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ABSTRACT

Corrosion performances of austenitic stainless steel subjected to various cyclic heat

treatment operations of norrna lisation, annealing and solution-quenching have been evaluated.

Samples of the as-received material (hot-rolled austenitic stainless steel) were subjected to five

cycles of heat-treatment consisting of normalisation soaked for 1 hour and without soaking at

IOOOne,annealing soaked for I hour and without soaking at 1000ne and solution-quenching

soaked for I hour and without soaking at 1000°e. Estimation of corrosion rates from weight

loss measurements was carried out using chemical weighing balance of model Mettler AE 160.

The results show that corrosion rates decrease with increase in exposure time for as-

received and heat-treated samples.A general increase in electrode potentials is observed for all

the specimens from -235mY (SCE) to -58 mY (SCE) at the exposure periods above 240 hours.,
The electrode potentials for all the samples remain within the range of -58mY (SCE) and -

8mY (SeE) at the exposure periods between 250 and 750 hours.

It is concluded that corrosion resistance of austenitic stainless steel subjected to

normalization! annealing and solution-quenching at elevated temperature without soaking

period at iooo'c is superior to that which was soaked for 1 hour at the temperature. This was

attributed to the fact that austenitic stainless steel microstructure remain as austenitic single

phase after cooling to room temperature.
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several million pounds. Replacing a corroded or failing part of a food processing

plant Is also expensive and the risk of contamination if replacement is not carried out

is. potentially dangerous. The highly corrosive environments in biomass fuel boilers

and waste incinerators still present a great challenge for materials scientist.

CHAPTER ONE

1.1 INTRODlJCTION

Tile corrosion resistance of stainless steel has beena subject of research

interest for a long time. The reason for the continued interest on the corrosion of

stainless steel is not unconnected. with the wide application of stainless steels,

especially in chemical processing industries. The rate at which deterioration occurs in

the construction industries and in the equipment/machines used in paper industries are

very high. This leads to a very high cost of failure, repairs and maintenance of the

equipment used in such industries.

Most of the metals and alloys are liable to corrosion, except for a few noble

metals such as gold, silver andplatinum. The aim to eliminate corrosion has attracted

the thought of mankind for ages. Among many metals, stainless steels ire used

frequently in many applications such as in desalination plants, petrochemicals,

pharmaceuticals and automobiles industries. This wide usage of stainless steels is on

consequence of their resistance to general corrosion and high strength. However,

certain service conditions rendered stainless steel to be highly susceptible to corrosion

(Audouard et al 1984, Oldfield, 1989). This can either be chemical or thermal

condition. Plumbing or replumbing a large building using stainless steelcan.cost
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The loss of heat efficiency due to severe corrosion of heat exchanger tubes calls for

urgent study (Birk, et al 1997). Despites the vast amount of scientific research

carried out in the field of corrosion since 1945 (Banerjee, 1985) towards

understanding the basic mechanisms of corrosion and the application of this

knowledge to its control, the average engineer seems to know very little about the

subject; and the wastage of material due to corrosion is consequentially assuming

serious proportion, posing a problem to the industries. Although austenitic stainless

steel do not undergo hardening effect after heat treatment but its corrosion resistance

property can be modified via thermal cycling treatment operation. Theenormous-use

of austenitic stainless steel in production of equipment and machine parts call for

critical examination of its corrosion behaviour under thermal fluctuating operations.

There is' need to improve on the safety of the use of austenitic stainless steel in high

temperature application. For these reasons, this work investigates the c~rrosion

. characteristics of austenitic stainless steel under fluctuating heat treatment operations.

Heat treatment operations such as normalisation, annealing and solution - quenching

were carried out at various cycles at10000e soaked for I hour and without soaking.

The effects of fluctuating heat treatments operations on the corrosion performance of

austenitic stainless steel samples were determined in sulphuric acid solution. The

results obtained showed that austenitic stainless steel (unstabilised grade) can perform

credibly well in terms of corrosion resistance under fluctuating heat treatment

operations.

1.2 OBJECTIVES OF THE RESEARCH

The general objective of the research is to evaluate the corrosion performances

of austenitic stainless steel subjected to repeated slow thermal fluctuations of

normalisation, annealing and solution-quenching.

2
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Other speci fie objectives are to:

(a) Study the variations of electrode potentials with exposure time (hours)

of the austenitic stainless steel.

(b) Evaluate the corrosion rates with exposure time (days) of austenitic

stainless steel subjected to various cycle of fluctuating heat treatment

operations.

1.3 EXPECTED CONTRIBUTION TO KNOWLEDGE.

The research would provide an alternative method for evaluating' the

corrosion resistance performance of components designed for application in

practical engineering systems, whose operations may involve alternate thermal

fluctuations.
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CHAPTER TWO

LITERATURE REVIEW

2.1 STAINLESS STEELS OVERVIEW

As chromium is added to steels, thecorrosion resistance Increases

progressively due to the formation of a thin protective film of Cr20), the so - called

passive layer. With the addition of about 12% Cr, steels have good resistance to

atmospheric corrosion and the popular convention is that this is the minimum level of

chromium that must be incorporated in an iron - based material before it can be

designated a stainless steel. However, of all steel types, the stainless grades are the

most diverse and complex in terms of composition, microstructure and mechanical

properties. Given this situation, it is not surprising that stainless steels have found a

very wide range of application, ranging from the chemical, pharmaceutical and power,
generation industries to less aggressive situations in architecture, domestic appliances

and steel furniture.

By the late 1800's, iron - chromium alloys were in use throughout the world
!

but without the realization of their potential as corrosion - resistant materials. Harry

Brearley, a Sheffield metallurgist, is credited with the discovery of martensitic

stainless steels in 1913 when working on the development of improved rime barrel

steels. He found that a steel containing about 0.3 % and 13% Cr was difficult to etch

'. and also remained free from rust in a laboratory environment (Llewellyn, 1992). Such

steel formed .the basis of the cutlery industry in Sheffield and as type 420 is still used

for this purpose to the present day. During the same period, researchers in Germany

were responding to pressures for improved steels for the chemical industry. U~ until

that time, steels containing high levels of nickel were in use as tarnish - resistant

materials but had inadequate resistance to corrosion.

4



Two Krupp employees, Benno Straws and EdwardMaurer, are credited with

the discovery of Cr - N i austenitic stainless steels and patents on these materials were

I

registered in 1912. However, workers in France and the United States are also cited as

independent discoverers of these steels. During the 1920s and 1930s, rapid

developments took place which led to the introduction of most of the popular grades

that are still in use today, such as type 302 (18% Cr, 8% Ni), type 316 (18% Cr, 12%

Ni, 2.5% Mo), type 41O( 12% Cr) and type 430(J 7% Cr). However even in the 1950s,

stainless steels were still regarded as semi - precious metals and were priced

accordingly.

In terms of product innovation, perhaps the greatest benefits have been

obtained from relatively simple changes, such as the introduction of stainless grades

with low carbon contents, i.e. below 0.03% C. This modification has virtually

eliminated the risk of intergranular corrosion in unstabilized austenitic grades ~nd has

improved the corrosion performance and ductility of austenitic grades (Llewellyn,

1992) .. These steels are based on compositions such as 18% Cr, 2% Mo, and 26% Cr

1% Mo and offered the prospect of being a cheaper alternative to an austenitic grade

such as type 316 (18% Cr, 12% Ni, 2.5% Mo). Although the low interstitial grades

exhibits good corrosion resistance, (particularly with regard to chloride-induced stress

corrosion), they tend to retain the problem of conventional ferritic steels in relation to

grain coarsening and loss of toughness after welding. On the other hand, high alloy

steels involving duplex austenite plus ferrite microstructures are now gaining

acceptance, because of their higher strength and better resistance to stress corrosion

than conventional austenitic grades(L1ewellyn, 1992). . .
Whereas the consumption of bulk steel products is likely to remain fairly
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static, stainless steel is still very much in a growth market. This related to the facts

that stainless steel has managed to maintain its traditional image as a decorative

material but is now also regarded as an engineering material for use in applications

where structural integrity is more important than aesthetic appearance. On the basis of

life":" cycle costing, stainless steels are also proving to be attractive alternatives to

mild steel in structures or components that require frequent painting and maintenance

(Llewellyn, 1992). The long - term data obtained in marine locations were also

instrumental in convincing operators of off - shore oil and gas platforms of the

benefits of using stainless steels for top side architecture in place of tradit ional painted

mild steel. In the North Sea, the environment is particularly aggressive and high

corrosion resistance of type 316 is attractive. In the event of fire, stainless steel is also

preferred to painted mild steel because of its higher strength at elevated temperature

and the elimination of the smoke or toxic hazards associated with burnin~ paint.

Because no corrosion allowance is required, stainless steel module walls can be up to

50% thinner than similar components in mild steel, resulting in significant weight

savings. Whereas type 316 stainless: is considerably more expensive, the cost

differential at float out is less than 15% compared with mild steel fabrications

(Llewellyn, 1992). A cost analysis by Stone et al (1984) indicates that this initial

differential is eliminated after the first five years of operation due to the need for the

first repaint on mild steel at that time. Based on the above work type 316 stainless

steel has now been used for wall cladding on accommodation modules, ventilation

lou~ers and other architectural features on more than half the oil field in the North

Sea(L1ewellyn, 1992). Table I shows chemical composition for various type of

•
stainless steels. Figures 2.1, 2.2 and 2.3 show Fe-Ni.. Fe-Cr and Fe-Cr-Ni-C

equilibrium diagrams respectively.
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Table I: Compositions of Standard Grades of Wrought Stainless and Heat-Resisting

Steels(AISI, 1959). (Source Book on Stainless Steels, 1976)

AISI Nominal composition, %
Type C Mn, max Si, max Cr Ni Others

Austenitic Steels
201..... ·0.15 max 7.50 1.00 16.00 to 18.00 3.50 to 5.50 0.25 max N
202..... 0.15 max 10.00 1.00 17.00 to 19.00 4.00 to 6.00 0.25 max N
301.. ... 0.15 max 2.00 1.00 16.00 to 18.00 6.00 to 8.00 .......... , ....

302..... 0.15 max 2.00 1.00 17.00 to 19.00 8.00 to 10.00 ......... ". ' ..

302B... 0.15 max 2.00 3.00 17.00 to 19.00 8.00 to 10.00 ... '" .... , .. ,.

303..... 0.15 max 2.00 1.00 17.00 to 19.00 8.00 to 10.00 0.15 min S
303Se..0.15 max 2.00 1.00 17.00 to 19.00 8.00 to 10.00 0.15 min Se
304..... 0.08 max 2.00 1.00 18.00 to 20.00 8.00 to 12.00 . . . . . . . . . . . . . . .
304L.... 0.03 max 2.00 1.00 18.00 to 20.00 8.00 to 12.00 ,., ............

305..... 0.12 max 2.00 1.00 17.00 to 19.00 10.00 to 13.00 ...............

308..... 0.08 max 2.00 1.00 19.00 to 21.00 10.00 to 12.00 ", ............

309..... 0.20 max 2.00 1.00 22.00 to 24.00 12.00 to 15.00 ...\ ...........

309S.... 0.08 max 2.00 1.00 22.00 to 24.00 12.00 to 15.00 . . . . . . . . . . . . . . .

310..... 0.25 max 2.00 1.50 24.00 to 26.00 19.00 to 22.00 ........ ' ... , ..

316..... 0.08 max 2.00 1.00 16.00to 18.00 10.00 to 14.00 2.00 TO 3.00 Mo
316L.... 0.03 max 2.00 1.00 16.00 to 18.00 10.00 to 14.00 2.00 to 3.00 Mo

Martensitic Steels

403..... 0.15 max 1.00 0.50 11.50 to 13.00 .. , - ..... , ...... , ................

410..... 0.15 max 1.00 1.00 11.50 to 13.00 ...... ....... .... ...... ,-, ......

414..... 0.15max 1.00 1.00 11.50 to 13.50 1.25 to 2.50 ... , ...........

416..... 0.15 max 1.25 1.00 12.00 to 14.00 ................... 0.15 min S
440B....0.75 to 0.95 1.00 1.00 16.00 to 18.00 , ........ , .... - ..... 0.75max Mo
501.. ... 0.10min 1.00 1.00 4.00 to 6.00 •••• 0- •••••••••••••

0.4 to 0.65 Mo

Ferritic Steels

405.... 0.08 max 1.00 1.00 11.50 to 14.50 ........... ' , ....... O.tO to 0.30 AI
430.... 0.12 max 1.00 1.00 14.00 to 18.00 ... ... ... ....... .... ...... , ........

430F... 0.12 max 1.25 1.00 14.00 to 18.00 .................... - 0.15 min S
430F Se..0.12 max 1.25 1.00 14.00 to 18.00 ................ , .... 0.15 min Se
446...... 0.20 max 1.50 1.00 23.00 to 27.00 ................ , .... 0.25 max N
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2.2 CLASSIFICATION OF CORROSION PROCESSES

Corrosion is the gradual deterioration of a material caused by the chemical or

electrochemical reaction with its environment, which result to irrecoverable loss. A

logical and scientific classification of corrosion processes, although desirable, is by110

means simple. This is due to the enormous variety of the surrounding media, varied

heterogeneities in metals and the diversity of corrosion reactions However, corrosion

may be classified on the basisor (Banerjee, 1985).

