/SCE)  (mV dec™) (mV dec™) (mA cm™) (mmy™)
Blank -342+1 158+1 267+3 0.70+0.04 8.05+0.39
0.3 -340+4 15442 262+4 0.30+0.03 3.43+0.32 57.4
30 0.6 -336+1 148+1 256+4 0.26+0.01 2.94+0.10 63.4
0.9 -332+3 143+3 250+2 0.22+0.04 2.56+0.35 68.2
1.2 -328+4 139+3 244+3 0.17+0.03 1.93+0.28 76.0
15 -324+3 136+3 240+4 0.12+0.03 1.40+0.28 82.6
Blank -339+1 165+3 2762 0.82+0.05 9.45+0.46
0.3 -335+1 160+4 274%2 0.37+0.03 4.21+0.27 55.5
35 0.6 -332+3 154+1 268+4 0.3240.02 3.63+0.22 61.6
0.9 -330+4 148+2 2634 0.28+0.03 3.17+0.28 66.4
1.2 -327+1 142+2 259+3 0.21+0.02 2.43+0.24 74.3
1.5 -322+1 138+4 256+3 0.16+0.01 1.80+0.11 80.9
Blank -337+4 173+4 282+1 0.94+0.09 10.85+0.89
0.3 -341+1 169+2 2774 0.44+0.02 5.08+0.21 53.2
40 0.6 -332+1 163+1 2714 0.38+0.01 4.41+0.14 59.4
0.9 -330+1 158+2 265+1 0.34+0.03 3.88+0.30 64.2
1.2 -325+4 154+3 259+2 0.26+0.03 3.02+0.27 72.2
15 -320+3 15143 255+1 0.20£0.03 2.29+0.26 78.9
Blank -334+2 179+2 286+2 1.53+0.08 17.60+0.73
0.3 -331+2 174+2 285+2 0.76+0.03 8.72+0.32 50.5
45 0.6 -326+1 168+4 279+1 0.66+0.03 7.62+0.34 56.7
0.9 -321+4 162+4 273+2 0.59+0.02 6.75+0.22 61.7
1.2 -318+4 156+3 269+2 0.46+0.03 5.33+0.32 69.7
15 -316+1 152+2 266+4 0.36+0.01 4.14+0.10 76.5
Blank -332+2 185+4 292+3 1.61+0.09 18.57+0.85
50 0.3 -328+2 182+4 287+1 0.86+0.03 9.88+0.29 46.8
0.6 -322+3 176+3 281+3 0.76+0.02 8.71+0.17 53.1
0.9 -320+3 170+2 275%2 0.68+0.02 7.79+0.20 58.4
1.2 -318+3 166+3 269+4 0.55+0.02 6.28+0.17 66.2
1.5 -312+2 163+3 265+2 0.44+0.03 5.01+0.29 73.0
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Table 3.50: Results of potentiodynamic polarization studies for the corrosion of weld
aged maraging steel in 2.0 M hydrochloric acid containing different concentrations of
DNPH.

Conc. of )
Temperature inhibitor Ecorr ba -b, Icorr Veorr )
(°C) (MV/SCE) (MVdecl) (mVdec?  (mAcm?) (mmy?
(mM)
Blank -324+1 1753 287+1 3.08+0.23 35.48+2.25
0.3 -326+3 1713 283+1 1.44+0.13 16.54+1.04 53.3
0.6 -320+2 16511 278+1 1.25+0.08 14.38+0.81 59.4
%0 0.9 -315+3 161+1 27514 1.10+0.02 12.66+0.20 64.3
1.2 -311+4 157+3 26714 0.86+0.02 9.87+0.23 72.2
15 -307+2 153+2 2654, 0.65+0.01 7.51+0.12 78.8
Blank -325+3 189+1 307+2 3.50+0.12 40.31£1.01
0.3 -321+4 184+1 30414 1.71+0.09 19.64+0.91 51.2
0.6 -318+1 178+2 298+3 1.49+0.02 17.15+0.17 57.4
% 0.9 -322+3 1741 295+2 1.32+0.03 15.1940.31 62.3
12 -317+1 169+2 292+4 1.04+0.03 11.98+0.34 70.3
15 -311+4 16411 288+4 0.81+0.01 9.2740.13 77.0
Blank -321+1 19243 325+1 3.88+0.22 44.72+2.13
0.3 -322+2 188+3 320+4 1.98+0.14 22.80+£1.12 48.9
0.6 -317+3 184+4 3161 1.74+0.08 20.02+0.94 55.2
40 0.9 -315+2 1793 31214 1.55+0.02 17.82+0.20 60.1
1.2 -312+2 17412 3053 1.24+0.03 14.22+0.25 68.1
15 -306+2 17012 3013 0.97+0.02 11.20+0.16 74.9
Blank -322+4 206+3 33244 4.18+0.23 48.14+2.28
0.3 -319+2 202+2 32843 2.29+0.12 26.32+0.11 453
0.6 -321+3 19543 324+1 2.02+0.08 23.29+0.82 51.6
4 0.9 -315+3 19042 32043 1.82+0.04 20.89+0.44 56.6
1.2 -312+3 185+2 318+1 1.48+0.02 16.98+0.17 64.7
15 -305+2 181+3 315+1 1.19+0.05 13.69+0.48 715
Blank -319+2 22414 3404 4.51+0.24 51.91+2.29
0.3 -315+2 2204 33542 2.62+0.05 30.20+£0.47 41.8
50 0.6 -311+3 2164 329+2 2.34+0.04 26.90+£0.43 48.2
0.9 -309+2 212+1 32412 2.11+0.04 24.29+0.37 53.2
1.2 -306+2 208+4 321+4 1.74+0.02 20.03+£0.18 61.4
15 -301+4 205+2 3174 1.43+0.05 16.44+0.49 68.3
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Table 3.51: EIS data for the corrosion of weld aged maraging steel in 0.1 M hydrochloric

acid containing different concentrations of DNPH.

Conc. of
Temperature N Ret Cal Rpt Cot " )
(°C) (ohm. cm?) (mF cm?®) (ohm. cm?) (mF cm?)
(mM)
Blank 181.20+2.48 0.93+0.31
0.1 449.40+3.35 0.65+0.23 29.5742.43 0.22+0.08 59.7
30 0.2 529.67+5.16 0.58+0.48 34.514£2.59 0.20+0.07 65.8
0.4 616.96+4.62 0.53+£0.41 39.88+2.09 0.18+0.06 70.6
0.6 843.97+8.69 0.45+0.21 53.84+2.45 0.16+0.09 78.5
0.8 1221.02+10.91 0.38+0.16 77.04£2.37 0.14+0.08 85.2
Blank 156.30£5.00 0.96+0.26
35 0.1 358.98+4.42 0.69+0.33 24.01+2.71 0.23+0.07 56.5
0.2 417.91+£3.18 0.63+0.48 27.631£2.24 0.21+0.06 62.6
0.4 479.45+4.56 0.58+0.24 31.4242.54 0.20+0.05 67.4
0.6 633.05+8.99 0.49+0.25 40.87+2.96 0.17+0.07 75.3
0.8 867.37+£9.73 0.42+0.15 55.28+2.37 0.15+0.05 82.1
Blank 116.20+4.76 1.68+0.31
40 0.1 249.36+2.34 1.10£0.36 17.26+2.09 0.34+0.07 53.4
0.2 287.55+4.67 0.99+0.31 19.61+2.93 0.31+0.08 59.6
0.4 325.76+2.31 0.90+0.44 21.96+2.37 0.29+0.05 64.3
0.6 419.04+5.43 0.75+0.36 27.70£2.56 0.25+0.08 72.3
0.8 552.54+9.91 0.62+0.20 35.91+2.15 0.21+0.07 79.0
Blank 64.30+£3.24 3.01+0.75
45 0.1 128.86+2.99 2.12+0.23 9.85+2.31 0.63+0.07 50.1
0.2 147.24+2.26 1.8940.35 10.98+2.45 0.57+0.08 56.3
0.4 164.96+3.53 1.71+0.21 12.07+2.45 0.52+0.09 61.2
0.6 207.29+3.36 1.40£0.21 14.67+2.04 0.43+0.07 69.0
0.8 263.63+4.61 1.15+0.39 18.14+2.74 0.36+0.08 75.6
Blank 20.21+£2.27 5.75+0.81
50 0.1 37.83+2.81 3.49+0.37 4.25+2.97 1.02+0.07 46.6
0.2 42.75£3.12 3.1240.22 4.55+2.56 0.91+0.07 52.7
0.4 47.52+3.84 2.831£0.31 4.84+2.72 0.83+£0.07 575
0.6 58.331£4.30 2.34+0.36 5.51+2.87 0.69+0.08 65.4
0.8 72.231£2.69 1.94+0.32 6.36+2.56 0.58+0.09 72.2
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Table 3.52: EIS data for the corrosion of weld aged maraging steel in 0.5 M hydrochloric

acid containing different concentrations of DNPH.

Temperature .Cor.m.. of Ru Ca Ryt Cor
(°C) inhibitor (ohm. cm?) (mFcm?) (ohm. cm?) (mF cm?) n (%)
(mMm)
Blank 156.30+2.56 0.96+0.36
0.1 359.31+4.54 0.69+0.24 24.03+1.80 0.23£0.09 56.5
30 0.2 417.25+2.48 0.63+0.39 27.59+1.61 0.21+0.08 62.5
0.4 478.42+4.25 0.58+0.23 31.35+1.86 0.20+0.07 67.3
0.6 628.47+4.98 0.49+0.42 40.59+1.64 0.17+0.08 75.1
0.8 853.63+5.73 0.42+0.11 54.44+2.00 0.15+0.06 81.7
Blank 139.27+3.69 1.11+0.22
35 0.1 293.94+3.24 0.81+0.23 20.00+2.45 0.26x0.07 52.6
0.2 337.95+2.40 0.74+0.35 22.71+2.81 0.24+0.08 58.8
0.4 383.35+4.02 0.68+0.21 25.50+1.46 0.23+0.05 63.7
0.6 490.91+3.42 0.58+0.27 32.12+2.65 0.20+0.06 71.6
0.8 642.98+4.70 0.49+0.15 41.48+2.52 0.1740.05 78.3
Blank 123.15+2.31 1.33+0.50
40 0.1 239.45+4.32 0.99+0.31 16.65+1.76 0.31+0.09 48.6
0.2 272.82+3.93 0.90+0.38 18.70£1.63 0.29+0.06 54.9
0.4 306.72+2.52 0.82+0.37 20.79+1.61 0.27+0.06 59.9
0.6 384.48+2.94 0.70+0.29 25.57+2.97 0.23+0.09 68.1
0.8 488.88+4.25 0.60+0.18 32.00+2.68 0.20+0.05 74.8
Blank 107.56+3.63 1.5540.32
45 0.1 194.3313.74 1.18+0.32 13.88+2.01 0.3740.04 44.7
0.2 219.33+4.12 1.07+0.37 15.41+2.51 0.34+0.08 51.0
0.4 244.73+4.97 0.99+0.31 16.98+1.38 0.31+0.04 56.1
0.6 301.71+4.97 0.84+0.24 20.48+2.86 0.27+0.04 64.4
0.8 375.03+3.39 0.72+0.14 24.99+2.06 0.24+0.05 71.3
Blank 90.34+3.14 1.74+0.26
50 0.1 151.99+4.10 1.38+0.26 11.27+£1.68 0.42+0.08 40.6
0.2 170.10+4.32 1.26+0.24 12.38+2.26 0.39+0.08 46.9
0.4 188.52+4.39 1.16+0.50 13.52+1.40 0.36+0.03 52.1
0.6 229.00+2.66 0.99+0.34 16.01+1.36 0.31+0.08 60.6
0.8 279.34+3.58 0.85+0.20 19.11+1.33 0.27+0.05 67.7
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Table 3.53: EIS data for the corrosion of weld aged maraging steel in 1.0 M hydrochloric

acid containing different concentrations of DNPH.

Conc. of
Temperature hibitor Rt Ca Rpt Cor )
(°C) (ohm. cm?) (mF cm?) (ohm.cm?)  (mFcm?)
(mM)
Blank 116.25+2.66 1.68+0.40
0.2 303.24+4.11 0.93+0.38 20.58+2.10 0.30+0.05 61.7
30 0.4 361.43+2.06 0.82+0.15 24.16%2.46 0.27+0.05 67.9
0.6 426.11+£3.63 0.73+0.20 28.14+2.58 0.24+0.05 72.7
0.8 602.07+3.87 0.58+0.19 38.96£2.63 0.20+0.05 80.7
1.0 922.22+4.47 0.46+0.07 58.66+1.84 0.17+0.04 87.4
Blank 97.35+£2.28 1.75+0.35
35 0.2 227.76+4.54 1.06+0.17 15.93+2.37 0.33+0.08 57.3
0.4 266.14+3.52 0.94+0.33 18.29+2.48 0.30£0.08 63.4
0.6 307.23+3.70 0.85+0.22 20.82+3.00 0.27£0.05 68.3
0.8 410.55£3.93 0.69+0.18 27.18+2.68 0.23+0.03 76.3
1.0 572.35+5.82 0.56+0.19 37.13+2.92 0.19+0.03 83.2
Blank 82.62+2.90 2.15+0.21
40 0.2 177.98+4.61 1.34+0.22 12.87+1.08 0.41+0.08 53.6
0.4 211.09+2.74 1.16+0.38 14.91+2.38 0.36+0.07 60.9
0.6 241.94+4.43 1.04+0.20 16.80+2.68 0.33+0.05 65.9
0.8 317.57+4.33 0.85+0.13 21.46£1.13 0.27+0.06 74.3
1.0 430.88+2.91 0.68+0.09 28.43+1.03 0.23+0.04 80.8
Blank 65.27£4.72 2.36+0.15
45 0.2 134.52+2.44 1.45+0.13 10.20+2.62 0.44+0.04 515
0.4 155.02+2.57 1.29+0.23 11.46+1.77 0.40+0.03 57.9
0.6 176.36x2.60 1.16+0.37 12.77+1.44 0.36+0.06 63.4
0.8 227.34+2.49 0.95+0.28 15.91+2.40 0.30+0.08 71.3
1.0 300.46+2.38 0.77+0.14 20.40+£2.54 0.25+0.03 78.3
Blank 53.86+3.22 2.79+0.14
50 0.2 104.06+4.34 1.82+0.18 8.32+2.85 0.55+0.09 48.3
0.4 119.16£2.69 1.62+0.37 9.25+1.46 0.49+0.05 54.9
0.6 134.63£2.61 1.46+0.36 10.20+1.28 0.45%0.07 60.0
0.8 170.85%2.02 1.20+0.19 12.43+2.39 0.37+0.04 68.5
1.0 212.06+2.80 1.01+0.17 14.97+1.97 0.32+0.07 73.1
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Table 3.54: EIS data for the corrosion of weld aged maraging steel in 1.5 M hydrochloric

acid containing different concentrations of DNPH.

Conc. of
Temperature - Ret Cal Ryt Cot )
(°C) (ohm. cm?) (mF cm?) (ohm. cm?) (mF cm?®)
(mM)
Blank 64.30£2.56 3.01+0.27
0.3 145.34+2.17 1.7240.42 10.86+1.91 0.52+0.03 55.8
30 0.6 168.59+2.77 1.51+0.14 12.29+3.95 0.46+0.04 61.9
0.9 193.09+2.65 1.35+0.23 13.80+2.67 0.42+0.09 66.7
1.2 253.05+2.44 1.08+0.44 17.49+3.36 0.34+0.08 74.6
15 342.39+3.27 0.86+0.16 22.98+1.04 0.28+0.05 81.2
Blank 58.75£2.10 3.38+0.11
35 0.3 126.29+2.52 1.93+0.28 9.69+2.10 0.58+0.09 53.5
0.6 145.64+3.99 1.70+0.49 10.88+3.15 0.51+0.04 59.7
0.9 165.68+3.42 1.52+0.20 12.11+3.88 0.46+0.08 64.5
1.2 213.71+251 1.23+0.27 15.07+2.07 0.38+0.09 72.5
15 282.59+2.51 0.99+0.16 19.31+£1.96 0.31+0.08 79.2
Blank 53.42+3.81 3.74+0.16
40 0.3 109.00+2.15 2.25+0.35 8.63+£1.93 0.67+0.05 51.1
0.6 124.87+2.70 1.99+0.32 9.60+1.68 0.59+0.07 57.2
0.9 141.14+3.99 1.79+0.24 10.60+3.78 0.54+0.03 62.2
1.2 179.26£2.75 1.45+0.28 12.95+1.72 0.44+0.06 70.2
15 232.06+3.75 1.17+0.33 16.20+3.10 0.36+0.07 77.0
Blank 36.89+3.70 4.13+0.14
45 0.3 71.02+£3.22 2.56+0.19 6.29+3.18 0.75+0.09 48.1
0.6 80.83+£2.08 2.28+0.17 6.89+3.88 0.68+0.04 54.4
0.9 90.73+3.53 2.05+0.46 7.50+2.04 0.61+0.06 59.3
1.2 113.40£3.10 1.69+0.49 8.90+1.29 0.51+0.07 67.5
15 143.60£3.63 1.384+0.15 10.75+2.22 0.42+0.07 74.3
Blank 32.05+3.79 5.75+0.37
50 0.3 57.32+2.08 3.80+0.33 5.45+1.56 1.10+0.07 44.1
0.6 64.68+3.36 3.39+0.42 5.90+3.78 0.99+0.08 50.5
0.9 71.99+£2.03 3.07+0.36 6.35+3.78 0.90+0.04 55.5
1.2 88.29+2.85 2.55+0.40 7.35+1.48 0.75+0.06 63.7
15 109.05+3.50 2.10+0.16 8.63+1.97 0.63+0.04 70.6
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Table 3.55: EIS data for the corrosion of weld aged maraging steel in 2.0 M hydrochloric

acid containing different concentrations of DNPH.

Conc. of
Temperature N Ret Cal Rpt Cot " )
(°C) (ohm. cm?) (mF cm®) (ohm. cm?) (mF cm?®)
(mM)
Blank 20.00£2.76 5.71+0.83
0.3 44.82+2.50 3.08+0.57 4.68+0.67 0.90+0.26 55.4
30 0.6 52.02+£3.40 2.69+0.74 5.12+0.84 0.79+0.23 61.6
0.9 59.58+3.52 2.37+0.91 5.58+0.85 0.70+0.10 66.4
1.2 78.13£2.91 1.86+0.70 6.73+0.79 0.56+0.30 74.4
15 105.88+3.39 1.43+0.41 8.43+0.86 0.44+0.36 81.1
Blank 18.00+2.67 8.23+0.76
35 0.3 38.35+3.64 4.44+0.80 4.28+0.51 1.28+0.25 53.1
0.6 44.22+2 .41 3.88+0.73 4.64+0.76 1.13+0.29 59.3
0.9 50.32+£2.26 3.44+0.51 5.02+0.96 1.00+0.28 64.2
1.2 64.94+2.95 2.72+0.70 5.91+1.08 0.80+0.35 72.3
15 85.96+2.53 2.11+0.65 7.21+1.01 0.63+0.32 79.1
Blank 15.50+3.18 13.22+0.79
40 0.3 31.2742.12 7.23+0.97 3.84+0.69 2.07+0.24 50.4
0.6 35.81+£3.27 6.34+0.62 4.12+0.53 1.82+0.19 56.7
0.9 40.48+2.47 5.64+0.91 4.41+0.72 1.62+0.14 61.7
12 51.39+2.18 4.49+1.00 5.08+0.63 1.30+0.24 69.8
15 66.50£2.35 3.52+0.56 6.01+0.81 1.02+0.15 76.7
Blank 13.20+3.35 15.73+0.56
45 0.3 24.73£3.75 9.08+0.81 3.44+1.07 2.58+0.13 46.6
0.6 28.07£2.71 8.03+0.59 3.65+0.74 2.29+0.14 53.1
0.9 31.44£3.95 7.19+0.86 3.85+1.07 2.05+0.18 58.4
1.2 39.09+2.87 5.83+0.61 4.32+1.01 1.67+0.32 66.2
15 49.16+3.90 4.68+0.87 4.94+0.83 1.35+0.11 73.2
Blank 11.00+3.63 16.32+0.98
50 0.3 19.23+2.80 10.51+0.86 3.10+0.60 2.99+0.29 42.8
0.6 21.66+2.69 9.35+1.00 3.25+0.55 2.66+0.40 49.2
0.9 24.07£2.97 8.44+0.53 3.40+0.77 2.41+0.29 54.3
1.2 29.4142.62 6.95+1.05 3.73+0.86 1.99+0.27 62.6
15 36.17+£2.92 5.69+0.66 4.14+0.66 1.63+0.18 69.6
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Table 3.56: Comparison of maximum attainable inhibition efficiencies by the Tafel
method and EIS method for the corrosion of weld aged maraging steel in hydrochloric

acid solutions of different concentrations in the presence of DNPH at 30 °C.

Conc. of n (%)

Molarity of hydrochloric DNPH (mM) Tafel EIS
acid
0.1 0.8 80.9 85.1
0.5 0.8 78.1 81.6
1.0 1.0 85.9 87.4
15 15 82.6 81.2
2.0 15 78.8 81.1
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Table 3.57: Activation parameters for the corrosion of weld aged maraging steel in

hydrochloric acid containing different concentrations of DNPH.

Molarity
Conc. of inhibitor Ea AH* AS*
of hydrochloric acid
(mM) (kJ™* mol™) (kJ* mol™) (I mol™ K™
(M)
0.0 39.12 41.60 -94.98
0.1 43.81 46.59 -67.79
0.1 0.2 53.59 56.99 -56.17
0.4 60.64 64.48 -51.32
0.6 67.68 71.97 -38.73
0.8 71.59 76.13 -22.27
0.0 36.56 38.51 -103.76
0.1 40.95 43.13 -74.07
0.5 0.2 50.09 52.76 -61.37
0.4 56.67 59.69 -56.08
0.6 63.25 66.62 -42.33
0.8 66.90 70.47 -24.34
0.0 35.70 34.98 -108.2
0.2 39.98 39.18 -77.29
1.0 0.4 48.91 47.92 -64.04
0.6 55.34 54.22 -58.52
0.8 61.76 60.52 -44.16
2.0 65.33 64.01 -28.39
0.0 32.08 30.55 -117.84
0.3 35.93 34.22 -84.14
0.6 43.95 41.85 -69.72
15 0.9 49.72 47.35 -63.71
1.2 55.50 52.85 -48.08
15 58.71 55.91 -32.65
0.0 30.33 31.24 -122.36
0.4 33.97 34.99 -87.36
0.8 41.55 42.80 -72.38
2.0 1.2 47.01 48.42 -66.14
1.6 52.47 54.05 -49.92
2.0 55.50 57.17 -36.70

195



Table 3.58: Thermodynamic parameters for the adsorption of DNPH on weld aged

maraging steel surface in hydrochloric acid at different temperatures.

of I',]\;ll gl?)gl?lloric Temperature -AG s AHC 6 AS® 46
acid (M) (°C) (kJ mol™) (kJ mol™) (I mol* K™
30 38.99
35 38.84
0.1 40 38.65 -8.65 -43.67
45 38.46
50 38.27
30 38.16
0.5 35 38.01
40 37.82 -11.45 -38.08
45 37.64
50 37.46
30 37.68
35 37.53
1.0 40 37.34 -19.04 -32.16
45 37.16
50 36.98
30 37.53
35 37.38
15 40 37.20 -26.76 -24.05
45 37.01
50 36.83
30 36.54
35 36.39
2.0 40 36.22 -31.32 -15.19
45 36.04
50 35.86
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3.7 5-DIETHYLAMINO-2-[2-(2,4-DINITROPHENYL) HYDRAZIN-1-YLIDENE]
METHYL PHENOL (DDPM) AS INHIBITOR FOR CORROSION OF WELD
AGED MARAGING STEEL IN HYDROCHLORIC ACID MEDIUM

3.7.1 Potentiodynamic polarization studies

The potentiodynamic polarization curves for the corrosion of weld aged maraging
steel specimen in 1.0 M hydrochloric acid in the presence of different concentrations of
DDPM, at 30 °C are shown in Fig. 3.51. Similar plots were obtained in the other four
concentrations of hydrochloric acid at the different temperatures studied. The
potentiodynamic polarization parameters (Ecorr, be, Da, icorr @and 1 (%)) are summarized in
Tables 3.59 to 3.63.
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Fig. 3.51: Potentiodynamic polarization curves for the corrosion of weld aged maraging

steel in 1.0 M hydrochloric acid containing different concentrations of DDPM at 30 °C.

According to the observed E.q, b, and b, values presented in Tables 3.59 to 3.63

DDPM can be regarded as a mixed type inhibitor with predominant anodic inhibition
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effect as discussed earlier in the section 3.3.1. DDPM shows lower inhibition efficiency
than that of ATPI, CPOB, CPOM and DNPH for the corrosion of weld aged maraging

steel in hydrochloric acid medium.
3.7.2 Electrochemical impedance spectroscopy

The Nyquist plots obtained for the corrosion of weld aged samples of maraging
steel specimen in 1.0 M hydrochloric acid in the presence of different concentrations of
DDPM at 30 °C are shown in Fig. 3.52. Similar plots were obtained in other
concentrations of hydrochloric acid and also at other temperatures. The electrochemical

parameters obtained from the EIS studies are summarized in Tables 3.64 to 3.68.
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Fig. 3.52: Nyquist plots for the corrosion of weld aged maraging steel in 1.0 M
hydrochloric acid containing different concentrations of DDPM at 30 °C.

From Fig. 3.52, it can be observed that the impedance spectra show a single
semicircle and the diameter of semicircle increases with increasing inhibitor

concentration, indicating the increase in charge transfer resistance (R) value and
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decrease in corrosion rate (vcor). The plots are similar to those obtained in the
presence of CPOB as discussed in the section 3.3.2. The equivalent circuit given in Fig.
3.20 is used to fit the experimental data for the corrosion of weld aged maraging steel in
hydrochloric acid in the presence of DDPM. Hence the discussion in the section 3.3.2 on
the equivalent circuit model for the corrosion of weld aged maraging steel in the presence
of CPOB holds good here also. The results show that the values of Cq and Cps decrease,
while the values of R and Rpf increase with the increase in the concentration of DDPM,
suggesting that the amount of the inhibitor molecules adsorbed on the electrode surface

increases as the concentration of DDPM increases (Amin et al. 2007).
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Fig. 3.53: Bode plots for the corrosion of weld aged maraging steel in 1.5 M hydrochloric

acid containing different concentrations of DDPM at 30 °C.

The Bode plots for the corrosion of the alloy in the presence of different
concentrations of DDPM are shown in Fig. 3.53. They are similar to the ones shown in
Fig. 3.21. Hence the discussion regarding the Bode plot under the section 3.3.2 holds
good for DDPM also.

A comparison of maximum attainable inhibition efficiencies by the Tafel method
and EIS method, in the presence of DDPM for the corrosion of weld aged maraging steel

in hydrochloric acid solutions of different concentrations at 30 °C are listed in Table 3.69.
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It is evident from the table that the n (%) values obtained by the two methods are in good

agreement. Similar levels of agreement were obtained at other temperatures also.

3.7.3 Effect of temperature

The data in Tables 3.59 to 3.68 reveal that, the inhibition efficiency of DDPM on
weld aged maraging steel increases slightly with the increase in temperature. This can be
probably attributed to the chemisorption of DDPM on the alloy surface (Szauer and
Brand 1981, Sankarapapavinasm et al. 1991). According to Singh et al. (1979) with the
increase in temperature, leading to the increase in the electron densities at the adsorption

centres of the molecule, thereby causing an improvement in inhibition efficiency.
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Fig. 3.54: Arrhenius plots for the corrosion of weld aged maraging steel in 1.0 M

hydrochloric acid containing different concentrations of DDPM.
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Fig. 3.55: Plots of In(veer /T) versus 1/T for the corrosion of weld aged maraging steel in

1.0 M hydrochloric acid containing different concentrations of DDPM.

The Arrhenius plots for the corrosion of weld aged maraging steel in 1.0 M
hydrochloric acid in the presence of different concentrations of DDPM are shown in Fig.
3.54. The plots of In(vcorr/T) vs (1/T) are shown in Fig. 3.55. The calculated values of

activation parameters are given in Table 3.70.

The increase in the activation energy for the corrosion of weld aged maraging
steel in the presence of DDPM indicates the increase in energy barrier for the corrosion
reaction. The entropies of activation in the absence and presence of the inhibitor are large
and negative. This implies that the activated complex in the rate determining step
represents an association resulting in decrease in randomness on going from the reactants

to the activated complex (Gomma and Wahdan 1995, Marsh 1988).
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3.7.4 Effect of hydrochloric acid concentration

It is evident from both the polarization and EIS experimental results that, for a
particular concentration of the DDPM, the inhibition efficiency decreases with the
increase in hydrochloric acid concentrations. The maximum inhibition efficiency is

observed at 1.0 M solution of hydrochloric acid.

3.7.5 Adsorption isotherms

The adsorption of DDPM on the surfaces of weld aged maraging steel was found
to obey Langmuir adsorption isotherm. The Langmuir adsorption isotherms for the
adsorption of DDPM on weld aged maraging steel in 1.0 M hydrochloric acid are shown
in Fig. 3.56. The thermodynamic parameters for the adsorption of DDPM on weld aged

maraging steel are tabulated in Tables 3.71.
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Fig. 3.56: Langmuir adsorption isotherms for the adsorption of DDPM on weld aged

maraging steel in 1.0 M Hydrochloric acid at different temperatures.

The values of AG%qs and AH® .4 indicate both physisorption and chemisorption of DDPM

on weld aged maraging steel. The increase in inhibition efficiency with the increase in
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temperature indicates predominant chemisorption. The AS’qs value values indicate

increase in randomness on going from the reactants to the metal adsorbed species.
3.7.6 Mechanism of corrosion inhibition

The mechanism of corrosion inhibition of weld aged maraging steel in the
presence of DDPM is similar to that in the presence of ATPI as discussed under section
3.3.6. The chemisorption is attributed to be due to the chemical nature of interaction
between inhibitor molecule and the alloy surface as reported by Lagrenee et al. (2002).
DDPM can adsorb on the alloy surface through physisorption by the electrostatic
interaction of protonated DDPM with the negatively charged chloride ions already
adsorbed on the alloy surface. The free electron pairs on nitrogen and oxygen atoms of
neutral DDPM can interact with the vacant d orbitals of iron (Satpati and Ravindran
2008), resulting in the chemisorption of DDPM on the alloy surface.

DDPM shows slightly lesser inhibition efficiency at lower temperature and higher
inhibition efficiency at higher temperatures than that of ATPI, CPOB CPOM and DNPH

for the corrosion of weld aged maraging steel in hydrochloric acid medium.
3.7.7 SEM/EDS studies

Fig. 3.57 (a) represents the SEM image of the corroded weld aged maraging steel
sample. Fig. 3.57 (b) represents the SEM image of weld aged maraging steel after the
corrosion tests in a medium of 1.0 M hydrochloric acid containing 1.5 mM of DDPM.
The image clearly shows a smooth surface due to the adsorbed layer of inhibitor

molecules on the alloy surface, thus protecting the metal from corrosion.

The EDS profile analyses of the corroded surface of the alloy in the presence of
DNPH is shown in Fig. 3.58. The atomic percentages of the elements found in the EDS
profile were 7.18 % Fe, 2.45% Ni, 2.99% Mo, 30.64% O, 4.26 % ClI, 50.09 % C and 5.42

N and indicated the formation of inhibitor film on the surface of alloy.
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Fig. 3.57: SEM images of the weld aged maraging steel after immersion in 1.0 M

hydrochloric acid a) in the absence and b) in the presence of DDPM.
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Fig. 3.58: EDS spectra of the weld aged maraging steel after immersion in 1.0 M

hydrochloric acid in the absence of DDPM.
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Table 3.59: Results of potentiodynamic polarization studies for the corrosion of weld
aged maraging steel in 0.1 M hydrochloric acid containing different concentrations of
DDPM.

Conc. of )
Temperature inhibitor Ecorr b, -be Icorr Veorr )
(°C) (MV/SCE)  (mVdech)  (mV dec?) (mA cm?) (mmy?Y)
(mM)
Blank -419+2 14242 226+2 0.22+0.01 2.5340.12
0.1 -414+3 140+2 220+3 0.15+0.02 1.68+0.21 335
0.2 -409+2 133+2 216+1 0.12+0.02 1.33+£0.23 47.6
30 0.4 -409+2 130+1 212+1 0.10+0.03 1.13+0.27 55.2
0.6 -404+2 12743 204+2 0.07+0.03 0.79+0.27 68.7
0.8 -404+1 124+3 203+3 0.03+0.02 0.30£0.16 83.1
Blank -416+2 150+1 234+1 0.26+0.02 2.99+0.15
0.1 -417+1 145+1 229+2 0.1740.01 1.92+0.11 35.1
0.2 -412+3 13843 222+1 0.13+0.02 1.49+0.16 49.2
35 0.4 -410+3 135+3 21943 0.11+0.02 1.26+0.20 56.9
0.6 -404+3 13242 21643 0.07+0.03 0.85+0.28 70.5
0.8 -403+2 130+1 214+2 0.02+0.01 0.27£0.12 85.1
Blank -412+2 15942 24242 0.30+0.02 3.45+0.25
0.1 -408+3 15342 24242 0.18+0.01 2.09+£0.14 36.8
0.2 -404+3 14943 235+3 0.14+0.02 1.59+0.21 51.2
40 0.4 -405+1 145+1 23242 0.12+0.03 1.33+£0.29 59.0
0.6 -401+2 13742 229+1 0.07+0.02 0.85+0.16 72.7
0.8 -396+1 136+2 227+3 0.01+0.01 0.17+0.07 87.4
Blank -409+2 165+3 25042 0.33+0.02 3.80+0.25
0.1 -403+2 163+2 244+1 0.20+0.02 2.30+0.20 39.3
45 0.2 -400+3 156+2 240+1 0.15+0.01 1.75+0.12 53.8
0.4 -400+3 15343 236+3 0.12+0.02 1.45+0.21 61.7
0.6 -397+1 150+1 228+1 0.08+0.02 0.93£0.23 75.6
0.8 -391+3 148+1 227+1 0.03+0.01 0.36+0.15 90.4
Blank -405+1 17342 259+1 0.3740.02 4.26+0.22
0.1 -404+3 168+3 259+3 0.21+0.01 2.46+0.11 42.2
50 0.2 -399+1 161+2 252+2 0.15+0.01 1.83+0.13 56.9
0.4 -399+2 158+1 249+3 0.13+0.01 1.50+0.11 64.8
0.6 -396+2 15543 246+3 0.07+0.02 0.90+0.20 78.9
0.8 -392+1 153+1 24443 0.02+0.01 0.26+0.12 93.9
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Table 3.60: Results of potentiodynamic polarization studies for the corrosion of weld
aged maraging steel in 0.5 M hydrochloric acid containing different concentrations of
DDPM.