2.2.1. The Mechanisms Of Corrosiun Processes

(i) Chemical Corrosion (direct combination)

Example: Uniform and non - uniform corrosion

These are generally high temperature metal/gas or metal/vapour reactions

(gaseous corrosion) involving non metals like oxygen, halogens, hydrogen

~
sulphide, sulphur vapour.

(ii) Electrochemical corrosion

This type is subjected to basic laws of electrochemical kinetics and

generally refers to cases of corrosion of metals in electrolytes with

possible generation of galvanic current in the so-called corrosion cells. The

corrosion leading to localized attack (localized corrosion) may be

c1assi fied as follows:

(a) Galvanic corrosion (or bimetallic corrosion) caused by the

contact of two or more metals of different electrochemical

potential (galvanic metal/metal macro -cell)

(b) The following are initiated owing to the formation of local

corrosion cells (galvanic cells) within a metal:

(i) structural selective corrosion (graphitization)

(ii) selective dissolution (dezincification, dealuminification)

9
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(iii) Intercry talline (intergranular) corrosion (corrosion

cracking)

(iv) Stresscorrosion cracking

(v) Corrosion atigue

(vi) Layer (subsurface) corrosion,C . exfoliation

(vii) Therrnogalvanic corrosion. Example: Steam engme

boiler.

(c) The following are caused by the creation of differential

aeration cells (oxygen concentration in macro - cells) and are

initiated in the environment;

"ill orm cor osion

(ii) Crevice corrosion

(iii) Water -line corrosion

(d) Erosion - corrosion (impingement attack) of co)per and

copper alloys. This results due to formation of metal ion

concentration cells (macro - cells)

(e) The following are propagated as a result of conjoint action of

active - passive cells and differential aeration cells, and are

cliaracteristics of passive me' als

Pitting

(ii) Crevice corrosion

Intercrystalline corrosion

(iv) Stress corrosion cracking

(f) Stray - current corrosion (or, electro - corrosion). This is

caused by the formation of electrolytic cells (macro - cells)

ego the corrosion of underground p.pe lines by stray currents

10
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2.2.2 The Nature Of The Environment

Corrosion phenomena can be grouped after environment in the following 'Nays,

v:z:

Atmospheric corrosion

Marine corrosion

Underground corrosion

(iv) Biological corrosion

Hydrogen crack"ng

\\"(1) P adiation cracking

Liquid metal corrosion

Molte " salt corrosion

(ix) Acid corrosion

(x) Corrosion in electrolytes

2.2.2- The Type Of The Corrosion Deterioration

It is customary to subdivide corrosive effects into:

(a) General (or surface) corrosion where the attackIS

evenl y distributed along the metal surface

(b) Local corrosion where attack is concentrated on a

very small area, and

(c) Intercrystalline corrosion where attack is centred on

the grain boundaries.

If all areas on the metal surface corrode at the same or similar rate,it is h.:r.own,

as general (extensive) corrosion, which may be uniform or nor uniform. If certain

areas of the metal surface corrode at higher rates than others due to heterogeneities in

11
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the metal, in the environment, or in the geometry of the structure as a whole, then the

.'

attack can range from being slightly localized to pitting.

2.7..4 Types Of Corrosion Processes

Shrier (J 963) classifies the main types of corrosion processes as follows;

(i) Film -free chemical interaction in which there is direct chemical

reaction betweena metal and its environment. The metal remains

film - f ee and there is no transport of charge. For example,i:

the reaction of molybdenum with oxygen, the oxide being

volatile, the metal surface remains film - free.

(ii) Electrochemical reactions which involve transfer of charge across

an interface. These electrochemical reactions have been further

sub - divided into three groups, viz;

(a) Inseparable anode/cathode type. For example, the

uniform dissolution of metals in acids, alkalis orne tralaqueous

solutions, in organic solvents, or in molten salt. Here the presence

of anodes and cathodes, although postulated by theory can not be

distinguished by experimental methods.

(b) Separable anode/cathode type. In this case certain areas

of the metal can be . '}expenmentany asdistinguished

predominantly anodic or cathodic, although the distances of

separation of these areas may be infinitesimally small. Reaction

of iron containing a crevice corrosion, water - line corrosion ¥e

examples of this type.

12



(c) Interfacial anode/cathode type. Here the metal surface

remains filmed. One entire interface will be anode and the other

will be cathode.

In engmeenng SCIence, corrosion types caused by a conjoint action of

corrosion

and mechanical factors deserve special reference. Depending on the mechanical force,

the following classifications may be made;

2.2.5 Mechanical Forces Within The Metal

(i) Stress - corrosion cracking (due to combine action between an internal and

external tensile stress and local corrosion attack)

(ii) Corrosion fatigue (caused by cyclic stresses in the presence of a corrosive

environment) .

(iii) Hydrogen cracking (due to combined action between tensile stresses and

atomic hydrogen)

2.2.6 Mechanical Wear Effects Or Abrasion On The etalBy A Liquid

(i) Erosion - corrosion (a corrosion reaction accelerated by velocity and

abrasion)

(ii) Cavitation corrosion (due to conjoint action of liquid flow rate and

corrosion, caused by the formation and collapse of vapour bubbles in ~

liquid near a metal surface.

13



2.2.7 Mechanical Action Of A Solid Body On The Metal

(i) Fretting corrosion (localized deterioration at the interface between two

contacting surfaces vibrating under pressure.

Corrosion may also be classified either as (Banerjee, 1985):

(a) Low temperature corrosion and high temperature corrosion, or as

(b) Wet corrosion or dry corrosion

However, the latter only has been somewhat accepted. The term 'wet' includes

all reactions in which a liquid is involved in the reaction mechanism while dry

corrosion process occurs in the absence of liquid phase, or above the dew point of the

environment. The process is frequently made more specific by the use of an adjective

that indicates type of environment, for example, bimetallic corrosion, concentration

cell corrosion, sea water corrosion, bacteria corrosion.

2.3 INTERGRANULAR CORROSION OF AUSTENITIC

STAINLESS STEEL

This particular corrosion was described by Llwellyn (1992), Ross (1977),

Lakhtin (1979) and Fontana (1986) as given favourable temperature conditions, solute

atoms can segregate to the grain boundaries, causing enrichment in a particular

element or the precipitation of metal compounds. Under highly oxidizing conditions,

these effects can cause the grain boundaries of stainless steels to become very

reactive, leading to the highly localized form of attack known as intergranular

corrosion. Both austenitic and ferritic stainless steels are susceptible to intergranular

corrosion and, in either case, the problem is caused by the segregation of carbon to the

grain boundaries and the formation of the chromium - rich, Cr23C6 carbides.

14
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Figure 2.4: Diagrammatic representation of a grain
boundary in sensitized type 304 stainless steel

The concentration of chromium in these carbides is very much higher than that

,-

in the surrounding matrix and, at one time, it was postulated that this resulted in

galvanic corrosion between the noble carbides and the more reactive matrix.

However, currently the most widely accepted theory for intergranular corrosion in

stainless steels is that involving chromium depletion. Thus, in forming chromium -

rich carbides at the grain boundaries, chromium is drawn out of solid solution and in

areas adjacent to the boundaries; the chromium content becomes severely depleted

compared to the bulk chromium concentration of the steel. Such areas are then said to

have become sensitised in that they no longer contain sufficient chromium to

withstand corrosive attack, corrosion can then proceed along grain boundaries.

Diagrams illustrating this form of attack in an austenitic stainless steel are shown in

Figures 2.4 and 2.5. Table 2 shows the corrosives that induce intergranular corrosion

in austenitic stainless steel.

, Chromium carbide

precipitate Grain

Corrosion from this side

Carbide
I,
r

Dissolved metal
! .

Figure2.5: Cross-section of area shown in Figure 2.4
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Table2: Corrosives reported to induce intergranular corrosionIn sensitized austenitic
stainless steels (Nelson:'1960)

Acetic acid Oxalic acid

Phenol + naphtenic acid

Phosphoric acid

Phthalic acid

Acetic acid -i- salicylic acid

Ammonium nitrate

Ammoniurn sulfate

Ammonium sulfate+H2S04

Bee juice

Calcium nitrate

Salt spray

Sea water

Silver nitrate+acetic acid

Chromic acid Sodium bisulfate

Chromium chloride Sodium hydroxide + sodium sulfide

Sodium hypochlorite

Sulphuric acid

Copper Sulfate

Cruce oii

"Ratty acid sulfite cooking liquor

Ferric chloride sulfite digester acid

Ferric sulfate (calcium bisulfite + sulfur dioxide)

Formic acid Sulfite solution

Hydrocyanic acid Sulfur dioxide (wet)

Hydrocyanic acid + sulfur dioxide Sulfuric acid

Hydrofluoric acid + ferric sulfate Sulfuric acid + acetic acid

Lactic acid Sulfuric acid+ copper sulfate

Lactic acid + nitric acid Sulfuric acid + ferrous sulfate

Maleic cid Sulfuric acid -i- methanol

, litric acid Sulfuric acid + nitric acid

Nitric acid + hydrochloric acid Sulfurous acid

Nitric acid -r hydrofluoric acid Water + starch + sulfur dioxide

16
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2.3.1 Control Of Intergrauular Corrosion In Austenitic Stainless Steel

Three methods are used to control or minimize intergranular corrosion of the

austenitic stainless steels (Avery, 1963).

(i) Employing high - temperature solution heat treatment, commonly termed

quench - annealing or solution - quenching.

(ii) Adding elements that are strong carbide formers (called stabilizers), and

(iii) Lowering the carbon content to below 0.03%.

Commercial solution- quenching treatments consist of heating to 1050 to 1100

°C ollowed by water quenching. Chromium carbide is dissolved at these

temperatures, and a more homogenous alloy is obtained. Quenching, or rapid cooling

from the solution temperature, is very important. If cooling is slow, the entire

structure will be susceptible to intergranular corrosion.

The strong carbide formers or stabilizing elements, columbium or columbium

plus tantalum) and titanium, are used to produce types 347 and 321 stainless steels,

respectively. These elements have a much greater affinity for carbon than does

chromium and are added in sufficient quantity to combine with all of the carbon in the

stee1. The stabilized steels eliminate the economic and other objections of solution -

quenching the unstabilized steels after fabrication or weld repair.

The original 18/8 steels contained around 0.2% carbon, but this was quickly

reduced to 0.08% because of rapid and serious weld decay failures. Lowering the

carbon content much below 0.08% was by blowing oxygen through the melt to burn

out carbon and by the addition of low - carbon ferrochrome (Fontana, 1986).

Carbon pick up (surface carburization) during production of austenitic

stainless steels has caused premature failures. It occurs when these are cast ii.:o molds

containing carbonaceous materials, such as organic binders and washes or baked oil

sand. The hot metal absorbs carbon from. the carbon - containing environment.
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Increased carbon content of the stainless steel can degrade corrosion resistance

particularly to environments that are aggressive from the stand point of intergranular

attack. Resistance to pitting is also decreased (Fontana, 1986).

2.4 PASSIVITY IN STAINLESS STEEL

Stainless steels owe their corrosion resistance to the formation of the so -

called passive film (Llewellyn, 1992). This consists of a layer only 20- 30AJ thick, of

hydrated chromium oxide (Cr203), which is extremely adherent and resistant to

chemical attack. If the passive film is damaged by abrasion or scratching, a healing

process or repassivation occurs almost immediately. In general, the corrosion and

oxidation resistance of stainless steels increase with chromium content and the

materials are used in a wide range of aggressive media in the chemical and process

plant industries.

Ostrander (1971), believed that for a coated chromium film when in contact

with water the hexavalent chromium portion of the film gradually leaches out thus

providing a local supply of dissolved chromate inhibitor to prevent corrosion at any

exposed areas of metal surface. The trivalent chromium portion of the film, while

essentially insoluble and incapable of providing local corrosion inhibition, does

provide important general protection of the mechanical exclusion type. While the

films will not withstand continuous rubbing or harsh abrasion, suitably dried coatings

can withstand the abrasion incident to the drawing or stamping of metal. ndried,

freshly formed films are fragile and easily damaged. Dehydration of chromate,

coatings will occur on baking at temperatures of 150F (66°C) and higher or from

subjecting the films to drying in closed silica gel or calcium chloride desiccators. This

changes the structure of the coating to the extent that an x - ray pattern of chromium

chromate can then be found. It is not known whether this structure had previously
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been present in the normal film in a particle size too small for diffraction. As a

consequence of dehydration the film becomes relatively insoluble and its protective

value is reduced in water immersion or salt spray tests. It has been noted, however,

that resistance to abrasion and to the action of weak acids and alkalis improves.

2.5 HEAT TREATMENT OF STAINLESS STEEL

Heat treating of stainless steel serves to produce changes in physical condition,

mechanical properties and residual stress level, and to restore maximum corrosion

resistance when that property has been adversely affected by previous fabrication or

heating. Frequently, a combination of satisfactory corrosion resistance and optimum

mechanical properties is obtained in the same heat treatment (MetalsB' dbook,

1964). Unstabilized compositions (the series 200 steels and types 301 through 317)

cannot be hardened by heat treatment but will harden as a result of cold working.

These steels are annealed to insure maximum corrosion resistance and to restore

maximum softness and ductility.

Avery (1963), reported that during annealing, carbides which markedly

decrease resistance to intergranular corrosion are dissolved. Because carbide

precipitation can occur at temperatures between 450 and 860°C, it obviously is

desirable that the annealing temperature should be safely above this limit. Moreover,

because all carbides should be in solution before cooling begins, and because the

chromium carbide dissolves slowly, the highest practical temperature consistent with

limited grain growth is selected. This temperature is in the vicinity of 11OO°C.It is

frequently necessary to homogenize some alloys above 1100°C to promote uniformity

of chemical composition and microstructure. Cooling from the annealing temperat1!re

must be rapid, but it must also be consistent with limitations of distortion. Whenever

considerations of distortion permit, water quenching is used, thus insuring that

dissolved carbides remain in solution (because they precipitate carbides more rapidly,
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types 309 and 310 invariably require w..ter quenching). Where practical

considerations of distortion rule out such a fast cooling rate, cooling in an air blast is

used. With some thin - section parts, even this intermedi ate rate of cooling produces

excessive distortion, and parts must be cooled in still air.

The austenitic alloys achieve maximum resistance to intergranular corrosion

by the high - temperature heating and quenching procedure know as solution

annealing or solution - quenching. Solution annealing procedures for all austenitic

alloys are similar, and consist of heating to a ter.iperature of above 950°C, nolding for

~ time sufficient to accomplish complete solution of carbides, and quenching at a rate

fast eno 19h to prevent reprecipitation of the carbides - particularly while cooling

though the range from 815 to 540°C (Metals Handbook, 1964).

2.5.1 eatAnd Corrosion ResistanceOf Austenitic Stainless Steels

According to Lakhti (1979), Dell (1981), and John (1994), scale resistance is

increased primarily by the addition of chromium. An addition of 5 to 8 percent

chromium raises the sale resistance to 700 - 750°C; increasing the chromium

content to 15 to 17 percent prevents scaling up to 950 - 1000°C. Heat resistance

depends only on the composition of the steel and not on its structure. Consequently,

ferritic and austenitic steels with equal chromium contents have practically the same

neat o!"scale resistance. .

Austenitic stainless steels, usually alloyed by chromium and nickel (or

manganese), have an austenite structure after being cooled to room temperature. They

have good co rosion resistance in oxidizing media. These steels are paramagnetic.

Chromium makes its electrochemical potential positive and it becomes resistant to

con-asian in the atmosphere, salt (and sweet) w..ter, and many acids, alkali; and salts.
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Molybdenum raises the resistance to corrosion In organic acids, and salt water.

Chromium - manganese - nickel stabilizes the austenite. Ulick(1982) reported that

alloy containing molybdenium possesses practically no salt forming properties. The

18/8 alloys containing 3-4% molybdenum are essentially designed to withstand

oxygen - free or reducing acid conditions; tney are not well suited10_ strongly

oxidizing acid liquids, where the molybdenum may pass into the liquid in the

hexavalent condition. Austenitic stainless steels containing molybdenum are

especially useful for resisting sulphurous acid-a reagent important in the paper and

textile industry and many other situations where a higher corrosion resistance than

that of a 18/8 austenitic alloy is required (UEck, 1982).

2.5.2 E ects Of H at Treatment TemperaturesOn Austenitic Stain! ss Steel

Sangdall (1964) presented the following as effect of various heat treatment

temperature on austenitic stainless steel

(l) Heating in the range from 480 to 81SoC will precipitate chromium

carbides in the grain boundaries of unstabilized grades.

(2) Heating in the range from 540 to 930°C may result in the formation c

hard, brittle sigma phase, which can decrease both corrosion resistance

and ductility.

(3) Slow cooling an unstabilized grade (other than an extra - low carbon

grade) throug either of the above temperatures ranges will allow

sufficient time for these detrimental effects to take place.

(4) Heating at 815 to 930°C will cause the coalescence of chromium

carbide precipitates or sigma phase to a form less harmful to corrosio-i

resistance or mechanical properties.
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(5) Heating at 950 tonoo-c (an annealing treatment) will cause all grain

- boundary chromium carbide precipitates to redisolve, will transform

sigma back to ferrite, and will fully soften the steel.

Fig. 2.6 by Schneider (1960) illustrated the structures produced in a wide range of

compositions after rapid cooling from 1050°C.
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Figure 2.6: Microstructures obtained from rapidly cooling stainless steel
From 1050'oC '(Schneider, 1960)
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There are really only two processes used on austenitic stainless steel (Kenneth,

1983) : annealing and stress relieving. Annealing is performed at 1800 to 2000 F

(1000 or 1l00°C) followed by a water quench. The quench is imperative if

sensitisation is to be prevented. Effective stress relieving requires temperatures above

1600 F(870°C), followed by as rapid a cooling rate as the part will permit. Some

grades of stainless steel can be used in continuous service in temperatures up to 2000F

(10aaOe) in oxidizing atmospheres such as in hot - air furnaces.

At room temperatures, types 316 and 3 17 show low corrosion rates at low

concentrations (less than 10%) sulphuric acid and at very high concentrations (greater

than 95%). At higher temperatures, they are resistant only to very dilute solutions

Cess than 1%) sulphuric acid. In order to give the stainless austenitic and ferritic

austenitic steels their best corrosion properties, they are heat - treated by accelerated

cooling (quenching). The steel is heated to a high temperature, 1320 - 1420 K for

austenitic and 1220 - 1270 K for ferritic - austenitic steels. All carbides are then

dissolved and a homogenous austenitic structure is obtained after quenching

(Kenneth, 1983).

2.6 APPLICATION OF THERMODYNAMIC PRINCIPLES TO

CORROSION STUDIES

Iron is a fairly rea-ctive metal; in thermodynamic terms all its compounds are

formed with a resulting decrease of free energy, so it may be anticipated that reaction

can occur in almost any environment. It must again be stressed however that the fa~t
.r

1
;.

that a reaction can occur does not necessarily mean hat itwill oaf ue to do so at

such a rate that corrosion become serious. ,=>'r '. ~ "
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The following stages of reaction take place during corrosion.

1. Iron + Oxygen

---> 2FeO---» Fe203 --~~ Fe304 (i)

This reaction is slow at room temperature, but accelerates with increasing

temperature. At low temperatures and under carefully controlled conditions of purity a

durable tarnish film may be produced, but more usually, and especially at high

temperature, the film thickens to a layered and friable scale of varied composition

which tends or flake and crumble, so affording little protection (Ross, 1977).

2. Iron + Water

Fe + 2Ir ---rr Fe2
++ H2 (ii)

This reaction progresses without hindrance on metal surfaces until either the

environment becomes locally saturated with iron salts or the discharge of hydrogen is

impeded.

3. Iron + Oxygenated water:

2Fe + 2H20 + O2 ---> 2Fe (OH)2 ---~ Fe(OH)3 (iii)

This is perhaps the most common reaction in the rusting of irons and steel. Corrosion

in the presence of oxygenated water comprises three steps as follows:

1. Dissolution or corrosion of iron,

Fe --> Fe2++ Ze (iv)

11. Reduction of dissolved oxygen,

2H20 + O2 + 4e- --~~ 4(OH)- (v),
,,'
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111. Precipitation of rust by admixture of products of (i) and (ii)

-- ..•• 2Fe(OH)2 (vi)

Ferrous hydroxide precipitates from solution. However, this compound

is unstable in oxygenated solutions and is oxidized to the ferric salt.

2Fe(0H)2 + H20 + Y2 O2 --.2Fe(0H)3 '" (vii)

f

'"

,
.f

25



CHAPTER THREE

3.0 MATERIALS AND METHODS

3.1 MATERIALS ANDPREPARATION

The material used for this study was a hot rolled flat bar austenitic stainless

steel supplied by Galvanising Industries Limited, Lagos. The chemical composition

presented in Table 3 was carried out at Nigerian Foundries Limited, Lagos.

Table 3: Chemical Composition of Austenitic Stainless Steel Sample

Chem. Fe C Si Mn P S Cr Mo Ni

Compo

Wt% 66.81 0.06 0.531 1.48 0.043 0.019 17.24 2.3 11.94

The as-received material was of dimension 230mmx 60mm x I2mm. It was

cut into pieces of dimensions 60mmx lSmm x 12mm with power hack saw. These

were further reduced to dimension I8mmx I4mm x I2mm. Thirty one samples each

of I8mm x 14mm x I2mm were used for this study.

3.2 EXPERIMENTAL METHOD

Electrical full-muffle type furnace was used for the heat-treatments of the

austenitic stainless steel samples.

3.2.1 . NORMALIZING AT 1000°C HELD FOR 1 HOUR

A sample was heated from room temperature(2'rC) to austenitic temperature

of 1000°C and was held at this temperature for one (1) hour, after which it was cooled

in air to room temperature. For the sake of this study, this procedure is termed "one -,,-

cycle" normalizing. This procedure was repeated once for another sample thathad

previously undergone one-cycle normalizing. This operation may be termed "two-

cycle" normalizing. Using these aforementioned approach "three-cycle", "four-cycle"

and "five-cycle" normalizing were carried out:
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3.2.2 NORMALIZING AT lOOO°CWITHOUT SOAKING

The procedures described under 3.2.1 were used except that no soaking period,

in the furnace was allowed.

3.2.3 ANNEALING AT lOOO°CHELD FOR 1 HOUR

A sample was heated in the furnace from room temperature (27°C) to

austenitic temperature of 10000e and was held at this temperature for one hour after

which it was cooled in the furnace to room temperature. This operation ~:,termed

"one-cycle" annealing. This operation was repeated once for another sample that had

previously undergone one-cycle annealing and this is termed "two-cycle" annealing,

Using these aforementioned approach "three-cycle", "four-cycle" and "five-cycle"

annealing were carried out.

3.2.4 ANNEALING AT lOOO°CWITHOUT SOAKING.

The procedures described under 3.2.3 were used except that no soaking period

in the furnace was allowed.

/

3.2.5 SOLUTION-QUENCHED AT lOOO°CHELD FOR 1 HOUR

A sample was heated in the furnace from room temperature (27°C) to

austenitic temperature ofiooo-c and was held at this temperature for one hour after

which it was rapidly quenched in water at ambient temperature. This procedure is

termed "one-cycle" solution-quenching.

The above procedure was repeated once for another sample .hat had

previously undergone one-cycle solution quenching. This operation may be termed

"two-cycle" solution quenching, This aforementioned approach was used for "three-

cycle", "four-cycle" and "five-cycle" solution quenching operations.

27



3.2.6 SOLUTION-QUENCHED AT lOOO°CWITHOUT SOAKING

The procedures described under 3.2.5 were usedexcer "that no soaking period

in the furnace was allowed.

3.3 SAMPLE PREPARATION AFTER HEAT TREATMENT

The scales formed on the samples after heat-treatment were removed by filling

and later polished on electronic polishing machine with silicon carbide paper o~'grade

P220C. The samples were washed with jet of distilled water.

3.4 ELECTRODE POTENTIAL MEASUREMENTS

Scale and grease free samples obtained from various heat-treatment cycles

were each completely immersed in 400ml beaker containing O.5M H2S04 solution.

The electrode potentials for each sample were taken five times daily for the period of

thirty days. Digital Multimeter model AVD890F ALDA 8900 series wasused for

measuring the electrode potentials with Zinc rod as the reference electrode. The

values obtained from electrode potential measurement were converted to values tobe

obtained if Saturated Calomel Electrode (SCE) were to be used using the forrnu1a:

Electrode potential mV (SCE)= (Ezn - 1030) mV (Hibbert D. et al, 1984).

Where: Ezn - electrode potential values using high purityzin asreference electrode

1030 - constant

mV - millivolt. (unit of measurement)
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Chemi ca 1 weighing balance of model Mettler AE 160 was used to measure the

weig'it loss of the samples. The initial weight of the samples weremeasured before

beir.s, ircr.ersed in the O.5lvf H2S0-1 solution. They were withdrawn at 5 days interval,

wasne.; \vi~;-;distilled water and dried cleaned with cotton wool to avoid scratching of

-=-:~ecorrosion rate (r) during the exposure time (T) is expressed as

(Fontana, 1986)

\V = weight loss (mg)

T/365 = Exposure time in days extrapolated to a year

A = 2[B;:'" -1- Bn + LH]

L = len~c[l (mm), B = Breadth (1" m) and H = Height (mm)

L = 1S:Y:iT. 8 =] 4r-1:11, H = 12mm

Tl:~::;rc;fcre
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CI-IAPTE FOUR

RESULTS A1 ID DISCUSSION

The results of the Electrode potentials versus exposure time and corrosion

rates versus exposure time of as received and heat-treated austenitic stainless steel

samples immersed in0.51v1H2S04 solution are presented below:

4L~ }~LEC1~RODEPOTENTIAI.IS AND CORROSION RATES AT

'\FAR!~OUSEXPOSURE TIMES FOR NORIV1ALISED

Figure 4.1. shows the plot of electrode potentials versus exposure

time a:l~ Figure 4.1.2 shows the plot of corrosion rates versus exposure time of as-

received and norrnalised samples of austenitic stainless steel immersed in 0.5M

~12S0'Ysolution at various cycles of normalisation held at 1000°C for 1 hour. It is.

o.served tl atas-received sample displays highest electrode potentials at periods

berwee» 24 and 140 hours, followed by the values of electrode potentials from 4-

cycle, ::--::ycle, 2-cyc1e andl-cycle specimens. The 5-cycle normalisation specimen

indicates the least electrodepotentials between thessme periods. However, the

electrode potentials increase sharply for all samples from -230 mV(Sed} to -80 mV

(SeE) ar periods between 450 and750 hours with l-cycle normalisat.on specimen

displaying the "highest electrode potentials and as-received specimen the least. A drop

i:-. electrode oorentials is observed for as-received soecimen at periods between 400. .
and 500 hours.