Conc. of )
Temperature inhibitor Ecorr ba -b. Icorr Veorr )
(°C) (MV/SCE) (mVdecl)  (mVdec?) (mA cm?) (mmy?)
(mM)
Blank -413+3 148+1 247+4 0.27£0.03 3.11+0.29
0.2 -414+4 143+1 239+2 0.11+0.02 1.33+0.23 57.2
0.4 -408+4 136+1 235+1 0.09+0.02 1.12+0.20 63.9
30 0.6 -406+2 133+2 231+4 0.07+0.02 0.88+0.25 71.6
0.8 -401+4 130+1 223+3 0.04+0.01 0.52+0.11 83.1
1.0 -401+4 128+4 222+4 0.03+£0.01 0.42+0.10 86.4
Blank -411+1 15614 254+2 0.35%0.01 4.031+0.12
0.2 -410+4 15442 247+4 0.14+0.01 1.64+0.10 59.3
0.4 -406+2 14743 2404 0.11+0.01 1.37+0.12 66.1
35 0.6 -407+3 14442 237+2 0.09+0.01 1.05+£0.10 74.0
0.8 -403+3 141+2 2341 0.05+0.01 0.58+0.11 85.7
1.0 -398+2 13942 232+2 0.03£0.02 0.44+0.17 89.1
Blank -408+1 16514 262+1 0.42+0.06 4.83+0.59
0.2 -404+4 159+1 260+2 0.16+0.01 1.88+0.12 61.2
0 0.4 -400+3 15543 253+1 0.13+0.03 1.54+0.29 68.1
0.6 -398+2 15143 250+3 0.10£0.02 1.15+0.22 76.2
0.8 -394+1 143+3 2473 0.05+0.01 0.57+0.15 88.1
1.0 -393+2 142+3 245+4 0.03+0.02 0.40+0.16 91.7
Blank -406+2 17242 269+3 0.51+0.01 5.87+0.10
0.2 -399+4 167+2 261+3 0.18+0.02 2.16+0.22 63.1
0.4 -396+2 160+3 257+3 0.15+0.03 1.75+0.28 70.2
4 0.6 -397+4 15742 253+3 0.11+0.01 1.27+0.13 784
0.8 -392+4 154+1 245+1 0.04+0.01 0.55+0.11 90.6
1.0 -387+1 152+1 244+3 0.03£0.02 0.39+0.22 93.3
Blank -404+3 18311 277+3 0.59+0.01 6.79+0.10
0.2 -400+3 182+1 274+3 0.20+0.01 2.38+0.13 65.1
50 0.4 -394+1 1741 267+4 0.16+0.03 1.89+0.25 72.2
0.6 -393+3 1713 264+3 0.11+0.03 1.32+0.29 80.6
0.8 -388+2 168+3 261+2 0.04+0.01 0.47+0.11 93.0
1.0 -388+3 166+1 259+3 0.02+0.01 0.28+0.12 95.9
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Table 3.61: Results of potentiodynamic polarization studies for the corrosion of weld
aged maraging steel in 1.0 M hydrochloric acid containing different concentrations of
DDPM.

Conc. of Ecorr )
Temperature inhibitor (v b, -be Icorr Veorr %)
(°C) (mVdecd) (mVdech  (mAcm?) (mmy?
(mM) /SCE)
Blank -371+3 15314 256+2 0.3340.02 3.80£0.22
0.2 -372+1 14943 250+1 0.15+0.02 1.74+0.18 54.2
30 0.4 -368+2 14242 243+2 0.12+0.02 1.48+0.17 61.0
0.6 -367+4 139+3 240+3 0.10+0.01 1.18+0.11 68.8
0.8 -364+3 136+2 23714 0.06+0.02 0.74+0.17 80.4
1.0 -358+2 13443 235+2 0.05+0.03 0.62+0.28 83.7
Blank -368+4 159+2 261+1 0.45+0.13 5.20£0.11
0.2 -362+4 153+2 260+2 0.19+0.02 2.29+0.18 55.9
04 -362+1 14714 253+3 0.16+0.02 1.94+0.23 62.7
3 0.6 -360+1 14312 250+3 0.13+0.02 1.53+0.22 70.6
0.8 -356+3 13514 24714 0.08+0.02 0.92+0.17 82.3
1.0 -355+3 134+1 245+3 0.06+0.02 0.74+0.19 85.7
Blank -364+3 165+4 266+3 0.56+0.06 6.45+0.62
0.2 -357+4 160+2 259+4 0.23+0.02 2.71+0.18 58.0
40 0.4 -358+1 153+1 25543 0.19+0.02 2.27+0.21 64.9
0.6 -358+4 150+1 25143 0.15+0.03 1.75+0.26 72.8
0.8 -355+2 14714 243+2 0.08+0.02 0.99+0.22 84.7
1.0 -350+1 14543 24242 0.06+0.03 0.77£0.28 88.1
Blank -361+3 17243 27314 0.75+0.11 8.72+1.43
0.2 -362+3 163+4 268+3 0.29+0.02 3.43+0.24 60.7
45 0.4 -362+1 15943 261+2 0.24+0.02 2.82+0.23 67.7
0.6 -360+4 15542 258+2 0.18+0.02 2.1240.23 75.4
0.8 -353+3 147+1 255+1 0.09+0.02 1.08+0.19 87.5
1.0 -353+3 146+2 253+3 0.06+0.02 0.78+0.15 91.1
Blank -358+2 17711 27842 0.92+0.09 10.63+0.87
50 0.2 -352+4 17611 27614 0.33+0.06 3.85+0.59 63.8
0.4 -347+2 168+2 268+2 0.26+0.04 3.10£0.39 70.9
0.6 -347+3 165+1 265+1 0.1940.02 2.2340.24 79.2
0.8 -344+2 162+1 26243 0.08+0.02 0.95+0.23 91.1
1.0 -338+3 160+2 260+3 0.05+0.02 0.58+0.16 96.6
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Table 3.62: Results of potentiodynamic polarization studies for the corrosion of weld
aged maraging steel in 1.5 M hydrochloric acid containing different concentrations of
DDPM.

Conc. of ]
Temperature inhibitor Ecorr b, -be Icorr Veorr )
(°C) (MV/SCE) (MmVdech)  (mVdec?) (mA cm?) (mmy?)
(mM)
Blank -342+3 158+3 26714 0.70+0.12 8.05+1.56
0.3 -339+2 153+1 261+3 0.35+0.08 3.97+0.91 50.8
0.6 -334+2 146+2 257+1 0.30+0.03 3.41+0.32 57.7
30 0.9 -330+1 143+4 253+1 0.24+0.02 2.77£0.17 65.6
12 -325+3 140+4 245+2 0.16+0.02 1.82+0.20 775
15 -326+4 138+4 244+4 0.13+0.03 1.54+0.35 80.9
Blank -339+4 165+4 27611 0.82+0.03 9.4510.29
0.3 -333+2 163+2 270+1 0.40+0.01 4.55+0.10 51.8
0.6 -331+1 15614 263+1 0.34+0.02 3.9010.20 58.8
35 0.9 -330+3 153+2 2603 0.27+0.03 3.1410.31 66.8
12 -327+3 15043 257+2 0.18+0.03 2.01+0.31 78.7
15 -321+3 148+1 25544 0.15+0.03 1.68+0.25 82.2
Blank -337+2 17343 28243 0.94+0.01 10.85+0.12
0.3 -334+1 1674 28313 0.44+0.03 5.03+0.32 53.6
0.6 -329+2 163+4 276+4 0.37+0.03 4.26+0.27 60.7
40 0.9 -327+1 159+1 272+1 0.29+0.01 3.37+£0.14 68.9
1.2 -323+4 15142 26914 0.18+0.04 2.05+0.40 81.1
15 -322+4 15043 267+3 0.15+0.02 1.67+0.23 84.6
Blank -334+2 17942 286+3 1.5340.03 17.60+0.27
0.3 -327+2 178+4 280+2 0.68+0.01 7.81+0.15 55.7
0.6 -324+2 170+3 273+1 0.57+0.02 6.53+0.19 62.9
4 0.9 -324+1 1674 27014 0.44+0.02 5.06+0.22 71.3
12 -320+4 164+3 26743 0.25+0.03 2.86+0.35 83.7
15 -326+1 162+1 26514 0.1940.01 2.231£0.10 87.3
Blank -332+4 185+3 29243 1.61+0.01 18.57+0.12
0.3 -326+3 179+2 293+3 0.68+0.02 7.81+0.22 57.9
50 0.6 -321+4 175+2 286+2 0.56+0.02 6.44+0.20 65.3
0.9 -320+4 171+4 2834 0.42+0.02 4.85+0.17 73.9
1.2 -318+1 163+4 280+2 0.22+0.02 2.50+0.18 86.6
15 -312+4 162+4 278+3 0.16+0.02 1.82+0.22 90.2
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Table 3.63: Results of potentiodynamic polarization studies for the corrosion of weld
aged maraging steel in 2.0 M hydrochloric acid containing different concentrations of
DNPH.

Conc. of Ecorr )
Temperature inhibitor (v b, -be Icorr Veorr )
(°C) (mVdecl)  (mVdec?) (mA cm?) (mmy?)
(mM) /SCE)
Blank -324+3 17542 28743 2.77£0.19 31.85+2.27
0.3 -317+2 17142 283+2 1.49+0.11 17.13+1.41 46.2
0.6 -314+1 167+1 279+4 1.27+0.05 14.59+0.50 54.2
30 0.9 -314+4 163+3 276+2 0.99+0.04 11.40+0.38 64.2
1.2 -311+2 15543 272+1 0.80+0.01 9.18+0.12 71.2
15 -306+4 154+4 270+2 0.68+0.04 7.76x0.46 75.6
Blank -321+2 182+3 293+1 3.0910.22 35.49+2.56
0.3 -317+1 179+3 288+3 1.59+0.11 18.28+1.47 48.5
0.6 -312+3 171+3 281+4 1.34+0.02 15.40+0.18 56.6
35 0.9 -309+4 168+3 27843 1.0210.04 11.77+0.41 66.9
1.2 -305+3 165+2 2753 0.80+0.02 9.24+0.21 74.2
15 -305+3 163+3 273+1 0.66+0.03 7.63+0.26 78.5
Blank -319+4 189+4 30044 3.39+0.32 39.03+3.52
0.3 -312+1 186+2 294+1 1.65+0.10 19.00£1.33 51.3
0 0.6 -309+3 17944 29044 1.37+0.06 15.76+0.90 59.6
0.9 -310+4 176+2 286+3 1.02+0.03 11.69+0.28 70.1
1.2 -305+2 172+2 278+1 0.77+0.01 8.86+0.14 77.3
15 -300+3 17042 27741 0.61+0.03 7.0510.32 81.9
Blank -315+2 196+1 307+1 3.63+0.42 41.73+4.31
0.3 -311+3 192+1 300+2 1.65+0.04 18.94+0.38 54.6
45 0.6 -306+3 185+3 29313 1.34+0.01 15.41+0.11 63.1
0.9 -303+3 181+2 290+1 0.95+0.02 10.97+0.22 73.7
1.2 -299+1 17344 287+1 0.68+0.01 7.87£0.12 81.1
15 -298+1 17244 28544 0.51+0.02 5.90+0.22 85.9
Blank -312+1 203+1 31244 3.89+0.35 44.77+3.81
0.3 -307+3 202+2 308+4 1.65+0.11 18.95+1.46 57.7
50 0.6 -303+4 19542 304+1 1.31+0.01 15.09+0.13 66.3
0.9 -303+2 19243 300+2 0.89+0.04 10.23+0.44 77.2
1.2 -298+1 189+3 292+2 0.60+0.01 6.84+0.15 84.7
15 -295+3 187+2 291+4 0.41+0.02 4.68+0.16 89.6
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Table 3.64: EIS data for the corrosion of weld aged maraging steel in 0.1 M hydrochloric

acid containing different concentrations of DDPM.

Conc. of
Temperature ihibitor Rt Ca Rps o )
(°C) (ohm. cm?) (mF cm™®) (ohm.cm?)  (mFcm?
(mM)
Blank 181.20+3.79 0.93+0.32
0.1 278.98+3.11 0.90+0.37 19.08+1.60 0.29+0.12 35.1
30 0.2 357.33+2.45 0.75+0.28 23.90+2.65 0.25+0.09 49.3
0.4 421.10+2.76 0.67+0.23 27.83+2.99 0.22+0.10 57.1
0.6 616.54+5.99 0.53+0.20 39.85+2.47 0.18+0.06 70.6
0.8 1220.20+6.52 0.38+0.15 76.99+2.84 0.14+0.06 85.2
Blank 158.01+2.19 1.10+0.38
35 0.1 248.08+2.51 1.01+0.20 17.18+2.20 0.3240.15 36.3
0.2 320.49+3.55 0.83+0.27 21.64+1.96 0.27+0.05 50.7
0.4 380.26+3.09 0.7440.18 25.31+1.76 0.24+0.03 58.5
0.6 568.96+4.61 0.5740.16 36.92+2.23 0.20+0.05 722
0.8 1207.9545.67 0.39+0.10 76.24+2.60 0.15+0.10 86.9
Blank 135.21+3.28 1.40+0.26
40 0.1 218.36+2.74 1.20+0.30 15.35+1.95 0.37+0.17 38.1
0.2 285.31+4.61 0.97+0.33 19.47+2.60 0.31+0.11 526
0.4 341.78+4.27 0.85+0.45 22.95+1.84 0.2740.10 60.4
0.6 527.3445.72 0.63+0.48 34.36+2.56 0.21+0.04 74.4
0.8 1250.79+6.18 0.38+0.17 78.87+3.69 0.14+0.04 89.2
Blank 127.54+2.96 1.55+0.26
45 0.1 213.8543.26 1.26+0.40 15.08+2.35 0.3940.15 40.4
0.2 283.67+2.41 1.00+0.41 19.37+2.19 0.3240.13 55.2
0.4 344.33+3.17 0.87+0.39 23.10+2.08 0.28+0.18 63.0
0.6 555.00%5.53 0.62+0.26 36.07+2.76 0.21+0.05 774
0.8 1592.2645.78 0.36+0.11 99.88+3.46 0.14+0.07 92.1
Blank 117.23+3.13 1.80+0.45
50 0.1 205.70+2.76 1.38+0.34 14.57+1.74 0.42+0.12 432
0.2 278.06+2.56 1.08+0.39 19.03+2.76 0.3440.11 57.8
0.4 343.18+4.38 0.91+0.35 23.03+2.64 0.29+0.06 65.8
0.6 587.3245.15 0.63+0.25 38.05+2.55 0.21+0.05 80.1
0.8 2422.11+7.57 0.32+0.17 150.94+354  0.13+0.03 95.2
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Table 3.65: EIS data for the corrosion of weld aged maraging steel in 0.5 M hydrochloric

acid containing different concentrations of DDPM.

Conc. of
Temperature hibitor Ret Ca Rps o )
(°C) (ohm. cm?) (mF cm?) (ohm.cm?)  (mFcm?
(mM)
Blank 156.30£2.59 0.96+0.39
0.2 355.71+4.31 0.70+0.23 23.80+3.18 0.23+0.04 56.1
30 0.4 420.50+4.79 0.62+0.44 27.79+£2.40 0.21+0.06 62.8
0.6 531.81+2.93 0.54+0.28 34.64+3.63 0.19+0.06 70.6
0.8 879.08+2.51 0.42+0.15 56.00£2.18 0.15+0.06 82.2
1.0 1082.41+5.91 0.38+0.11 68.51+2.25 0.14+0.04 85.6
Blank 139.27+4.13 1.11+0.22
35 0.2 331.20+4.90 0.74+0.21 22.30+£3.52 0.24+0.06 58.0
0.4 396.22+2.76 0.66+0.25 26.30+£3.58 0.22+0.07 64.9
0.6 511.83+3.90 0.56+0.26 33.41+2.46 0.19+0.04 72.8
0.8 906.71+2.67 0.41+0.11 57.70+£3.70 0.15+0.04 84.6
1.0 1170.34+6.61 0.37+0.13 73.92+2.95 0.14+0.06 88.1
Blank 123.15+2.66 1.33+0.37
40 0.2 305.36+2.76 0.83+0.30 20.71+2.32 0.27+0.06 59.7
0.4 369.93+3.21 0.72+0.20 24.68+2.57 0.24+0.05 66.7
0.6 488.88+4.16 0.60£0.21 32.00£3.16 0.20£0.07 74.8
0.8 940.08+8.56 0.42+0.10 59.76+2.89 0.15+0.05 86.9
1.0 1294.95+9.81 0.37+0.19 81.59+3.39 0.14+0.05 90.5
Blank 107.56%3.70 1.55+0.25
45 0.2 278.82+2.69 0.89+0.31 19.07+3.57 0.29+0.05 61.4
0.4 342.69+3.14 0.77+0.33 23.00+3.20 0.25+0.06 68.6
0.6 465.274£2.59 0.6310.21 30.54+3.52 0.21+0.07 76.9
0.8 996.94+4.66 0.41+0.20 63.26+3.11 0.15+0.04 89.2
1.0 1334.62+8.72 0.36+0.19 84.03+2.05 0.14+0.05 91.9
Blank 90.34+4.85 1.74£0.39
50 0.2 244.76+4.24 0.93+0.29 16.98+2.12 0.30+0.06 63.1
0.4 305.31+2.57 0.79+0.32 20.70+£3.97 0.26+0.04 70.4
0.6 427.34+£4.59 0.63+0.22 28.21+3.12 0.21+0.07 78.9
0.8 1055.37+3.27 0.39+0.13 66.85+3.95 0.15+0.05 91.4
1.0 1587.70+7.84 0.33+0.17 99.60+2.41 0.13+0.06 94.3
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Table 3.66: EIS data for the corrosion of weld aged maraging steel in 1.0 M hydrochloric

acid containing different concentrations of DDPM.

Conc. of
Temperature - Ret Cal Rpt Cot " )
(°C) (ohm. cm?) (mF cm?) (ohm. cm?) (mF cm?®)
(mM)
Blank 116.21+2.67 1.68+0.17
0.2 260.19+3.11 1.07+0.10 17.93+2.46 0.34+0.05 55.3
30 0.4 307.24+3.68 0.94+0.22 20.82+3.78 0.30+0.09 62.2
0.6 387.85+4.75 0.79+0.19 25.78+3.79 0.26+0.07 70.3
0.8 637.41+5.99 0.57£0.18 41.14+3.69 0.20£0.08 81.8
1.0 781.97+7.04 0.50£0.15 50.03+2.93 0.18+0.07 85.1
Blank 97.34+3.18 1.75+0.20
35 0.2 227.44+4.13 1.16+0.13 15.91+1.82 0.36+0.06 57.2
0.4 271.26+4.90 1.00+0.45 18.61+2.49 0.32+0.06 64.1
0.6 348.37+4.67 0.81+0.15 23.35+£3.79 0.26+0.06 72.1
0.8 604.72+4.58 0.54+0.18 39.12+£2.76 0.19+0.08 83.9
1.0 767.35+4.66 0.46+0.15 49.13+1.98 0.17£0.09 87.3
Blank 82.64+4.47 2.15+0.14
40 0.2 204.30+2.80 1.17+0.23 14.49+3.04 0.36+0.07 59.6
0.4 246.94+2.16 1.01+0.30 17.11+2.11 0.32+0.05 66.6
0.6 324.81+4.10 0.82+0.40 21.90£3.00 0.27+0.07 74.6
0.8 613.21+4.38 0.54+0.28 39.65+3.20 0.19+0.07 86.5
1.0 823.53+3.90 0.46+0.12 52.59+3.48 0.16+0.06 90.2
Blank 65.26+2.27 2.36+0.31
45 0.2 173.45%2.29 1.19+0.29 12.59+2.04 0.37+0.05 62.4
0.4 213.49+3.89 1.01+0.33 15.05+3.05 0.32+0.05 69.5
0.6 290.68+3.90 0.80+0.37 19.80+£3.92 0.26+0.07 77.6
0.8 629.95+4.26 0.49+0.33 40.68+3.36 0.17+0.06 89.7
1.0 947.67+7.02 0.40£0.19 60.22+3.91 0.15+0.08 93.1
Blank 53.82+3.65 2.79%0.27
50 0.2 158.19+2.14 1.24+0.10 11.65+2.50 0.38+0.06 66.0
0.4 200.07+2.32 1.03+0.16 14.23+2.65 0.33+0.08 73.1
0.6 287.55+3.87 0.78+0.25 19.61+3.32 0.26+0.05 81.3
0.8 826.42+4.59 0.42+0.17 52.76+3.20 0.15+0.08 93.5
1.0 1799.33+6.20 0.31+0.16 112.62+4.83 0.12+0.07 95.1
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Table 3.67: EIS data for the corrosion of weld aged maraging steel in 1.5 M hydrochloric

acid containing different concentrations of DDPM.

Conc. of
Temperature hibitor Rt Ca Rps o )
(°C) (ohm. cm?) (mF cm?) (ohm.cm?)  (mFcm?)
(mM)
Blank 64.30+2.70 3.01+0.22
0.3 132.25+2.68 1.86+0.21 10.06+3.05 0.56+0.05 51.4
30 0.6 154.38+2.07 1.62+0.42 11.4242.25 0.49+0.08 58.4
0.9 191.20+3.38 1.35+0.23 13.68+3.48 0.42+0.06 66.4
1.2 296.86+2.90 0.95+0.28 20.18+2.38 0.30+0.07 78.3
1.5 353.10+4.44 0.84+0.13 23.64+2.22 0.27+0.09 81.8
Blank 58.75+2.97 3.38+0.28
35 0.3 123.79+2.29 1.96+0.35 9.5442.72 0.59+0.09 525
0.6 145.35+3.75 1.70+0.29 10.86+2.40 0.51+0.08 59.6
0.9 181.78+2.01 1.41+0.30 13.10+2.69 0.4340.10 67.7
1.2 290.41+3.08 0.97+0.23 19.79+2.36 0.31+0.08 79.8
15 350.54+5.54 0.84+0.12 23.49+3.32 0.27+0.09 83.2
Blank 53.42+3.05 3.74+0.40
40 0.3 118.40%3.25 2.09+0.39 9.20+3.92 0.62+0.08 54.9
0.6 140.80£3.10 1.79+0.37 10.58+2.09 0.54+0.08 62.1
0.9 180.05%3.65 1.45+0.27 13.00+3.71 0.44+0.06 70.3
1.2 308.25+2.44 0.94+0.28 20.88+2.94 0.30+0.07 827
1.5 387.38+7.43 0.79+0.14 25.75+2.91 0.26+0.05 86.2
Blank 36.89+3.68 4.13+0.47
45 0.3 86.11+3.69 2.16+0.42 7.2243.03 0.64+0.08 57.2
0.6 103.89+3.66 1.83+0.42 8.3143.01 0.55+0.09 64.5
0.9 136.33+2.47 1.45+0.22 10.31+2.47 0.44+0.06 72.9
1.2 254.77+3.67 0.88+0.24 17.59+3.58 0.28+0.08 85.5
15 339.69+4.48 0.72+0.12 22.82+3.32 0.24+0.09 89.1
Blank 32.05+2.76 4.59+0.29
50 0.3 77.49+3.15 2.35+0.42 6.69+3.45 0.70+0.09 58.6
0.6 94.60+2.40 1.97+0.37 7.74+2.18 0.59+0.08 66.1
0.9 126.88+2.86 1.53+0.29 9.73+3.81 0.47+0.06 747
1.2 257.84+2.37 0.86+0.29 17.78+2.62 0.28+0.06 87.6
1.5 366.70+5.44 0.67+0.22 24.48+3.01 0.22+0.06 91.3
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Table 3.68: EIS data for the corrosion of weld aged maraging steel in 2.0 M hydrochloric

acid containing different concentrations of DDPM.

Conc. of
Temperature ihibitor Rt Ca Rps o )
(°C) (ohm. cm?) (mF cm™®) (ohm.cm?)  (mFcm?
(mM)
Blank 20.21+£2.79 5.75+0.77
0.3 38.07+£2.57 3.51+0.94 4.26+1.08 1.02+0.19 46.9
30 0.6 44.88+3.31 3.01+0.85 4.68+1.49 0.88+0.11 55.2
0.9 57.89+3.50 2.38+0.57 5.48+1.96 0.70+0.13 65.1
12 72.52+3.83 1.95+0.60 6.38+1.87 0.58+0.10 72.1
15 86.48+4.29 1.67+0.49 7.24+2.45 0.50+0.18 76.6
Blank 17.34+3.75 8.26+0.82
35 0.3 34.35+2.02 4.67+0.65 4.03£1.92 1.35+0.12 495
0.6 41.02+£3.46 3.95+0.90 4.44+1.58 1.14+0.17 57.7
0.9 54.29+2.20 3.04+0.50 5.26+1.95 0.89+0.16 68.1
1.2 70.03+£2.02 2.41+0.54 6.23+2.07 0.71+0.17 75.2
15 85.97+5.01 2.00+0.51 7.21+2.70 0.60+0.17 79.8
Blank 15.01+3.98 13.22+0.61
40 0.3 31.7242.79 7.13+0.51 3.87+1.44 2.04+0.19 52.7
0.6 38.54+3.56 5.91+0.56 4.29+1.88 1.70+0.19 61.1
0.9 52.85+2.85 4.37+0.65 5.17+2.41 1.26+0.17 71.6
1.2 71.24+£4.00 3.30+0.49 6.30+1.55 0.96+0.12 78.9
15 91.58+3.43 2.62+0.58 7.55+2.85 0.77+0.15 83.6
Blank 12.89+2.23 15.87+0.64
45 0.3 29.48+2.96 7.09+0.51 3.73+1.34 2.03+0.11 56.3
0.6 36.64+2.72 5.74+0.99 4.17+£1.42 1.65+0.16 64.8
0.9 52.78+2.61 4.06+0.63 5.17+2.38 1.18+0.15 75.6
1.2 76.09+2.62 2.88+0.65 6.60+1.44 0.84+0.19 83.1
15 106.00+4.00 2.13+0.47 8.44+1.19 0.63+0.11 87.8
Blank 11.67+£2.17 18.95+1.53
50 0.3 29.00+2.25 7.90+0.70 3.70+1.81 2.25+0.13 59.8
0.6 37.02+2.28 6.23+0.50 4.20+1.61 1.78+0.11 68.5
0.9 56.79+2.18 4.14+0.68 5.41+1.36 1.20+0.20 79.5
1.2 90.40+3.47 2.69+0.50 7.48+1.80 0.79+0.11 87.1
15 145.334£5.89 1.76+0.24 10.86+2.70 0.53+0.11 92.4
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Table 3.69: Comparison of maximum attainable inhibition efficiencies by the Tafel
method and EIS method for the corrosion of weld aged maraging steel in hydrochloric

acid solutions of different concentrations in the presence of DDPM at 30 °C.

Conc. of n (%)

Molarity of hydrochloric DDPM (mM) Tafel EIS
acid
0.1 0.8 83.1 85.1
0.5 1.0 86.4 85.5
1.0 1.0 83.7 85.1
15 15 80.8 81.7
2.0 15 75.6 76.6
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Table 3.70: Activation parameters for the corrosion of weld aged maraging steel in

hydrochloric acid containing different concentrations of DDPM.

Molarity

Conc. of inhibitor E, AH? AS*
of hydrochloric acid
(mM) (kJ*t mol?) (kI mol) (I molt K
(M)

0.0 39.12 41.60 -94.96

0.1 58.68 62.40 -87.15

0.1 0.2 63.47 67.49 -77.47
0.4 71.05 75.56 -58.10

0.6 76.64 81.50 -48.42

0.8 87.82 93.39 -31.96

0.0 36.56 38.51 -103.73

0.2 54.84 57.77 -95.23

05 0.4 59.32 62.48 -84.65
0.6 66.40 69.95 -63.49

1.8 71.63 75.45 -52.91

2.0 82.07 86.45 -34.92

0.0 35.70 34.98 -108.23

0.2 53.55 52.47 -99.37

1.0 0.4 57.92 56.75 -88.33
0.6 64.84 63.54 -66.24

1.8 69.94 68.53 -55.20

2.0 80.14 78.53 -36.43

0.0 32.08 30.55 -117.82

0.3 48.12 45.83 -108.18

0.6 52.05 49.57 -96.16

15 0.9 58.27 55.49 -72.12
1.2 62.85 59.85 -60.10

15 72.02 68.58 -39.67

0.0 30.33 31.24 -122.31

0.3 45.50 46.86 -112.32

0.6 49.21 50.69 -99.84

2.0 0.9 55.09 56.74 -74.88
1.2 59.42 61.20 -62.40

15 68.09 70.13 -41.18
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Table 3.71: Thermodynamic parameters for the adsorption of DDPM on weld aged

maraging steel surface in hydrochloric acid at different temperatures.

Molarity

Temperature -AG%qs AHqs ASs
of hydrochloric 4 1 1
) (°C) (kJ mol™) (kJ mol™) (I mol™ K™)
acid (M)
30 46.76
35 46.62
0.1 40 46.44 -27.28 -80.23
45 46.27
50 46.10
30 46.86
35 46.71
0.5 40 46.54 -32.12 -72.08
45 46.37
50 46.19
30 4521
35 45.08
1.0 40 44.91 -43.92 -66.17
45 44.75
50 44.58
30 46.57
35 46.43
15 40 46.25 -48.70 -48.03
45 46.08
50 4591
30 45.62
35 45.48
2.0 40 45.31 -54.32 -28.52
45 45.15
50 44.98
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3.8 1(2E)-1-(4-AMINOPHENYL)-3-(2-THIENYL) PROP-2-EN-1-ONE (ATPI) AS
INHIBITOR FOR THE CORROSION OF WELD AGED MARAGING STEEL IN
SULPHURIC ACID MEDIUM

3.8.1 Potentiodynamic polarization studies

The potentiodynamic polarization curves for the corrosion of weld aged maraging
steel specimen in 1.0 M sulphuric acid in the presence of different concentrations of
ATPI, at 30 °C are shown in Fig. 3.59. Similar plots were obtained in the other four
concentrations of sulphuric acid at the different temperatures studied. The
potentiodynamic polarization parameters (Ecorr, be, Da, icor @and n (%)) were calculated
from Tafel plots in all the five studied concentrations of sulphuric acid in the presence of
different concentrations of ATPI at different temperatures and are summarized in Tables
3.72 to 3.76.
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Fig. 3.59: Potentiodynamic polarization curves for the corrosion of weld aged maraging

steel in 1.0 M sulphuric acid containing different concentrations of ATPI at 30 °C.
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According to the results presented in Tables 3.72 to 3.76 and also from the
polarization curves in Fig. 3.59, the corrosion current density (icorr) decreases effectively
even on the addition of small concentration of ATPI and the inhibition efficiency
increases with the increase in the inhibitor concentration for the weld aged maraging steel

at all the studied concentrations of sulphuric acid medium.

As can be seen from the polarization curves (Fig. 3.59) and Tables 3.72 to 3.76,
the presence of inhibitor causes a slight anodic shift in Eco values at all the studied
temperatures and concentrations of sulphuric acid. The maximum displacement in this
study is less than £25 mV, which indicates that ATPI is a mixed type inhibitor, affecting
both anodic and cathodic reactions (Stanly and Parameswaran 2010). If the shift in Ecor iS
negligible, the inhibition is most probably caused by a geometric blocking effect of the
adsorbed inhibitive species on the surface of the corroding metal (Cao 1996). In the
present study although there is no remarkable change (85 mV) in Ecqr, the shift in Ecor
is not negligible. This can be attributed to the difference in the active sites blocking effect
of the inhibitor for both the anodic and cathodic reaction. As the concentration of the
inhibitor increases, it is noticed that the corrosion potential shifts slightly toward more
positive potential. This indicates that the inhibitor promotes passivation of weld aged
maraging steel through adsorption (Larabi et al. 2005). The inhibitor ATPI considered as
a mixed type inhibitor with predominant anodic action. The increase in the inhibition
efficiency with the increase in inhibitor concentration is attributed to the increased
surface coverage by the inhibitor molecules as the concentration is increased (El- Sayed
et al. 1997).

It is seen from Tables 3.72 to 3.76, that the anodic slope b, and cathodic slope b,
do not change significantly on increasing the concentration of ATPI, indicating its non-
interference in the mechanisms of anodic and cathodic reaction. This indicates that the
inhibitive action of ATPI may be considered due to the adsorption and formation of
barrier film on the electrode surface. The barrier film formed on the metal surface
reduces the probability of both the anodic and cathodic reactions, which results in
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decrease in the corrosion rate (Li et al. 2007 and Ferreira et al. 2004). The inhibition
efficiency increases with the increase in inhibitor concentration, reaching a maximum

value of 97.4 % at 1.0 mM of ATPI in 0.1 M sulphuric acid.
3.8.2 Electrochemical impedance spectroscopy

The Nyquist plots obtained for the corrosion of weld aged samples of maraging
steel specimen in 1.0 M sulphuric acid in the presence of different concentrations of
ATPI at 30 °C are shown in Fig. 3.60. Similar plots were obtained in other concentrations
of sulphuric acid and also at other temperatures. The electrochemical parameters obtained

from the EIS studies are summarized in Tables 3.77 to 3.81.
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Fig. 3.60: Nyquist plots for the corrosion of weld aged maraging steel in 1.0 M sulphuric

acid containing different concentrations of ATPI at 30 °C.

It is clear from Fig. 3.60 that the shapes of the impedance plots for the corrosion
of the weld aged maraging steel in the presence of inhibitor are not substantially different
from those of the uninhibited one. The presence of inhibitor increases the impedance but

does not change other aspects of the behaviour. These results support the results of
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polarization measurements. ATPI inhibits the corrosion primarily through its adsorption
on the metal surface (Amin et al 2007) by active site blocking effect. The depressed
semicircles in the impedance spectra are similar to the ones discussed earlier in Section
3.3.2 and the same explanations hold good in this case also. The equivalent circuit given
in Fig. 3.20 (under Section 3.1.2) is used to fit the experimental data and to analyse the
impedance spectra. The data in Tables 3.77 to 3.81 reveal that the charge transfer
resistance (Rc), increases with the increase in the inhibitor concentration, suggesting an
hindrance to the charge transfer reaction (i.e., effective metal dissolution). The increase in
Rt values is due to the gradual replacement of water molecules by the adsorption of the
inhibitor molecules on the metal surface to form an adherent film on the metal surface

and thereby reducing the metal dissolution in the solution.

The data in Tables 3.77 to 3.81 also shows that the value of Cy decreases with the
increase in the concentration of ATPI. This decrease in Cgq could be due to the decrease
in the local dielectric constant and/or an increase in the thickness of the electrical double
layer as a result of the adsorption of ATPI molecules at the electrochemical interface and
thereby thickening of the electrical double layer. ATPI inhibits the corrosion primarily
through its adsorption and subsequent formation of a barrier film on the metal surface.