,

Whitney (1964-), suggested that the initial corrosion attack may be due tothe

embedded particles of iron on the surfaces of the samples as a result of machining and

mechanical polishing operations carried out before and after heat treatment operations
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respectively S;:awesh et al (2201) observed that iron contamination on stainless steel

Yl::1S, con.poneits and svsterns is almost always confined to the surface. Most surface

defects on stainless steel are produced during fabrication and are difficult to remove, thus

c ;]tr:;:h:~ir g to corrosion. Surface defects tend to initiate corrosion that would not Occur

so :cHi;: y i~their absence.

I'~ CCt -.oe said that O.5.\tl:--I:z SO .• solution acted as passivating solution to the steel

25 passivity sets :1"1 after 10 days of exposure periods. According to\VhiL::CY'S (1964)

observation, in order to prevent initial co ..·osion, semi finished pans are given a

passivatior, t.ea rr.em. Thi s treatment consists of immersing the stainless steel in a

solution of .norganic acids (e.g. Nitric acid) to dissolve the embedded or smeared iron

and res.ores the original corrosion-resis ant surface by f01111inga thin, transparent oxide

film (passive layer). Natural passivity effects would show up during tests!'J determine

the: effec: (0,' .irne c.i!d temperature on c .r osion as reveale in Figure4.1.2.

The electrode potentials drop observed for as-received sample between 400 and

500 !-.C~.:-3exp sU~'eperiods may be attributed to film break down; this quic'cly heals up

CJ\V;!-lg l') c.iygen diiT~'.sio;'l towards the metal surface - a character peculiar to stainless

s.ee.. '~:-!ea.iodic ~~L;i"VeSin Figure 4.1.1 indicate that the material electrode potentials

a:~er :::..:::;:-(0LrS exposure periods is in a passive state and in a state of dynamic

,.'c;'I:Lbriurn. o.film partial breakdown and repair. This is also reflected in F::~l!re 4.1.2,

COiTOS;O:,rates above1O days exposure periods are less than 5mglcm2/yr for the rest of

ex osire rime .. t the exposure period above 240 hours (10 days) film dissolution rate is

ec:ui1 ~~ the 'ate :- film formation, the film stability have been reached and adherence

force t,(15 increased thereby preventing the migration of metallic ion to the surface.
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4.2 ELECTROiLJ'E POTE~ ~TIALSAND CORROSION RATES AT

An OUS EXPOSURE TIMES FOR NORMALISED

SAl'/ PLIES AT 1000°C \VITHOUT SOAKING

Figure 4.2.1 shows the plot of electrode potentials versus expOSUL'~time and

Figure 4.2.2 S~10WSthe plot of corrosion rates versus exposure time of as-received and

normalised samplesof austenitic stainless steel immersed in 0.5MH2S04 solution at

various cycles of normalisation at.1OOO°C without soaking. It is observed that the

electrode potentials in the decrea e order is as follows: as-received, l-cycle, 4-cycle, 3-

cycle, 2-cyc'e and 5-cycle normalisation specimens at exposure periodsbetx 'een 24 and

240 hUTS. A ge ieral increase in electrode potential is observed for all the specimens

from -_dSmV (SeE) 0 - "'8mV (SCE) at the expo ure periods above 240 l.ours. The

electrode potentials for the samples remain within the range of -58mV (SCE) and -8mV

(SeE) at exposure period between 250 and 750 hours. Corrosion rates are observed

to decrease sharply with the exposure time in this order: three-cycle, five-cycle, one-

cycle, two-cycle, four-cycle normalisation specimens and as-received specimen features

the least. Nl the corrosion rates tend towards zero after 10 days of tile exposure periods.

The higl cr elec rode potential and the lower corrosion rates of almos: zero value

observed after 240 hours (10 days) exposure periods is a pointer to the fact that the metal

is :10I susceptible to corrosio1. at various cycles of heat-treatments. Thecorrosion

xperienced in the initial 10 days exposure periods is due to explanationg.ven under

sect' or 4_1. Reports of Avery (1963) show that at higher temperatures sufficient to ,

dissolve all the C2. .oides into solution, the steel remains a single phase, and smaller

sections can be cooled in air to keep dissolved carbides in solution.
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4.3 ELECTRODE POTENTIALS AND CORROSION RATES AT

VARIOUS EXPOSURE TIMES FORANNEALED SAMPLES HELD

AT lOOO°C FOR 1 HOUR

Figure 4.3.1 shows the plot of electrode potentials versus exposure time and

Figure 4.3.2 presents the plot of corrosion rates versus exposure time of as-received and

annealed. samples of austenitic stainless steel immersed in 0.5M H
2
S0

4
solution at

various cycles of annealing held at lOOO°C for 1 hour. A progressive increase of

electrode potentials from -340mY (SCE) to -220 mY (SCE) is observed for all the

samples at the exposure periods between 24 and 240 hours.A sharp increase of

electrode potential to -70m V (SCE) is noticed at 240 hours. The electrode potentials

between -70mV (SCE) and -50mY (SCE) are maintained from the period of 300 to 450

hours. Further increase in electrode potentials from -50m V (SCE) to -24 n: V (SCE) is

observed a: the exposure period between 450 and 750 hours for all the samples. From

Figure 30, the corrosion rates decreases in the following order: three-cycle, two-cycle,

five-cycle, four-cycle, one-cycle annealing specimens and as-received specimen displays

the least.

Avery (1963) reponed that during annealing, carbides, which markedly decrease

resistance to intergranular corrosion are dissolved. The operating temperature of 1000°C

is above the carbides re-precipitation temperature which is between 450°C and 860°C,

also the 1 ho irholding time observed is sufficient to keep all the carbides in solution.

Therefore, thesamples are fully homogenised. Homogenisation of the specimens result _

to an absence of galvanic cell when in contact with electrolyte. There is absence of

galvanic corrosion that might take place due to heterogeneous phases.
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4.4 ELECTRODE POTENTIALS AND CORROSION RATES AT VARIOUS

EXPOSURE TIMES FOR ANNEALED SAMPLES AT iooevc 'WITHOUT

SOAKING

Figure 4.4.1 shows the electrode potentials versus exposure time and Figure4A.2

snows the plot of corrosion rates versus exposure time of as-received and annealed

samples of austenitic stainless steel immersed in 05.MH2S04 solution at various cycle of

annealing at 1000°C without soaking. The highest electrode potential is observed for2-

cycle annealed specimen at the exposure periods between 400 and 750 hours. Corrosion

rates are observed to decrease in the order of four-cycle, two-cycle, five-cycle and one-

cycle annealing specimens. All the corrosion rates tend towards zero after 10 days of

exposure to the end of the exposure periods. These later values of electrode potentials

and corrosion rates are related to the existence of a passive layer, that is, all the

specimens formed a more stable 11mon the surface.

Lakhtin (1979), Dell (1981), andJohn (1994), showed that austenitic stainless

steels usually alloyed by chromium and nickel (or manganese), have an austenite

structure after being cooled to room temperature. This structure enhances good corrosion

resistance in oxidizing media, Furthermore, chromium makes its electrochemical

potential positive and it becomes resistant to corrosion in many acids. From the report of

Charnberlain et a1 (1996), the presence of chromium greater than 12 percent in steel

significantly improves the corrosion resistance, hence, the term 'stainless' steels.

Contrary to the findings of Sangdal1 (1964), it appears that precipitation of carbides is

suppressedat very slow cooling at various cycles of heat treatments. This may be due to

the higher percentages of nickel and chromium in the specimens. Also there could be

enough chromium in the matrix to resistcorrosion in the acidic media should carbides

precipitation occurs with 0.06 percent carbon present in the specimens.
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4.5 ELECTRODE POTENTIALS AND CORROSION RATES AT

VARIOUS EXPOSURE TIMES FOR SOLUTI ON-QUENCHED

SAMPLES HELD AT lOOOoC FOR 1 HOUR

Figure 4.5.1 shows the plot of electrode potentials versus exposure time and

Figure 4.5.2 presents the plot of corrosion rates versus exposure time of as-received and

solution-quenched samples of austenitic stainless steel immersed in 0.5MH2S0~ solution

at various cycle of solution-quenching held at 1000°C for 1 hour. A general increase of

electrode potential from -340m Y (SCE) to -230m Y is observed for all the specimens at

the exposure time between 24 and 240 hours. Further rise of electrode potential to -

80mY (SCE) is observed at period over 240 hours. All the samples maintained electrode

potentials ranging from -80mY (SCE) to -10 mY (SCE) at periods between 300 and 750

hours. It is observed in Figure 4.5.2 that three-cycle and four-cycle solution-quenched

specimens feature the same corrosion rates, also two-cycle and one-cycle specimens have

the same corrosion rates. Corrosion rates decrease in the order of five-cycle, two-cycle,

three-cycle specimens and as-received specimen displays the least.

The above observations agreed with the findings of Fontana (1986) and Avery

(1963) that austenitic alloys achieve maximum resistance to intergranular corrosion by

the high temperature heating and quenching procedure known as solution-annealing or

solution-quenching. Holding the temperature at lOOO°C for1 hour is sufficient to

accomplish complete solution of carbides. Quenching at a fast ratein water has

prevented there-precipitation of the carbides; hence a higher resistance to corrosion is

observed in figure 4.5.1. This also supports the argument of Chamberlain et al (1996)

that fast cooling in water of austenitic stainless steel from above 1000°C suppresses

carbide {(FeCr)23C6} formation in samples containing greater than 0.03percent carbon.
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4.6 ELECTRODE POTENTIALS AND CORROSION RATES AT

VARIOUS EXPOSURE TIMES FOR SOLUTIO -QUENCHED

SAMPLES AT lOOOoC WITHOUT SOAKING

Figure 4.6.1 displays the plot of electrode potential versus exposure time and

Figure 4.6.2 shows the plot of corrosion rates versus exposure time of as-received and

solution-quenched samples of austenitic stainless steel immersed in 0.5MH2S04 solution

at various cycle of solution-quenching at 1000°C without soaking. Figure 4.6.1 is similar

to Figure 4.5.1, however, 2-cycle solution-quenched specimen maintain the highest

electrode potential at the exposure times between 240 and 750 hours. Initial electrode

potential drop from -260mV (SCE) to -348mV (SCE) is observed for all the samples at

exposure periods between 24 and 48 hours. Electrode potential drop is observed for both

the as-received and 3-cycle specimens at the periods between 450 and 500 hours. The

corrosion rates for three-cycle, one-cycle, four-cycle and five-cycle specimens do not

decrease sharply as in nonnalised and annealed specimens. However, the highest

corrosion rate is observed for two-cycle, solution-quenched specimen. In Figure 4.6.2,

corrosion rates decrease with increasing exposure times and tend towards zero from 10

days to 30 days.

Corrosion attack is prominent in the initial 10 days exposure periods as electrode

potentials are more of negative values. This might be due to explanation given under

section 4.1. Although passivity sets in after 10 days exposure periods, in the case of a

pure metal free from all production defects, there can be selective corrosion attack at

grain boundaries. The natural passivity that must have set in after 10 days exposure ,

periods caused the drastic reduction in the corrosion rates as shown in Figure 4.6.2.
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The mrrnmurn corrosion rate IS observed for. three-cycle solution-quenched

specimen. The corrosion rate remains below that of the as-received specimen. This may

be attributed to a maximum homogenisation of the specimen at the end of the third-cycle

solution-quenching operations. The fast quenching in water has suppressed re-

precipitation of chromium carbides along the grain boundaries. Third-cycle solution-

quenching operation markedly enhances the resistance of austenitic stainless steel of the

composition in Table 3.1 to intergranular corrosion.
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4.7 COMPARATIVE RESULTS OF ELECTRODE POTENTIALS

AND CORROSION RATES AT VARIOUS EXPOSURE TlMES

AT DIFFERENT CYCLES OF HEAT -TREATMENT

CARRIED OUT AT lOOOoC FOR 1 HOUR

Figure 4.7.1 presents the comparative plot of electrode potential versus exposure

time of specimens subjected to one cycle of the different heat-treatment. It is observed

that the normalised specimen has the least electrode potentials at exposure time between

48 and 240 hours. It maintains the highest electrode potentials ranging from -80m V

(SCE) to -11m V (SC~) at the exposure period between 250 and 750 hours. The as-

received specimen displays a decrease in electrode potential within the initial 48 hours

from -240m V (SCE) to -310m V(SCE) which later increases to -230m V (SCE) at 240

hours. The as-received and annealed samp)s displ y the same efectrode potentiats

whose values rangebetween -80mV (SCE) and -50mV (SCE) at the exposure periods

between 240 and 750 hours. Solution-quenched samples display electrode potentials

whose values lie between those of normalised and annealed samples at the same

exposure periods.