This is in accordance with the observations of Tafel polarization measurements.

The Bode plots for the corrosion of the alloy in 1.0 M sulphuric acid containing
different concentrations of ATPI at 30 °C are shown in Fig. 3.61. They are similar to the
ones shown in Fig. 3.21. Hence the discussion regarding the Bode plot under the section

3.3.2 holds good for ATPI in sulphuric acid also.

A comparison of maximum attainable inhibition efficiencies by the Tafel method
and EIS method, in the presence of ATPI for the corrosion of weld aged maraging steel in
sulphuric acid solutions of different concentrations at 30 °C are listed in Table 3.82. It is
evident from the table that the inhibition efficiency values obtained by the two methods
are in good agreement. Similar levels of agreement were obtained at other temperatures

also.
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Fig. 3.61: Bode plots for the corrosion of weld aged maraging steel in 1.0 M sulphuric

acid containing different concentrations of ATPI at 30 °C.
3.8.3 Effect of temperature

The Tafel and EIS results pertaining to different temperatures in different
concentrations of sulphuric acid have already been listed in Tables 3.72 to 3.81. The
results in Tables 3.72 to 3.81 indicate that the inhibition efficiency of ATPI decreases
with increase in temperature. It is also seen from the data that the increase in solution
temperature, does not alter the corrosion potential (Ecor), anodic Tafel slope (bs;) and
cathodic Tafel slope (b;) values significantly. This indicates that the increase in
temperature does not change the mechanism of corrosion reaction (Poornima et al. 2011).
The decrease in inhibition efficiency with the increase in temperature may be attributed
to the higher dissolution rates of weld aged maraging steel at elevated temperature and
also a possible desorption of adsorbed inhibitor due to the increased solution agitation
resulting from higher rates of hydrogen gas evolution. The higher rate of hydrogen gas
evolution may also reduce the ability of the inhibitor to be adsorbed on the metal surface.
The decrease in inhibition efficiency with the increase in temperature is also suggestive
of physisorption of the inhibitor molecules on the metal surface (Geetha et al. 2011).
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The Arrhenius plots for the corrosion of weld aged maraging steel in the presence
of different concentrations of ATPI in 1.0 M sulphuric acid are shown in Fig. 3.62. The
enthalpy and entropy of activation for the dissolution of the alloy, (AH* & AS") were
calculated from transition state theory equation as discussed in the section 2.7. The plots
of In(veorr /T) versus 1/T for the corrosion of weld aged samples of maraging steel in the
presence of different concentrations of ATPI are shown in Fig. 3.63. The calculated

values of activation parameters are recorded in Table 3.83.
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Fig. 3.62: Arrhenius plots for the corrosion of weld aged maraging steel in 1.0 M

sulphuric acid containing different concentrations of ATPI.

According to the activation energy (E;) values presented in the Table 3.83, E, for
the dissolution of specimen is greater in the presence of inhibitor than in the absence of
inhibitor in the sulphuric acid medium. The extent of increase is proportional to the
inhibitor concentration, indicating that the energy barrier for the corrosion reaction
increases with the increase in ATPI concentration. The increase in the apparent activation
energy E, may be interpreted as due to the physical adsorption (Sherbini 1999) of the

inhibitor, which results in the increase in surface coverage with the increase in the

223



concentration of the inhibitor. The values of entropy of activation in the absence and
presence of inhibitor are large and negative. This implies that the activated complex in
the rate determining step represents an association rather than dissociation, resulting in a
decrease in randomness on going from the reactants to the activated complex (Marsh

1988, Gomma and Wahdan 1995).
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Fig. 3.63: Plots of In(vorr /T) versus 1/T for the corrosion of weld aged maraging steel in

1.0 M sulphuric acid containing different concentrations of ATPI.

3.8.4 Effect of sulphuric acid concentration

It is evident from both polarization and EIS experimental results that, for a
particular concentration of inhibitor, the inhibition efficiency decreases with the increase
in hydrochloric acid concentration. The maximum inhibition efficiency is observed in

0.1 M solution of sulphuric acid.
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3.8.5 Adsorption isotherms

Attempts were made to fit the degree of surface coverage (0) values obtained for
weld aged maraging steel specimen in different concentrations of sulphuric acid in the
presence of different concentrations of ATPI to various isotherms including Langmuir,
Temkin, Frumkin and Flory - Huggins isotherms. By far the best fit was obtained with
the modified Langmuir adsorption isotherm. The plots of (Cinw/0) vs Cinn gives a straight
line with intercept (1/Kags). The Langmuir adsorption isotherm plots for the weld aged
maraging steel in 1.0 M sulphuric acid in the presence of different concentrations of

inhibitor are shown in Fig. 3.64.
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Fig. 3.64: Langmuir adsorption isotherms for the adsorption of ATPI on weld aged

maraging steel in 1.0 M sulphuric acid at different temperatures.

The correlation coefficient (R?) was used to choose the isotherm that best fits the
experimental data (Bentiss et al. 2005). The linear regression coefficients are close to
unity and the slopes of straight lines are nearly unity, suggesting that the adsorption of

ATPI obeys Langmuir’s adsorption isotherm and there is negligible interaction between
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the adsorbed molecules (Li et al. 2008). The high value of Ky for the studied inhibitor
indicates strong and spontaneous adsorption of inhibitor on the alloy surface. The

calculated values of thermodynamic parameters are listed in Tables 3.84.

The negative values of AG%gs are characteristic feature of strong spontaneous
adsorption for the studied compounds. Generally, the standard free energy values of -20
kJ mol™ or less negative are associated with an electrostatic interaction between charged
molecules and charged metal surface, resulting in physisorption and those of -40 kJ mol™
or more negative involve charge sharing or transfer from the inhibitor molecules to the
metal surface to form a coordinate covalent bond, resulting in chemisorption (Hosseini et
al. 2003). The AG%s values obtained for the adsorption of ATPI on weld aged specimen
of maraging steel at all the studied concentrations of sulphuric acid are in the range of -
30.21 to 36.44 kJ mol™. These values predict both physical and chemical adsorption of
the inhibitor (Singh and Quraishi 2010).

The values of AH%q are less negative than -41.86 kJ mol?, indicating the
adsorption of ATPI on the alloy surface to be physisorption. From the AG%qs AH%qs
values and decreasing inhibition efficiency trend with the temperature it can be concluded
that the adsorption is mixed type, being predominantly physisorption. The AS%q value is
large and negative; indicating that decrease in disordering takes place on going from the

reactant to the alloy adsorbed species.
3.8.6 Mechanism of corrosion inhibition

To understand the mechanism of inhibition and the effect of inhibitor in
aggressive acidic environment, some knowledge of interaction between the protective
compound and the metal surface is required. The adsorption mechanism for a given
inhibitor depends on factors, such as the nature of the metal, the corrosive medium, the
pH, and the concentration of the inhibitor as well as the functional groups present in its
molecule, since different groups are adsorbed to different extents. The corrosion

inhibition mechanism of ATPI in sulphuric acid solution can be explained as follows: In
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aqueous acidic solution, these inhibitors exist partly in the form of protonated species and
partly as neutral molecules. Generally two modes of adsorption could be considered. It is
well known that steel surface bears positive charge in acid solutions (Ahamad et al. 2010,
Mu et al. 2004). In highly acidic medium the metal surface is positively charged. This
would cause the adsorption of negatively charged sulphate ions on the metal surface,
making metal surface negatively charged. The protonated ATPI molecule can
electrochemically interact with the negatively charged sulphate ions, that adsorbed on the
metal resulting in physisorption. The neutral inhibitor molecules may occupy the vacant
adsorption sites on the metal surface through the chemisorption mode, involving the
displacement of water molecules from the metal surface and sharing of electrons between
the hetero atoms like nitrogen and sulphur with iron or by donor acceptor interactions
between 7 electrons of the aromatic ring and vacant d orbitals of iron providing another

mode of protection (Satpati and Ravindran 2008, Ahamad et al 2010).

According to the mechanism for the dissolution of iron in acidic sulphate solution
initially proposed by Bockris et al. 2000 and Obot et al. 2010, iron electro dissolution in
acidic sulphate solution depends primarily on the adsorbed intermediate as follows:

Fe + H,O«>FeOH_,+H + e (3.13)
FeOH,,, — FeOH" + e (rate determining step) (3.14)
FEOH"+ H" <> Fe* + H,0 (3.15)

The cathodic hydrogen evolution follows the steps

Fe+H" <> (FeH") (3.15)

ads

(FeH™). .+ e <> (FeH) (3.16)

ads ads

The following mechanism involving two adsorbed intermediates to account for the

retardation of Fe anodic dissolution in the presence of an inhibitor:
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Fe+H,0 «>FeH,0,,, (3.17)

FeH,O,, + M «>FeoH ; + H*+ M (3.18)
FeH,0,,.+ M <> FeM_ + H,0 (3.19)
FeOH_,, — FeOH,, + e (rate determining step) (3.20)
FeM, <> FeM  +¢€ (3.21)
FeOH_ + FeM ! <>FeOH * + FeM_, (3.22)
FeOH "+H "« Fe ?+H,0 (3.23)

where M represents the inhibitor species. According to the above detailed mechanism,
displacement of some adsorbed water molecules on the metal surface by inhibitor species
to yield the adsorbed intermediate FeM,gs reduces the amount of the species FEOH ;s
available for the rate determining steps and consequently retards the anodic dissolution of

iron.

Since the adsorption of ATPI on the alloy surface is predominantly physisorption,
the adsorption of protonated ATPI is the predominant process. The increase in inhibition
efficiency with the increase in the ATPI concentration is in accordance with the

mechanism.
3.8.7 SEM/EDS studies

Fig. 3.65 (a) represents SEM image of the corroded weld aged maraging steel
sample. The corroded surface shows detachment of particles from the surface. The
corrosion of the alloy may be predominantly attributed to the inter-granular corrosion

assisted by the galvanic effect between the precipitates and the matrix along the grain
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boundaries. Fig. 3.65 (b) represents SEM image of weld aged maraging steel after the
corrosion tests in a medium of 1.0 M sulphuric acid containing 1.5 mM of ATPI. The
image clearly shows a smooth surface due to the adsorbed layer of inhibitor molecules on
the alloy surface, thus protecting the metal from corrosion.

L

Fig. 3.65: SEM images of the weld aged maraging steel after immersion in 1.0 M

sulphuric a) in the absence and b) in the presence of ATPI.

The EDS profiles of the corroded surface of the alloy in the absence and presence
of ATPI are shown in Fig. 3.66 (a) and 3.66 (b), respectively. The atomic percentages of
the elements found in the EDS profile for corroded metal surface werel7.22% Fe, 6.74
Ni, 2.75% Mo, 58.21% O, 3.51% S and 2.24 % Co and indicated the presence of iron
oxide on the surface of alloy. The atomic percentages of the elements found in the EDS
profile for inhibited metal surface were 31.5 % Fe, 5.28% S, 4.9% Ni, 4.16% Mo, 22.3 %
0, 5.2% N, 3.9% Co, and 23.71 % C and indicated the formation of inhibitor film on the

surface of the alloy.
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"Fig. 3.66 (a): EDS spectra of the weld aged maraging steel after immersion in 1.0 M

sulphuric in the absence of ATPI.
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Fig. 3.66 (b): EDS spectra of the weld aged maraging steel after immersion in 1.0 M

sulphuric in the presence of ATPI.
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Table 3.72: Results of potentiodynamic polarization studies for the corrosion of weld

aged maraging steel in 0.1 M sulphuric acid containing different concentrations of ATPI.

Conc. of .
Temperaure -, ibitor Eoon b o o e n (%)
(°C) (MV/SCE)  (mVdec)  (mVdec?) (mA cm?) (mmy?
(mM)
Blank -371%2 2212 266+1 0.78+0.03 8.99+0.31
0.2 -367+3 22443 263+1 0.32+0.02 3.69+0.22 58.9
0.4 -369+3 218+1 265+2 0.28+0.02 3.22+0.17 64.1
30 0.6 -364+2 21542 258+3 0.18+0.01 2.07+0.11 76.9
0.8 -362+1 2111 254+1 0.05+0.02 0.57+0.18 935
1.0 -357+1 208+2 25043 0.02+0.01 0.23+0.13 97.4
Blank -3683 257+1 283+1 1274001  14.64%0.12
0.2 -371#2 254+1 27943 0.56+0.02 6.45+0.21 55.9
0.4 -36613 25143 2751 0.49+0.02 5.65+0.24 61.4
35 0.6 -36243 248+1 27343 0.35+0.01 4.03+0.14 72.4
0.8 -359+1 245+3 268+1 0.15+0.02 1.73+0.18 88.1
1.0 -355+1 24143 266+1 0.09+0.02 1.03+0.21 93.7
Blank -365+1 289+3 296+3 1.994021  22.95%2.27
0.2 -363+1 286+1 298+1 1.0540.11  12.11#125 472
0.4 -359+3 28143 292+2 0.92#0.01  10.62+0.14  53.7
40 0.6 -356+2 283+2 2872 0.67+0.03 7.7240.29 66.8
0.8 -35242 278+2 28543 0.37+0.02 4.26+0.24 81.4
1.0 -35043 275+1 27943 0.26+0.03 2.99+0.25 86.9
Blank -36242 29542 3171 2214023  25.48+2.26
0.2 -360+1 29142 3111 1.3040.03  14.99+026  41.1
0.4 -358+1 289+2 31543 1.15+0.02  13.26#020 479
» 0.6 -355+1 285+2 309+2 0.88+0.02  10.14+021  60.1
0.8 -35142 282+2 30441 0.59+0.02 6.80+0.17 733
1.0 -349+3 279+1 298+3 0.43+0.03 4.95+0.28 80.5
Blank -359+2 298+2 3211 2474009  28.48+1.18
0.2 -355+3 296+2 318+2 156+0.06  17.99#0.70 3638
50 0.4 -352+1 29543 31542 1424002  16.37#0.18 425
0.6 -349+2 292+3 3113 1.1040.02  12.684#0.19 555
0.8 -344+1 288+1 309+3 0.77+0.01 8.88+0.14 68.8
1.0 -341+1 283+1 305+2 0.60+0.03 6.92+0.26 75.7
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Table 3.73: Results of potentiodynamic polarization studies for the corrosion of weld

aged maraging steel in 0.5 M sulphuric acid containing different concentrations of ATPI.

Conc. of )
Temperature i hibitor Ecor b, -be Tcorr Veorr )
(°C) (MV/SCE) (mVdec)) (mVdec?) (mAcm?) (mmy?
(mM)
Blank -356+2 235+1 2682 1.80+0.17 20.71%1.79
0.2 -352+1 23241 26523 0.81+0.06 8.13+0.64 55.0
0.4 -348+3 218+1 2632 0.7020.09 7.03+0.94 61.1
30 0.6 -343+1 21541 2592 0.47+0.09 4.72+0.94 73.8
0.8 -339+1 21243 257+1 0.2320.10 2.31+0.98 87.3
1.0 -341%2 20843 25343 0.0820.02 0.80+0.23 95.5
Blank -353+2 25741 27621 2.41%0.19 27.73+2.21
0.2 -356+3 2552 27242 1.15+0.09 11.55+0.90 52.2
0.4 -352+3 24943 2693 1.01+0.08 10.01+0.78 58.5
35 0.6 -349+1 244+1 26621 0.7620.06 7.6320.60 68.4
0.8 -346+2 24141 26323 0.4520.05 4.51+0.51 81.3
1.0 -342+2 23743 25941 0.18+0.06 1.80+0.58 925
Blank -350+1 279+1 288+1 3.83+0.35 44.07+3.84
0.2 -352+1 27142 2852 1.90+0.07 19.08+0.67 50.1
40 0.4 -349+3 2682 2813 1.7240.07 17.27+0.66 55.6
0.6 -3454+3 2652 27743 1.4740.07 14.7640.75 61.7
0.8 -347+2 261+1 2731 0.91+0.06 9.14+0.61 76.5
1.0 -341%2 25621 269+1 0.39+0.08 4.07+0.84 85.9
Blank -348+2 2962 297+3 4.24+0.35 46.71+3.87
0.2 -349+2 2933 2933 4.01+0.26 42.14+2.89 47.6
45 0.4 -35143 2892 2892 2.11+0.08 21.09+0.84 50.1
0.6 -347+2 2861 28621 1.94+0.07 19.08+0.70 57.6
0.8 -345%2 2813 282+3 1.71%0.10 17.07+0.96 67.5
1.0 -342+2 27641 27941 0.5420.10 5.42+0.88 79.5
Blank -346+3 31543 3062 4.3040.26 49.47+3.04
0.2 -353+3 31041 3033 2.5240.15 25.11+1.88 41.8
50 0.4 -349+3 307+1 3002 2.22+0.08 22.09+0.78 48.8
0.6 -346+1 3031 29742 1.91+0.08 19.08+0.81 55.8
0.8 -347+2 300+£3 292+1 1.50+0.07 15.06+0.74 65.1
1.0 -344+3 296+2 288+3 1.12+0.05 11.04+0.50 74.4
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Table 3.74: Results of potentiodynamic polarization studies for the corrosion of weld

aged maraging steel in 1.0 M sulphuric acid containing different concentrations of ATPI.

Conc. of )
Temperature N Ecorr ba -be lcorr Veorr N (%)
(°C) (MV/SCE) (mVdec?) (mVdecd) (mAcm?  (mmy?)
(mM)
Blank -323%2 247+1 3013 8.56+0.38  98.41+3.85
0.3 -325+1 24343 3033 4.10+0.24  47.10+2.36 52.2
0.6 -322+1 23943 299+3 3.59+0.23  41.32+2.33 58.1
30 0.9 -319+3 23523 29643 2.48+0.24  28.50+2.43 711
1.2 -316+2 23141 292+2 1.2840.21  14.75+2.13 85.1
15 -313#1 22741 288+1 0.77¢021  8.80£2.15 91.1
Blank -318+2 27641 303+2 12.82+0.30  147.28+3.01
0.3 -315+1 27843 302+1 6.3620.28  73.18+2.76 50.4
0.6 -311#3 27242 298+1 5544041  63.714.10 56.8
35 0.9 -313+2 269+3 295+2 4314029  49.50+2.95 66.4
1.2 -309+2 266+4 293+3 2614026  30.05+2.63 79.7
15 -305+2 262+2 28943 1444018  16.50+2.10 88.8
Blank -309+2 29242 305+1 16.92+0.22  194.46+2.20
0.3 -311%2 29443 30843 8.7240.24  100.31#2.37 485
0.6 -306+2 29041 30543 7.8740.35  90.59+3.53 53.5
0 0.9 -303+1 28743 302+1 6.97+0.26  80.11+2.62 58.8
1.2 -300+1 28541 298+1 4364037  50.1243.75 74.3
15 -297+1 281+1 2942 2.78+0.20  31.90+2.04 83.6
Blank -307+3 2982 307+1 19.4240.32  223.23+3.17
0.3 -305+2 29543 305+2 10.63+0.36 122.31+356 453
45 0.6 -308+3 29142 30042 10.02+0.25 11523+250 484
0.9 -303+1 288+1 2972 8.65#0.31  99.56+3.15 55.5
12 -30043 285+3 29542 6.7740.27  77.81+2.69 65.2
15 -298+1 28143 292+1 3.68+0.18  42.30+1.76 81.1
Blank -305+3 31241 311#1 22104031  253.15+3.13
0.3 -302+2 31043 313+1 13.59+0.29  156.324#2.91 382
50 0.6 -298+2 30742 308+1 11.83+0.24  136.16+2.42 463
0.9 -2954+3 30943 30543 10.2740.27  118.11#2.65 534
1.2 -292+1 303+3 301+1 7.96+0.37 91.52+3.70 63.9
15 -288+1 299+3 298+1 6.13+0.11 70.51+£1.13 72.2
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Table 3.75: Results of potentiodynamic polarization studies for the corrosion of weld

aged maraging steel in 1.5 M sulphuric acid containing different concentrations of ATPI.

Conc. of )
Temperature . Ecor b, -be leorr Veorr 1 (%)
(°C) (MV/SCE) (mVdech (mVdecd) (mAcm?  (mmy?)
(mM)
Blank -295+3 252+2 260+1 17.02£0.28  195.54+2.79
0.4 -29743 250+2 25643 8.46+0.22  97.43%+2.23 50.2
0.8 -293+3 24743 24543 6.91+0.39  79.60+3.95 59.3
30 1.2 -288+2 2441 2411 4.65+0.47  53.59+4.70 72.6
1.6 -285+2 242+1 23843 2.80£0.39  32.27+3.88 83.5
2.0 -282+42 2393 235+1 1.85+0.26  21.31+2.86 89.1
Blank -29143 253+1 27242 23.64£0.25 271.53+2.53
0.4 -288+3 25543 270+2 12.15+0.36  139.83+3.63 485
0.8 29242 25043 267+3 10.62+0.35  122.18+3.46 55.0
35 1.2 -285+2 248+2 263+2 8.40+0.34  96.66+3.45 64.4
1.6 -281+2 2441 260+1 5.26+0.27  60.55+2.67 777
2.0 -279+3 24143 258+3 3.30£023  38.01+2.27 86.1
Blank -288+2 2542 276+2 28.05+0.58  332.1545.83
0.4 -292+42 25142 273+2 15.12+0.36  173.96+3.63 46.1
0.8 -285+2 253+3 270+2 13.55+0.31  155.92+3.07 51.6
0 1.2 -252+1 248+1 268+1 12.34+0.53  142.0745.30 55.9
1.6 -249+3 2441 265+2 7.7520.22  89.23+2.22 72.3
2.0 -246+1 2413 2611 5.20£0.39  59.92+3.88 81.4
Blank -285+2 266+3 283+1 30.3440.46  348.61+4.60
0.4 -28143 263+1 27943 17.24+057  198.3545.73 431
0.8 -28242 25943 28043 16.27+0.33  187.19+3.27 46.3
» 1.2 -277+3 255+1 2763 14244025  163.83+2.53 53.3
1.6 -272+2 253+2 272+3 11.08+0.38  127.48+3.80 63.4
2.0 -269+2 249+2 269+3 6.2140.23  71.44%2.31 79.5
Blank -283+2 27243 296+1 33.05+0.35  379.67+3.54
0.4 -286+3 27543 293+1 20.88+0.29  240.33+2.94 36.7
50 0.8 -280+3 269+2 2902 18.48+0.54  212.62+5.37 443
1.2 -278+1 266+3 292+1 16.23+0.31  186.80+3.13 50.8
1.6 -275+1 262+2 288+2 12.63+0.60  145.41+5.98 61.7
2.0 -271+1 259+3 2853 9.86+0.20 113.52+2.00 70.1
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Table 3.76: Results of potentiodynamic polarization studies for the corrosion of weld

aged maraging steel in 2.0 M sulphuric acid containing different concentrations of ATPI.

Conc. of )
Temperature hibitor Ecorr b, -b, Tcorr Veorr )
(°C) (MV/SCE) (mVdech) (mVdech) (mAcm? (mmy?
(mM)
Blank -281+3 2233 25143 20.31+0.39  233.51+3.87
0.5 -283+2 219+2 24743 10.70£0.23  123.11#227  47.3
1.0 -278+3 226+1 249+1 9.11+0.38  104.824#378  55.1
30 15 -275+1 2123 24441 6.39+0.20 73524296 685
2.0 27243 2103 24042 4.2240.24 48554238 792
25 -269+2 21741 238+1 2.8420.40 32.68+3.96  86.0
Blank -279+2 2452 2632 27.63+0.44  317.55+4.42
0.5 -281+2 2411 26043 15.21+0.48  175.00+4.80  44.9
1.0 -277+1 23743 2582 13.25+0.24  152.45+2.42 52
35 15 27442 2341 2551 10.54+0.31 121274306 618
2.0 2711 2311 25241 7.0120.59 80.65+5.87  74.6
2.5 -268+1 228+1 24943 4.77+0.38 54.88+3.78  82.7
Blank -278+1 269+2 274+1 35.00+0.48  402.63+4.83
0.5 -28143 2642 27623 10.78+0.33 227584332 435
20 1.0 -275+2 267+1 271+1 18.41+0.41 211.82+4.08 47.4
15 -273+3 2611 268+1 16.66+0.48  191.68+4.80  52.4
2.0 -268+1 259+2 26523 10.99+0.38  126.45+3.78  68.6
25 -266+2 2552 26242 7.6320.30 87.79+2.95 782
Blank -275+2 281+3 2882 40724026 468.28+2.59
0.5 27242 277+1 28523 24794035 285224353  39.1
45 1.0 -269+4 27943 28243 22.79+0.33  262.21#331 441
15 -266+1 27544 27943 20.68+0.22  237.93+2.17 492
2.0 -263+2 2723 27621 16.73+0.20  192.49+2.04 589
2.5 -259+3 269+2 27342 0.24+0.38  106.31#¥3.82  77.3
Blank -273+1 301+3 302+2 45.24+0.58 520.05+5.81
0.5 -275+2 303+3 30041 30.28+0.56  348.39+563  33.2
50 1.0 -272+42 297+1 298+3 26.89+0.37 309.38+3.70 40.5
15 -269+1 29343 2952 23784023  273.60+2.30 474
2.0 -266+1 288+1 292+1 19.33+0.45 222064451  57.3
2.5 -263+3 285+1 28942 14.78+0.30  170.05+#3.00  67.3
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Table 3.77: EIS data for the corrosion of weld aged maraging steel in 0.1 M sulphuric

acid containing different concentrations of ATPI.

Conc. of
Temperature - Ret Cal Rpf Cot )
(°C) (ohm. cm?) (mF cm?) (ohm. cm?) (mF cm?®)
(mM)
Blank 74.66+3.24 21.01+£3.15
0.2 169.68+2.66 13.05+3.15 12.36+2.12 3.70+1.81 56.4
0.4 191.93+£2.72 9.18+2.83 13.73+2.73 2.61+1.49 61.1
0.6 298.64+2.78 6.23+3.21 20.29+2.93 1.78+0.62 75.1
% 0.8 1036.94+3.21 2.50+3.10 65.72+3.54 0.74+0.27 92.8
1.0 2333.13+5.59 9.60+2.79 145.46£3.61 0.53+0.03 96.8
Blank 51.17+£3.47 26.57+£3.99
0.2 108.87+2.83 14.46+2.69 8.62+3.91 4.09+2.69 53.0
0.4 125.7242.26 11.80+2.80 9.65+3.39 3.35£1.79 59.3
35 0.6 165.06+2.02 8.32+3.44 12.07£2.59 2.37£1.09 69.3
0.8 368.13+£3.83 3.78+3.60 2457+£3.11 1.10+0.23 86.1
1.0 581.48+6.70 2.11+2.98 37.69+2.60 0.63+0.29 91.2
Blank 35.45+2.68 32.14+2.96
0.2 65.29+3.71 19.65+2.39 5.94+3.52 5.55+2.46 45.7
0.4 73.85+£3.56 17.41+3.94 6.46+2.57 4.92+1.58 52.1
40 0.6 97.93+3.91 13.55+2.09 7.94+3.29 3.84+1.55 63.8
0.8 168.81+2.75 7.45+2.27 12.31+2.27 2.13+0.84 79.2
1.0 211.01+4.00 5.98+2.16 14.90+1.11 1.71+0.67 83.2
Blank 33.36%2.54 36.48+2.87
0.2 55.79+3.68 22.85+2.91 5.35+3.65 6.45+2.03 40.2
0.4 61.89+3.04 19.77+£2.58 5.73+2.33 5.59+0.35 46.1
45 0.6 79.81+2.05 16.25+3.79 6.83+2.53 4.60+0.23 58.2
0.8 109.02+3.09 12.15+3.08 8.63+2.94 3.45+0.92 69.4
1.0 143.79+£3.21 8.44+2.45 10.77+2.95 2.41+0.67 76.8
Blank 30.19+2.64 41.49+2.19
0.2 48.30+3.14 26.52+2.10 4.89+3.71 8.52+2.14 375
0.4 51.17+2.14 23.21+3.29 5.07£2.22 6.21+1.16 41.0
50 0.6 63.69+3.87 18.52+3.11 5.84+2.33 4.52+0.69 52.6
0.8 85.52+3.40 13.25+3.10 7.18+3.95 4.25+0.96 64.7
1.0 113.07£2.83 12.31+2.87 8.88+3.56 3.31+0.62 73.3
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Table 3.78: EIS data for the corrosion of weld aged maraging steel in 0.5 M sulphuric

acid containing different concentrations of ATPI.

Conc. of
Temperature N Ret Cal Rof Cot )
(°C) (ohm. cm?) (mF cm?®) (ohm.cm?)  (mFcm?)
(mM)
Blank 33.56+1.62 40.12+2.65
0.2 76.10+£2.37 19.22+2.48 6.60+1.46 5.43+1.70 55.9
0.4 85.61+4.59 16.91+3.51 7.19+1.28 4.78+1.53 60.8
0.6 126.174+2.61 11.74+3.00 9.68+2.12 3.33+1.36 73.4
% 0.8 262.19+3.30 6.30+2.65 18.05+1.62 1.80+0.27 87.2
1.0 729.57+3.77 2.86+1.41 46.81+2.24 0.84+0.16 95.4
Blank 26.64+1.82 65.92+2.91
0.2 55.50+3.34 34.58+3.86 5.50+1.86 9.74+1.66 52.1
0.4 69.74+2.39 29.26+3.12 9.74+1.67 8.25+2.31 61.8
35 0.6 88.21+4.18 26.02+2.06 8.21+1.59 7.34+£1.57 69.8
0.8 138.03+3.64 22.64+3.57 13.03+£1.57 6.39+£2.53 80.7
1.0 345.97+4.88 17.92+2.49 35.97+2.99 5.07+2.52 92.3
Blank 17.85+3.14 109.77£2.90
0.2 33.62+2.56 59.28+3.84 3.99+1.31 16.68+1.06 46.9
0.4 39.49+3.40 50.60£2.13 4.35+2.62 14.24+2.37 54.8
40 0.6 47.35£2.01 42.37+3.67 4.83+£2.33 11.93+2.32 62.3
0.8 71.69+3.20 28.32+£3.99 6.33+1.51 7.99+1.74 75.1
1.0 117.43+4.24 19.68+3.41 9.14+1.54 5.56+2.51 84.8
Blank 17.84+1.29 125.60+3.51
0.2 36.19+4.34 62.62+2.50 3.15+1.58 17.61+2.70 50.7
0.4 37.01+£3.51 61.25+3.83 4.20£1.10 17.23+2.30 51.8
45 0.6 41.68+4.81 54.49+3.89 4.48+1.91 15.33+1.80 57.2
0.8 47.83£3.22 47.61+3.22 4.86+2.04 13.40+1.25 62.7
1.0 78.59+2.16 29.374£2.71 6.75+2.65 8.28+2.83 77.3
Blank 17.42+2.17 158.27+3.51
0.2 29.83+3.98 93.29+2.18 3.05%£2.85 26.22+2.44 41.6
0.4 35.41+4.70 78.72+3.54 4,10+1.21 22.13+1.52 50.8
50 0.6 39.23+4.32 71.14+2.88 4.33+2.82 20.00+1.65 55.6
0.8 49.35+3.32 56.77+£2.07 4.96+2.62 15.97+1.26 64.7
1.0 64.04+4.48 43.97+3.13 5.86+2.83 12.38+1.85 72.8
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Table 3.79: EIS data for the corrosion of weld aged maraging steel in 1.0 M sulphuric

acid containing different concentrations of ATPI.

Temperature F:or-m: of Rut Cal Ryt Cor
(°C) Inhibitor (ohm. cm?) (mF cm™®) (ohm. cm?) (mF cm?) n %)
(mM)
Blank 7.09+2.45 11.00+2.79
0.3 15.25+2.02 5.11+2.11 2.86+0.31 1.47+0.68 53.5
0.6 16.30+2.04 4.01+£1.06 2.92+1.08 1.16+0.54 56.5
30 0.9 22.80+£2.91 3.26+£2.79 3.32+1.54 0.95+0.84 68.9
1.2 42.71+2.36 1.53+1.16 4.55+1.88 0.47+0.65 83.4
15 88.63+2.72 0.68+0.13 7.37£1.36 0.23+0.09 92.1
Blank 5.05+2.38 11.83+1.86
0.3 9.75+1.22 5.14+2.50 2.52+0.51 1.48+0.78 48.2
35 0.6 11.22+1.37 4.78+1.31 2.61+1.14 1.38+0.51 55.0
0.9 14.07+1.03 3.46+1.26 2.78+1.07 1.01+0.72 64.1
1.2 22.44+2.77 1.87+0.36 3.30+1.17 0.56+0.17 775
15 36.86+2.08 0.83+0.21 4.19+£1.56 0.27+0.04 86.3
Blank 3.95+1.35 12.37+1.20
0.3 7.31+1.41 5.69+2.31 2.37+£0.90 1.63+0.53 46.0
0.6 8.16+1.54 5.00+2.18 2.42+1.11 1.44+0.31 51.6
40 0.9 8.94+2.16 4.48+1.45 2.47+1.44 1.294+0.56 55.8
1.2 14.31+1.12 2.42+1.93 2.80+1.14 0.72+0.17 72.4
15 19.85+1.83 1.47+0.70 3.14+1.26 0.45+0.09 80.1
Blank 3.49+2.08 15.26+1.69
0.3 6.14+1.80 7.68+2.77 2.30+0.76 2.19+0.58 43.2
45 0.6 6.46+2.73 9.26+2.96 2.32+1.83 2.64+0.84 46.3
0.9 7.52+2.05 7.81+£1.75 2.38+1.49 2.23+0.31 53.6
1.2 9.41+1.11 6.05+1.27 2.50+1.95 1.73+0.22 62.9
15 16.86+1.22 2.94+1.07 2.96+1.18 0.86+0.13 79.3
Blank 3.15+1.64 18.08+2.38
0.3 4,96+1.83 10.49+1.73 2.22+0.11 2.98+£1.78 36.5
50 0.6 5.67£2.95 13.67+2.56 2.27+1.46 3.87+0.84 44.4
0.9 6.43+2.80 11.92+2.80 2.31+1.65 3.38+0.84 51.3
1.2 8.20+1.06 9.13+1.19 2.42+1.91 2.60+0.61 61.6
15 10.26+1.20 7.10+2.10 2.55+1.08 2.03+0.26 69.3
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Table 3.80: EIS data for the corrosion of weld aged maraging steel in 1.5 M sulphuric

acid containing different concentrations of ATPI.

Temperature ?:or-u:-. of Rut Cal Ryt Cor
(°C) Inhibitor (ohm. cm?) (mF cm™®) (ohm. cm?) (mF cm™) n %)
(mM)
Blank 3.34+0.50 13.71+2.86
0.3 6.82+1.63 9.28+1.59 2.34+0.36 0.40+0.16 51.3
0.6 7.21+£1.94 7.77£0.50 2.36+1.88 2.22+0.93 53.7
30 0.9 9.85+2.62 7.36+0.21 2.53+1.04 2.10+0.45 66.1
1.2 16.95+1.74 5.45+1.56 2.96+1.14 1.57+0.25 80.3
15 33.40+2.73 3.26+0.48 3.97£1.97 0.95+0.21 90.2
Blank 2.46+1.85 14.52+2.56
0.3 4.57+1.04 8.52+2.08 2.20+1.22 2.43+0.59 46.2
0.6 5.06+2.84 7.71+1.34 2.23+1.18 2.20+0.66 514
35 0.9 7.13+£1.64 5.54+2.01 2.36+1.27 1.59+0.26 65.5
1.2 11.34+2.42 3.57+2.54 2.62+1.34 1.04+0.35 78.3
15 16.29+2.72 2.55+1.12 2.92+1.19 0.75+0.11 84.9
Blank 2.09+1.24 16.09+1.33
0.3 3.79+1.97 10.19+1.01 2.15+1.10 2.90+0.59 44.8
0.6 4.14+1.85 9.35+2.39 2.17+1.37 2.66+1.38 495
40 0.9 4.53+2.23 8.57+2.12 2.20+1.88 2.44+0.15 53.9
1.2 6.97+2.96 5.65+1.13 2.35+1.33 1.62+0.10 70.2
15 9.33+1.36 4.27+£1.06 2.49+1.06 1.23+0.35 77.6
Blank 2.01+0.98 18.30+1.15
0.3 3.38+1.37 12.19+2.26 2.13+1.07 3.46+1.05 40.6
0.6 3.62+1.75 11.40+2.01 2.14+1.49 3.24+0.91 445
45 0.9 4.06+£1.81 10.19+1.74 2.17+£1.69 2.90+0.74 50.5
1.2 5.06+1.56 8.22+1.15 2.23+1.50 2.34+1.04 60.3
15 7.44+1.39 5.66+1.33 2.38+1.69 1.62+0.99 73.1
Blank 1.90+0.39 21.47+2.18
0.3 2.92+0.89 16.39+2.89 2.10£1.82 4.64+1.06 35.1
0.6 3.30£2.46 14.53+1.30 2.12+1.48 4.11+1.41 425
>0 0.9 3.58+2.26 13.41+1.01 2.14+1.99 3.80+0.58 47.3
1.2 4.55+2.94 10.60+2.06 2.20+1.51 3.01+0.57 58.2
15 5.64+2.02 8.59+1.84 2.27+1.74 2.45+0.40 66.3

239



Table 3.81: EIS data for the corrosion of weld aged maraging steel in 2.0 M sulphuric

acid containing different concentrations of ATPI.

Temperature F:or-m: of Rut Cal Ryt Cor
(°C) Inhibitor (ohm. cm?) (mF cm™®) (ohm. cm?) (mF cm?) n %)
(mM)
Blank 2.58+1.31 16.45+2.15
0.5 4.98+0.94 7.61+£1.97 2.23+0.68 2.17+1.38 48.2
1.0 5.21+0.53 7.23+2.19 2.24+0.97 2.07+0.81 50.5
30 15 7.27+0.87 4.93+£1.55 2.37+£1.15 1.42+0.61 64.5
2.0 11.62+1.39 2.75+1.40 2.63+1.33 0.81+0.24 77.8
25 22.05+£1.59 1.03+0.16 3.28+0.99 0.33+0.07 88.3
Blank 2.04+1.16 17.21+2.27
0.5 3.64+0.69 8.59+2.33 2.14+0.87 2.45+1.03 43.9
35 1.0 3.95+1.16 7.83+1.93 2.16+1.12 2.23+1.07 48.4
15 5.54+1.10 5.33£1.35 2.26+1.08 1.53+0.53 63.2
2.0 8.54+0.56 3.15+2.18 2.44+1.41 0.92+0.29 76.1
25 11.72+0.76 2.05+1.56 2.64+0.92 0.61+0.22 82.6
Blank 1.72+0.78 19.56+1.58
0.5 2.96+0.79 9.26+1.88 2.10+0.68 2.64+0.89 41.9
40 1.0 3.28+0.53 8.29+1.32 2.12+0.67 2.36+1.16 475
15 3.48+1.35 7.76+1.96 2.13+1.30 2.21+1.01 50.6
2.0 5.21+1.48 4.89+2.28 2.24+1.00 1.41+0.30 67.1
25 6.94+1.10 3.45+1.57 2.35+0.58 1.00+0.04 75.2
Blank 1.55+0.53 23.82+2.18
0.5 2.50+1.35 14.18+1.66 2.07+£1.12 4.02+£0.77 38.0
45 1.0 2.67+0.73 13.27+2.03 2.08+1.03 3.76+0.62 41.9
15 2.99+0.72 11.74+1.12 2.10+0.77 3.33+0.79 48.1
2.0 3.72+0.81 9.25+2.23 2.15+1.17 2.63+0.85 58.3
25 5.27+0.52 6.27+0.17 2.24+0.78 1.80+0.14 70.6
Blank 1.48+1.33 26.00+1.80
50 0.5 2.22+0.71 16.44+1.07 2.06+0.56 4.65+0.99 33.3
1.0 2.46%1.49 14.74+2.40 2.07£1.38 4.17+1.31 39.8
15 2.64+0.50 13.67+1.31 2.08+1.05 3.87+0.57 43.9
2.0 3.34+0.53 10.64+1.97 2.12+1.27 3.02+0.16 55.7
25 4.02+0.60 8.69+1.24 2.17+£0.73 2.48+0.12 63.2
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Table 3.82: Comparison of maximum attainable inhibition efficiencies by the Tafel
method and EIS method for the corrosion of weld aged maraging steel in sulphuric acid

solutions of different concentrations in the presence of ATPI at 30 °C.

n (%)
Molarity of sulphuric acid Conc. of

ATPI (mM) Tafel EIS
0.1 1.0 97.4 96.8
0.5 1.0 95.5 95.4
1.0 15 91.2 92.0
15 2.0 89.1 90.0
2.0 25 86.0 88.3
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Table 3.83: Activation parameters for the corrosion of weld aged maraging steel in

sulphuric acid containing different concentrations of ATPI.

Molarity Conc. of inhibitor E, AH? AS?
of sulphuric acid (mM) (kJ*t mol™®) (kI mol™) (@ molt K
0.0 4431 4316 -88.32
0.2 50.19 50.02 -81.11
0.4 67.37 67.14 -72.10
o1 0.6 80.48 80.21 -54.07
18 86.81 86.52 -45.06
2.0 99.47 99.13 -20.74
0.0 35.50 37.48 -111.52
0.2 4021 42.45 -102.42
0.4 53.97 56.98 -91.04
05 0.6 64.48 68.08 -68.28
18 69.55 73.43 -56.90
2.0 79.69 84.14 -37.55
0.0 32.79 28.11 -144.08
0.3 37.14 31.84 -132.32
0.6 49.85 42.74 -117.62
Lo 0.9 59.56 51.06 -88.21
1.2 64.24 55.07 7351
15 73.61 63.10 -48.52
0.0 25.24 23.69 -141.93
0.4 28.59 26.83 -130.34
L5 0.8 38.38 36.02 -115.86
1.2 4584 43.03 -86.90
16 49.45 46.41 72.41
2.0 56.66 53.18 -47.79
0.0 21.20 22.58 -142.28
0.5 24.01 25.58 -130.67
1.0 32.23 34.33 -116.15
20 15 3851 41.01 -87.11
2.0 4153 44.24 -72.59
25 4759 50.69 -47.91
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Table 3.84: Thermodynamic parameters for the adsorption of ATPI on weld aged

maraging steel surface in sulphuric acid at different temperatures.

Molarity
o Temperature -AG g6 AH®46 ASCs
of sulphuric acid

(°C) (kJ mol™}) (k mol™}) (I mol* K™

(M)
30 36.38
35 36.24

0.1 40 36.06 -17.22 -69.65
45 35.88
50 35.71
30 36.44
35 36.30

0.5 40 36.12 -21.09 -46.15
45 35.94
50 35.77
30 34.49
35 34.35

1.0 40 34.19 -27.65 -32.11
45 34.02
50 33.85
30 31.18
35 31.05

15 40 30.90 -33.45 -20.08
45 30.75
50 30.60
30 30.91
35 30.79

2.0 40 30.64 -39.53 -15.98
45 30.49
50 30.34
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39 2-(4-CHLOROPHENYL)-2-OXOETHYL BENZOATE (CPOB) AS
INHIBITOR FOR THE CORROSION OF WELD AGED MARAGING STEEL IN
SULPHURIC ACID MEDIUM

3.9.1 Potentiodynamic polarization studies

The potentiodynamic polarization curves for the corrosion of weld aged maraging
steel specimen in 0.5 M sulphuric acid in the presence of different concentrations of
CPOB, at 30 °C are shown in Fig. 3.67. Similar plots were obtained in the other four
concentrations of sulphuric acid at the different temperatures studied. The
potentiodynamic polarization parameters (Ecorr, be, Da, icor @and n (%)) were calculated
from Tafel plots in all the five studied concentrations of sulphuric acid in the presence of
different concentrations of CPOB at different temperatures and are summarized in Tables
3.85to 3.89.
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Fig. 3.67: Potentiodynamic polarization curves for the corrosion of weld aged maraging

steel in 0.5 M sulphuric acid containing different concentrations of CPOB at 30 °C.
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According to the results presented in Tables 3.85 to 3.89 and also from the
polarization curves in Fig. 3.7, icr decreases on the addition of CPOB and the n %
increases with the increase in the inhibitor concentration. CPOB shows similar inhibition
behaviour as that of ATPI and hence the discussion regarding the inhibition behaviour of
ATPI under the section 3.8.1 holds good for CPOB also. Based on the small positive shift
in Ecorr upon the addition of inhibitor, CPOB can be regarded as a mixed type inhibitor
with predominant anodic control. CPOB shows slightly lower inhibition efficiency than

that of ATPI for the corrosion of weld aged maraging steel in sulphuric acid.

3.9.2 Electrochemical impedance spectroscopy (EIS) studies
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Fig. 3.68: Nyquist plots for the corrosion of weld aged maraging steel in 0.5 M sulphuric

acid containing different concentrations of CPOB at 30 °C.

The Nyquist plots obtained for the corrosion of weld aged samples of maraging
steel specimen in 0.5 M sulphuric acid in the presence of different concentrations of

CPOB at 30 °C are shown in Fig. 3.68. Similar plots were obtained in other
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concentrations of sulphuric acid and also at other temperatures. The electrochemical
parameters obtained from the EIS studies are summarized in Tables 3.90 to 3.94. The
increase in diameter of the semicircle with the increase in the CPOB concentration,
indicating the increase in charge transfer resistance (Rc) value and decrease in corrosion
rate (Veorr). The plots are similar to the ones obtained in hydrochloric acid in the presence
of CPOB. The equivalent circuit given in Fig. 3.20 is used to fit the experimental data for
the corrosion of weld aged maraging steel in sulphuric acid in the presence of CPOB.
Hence the discussion in the section 3.3.2 on the equivalent circuit model for the corrosion
of weld aged maraging steel in the presence ATPI holds good here also. As can be seen
from the Tables 3.90 to 3.94, R, Ry values increase and Cq, Cpr values decreases with
the increase in the concentration of CPOB, suggesting decrease in corrosion rate. The
inhibitor molecule CPOB has the electron rich environment in phenyl group due to
resonance of z-electrons of double bonds that can be adsorbed well on the sample
surface. Also carbonyl groups are electron donating groups containing oxygen atom as an

active site (Atta et al. 2011).
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Fig. 3.69: Bode plots for the corrosion of weld aged maraging steel in 0.5 M sulphuric

acid containing different concentrations of CPOB at 30 °C.

The Bode plots for the corrosion of the alloy in 0.5 M sulphuric acid containing

different concentrations of CPOB at 30 °C are shown in Fig. 3.69. Phase angle increases
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with the increase in the concentrations of CPOB in sulphuric acid, hence the discussion

regarding the Bode plot under the section 3.3.2 holds good here also.

A comparison of maximum attainable inhibition efficiencies by the Tafel method
and EIS method, in the presence of CPOB for the corrosion of weld aged maraging steel
in sulphuric acid solutions of different concentrations at 30 °C are listed in Table 3.95. It
is evident from the table that the n (%) values obtained by the two methods are in good

agreement. Similar levels of agreement were obtained at other temperatures also.
3.9.3 Effect of temperature

The Tafel and EIS results pertaining to different temperatures in different
concentrations of sulphuric acid have already been listed in Tables 3.85 to 3.89. The
effect of temperature on corrosion inhibition behaviour of CPOB is similar to that of
ATPI discussed in the section 3.8.3. The decrease in the inhibition efficiency of CPOB
with the increase in temperature may be attributed to the physisorption of CPOB. The
Arrhenius plots for the corrosion of weld aged maraging steel in 0.5 M sulphuric acid in
the presence of different concentrations of CPOB are shown in Fig. 3.70. The plots of
In(vcor/T) vs (1/T) are shown in Fig. 3.71. The calculated values of activation parameters

are given in Table 3.96.

According to the activation parameters presented in Table 3.96, E; for the
dissolution of weld aged specimen of maraging steel specimen is greater in the presence
of inhibitor than in the absence of inhibitor and the extent of increase is proportional to

the inhibitor concentration.
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Fig. 3.70: Arrhenius plots for the corrosion of weld aged maraging steel in 0.5 M

sulphuric acid containing different concentrations of CPOB.
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Fig. 3.71: Plots of In(uvcorr /T) versus 1/T for the corrosion of weld aged maraging steel in

0.5 M sulphuric acid containing different concentrations of CPOB.
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The large negative entropy of activation implies that the activated complex in the
rate determining step represents an association, resulting in a decrease in randomness on
going from the reactants to the activated complex (Marsh 1988, Gomma and Wahdan
1995).

3.9.4 Effect of sulphuric acid concentration

It is evident from both the polarization and EIS experimental results that, for a
particular concentration of the CPOB, the inhibition efficiency decreases with the
increase in sulphuric acid concentration on weld aged maraging steel. The maximum
inhibition efficiency is observed in 0.1 M solution of sulphuric acid.
3.9.5 Adsorption isotherm

The adsorption of CPOB on the surfaces of weld aged maraging steel was found
to obey Langmuir adsorption isotherm. The Langmuir adsorption isotherms for the
adsorption of CPOB on weld aged maraging steel in 0.5 M sulphuric acid are shown in
Fig. 3.72.

0.0015
0.0014
0.0013
0.0012 —-
0.0011 —-
0.0010 —-
0.0009 —-
0.0008 —-

c,./on

0.0007 ]
0.0006 -]
0.0005 -]
0.0004

0.0003

T T T T T T T T T
0.0002 0.0004 0.0006 0.0008 0.0010

c (M)

i (

Fig. 3.72: Langmuir adsorption isotherms for the adsorption of CPOB on weld aged

maraging steel in 0.5 M sulphuric acid at different temperatures.
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The thermodynamic parameters for the adsorption of CPOB on weld aged
maraging steel are tabulated in Tables 3.97. These data also reveal similar inhibition
behaviour of CPOB as that of ATPI as discussed in section 3.8.5. The AGrads values
obtained for the adsorption of CPOB on weld aged maraging steel in all the studied
concentrations of sulphuric acid are in the range of -31.03 to -34.27 kJ mol™ indicating
both physisorption and chemisorption on the alloy surface. The AH%qs values on weld
aged maraging steel is negative with the absolute value below -41.86 kJ mol™, suggesting
physisorption. Therefore it can be concluded that the adsorption of CPOB, on weld aged
maraging steel is mixed type with predominant physisorption. The AS%gs value is large
and negative; indicating that decrease in disordering takes place on going from the
reactant to the alloy adsorbed species. This can be attributed to the fact that adsorption is
always accompanied by decrease in entropy (Ashish Kumar et al. 2010).

3.9.6 Mechanism of corrosion inhibition

The corrosion inhibition mechanism of CPOB in sulphuric acid solution can be
explained in the same lines as that of ATPI in the section 3.8.6. The inhibitor CPOB
protects the alloy surface by adsorbing on it through predominant physisorption mode in
which the protonated CPOB gets adsorbed on the alloy surface through electrostatic
attraction and also to some extent through chemisorption mode involving neutral CPOB

molecules as discussed in the section 3.8.6.
3.9.7 SEM/EDS studies

Fig. 3.73 (a) represents the SEM image of the corroded weld aged maraging steel
sample. The corroded surface shows detachment of particles from the surface. Fig. 3.73
(b) represents SEM image of weld aged maraging steel after the corrosion tests in a
medium of 0.5 M sulphuric containing 0.8 mM of CPOB. The image clearly shows a
smooth surface due to the adsorbed layer of inhibitor molecules on the alloy surface, thus

protecting the metal from corrosion.
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The EDS profile of the corroded surface of the alloy in the presence of CPOB is
shown in Fig. 3.74. The atomic percentages of the elements found in the EDS profile on
the inhibited metal surface were 5.20 % Fe, 0.62% Ni, 1.20% Mo, 15.19% O, 2.66% S,
70.56% C and 4.37% Br and indicated the formation of inhibitor film on the surface of

alloy.

Fig. 3.73: SEM images of the weld aged maraging steel after immersion in 0.5 M
sulphuric acid a) in the absence and b) in the presence of CPOB.
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Fig. 3.74: EDS spectra of the weld aged maraging steel after immersion in 0.5 M

sulphuric acid in the presence of CPOB.
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Table 3.85: Results of potentiodynamic polarization studies for the corrosion of weld

aged maraging steel in 0.1 M sulphuric acid containing different concentrations of CPOB.

Conc. of .
TOmPerAIE nibitor " P o o o )
(°C) (MV/SCE)  (mVdec)  (mVdec?) (mA cm?) (mmy?
(mM)
Blank -371%3 2212 266+3 0.78+0.11 8.99+1.15
0.1 -373+1 218+1 264+2 0.36+0.07 4.14+0.77 53.2
0.2 -370+1 216+3 2612 0.27+0.03 3.11%0.33 65.9
30 0.4 -3683 212+1 259+1 0.20+0.02 2.30+0.28 74.4
0.6 -365+1 208+2 255+1 0.10+0.01 1.15+0.12 86.6
0.8 -362+1 20543 252+1 0.01+0.01 0.12+0.10 98.3
Blank -368+1 257+3 283+2 1274014 14.64+1.41
0.1 -366:2 253+1 280+2 0.63+0.07 7.2540.75 50.6
0.2 -362+1 25043 278+1 0.46+0.08 5.29+0.85 63.9
35 0.4 -358+1 246+3 27543 0.35+0.07 4.03+0.76 72.4
0.6 -355+1 24442 269+1 0.21+0.67 2.4240.72 83.7
0.8 -35242 2402 265+1 0.06+0.01 0.69+0.18 95.5
Blank -365+1 289+2 296+1 1.994020  22.95+2.56
0.1 -367+1 285+1 29243 1.03+0.14  11.85#1.42 483
0.2 -362+2 28042 2901 0.77+0.07 8.86+0.75 61.3
0 0.4 -359+2 27743 286+2 0.59+0.05 6.79+0.54 703
0.6 -35743 275+1 28243 0.40+0.04 4.60+0.38 80.1
0.8 -352+1 27243 2771 0.16+0.03 1.84+0.37 92.4
Blank -362+1 29543 3171 2214021  25.48+2.08
0.1 -36043 292+3 31243 1.19+0.15  13.69+154 462
0.2 -355+1 289+1 3102 0.94+0.13  10.82¢1.30  57.7
* 0.4 -357+1 287+1 306+2 0.71+0.05 8.1740.52 67.8
0.6 -35143 285+3 3021 0.49+0.04 5.64+0.34 776
0.8 -348+1 28143 2972 0.28+0.01 3.2240.14 87.3
Blank -359+1 298+3 32143 2474014  28.48+1.78
0.1 -358+1 295+1 31943, 1414011  16.22#1.39 431
50 0.2 -354+1 292+2 314+1 1.15+0.08  13.23+0.90 534
0.4 -35142 2901 3101 0.90#0.03  10.36+0.37  63.4
0.6 -347+3 289+2 306+3 0.63+0.02 7.25+0.24 74.6
0.8 -344+2 285+1 301+2 0.39+0.01 4.49+0.10 84.1
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Table 3.86: Results of potentiodynamic polarization studies for the corrosion of weld

aged maraging steel in 0.5 M sulphuric acid containing different concentrations of CPOB.

Conc. of .
Temperature inhibitor Ecorr b, -be Tcorr Veorr )
(°C) (MV/SCE) (mVdecl) (mVdecd (mAcm?  (mmy?)
(mM)
Blank -356+3 235+2 268+3 1.80+0.24 20.71+2.43
0.1 -353+2 232+1 26243 0.79+0.18 9.09+1.83 56.2
0.2 -350+3 230+3 258+1 0.64+0.17 7.36x1.74 64.4
30 0.4 -346+3 227+1 255+2 0.41+0.11 4.72+1.10 77.2
0.6 -348+1 22243 25143 0.28+0.05 3.22+0.55 84.3
0.8 -342+2 218+3 249+1 0.07£0.02 0.81+0.28 96.4
Blank -353+2 257+2 276+3 2.41+0.28 27.73£2.75
0.1 -350+3 255+1 273+3 1.12+0.12 12.89+1.22 53.7
0.2 -347+1 251+2 271+1 0.91+0.15 10.47+£1.51 62.2
35 04 -342+3 248+2 268+2 0.63£0.03 7.25+0.34 74.0
0.6 -340+2 243+3 266+1 0.44+0.02 5.06+0.27 81.9
0.8 -337+2 239+2 26243 0.17£0.01 1.96+0.12 93.2
Blank -350+3 279+2 288+3 3.8310.23 44.07+2.32
0.1 -347+1 27613 284+1 1.90+0.16 21.86+1.59 50.5
0.2 -343+2 27443 282+1 1.53+0.19 17.60£1.92 60.0
40 0.4 -340+1 27143 279+1 1.14+0.04 13.12+0.41 70.3
0.6 -336+3 268+1 276+1 0.87+0.04 10.01+0.45 774
0.8 -333+3 264+2 271+1 0.37£0.02 4.26+0.25 90.3
Blank -348+2 296+3 297+1 4.01+0.25 46.14+2.47
0.1 -345+2 292+3 293+3 2.10£0.19 24.16+1.92 475
0.2 -340+1 288+3 289+1 1.68+0.17 19.33£1.72 58.2
e 0.4 -335+1 28543 286+1 1.36+0.08 15.65+0.89 66.2
0.6 -332+1 282+2 282+1 0.98+0.03 11.28+0.34 75.5
0.8 -329+3 278+2 28043 0.45+0.02 5.18+0.29 88.8
Blank -346+2 315+1 306+2 4.30+0.38 49.47+3.83
0.1 -343+3 311+2 304+1 2.36+0.27 27.15+2.71 45.0
50 0.2 -341+3 309+1 301+3 1.91+0.20 21.98+2.01 55.5
0.4 -339+2 305+3 298+3 1.61+0.19 18.52+1.92 62.5
0.6 -335+3 303+3 29543 1.18+0.17 13.58+1.73 72.6
0.8 -332+1 30042 291+1 0.59+0.19 6.79£1.93 86.2
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Table 3.87: Results of potentiodynamic polarization studies for the corrosion of weld

aged maraging steel in 1.0 M sulphuric acid containing different concentrations of CPOB.

Conc. of )
Temperature inhibitor Ecorr b, -b. Icorr Veorr )
(°C) (MV/SCE) (MmVdech) (mVdecl) (mAcm?  (mmy?)
(mM)
Blank -323+1 24743 301+2 8.57+0.37 98.49+3.67
0.2 -327+3 24313 303+2 3.50£0.24 40.27+2.45 59.1
0.4 -319+3 238+2 298+1 2.80+0.25 32.22+2.53 67.3
30 0.6 -314+3 240+1 291+3 2.30£0.29 26.46+2.87 73.1
0.8 -312+1 23543 288+2 1.40+0.21 16.11+2.10 83.6
1.0 -309+3 23143 285+2 0.51+0.20 5.87+£2.02 94.1
Blank -318+2 276+1 305+1 12.81+0.47 147.27+4.73
0.2 -314+2 271+2 301+2 5.71+0.12 65.58+1.15 55.5
0.4 -312+1 274+3 297+1 4.60+0.25 52.93+2.46 64.1
3 0.6 -315+2 267+2 302+1 3.70£0.21 42.57+2.06 71.1
0.8 -309+3 259+2 291+2 2.20+0.38 25.31+3.80 82.2
1.0 -302+3 263+2 287+2 1.40+0.10 16.11+1.01 89.1
Blank -309+1 292+1 30743 18.2+0.39  194.44+3.91
0.2 -311+2 287+2 31043 8.21+0.32 94.35+3.20 515
20 0.4 -306+2 27942 299+2 6.31+0.33 72.49+3.25 62.7
0.6 -302+2 283+3 292+2 5.21+0.27 59.83+2.70 69.2
0.8 -299+3 274+2 295+1 3.70+0.39 42.57+3.88 78.1
1.0 -295+2 27043 288+1 2.50£0.19 28.76+1.94 85.2
Blank -307+1 298+2 303+1 19.42+0.21 223.21+2.08
0.2 -305+3 295+1 299+1 9.91+0.56  113.91+5.62 49.1
0.4 -309+2 287+1 301+3 8.11+0.26 93.20+2.58 58.2
e 0.6 -311+3 291+4 295+3 6.81+0.22 78.24+2.20 64.9
0.8 -308+3 28313 287+3 5.11+0.33 58.68+3.28 73.7
1.0 -293+3 278+2 282+3 3.60+0.18 41.42+1.80 81.4
Blank -305+3 31243 311+1 22.12+0.34  254.27+3.44
0.2 -303+1 31443 306+2 12.3140.37  141.52+3.73 44.3
50 0.4 -300+2 307+3 309+2 9.61+0.24  110.45+2.37 56.6
0.6 -297+3 302+1 303+1 8.41+0.24 96.65+2.38 62.0
0.8 -292+3 297+1 300+1 6.71+0.27 77.09£2.67 69.7
1.0 -288+1 294+2 291+2 5.11+0.17 58.68+£1.71 76.9
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Table 3.88: Results of potentiodynamic polarization studies for the corrosion of weld

aged maraging steel in 1.5 M sulphuric acid containing different concentrations of CPOB.

Conc. of _
Temperature hibitor Ecorr ba -be lcorr Vcorr 0 (%)
(°C) (MV/SCE) (mVdec!) (mVdech (mAcm?  (mmy?)
(mM)
Blank -295+2 252+1 2601 17.02#0.36 195524357
0.4 -296+1 24942 25741 7713025  8859:250 547
0.8 -202+1 24643 25541 6.28+0.32  72.14+3.22 63.1
30 1.2 -289+2 242+3 252+3 4862024  55.92+2.36 714
1.6 -286+3 23942 24942 3.35:0.25  3854#253 803
2.0 -283+3 23542 245+1 1.43:0.15  1645:149 916
Blank -291+1 2532 27242 2362+0.40  271.53+3.96
0.4 -288+2 25042 268+3 11294025  129.78+2.46 522
0.8 -290+1 248+1 2652 910022  10459+221 615
35 1.2 -286+2 24542 26243 761022  87.44%221 6738
1.6 -283+1 24431 250+3 520+0.37  59.71+3.65 78.0
2.0 -280+2 2411 25543 2813028  3233:279 881
Blank -288+2 254+3 276+2 28.03+0.23 332.15+2.30
0.4 -290+2 253+2 27242 13982025  160.73+2.53  50.1
10 0.8 287+1 250+1 270+2 11494023  132.084#2.26  59.0
1.2 -285+3 247+1 267+1 9.45:028  108.61+2.77  66.3
1.6 -282+2 2431 2631 6.79+0.26  78.01+2.65 75.8
2.0 -279+2 2401 2611 3.86:021  44.41#206 862
Blank -285+2 2661 28342 30.33:0.31  348.61#3.10
0.4 -281#3 2641 2812 1569+0.28  180.29+2.85  48.3
i5 0.8 -283+1 26143 27842 13074027  150.26£2.70  56.9
1.2 -279+1 258+3 276+2 10.86+0.27  124.84+270  64.2
1.6 27742 25543 27242 8.19+024  94.12+2.41 73.0
2.0 -273+1 25141 27043 501020  57.53:2.98 835
Blank -283+1 27241 29643 33.03+0.31  379.64%3.05
0.4 -280+1 268+1 294+2 18.60+0.21  213.77+2.09 437
50 0.8 -277+3 2662 29043 15274028  175.46£2.77 538
1.2 -279+1 2631 28943 1245+021  143.13+212 623
1.6 -275+1 2611 2861 9.94+0.39  114.25:3.94  69.9
2.0 -274%2 258+1 284+1 7.93:041  91.92+4.13 76.1
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Table 3.89: Results of potentiodynamic polarization studies for the corrosion of weld

aged maraging steel in 2.0 M sulphuric acid containing different concentrations of CPOB.

Conc. of .
Temperature ihibitor Ecor b, -b, icorr Veorr 1)
(°C) (MV/SCE) (mVdec)) (mVdec)) (mAcm? (mmy?
(mM)
Blank -281+2 223+2 251+1 20.31+0.31  23351+3.05
0.5 -279+1 21942 248+1 0.80+0.30  112.75#3.03 517
1.0 -280+1 21541 24541 8.2620.23 95.04+2.30  59.3
30 15 -276+3 21243 24342 6.5020.27 74794265  68.0
2.0 27242 209+1 23942 4.43+0.29 50.97+2.86  78.2
2.5 -275%2 207+1 23623 2.27+0.27 26.1242.75  88.8
Blank -279+2 24523 2632 27.63+0.22  317.5542.19
0.5 -282+2 24241 26041 14.05£0.25  161.65+2.50  49.1
35 1.0 -280+1 238+1 25843 11.79+0.39  135.65+3.87  57.3
15 27743 2341 2543 9.25+0.26  106.43+2.60  66.5
2.0 -274%1 23142 25143 6.68+0.35 76.86+353  75.8
25 27242 228+1 2482 3.97+0.15 4568+1.50  85.6
Blank -278+3 2692 2743 35.04+0.33  402.63+3.34
0.5 -27643 2651 27141 18.55+0.21  213.43+2.07  47.0
40 1.0 -280+1 26323 2681 15.93+0.29  183.2842.93 545
15 -274%2 2602 2651 12.88+0.48  148.19+4.83  63.2
2.0 2711 25743 2613 0524029  109.53+2.88 728
2.5 26743 25421 25942 6.2020.16 71.33+1.64 823
Blank -275+3 281+1 2883 40.71+0.26  468.28+2.65
0.5 27242 2783 2851 22.18+0.29 255194292 455
45 1.0 -270+1 2753 282+1 19.29+0.30  221.94+3.02  52.6
15 -267+1 273+2 2783 16.00£0.33  184.09+3.32  60.7
2.0 -264+1 27042 27622 12.58+0.31  144.74+3.08  69.1
2.5 -261+2 26742 27423 8.2620.10 95.04+1.97  79.7
Blank -273%3 3013 30242 45274047  520.05+4.65
0.5 -275+1 299+1 30041 26.17+0.31  301.10#3.12 421
50 1.0 -270+1 29523 29623 22.92+0.33  263.71#¥3.25  49.3
15 26742 29243 29423 18.71#0.34  21527+341  58.6
2.0 -263+3 288+3 290+3 15.19+0.25 174.77£2.55 66.4
25 -260+1 284+2 289+3 10.94+0.25 125.87+2.54 75.8
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Table 3.90: EIS data for the corrosion of weld aged maraging steel in 0.1 M sulphuric

acid containing different concentrations of CPOB.

Conc. of
Temperature hibitor Rt Ca Rps o )
(°C) (ohm. cm?) (mF cm?) (ohm.cm?)  (mFcm?)
(mM)
Blank 74.66+1.93 21.01+£3.16
0.1 166.54+2.31 10.40+3.83 8.93+1.92 2.64+1.26 55.2
30 0.2 210.43+2.86 8.44+2.90 11.30+2.52 2.19+1.91 64.5
0.4 306.74+2.75 6.10+3.82 16.48+2.84 1.64+0.81 75.7
0.6 574.75+2.29 3.72+1.21 30.91+1.76 1.09+0.31 87.1
0.8 2400.64+3.54 1.64+0.29 129.23+1.69 0.60£0.09 96.9
Blank 51.17+£2.20 26.57+£3.40
35 0.1 106.89+2.87 13.09+2.49 6.74+2.00 3.27+£1.19 52.1
0.2 135.48+£2.79 10.57+3.26 8.55+2.13 2.68+1.15 62.2
0.4 189.52+£3.95 7.88+3.87 11.97+2.67 2.06+0.97 73.2
0.6 335.98+2.91 4.83+£3.97 21.24+2.27 1.35+0.13 84.8
0.8 960.04+2.04 2.34+0.37 60.76+1.72 0.77+0.08 94.7
Blank 35.45+3.66 32.14+2.15
40 0.1 70.41+£2.70 13.38+2.70 5.06+0.58 3.34+1.41 49.7
0.2 87.12+3.30 10.73+2.23 6.27+2.01 2.72+0.79 59.3
0.4 125.2743.27 7.91+3.80 9.03+1.73 2.19+0.77 717
0.6 192.04+3.36 4.94+1.07 13.86+1.77 1.37+0.82 815
0.8 452.75+3.68 2.37+£0.57 32.72+£2.85 0.81+0.17 92.2
Blank 33.36+£2.04 36.48+2.78
45 0.1 61.63+2.44 17.06+2.86 4.02+0.81 4.19+1.26 459
0.2 76.22+2.81 13.98+2.86 4.98+2.17 3.48+1.13 56.2
0.4 102.68+3.86 10.02+2.25 6.72+2.76 2.55+0.74 67.5
0.6 157.51+2.34 6.88+2.50 10.32+1.70 1.82+0.43 78.8
0.8 288.83+2.60 3.49+0.38 18.95+1.96 1.03+0.20 88.5
Blank 30.19+2.61 41.49+2.22
50 0.1 52.69+3.43 24.48+2.66 3.26+0.70 5.92+1.26 42.7
0.2 63.26+2.28 20.56+3.74 3.92+2.33 5.01+1.42 52.3
0.4 85.02+2.19 15.55+3.23 5.28+2.58 3.84+0.90 64.5
0.6 122.4742.34 11.10+3.02 7.63+2.73 2.81+0.39 75.4
0.8 202.75+2.12 7.10+2.19 12.65+2.78 1.87+0.18 85.1
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Table 3.91: EIS data for the corrosion of weld aged maraging steel in 0.5 M sulphuric

acid containing different concentrations of CPOB.