Figures 4.7.2, 4.7.3, 4.7.4 and 4.7.5 present the comparative electrode potentials

versus exposure time plots for two-cycle, three-cycle, four-cycle and five-cycle of heat-

treatments respectively. At the periods between 250 and 450 hours, annealed samples

display the highest electrode potentials while the as-received and solution-quenched

specimens feature theleast. At the exposure periods between 450 and 750 hours,

normalised, annealed and solution-quenched specimens maintain peak electrode

potentials. The electrode potentials in the range of -340m V (SCE) and -230m V (SCE)

are observed to occur between 24 and 240 hours for all the samples.
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Figure 4.7.6 presents the comparative plot of corrosion rates versus exposure time

of specimens subjected to on-cycle of the different heat-treatments. It is observed that

corrosion rates decrease sharply for all the specimens in the initial 10 days of exposure

periods and tend towards zero value from15 days to 30 days exposure periods. Initial

highest corrosion rate is observed for solution-quenched specimen followed by annealed

specimen while normalised as well as the as-received specimens display the least

corrosion rates. As presented in Figure 4.7.7, the annealed specimen displays the initial

highest corrosion rates followed by solution-quenched and normalised specimens. The

as-received specimen features the least corrosion rates. The plot of the corrosion rates

for three-cycle of various heat-treatments is presented in Figure 4.7.8. Normalised

specimen displays the highest corrosion rates followed by annealed and solution-

quenched specimens. The as-received specimen displays the least corrosion rates.

Figures 4.7.9 and 4.7.1.0 present the comparative corrosion rates versus exposure time

plots for four-cycle and five-cycle of heat-treatments respectively. Normalised specirncn

displays the initial highest corrosion rates followed by solution-quenched and annealed

specimen as shown in Figure 4.7.9. Solution-quenched specimen displays the initial

highest corrosion rates followed by corrosion rate value from annealed andnorrnaliscd

specimens as shown in Figure4.7.l.0. The as-received specimen features the least

corrosion rate. However, all the specimens display the corrosion rates that tend towards

zero value at the exposure periods beyond 20 days.
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4.8 COMPARATIVE RESULTS OF ELECTRODE POTENTIALS

AND CORROSION RATES AT VARIOUS EXPOSURE TlMES

AT DIFFERENT CYCLES OF HEAT -TREATMENT

CARRIED OUT AT lOOO°CWITHOUT SOAKING

Figures 18, 19, 20, 21 and 22 present the comparative plots of the .electrode

potentials versus the exposure time for specimens subjected to various cycles of heat-

treatments. it could be observed that the annealed samples display the least electrode

potentials at the exposure periods between 24 and 240 hours. The as-received samples

feature the highest electrode potentials, followed by normalised ami solution-quenched

samples at the same exposure periods. A sharp increase in electrode potentials for all the

samples is observed at the exposure periods between 240 and 250 hours. In figure 18,

normalised samples display the highest electrode potentials ranging from -58mV(SCE)

to -17mV (SCE) at the periods between 300 and 750 hours. As shown in figure 19, the

annealed samples display highest electrode potentials at the periods between 300 and 750

hours. In figure 20,solution-quenched and normalised samples display highest electrode

potentials at the exposure periods between 650 and 700 hours.It is observed in figure 21

that all the samples except the as-received maintain peak electrode potentials at the

exposure periods between250 and 750 hours. The highest electrode potentials are

observed for both annealed and normalised specimen as shown in Figure22 at the

periods between 400 and 750 hours.

Normalised specimen features the initial highestcorrosion rates followed by the

values of corrosion rates from annealed and as-received specimens at one-cycle heat-

treatment as shown in Figure 39, solution-quenched specimen displays the least

corrosion rates. In figure 40, annealed specimen features the initial highest corrosion
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rates followed by the values of corrosion rates from solution-quenched and norrnalised

specimens. The as-received specimen displays the least corrosion rates. It is observed in

Figure 41 that normalised specimen displays the highest corrosion rates, followed by

annealed and as-received specimens of almost the same value of corrosion rates, while

the solution-quenched specimen displays the least corrosion rates. Annealed specimen

features the initial highest corrosion rate, followed by the values of corrosion rates from

normalised, as-received and solution-quenched specimens as shown in Figure 42. It is

observed in Figure 43 that normalised specimen displays the initial highest corrosion

rates, followed by the values of corrosion rates from the .innealed specimen. The

as-received and solution-quenched specimens have almost the same corrosion rates

which is the lowest relative to the corrosion rates of the normalised and annealed

specimens. All the corrosion rates decrease sharply in the initial 10 days of the exposure

periods.

The steel displays a high resistance to corrosion due to the naturally occurring

chromium-rich oxide film formed on the surface of the steel. Although extremely thin,

this invisible, inert film is tightly adherent to the metal and extremely protective in a

wide range of corrosive media. The film is rapidly self-repairing in the presence of

oxygen. As evidenced in the as-received specimen, damage by scratching is quickly

repaired. Also, under most conditions of exposure, the persistence of the passive film is

subject either to continue growth or to the dynamic equilibrium of partial breakdown and

repair as depicted by the spontaneous changes of the electrode potentials with exposure

periods above 240 hours. During film breakdown the electrode potentials become more

negative, and more positive as the film repairs.
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CHAPTER FIVE

5.0 CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

From the results of the present investigation, the following conclusions can be

drawn on the influence of fluctuating heat treatment operations on corrosion of

austenitic stainless steel in sulphuric acid solution.

11) Repeated cycles of normalisation, annealing and solution-quenching at 1ooo-c .

enhance corrosion resistance of austenitic stainless steel in sulphuric acid

solution.

(2) Enhancement of corrosion resistance of Austenitic Stainless Steel in sulphuric

acid solution increases in the following order of thermal cycling operations: .

Normalisation, Annealing and Solution-quenching.

(3) Corrosion resistance of austenitic stainless steel subjected to Normalisation,

Annealin& and Solution-quenching at elevated temperature without soaking

period at iooo-c is superior to that which was soaked for 1 hour at the

temperature.
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5.2 RECOMMENDA TIONS

The following are the recommendations as a result of this study.

(1) Since austenitic stainless steel resists corrosion at repeated cycles of slow

thermal fluctuations, it may be selected in the designing of components for

applications inpi actical engineering systems whose operations may .involve

repeated thermal fluctuations. Examples are in the production of exhaust

pipes of internal combustion engines and construction of furnace body

structure.

(2) Austenitic stainless steel may find application in the construction of baths and

reactors (vessels) where sulphuric acid solutions are used; as in the textile and

paper industries.
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APPENDIX A
c-

Table A1 : Electrode Potentials mV(SeE) of norma Iized(1 OOOoC,1hr)
austenitic stainless steel immersed in 0 5M H2S04

Exposure] Number of Cycles
Time 'I

(Hours)
1 ~ 2Cvcle 3 Cvcle 4 Cvcle 5 Cvcle As-received

24 -295 -306 -336 -305 -262 -240
48 -315 -321 -314 -281 -324 -308

72 -316 -314 -311 -280 -306 -289
96 -290 -276 -280 -276 -302 -272

,120 -308 -293 -286 -268 -307 I -267
144 -309 -309 -306 -291 -301 -280
168 -293 -290 -287 -276 -286 -271
192 -295 -288 -289 -283 -295 -277
216 -280 -282 -267 -255 -349 -225
240 '-237 -231 -226 -224 -226 -226
264 -62 -75 -72 -65 -73 -73

268.8 -84 -74 -71 -73 -85 -71
273.6 -81 -81 -75 -82 -81 -76
278.4 -86 -77 -79 -82 -85 -80
283.2 -73 -78 -70 -66 -78 -78

,

288 -80 -75 -74 ' -71 -70 -73
292.8 -63 -56 -58 -66 -68 -70

,297.6 -57 -62 -53 -61 -62 -68
302.4 -52 -68 -63 -57 -58 -70
307.2 -51 -67 -60 -60 -66 -72

312 ··82 -82 -81 -75 -80 -85
316.8 -75 -82 -80 -66 -78 -80
321.6 -81 -82 -74 -76 -78 -88
326.4 -82 -84 -81 -84 -81 -74
331.2 -76 -84 -74 -68 -65 -87

336 -84 -65 -61 -60 -53 -68
340.8 -64 -72 -76 -73 -67 -75
345.6 -61 -72 -70 -64 -67 -80
350.4 -64 -73 -71 -68 -84 -81
355.2 -57 -66 -78 -75 -75 -79

360 -80 -60 -63 -66 -67 -88
364.8 -85 -79 -76 -73 -74 -6
369.6 -79 -82 -81 -84 -83 -78
374.4 -75 -82 -76 -71 -79 -68
379.2 -82 -73 -87 -76 -83 -78

384 -60 -62 -63 -63 -70 -73
388.8 -73 -80 -79 -82 -82 -74
393.6 -77 -79 -81 -78 -81 -76 ,

398.4 -76 -80 -78 -80 -78 -81
403.2 -72 -80 -80 -78 -76 -80

408 -78 -75 -72 -62 -75 -74
412.8 -72 -74 -76 -77 -88 -73
417.6 -70 -75 -71 -64 -69 -76
422.4 -73 -76 -75 -71 -78 -77
427.2 -82 -78 -72 -77 -84

,
-76

432 -41 -48 -49 -51 -50 -75
436.8 -67 -74 -69 -69 -70 -77
441.6 -70 -80 -77 -78 -74 -66
446.4 -59 -72 -65 -66 -68 -78
451.2 -59 -75 -58 -68 -59 -80

456 -46 -56 -57 -58 -57 -142
460.8 -50 -62 -72 -56 -55 -122
465.6 -49 -69 -68 -70 -61 -114
470.4 -69 -67 -65 -62 -63 -67
475.2 -32 -50 -79 -80 -52 -84

480 -37 -43 -47 -49 -49 -55
484.4 -46 -58 -62 -60 -61 -53 \

489.6 -16 -46 -55 -52 -60 -65 I494.4 -16 -29 -52 -59 -50 -60
<;'
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TABLE A1 CONTINUED

IExposureBcctrodc Potentials mY(see) ofnonnahzcd( 10000 c, 1 hr)

Time austenitic stainless steel immersed in 0.5M H2SO4
I(Hours) 1 Cycle 2.Cycle 3 Cvcle 4 Cycle 5 Cycle As-received

499.2 -1'6 -66 -74 -57 -62 -44

504 -22 -24 -26 -29 -27 -57
508.8 ~41 -49 -51 , -57 -47 -59
513.6 -32 -42 -49 -62 -51 -62
518.4 ~26 -39 -49 -55 -57 -60
523.2 -31 -47 -54 -42 -51 -50

528 -28 -25 -22 -30 -20 -45
532.8 -22 -49 -53 -39 -44 -56
537.6 -42 -32 -44 -44 -47 -67
542.4 -22 -50 -57 -55 -46 -54

547.2 -29 -44 -46 -55 -57 -66

552 -23 -50 -47 -40 -50 -53
556.8 -56 -63 -52 -53 -57 -51
561.6 -14 -32 -42 -41 -48 -40
566.4 -26 -57 -51 -53 -46 -57
571.2 -52 -65 -58 -62 -59 -59

576 -12 -21 -15 -28 -31 -45
580.8 -36 -49 -39 -48 -61 -35
585.6 -35 -43 -65 -47 -57 -43
590.4 -36 -48 -60 -54 -47 -44
595.2 -20 -36 -42 -44 -42 -47

600 ~26 -33 -39 -40 -44 -47
604.8 -27 -32 -35 -38 -38 -46
609.6 -39 -52 -48 -27 -34 -47
614.4 -12 -42 -43 -48 . -50 -48

619.2 -16 -36 -36 -42 -57 -67
624 -25 -75 -41 -48 -57 -54

628.8 -46 -28 -40 -51 -39 -61
633.6 -22 -47 -49 -46 -58 -58
638.4 -30 -43 -49 -51 -57 -47
643.2 -12 -44 -47 -46 -41 -54

648 -15 -27 -32 -25 -32 -49
652.8 -37 -39 -45 -58 -58 -57
657.6 -40 -60 -58 -56 -60 ' -68
662.4 -59 -58 -63 -61 -59 -62
667.2 -55 -58 ·57 -60 -62 -59

672 -10 -42 -21 -23 -13 -47
676.8 -50 -50 -35 -34 -14 -67
681.6 -60 -26 -40 -38 -36 -51
686.4 -45 -36 -46 -43 -37 -69
691.2 -64 -63 -58 -41 -40 -54

696 -12 -15 -25 -31 -39 -44
700.8 '0 -25 -31 -43 -32 -51
705.6 -11 -38 -36 -44 -59 -60
710.4 -37 -44 -41 -38 -45 -51
715.2 -?-7 -47 -51 -47 -55 -45

720 -17 -12 -15 -28 -39 -42
724.8 -21 -15 -30 -40 -46 -64
729.6 -17 -6d -18 -36 -42 Q -45
734.4 -20 -32 -29 -42 -56 -70

--D_9.2 -~-_-..:1Q -17 -47 -67 -6!2

"

I
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TABLE A2:

'\

Electrode Potentials In V (seE) of nonuulizcdt 1000 o(without Sl oaking)
austenitic stainless steel immersed in 0.5M H2S04

'Exposure Number of Cycles
Time e

Jt!Q!!rs) 1 Cycle 2 Cycle 3 Cycle 4 Cycle ~cle As-received

24 -303 -313 -323 -316 -313 -240

48 -281 -323 -301 -306 -310 -308

72 -29:) -294 -:)~5 -:)04 -'3~4 -289
'96 -288 -292 -298 -288 -294 -272

120 -275 -290 -293 -287 -293 -267

144 -292 -297 -302 -290 -292 -280
168 -279 -280 -272 -269 -20 -271
192 -272 -285 -278 -282 -292 -277

216 -280 -269 -267 -283 -269 , -225

240 -220 -232 -202 -234 -242 "226
264 -56 -58 -63 -75 -267 -73

268.8 -68 -70 -67 -76 -69 -71

273.6 -82 -67 -76 -75 -72 -76
278.4 ~81 -69 -73 -66 -75 -80
283.2 -77 -64 -67 -64 -72 -78