Conc. of
Temperature - Rt Cal Ryt Cor ")
(°C) (ohm. cm?) (uF cm?) (ohm. cm?) (mF cm™®)
(mM)
Blank 33.56+2.12 40.12+3.87
0.1 74.33+2.20 19.10+2.40 4.81+£0.92 4.67+2.46 54.9
30 0.2 97.39+3.16 14.82+3.29 6.31+2.18 3.67+1.54 65.5
0.4 139.95+2.87 10.61+2.11 9.09+2.22 2.69+1.69 76.0
0.6 205.26+2.01 7.55+1.95 13.34+2.28 1.98+0.44 83.7
0.8 795.26+2.39 2.68+0.64 51.78+2.21 0.84+0.23 95.8
Blank 26.64+3.34 65.92+3.85
35 0.1 56.12+2.37 31.27+£2.31 3.37£0.72 7.51+2.57 52.5
0.2 73.73+£3.50 24.03+£2.14 4.43+£2.12 5.82+1.01 63.9
0.4 105.01£3.52 17.17+2.30 6.33+2.58 4.22+0.74 74.6
0.6 140.21+£3.48 13.11+2.35 8.46+1.73 3.27+0.60 81.0
0.8 373.63+3.75 5.54+2.49 22.61+2.88 1.51+0.46 92.9
Blank 17.85+2.03 109.7742.93
40 0.1 35.17+2.42 54.45+3.69 2.45+0.96 12.91+1.44 49.2
0.2 45,95+3.11 41.91+2.96 3.21+2.81 9.98+1.95 61.2
0.4 62.99+2.87 30.84+2.92 4.4242.51 7.40+1.50 717
0.6 83.10+3.56 23.61+2.21 5.84+2.65 5.72+1.22 78.5
0.8 191.324£3.25 10.82+1.10 13.48+2.41 2.74+0.43 90.7
Blank 17.84+2.96 125.60£2.35
45 0.1 33.39+£3.54 66.46+3.93 1.71+0.44 15.70+1.28 46.6
0.2 44.29+3.86 50.36+£2.51 2.28+1.75 11.95+2.61 59.7
0.4 54.27+2.81 41.2742.00 2.80+2.51 9.83+1.69 67.1
0.6 75.24+2.15 30.05+£3.98 3.90+2.24 7.22+1.49 76.3
0.8 143.29+2.81 16.25+2.21 7.45+2.49 4.01+0.47 87.6
Blank 17.4243.73 158.27+3.26
50 0.1 31.24+3.71 88.23+2.34 1.07+0.25 20.78+£2.32 44.2
0.2 40.18+£3.45 68.80+2.31 1.39+1.60 16.25+2.94 56.7
0.4 47.5242.19 58.34+3.02 1.65+2.31 13.81+1.48 63.3
0.6 65.93+2.24 42.32+3.04 2.30+2.57 10.08+2.34 73.6
0.8 121.39+3.68 23.44+2.77 4.25+2.31 5.68+1.92 85.7
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Table 3.92: EIS data of weld aged maraging steel in 1.0 M sulphuric acid containing

different concentrations of CPOB.

Conc. of
Temperature — Rt Cal Rt Cor 1 (%)
(°C) (ohm. cm?) (mF cm®) (ohm. cm?) (mF cm?)
(mM)
Blank 7.09+1.24 11.00+1.85
0.2 16.64+2.56 5.58+2.91 1.67+0.56 1.32+0.28 57.4
30 0.4 20.43+£2.05 4.71+£1.64 2.05+0.67 0.79+0.26 65.3
0.6 24.70+3.45 4.05+1.33 2.48+0.78 0.58+0.20 71.3
0.8 39.83+3.95 2.85+0.49 3.75+0.66 0.36+0.17 82.2
1.0 102.75%3.95 1.65+0.23 5.11+0.44 0.16+0.12 93.1
Blank 5.05+1.07 11.83+2.73
35 0.2 11.15+2.40 6.25+2.67 1.23+0.70 1.69+0.72 54.7
0.4 14.03+3.48 5.15+2.95 1.55+0.43 1.09+0.33 64
0.6 16.95+2.32 4.41£2.70 1.87+0.58 0.83+0.75 70.2
0.8 26.44+3.69 3.14+1.38 3.20+0.64 0.64+0.18 80.9
1.0 40.08+2.06 2.38+0.28 3.68+0.34 0.57£0.13 87.4
Blank 3.95+1.48 12.37+2.04
40 0.2 7.82+1.71 7.09+1.60 0.84+0.15 2.37+0.78 49.5
0.4 10.05+2.92 5.70+1.30 1.08+0.78 2.18+0.43 60.7
0.6 12.70+3.27 4.71+1.40 1.3610.42 1.34+0.12 68.9
0.8 18.04+2.68 3.58+1.05 2.12+0.66 0.81+0.15 78.1
1.0 28.62+3.08 2.58+0.68 3.07+0.56 0.62+0.11 86.2
Blank 3.49+1.53 15.26+3.04
45 0.2 6.72+3.43 8.81+2.73 0.68+0.51 2.66+0.79 48.1
0.4 8.33+3.17 7.34+2.54 0.81+0.44 2.25+0.54 58.1
0.6 10.54+2.54 5.94+2.39 1.03+0.37 1.86+0.33 66.9
0.8 12.64+2.24 5.09+1.22 1.17+0.72 1.20+0.34 72.4
1.0 19.50+2.69 3.61+1.57 1.91+0.39 0.84+0.26 82.1
Blank 3.15£1.63 18.08+3.27
50 0.2 5.93+2.63 10.48+2.97 0.55+0.14 3.18+0.27 46.9
0.4 7.02+3.00 9.00+2.81 0.65+0.22 2.64+0.23 55.1
0.6 8.63+2.26 7.48+1.14 0.80+0.24 2.24+0.77 63.5
0.8 10.79+1.59 6.16+1.48 1.05+0.36 1.67+0.30 70.8
1.0 13.94+3.53 4.97+1.67 1.29+0.41 1.47+0.04 77.4
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Table 3.93: EIS data for the corrosion of weld aged maraging steel in 1.5 M sulphuric

acid containing different concentrations of CPOB.

Conc. of
Temperature Ret Ca Rpr o
inhibitor n (%)
(°C) (ohm. cm?) (mF cm™) (ohm. cm?) (mF cm™®)
(mM)
Blank 3.3420.21 13.71+2.01
0.4 7.52+0.85 7.07+2.27 0.65+0.18 1.87+0.57 55.6
30 0.8 8.86+0.93 6.16+1.98 0.77+0.20 1.66+0.56 62.3
1.2 12.15+1.60 4.76+1.62 1.07+0.17 1.33+0.58 725
1.6 18.15+1.34 3.51+1.63 1.62+0.23 1.04+0.36 81.6
2.0 46.39+1.03 1.98+0.66 4.19+0.51 0.68+0.19 92.8
Blank 2.4620.69 14.52+2.61
35 0.4 5.23+1.50 7.84+2.53 0.42+0.14 2.0420.65 53.2
0.8 6.13+1.61 6.80+2.36 0.4940.21 1.80+0.47 59.9
1.2 7.83+1.26 5.54+1.31 0.64+0.23 1.51+0.51 68.6
1.6 11.88+0.81 3.99+1.86 0.99+0.50 1.15+0.37 79.3
2.0 24.36+1.02 2.45+0.55 2.07+0.20 0.79+0.12 89.9
Blank 2.09+0.43 16.09+1.61
40 0.4 4.31+1.04 8.75+2.10 0.23+0.17 2.26+0.38 515
0.8 4.88+1.03 7.83+2.68 0.27+0.14 2.04+0.67 57.2
1.2 6.08+0.98 6.50+2.03 0.34+0.19 1.73+£0.44 65.6
16 9.01+1.16 4.70+1.60 0.52+0.20 1.31+0.49 76.8
2.0 14.82+1.29 3.25+0.83 0.8740.19 0.98+0.40 85.9
Blank 2.01+0.59 18.30£2.80
45 0.4 3.84+1.24 10.57+1.70 0.19+0.03 2.68+0.36 47.6
0.8 4.47+1.19 9.23+2.82 0.22+0.07 2.37+0.51 55.1
1.2 5.42+1.57 7.78+1.13 0.28+0.12 2.03+0.36 62.9
16 7.23+1.36 6.08+2.16 0.38+0.14 1.64+0.61 72.2
2.0 11.62+0.79 4.160.19 0.64+0.11 1.19+0.50 82.7
Blank 1.90£0.13 21.47+2.90
50 0.4 3.42+1.11 12.66+1.94 0.15+0.06 3.170.72 445
0.8 3.99+0.92 10.99+1.86 0.18+0.06 2.78+0.38 52.4
1.2 4.76+0.92 9.37+2.02 0.230.16 2.4020.62 60.1
16 6.29:0.86 7.33+1.61 0.31+0.15 1.93+0.58 69.8
2.0 8.88+1.00 5.49+0.94 0.45+0.23 1.50£0.52 78.6
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Table 3.94: EIS data for the corrosion of weld aged maraging steel in 2.0 M sulphuric

acid containing different concentrations of CPOB.

Conc. of
Temperature — Rt Cal Rt Cor 1 (%)
(°C) (ohm. cm?) (mF cm®) (ohm. cm?) (mF cm?)
(mM)
Blank 2.58+0.25 16.41+2.17
0.5 5.02+0.62 7.43+1.38 0.32+0.12 1.95+0.51 48.6
30 1.0 6.00+1.38 6.06+1.31 0.39+0.11 1.63+0.70 57.0
15 7.54+1.90 4.62+1.88 0.50+0.20 1.30+0.66 65.8
2.0 10.62+1.31 2.99+0.74 0.72+0.13 0.92+0.28 75.7
25 19.69+2.26 1.16+0.21 1.36+0.18 0.49+0.15 86.9
Blank 2.04+0.87 17.25+1.17
35 0.5 3.79+0.28 8.27+1.64 0.24+0.04 2.15+0.58 46.2
1.0 4.58+1.30 6.67+1.08 0.30+0.10 1.77+0.63 55.5
15 5.64+1.83 5.24+1.84 0.37+0.13 1.44+0.91 63.8
2.0 7.64+2.52 3.60+1.05 0.51+0.19 1.06+0.34 73.3
25 13.60+2.24 1.59+0.31 0.94+0.22 0.59+0.21 85.0
Blank 1.72+1.00 19.56+2.30
40 0.5 3.09+2.77 9.84+1.52 0.15+0.07 2.51+0.93 44.4
1.0 3.71+1.84 8.07+1.43 0.19+0.08 2.10£0.75 53.6
15 4.43+1.30 6.58+1.36 0.23+0.07 1.75+0.38 61.2
2.0 5.77+2.07 4.83+1.51 0.31+0.08 1.35+0.41 70.2
2.5 10.00+1.26 2.37+0.28 0.57+0.16 0.77+0.15 82.8
Blank 1.55+1.20 23.83+£1.35
45 0.5 2.68+1.84 12.74+1.70 0.11+0.04 3.19+0.96 42.2
1.0 3.12+1.08 10.82+1.03 0.13+0.03 2.74+0.81 50.3
15 3.73+£1.45 8.90+2.70 0.16+0.05 2.29+0.65 58.4
2.0 4.94+1.96 6.48+1.72 0.23+0.08 1.73+0.47 68.6
25 8.03+1.38 3.61+0.91 0.3940.15 1.06+0.25 80.7
Blank 1.48+0.79 26.01+2.67
50 0.5 2.48+1.76 14.55+1.65 0.07+0.02 3.61+0.65 40.4
1.0 2.77+£1.81 12.93+2.55 0.08+0.02 3.23+0.68 46.5
15 3.30+1.76 10.70+2.43 0.10+0.02 2.71+0.77 55.1
2.0 4.10+1.38 8.41+1.94 0.13+0.03 2.18+0.54 63.9
2.5 5.44+2.06 6.09+0.53 0.19+0.03 1.64+0.32 72.8
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Table 3.95: Comparison of maximum attainable inhibition efficiencies by the Tafel

method and EIS method for the corrosion of weld aged maraging steel in sulphuric acid

solutions of different concentrations in the presence of CPOB at 30 °C.

Conc. of n (%)
Molarity of sulphuric acid CPOB (mM) Tafel EIS
0.1 0.8 98.27 96.89
0.5 0.8 96.38 95.78
1.0 1.0 94.04 93.1
15 2.0 91.6 92.8
2.0 25 88.8 86.9

262



Table 3.96: Activation parameters for the corrosion of weld aged maraging steel in

sulphuric acid containing different concentrations of CPOB.

Molarity Conc. of inhibitor E, AH? AS*
of sulphuric acid (mM) (kI mol?) (k' mol™) (I molt K
0.0 44.31 43.16 -88.32
0.1 47.62 45.29 -76.60
0.2 64.45 67.02 -69.39
0.1 0.4 77.36 76.89 -59.48
0.6 82.62 80.08 -49.57
0.8 95.91 92.29 -38.75
0.0 35.50 37.48 -111.52
0.1 43.83 46.28 -96.73
0.2 57.60 60.81 -87.62
0.5 0.4 68.10 71.90 75.11
0.6 72.45 76.49 -62.59
0.8 83.32 87.96 -48.93
0.0 32.79 28.11 -144.08
0.2 40.49 34.71 -124.97
0.4 53.20 45.61 -113.21
1.0 0.6 62.90 53.93 -97.03
0.8 66.92 57.37 -80.86
1.0 76.96 65.97 -63.22
0.0 25.24 23.69 -141.93
0.4 31.16 29.25 -123.10
0.8 40.95 38.44 -111.52
15 1.2 48.42 45.45 -95.59
1.6 51.51 48.35 -79.65
2.0 59.24 55.60 -62.28
0.0 21.20 22.58 -142.28
0.5 26.18 27.88 -123.41
1.0 34.40 36.63 -111.79
2.0 15 40.67 43.32 -95.82
2.0 43.27 46.08 -79.85
25 49.76 52.99 -62.43
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Table 3.97: Thermodynamic parameters for the adsorption of CPOB on weld aged

maraging steel surface in sulphuric acid at different temperatures.

Molarity
Temperature -AG%qs AH%qs ASCqs )
of sulphuric . N b R

(°C) (kJ mol™) (kJ mol™) (I mol™ K™)

acid
30 34.27
35 34.14

0.1 40 33.97 -22.26 -38.14 0.9675
45 33.80
50 33.64
30 32.39

0.5 35 32.27
40 32.11 -28.14 -30.56 0.9742
45 31.95
50 31.80
30 32.78
35 32.65

10 40 32.49 -32.72 -22.06 0.9609
45 32.33
50 32.17
30 32.01
35 31.88

15 40 3173 -36.09 -14.17 0.9821
45 3157
50 31.42
30 31.61
35 31.49

2.0 40 31.33 -38.11 -9.34 0.9805
45 31.18
50 31.03
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3.10 2-(4-BROMOPHENYL)-2-OXOETHYL-4-CHLOROBENZOATE (CPOM)
AS INHIBITOR FOR THE CORROSION OF WELD AGED MARAGING STEEL
IN SULPHURICACID MEDIUM

3.10.1 Potentiodynamic polarization studies

The potentiodynamic polarization curves plots for the corrosion of weld aged
maraging steel specimen in 2.0 M sulphuric acid in the presence of different
concentrations of CPOM, at 30 °C are shown in Fig. 3.75. Similar plots were obtained in
the other four concentrations of sulphuric acid at the different temperatures studied. The
potentiodynamic polarization parameters (Ecorr, De, Da icor @and n (%)) were calculated
from Tafel plots in all the five studied concentrations of sulphuric acid in the presence of
different concentrations of CPOM at different temperatures and are summarized in
Tables 3.98 to 3.102.
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Fig. 3.75: Potentiodynamic polarization curves for the corrosion of weld aged maraging

steel in 2.0 M sulphuric acid containing different concentrations of CPOM at 30 °C.
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It is seen from the Tables that the icor decreases and the inhibition efficiency (n%)
increases with the increase in the inhibitor concentration. The presence of CPOM shifts
Ecorr Slightly towards positive direction. Therefore it can be concluded that CPOM acts as
a mixed type inhibitor on weld aged maraging steel. The rest of the discussion is similar
to the discussion regarding the inhibition behaviour of ATPI, under the section 3.8.1.
CPOM shows slightly lower inhibition efficiency than that of ATPI and CPOB for the

corrosion of weld aged maraging steel in sulphuric acid.
3.10.2 Electrochemical impedance spectroscopy

Fig. 3.76 represents Nyquist plots for the corrosion of weld aged of maraging
steel in 2.0 M sulphuric acid in the presence of different concentrations of CPOM at
30 °C. Similar plots were obtained in other concentrations of sulphuric acid and also at
other temperatures. The impedance parameters derived from the EIS studies are
summarized in Tables 3.103 to 3.107.
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Fig. 3.76: Nyquist plots for the corrosion of weld aged maraging steel in 2.0 M sulphuric

acid containing different concentrations of CPOM at 30 °C.
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It is clear from Fig. 3.76 that the shapes of the impedance plots for the corrosion
of weld aged maraging steel in the presence of inhibitor are not substantially different
from those of the uninhibited one. The plots are similar to those obtained in the
presence of CPOB as discussed in the earlier section 3.8.2. The equivalent circuit given
in Fig. 3.20 is used to fit the experimental data for the corrosion of weld aged maraging
steel in sulphuric acid in the presence of CPOM. As can be seen from the Tables, R¢t, Rpr
values increase and Cg, Cps values decrease with the increase in the concentration of

CPOM which suggests decrease in corrosion rate.

The Bode plots for the corrosion of the alloy in the presence of different
concentrations of CPOM are shown in Fig. 3.77. Phase angle increases with the increase
in the concentrations of CPOM in sulphuric acid. The discussion regarding the Bode plot

under the section 3.3.2 holds good for CPOM also.
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Fig. 3.77: Bode plots for the corrosion of weld aged maraging steel in 2.0 M sulphuric

acid containing different concentrations of CPOM at 30 °C.

A comparison of maximum attainable inhibition efficiency by the Tafel method
and EIS method, in the presence of CPOM for the corrosion of weld aged maraging steel
in sulphuric acid solutions of different concentrations at 30 °C are listed in Table 3.108. It
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is evident from the table that the n (%) values obtained by the two methods are in good

agreement. Similar levels of agreement were obtained at other temperatures also.

3.10.3 Effect of temperature

The Tafel and EIS results pertaining to different temperatures in different
concentrations of sulphuric acid have already been listed in Tables 3.98 to 3.107. The
effect of temperature on corrosion inhibition behaviour of CPOM is similar to that of
ATPI and CPOB on weld aged maraging steel as discussed in the earlier sections. The
decrease in the inhibition efficiency of CPOM with the increase in temperature on weld

aged maraging steel surface may be attributed to the physisorption of CPOM.
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Fig. 3.78: Arrhenius plots for the corrosion of weld aged maraging steel in 2.0 M

sulphuric acid containing different concentrations of CPOM.
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Fig. 3.79: Plots of In(veerr /T) versus 1/T for the corrosion of weld aged maraging steel in

2.0 M sulphuric acid containing different concentrations of CPOM.

The Arrhenius plots for the corrosion of weld aged maraging steel in 2.0 M
sulphuric acid in the presence of different concentrations of CPOM are shown in Fig.
3.78. The plots of In(veor/T) vs (1/T) are shown in Fig. 3.79. The calculated values of

activation parameters are given in Table 3.1009.

The increase in the Ea values with the increase in CPOM concentration indicates
the increase in energy barrier for the corrosion reaction as discussed in earlier sections.
The entropy of activation in the absence and presence of CPOM is large and negative for
the corrosion of alloy. This implies that the activated complex in the rate determining
step represents an association rather than dissociation step, indicating that a decrease in
disordering takes place on going from reactants to activated complex (Marsh 1988,
Gomma and Wahdan 1995).

3.10.4 Effect of sulphuric acid concentration

It is evident from both the polarization and EIS experimental results that, for a

particular concentration of the CPOM, the inhibition efficiency decreases with the
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increase in sulphuric acid concentration on weld aged maraging steel. The maximum

inhibition efficiency is observed in 0.1 M solution.
3.10.5 Adsorption isotherms

The adsorption of CPOM on the surfaces of weld aged maraging steel was
found to obey Langmuir adsorption isotherm as shown in Fig. 3.80. The thermodynamic
parameters obtained for the adsorption of CPOM are tabulated in Tables 3.110. These
data also reveal similar inhibition behaviour of CPOM as that of ATPI as discussed in
section 3.8.5. The values of AG%g and AH%gs suggest both physisorption and
chemisorption of CPOM on weld aged maraging steel with predominant physisorption.
The AS%qs value values indicate increase in randomness on going from the reactants to

the metal adsorbed species.
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Fig. 3.80: Langmuir adsorption isotherms for the adsorption of CPOM on weld aged

maraging steel in 2.0 M sulphuric acid at different temperatures.
3.10.6 Mechanism of corrosion inhibition

The mechanism of corrosion inhibition of weld aged maraging steel in the
presence of CPOM is similar to that of ATPI as discussed under section 3.8.6. The
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protonated CPOM is responsible for physisorption and neutral CPOM molecule
with lone pair of electrons on oxygen and n- electrons of benzene rings are responsible

for chemisorption of CPOM on the alloy surfaces, as discussed in earlier sections.
3.10.7 SEM/EDS studies

Fig. 3.81 (a) represents the SEM image of the corroded weld aged maraging steel
sample which shows the facets due to the attack of sulphuric acid on the metal surface
with cracks and rough surfaces. Fig. 3.81 (b) shows the SEM image of the sample after
immersion in 2.0 M sulphuric acid in the presence of CPOM. It can be seen that the alloy
surface is smooth without any visible corrosion attack. Thus, it can be concluded that

CPOM protects the alloy from corrosion by forming a uniform film on the alloy surface.

Bruen 049 10 56 SEI

Fig. 3.81: SEM images of the weld aged maraging steel after immersion in 2.0 M

sulphuric acid a) in the absence and b) in the presence of CPOM.

The EDS profile of the corroded surface of the alloy in the presence of CPOM is
shown in Fig. 3.82. The atomic percentages of the elements found in the EDS profile for
inhibited metal surface were 7.25 % Fe, 1.84% Ni, 2.33% Mo, 22.19% O, 2.66% ClI,
3.57% S, 66.58 % C and 4.09% Br and indicated the formation of inhibitor film on the

surface of alloy.
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Fig. 3.82: EDS spectra of the weld aged maraging steel after immersion in 2.0 M
sulphuric acid in the presence of CPOM.
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Table 3.98: Results of potentiodynamic polarization studies for the corrosion of weld

aged maraging steel in 0.1 M sulphuric acid containing different concentrations of

CPOM.
Conc. of )
Temperature inhibitor corr b, -be Icorr Veorr )
(°C) (MV/SCE) (MmVdech)  (mVdec?) (mA cm?) (mmy?
(mM)
Blank -371+3 22142 266+2 0.78+0.04 8.99+0.43
0.2 -370+3 216+2 26243 0.45+0.04 5.13+0.39 42.8
04 -372+3 214+2 25743 0.32+0.02 3.72+0.20 58.6
30 0.6 -369+1 210+2 254+1 0.22+0.01 2.52+0.11 71.9
0.8 -367+1 207+1 251+1 0.13+0.04 1.51+0.41 83.2
1.0 -364+3 202+3 248+1 0.07+0.02 0.86+0.22 90.4
Blank -368+3 257+1 283+2 1.27+0.14 14.64+1.61
0.2 -369+3 255+2 27942 0.75+0.01 8.6810.13 40.6
35 0.4 -365+1 2503 27442 0.56+0.03 6.4410.34 55.9
0.6 -361+3 248+1 2712 0.41+0.04 4.66+0.40 68.1
0.8 -358+2 2453 267+1 0.25+0.02 2.82+0.15 80.7
1.0 -354+2 242+3 262+2 0.15+0.05 1.68+0.46 88.5
Blank -365+1 289+1 296+3 1.99+0.22 22.95+2.61
20 0.2 -362+3 287+2 293+2 1.23+0.01 14.10£0.11 38.4
0.4 -360+3 282+1 289+2 0.92+0.03 10.62+0.26 53.6
0.6 -357+1 279+2 284+3 0.68+0.05 7.78+0.48 66.0
0.8 -354+3 274+1 280+2 0.44+0.02 5.06+0.18 77.9
1.0 -350+2 269+3 2753 0.27+0.01 3.16+0.11 86.2
Blank -362+3 295+1 317+1 2.21+0.05 25.48+0.48
0.2 -364+1 29042 31442 1.40£0.02 16.07+0.22 36.8
® 0.4 -359+1 28712 312+1 1.09+0.02 12.59+0.23 50.5
0.6 -355+2 285+1 307+1 0.81+0.02 9.31+0.17 63.4
0.8 -352+1 281+3 303+3 0.55+0.05 6.31+0.47 75.2
1.0 -347+3 27843 299+2 0.38+0.01 4.32+0.15 83.0
Blank -359+3 298+1 321+1 2.47+0.22 28.48+2.52
50 0.2 -356+2 294+1 3161 1.66%0.02 19.13+0.16 32.7
0.4 -353+2 290+3 312+2 1.30+0.04 14.95+0.39 47.4
0.6 -350+3 2871 310+1 0.98+0.02 11.31+0.24 60.2
0.8 -346+3 285+1 305+2 0.68+0.03 7.79+0.33 72.6
1.0 -342+2 281+1 299+2 0.49+0.05 5.63+0.50 80.2

273



Table 3.99: Results of potentiodynamic polarization studies for the corrosion of weld
aged maraging steel in 0.5 M sulphuric acid containing different concentrations of
CPOM.

Temperature -Cor.m.. of Ecorr ba -be icorr Veorr
(°C) inhibitor (MV/SCE)  (mV dec™?) (mV dec™) (mA cm®) (mmy™ n (%)
(mM)
Blank -356+1 235+1 268+2 1.80+0.17 20.71+2.66
0.2 -355+1 230+2 262+2 1.10+0.15 12.60£1.52 39.1
0.4 -352+1 227+3 260+3 0.80+0.18 9.19+1.84 55.6
30 0.6 -348+1 225+3 257+3 0.55+0.06 6.32+0.60 69.4
0.8 -345+3 222+1 255+2 0.34+0.17 3.89+1.71 81.2
1.0 -341+3 220+2 251+3 0.20+0.10 2.33%1.15 88.7
Blank -353+1 257+3 276+3 2.41+0.12 27.73+1.17
0.2 -351+1 253+3 271+2 1.51+0.20 17.40£1.99 37.2
0.4 -347+3 25043 269+1 1.12+0.07 12.93+0.68 53.3
35 0.6 -344+2 248+3 265+2 0.81+0.13 9.37£1.30 66.2
0.8 -340+3 244+2 262+1 0.50+0.08 5.70+0.82 794
1.0 -339+1 240+3 257+1 0.30+0.11 3.42+1.53 87.6
Blank -350+3 279+1 288+2 3.83+0.11 44.07+1.27
0.2 -348+1 273+2 282+3 2.49+0.18 28.67+1.75 349
0.4 -344+1 270+1 280+3 1.88+0.12 21.62+1.21 50.9
40 0.6 -341+1 267+2 277+2 1.38+0.17 15.87£1.75 63.9
0.8 -339+3 265+1 274+3 0.90£0.20 10.35+£1.97 76.5
1.0 -334+2 260+1 271+2 0.56+0.17 6.50£1.73 85.2
Blank -348+1 296+3 297+3 4.01+0.28 46.14+2.47
0.2 -344+2 293+3 294+3 2.68+0.15 30.80+1.49 33.2
0.4 -341+3 290+3 290+1 2.10+0.06 24.14+0.64 47.6
® 0.6 -337+2 288+2 285+1 1.55+0.05 17.88+0.54 61.2
0.8 -336+1 286+2 281+3 1.06+0.11 12.15+1.09 73.6
1.0 -332+1 282+3 277+1 0.73+0.06 8.36+0.60 81.8
Blank -346+3 315+1 306+3 4.30+0.18 49.47+1.82
0.2 -344+1 31043 301+2 3.06£0.16 35.16+1.61 28.9
50 0.4 -342+3 298+3 297+3 2.39+0.18 27.50+1.82 44.4
0.6 -339+2 294+2 295+1 1.81+0.16 20.84£1.61 57.8
0.8 -337+2 291+1 291+2 1.25+0.13 14.38+1.32 70.9
1.0 -335+3 288+3 289+3 0.91+0.06 10.42+0.63 78.9
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Table 3.100: Results of potentiodynamic polarization studies for the corrosion of weld
aged maraging steel in 1.0 M sulphuric acid containing different concentrations of
CPOM.

Temperature -Cor.m.. of Ecorr ba -be icorr Veorr
(°C) inhibitor (MV/SCE)  (mVdec!)  (mV dec? (mA cm™) (mmy™) n (%)
(mM)
Blank -323+1 247+1 301+1 8.56+0.12 98.49+1.22
0.3 -319+1 242+3 299+1 5.01+0.23 57.62+2.31 419
0.6 -314+3 240+2 294+3 3.59+0.24 41.30+2.37 58.7
30 0.9 -312+3 239+1 292+2 2.37+0.20 27.26x2.00 72.8
1.2 -310+1 235+3 290+1 1.36£0.21 15.60+2.06 84.8
1.5 -308+1 233+3 288+2 0.64+0.17 7.42+1.67 925
Blank -318+1 276x1 303+1 12.80+0.21 147.27+2.10
0.3 -314+1 272+1 300+2 7.80+0.19 89.70+1.87 39.1
0.6 -311+2 270+3 297+1 5.63+0.17 64.74+1.67 56.1
35 0.9 -308+1 268+3 293+3 3.80+0.19 43.70+1.94 70.3
1.2 -306+1 2661 290+3 2.25+0.18 25.83+1.78 82.5
1.5 -302+2 261+2 288+2 1.26+0.20 14.45+2.01 90.2
Blank -309+1 292+3 305+3 16.93+0.29 194.44+2.93
0.3 -304+2 288+2 300+3 10.70+0.23 123.16+2.29 36.7
0.6 -301+2 2861 298+2 7.81+0.14 89.87+1.41 53.8
40 0.9 -300+2 282+2 296+1 5.37+£0.24 61.81+2.45 68.2
1.2 -298+3 280+3 294+3 3.30+0.23 37.99+2.32 80.5
15 -296+1 279+1 290+1 1.98+0.12 22.81+1.22 88.3
Blank -307+2 298+2 307+3 19.40+0.38 223.21+3.77
0.3 -305+3 294+1 302+3 12.86+0.22 147.99+2.23 33.7
45 0.6 -300+2 291+3 300+1 9.51+0.23 109.39+2.29 51.2
0.9 -299+2 288+1 299+2 6.68+0.19 76.85+1.94 65.6
1.2 -295+2 285+2 295+2 4.28+0.14 49.24+1.37 77.9
15 -292+3 281+1 292+1 2.75+0.19 31.63+1.86 85.8
Blank -305+2 312+1 31143 22.15+0.23 253.12+2.25
0.3 -300+2 308+3 309+3 15.2740.14 175.68+1.35 30.9
50 0.6 -298+1 305+1 305+3 11.4140.24 131.28+2.37 48.4
0.9 -294+3 302+1 301+1 8.15+0.12 93.83£1.23 63.1
1.2 -290+2 300+1 29943 5.39+0.15 62.04+1.48 75.6
15 -288+1 299+1 2961 3.63+0.15 41.78+1.46 83.6
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Table 3.101: Results of potentiodynamic polarization studies for the corrosion of weld
aged maraging steel in 1.5 M sulphuric acid containing different concentrations of
CPOM.

Temperature -COIle-. of Ecor ba -be icorr Veorr
(°C) inhibitor (mV /SCE) (mV dec™) (mV dec™) (mA cm™?) (mmy?) nC%)
(mM)
Blank -295+1 252+3 260+2 17.00+0.36 195.50+3.61
0.4 -290+2 245+2 2562 10.34+0.39 118.94+3.86 39.2
0.8 -287+2 2412 252+1 7.46+0.35 85.79+3.52 56.1
30 1.2 -284+3 238+1 248+3 5.03+0.28 57.84+2.80 704
1.6 -281+1 235+1 245+2 2.96+0.34 34.09+3.44 82.6
2.0 -278+2 233+3 24243 1.65+0.18 18.99+1.83 90.3
Blank -291+2 253+2 27212 23.60+0.21 271.53+2.06
0.4 -288+3 248+1 268+1 14.95+0.27 171.99+2.69 36.7
0.8 -285+3 244+3 26512 10.91+0.28 125.50+2.76 53.8
35 1.2 -281+2 241+3 261+1 7.50+0.28 86.32+£2.80 68.2
1.6 -277+2 238+1 255+1 4.61+0.32 53.03+3.22 80.5
2.0 -272+1 235+3 251+2 2.77+0.11 31.85+1.11 88.3
Blank -288+1 25442 2762 28.00+0.25 332.15+2.55
0.4 -285+2 249+2 27212 18.56+0.36 213.59+3.57 33.7
0.8 -281+2 24442 268+2 13.72+0.30 157.89+2.96 51.1
40 1.2 -277+1 241+3 26313 9.64+0.39 110.92+3.93 65.6
1.6 -273+1 238+2 260+3 6.17+0.29 71.04+2.87 78.0
2.0 -270+1 235+2 257+1 3.97+0.22 45.65+£2.20 85.8
Blank -285+3 266+1 28312 30.30+0.26 348.61+2.58
0.4 -281+3 263+3 2793 21.06+0.35 242.25+3.50 30.5
0.8 -278+3 260+2 275+1 15.77+£0.34 181.39+3.39 48.1
4 1.2 -275+2 257+2 27112 11.30+0.45 130.03+4.46 62.7
1.6 -271+43 25212 268+2 7.51+0.22 86.46+2.25 75.2
2.0 -268+3 248+3 263%2 5.10+0.21 58.71+2.13 83.2
Blank -283+2 27242 296+1 33.01+0.49 379.62+2.88
0.4 -280+1 268+3 293+1 24.13+0.34 277.62+3.35 26.9
50 0.8 -278+2 265+2 290+3 18.31+0.45 210.65+4.47 445
1.2 -274+3 262+3 288+1 13.40£0.46 154.19+4.64 594
1.6 -270+1 258+1 285+1 9.23+0.37 106.24+3.72 72.2
2.0 -267+1 25212 281+3 6.58+0.26 75.71+2.60 80.1
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Table 3.102: Results of Tafel polarization studies for the corrosion of weld aged

maraging steel in 2.0 M sulphuric acid containing different concentrations of CPOM.