288 -69 -59 -69 -65 -62 -73
292.8 -58 -55 -57 -57 -62 -70
297.6 -55 -57 -66 -58 -62 -68
302.4 -56 -56 -69 -57 -60 -70
307.2 -62 -63 -62 -69 -64 -72

312 -87 -71 -76 -70 -72 -85
316.8 -71 -74 -74 -79 -83 -80
321.6 -76 -70 -71 -70 -76 -88
326.4 -83 -81 -79 -78 -81 -74
331.2 -75 -70 -63 -60 -75 -87

336 -56 -52 -57 -57 -68 -68
340.8 -63 -68 -68 -71 -67 -75
345.6 -65 -63 -66 -62 -74 -80
350.4 -68 -71 -72 -71 -79 -81
355.2 -67 -72 -69 -68 -73 -79

360 -67 -79 -79 -84 -80 -88
364.8 -76 -87 -86 -97 -86 -6
369.6 -77 -78 -78 -74 -82 -78
374.4 -81 -81 -70 ··78 -82 -68
379.2 -81 -82 -70 -80 -83 -78

384 -72 -80 -83 -78 -76 -73
388.8 -76 -74 -76 -73 -72 -74

. 393.6 -79 -81 -82 -79 -80 -76
398.4 -74 -76 -80 -74 -74 -81
403.2 -79 -80 -78 -76 -78 -80

408 -74 -71 -69 -48 -62 -74
412.8 -80 -82 -77 -80 -95 -73
417.6 -70 -64 -63 -62 -70 -76
422.4 -78 -72 -71 -66 -76 -77
427.2 -72 -72 -76 -72 -74 -76

43;2 -54 -57 -59 -48 -59 -75
436.8 -63 -64 -65 -58 -54 -77
441.6 -71 -70 -66 -55 -54 -66
446.4 -58 -59 -60 -58 -60 -78
451.2 -66 -64 -68 -70 -66 -80

456 -59 -62 -70 -72 -78 -142
4(jO.8 -40 -62 -50 -91 -40 -122
165.6 -60 -58 -60 -52 -62 -114
470.4 -65 -58 -55 -64 -64 -67

,
.- .

475.2 -56 -86 -64 -57 -60 -84
480 -51 -50 -49 -52 -55 -55

484.4 -62 -59 '-46 -57 -66 -53

, 1\39.6 -56 -60 -55 -52 -45 -65
494.4 -60 -56 -50 -56 -5~ -60
499.2 -58 -60 -55 -50 -55 -44

504 -33 -32 -34 -40 -43 -57
508.8 -48 -50 -49 -51 -54 -59

, .
I

I
;

! "
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TABLE ~2 CONTINUED
Exposure Electrode Potentials mV(SeE) or nonnalizedi 10000 c, withoutSl oaking)
Time austenitic stainless steel immersed in 0.5M H2SO4
JHours) 1 Cvcle 2 Cycle 3 Cycle 4 Cycle 5 Cycle As-received

518.4 -37 -55 -54 -49 -49 -60
'523:2 -46 -56 -56 -54 -62 -50

528 -42 -26 -24 -30 -37 -45
532.8 -40 -45 -43 -47 -52 -56
537.6 -42 -49 -34 -39 -44 -67
542.4 -41 -54 -53 -50 -56 -54
547.2 -49 -46 -50 -53 -51 -66

552 -44 -39 -35 -52 -44 -53

556.8 -54 -52 -45 -51 -51 -51
561.6 -49 -49 -50 -64 -56 -40
566.4 -45 -45 -57 -69 -62 -57
571.2 . -50 -64 -43 -57 -48 -59

576 -48 -65 -60 -26 -28 -45
580.8 -53 -52 -58 -52 -49 -35
585.6 -58 -70 -52 -55 -47 -43
590.4 -50 -50 -54 -67 -52 -44
595.2 -50 -48 -42 -50 -53 -47

600 -45 -37 -40 -41 -45 -47
604.8 -35 -24 -47 -32 -37 -46
609.6 -37 -32 -42 -35 -46 -47
614.4 -61 -37 -60 -68 -55 -48
619.2 -48 -20 -68 -40 -50 -67

624 -52 -55 -55 -57 -24 -54
628.8 -47 -56 -55 -56 -58 -61
633.6 -65 -68 -68 -57 -62 -58
638.4 -67 -67 -62 -59 -68 -47
643.2 -66 -49 -54 -54 -64 -54

648 -40 -44 -18 -34 -53 -49
052.8 -25 -37 -45 -52 -52 -57
657.6 -61 -60 -37 -50 -42 -68
662.4 -64 -66 -38 -6'1 -59 :-62
667.2 -57 -60 -40 -56 -57 -59
.672 -17 -29 -20 -31 -36 -47

676.8 -29 -30 -26 -43 -46 -67
681.6 -32 -34 -24 -37 -20 -51
686.4 -57 -36 -27 -69 -29 -69
691.2 -58 -40 -37 -62 -22 -54

696 -48 -34 -43 -55 I -58 -44
700.8 -61 -55 -51 -47 -49 -51
705.6 -51 -49 -49 -63 -61 -60
710.4 -69 -54 -68 -61 -58 -51
715.2 -50 -57 -57 -59 -54 -45

720 -19 -25 -41 -37 -38 -42
724.8 -40 -40 -43 -40 -66 -64
729.6 -50 -50 -29 -64 -67 -45
734.4 -41 -76 -65 -69 -60 -70
739.2 -57 -72 -47 -81 -73 -66

/?h
. -,
/ . /.

~,

. l
".I-t •
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TABLE A3: l.lccu odc Potentials IllY (SeE) orl annealed (10000 C, 1 hr)
austenitic stainless steel immersed in 0.5M H2S04

-------
Number of Cycles

------_.
Exposure
Time

_Q::!Q.l!!:~.L._1...9'~_ 2 Cycle_ 3 C)'~~ __4 Cy_~~_ _5~y~I~ _ As ·received

24 -317 -321 -338 -309 -359 -240

48 -28tl -301 -291 -305 -295 -3013

72 -306 -302 -299 -311 -315 -2139

96 -296 -291 -285 -286 -285 -272

120 -290 -280 -278 -280 -290 -267

144 -292 -288 -280 -298 -290 -280

168 -275 -290 -290 -296 -300 -271

192 -269 -278 -263 -276 -274 -277

216 -260 -268 -264 -273 -262 -225
240 -222 -233 -217 -237 -211 -226

264 -67 -68 -72 -73 -7 tl -73

268.8 -84 -73 -68 -90 -78 -71

273.6 -69 -67 -62 -80 -76 -76
278.4 -76 -62 -72 -75 -80 -80

283.2 -81 -66 -70 -83 -78 -78

288 -62 -56 -56 -60 -71 -73

292.8 -56 -56 -56 -57 -62 -70

297.6 -56 -53 -50 -68 -58 -68
302.4 -63 -59 -61 -70 -53 -70

307.2 -60 -59 -60 -74 -67 -72

312 -71 -78 -71 -84 -79 -85
316.8 -70 -75 -75 -84 -81 -80
321.6 -67 -74 -75 -76 -73 -88
326.4 -83 -78 -79 -78 -81 -74
331.2 -58 -67 -69 -78 ' -74 -87

336 -59 -67 -64 -58 -60 -68

340.8 -61 -58 -63 -66 -68 -75

345.6 -70 -68 -66 -60 -62 -80
350.4 -72 -74 -67 -70 -69 -81

355.2 -66 -79 -68 -65 -62 -79

360 -74 -77 -79 -80 -80 -88

364.8 -83 -72 -65 -63 -71 -6
369.6 -78 -80 -68 -62 -74 -78
37,H -82 -78 -71 -69 -77 -08

379.2 ·76 -81\ -il2 -68 -78 -78
381\ -75 -77 -77 -72 -75 -73

388.8 -74 -76 -75 -62 -77 -74

393.6 -75 -79 -72 -74 -80 -76
398.4 -76 -78 -70 -70 -79 -81 :

403.2 -70 -79 -80 -64 -76 -80
408 -60 -65 -59 -66 -6CJ -74

412.8 -90 -82 -GJ -77 -72 -73
4176 -67 -64 -;:ill -67 -72 - f •..)

422.4 -73 -73 -69 -74 ~ -74 -77

427.2 -78 -68 -67 -72 -71 -"16

432 -68 -73 -63 -62 -72 -75
436.8 -61 -67 -62 -68 -70 -77
441.6 -56 -66 -59 -65 -78 . -66
446.4 -59 -66 -62 -65 -73 -78
451.2 -55 -72 -66 -69 -71 -80

456 -59 -60 ~64 -65 -55 -11\2

460.8 -60 -66 -71\ -62 -46 -122
465.6! -57 -59 -63 -66 -58 -,114

470-1 -63 -61 -61 -65 -53 -67

475.2 -61 -64 -59 -68
,

-50 -84

480 -50 -53 -45 -49 -52 ·55
484.4 -56 -57 -5(3 -44 -57 -53
4(39.6 -50 -55 -51 -49 -46 -65

, 491\.4 -57 -49 -51 -53 -4,1 -60
499.2 -46 -52 -62 -55 -53 -44

50tl -42 -44 -45 -45 -39 -57
50El 8 -52 -51 -41 -4(3 -45 -59

513.6 -53 -54 -47 -46 -49 -62
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TABLE A3 CONTINUED

-Expos-LJre TJz.;-:ti1iJcPolcnlillls J11Y (ScF)-or r arimii:iicd(1000 o-C , fhr)
Time austenitic stainless steel immersed ill 0.5M H2SQ"

.(HO~!!"~l.T~ycTe .-=-=-2 Cycle 3 Cyd~_ 4-Cy~re. 5 C.lcl~= As-~~~ived--·
-

518.4 -56 -49 -42 -46 -47 -60
523.2 -48 -60 -49 --18 -42 -50

52[1 -38 -43 -39 -1\2 -30 -45
532.8 -45 -50 -48 -47 -40 -56
537.6 -48 -50 -49 -50 -46 -67
542.4 -51 -37 -54 -54 -54 -54
547.2 -40 -49 -52 -55 -52 -66

5t::') -39 -37 -31 -31 -32 -53~,-

556.8 -32 -47 -29 -41 -41 -51
561.6 -45 -26 -49 -43 -53 -40
566.4 -45 -35 -50 -54 -51 -57
571.2 -53 -50 -33 -55 -46 -59

576 -37 -35 -43 -39 -2-1 -45

580.8 -51 -43 -49 -52 -58 -35
535.6 . -43 -49 -67 -59 -47 -43
590.4 -55 -42 -55 -67 -61 -44
595.2 -55 -50 -52 -62 -46 -47

600 -49 -46 -47 -47 --12 -47
604.8 -40 -46 -30 -47 -26 -46
609.6 -45 -46 -58 -5S -57 ·47
614.4 -62 -50 -64 -44 -56 -48
619.2 -64 -52 -49 -50 -82 -67

624 -70 -67 -55 -58 -67 -54
628.8 -80 -75 -62 -61 -66 -61
633.6 -70 -63 -48 -62 -66 -58
638.4 -71 -73 -26 -56 -68 -47
643.2 -64 -70 -34 -59 -69 -54

648 -51. -38 -34 -44 -46
1

-49
652.8 -53 -56 -52 -52 -51 57
657.6 -42 -62 -39 -5G -5G -68
662.4 -58 -62 -63 -61 -55 -62
667.2 -57 -55 -59 -58 -52 -59

672 -39 -47 -57 -67 -50 -47

676.8 -48 -60 -56 -52 -56 -67
681.6 -50 -15 -52 -51 -53 -51
686.4 -57 -45 -5'1 -62 -59 -69
691.2 -60 -4·\ -48 -51 -57 -54

696 -43 -42 -44 -33 -38 -44
700.8 -60 -44 -50 -31 -48 -51
705.6 -63 -66 -55 -46 -60 -60
710.4 -70 -58 -33 -39 -51 -51
715.2 -66 -62 -40 -52 -46 -45

720 -54 -33 -28 -34 -4 I -42
724.8 -55 -55 -30 -43 -61 -64
729.6 -64 -49 -31 ·4G -27 -45
73-1.4 -56 -63 -63 -24 -511 -70
739.2 -64 -60 -62 ·47 -61 ·66

------.- - -.--- ---------- ._ ...•..--_. ---

,~ I . ',
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1·1 'cil<ltic Polcut i.r!x in V (SCE) of annealed (1 OOOoC without ,'oClkillg)
austenitic stainless steel immersed in 0.5M f 12S04

TABLE A4

- '-'1 ... -- .-- -._-- -.-... -- -

I
Exposure) Number of vcles
Time .. _ ._.__ . ... ._. .. _. ._. .... _. _

(HOLII s) 11 Cycle . I2.C.Y~I.~_,;3.D'~I~_.1\~Y~I'~__1 ~~y~I~__~s·r ecr.ivcd_ .