Conc. of )
Temperature hibitor Ecorr b, -b, Tcorr Veorr )
(°C) (MV/SCE)  (mVdec)  (mVdec?) (mA cm?) (mmy?
(mM)
Blank -281+2 2233 2511 20.31+0.31  233.54+3.14
0.5 -279+1 21843 24743 12.94+0.27  148.90+2.73  36.3
1.0 2771 21443 2442 9.47+0.12  108.91#1.19 534
30 15 -273+1 21141 2411 6.53+0.20 75.18+2.02 67.8
2.0 -27043 208+1 239+3 4.05+0.15 46.55+1.52 80.1
25 -268+3 20523 236+2 2.4620.11 28.33+1.14 87.9
Blank -279+1 2452 263+2 27.65+0.35  317.55+3.54
0.5 27742 24043 258+3 18.47#0.21  21247+213 331
1.0 274+4 23843 25543 13.64+0.35  156.90#348 506
35 15 2711 23623 25143 0.62+0.25  110.64+#250 652
2.0 -269+2 23423 248+2 6.2020.38 71.2943.75 77.6
2.5 -265+1 23043 246+2 4.02+0.18 46.30%1.76 85.4
Blank -278+1 26942 274%2 35.04+0.37  402.62+3.74
0.5 -275+1 26541 270+2 24.75+055 28479351 293
4 1.0 -272+2 26242 267+2 18.56+0.51  21359+3.14  47.1
15 -270+1 260+2 26543 13.41+0.40 154.31+4.01 61.7
2.0 -266+2 2582 262+3 9.03+0.28  103.94+2.83 742
25 -262+3 2552 259+3 6.25+0.43 71.92+1.30 82.1
Blank -275+1 28142 288+3 40.74+0.41  468.28+4.10
0.5 2711 27842 2842 30.22+0.27  347.74%269 257
45 1.0 -268+3 274+1 28043 22.95+0.36  264.11#¥3.61 436
15 -265+1 27141 278+1 16.91+0.29 194524295 585
2.0 2611 26943 27743 11.76+0.46  135.33+459 711
2.5 -258+2 2662 27242 8.49+0.18 97.73+1.78 79.1
Blank -273+2 301+1 302+3 45.27+0.28 520.05+2.76
0.5 -269+3 297+3 298+2 35.18+0.20 404.81+2.99 22.2
50 1.0 -265+3 292+2 2961 27.03+0.46 310.99+4.63 40.2
15 -26143 288+1 2941 20.25+0.30  232.93#3.97 552
2.0 25743 283+1 29142 14.47#0.23 166524229  68.0
2.5 -255+1 28041 289+1 10.81£0.19  124.34+188  76.1
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Table 3.103: EIS data for the corrosion of weld aged maraging steel in 0.1 M sulphuric

acid containing different concentrations of CPOM.

Conc. of
Temperature ihibitor Rt Ca Rps o )
(°C) (ohm. cm?) (mF cm™®) (ohm.cm?)  (mFcm?
(mM)
Blank 74.66x2.75 21.01+£2.84
0.2 133.08+2.85 13.17+2.03 9.46+1.48 3.73+x1.12 439
30 0.4 186.65+2.73 9.45+3.87 12.40+2.05 2.69+0.47 60.1
0.6 282.80+3.95 6.31+3.13 17.68+3.15 1.81+0.86 73.6
0.8 501.07+3.65 3.66+2.16 29.67+£1.51 1.06+0.81 85.1
1.0 995.47+2.01 1.95+0.51 56.84+2.63 0.58+0.15 92.5
Blank 51.17+£2.17 26.57+2.85
35 0.2 87.02+3.69 16.95+3.82 7.77£1.02 4.79+0.62 41.2
0.4 123.30£3.71 12.03+3.95 10.11+1.17 3.41+0.26 58.5
0.6 179.54+2.65 8.33+2.12 13.75+3.39 2.37£0.71 715
0.8 284.28+2.77 5.34+1.58 20.52+1.28 1.54+0.58 82.2
1.0 511.70+2.45 3.07+£0.24 35.21+2.32 0.90£0.33 90.0
Blank 35.45+2.38 32.14+3.45
40 0.2 58.02+2.66 21.66+2.87 6.43+1.80 6.12+1.27 38.9
0.4 80.20+2.89 15.73+£2.56 8.06+3.28 4.45+0.61 55.8
0.6 108.41+2.29 11.69+3.71 10.14+2.83 3.32+0.78 67.3
0.8 168.01+£3.98 7.62+1.21 14.54+2.56 2.18+0.72 78.9
1.0 283.60+2.38 4.60£1.57 23.08+2.53 1.33+0.45 87.5
Blank 33.36+£3.90 36.48+3.21
45 0.2 51.88+3.89 25.65+3.76 5.62+2.85 7.24+1.34 35.7
0.4 70.08+£3.99 19.05+2.36 6.84+1.25 5.38+0.65 52.4
0.6 91.40+2.86 14.65+2.63 8.27+£3.25 4.15+1.09 63.5
0.8 134.52+2.44 10.03+2.17 11.17+1.16 2.85+0.87 75.2
1.0 222.40+2.76 6.15+1.46 17.06+2.56 1.76+0.43 85.2
Blank 30.19+3.30 41.49+3.85
50 0.2 45.4742.12 30.13+2.57 5.04+2.34 8.49+1.15 33.6
0.4 59.20+2.69 23.20+£3.51 5.92+2.72 6.55+0.35 49.3
0.6 76.43+£3.47 18.02+3.63 7.02+1.80 5.09+0.67 60.5
0.8 108.60+£2.41 12.75+2.68 9.07+£2.99 3.61+1.00 72.2
1.0 167.72+3.38 8.33+1.30 12.85+1.80 2.37+£0.26 82.0
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Table 3.104: EIS data for the corrosion of weld aged maraging steel in 0.5 M sulphuric

acid containing different concentrations of CPOM.

Conc. of
Temperature o Ret Ca Rpr o
inhibitor n (%)
(°C) (ohm.cm?)  (mFcm?®)  (ohm.cm?)  (mFcm?)
(mM)
Blank 33.56+2.84 4.01+1.82
0.2 57.763.77 2.51+0.95 5.78+1.48 0.74+0.27 419
30 0.4 81.22+2.45 1.79+0.88 7.34+1.66 0.54+0.18 58.7
0.6 123.52+3.84 1.19+0.50 10.15+2.46  0.37+0.04 72.8
0.8 221.37+2.06 0.67+0.29 16.66+1.27  0.22+0.12 84.8
1.0 446.87+3.06 0.34+0.15 31.65+2.70 0.13+0.05 92,5
Blank 26.64+2.21 6.59+2.62
35 0.2 44.36+3.24 4.23+1.41 4.68+1.46 1.22+0.34 40.1
0.4 59.72+2.15 3.1520.72 5.63+1.76 0.92+0.33 55.4
0.6 87.32+2.63 2.1620.70 7.34+1.88 0.64+0.47 69.5
0.8 148.16+2.57 1.28+0.29 11.10£1.82  0.40%0.21 82.3
1.0 251.32+2.23 0.77+0.08 17.48+2.66  0.25+0.16 89.4
Blank 17.85+3.55 10.98+2.94
40 0.2 28.60+3.34 7.24+2.65 4.00+1.12 2.07+0.33 37.6
0.4 37.91+3.70 5.47+1.56 4.67+1.21 1.57+0.33 52.9
0.6 54.47+2.41 3.81+1.87 5.86+2.54 1.110.22 67.2
0.8 85.08+2.69 2.4520.77 8.07+2.21 0.72+0.30 79.1
1.0 136.57+3.08 1.54+0.25 11.78+1.85  0.47+0.19 86.9
Blank 17.84+2.86 12.56+1.66
45 0.2 27.82+3.55 8.51+1.84 3.42+1.05 2.42+0.49 35.9
0.4 36.10+2.23 6.61+2.01 3.86+1.03 1.89+0.31 50.6
0.6 50.17+3.07 4.82+1.06 4.61+1.11 1.39+0.22 64.4
0.8 77.94+2.67 3.18+1.08 6.09+1.76 0.93+0.35 77.1
1.0 115.02+3.85 2.22+0.60 8.07+1.93 0.66+0.23 84.5
Blank 17.42+3.34 15.83+1.86
50 0.2 25.80+2.05 11.63+2.52 2.87+0.51 3.30+0.35 325
0.4 33.03+3.38 9.09+1.98 3.13+0.79 2.59+0.40 473
0.6 44.67+2.18 6.731.72 3.55+1.53 1.93+0.36 61.3
0.8 67.86+3.90 4.43+0.36 4.38+1.31 1.28+0.22 743
1.0 94.1142.58 3.20+0.43 5.33+2.01 0.93+0.17 81.5
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Table 3.105: EIS data for the corrosion of weld aged maraging steel in 1.0 M sulphuric

acid containing different concentrations of CPOM

Conc. of
Temperature o Ret Ca Rpr o
inhibitor n (%)
(°C) (ohm. cm?) (mFcm?)  (ohm.cm?  (mFcm?)
(mM)
Blank 7.09+1.92 11.00+2.81
0.3 12.60+1.11 7.02+1.21 3.2620.52 2.01+0.27 437
30 0.6 18.04+1.38 4.97+1.27 3.84+0.07 1.43+0.23 60.7
0.9 28.34+1.26 3.24+1.05 4.92+0.73 0.95+0.49 75
1.2 55.00+1.15 1.78+0.76 7.73+1.85 0.54+0.20 87.1
15 137.40%2.73 0.8420.21 16.39+1.81 0.27+0.06 94.8
Blank 5.05+1.22 11.83+2.97
35 0.3 8.54+1.18 7.10+1.71 2.64+0.21 2.03+0.39 409
0.6 12.03+1.70 5.11+1.58 2.93+0.31 1.4740.26 58
0.9 18.33+2.93 3.43+0.81 3.45+0.83 1.00+0.42 725
1.2 33.03+2.49 2.00+0.41 4.66+0.89 0.60+0.26 84.7
15 67.51+2.84 1.09+0.54 7.51+1.84 0.34+0.10 925
Blank 3.95+1.27 12.37+2.45
40 0.3 6.42+1.36 8.18+1.89 2.45+0.50 2.33+0.30 38.4
0.6 8.92+1.74 5.94+0.83 2.6510.74 1.70+0.43 55.7
0.9 13.30£1.93 4.06+0.79 3.01+0.20 1.18+0.37 70.3
1.2 22.82+2.10 2.4620.80 3.77+0.93 0.73+0.21 82.7
15 4193255 1.44+0.21 5.30+1.75 0.44+0.14 90.6
Blank 3.49+0.73 15.26+2.03
45 0.3 5.34+1.63 10.60+1.64 2.330.71 3.01+0.39 355
0.6 7.33+1.25 7.79+1.96 2.48+0.24 2.22+0.35 52.9
0.9 10.66+1.14 5.42+1.56 2.7320.61 1.56+0.21 67.7
1.2 17.37£2.66 3.41+1.04 3.22+0.77 0.99+0.27 80.1
15 29.02+2.88 2.130.76 4.08+1.27 0.6320.18 88.1
Blank 3.15+0.87 18.08+2.87
50 0.3 4.68+0.17 11.63+1.82 2.2620.40 3.30+0.44 32.6
0.6 6.33+1.40 8.65+1.36 2.38+0.51 2.46+0.31 50.3
0.9 9.04+1.62 6.13+1.52 2.5620.17 1.76+0.34 65.2
1.2 14.18+1.39 3.99+1.75 2.92+0.55 1.16+0.33 77.8
15 22.23+1.30 2.62+1.60 3.47+0.24 0.7740.16 85.8
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Table 3.106: EIS data for the corrosion of weld aged maraging steel in 1.5 M sulphuric

acid containing different concentrations of CPOM.

Temperature cone. of Rt Ca Ryt o
inhibitor 1 (%)
(°C) (ohm. cm?) (mF cm?) (ohm.cm?  (mF cm?)
(mM)
Blank 3.34+0.99 13.71+2.47
0.4 5.67+1.23 8.43+1.70 2.44+0.17 2.44+0.93 41.1
30 0.8 7.99+1.16 6.13+1.58 2.66+0.82 2.29+0.09 58.2
1.2 12.22+1.31 4.12+1.60 3.04+1.02 2.10+0.82 72.7
1.6 22.15+1.86 2.43+0.53 3.96+1.64 2.01+0.41 84.9
2.0 45.88+2.77 1.29+0.19 6.14+1.05 2.00+0.59 92.7
Blank 2.46+0.52 14.52+1.68
35 0.4 4.02+1.31 8.89+1.91 2.27+0.35 2.46+0.77 38.8
0.8 5.60£1.40 6.35%1.21 2.41+0.60 2.30£0.31 56.1
1.2 8.37+1.60 4.29+0.76 2.65+0.35 2.18+0.32 70.6
1.6 14.47+2.47 2.52+0.35 3.19+0.27 2.07£0.58 83.0
2.0 26.97+2.30 1.45+0.20 4.28+1.51 2.01+0.24 90.9
Blank 2.09+0.49 16.09+2.76
40 0.4 3.24+0.26 11.19+2.12 2.12+0.99 2.61+0.99 355
0.8 4.44+1.40 8.21+1.64 2.20+0.28 2.42+0.41 52.9
1.2 6.46+1.01 5.71+1.38 2.32+0.19 2.27+0.12 67.7
1.6 10.53+1.89 3.59+0.46 2.58+0.58 2.14+0.73 80.2
2.0 17.58+2.49 2.24+0.18 3.02+1.79 2.06+1.38 88.1
Blank 2.01+0.25 18.30+2.98
45 0.4 2.98+2.00 13.61+2.35 2.10+0.48 2.76+0.10 32.6
0.8 4.04+2.48 10.13+1.80 2.16+0.71 2.54+0.44 50.3
1.2 5.77£3.47 7.16+1.80 2.26+0.55 2.36+0.29 65.2
1.6 9.05+2.67 4.65+0.84 2.45+0.78 2.21+0.09 77.8
2.0 14.17+2.89 3.05+0.16 2.76+0.92 2.11+0.75 85.8
Blank 1.90+0.54 21.4742.67
50 0.4 2.69£3.07 16.87+2.98 2.07+0.21 2.961£0.71 294
0.8 3.60£2.34 12.68+2.92 2.12+0.67 2.70+£0.68 47.2
1.2 5.03£3.60 9.14+1.19 2.20£0.32 2.48+0.20 62.2
1.6 7.59+2.95 6.13+0.52 2.34+0.22 2.30+0.58 75.3
2.0 11.24+3.09 4.22+0.65 2.54+0.18 2.18+0.32 83.1
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Table 3.107: EIS data for the corrosion of weld aged maraging steel in 2.0 M sulphuric

acid containing different concentrations of CPOM.

Temperature cone. of Rt Ca Ryt (o
inhibitor 1 (%)
(°C) (ohm. cm?) (mF cm?) (ohm.cm?  (mF cm?)
(mM)
Blank 2.58+0.36 16.43+1.63
0.5 4.23+0.88 11.19+1.92 2.22+0.95 3.18+1.63 39.1
30 1.0 5.91+1.27 8.08+1.51 2.34+0.00 2.30+0.42 56.3
15 8.87+1.13 5.45+2.41 2.55+0.22 1.57+0.39 70.9
2.0 15.45+1.35 3.23+1.93 3.02+0.37 0.94+0.26 83.3
25 29.25+1.95 1.81+0.65 4.01+£0.29 0.54+0.18 91.2
Blank 2.04+£0.91 17.22+1.86
35 0.5 3.18+1.44 12.42+1.90 2.15+0.11 3.52+1.34 35.9
1.0 4.39+1.30 9.06+2.57 2.24+0.40 2.58+0.85 53.5
15 6.42+1.13 6.26+2.27 2.39+0.35 1.7940.67 68.2
2.0 10.60+1.32 3.88+£1.96 2.69+0.81 1.13+0.11 80.8
25 18.07+1.01 2.37+0.43 3.23+0.13 0.70+0.14 88.7
Blank 1.72+0.38 19.51+2.71
40 0.5 2.51+1.09 14.68+2.04 2.07+0.18 4.16+1.65 316
1.0 3.40+1.37 10.90+2.56 2.13+0.40 3.10+0.41 49.5
15 4.82+1.06 7.75+£1.90 2.22+0.97 2.21+0.61 64.3
2.0 7.47+£1.27 5.08+2.72 2.38+0.95 1.46+0.48 77.0
25 11.46+0.82 3.39+0.75 2.62+0.07 0.99+0.43 85.1
Blank 1.55+0.42 23.85+1.60
45 0.5 2.16+1.33 18.09+2.76 2.03+0.23 5.11+0.52 28.2
1.0 2.88+1.08 13.61+2.08 2.07+£0.30 3.86+0.51 46.3
15 4.00£0.76 9.85+2.71 2.13+0.18 2.80+0.45 61.3
2.0 5.97+1.14 6.69+2.62 2.24+0.20 1.91+0.14 74.7
25 8.68+0.87 4.67+0.40 2.38+0.76 1.35+0.51 82.2
Blank 1.48+0.37 26.08+1.88
50 0.5 1.90+1.07 22.95+1.65 2.00£0.35 6.48+0.26 22.2
1.0 2.47+£1.09 17.68+2.20 2.02+0.63 5.00+£0.86 40.2
15 3.30£1.19 13.30+1.62 2.05+0.43 3.77+0.54 55.2
2.0 4.62+1.06 9.58+1.08 2.11+0.35 2.73+0.71 68.8
25 6.19+1.03 7.21+0.68 2.17+0.19 2.06+0.43 76.1
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Table 3.108: Comparison of maximum attainable inhibition efficiencies by the Tafel
method and EIS method for the corrosion of weld aged maraging steel in sulphuric acid

solutions of different concentrations in the presence of CPOM at 30 °C.

n (%)
] L Conc. of
Molarity of sulphuric acid Tafel EIS
CPOM (mM)

(M)
0.1 1.0 90.4 92.5
0.5 1.0 88.7 92.4
1.0 15 92.4 94.8
15 2.0 90.2 92.7
2.0 2.5 87.7 91.1
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Table 3.109: Activation parameters for the corrosion of weld aged maraging steel in

sulphuric acid containing different concentrations of CPOM.

Molarity Conc. of inhibitor E, AH? AS?
of sulphuric acid (M) (mM) (kJ*t mol™®) (kI mol™) (@ molt K
0.0 4431 43.16 -88.32
0.2 51.04 53.46 -59.48
0.4 63.70 66.79 -49.57
0 0.6 76.36 74.12 -41.46
0.8 82.69 80.28 -31.54
1.0 94.99 92.29 -20.73
0.0 35.50 37.48 -111.52
0.2 48.90 59.46 -75.11
0.4 59.05 71.79 -62.59
0.5 0.6 69.19 84.12 -52.35
0.8 74.26 90.28 -39.83
1.0 83.32 101.29 -26.17
0.0 32.79 28.11 -144.08
0.3 45.17 38.72 -97.03
0.6 54.54 46.75 -80.86
1.0 0.9 63.91 54.79 -67.63
1.2 68.59 58.80 -51.46
15 76.96 65.97 -33.81
0.0 25.24 23.69 -141.93
0.4 34.77 32.63 -95.59
0.8 41.98 39.40 -79.65
15 1.2 49.19 46.17 -66.62
1.6 52.80 49.56 -50.69
2.0 59.24 55.60 -33.31
0.0 21.20 2258 -142.28
0.5 29.20 31.11 -95.82
1.0 35.26 37.56 -79.85
2.0 15 41.32 44.01 -66.78
2.0 4435 47.23 -50.81
2.5 49.76 52.99 -33.39
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Table 3.110: Thermodynamic parameters for the adsorption of CPOM on weld aged
maraging steel surface in sulphuric acid at different temperatures.

of'vécfjllapr#uyric Temperature -AG4s AHC 46 AS® 46
acid (°C) (kJ mol™) (kJ mol™) (I mol* K™
30 38.19
35 38.04
0.1 40 37.85 -20.56 -42.40
45 37.67
50 37.49
30 37.49
05 35 37.34
40 37.16 -27.22 -35.29
45 36.98
50 36.80
30 36.89
35 36.75
1.0 40 36.57 -33.63 -28.79
45 36.39
50 36.21
30 3359
35 33.46
15 40 33.29 -38.44 -20.98
45 33.13
50 32.97
30 32.60
35 32.47
20 40 32.31 -44.32 -16.77
45 32.16
50 32.00
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311 (E)-1-(2,4-DINITROPHENYL)-2-[1-(2-NITROPHENYL) ETHYLIDENE]
HYDRAZINE (DNPH) AS INHIBITOR FOR THE CORROSION OF WELD
AGED MARAGING STEEL IN SULPHURIC ACID MEDIUM

3.11.1 Potentiodynamic polarization studies

The potentiodynamic polarization curves for the corrosion of weld aged maraging
steel specimen in 0.5 M sulphuric acid in the presence of different concentrations of
DNPH, at 30 °C are shown in Fig. 3.83. Similar plots were obtained in the other four
concentrations of sulphuric acid at the different temperatures studied. The
potentiodynamic polarization parameters (Ecorr, be, Da, icor @and n (%)) were calculated
from Tafel plots in all the five studied concentrations of sulphuric acid in the presence of
different concentrations of DNPH at different temperatures and are summarized in Tables
3.111 to 3.115.

-100 4 | —— Blank
]| —=—03mM
+— 0.6 mM
—— 0.9 mM
1] —<—1.2mM
-300 >—1.5mM

-200 |
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Fig. 3.83: Potentiodynamic polarization curves for the corrosion of weld aged maraging

steel in 0.5 M sulphuric acid containing different concentrations of DNPH at 30 °C.
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According to the observed Ecor, ba and b values presented in Tables 3.114 to
3.115 DNPH can be regarded as a mixed type inhibitor with predominant anodic
inhibition effect as discussed earlier in the section 3.8.1. DNPH shows lower inhibition
efficiency than that of ATPI, CPOB and CPOM for the corrosion of weld aged maraging

steel in sulphuric acid medium.
3.11.2 Electrochemical impedance spectroscopy

The Nyquist plots obtained for the corrosion of weld aged samples of maraging
steel specimen in 0.5 M sulphuric acid in the presence of different concentrations of
DNPH at 30 °C is shown in Fig. 3.84. Similar plots were obtained in other concentrations
of sulphuric acid and also at other temperatures. The electrochemical parameters obtained
from the EIS studies are summarized in Tables 3.116 to 3.120. From Fig. 3.84, it can be
observed that the impedance spectra show a single semicircle and the diameter of
semicircle increases with increasing inhibitor concentration, indicating the increase in
charge transfer resistance (Rc) value and decrease in corrosion rate (veorr). The plots are
similar to those obtained in the presence of CPOB as discussed in the section 3.8.2.
The equivalent circuit given in Fig. 3.20 is used to fit the experimental data. The results
show that the values of Cq and Cps decrease, while the values of R and Ryt increase with
the increase in the concentration of DNPH, suggesting that the amount of the inhibitor
molecules adsorbed on the electrode surface increases as the concentration of DNPH

increases (Amin et al. 2007).

The Bode plots for the corrosion of the alloy in the presence of different
concentrations of DNPH is shown in Fig. 3.85. Phase angle increases with the increase in
the concentrations of DNPH in sulphuric acid. The discussion regarding the Bode plot
under the section 3.3.2 holds good for DNPH also.

287



-Z" (ohm.cmz)

600

550
500
450
400
350 |
300 |
250
200 -
150
100

50 -

0
0

3
» At
’}“"A S
T T Vv

I'I"‘l“\'l

.\\
5,

50 100

—T T T 7T
150 200 250 300 350 400

450 500 550 600

z (ohm.cmZ)

Fig. 3.84: Nyquist plots for the corrosion of weld aged maraging steel in 0.5 M sulphuric

acid containing different concentrations of DNPH at 30 °C.
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Fig. 3.85: Bode plots for the corrosion of weld aged maraging steel in 0.5 M sulphuric

acid containing different concentrations of DNPH at 30 °C.

A comparison of maximum attainable inhibition efficiencies by the Tafel method

and EIS method, in the presence of DNPH for the corrosion of weld aged maraging steel
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in sulphuric acid solutions of different concentrations at 30 °C are listed in Table 3.121. It
is evident from the table that the n (%) values obtained by the two methods are in good

agreement. Similar levels of agreement were obtained at other temperatures also.

3.11.3 Effect of temperature
The Tafel and EIS results pertaining to different temperatures in different

concentrations of sulphuric acid have already been listed in Tables 3.111 to 3.115. The
effect of temperature on corrosion inhibition behaviour of DNPH is similar to that of
ATPI, CPOB and CPOB on weld aged maraging steel as discussed in the section 3.8.3.
The decrease in the inhibition efficiency of DNPH with the increase in temperature on
weld aged maraging steel surface may be attributed to the physisorption of DNPH. The
Arrhenius plots for the corrosion of weld aged maraging steel in 0.5 M sulphuric acid in
the presence of different concentrations of DNPH are shown in Fig. 3.86. The plots of

In(veorr/ T) Vs (1/T) are shown in Fig. 3.87.

In(v_, ) (mm v

4

0.00310 0.00315 0.00320 0.00325 0.00330
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Fig. 3.86: Arrhenius plots for the corrosion of weld aged maraging steel in 0.5 M

sulphuric acid containing different concentrations of DNPH.
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Fig. 3.87: Plots of In(uvcorr /T) versus 1/T for the corrosion of weld aged maraging steel in

0.5 M sulphuric acid containing different concentrations of DNPH.

The calculated values of activation parameters are given in Table 3.122. The
observations are similar to the ones obtained in the presence of ATPI. The increase in the
activation energy for the corrosion of weld aged maraging steel in the presence of DNPH
indicates the increase in energy barrier for the corrosion reaction. The entropies of
activation in the absence and presence of the inhibitor are large and negative. This
implies that the activated complex in the rate determining step represents an association
resulting in decrease in randomness on going from the reactants to the activated complex
(Gomma and Wahdan 1995, Marsh 1988).

3.11.4 Effect of sulphuric acid concentration

It is evident from both the polarization and EIS experimental results that, for a
particular concentration of the DNPH, the inhibition efficiency decreases with the
increase in sulphuric acid concentration on weld aged maraging steel. The maximum

inhibition efficiency is observed in 1.0 M solution of sulphuric acid.
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3.11.5 Adsorption isotherms

The adsorption of DNPH on the surfaces of weld aged maraging steel was found
to obey Langmuir adsorption isotherm. The Langmuir adsorption isotherms for the
adsorption of DNPH on weld aged maraging steel in 0.5 M sulphuric acid are shown in
Fig. 3.88. The thermodynamic parameters for the adsorption of DNPH on weld aged

maraging steel are tabulated in Tables 3.123.
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Fig. 3.88: Langmuir adsorption isotherms for the adsorption of DNPH on weld aged

maraging steel in 0.5 M sulphuric acid at different temperatures.

These data reveal similar inhibition behaviour of DNPH as that of ATPI as
discussed in section 3.8.5. The values of AG%gs and A H° .4 indicate both physisorption
and chemisorption of DNPH on weld aged maraging steel with predominant

physisorption.

3.11.6 Mechanism of corrosion inhibition

The mechanism of corrosion inhibition of weld aged maraging steel in the
presence of DNPH is similar to that in the presence of ATPI as discussed under section

3.8.6. It is considered that in acidic solution the DNPH molecule can undergo protonation
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at amino group and can exist as a protonated positive species. The physisorption of
DNPH may be considered through electrostatic attraction between the protonated DNPH

and negatively charged chloride ions already adsorbed on the alloy surface.

DNPH shows slightly lesser inhibition efficiency than that of ATPIl, CPOB and

CPOM for the corrosion of weld aged maraging steel in sulphuric acid medium.
3.11.7 SEM/EDS studies

Fig. 3.89 (a) represents the SEM image of the corroded weld aged maraging steel
sample which shows the facets due to the attack of sulphuric acid on the metal surface
with cracks and rough surfaces. Fig. 3.89 (b) shows the SEM image of the sample after
immersion in 0.5 M sulphuric acid in the presence of DNPH. It can be seen that the alloy
surface is smooth without any visible corrosion attack. Thus, it can be concluded that
DNPH protects the alloy from corrosion by forming a uniform film on the alloy surface.

wn D849 10 S6 SEI

Fig. 3.89: SEM images of the weld aged maraging steel after immersion in 0.5 M

sulphuric acid a) in the absence and b) in the presence of DNPH.

The EDS profile of the corroded surface of the alloy in the presence of DNPH is
shown in Fig. 3.90. The atomic percentages of the elements found in the EDS profile for
inhibited metal surface were 8.92 % Fe, 2.74% Ni, 2.66% Mo, 26.56% O, 3.39 % S,
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55.01% C and 7.26% N and indicated the formation of inhibitor film on the surface of

alloy.

CPs

g o

Pz b
— HMikh

b — Cokb Mika

’ b — ek
2

kev

Fig. 3.90: EDS spectra of the weld aged maraging steel after immersion in 1.5 sulphuric

acid in the absence of DNPH.
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Table 3.111: Results of potentiodynamic polarization studies for the corrosion of weld
aged maraging steel in 0.1 M sulphuric acid containing different concentrations of
DNPH.

Conc. of ]
Temperature inhibitor Ecorr b, -be Icorr Veorr %)
(°C) (MV/SCE)  (mVdecl)  (mV dec?) (mA cm?) (mmy?
(mM)
Blank -371+1 22143 26612 0.78+0.02 8.99+0.23
0.3 -370+3 216+3 263+3 0.27+0.03 3.15+0.28 64.9
0.6 -366+1 210+2 25743 0.21+0.01 2.47+0.11 725
30 0.9 -363+1 207+1 255+2 0.17+0.02 1.95+0.20 78.3
12 -360+1 201+1 25143 0.11+0.01 1.29+0.13 85.6
15 -358+1 200+3 249+2 0.06+0.01 0.68+0.19 92.4
Blank -368+1 257+2 283+1 1.27+0.03 14.64+0.25
0.3 -362+3 254+1 278+3 0.47+0.01 5.41+0.15 63.0
0.6 -357+1 24742 274+1 0.38+0.01 4.3340.11 704
35 0.9 -354+2 245%2 26813 0.30+0.02 3.470.16 76.3
12 -350+3 242+2 263+2 0.21+0.02 2.39+0.24 83.6
15 -348+2 240+3 262+1 0.12+0.02 1.39+0.21 90.5
Blank -365+1 289+2 296+1 1.99+0.01 22.95+0.12
0.3 -363+2 281+2 29412 0.7940.03 9.07+0.26 60.4
0.6 -358+3 27843 289+3 0.64+0.02 7.36£0.22 67.9
40 0.9 -356+1 274+1 285+2 0.52+0.03 6.00£0.30 73.8
1.2 -353+3 26943 28313 0.37+0.03 4.30+0.29 81.2
15 -347+3 268+1 280+3 0.24+0.02 2.71+0.18 88.2
Blank -362+3 295+3 317+3 2.21+0.01 25.48+0.13
0.3 -355+2 287+1 31241 0.93+0.02 10.65+0.23 58.1
0.6 -352+2 283+2 306+3 0.76+0.02 8.731£0.25 65.7
4 0.9 -353+3 279+1 302+2 0.63+0.03 7.21+0.30 71.7
12 -347+1 275+2 297+1 0.46+0.03 5.29+0.30 79.2
15 -342+3 273+2 293+2 0.31+0.03 3.51+0.26 86.2
Blank -359+3 298+1 32143 2.47+0.02 28.48+0.22
0.3 -356+1 293+3 319+1 1.12+0.03 12.91+0.29 54.6
50 0.6 -352+3 287+1 315+1 0.93+0.01 10.74+0.10 62.2
0.9 -347+3 283+3 310+1 0.78+0.02 9.03+0.21 68.2
1.2 -341+1 278+3 3071 0.60+0.02 6.87+0.18 75.8
15 -340+1 275+2 302+3 0.42+0.02 4.86+0.24 82.9
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Table 3.112: Results of potentiodynamic polarization studies for the corrosion of weld
aged maraging steel in 0.5 M sulphuric acid containing different concentrations of
DNPH.

Temperature -Cor-m-. of Ecorr ba -be icorr Veorr
(°C) inhibitor (mV /SCE) (mV dec™) (mV dec™) (mA cm™) (mmy™ n (%)
(mM)
Blank -356+2 235+3 268+1 1.80+0.03 20.71+0.30
0.3 -352+1 232+2 263+3 0.68+0.04 7.85+0.38 62.1
0.6 -350+3 226+2 257+2 0.54+0.03 6.23+0.28 69.9
30 0.9 -344+2 222+2 253+1 0.44+0.01 5.01+0.12 75.8
1.2 -342+2 219+2 248+1 0.30+0.03 3.46+0.35 83.3
1.5 -339+3 2172 247+1 0.18+0.01 2.03+0.14 90.2
Blank -353+2 257+2 276+3 2.41+0.03 27.73+0.31
0.3 -348+1 252+1 273+1 0.96+0.02 11.04+0.22 60.2
0.6 -345+2 246+3 267+3 0.78+0.04 8.93+0.36 67.8
35 0.9 -340+3 242+1 264+3 0.63+0.02 7.26£0.22 73.8
1.2 -337+3 237+2 261+1 0.45+0.02 5.21+0.23 81.2
15 -337+3 236x1 259+2 0.28+0.03 3.24+0.31 88.3
Blank -350+3 279+1 288+2 3.83+0.01 44.07+0.15
0.3 -345+3 2772 283+1 1.62+0.02 18.68+0.16 57.6
0.6 -342+1 270£2 277+2 1.331£0.04 15.34+0.38 65.2
0 0.9 -337+3 267+2 273+2 1.10+0.01 12.69+0.11 71.2
1.2 -336+2 264+3 268+3 0.81+0.02 9.34+0.21 78.8
15 -332+3 262+3 267+2 0.54+0.02 6.21+0.20 85.9
Blank -348+1 296+2 297+2 4.01+0.02 46.14+0.19
0.3 -341+3 291+1 29543 1.80+0.02 20.67+0.21 55.2
45 0.6 -339+1 285+1 289+3 1.48+0.03 17.07+0.32 63.0
0.9 -333+3 281+3 286+3 1.24+0.02 14.26+0.19 69.1
1.2 -333+2 276%3 283+2 0.93+0.03 10.75+0.29 76.7
1.5 -330+3 275%3 281+1 0.65+0.03 7.43+0.34 83.9
Blank -346+3 315+3 306+2 4.3040.01 49.47+0.14
0.3 -341+1 31343 301+2 2.21+0.01 25.43+0.14 48.6
50 0.6 -340+1 307+1 295+2 1.87+0.02 21.52+0.22 56.5
0.9 -335+1 304+3 291+1 1.60+0.03 18.40+0.32 62.8
1.2 -334+3 301+2 286+2 1.26+0.02 14.50+0.17 70.7
1.5 -333+3 299+2 285+2 0.94+0.03 10.83+0.32 78.1
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Table 3.113: Results of potentiodynamic polarization studies for the corrosion of weld
aged maraging steel in 1.0 M sulphuric acid containing different concentrations of
DNPH.