I
I 24 -258 -318 -318 -336 -323 -2~0

48 -312. -319 -.07 -310

1

-305 -308
: 72 -328 -325 -:.22 -325 -302 -289
I 96 -298 -293 -289 -294 -299 -272

120 -290 -282 -287 -289 -2Q1 -267
144 -297 -300 -290 ·290 -289 -280
168 -293 -280 -285 ·288 -293 -271
192 -298 -287 -270 -274 -2H9 -277
216 -262 -284 -284 -2B6 -2'9 -225
240 ·231 -247 -258 ·260 -212 -226
264 -69 -82 -75 -73 ·81 -73

2688 -70 -63 -78 -74 -Li5 -71
2736 -69 -63 -68 -63 -61 ---6
278.1 -77 -78 -73 -73 -73 - ')
283.2 -711 -80 -76 -74 -81 .;8

288 -59 -61 -59 -65 ·61 -73
2928 -59 -68 -77 -70 -6/\ ·70
297.6 -67 -74 -69 -68 -70 CB
302.4 -65 -61 -72 -69 -78 -70
307.2 -69 -72 -77 -68 -77 -72

312 -82 -70 -78 -74 -73 -85
316.8 -82 -82 -83 -77 -78 -BO
321.6 -80 -72 -77 -74 -79 -88
32611- -79 -88 -89 -86 -81 -74
331.2 -80 -86 -67 -66 -70 ·87

336 -72 -66 -62 -65 ,.56 -68
340.8 -59 -72 -70 -77 -73 -75
345.6 -52 -79 -74 -86 -75 -80
350<1 -74 -76 -76 -79 -80 -81
355.2 -76 -66 -70 -71 -83 ~79

360 -91 -80 -77 -84 -99 88
36<18 -78 -8\ -82 -79 -76 6
369.6 -82 -75 -72 -73 -67 -78
374.4 -76 -79 -76 -73 -76 -68
379.2 -89 -79 -68 -66 -73 -78.

384 -72 -70 -66 -65 -74 -73
388.8 -77 -72 -60 -65 -,5 -74
3936 -79 -75 64 -6 -70 -76
3984 -74 -74 -62 -62 -73 -51
403.2 -78 -72 -60 -611 -68 -80

408 -68 -62 83 -751 -78 -74
4128 -75 -43 -54 -601 -64 -73
417.6 -71 -68 -70 -78 -62 -76
4224 -70 -49 -69 -78 -70 -77
42721 -71 -78 -58 -72 -71 ·76

432 . -I. S -57 -5,! -73 -60 -'is
436.8 -74 -68 -6(, -76 -66 -'17
<141.5 -58 -69 -62 -74 -60 ·G6
'1'16.4 -66 -62 -61 -74 -23 -78
451.2 -67 -67 -64 -82 69 -80

456 -63 -70 -100 -79 91 -142
460.8 -63 -52 -75 -87 -85 -122
465.6 -54 -41 -83 -84 -72 -114
470fi -51 -59 -79 -73 -70 -:;)7
475.21 -59 -51 -63 -88 -67 -84

480 I -48 -52 -70 -50 -64 -55
48441 -57 -56 -49 -50 -59 -53
<189.6 -1\5 -47 -,19 ·47 -5765
494-1 -61 -32 -35 -35 -47 -60
499.2 -50 -36 -33 -29 -42 -44

504 -42 -26 -37 -32 -41 -57
508.8 -60 -60 - ')8 -50 -57 -59

.L 513.6 -47 -51 -..)2 -45 -55 62
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TABLE A4 CONTINUED

OSUfl Electrode Potentials m V(SCE)of; annealed (1OOOoCwithout s. oaking)
e austenitic stainless steel immersed in 0.5M H2SO4
ursL ~~12 CY~ILI)~de "4 Cvcle 5 Cvde. As-received
23.2 -54 -47 -51 -42 -54 -50
528 -40 -32 -47 -47 -50 -45
32.8 -50 '-18 -36 -28 -32 ··56
37.6 -44 -25 -SO -42 -47 -67
42.4 -53 -57 -38 -90 -18 -S4
47.2 -51 -44 -57 -44 -57 -66
552 -36 -62 -65 -59 -53 -53

56.8 -45 -22 -32 -38 -42 -51
61.6 -52 -39 -54 -47 -43 -40
66.4 -58 -50 -64 -61 -56 -57
71.2 -53 -51 -59 -52 -52 -59
576, -34 -38 -29 -39 -40 -45

8081 -45 -20 -59 -43 -49 -35
85.61 ·55 -12 -66 -56 -31 -43
90.41 -57 -37 -37 -36 -49 -44
95.2 -48 -30 -45 -43 -36 -47

600 -40 -38 -44 -48 -58 -47

04.8 -39 -35 -57 -60 -37 -46
09.6 -46 -23 -24 -2S -25 -47

'14.4 -59 -64 -66 -51 -58 -48
19.2 -80 -73 -80 -78 -56 -67
624 -70 -64 -58 -37 -50 -54
28.8 -64 -68 -60 -53 -54 -61
33.6 -50 -51 -27 -24 -63 -58
38.4 ·56 -36 -42 -42 -44 -47
43.2 -68 -61 -59 -50 -47 -54
648 -21 -47 -49 -35 -32 -49
52.8 -34 -52 -56 -53 -58 -57
57.6 -56 -44 -61 -54 -66 -68
62.4 -63 -55 -60 -51 -5 i -62,

-51 -S967.2 -60 -66 -60 -S3
672 -SO -28 -38 -50 -52 -47
76.8 -S1 -31 -S9 -63 -58 -67
81.6 -48 -S2 -60 -60 -62 -Sl
86.4 -58 -47 -55 -64 -64 -69
91.2 -52 -24 -34 -58 -57 -54

696 -41 -36 -45 -45 -45 -44
00.8 -53 -38 -43 -57 -56 -51
05.6 -59 -46 -60 -46 -62 -60
10.4, -43 -16 -36 -40 -28 -51
15.21 -60 -50 -37 -55 -1,2 -45
7201 -43 -45 -42 -49 -37 -42

24.81 -55 -58 -55 -58 -45 -64
29.6 -55 -27 -48 -10 -57 -45
34.4 -65 -60 -53 -28 -;~9 -70
39.2 -23 -48J -32 Q -45 -56 -66---_.

I
~~i~~

.. Ho
5

I !
5
5
5
5

5

5
5

6
6
6
6

6
6
6
6

6
6
6
6

6
6
6
6

7
7
7
7

7
7
7
7



TABLE A5: Electrode Potentials mV(SeE) of': solution-quenched (1000oC, 1hr)
austenitic stainless steel immersed in 0.5M H2S04

Exposur
Time
.{I-I oUI§.L

2
4
7
9

12
14
16
19
21
24
26

268.
273.
278.
283.

28
292.
297.
302.4
307.2

312
316.8
321.6
326.4
331.2

336
340.8
345.6
350.4
355.2

360
364.8
369.6
374.4
379.2

384
388.8
393.6
398.4
403.2

408
412.8
417.6
422.4
-127.2

432
436.8
441.6
41\6.4

451.2
456

460.8
465.6
470.4
475.2
. 480
484.4
489.6
494.4
499.2

507
508.8
513.6

__ !?18.4

e Number of Cycles

'. ..1...0~_le__ _2·Cy<J.L 3 CY.<2lIL.£g"ycle _5CyciL As-received
4 -325 -334 -325 -327 -330 -240
8 -301 -304 -312 -299 -302 -308
2 -315 ·314 <322 ·319 ·315 ·289
6 -293 -294 -309 -308 -299 -272
0 -281 -250 -284 -283 -276 -26/
4 -289 -302 -295 -291 -277 -280
8 -289 -286 -290 -275 -280 -271

~I -274 -270 -268 -277 -274 -277
-273 -276 -272 -278 -276 -225

0 -261 -260 -241 -264 -244 -226

4 -75 -78 -91 -73 -77 -73
8 -75 -74 -76 -57 -66 -71-

6 -77 -69 -62 -60 -61 -76
4 -69 -79 -86 -75 -67 -80
2 -68 -74 -92 -68 -75 -78
8 -66 . -77 -70 -75 -56 -73
8 -63 -72 -80 -75 -70 -70
6 -71 -68 -67 -77 -75 -68

-83 -76 -76 -76 -70 -70
-73 -86 -76 -88 -62 -72

- -80 -80 -77 -77 -71 -85
-82 -86 -83 -87 -79 -80
-84 -79 -88 -98 -72 -88
-82 -85 -92 -91 -73 -74
-79 -75 -74 -71 ' -77 -87
-63 -67 -64 -74 -59 -68
-73 -78 -68 -82 -70 -75

- -76 -78 -71 -85 -70 -80
-81 -83 -73 -89 -70 -81
-84 -74

-
71

1

-83 -87 -79
-84 -80 -75 -84 -82 -88
-83 -78 -70' -82 -65 -6
-70 -73 -62 -83 -69 -78
-71 -78 -65 -77 -66 -65
-71 -68 -66 -77 -65 -78
-76 -82 -70 -80 -59 -73
-64 -72 -68 -69 -63 -74
-60 -78 -65 -70 -65 -76
-72 -76 -70 -77 -68 -81
-72 -78 -73 -82, -63 -80

) -82 -85 -83 -74 -63 -74
-64 -66 -64 -60 -71 -73
-73 -79 -65 -74 -66 -76
-77 -77 -67 -78 -75 -77
-77 -82 -61 -70 -70 ' -76
-74 -80 -78 -64 -72 -75
-63 -75 -76 -68 . -72 -77
-70 -77 -76 -60 -75 -G6
-77 -80 -82 -68 -73 -78
-77 -79 -73 -56 -78 -80
-69 -75 -79 -69 ? -73 -142
-61 -62 -66 -72 -66 -122
-53 -40 -47 -79 -58 -114
-73 -47 -60 -89 -77 -67
-63 -70 -77 -86 -100 -84
-58 -56 -52 -55 -56 -55
-59 -59 -61 -53 -53

--
-61

-61 -66 -61 -65 -57 -65
-56 -55 -42 -49 -48 -60
-50 -53 -45 -50 -45 -44
-45 -49 -47 -54 -42 -57
-59 -62 -56 -61 -53 -59
-58 -60 -57 -61 -55 -62
-48 -49 -47 - -49 -48 -60
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TABLE A5 CONTINUED

Expos-ur-e ri"c:clrodc Polcntiuls Jl1V (SeE) of SOllTtTo
Time austenitic stainless steel immersed in a

jt!Ql.!C~LJC;:'yCle ~ C cle 3Cycle 4C cle
523.2 -50 -50 -42 -4

528 -50 -5,3 -50 -5
532.8 -49 -56 -64 -6
537.6 -12 -56 -53 -5
542.4 -47 -40 -46 -5
547.2 -57 -57 -54 -4

552 -50 -53 -51 -5
556.8 -46 -49 -50 -5
561.6 -53 -51 -49 -3
566.4 -57 -62 -59 -5
571.2 -65 -50 -51 -5

576 -42 -40 -44 -4
580.8 -32 -40 -34 -5
585.6 -32 -33 -36 -4
590.4 -41 -48 -46 -4
595.2 -38 -44 -40 -4

600 -2GI -25 -26 -2
604.8 -25 -42 -56 -5
609.6 -29 -53 -36 -3
614.4 -21 -29 -25 -4
619.2 -28 -32 -30 -5

62-1 -25 -33 -41 -4
628.8 -58 -64 -62 -6
633.6 -52 -50 -52 -2
638.4 -51 -50 -53 -2
643.2 -39 -45 -47 -5

648. -16 -17 -21 -2
652.8 -38 -41 -44 -4
657.6 -65 -63 -60 -5
662.4 -60 -67 -55 -6
667.2 -64 -52 -53 -6

672 -49 -55 -54 -5
676.8 -68 -65 -61 -5
681 .6 -41 -49 -56 ··6
686.4 -61 -45 -57 -6
691.2 -61t -62 -64 -6

696 -58 -58 -53 -4
700.8 -63 -50 -69 -4
705.6 -41 -48 -46 -6
710.4 -39 -41 -55 -2
715.2 -57 -46 -64 -3

720 -28 -2f. -49 -5
724.8 -39 -44 -47 -6
729.6 -46 -56 -51 -6
734.4 -51 -58 -53 -5
739_:? .._ -52.c._--=:§.i_. -55 -7

88 ,
"

: ; !

, r,
..