Conc. of )
Temperature inhibitor Ecorr ba -b. Icorr Veorr )
(°C) (MV/SCE) (mVdech) (mVdecl) (mAcm?  (mmy?)
(mM)
Blank -323+3 247+1 301+1 8.56+0.24 98.41+2.40
0.4 -322+3 244+2 296+1 2.28+0.28 26.20£2.78 734
0.8 -320+3 23843 290+1 1.81+0.26 20.78+2.56 78.9
30 1.2 -315+3 235+1 286+3 1.23+0.39 14.18+3.85 85.6
1.6 -313+3 232+1 281+2 0.62+0.39 7.19+£3.92 92.7
2.0 -311+2 23042 280+3 0.32+0.26 3.64+0.61 96.3
Blank -318+3 276+2 303+2 12.81+0.22 147.27+2.22
0.4 -312+3 271+2 301+1 3.63+0.27 41.80+2.73 71.6
0.8 -309+1 265+1 295+3 2.92+0.25 33.62+2.54 77.2
35 1.2 -309+3 261+1 292+1 2.0610.38 23.65%3.80 83.9
1.6 -306+3 25613 289+2 1.14+0.23 13.09+2.30 91.1
2.0 -303+1 255+2 28714 0.67+0.30 7.73+£1.03 94.8
Blank -309+3 29242 305+2 16.49+0.35 194.44+3.54
0.4 -308+1 29042 30042 5.20£0.20 59.87+2.05 69.2
0 0.8 -304+1 284+2 29442 4.26+0.24 48.96+2.42 74.8
1.2 -299+2 28143 29042 3.10+0.31 35.66+3.10 81.7
1.6 -297+3 27843 28543 1.88+0.40 21.58+3.98 88.9
2.0 -295+3 276+3 284+1 1.25+0.24 14.43+£2.39 92.6
Blank -307+2. 298+1 307+2 19.46+0.21 223.21+2.14
0.4 -302+3 293+1 305+1 6.52+0.27 75.062.75 66.4
0.8 -306+1 287+2 29943 5.42+0.29 62.41+2.95 72.0
4 1.2 -299+3 283+1 296+2 4.08+0.35 46.99+3.46 79.0
1.6 -297+2 27842 293+1 2.67+£0.31 30.67£3.12 86.3
2.0 -296+3 27743 291+1 1.94+0.35 22.37+£1.47 90.0
Blank -305+2 312+1 311+2 22.10+0.38 253.12+3.78
0.4 -299+2 310+3 3061 8.11+0.37 93.32+£3.70 63.3
50 0.8 -296+2 304+1 300+1 6.84+0.35 78.75%3.46 69.0
1.2 -291+3 301+3 2961 5.30+0.27 61.00£2.74 76.2
1.6 -289+1 298+1 291+2 3.67+0.24 42.23+2.35 83.4
2.0 -286+1 2962 290+2 2.84+0.37 32.67+1.66 87.2
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Table 3.114: Results of potentiodynamic polarization studies for the corrosion of weld

aged maraging steel in 1.5 M sulphuric acid containing different concentrations of

DNPH.
Conc. of
Temperature o corr ba -be icorr Veorr
(°C) inhibitor (mV /SCE) (mV dec™) (mV dec™) (mA cm™) (mmy?) nC4)
(mM)
Blank -295+3 252+2 2601 17.05+0.38 195.53+3.84
0.5 -293+2 24743 25743 5.15+0.31 59.27+3.14 69.7
1.0 -289+2 24143 2511 4.2240.22 48.51+2.16 75.2
30 15 -286+2 237+1 248+2 3.08+0.47 35.40+4.67 81.9
2.0 -283+3 232+1 245+2 1.87+0.30 21.52+2.98 89.0
2.5 -280+3 2312 243+1 1.26+0.13 14.47+1.28 926
Blank -291+2 253+2 27242 23.63+0.39 271.53+3.92
0.5 -285+3 25042 26743 7.58+0.34 87.22+3.39 67.9
1.0 -287+3 24443 2613 6.27+0.46 72.15+4.63 73.4
35 15 -283+2 24143 257+2 4.67+0.34 53.76:4.44 80.2
2.0 -280+2 23842 25242 2.98+0.28 34.29+2.79 87.4
2.5 27743 236+2 2511 2.1240.25 244142 51 91.0
Blank -288+1 254+1 276+3 28.02+0.45 332.15+4.46
05 -288+3 249+2 273+1 9.62:+0.44 110.69+4.42 65.6
1.0 291+3 243+3 267+2 8.05+0.49 92.65+4.87 71.2
40 1.5 -282+1 239+2 264+2 6.14+0.31 70.62+3.12 78.1
2.0 -280+2 234+2 261+1 4.11+0.35 47.29+3.51 85.3
2.5 -278+2 233+1 250+1 3.08+0.26 35.4442.55 89.0
Blank -285+1 266+1 28343 30.31+0.26 348.61+2.61
0.5 -278+1 263+1 281+2 11.16+0.38 128.40+3.80 63.2
.5 1.0 -280+2 25742 274+1 9.44+0.30 108.66+3.05 68.8
1.5 2762 254+3 2712 7.3540.37 84.57+3.67 75.7
2.0 -274+1 251+1 268+2 5.14+0.46 59.09+4.59 83.1
2.5 -270+3 249+2 266+3 4.01+0.26 46.12+2.57 86.8
Blank -283+3 272+1 296+1 33.08+0.35 379.65+3.47
05 -278+3 267+3 291+2 12.98+0.39 149.29+3.91 60.7
50 1.0 27343 2612 28543 11.09+0.25 127.61+2.46 66.4
15 -276+1 257+1 281+1 8.79+0.47 101.11+4.70 73.4
2.0 2731 252+2 276+2 6.35+0.32 73.0543.17 80.8
2.5 2712 251+2 275+2 5.11+0.17 58.77+1.65 845
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Table 3.115: Results of potentiodynamic polarization studies for the corrosion of weld
aged maraging steel in 2.0 M sulphuric acid containing different concentrations of
DNPH.

Conc. of )
Temperature inhibitor Ecorr ba -be Icorr Veorr )
(°C) (MV/SCE) (mVdec? (mVdec!) (mMAcm?  (mmy?)
(mM)
Blank -281+3 22313 251+2 20.38+0.37 233.56+3.66
30 0.5 -278+3 219+2 246+2 7.34+0.29 84.46+2.90 63.8
1.0 -277+1 213+2 240+3 6.21+0.36 71.49+3.58 69.4
15 -274+3 210+1 236+1 4.84+0.28 55.68+2.79 76.2
2.0 -268+3 207+1 231+1 3.38+0.12 38.93+£1.23 83.3
25 -273+2 205+1 23042 2.65%0.19 30.43£1.93 87.0
Blank -279+2 245+1 263+2 27.61+0.34  317.55%3.40
35 0.5 -279+1 240+3 260+2 10.39+0.29 119.53+2.87 62.4
1.0 -276x1 234+1 254+3 8.84+0.32  101.71+3.16 68.0
15 -276x1 23042 251+1 6.95+0.20 79.99+2.99 74.8
2.0 -272+1 225+1 248+3 4.95+0.21 57.00+2.07 82.1
25 -268+3 224+3 246+1 3.94+0.19 45.31+1.95 85.7
40 Blank -278+3 269+2 274+2 35.03+0.49 402.63+4.88
0.5 -275+2 264+3 266+2 13.94+0.36  160.43£3.63 60.2
1.0 -277+3 25843 260£3 11.96+£0.37 137.60£3.71 65.8
15 -272+3 254+1 257+1 9.54+0.36  109.77+3.61 72.7
2.0 -267+3 24942 25442 6.98+0.38  80.34+3.80 80.1
25 -265+3 248+2 25243 5.68+0.21  65.362.07 83.8
45 Blank -275+2 281+1 288+1 40.78+0.47 468.28+4.68
0.5 -269+2 27943 283+1 17.65+0.33  203.09+3.29 56.6
1.0 -266+2 27243 277+2 15.32+0.29 176.31+2.88 62.4
15 -266+1 269+3 273+2 12.48+0.56 143.62+5.61 69.3
2.0 -262+2 266+3 268+1 9.47£0.31  109.01£3.12 76.7
25 -257+3 264+3 267+1 7.95+0.38 91.45+3.84 80.5
50
Blank -273+2 301+2 30243 45.23+0.40 520.05+4.05
0.5 -274+1 299+3 297+1 20.76+£0.22 238.86+2.24 54.1
1.0 -267+3 293+1 291+2 18.15+0.44 208.80+4.41 59.9
15 -265+2 290+1 287+2 14.96+£0.60 172.14+5.96 66.9
2.0 -259+2 2871 282+3 11.59+0.58 133.3415.76 74.4
25 -258+2 285+1 281+1 9.88+0.20 113.63+2.03 78.2
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Table 3.116: EIS data for the corrosion of weld aged maraging steel in 0.1 M sulphuric
acid containing different concentrations of DNPH.

Conc. of
Temperature hibitor Ret Cal Rt o )
(°C) (ohm. cm?) (mF cm?) (ohm.cm®  (mFcm?)
(mM)
Blank 74.66+3.52 21.01+2.11
0.3 224.00+3.66 8.02+2.17 15.70+1.02 2.29+0.85 66.7
30 0.6 290.9615.72 6.23+2.87 19.82+1.50 1.78+0.58 74.3
0.9 377.07+3.49 4.86+2.67 25.12+2.21 1.40+0.39 80.2
1.2 601.13+6.53 3.13+1.70 38.90+2.54 0.91+0.29 87.6
15 1342.81+7.57 1.53+0.16 84.53+2.50 0.47+0.18 94.4
Blank 51.174£2.33 26.57+£3.18
35 0.3 144.34+3.52 10.55+2.88 10.80+1.41 3.00£0.81 64.6
0.6 182.95+3.72 8.37£2.03 13.18+1.63 2.39+1.15 72.0
0.9 232.06+3.11 6.64+2.74 16.20£1.91 1.90+0.10 78.2
1.2 350.48+4.83 4.48+1.85 23.48+2.82 1.29+0.42 85.4
15 667.14+5.66 2.46+1.24 42.96x£1.72 0.73+0.15 92.3
Blank 35.45+2.98 32.14+2.41
40 0.3 92.66+2.79 13.81+3.38 7.62+2.83 3.91+0.98 61.7
0.6 115.47£3.50 11.12+2.75 9.02+1.32 3.16+0.60 69.3
0.9 143.41+3.44 9.00£2.55 10.74+1.30 2.56+0.57 75.3
1.2 206.22+2.84 6.331£2.73 14.61+2.14 1.81+0.29 82.8
15 347.89+4.05 3.84+1.34 23.32+1.31 1.11+0.12 89.8
Blank 33.36+2.91 36.48+2.06
45 0.3 81.80+3.02 16.54+3.38 6.95+1.41 4.68+0.91 59.2
0.6 100.69+3.69 13.48+2.23 8.11+2.09 3.82+0.57 66.9
0.9 123.15+£3.50 11.06+2.12 9.50+1.10 3.14+0.47 72.9
1.2 171.16£2.10 8.02+2.54 12.45+1.80 2.29+0.63 80.5
15 268.60+3.31 5.19+1.79 18.44+2.63 1.49+0.28 87.6
Blank 30.19+3.07 41.49+2.42
50 0.3 67.66+3.21 20.65+2.43 6.08+2.97 5.83+0.91 55.4
0.6 81.82+2.89 17.1243.19 6.95+1.86 4.84+0.56 63.1
0.9 98.02+2.34 14.32+3.27 7.95+1.17 4.06+0.26 69.2
1.2 130.58+2.87 10.81+£2.06 9.95+2.05 3.07+0.38 76.9
15 188.92+3.96 7.54+1.43 13.54+1.87 2.15+0.35 84.0
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Table 3.117: EIS data for the corrosion of weld aged maraging steel in 0.5 M sulphuric

acid containing different concentrations of DNPH.

Conc. of
Temperature i hibitor Rt Ca Rps o )
(°C) (ohm. cm?) (mF cm?) (ohm.cm?)  (mFcm?)
(mM)
Blank 33.56+2.40 40.12+3.87
0.3 100.39+2.13 19.10+2.40 8.10+2.61 0.51+0.11 66.6
30 0.6 130.28+3.89 14.82+3.29 9.93+1.89 0.42+0.15 74.2
0.9 168.64+2.77 10.61+2.11 12.29+1.77 0.34+0.19 80.1
1.2 267.84+3.98 7.55+1.95 18.40+2.85 0.26+0.17 87.5
15 592.93+6.89 2.68+0.64 38.40+1.81 0.17+0.07 94.3
Blank 26.64+2.34 65.92+3.85
35 0.3 75.08+3.86 31.27+2.31 6.54+1.13 0.75+0.23 64.5
0.6 95.14+2.76 24.03+2.14 7.77+2.14 0.62+0.15 72.1
0.9 120.65+3.69 17.17+2.30 9.34+2.28 0.51+0.11 77.9
1.2 182.09+4.72 13.11+2.35 13.12+1.02 0.37+0.15 85.4
15 345.97+5.60 5.54+1.49 23.20+2.32 0.24+0.13 92.3
Blank 17.85+2.04 109.77+4.93
40 0.3 47.21+£3.90 54.45+3.69 4.82+1.54 1.23+0.39 62.2
0.6 59.03+£3.92 41.91+2.96 5.55+1.88 1.01+0.37 69.8
0.9 73.58+3.07 30.84+2.92 6.45+2.35 0.83+0.20 75.7
1.2 106.63+£4.10 23.61+1.21 8.48+1.32 0.60+0.15 83.3
15 183.26%4.15 10.82+1.10 13.19+2.42 0.39+012 90.3
Blank 17.84+2.39 125.60+3.35
45 0.3 44.27+2.28 66.46+3.93 4.64+1.14 1.55+0.47 59.7
0.6 54.62+3.38 50.36+2.51 5.28+2.94 1.28+0.71 67.3
0.9 67.02+2.59 41.27+2.00 6.04+2.26 1.06+0.78 73.4
1.2 93.80+3.41 30.05£1.98 7.69+2.45 0.79+0.21 81,4
15 149.29+4.31 16.25+1.21 11.10+1.79 0.53+0.10 88.1
Blank 17.42+2.79 158.27+4.26
50 0.3 39.47+3.10 88.23+2.34 4.35+1.19 2.14+0.33 55.9
0.6 47.84+2.30 68.80+2.31 4.86+1.87 1.78+0.78 63.6
0.9 57.47+2.65 58.34+2.02 5.45%+1.78 1.50+0.39 69.7
1.2 76.94+2.91 42.32+1.04 6.65+1.45 1.14+0.34 77.4
15 112.46+4.57 23.44+0.77 8.84+1.39 0.81+0.19 84.5
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Table 3.118: EIS data for the corrosion of weld aged maraging steel in 1.0 M sulphuric

acid containing different concentrations of DNPH.

Conc. of
Temperature N Ret Cal Ryt Cot )
(°C) (ohm. cm?) (mF cm?®) (ohm. cm?) (mF cm?)
(mM)
Blank 7.09+1.48 11.00+1.18
0.4 26.65+3.80 3.47+1.04 3.56+0.29 1.01+0.37 73.4
30 0.8 33.60+3.17 2.80+0.62 3.99+0.54 0.82+0.16 78.9
1.2 49.24+3.00 1.98+0.51 4.95+1.10 0.59+0.14 85.6
1.6 97.12+3.73 1.12+0.43 7.89+1.22 0.35+0.19 92.7
2.0 191.62+2.92 0.68+0.16 13.71+1.77 0.23+0.12 96.3
Blank 5.05+1.46 11.83+1.81
35 0.4 17.79+3.25 3.70+1.18 3.01+0.71 1.07+0.14 71.6
0.8 22.12+3.58 3.02+0.66 3.28+0.91 0.88+0.31 77.2
1.2 31.44+2.64 2.19+0.37 3.85+1.61 0.65+0.47 83.9
1.6 56.81+3.36 1.31+0.52 5.41+1.13 0.40+0.25 91.1
2.0 96.19+4.97 0.87+0.17 7.84+1.29 0.28+0.14 94.8
Blank 3.95+1.55 12.37+1.94
40 0.4 12.83+2.91 4.43+1.14 2.71+1.24 1.28+0.40 69.2
0.8 15.69+3.06 3.66+0.83 2.88+1.95 1.06+0.32 74.8
1.2 21.54+2.68 2.73+1.16 3.24+1.66 0.80+0.38 81.7
1.6 35.59+2.83 1.74+0.44 4.11+1.16 0.52+0.23 88.9
2.0 53.23+2.15 1.24+0.20 5.19+1.62 0.38+0.09 92.6
Blank 3.49+1.05 15.26+1.78
45 0.4 10.38+2.03 5.91+1.12 2.56+0.90 1.70+0.34 66.4
0.8 12.48+3.52 4.95+£0.99 2.69+1.92 1.43+0.48 72.2
1.2 16.58+3.51 3.78+1.11 2.94+1.48 1.10+0.15 79.1
1.6 25.40+2.35 2.55+0.79 3.48+1.50 0.75+0.34 86.3
2.0 34.83+2.98 1.92+0.21 4.06+1.08 0.58+0.16 90.0
Blank 3.15+£1.87 18.08+1.19
50 0.4 8.58+3.11 7.30+1.03 2.45+0.81 2.09+0.34 63.3
0.8 10.17+2.78 6.19+1.19 2.54+1.88 1.77+0.21 69.0
1.2 13.13+2.11 4.85+1.14 2.73+1.34 1.40+0.23 76.0
1.6 18.96+2.56 3.42+0.15 3.09+1.44 1.00+0.38 83.4
2.0 24.51+£3.29 2.70+0.19 3.43+1.98 0.79+0.21 87.2
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Table 3.119: EIS data for the corrosion of weld aged maraging steel in 1.5 M sulphuric

acid containing different concentrations of DNPH.

Conc. of
Temperature N Ret Cal Rpt Cot " )
(°C) (ohm. cm?) (mF cm?®) (ohm. cm?) (mF cm?)
(mM)
Blank 3.34+1.61 13.71+2.93
0.5 11.89+1.61 3.91+2.12 2.65+0.69 1.13+0.50 71.9
30 1.0 14.84+2.12 3.18+1.71 2.83+0.64 0.93+0.43 775
15 21.14+1.66 2.30+0.26 3.22+0.90 0.68+0.17 84.2
2.0 38.84+1.16 1.35+0.14 4.31£0.72 0.42+0.18 914
25 68.16+1.31 0.87+0.13 6.11+0.94 0.28+0.03 95.1
Blank 2.46+1.12 14.52+2.75
35 0.5 8.17+1.22 5.55+1.02 2.42+0.75 1.59+0.35 69.9
1;0 10.04+1.76 4.56+1.80 2.54+0.72 1.32+0.23 75.5
15 13.90+2.44 3.36+1.17 2.77+£0.74 0.98+0.37 82.3
2.0 23.65+1.05 2.07£0.95 3.37£0.61 0.62+0.12 89.6
25 36.18+2.10 1.43+0.09 4.15+0.54 0.44+0.12 93.2
Blank 2.09+1.56 16.09+2.63
40 0.5 6.37+£2.00 5.87+1.23 2.31+0.92 1.68+0.18 67.2
1.0 7.71+£2.08 4.89+1.67 2.39+0.72 1.41+0.29 72.9
15 10.35+2.73 3.70+2.03 2.56+0.68 1.07+0.25 79.8
2.0 16.20+1.90 2.44+0.69 2.92+0.88 0.72+0.19 87.1
25 22.72+2.27 1.81+0.42 3.32+0.65 0.54+0.13 90.8
Blank 2.01+0.42 18.30+2.72
45 0.5 5.68+1.16 7.35+2.34 2.27+0.79 2.10+0.11 64.6
1.0 6.77+2.82 6.20+1.11 2.34+0.54 1.78+0.41 70.3
15 8.85+1.61 4.80+2.18 2.46+0.74 1.38+0.16 77.3
2.0 13.05+2.29 3.32+1.63 2.72+0.86 0.97+0.16 84.6
25 17.33+2.71 2.56+0.58 2.99+0.55 0.75+0.31 88.4
Blank 1.90+0.76 21.47+2.88
50 0.5 5.01£2.13 9.64+2.37 2.23+0.93 2.74+0.30 62.1
1.0 5.90£2.03 8.22+2.88 2.28+0.68 2.34+0.23 67.8
15 7.57+2.38 6.46%2.89 2.38+0.51 1.85+0.45 749
2.0 10.73+2.49 4.62+2.03 2.58+0.65 1.33+0.33 82.3
25 13.67+2.54 3.68+1.46 2.76+0.76 1.07+0.36 86.1
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Table 3.120: EIS data for the corrosion of weld aged maraging steel in 2.0 M sulphuric

acid containing different concentrations of DNPH.

Conc. of
Temperature o Ret Ca Rpr Cot
inhibitor n (%)
(°C) (ohm. cm?) (mF cm™) (ohm. cm?) (mF cm™)
(mM)
Blank 2.58+1.03 16.44+2.13
0.5 7.50+2.68 6.41+1.35 2.38+0.66 1.84+0.20 65.6
30 1.0 8.96+2.38 5.40+1.74 2.47+0.76 1.55+0.24 71.2
15 11.75+1.71 4.17+151 2.64+0.63 1.21+0.50 78.2
2.0 17.53+2.21 2.87+1.10 3.00+0.58 0.84+0.49 85.3
25 23.37+2.56 2.21+0.49 3.36+0.56 0.66+0.14 89.1
Blank 2.04+1.16 17.25+1.31
35 0.5 5.65+2.68 6.99+1.02 2.27£0.76 2.00£0.31 63.9
1.0 6.71+2.68 5.92+1.44 2.33+0.96 1.70+0.34 69.6
15 8.68+1.65 4.63+£3.00 2.45+0.92 1.34+0.43 76.5
2.0 12.60+1.79 3.262.97 2.69+0.51 0.95+0.13 83.8
25 16.36+2.87 2.56+1.05 2.93+0.43 0.7520.10 87.5
Blank 1.72+1.08 19.57+2.50
40 05 4.47+2.23 8.58+1.31 2.19+0.60 2.44+0.33 61.5
1.0 5.25+2.64 7.34+2.58 2.24+0.78 2.1040.10 67.2
15 6.67+2.29 5.83+2.45 2.33+0.56 1.67+0.40 74.2
2.0 9.34+2.79 4.2242.95 2.49+0.58 1.2240.18 81.6
25 11.73+2.84 3.41+0.99 2.64+0.89 0.99+0.23 85.3
Blank 1.55+1.01 23.82+1.90
45 0.5 3.68+2.47 12.06+2.79 2.1520.71 3.42+0.27 57.9
1.0 4.27+3.03 10.42+1.98 2.18+0.84 2.96+0.35 63.7
15 5.30+1.67 8.44+1.92 2.25+0.57 2.41+0.18 70.8
2.0 7.12+1.66 6.34+1.87 2.36+0.56 1.82+0.21 78.2
25 8.62+3.07 5.28+1.61 2.45+0.69 1.52+0.19 82.3
Blank 1.48+0.98 26.09+2.57
50 0.5 3.29+1.53 12.66+2.61 2.12+0.98 3.59:0.30 55.2
1.0 3.78+2.45 11.04+1.82 2.15+0.76 3.130.48 60.9
15 4.632.32 9.06+1.67 2.20+0.89 2.58+0.47 68.4
2.0 6.05+1.52 6.98+2.73 2.29+0.66 2.00£0.19 75.5
25 7.1742.07 5.93+1.39 2.3620.56 1.70£0.13 79.4
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Table 3.122: Comparison of maximum attainable inhibition efficiencies by the Tafel
method and EIS method for the corrosion of weld aged maraging steel in sulphuric acid

solutions of different concentrations in the presence of DNPH at 30 °C.

Conc. of n (%)
Molarity of sulphuric acid DNPH (mM) Tafel EIS
0.1 15 92.4 94.4
05 15 86.4 94.3
1.0 2.0 96.3 96.0
15 2.0 92.6 95.1
2.0 25 86.9 88.9
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Table 3.122: Activation parameters for the corrosion of weld aged maraging steel in

sulphuric acid containing different concentrations of DNPH.

Molarity Conc. of inhibitor E, AH? AS?
of sulphuric acid (mM) (kJ** mol™®) (kI mol ™) (@ molt K
0.0 4431 43.16 -88.32
0.1 48.83 47.56 -80.21
0.2 50.64 49.33 -72.86
0 0.4 55.61 54.17 -61.91
0.6 63.30 61.66 -37.85
0.8 72.34 70.47 -31.54
0.0 35.50 37.48 -111.52
0.1 39.12 41.30 -101.28
0.2 40.57 42.83 -92.00
0% 0.4 4456 47.04 -78.18
0.6 50.71 53.54 -47.79
0.8 57.96 61.19 -39.83
0.0 32.79 28.11 -144.08
0.2 36.14 30.98 -130.85
0.4 37.47 32.13 -118.87
Lo 0.6 41.15 35.28 -101.00
0.8 46.84 40.16 -61.75
1.0 53.53 45.89 -51.46
0.0 25.24 23.69 -141.93
0.4 27.82 26.11 -128.90
0.8 28.85 27.07 -117.09
Lo 1.2 31.68 29.73 -99.50
16 36.06 33.84 -60.83
2.0 41.21 38.68 -50.69
0.0 21.20 22.58 -142.28
0.5 23.36 24.88 -129.21
1.0 24.23 25.81 -117.38
20 15 26.61 28.34 -99.74
2.0 30.29 32.26 -60.98
2.5 34.61 36.87 -50.81
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Table 3.123: Thermodynamic parameters for the adsorption of DNPH on weld aged
maraging steel surface in sulphuric acid at different temperatures.

ofN;?JII?)rr:S;ic Temperature -AG%qs AH%qs ASs
acid (°C) (kJ mol™) (kJ mol™) (I mol* K™
30 34.91
3% 34.77
0.1 40 2460 1432 57.98
45 34.43
50 34.26
30 33.26
% 33.13
05 40 207 -25.02 41,09
45 32.81
50 32,65
30 33.74
1.0 jz 2oL 3250 36.78
33.44 : :
45 33.28
50 33.12
30 32,82
% 32,69
15 40 25 -36.78 3123
45 3237
50 3221
30 31.04
% 30.92
2.0 40 s076 -39.01 26,75
45 30,61
50 30.47

306



3.12 5-DIETHYLAMINO-2-{[2-(2,4-DINITROPHENYL) HYDRAZIN-1-
ETYLIDENE]JMETHYL PHENOL (DDPM) AS INHIBITOR FOR THE
CORROSION OF WELD AGED MARAGING STEEL IN SULPHURIC ACID
MEDIUM

3.12.1 Potentiodynamic polarization studies

The potentiodynamic polarization curves for the corrosion of weld aged maraging
steel specimen in 0.1 M sulphuric acid in the presence of different concentrations of
DDPM, at 30 °C are shown in Fig. 3.91. Similar plots were obtained in the other four
concentrations of sulphuric acid at the different temperatures studied. The
potentiodynamic polarization parameters (Ecorr, D¢, Da, icorr @nd n (%)) were calculated
from Tafel plots in all the five studied concentrations of sulphuric acid in the presence of
different concentrations of DDPM at different temperatures and are summarized in
Tables 3.124 to 3.128.
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Fig. 3.91: Potentiodynamic polarization curves for the corrosion of weld aged maraging

steel in 0.1 M sulphuric acid containing different concentrations of DDPM at 30 °C.
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According to the observed Ecor, ba and b values presented in Tables 3.124 to
3.128 DDPM can be regarded as a mixed type inhibitor with predominant anodic
inhibition effect as discussed earlier in the section 3.8.1. DDPM shows lower inhibition
efficiency than that of ATPI, CPOB, CPOM and DNPH for the corrosion of weld aged

maraging steel in sulphuric acid medium.
3.12.2 Electrochemical impedance spectroscopy

The Nyquist plots obtained for the corrosion of weld aged samples of maraging
steel specimen in 0.1 M sulphuric acid in the presence of different concentrations of
DDPM at 30 °C is shown in Fig. 3.92. Similar plots were obtained in other concentrations
of sulphuric acid and also at other temperatures. The electrochemical parameters obtained

from the EIS studies are summarized in Tables 3.129 to 3.133.
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Fig. 3.92: Nyquist plots for the corrosion of weld aged maraging steel specimen in 0.1 M
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EIS studies also revealed that inhibition behaviour of DDPM is similar to that of
ATPI as discussed in the section 3.8.1. But DDPM shows slightly lower inhibition
efficiency than that of ATPI. It is clear from the Fig. 3.92 that the shapes of the
impedance plots for the corrosion weld aged maraging steel in the presence of inhibitor
are not substantially different from those of the uninhibited one implying that, the
presence of inhibitor increases the impedance but does not change other aspects of the
behaviour. The equivalent circuit given in Fig. 3.20 (under Section 3.3.2) is used to fit the
experimental data for the corrosion of weld aged maraging steel in sulphuric acid in the
presence of DDPM. As can be seen from the Tables, Ry and Rps values increase and Cg
and Cys values decrease with the increase in the concentration of DDPM. The Bode plots
for the corrosion of the alloy in the presence of different concentrations of DDPM are
shown in Fig. 3.93. Phase angle increases with the increase in the concentrations of
DDPM in sulphuric acid.
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Fig. 3.93: Bode plots for the corrosion of weld aged maraging steel specimen in 0.1 M

sulphuric acid containing different concentrations of DDPM at 30 °C.

A comparison of maximum attainable inhibition efficiencies in the presence of
DDPM for the corrosion of weld aged maraging steel in the sulphuric acid solutions of
different concentrations at 30 °C are listed in Table 3.134. It is evident from the table that
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the inhibition efficiency values obtained by the two methods are in good agreement.

Similar levels of agreement were obtained at other temperatures also.

3.12.3 Effect of temperature

The Tafel and EIS results pertaining to different temperatures in different

concentrations of sulphuric acid have already been listed in Tables 3.124 to 3.133. The

slight increase in inhibition efficiency with the increase in temperature on weld aged

specimen may be the result of predominant chemisorption of DDPM on the alloy surface

(Szauer and Brand 1981, Sankarapapavinasm et al. 1991).
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Fig. 3.94: Arrhenius plots for the corrosion of weld aged maraging steel in 0.1 M

sulphuric acid containing different concentrations of DDPM.

According to Singh et al. (1979) with the increase in temperature some chemical

changes occur in the inhibitor molecules, leading to the increase in the electron densities

at the adsorption centres of the molecule, thereby causing an improvement in inhibition

efficiency. The Arrhenius plots for the corrosion of weld aged maraging steel in 0.1 M

sulphuric acid in the presence of different concentrations of DDPM are shown in Fig.
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3.94. The plots of In(vcorr/T) vs (1/T) are shown in Fig. 3.95. The calculated values of

activation parameters are given in Table 3.135.
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Fig. 3.95: Plots of In(vcorr /T) versus 1/T for the corrosion of weld aged maraging steel in
0.1 M sulphuric acid containing different concentrations of DDPM.

The increase in the activation energy for the corrosion of weld aged maraging
steel in the presence of DDPM indicates the increase in energy barrier for the corrosion
reaction. The entropies of activation in the absence and presence of the inhibitor are large
and negative. This implies that the activated complex in the rate determining step
represents an association resulting in decrease in randomness on going from the reactants

to the activated complex (Marsh 1988, Gomma and Wahdan 1995).
3.12.4 Effect of sulphuric acid concentration

It is evident from both the polarization and EIS experimental results that, for a
particular concentration of the DDPM, the inhibition efficiency decreases with the
increase in sulphuric acid concentration on weld aged maraging steel. The maximum

inhibition efficiency is observed in 1.0 M solution.
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3.12.5 Adsorption isotherms

The adsorption of DDPM on the surfaces of weld aged maraging steel was found
to obey Langmuir adsorption isotherm. The Langmuir adsorption isotherms for the
adsorption of DDPM on weld aged maraging steel in 0.1 M sulphuric acid are shown in
Fig. 3.96. The thermodynamic parameters for the adsorption of DDPM on weld aged
maraging steel are tabulated in Tables 3.136. The values of AG%gs and A He . indicate
both physisorption and chemisorption of DDPM on weld aged maraging steel with
predominant chemisorption. The AS%gs value values indicate increase in randomness on

going from the reactants to the metal adsorbed species.

c,/o M

— T - T - T T T T 1 T T T T T T T
0.0002 0.0004 0.0006 0.0008 0.0010 0.0012 0.0014 0.0016 0.0018 0.0020 0.0022
Cinn (M)

Fig. 3.96: Langmuir adsorption isotherms for the adsorption of DDPM on weld aged
maraging steel in 0.1 M sulphuric acid at different temperatures.
3.12.6 Mechanism of corrosion inhibition

The mechanism of corrosion inhibition of weld aged maraging steel in the
presence of DDPM is similar to that in the presence of ATPI as discussed under section
3.8.6. It is considered that in acidic solution the DDPM molecule can undergo

protonation at amino group and can exist as a protonated positive species. The protonated
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species gets adsorbed on the cathodic sites of the metal surface through electrostatic
interaction, thereby decreasing the rate of the cathodic reaction. The chemisorption is
attributed to be due to the chemical nature of interaction between inhibitor molecule and
the alloy surface as reported by Lagrenee et al. (2002).

3.12.7 SEM/EDS studies

Fig. 3.97 (a) represents SEM image of the corroded weld aged maraging steel
sample which shows the facets due to the attack of sulphuric acid on the metal surface
with cracks and rough surfaces. Fig. 3.97 (b) shows the SEM image of the sample after

immersion in 0.1 M sulphuric acid in the presence of DDPM.

Fig. 3.97: SEM images of the weld aged maraging steel after immersion in 0.1 M
sulphuric acid a) in the absence and b) in the presence of DDPM.

It can be seen that the alloy surface is smooth without any visible corrosion
attack. Thus, it can be concluded that DDPM protects the alloy from corrosion by
forming a uniform film on the alloy surface. The EDS profile of the corroded surface of
the alloy in the presence of CPOM is shown in Fig. 3.98. The atomic percentages of the
elements found in the EDS profile for inhibited metal surface were 6.05 % Fe, 3.11% Ni,
1.98% Mo, 34.25% O, 5.21 % S, 45.67 % C and 4.75 N and indicated the formation of

inhibitor film on the surface of alloy.
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Fig. 3.98: EDS spectra of the weld aged maraging steel after immersion in 0.1 M
sulphuric acid in the absence of DDPM.
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Table 3.124: Results of potentiodynamic polarization studies for the corrosion of weld

aged maraging steel in 0.1 M sulphuric containing different concentrations of DDPM.