,.

f I

n-quenched (HJQOoC, 1hr)
.5M H2SO4

5 Cvcle As-received
6 -39 -50
2 -45 -45
4 -57 -56
5 -48 -67
:1 -60 -54
5 -45 -66
5 -63 -53
5 -50 -51
7 -47 -40
2 -54 -57
9 -44 -59
0 -40 . -45
0 -45 -35
a -36 -43
8 -47 -44
'3 -44 -47
9 -32 -47 I

4 -55. -46
8 -17 -47
1 -37 -48
0 -36 -67
6 -43 -54
0 -58 -61
7 -48 -58
9 -47 -47
4 -44 , -54
5 -33 -49
8 -48 -57
7 -52 -68
5 -56 -62
2 -60 -59
2 -50 -47
1 -63 -67

1 -59 -51
3 -63 -69
5 -41 -54
6 -64 -44
3 -57 -51
2 -37 -60
3 -50 -51
2 -60 -45
2 -65 -42
3 -71 -64
4 -60 -45
1 -67 -70
0 -53 -66



TABLE A6: Llcctrodc PotentialsmV (SCI: (SCE) of solution-quenched (1a aaoc without soaking)

austenitic stainless steel immersed in a.5M H2S~

i Exposure Number of Cycles
Time
Jljours) 1 Cvcle 2 Cvcle 3 Cvcle 4 Cvcle 5 Cvcle As-received

24 -291 -318 -267 -314 -314 -240
48 -318 -316 -313 -319 -320 -308
72 -328 -325 . -339 -327 -310 -289
96 -310 -305 -297 -301 -309 -272

120 -283 -282 -281 -280 -262 -267
144 -284 -284 -279 -277 -280 -280
168 -287 -291 -275 -282' -287 -271
192 -277 -277 -278 -292 -270 -277
216 -282 -275 -265 -274 -254 -225
240 -260 -258 -235 -248 -258 -226

264 -71 ·72 -68 ·69 ·70 -73
,268.8 -72 -76 -72 -74 -69 . -71

273.6 -68 -67 -57 -80 -69 -76
278.4 c74 -77 -68 -72 -70 -80
283.2 -81 -70 -70 -66 -70 -78

288 . -63 -55 -64 -62 -62 -73
292.8 -78 -70 -63 -80 -76 '. -70
297.6 -69 -62 -76 -64 -66 -68
302.4 -71 -67 -72 -67 -78 -70
307.2 -79 -70 ·78 ·76 -74 -72

312 -78 -79 -88 -86 -85 -85
316.8 -75 -92 -88 -80 -86 -80
321.6 -80 -78 -94 -71 -84 -88
326.4 -77 -98 -97 -86 -95 -74
331.2 -76 -77 -87 -84 -90 -87

336 -69 -67 -65 -63 -79 -68
340.8 -73 -76 -83 -75 -85 -75
345.6 -79 -75 -81 -74 -84 -80
350.4 -79 -77 -78 -72 -81 -81
355.2 -78 -77 -87 -76 -89 -79

360 -90 -90 -88 -77 -79 -88
364.8 -64 -66 -86 -65 -85 -6
369.6 -82 -70 -89 -78 -84 -78
374.4 -73 -72 -89 -76 -81 -68
379.2 -61 -62 -87 -77 -76 -78

384 -72 -68 -79 -65 -84 -73
388.8 -73 -70 -81 -78 -85 -74
393.6 -74 -70 -84 -75 -82 -76
398.4 -76 -69 -88 -75 -84 -81
403.2 -79 -72 -87 -66 -88 :-80

408 -78 -80 -89 -68 -64 -74
412.8 -63 -58 -74 -70 -65 -73
417.6 -72 -64 -78 -75 -64 -76
422.4 -59 -66 -71 -77 -55 -77
427.2 -55 -56 -61 -84 -75 -76

432 -65 -66 -75 -78 -81 /-75
436.8 -69 -69 -68 -74 ' -65 -77
441.6 -70 -64 -66 -73 -84 -66
446.4 -68 -74 -70 -71 -68 -78
451.2 -49 -48 -58 -66 -65 -80

456 -67 -69 -130 -64 -70 -142
460.8 -74 -73 -131 -33 -71 -122
465.6 -75 -99 -147 -36 -58 -114
470.4 -88 -43 -117 -56 -53 -67
475.2 -62 -57 -100 -72 -53 -84

480 -79 -55 -83 -28 -38 -55
.;34.4 -61 -57 -7':.' -26 ·75 -53
489.6 -61 -63 -~I:j -61 -62 -65
494.4 -54 -53 -: ,., -54 -55 -60
499.2 -50 -48 -'i; : -49 -55 -44

504 -49 -45 -5! ; -54 -65 -57
508.8 -57 -56 6" -54,~ -65 -59- L.

513.6 -58 -60 -65 -59 -57 -62
518.4 -54 -42 -55 -53 -51 -60

,
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TABLE· :; CONTINUED

·r--· 1-----Exr» 11 I-:Icdrodc Po
Til ' : austenitic s

:(' ~~~)2111'CYC~!7r·~-

I 528 -49

I 532.81 -62
53;.61 .-~2

I 542.4 -J7
\ 547.2' -58

I
I 552 -62

556.8 -55
561.6 -56

i 566.4 -66
I 571.2 -61
I 576 -40

580.8 -47
585.61 -39
590.4 -50
595.21 -42

600 -34
604.81 -36
609.61 -40
614.41 -45
619.21 -44

624 -48
628.81 -25
633.61 -51
638.41 -49
64321 -50

6481 -37
652.81 -48
657.6 -55
662.41 -58
667.2 -42

672
1

-43
676.8\ -64

681.61 -55
686.4 -67
691.2

1
-53

6961 -34
700.8 -50
705.61 -51

I
710.4 -53
715.21 -56

I 720 -19

I
I 724.8/ ·32

729.6 -37
734.4J' -53

I~ 73§L.~__ :..4.5.

tcnuals mV (SeE) of solution-quenched oooe without soaking
tainless steel immersed in 0.5M H2SO4 --Cvcie- 3 Cvcle 4 Cvcle 5 Cvcle As-received

-41 -57 -51 -52 -50
-49 -46 -50 -65 -45
-52 -50 -65 -54 -56
-38 -46 -55 -52 -67
-41 -49 -60 -56 -54
-43 -51 -57 -63 -66
-57 -65 -58 -69 -53
-54 -59 -57 -60 -51
-38 -51 -51 -63 -40
-41 -57 -61 -58 -57
-62 -54 -66 -47 -59
-20 -30 -32 -53 -45
-48 -34 -42 -B -35
-37 -43 -40 -49 -43
-48 -40 -48 -50 -44
-46 -44 -46 -34 -47
-24 -34 -39 -34 -47
-40 -42 -42 -48 -46
-421 -48 -47 -43 -47
-52 -50 -58 -50 -48
-44 -57 -66 -34 -67
-36 -42 -48 -65 -54
-17 -69 -63 -67- -61
-38 -37 -46 -52 -58 ,
-49 -48 -54 -52 -47
-51 -39 -49 -50 -54
-26 -16 -36 -45 -49
-35 -34 -38 -51 -57
-55 -55 -67 -67 -68
-62 -53 -61 -62 -62
-46 -60 -49 -38 -59
-43 -57 -55 -51 -47
-52 -63 -53 -65 -67
-45 -57 -53 -47 -51
-55 -62 -48 -69 -69
-67 -66 -57 -61 -54
-58 -47 -46 -35 -44
-42 -50 -60 -42 -51
-46 -65 -41 -48 -60
-14 -53 -47 -57 -51
-51 -52 -50 -36 -45
-29 -32 -48 -56 -42
-29 -34 -61 -70 -64
-60 -32 -61 -85 -45
-66 -67 -68 -66 -70
-80 -63 -65 -67 -66
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APPENDIXB

Table HI: Weight loss (mg) of normalized (lOOOoC,lhr) immersedin
O.5MH2SO-t

J

Exposure 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle As

time days Received

5 1.4 3.2 4.8 3.3 1.7 1.2

10 0.9 1.0 1.7 0.9 0.5 0.9

15 0.3 0.5 1.0 1.1 0.4 0.3

20 0.2 0.5 0.7 0.5 0.4 0.2

25 0.2 0.6 0.3 0.2 0.1 0.1

30 0.1 0.4 0.4 0.1 0.1 0.0

Total 2.6 6.2 8.9 6.1 3.2 2.2

Table B2: Weight loss (mg) of normalized(lOOOoCwithout soaking)

immersed in 0.51\-1H2S04

Exposure 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle As Received

time days

5 2.8 2.6 5.0 2.5 3.6 1.2

10 0.9 0.7 1.4 0.7 1.1 0.9

15 0.6 0.7 1.1 0.8 0.8 0.3

20 0.4 0.3 0.8 0.4 0.6 0.2

25 0.2 0.2 0.4 0.2 0.3 0.1

30 0.1 0.3 0.6 0.2 0.3 0.0

Total 5.0 4.8 9.3 4.8 6.7 2.2
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Table B3: Weight loss (mg) of annealed(lOOOoC, Lhr) immersedin

O.5MH2S04

Exposure 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle As Received

time days

5 12.2 3.7 4.5 2.6 2.7 1.2

10 0.6 1.1 1.9 0.8 0.7 0.9
1---.

I

15
1
0. 6 0.8 0.8 0.7 1.0 0.3

1

20 0.3 0.6 1.0 0.4 0.3 0.2
-

25 0.2 0.3 0.5 0.4 0.2 0.1

30 0.1 0.2 0.1 0.0 0.2 0.0

Total 4.0 6.2 8.3 4.9 5.1 2.2

Table B4: Weight loss (mg) of annealed(lOOOoC without soaking)

immersed in O.5MH2S04

Exposure 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle As Received

time days

5 2.0 3.8 1.2 4.1 3.2 l.2

10 0.6 1.3 0.3 1.2 0.9 0.9

15 0.4 0.8 0.5 0.9 0.7 0.3

20 0.4 0.6 0.2 0.6 0.5 . 0.2

25 0.3 0.4 0.1 0.6 0.5 0.1

30 0.1 0.2 0.0 0.2 0.2 0.0

lotal 3.8 7.1 2.3 7.6 6.0 2.2
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Table B5: Weight loss (mg) of Solution-quenched (1000oC, Jhr) immersed

in O.5M H2S04

Exposure 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle As Received

time days

5 3.4 3.4 3.0 3.0 3.9 1.2

10 1.0 1.0 0.8 0.9 1.1 0.9

15 0.7 0.8 0.7 0.6 0.7 0.3

20
1
0. 5 0.6 0.4 0.5 0.6 0.2

-
25 0.9 0.2 0.2 0.4 0.3 0.1

-
30 0.2 0.3 0.4 0.2 0.6 0.0

Total 6.2 6.3 5.5 5.6 7.2 2.2

Table B6: Wight loss (mg) of Solution-quenched (1000oC without soaking)

immersed in O.5M H2S04

Exposure 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle As received

time days

5 0.5 2.7 0.4 0.6 1.2 1.2

10 0.2 0.8 0.3 0.3 0.4 0.9

15 0.3 0.6 0.2 0.3 0.3 0.3
-

20 0.2 0.4 0.1 0.2 0.2 0.2

25 0.0 0.3 0.1 0.2 0.2 0.1

30 0.5 ~ 0.3 0.3 0.3 0.3 0.0

Total 1.7 5.1 1.4 1.9 2.6 2.2
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APPENDIXC

Table Cl: Corrosion Rate (mg/cm2/yr) of normalized (lOOOoC, 1hr)

immersed inO.SM H2S04

Exposure 11 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle As Received

time days I
5 8.03 18.36 27.55 18.94 9.76 6.89

f--.---- --- --_.
10 1.15 2.87 4.88 2.58 1.43 1.15

15 0.57 0.97 1.91 2.10 0.77 0.57

20 0.29 0.72 1.00 0.72 0.57 0.29

25
1
0.23 0.69 0.34 0.23 0.11 0.11

30 0.10 0.38 0.38 0.10 0.10 0.00

Table C2: Corrosion Rate(mg/cm2/yr) of normalized (lOOOoC, without

soaking) immersed inO.SM H2S04

Exposure 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle As received

time days

5 16.07 14.92 28.69 14.35 20.00 6.89

10 2.58
1
2.01 4.02 2.01 3.16 1.15

15 . 1.15 1.39 2.10 1.53 1.53 0.57

20 0.57 0.43 1.15 0.52 0.86 0.29

25 0.23 0.23 0.46 0.23 0.34 0.11

30 0.10 0.29 0.57 0.19 0.29 0.00



Table C3: Cor rosion Rate (lllg/cm2/y.") of annealed (I O()OuC, I h.")

immersed in O.5M 1-12SO-t

Exposure 1 Cycle :2Cycle 3 Cycle 4 Cycle 5 Cycle As Receivecl-1

time days
-. -- ... - -.- .-
5 12.63 21.23 25.83 14.92 1550 6.89

10 1.72 3.16 4.02 2.30 201 1.15
-

15 115 I 53 1.53 139 1.91 057
--

20 0.43 0.86 1.43 0.52 0.43 0.29

25 0.23 0.39 0.57 0.46 0.23 0.11

30 0.10 0.19 0.10 0.09 0.19 000
I

Table C4: Corrosion Ratc (mg/cm'zyr) of annealed (1 OOO"C,without

soaking) immersed in O.5M H 2SO-t

Exposure 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle As Receive

time days

5 11.48 21.81 6.89 23.53 18.36 6.89

10 1.72 373 0.86 3.99 2.58 1.15

15 0.77 1.53 0.97 1.72 1.34 0.57
-

20 0.57 0.86 0.29 0.86 0.72 0_29
-

25 0.34 0.46 0.11 069 0_57 0.11
.- ---

30 010 019 000 (l09 019 000
'--------- ----- --- -- --- --



Table C5: Corrosion Rate (mg/cmvyr) of solution-quenched (1000oC, 1hr)

immersed in O.5M H2S04

Exposure 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle As Received

time days
_. ---- - - ---- -.------ ---

5 19.51 19.51 17.22 17.22 22.38 6.89

10 2.87 2.87 2.30 2.58 3.16 1.15

15 1.39 1.53 1.39 1.15 1.34 0.57

20 0.72 0.86 0.57 0.72 0.86 0.29

25 0.96 0.23 0.23 0.46 0.34 0.11

30 0.19 0.29 0.38 0.19 0.57 0.00

Table C6: Corrosion Rate (mg/cm2/yr) of solution-quenched (1000"C,

without soaking) immersed in O.5M H2S04

Exposure 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle As Received

time days

5 2.87 15.50 2.30 3.44 6.89 6.89

10 0.57 2.30 0.86 0.86 1.15 1.15

15 0.57 1.15 0.38 0.57 0.57 0.57

20 0.29 0.57 0.19 0.29 0.29 0.29

25 000 0.38 0.11 0.23 0.23 0.11
------- +-

30 0.48 0.29 0.29 0.29 0.29 0.00
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