Conc. of
Temperature L Ecorr ba -be icorr Veorr
inhibitor n (%)
(°C) (MV/SCE)  (mVdec?  (mV dec?) (mA cm?) (mmy?
(mM)
Blank -371+1 22143 266+3 0.78+0.02 8.99+0.15
0.3 -370+3 21942 262+1 0.43+0.01 5.00£0.13 44.3
0.6 -366+2 211+1 258+3 0.36+0.01 4.18+0.14 53.4
30 0.9 -365+3 208+2 25343 0.29+0.02 3.35+0.17 62.7
1.2 -362+1 205+1 249+1 0.19+0.03 2.20£0.30 75.5
15 -360+2 203+1 246+2 0.14+0.02 1.56+0.18 82.6
Blank -368+3 257+3 283+2 1.27+0.03 14.64+0.26
0.3 -362+1 253+2 281+3 0.68+0.03 7.78+0.26 46.7
0.6 -360+3 249+2 273+2 0.56+0.02 6.43+0.16 56.1
35 0.9 -355+2 244+1 270£3 0.44+0.02 5.04+0.17 65.5
1.2 -352+3 240+3 267+2 0.27+0.03 3.13+0.30 78.6
15 -350+3 237+3 265+3 0.18+0.02 2.07+0.16 85.8
Blank -365+2 289+1 2963 1.99+0.02 22.95+0.21
0.3 -362+3 293+1 300+3 1.00+0.02 11.49+0.24 49.8
0.6 -358+2 285+2 292+1 0.81+0.02 9.3240.23 59.3
40 0.9 -356+1 282+2 289+3 0.62+0.02 7.10+0.21 69.2
1.2 -354+3 279+3 286+1 0.35+0.01 4.05+£0.14 82.3
15 -350+3 277+2 284+2 0.21+0.02 2.36+0.20 89.7
Blank -362+2 295+3 317+2 2.22+0.03 25.48+0.25
0.3 -356+1 291+1 313+1 1.03£0.02 11.85+0.18 53.4
45 0.6 -353+1 287+1 309+1 0.82+0.03 9.39+0.27 63.1
0.9 -354+2 282+1 304+3 0.60+0.01 6.88+0.13 73.3
1.2 -348+3 278+2 300+3 0.30+0.02 3.42+0.22 86.6
15 -346+1 275+1 297+1 0.13+0.02 1.50+0.18 94.1
Blank -359+3 298+2 321+1 2.47+0.02 28.48+0.18
0.3 -356+3 302+2 326+1 1.08+0.02 12.41+0.25 56.3
50 0.6 -350+2 294+3 317+1 0.84+0.02 9.61+0.23 66.2
0.9 -348+4 291+1 314+1 0.59+0.02 6.74+0.23 76.3
1.2 -344+3 288+3 311+3 0.24+0.01 2.80+0.11 90.2
15 -342+1 286+1 309+2 0.05+0.03 0.61+0.30 97.9
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Table 3.125: Results of potentiodynamic polarization studies for the corrosion of weld

aged maraging steel in 0.5 M sulphuric containing different concentrations of CPOB.

Conc. of ]
Temperature inhibitor Ecorr b, -b. Icorr Veorr )
(°C) (MV/SCE) (mVdecl) (mVdec? (mAcm?) (mmy?
(mM)
Blank -356+1 235+1 268+3 1.80+0.08 20.71+0.91
0.3 -353+1 23143 266+3 1.07+0.02 12.30£0.19 40.6
0.6 -350+2 227+2 258+3 0.90+0.03 10.40+0.34 49.8
30 0.9 -346+1 222+3 255+3 0.74+0.02 8.45+0.19 59.2
12 -348+1 218+3 252+1 0.50+0.02 5.77£0.15 72.1
15 -342+3 215+3 25043 0.37+0.04 4.29+0.36 79.3
Blank -353+2 257+2 276+2 2.41+0.07 27.73£0.81
0.3 -350+1 255+1 272+3 1.38+0.02 15.85+0.24 42.8
0.6 -347+1 247+3 268+3 1.15+0.02 13.28+0.18 52.1
35 0.9 -342+2 244+1 263+1 0.93+0.02 10.64+0.16 61.6
12 -340+2 241+2 259+3 0.61+0.02 7.02+0.22 747
15 -337+2 239+1 256+2 0.44+0.03 5.02+0.35 81.9
Blank -350+3 279+1 288+3 3.83+0.03 44.07+0.28
0.3 -347+1 283+1 292+2 2.08+0.02 23.88+0.15 45.8
0.6 -343+2 274+2 284+1 1.72+0.01 19.75+0.11 55.2
40 0.9 -340+3 271+2 281+1 1.35+0.03 15.53+0.28 64.8
12 -336+3 268+1 27843 0.85+0.03 9.72+0.34 78.3
15 -333+3 266+3 276+2 0.57+0.03 6.50£0.29 85.3
Blank -348+3 296+3 297+2 4.01+0.03 46.14+0.31
0.3 -345+3 292+3 295+1 2.03+0.03 23.35+0.29 49.4
0.6 -340+1 288+1 287+1 1.65+0.03 18.98+0.26 58.9
4 0.9 -335+2 283+1 284+1 1.26+0.03 14.51+0.31 68.6
1.2 -332+1 27943 281+1 0.73+0.04 8.36+0.38 81.9
15 -329+1 276+3 27943 0.4340.03 4.96+0.26 89.3
Blank -346+3 3153 306+1 4.30+0.04 49.47+0.37
0.3 -343+3 319+2 302+1 2.03+0.03 23.3940.31 52.7
50 0.6 -341+3 311+3 298+2 1.62+0.01 18.66+0.10 62.3
0.9 -339+3 308+3 293+3 1.20+0.03 13.82+0.31 72.1
12 -335+3 305+2 289+3 0.62+0.02 7.16£0.17 85.5
15 -332+1 303+1 286+2 0.30£0.02 3.4740.15 934
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Table 3.126: Results of potentiodynamic polarization studies for the corrosion of weld
aged maraging steel in 1.0 M sulphuric acid containing different concentrations of
DDPM.

Conc. of .
Temperature inhibitor Ecorr b, -be Tcorr Veorr )
(°C) (MV/SCE) (mVdec?) (mVdecl) (mAcm? (mmy?
(mM)
Blank -323+1 247+1 301£2 8.56+0.26  98.49+2.58
0.4 -326+3 24741 295+1 4224032  48.60+3.23 50.7
0.8 -316+2 24042 29143 3.43+0.33  39.46%3.33 59.9
30 1.2 -312+3 23742 28742 2.67+0.34  30.7243.41 68.8
1.6 -308+1 2342 279+2 1.90£0.26  21.87+2.62 77.8
2.0 -307+1 23242 278+2 1.4240.28  16.35+2.80 83.4
Blank -318+2 27642 30542 12.83+0.26  147.27+2.58
0.4 -311#1 27043 30043 5.87+0.30  67.54+3.97 54.1
0.8 -308+3 26643 2932 4.6940.29  54.00+2.90 63.3
% 1.2 -31443 262+1 290+3 357+0.32  41.06+3.24 72.1
1.6 -307+3 2543 287+1 243+036  27.97+3.62 81.0
2.0 -298+1 25342 2852 1724017  19.78+1.73 86.6
Blank -309+3 292+1 307+1 16.9240.32  194.44+3.23
0.4 -308+1 29343 308+2 7.25+0.35  83.4243.48 57.1
40 0.8 -302+3 2861 3013 5712033  65.7243.29 66.2
1.2 -301£2 2832 298+2 4244025  48.81+2.54 74.9
1.6 -297+1 28043 29543 2.7620.22  31.69+2.23 83.7
2.0 -291+1 27842 293+2 1.83+0.27  21.00£2.72 89.2
Blank -307+1 298+1 303+3 19.46+0.27  223.21+2.69
0.4 -304%2 292+1 297+1 8.00+0.12  91.98+1.19 58.8
0.8 -306+2 2882 293+3 6.2140.22  71.47+2.19 68.0
45 1.2 -309+2 28423 289+1 4514023  51.85%2.33 76.8
1.6 -304£2 27642 28143 2.78+0.21  32.01%2.07 85.7
2.0 29142 27541 2801 1.71£0.19  19.62+1.91 91.2
Blank -305+2 31242 31143 22.15+0.40  254.27+3.99
0.4 -300+3 313+2 306+1 8.58+0.37  98.663.71 61.2
50 0.8 -29622 3062 299+3 6.52+0.37  75.06+3.66 705
1.2 -296+3 303+1 2961 4.56+0.35 52.48+3.46 79.4
1.6 -290+1 30043 293+3 2.58+0.30  29.65+2.97 88.3
2.0 -284+2 298+1 291+2 1.34+0.12 15.38+1.19 94.0

317



Table 3.127: Results of potentiodynamic polarization studies for the corrosion of weld

aged maraging steel in 1.5 M sulphuric containing different concentrations of DDPM.

Conc. of .
TOmPETAIE G hibitor P o o o )
(°C) (MV/SCE) (mVdec) (mVdec?) (mA cm?) (mmy?
(mM)
Blank -295+2 252+3 260+2  17.06+0.43 19551432
0.5 -295+3 24742 25543 9.33+0.42 107.38+3.20 451
1.0 -289+3 2401 248+3 7.7440.23 89.05+2.27 54.5
30 15 -287+1 23742 2451 6.22+0.35 71.5143.48 63.4
2.0 -28243 23443 242+1 4.67+0.29 53.75+2.94 725
25 -281+1 232+1 24042 3.7140.16 42.68+1.63 78.2
Blank -291+1 253+2 27242 23.65+0.28  27153+2.81
0.5 -285+2 253+1 26542  12.49+0.41 14372414 471
1.0 -286+3 246+2 258+1  10.26+0.37  118.01#3.72 56.5
35 15 -285+2 243+3 25543 8.12+0.31 93.41+3.08 65.6
2.0 -281#2 240+3 252+2 5.95+0.24 68.51+2.41 74.8
25 -276+1 238+1 25042 4.61+0.39 53.00+2.89 80.5
Blank -288+2 25442 2762  28.07+0.36  332.15+3.61
0.5 -289+1 248+1 268+1  14.06+0.38  161.8243.75 49.8
1.0 2902 24443 26441  11.39+0.47  131.02+4.66 59.3
40 15 -283+1 24043 2602 8.83+0.24 101.5442.40 68.5
2.0 -278+3 23243 252+3 6.23+0.35 71.68+3.51 778
25 -277+3 2311 25143 4.61+0.24 53.09+2.43 83.5
Blank -28543 266+1 283+3  30.34+0.24  348.61+2.36
0.5 -278+3 261+1 28142 14304022  164.55+2.15 52.8
1.0 -279+1 25443 273+2  11.38+057  130.91+2.74 62.5
4 15 -278+1 2512 2702 8.58+0.39 98.66+3.93 717
2.0 -275+1 248+1 267+3 5.7440.20 66.03+2.03 81.1
25 -269+2 246+3 265+2 3.9740.20 45.70+2.97 86.9
Blank -283+3 272+1 29641  33.03+0.36  379.60+3.60
0.5 -279+2 266+2 280+2 14404037  165.69+3.68 56.4
50 1.0 -274%2 262+2 285+2  11.18+0.23  128.67+2.35 66.1
15 -277+1 258+1 2811 8.1040.25 93.2142.48 755
2.0 -271+2 250+1 273+1 4.98+0.28 57.29+2.80 84.9
25 -272+1 249+3 272+1 3.04+0.22 34.93+£2.15 90.8
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Table 3.128: Results of potentiodynamic polarization studies for the corrosion of weld

aged maraging steel in 2.0 M sulphuric containing different concentrations of CPOB.

Conc. of )
Temperature inhibitor Ecorr b -be Icorr Veorr )
(°C) (MV/SCE) (MmVdecd (mVdecd (mAcm?d) (mmy?)
(mM)
Blank -281+2 223+3 25143 20.32+0.44 233.50+4.40
30 0.5 -278+2 222+1 24412 12.49+0.37 143.69+3.66 38.5
1.0 -277+1 215+2 240+1 10.57+0.35 121.57+3.53 48.0
15 -274+2 212+2 236+2 8.731£0.31 100.41+3.05 57.1
2.0 -268+3 209+2 228+1 6.87+0.22 78.99+2.17 66.2
25 -273+2 207+2 227+1 5.70£0.25 65.63+2.53 71.9
Blank -279+1 245+3 263+2 27.66+0.56 317.55+5.60
35 0.5 -277+2 239+1 258+3 16.46+0.37 189.33+3.72 404
1.0 -276x2 235+1 25143 13.81+0.47 158.94+4.75 50.2
15 -276x2 231+4 248+2 11.29+0.28 129.88+2.85 59.1
2.0 -272+1 223+3 245+3 8.73+0.22 100.47+2.16 68.4
25 -268+2 22243 243+2 7.14+0.29 82.12+2.88 74.1
40 Blank -278+3 26913 27443 35.04+0.44 402.65+4.42
0.5 -275+1 269+1 268+2 19.98+0.43 229.90+4.27 42.9
1.0 -277+3 262+2 264+1 16.60+0.41 190.96+4.14 52.6
15 -272+3 259+2 260+3 13.36+0.31 153.75+3.12 61.8
2.0 -267+3 256+1 25243 10.09+0.24 116.10+2.36 71.2
25 -265+2 254+3 251+2 8.05+0.29 92.58+2.93 77.3
45 Blank -275+1 281+2 288+1 40.74+0.26 468.28+2.57
0.5 -269+2 275+1 28313 21.83+0.48 251.14+4.78 46.4
1.0 -266+3 271+1 276+1 17.85+0.31 205.39+3.11 56.1
15 -266+2 267+1 273+2 14.05£0.20 161.70+2.02 65.5
2.0 -262+1 259+2 270+2 10.21+0.51 117.44%5.14 74.9
25 -257+3 258+1 268+1 7.81+0.25 89.82+2.48 80.8
Blank -273+2 301+3 302+1 45.28+0.41 520.05+4.11
0.5 -274+3 296+2 296+2 23.07+0.32 265.43+3.18 49.1
50 1.0 -267+2 289+2 29243 18.61+0.47 214.11+4.67 58.8
15 -265+3 286+1 288+1 14.35+0.46 165.12+4.56 68.3
2.0 -259+2 283+1 280+3 10.03+0.22 115.45+2.17 77.8
25 -258+2 28143 27942 7.34+0.21 84.46+2.11 83.8
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Table 3.129: EIS data for the corrosion of weld aged maraging steel in 0.1 M sulphuric

acid containing different concentrations of DDPM.

Conc. of
Temperature Ret Ca Rot Cot
inhibitor n (%)
(°C) (ohm. cm?) (mFcm?)  (ohm.cm?)  (mFcm?)
(mM)
Blank 74.66+3.81 21.01+£3.23
0.3 131.51+2.90 13.50+2.14 10.01+1.18 3.83+0.26 43.2
30 0.6 156.91+2.68 11.35+1.75 11.57+1.30 3.22+0.29 52.4
0.9 195.55+2.39 9.15+1.72 13.95+1.23 2.60+0.41 61.8
1.2 295.68+3.12 6.13+3.46 20.11+£1.83 1.76+0.28 74.8
15 412.94+4.31 4.45%2 .47 27.33+2.73 1.29+0.47 819
Blank 51.17£1.85 26.57+£3.17
35 0.3 93.17+£2.85 17.78+1.57 7.65+1.17 5.03+£0.42 45.1
0.6 112.36£3.41 14.78+2.00 8.83+1.06 4.18+0.47 545
0.9 142.34+3.42 11.72+3.41 10.68+0.89 3.33+£0.50 64.1
1.2 224.82+3.00 7.50+3.26 15.75+1.39 2.14+0.32 77.2
15 331.63+2.84 5.16+1.65 22.3243.91 1.48+0.45 84.6
Blank 35.45+2.14 32.14+3.66
40 0.3 67.14+2.29 18.97+1.52 6.05+1.23 5.36+0.40 47.2
0.6 82.02+3.28 15.57+1.69 6.97+£1.79 4.41+0.35 56.8
0.9 106.01+3.77 12.10+3.31 8.44+1.45 3.43+0.23 66.6
1.2 177.43£3.52 7.32+3.28 12.84+1.17 2.09+0.33 80.0
15 283.15+2.40 4.67+1.23 19.34+2.20 1.35+0.47 87.5
Blank 33.36+£3.33 36.48+£2.77
45 0.3 67.54+£1.97 19.99+3.37 6.07+1.28 5.65+0.27 50.6
0.6 84.18+3.04 16.08+2.99 7.10+£1.50 4.55+0.44 60.4
0.9 112.51+3.22 12.09+3.05 8.84+1.61 3.43+0.21 70.4
1.2 209.68+3.10 6.59+1.75 14.82+1.06 1.89+0.21 84.1
15 402.41+£3.76 3.54+1.35 26.68+3.51 1.03+0.27 91.7
Blank 30.19+3.45 41.49+3.45
50 0.3 64.45+3.69 21.67+2.86 5.88+1.95 6.12+0.36 53.2
0.6 81.86+2.07 17.11+3.03 6.96+1.62 4.84+0.50 63.1
0.9 113.11+3.74 12.44+2.76 8.88+1.09 3.53+£0.49 73.3
1.2 238.09+3.88 6.03+2.11 16.57+1.08 1.73+0.39 87.3
15 616.12+2.54 2.47+1.11 39.83+£2.87 0.73+0.28 95.1
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Table 3.130: EIS data for the corrosion of weld aged maraging steel in 0.5 M sulphuric

containing different concentrations of DDPM.

Conc. of
Temperature o Ret Cu Rpr Cot
inhibitor n (%)

(°C) (ohm. cm?) (uF em™®) (ohm. cm?) (mF cm™)
(mM)
Blank 33.56+2.43 40.12+2.63
0.3 57.99+3.64 26.44+2.05 5.49+2.30 7.4620.92 421

30 0.6 69.07+2.92 22.23+1.79 6.17+2.37 6.28+0.87 51.4
0.9 85.83+3.34 17.94+2.16 7.20+1.96 5.07+0.97 60.9
1.2 128.88+2.93 12.02+2.86 9.85+2.21 3.41+1.05 74.2
15 178.51+3.61 8.74+2.61 12.90+3.91 2.49+0.83 81.2
Blank 26.64+2.10 65.92+3.08

35 0.3 47.98+3.41 39.80+3.09 4.87+£1.92 11.21+1.85 445
0.6 57.74+2.39 33.11+2.71 5.47+1.86 9.33+0.56 53.9
0.9 72.87+2.11 26.28+3.34 6.4021.29 7.41+1.11 63.4
1.2 114.04+3.55 16.88+3.20 8.94+1.72 4.77+0.66 76.6
15 165.98+4.58 11.67+2.50 12.13+2.17 3.31+0.56 84.3
Blank 17.85+2.18 109.77+1.62

40 0.3 33.78+3.53 56.77+2.60 4.00+1.08 15.97+1.17 472
0.6 41.16+3.50 46.63+3.28 4.45+1 57 13.12+0.89 56.6
0.9 52.98+3.15 36.28+2.35 5.18+1.69 10.22+0.98 66.3
1.2 87.67+2.02 22.01+2.68 7.31+0.87 6.21+1.12 79.6
15 137.52+3.82 14.11+1.21 10.38+2.45 4.00+0.52 87.2
Blank 17.84+3.33 125.60+2.69

45 0.3 35.97+3.27 66.60+1.66 4.13+1.12 18.73+1.88 50.4
0.6 4457+3.08 53.80+1.91 4.66+2.29 15.14+0.80 60.1
0.9 58.99+2.07 40.70+1.74 5.55+2.04 11.46+0.58 69.8
1.2 106.25+2.09 22.70+2.37 8.46+1.13 6.41+1.18 83.2
15 191.21+4.93 12.71+1.82 13.68+2.90 3.60+0.79 90.7
Blank 17.42+2.68 158.27+3.46

50 0.3 37.47+2.97 80.77+1.69 4.2240.93 22.71+1.96 535
0.6 47.29+1.79 64.04+2.03 4.83+2.33 18.01+0.53 63.2
0.9 64.64+2.54 46.91+1.81 5.90+1.31 13.20+0.70 73.1
1.2 130.49+3.63 23.35+2.90 9.95+1.80 6.59+1.18 86.7
15 298.80+4.63 10.33+2.83 20.30+2.38 2.94+0.54 94.2
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Table 3.131: EIS data of weld aged maraging steel in 1.0 M sulphuric acid containing

different concentrations of DDPM.

Conc. of
Temperature o Ret Ca Ror o
inhibitor n (%)
(°C) (ohm. cm?) (mF cm™) (ohm. cm?) (mF cm™®)
(mM)
Blank 7.09+1.61 11.00+2.34
0.4 14.59+1.75 6.15+1.35 2.82+1.13 1.76+0.41 51.4
30 0.8 18.08+1.58 5.01+1.41 3.03+1.00 1.44+0.25 60.8
1.2 23.45+1.56 3.91+1.74 3.3621.15 1.13+0.26 69.8
1.6 33.49+1.70 2.81+1.00 3.98+1.47 0.82+0.29 78.8
2.0 45.71+2.75 2.12+1.37 4.73+1.85 0.63+0.18 84.5
Blank 5.05+1.62 11.83+2.87
35 0.4 11.28+1.53 5.70+1.60 2.61+1.00 1.64+0.30 55.2
0.8 14.24+1.72 4.5621.93 2.80+1.31 1.32+0.82 64.5
1.2 18.98+1.57 3.48+1.99 3.09+1.24 1.01+0.54 73.4
1.6 28.661.74 2.38+1.98 3.68+1.46 0.7020.22 82.4
2.0 42.08+2.51 1.69+1.31 4514191 0.51+0.13 88.1
Blank 3.95+1.79 12.37+2.29
40 0.4 9.53+1.64 5.74+1.49 2.51+1.38 1.65+0.49 58.5
0.8 12.24+1.65 4.52+1.93 2.67+1.22 1.30+0.18 67.7
1.2 16.82+1.70 3.3521.70 2.95+1.05 0.98+0.33 76.5
16 27.05+1.57 2.17+1.53 3.58+1.24 0.65+0.29 85.4
2.0 43.69+2.59 1.43+1.07 4614291 0.44+0.14 91.2
Blank 3.49+1.61 15.26+2.66
45 0.4 8.83+1.74 6.71+1.57 2.4621.23 1.92+0.44 60.5
0.8 11.55+1.64 5.19+1.52 2.63+0.83 1.49+0.37 69.8
1.2 16.35+1.52 3.73+1.55 2.93+1.26 1.08+0.29 78.7
16 28.24+1.67 2.25+1.78 3.66+0.92 0.67+0.10 87.6
2.0 51.63+2.80 1.33+1.00 5.10+1.41 0.41+0.19 93.2
Blank 3.15+1.59 18.08+2.63
50 0.4 8.59+1.58 8.23+1.50 2.45+0.87 2.3520.46 63.3
0.8 11.54+1.60 6.18+1.25 2.630.98 1.7740.35 72.7
1.2 17.19+1.59 4.22+1.47 2.98+1.43 1.2240.21 81.7
16 34.05+1.72 2.24+1.45 4.011.15 0.6620.15 90.8
2.0 87.74+3.54 1.01+0.73 7.32+1.88 0.32+0.14 96.4
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Table 3.132: EIS data for the corrosion of weld aged maraging steel in 1.5 M sulphuric

acid containing different concentrations of DDPM.

Conc. of
Temperature o Ret Ca Rpr o
inhibitor n (%)
(°C) (ohm. cm?) (mF cm™) (ohm. cm?) (mF cm™®)
(mM)
Blank 3.34+1.93 13.71+2.26
0.5 6.11+2.20 8.35+1.78 2.30+0.31 2.38+1.18 454
30 1.0 7.38+1.52 6.95+2.28 2.37+0.85 1.99+0.60 54.7
15 9.20+2.03 5.62+1.98 2.49+0.77 1.61+0.82 63.7
2.0 12.27+1.61 4.27+1.88 2.67+1.14 1.23+1.10 72.8
25 15.48+1.85 3.43+0.62 2.87+1.17 1.00+0.50 78.4
Blank 2.4620.42 14.52+2.73
35 0.5 4.74+150 8.52+2.94 2.21+0.88 2.430.47 48.1
1.0 5.81+2.24 6.99+2.51 2.28+1.38 2.00£0.59 57.7
15 7.41+2.15 5.53+2.49 2.38+£1.20 1.59+0.65 66.8
2.0 10.28+2.38 4.05+2.79 2.55+1.44 1.17+0.86 76.1
25 13.55+1.70 3.13+0.95 2.75+1.13 0.91+0.10 81.9
Blank 2.09+0.58 16.09+2.71
40 05 4.27+2.38 8.65+2.16 2.18+1.37 2.4620.47 51.0
1.0 5.32+2.12 6.98+2.18 2.25+0.80 2.00+1.00 60.7
15 6.95+2.45 5.40+2.71 2.35+0.77 1.55+0.92 69.9
2.0 10.09+2.14 3.79+1.14 2.54+0.86 1.10+0.36 79.3
25 14.05+2.06 2.7820.61 2.78+1.23 0.82+0.28 85.1
Blank 2.01%1.00 18.30+1.83
45 0.5 4.41+2.17 9.40+2.94 2.19+1.41 2.67+0.83 54.4
1.0 5.61+1.83 7.43+1.80 2.26+0.83 2.12+0.64 64.2
15 7.60+1.63 5.55+2.77 2.39+1.06 1.59+0.45 735
2.0 11.82+1.73 3.65+1.80 2.65+1.25 1.06+0.36 83.1
25 18.08+2.44 2.4620.15 3.03+0.84 0.730.27 88.9
Blank 1.90+0.58 21.47+2.85
50 0.5 453+1.03 10.64£2.10 2.20£0.91 3.02+0.76 58.2
1.0 5.92+1.91 8.20+2.69 2.28+1.43 2.34+1.20 67.9
15 8.38+1.72 5.86+2.94 2.43+0.93 1.68+0.78 77.3
2.0 14.48+1.93 3.48+1.87 2.81+1.08 1.01+0.54 86.9
25 26.502.34 2.0120.13 3.55+1.04 0.6020.11 92.8
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Table 3.133: EIS data for the corrosion of weld aged maraging steel in 2.0 M sulphuric

acid containing different concentrations of DDPM.

Conc. of
Temperature N Ret Cal Ryt Cot )
(°C) (ohm. cm?) (mF cm?) (ohm. cm?) (mF cm?)
(mM)
Blank 2.58+0.98 16.42+3.97
0.5 4.24+1.88 10.82+2.17 2.18+0.64 3.07+1.28 39.1
30 1.0 5.02+1.54 9.18+2.82 2.23+1.29 2.61+1.70 48.7
15 6.11+2.36 7.58+2.70 2.30+0.70 2.16+1.42 57.8
2.0 7.83+2.19 5.96+2.37 2.40+1.07 1.71+0.94 67.1
25 9.50+2.00 4.96+2.21 2.50+1.33 1.43+0.19 72.8
Blank 2.04+1.16 17.25+£3.10
35 0.5 3.47+1.08 11.23+2.30 2.13+1.29 3.19+1.26 411
1.0 4.15+2.32 9.43+2.69 2.17+0.70 2.68+0.97 50.8
15 5.11+1.77 7.70+2.63 2.23+0.76 2.20+1.32 60.1
2.0 6.67+2.22 5.95+2.43 2.33+0.61 1.71+0.84 69.4
2.5 8.24+1.74 4.86+1.41 2.43+0.50 1.4040.29 75.2
Blank 1.7240.26 19.51+2.92
40 0.5 3.07+1.84 12.05+2.79 2.11+0.28 3.42+1.29 44.0
1.0 3.72+1.90 9.98+1.82 2.15+1.44 2.84+1.13 53.8
15 4.66+1.95 8.01+2.50 2.21+1.33 2.28+1.14 63.1
2.0 6.27+2.11 6.01+2.64 2.30+0.89 1.72+0.93 72.6
2.5 7.98+1.93 4.77+2.98 2.41+0.97 1.38+0.56 78.4
Blank 1.55+0.85 23.80£3.72
45 0.5 2.97+1.71 13.28+1.85 2.10+1.32 3.76+0.88 47.8
1.0 3.66+1.74 10.82+2.17 2.14+1.24 3.07+0.83 57.7
15 4.71+£2.47 8.45+2.11 2.21+1.22 2.41+1.55 67.1
2.0 6.64+1.82 6.06+2.14 2.33+1.21 1.74+0.49 76.7
25 8.92+2.02 4.57+1.16 2.47+0.16 1.32+0.58 82.6
Blank 1.48+0.46 26.05+2.76
50 0.5 3.00+1.21 13.86+2.84 2.10+1.43 3.93+0.77 50.7
1.0 3.76+2.33 11.10+1.83 2.15+0.67 3.15+1.36 60.6
15 4.96+1.55 8.47+2.73 2.22+1.33 2.41+0.46 70.2
2.0 7.33+1.62 5.80+2.98 2.37+0.55 1.66+0.32 79.8
2.5 10.44+2.87 4.14+0.77 2.56+0.57 1.20+0.25 85.8
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Table 3.134: Comparison of maximum attainable inhibition efficiencies by the Tafel
method and EIS method for the corrosion of weld aged maraging steel in sulphuric acid

solutions of different concentrations in the presence of DDPM at 30 °C.

n (%)
] L Conc. of
Molarity of sulphuric acid

DDPM (mM) Tafel EIS
(M)
0.1 15 81.9 80.8
0.5 15 79.2 81.2
1.0 2.0 83.4 84.0
15 2.5 78.1 78.4
2.0 2.5 71.9 72.8
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Table 3.135: Activation parameters for the corrosion of weld aged maraging steel in

sulphuric acid containing different concentrations of DDPM.

Molarity Conc. of inhibitor Ea AH? AS*
of sulphuric acid (M) (mM) (kJ™* mol™) (kJ™* mol™) (I mol* K™
0.0 4431 43.16 -88.32
0.3 48.83 4756 -80.21
0.6 51.54 50.21 -63.85
01 0.9 53.35 51.97 -43.89
1.2 74.60 72.67 -20.73
15 80.48 78.39 -13.52
0.0 35.50 37.48 -11152
03 39.12 4756 -101.28
0.6 41.30 50.21 -80.62
05 0.9 4274 51.97 -55.42
12 59.77 72.67 -26.17
15 64.48 78.39 -17.07
0.0 32.79 28.11 -144.08
04 36.14 30.98 -130.85
08 38.14 32.70 -104.16
10 1.2 39.48 33.85 -71.60
1.6 55.21 47.33 -33.81
2.0 59.56 51.06 -22.05
0.0 25.24 23.69 -141.93
0.5 27.82 26.11 -128.90
10 29.36 27.56 -102.61
15 30.39 28.52 -70.53
15 2.0 42,50 39.89 -33.31
25 45.84 43.03 2172
0.0 21.20 22,58 -142.28
0.5 23.36 24.88 -129.21
20 1.0 24.66 26.27 -102.86
15 25.53 27.19 -70.70
2.0 35.69 38.02 -33.39
25 3851 41.01 -21.78
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Table 3.136: Thermodynamic parameters for the adsorption of DDPM on weld aged

maraging steel surface in sulphuric acid at different temperatures.

of SL':/IISF:?JrrIitg/aci q Temperature -AGC s AHC g6 AS s
™) (°C) (kJ mol™}) (kJ mol™}) (I molt K
30 36.38
35 45.24
0.1 40 45.06 -26.54 176.87
45 44.88
50 4471
30 45.44
0.5 35 45.33
40 45,12 -33.55 166.72
45 44,94
50 44,77
30 43.49
35 43.35
1.0 40 43.19 -45.76 277.04
45 43.02
50 42.85
30 42.16
35 42.02
15 40 41.86 -58.27 300.47
45 41.70
50 41.54
30 40.18
35 40.05
2.0 40 39.95 -63.70 313.57
45 39.75
50 39.69
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CHAPTER 4

SUMMARY AND CONCLUSIONS



4.1 SUMMARY

The corrosion behaviour of M250 grade maraging steel was studied under
weld aged conditions, in two different acid media, namely, hydrochloric acid and
sulphuric acid in different concentration levels at different temperatures. The study
was carried out by two methods, namely, Tafel polarisation and impedance
spectroscopy methods. The effects of acid concentration and temperature on the
corrosion rate were investigated. The inhibition effect of five inhibitors (ATPI,
CPOB, CPOM, DNPH and DDPM), on the corrosion of weld aged maraging steel
was investigated in the two acid media of hydrochloric acid and sulphuric acid in
different concentrations and at different temperatures. The effects of acid
concentration, temperature and inhibitor concentration on the inhibition efficiency
were investigated in detail. The variation in the inhibition efficiency with the change
in the structure of the inhibitor was analysed. The activation parameters and
thermodynamic parameters were calculated for the corrosion of alloy both in the
presence and absence of the inhibitors. Both the activation and thermodynamic
parameters were analysed to determine the types of adsorption of inhibitor molecules
on alloy surfaces. The probable mechanisms for the adsorption of the inhibitor

molecules were proposed.
4.2 CONCLUSIONS
Based on the results of the present investigation, the following conclusions are drawn:

1. The corrosion rates of weld aged maraging steel in both hydrochloric acid
sulphuric acid medium are substantial.

2. The potentiodynamic polarization and impedance studies showed that the
corrosion rate of the alloy increases with the increase in the concentration of
hydrochloric acid and the solution temperature.

3. The inhibitors, ATPI, CPOB, CPOM, DNPH and DDPM act as mixed
inhibitors, with slightly predominant anodic control as indicated by the small
shift in E.or values towards the less negative side (anodic shift) in both the

acids.
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4. The inhibitors, ATPI, CPOB, CPOM, DNPH and DDPM affect both the
anodic dissolution of weld aged maraging steel and cathodic hydrogen
evolution reactions.

5. The inhibition efficiencies of ATPI, CPOB, CPOM and DNPH decrease with
the increase in temperature, on both the alloy surface, in both the acid media.

6. The adsorption of ATPI, CPOB, CPOM and DNPH on the alloy is through
both physisorption and chemisorption, with predominant physisorption.

7. The inhibition efficiency of DDPM increases with the increase in temperatures
in both the acid media.

8. The adsorption of DDPM on the alloy surface is predominantly through
chemisorption.

9. The adsorption of all the five inhibitors on alloy surfaces follows Langmuir
adsorption isotherm.

10. The inhibition efficiencies of the five inhibitors vary in the following order
DNPH < DDPM < CPOB < ATPI < CPOM in the hydrochloric acid medium
at all the temperatures, whereas for sulphuric acid medium it is in the order of
DDPM < CPOM< DNPH< ATPI< CPOB.

11. Among the five inhibitors studied, CPOM is the most effective inhibitor in the
hydrochloric acid medium and CPOB is the most efficient inhibitor in the

sulphuric acid medium.
4.3 SCOPE FOR FUTURE WORK

The following extensions are recommended to the work presented in this
thesis,

e Above study can be extended to other structurally related inhibitors to
understand the effect of structure of inhibitor on corrosion inhibition.

e Study of corrosion behaviour and inhibition on the maraging steel welds.

e Comparative study of corrosion behaviour of 18 % Ni M250 grade maraging

steel with other grades of maraging steel.
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