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ABSTRACT

Corrosion performances of austenitic stainless steel subjected to vanous cyclic heat
treatment operations of normalisation, annealing and solution-quenching have beéen evaluated.
Samples of the as-receved matenal (hot-rolled avstemitic stainless steel) were sulyected to five
cycles of heat-treatment consisting of normahisation soaked for 1 hour and without soakmg at
1OY'C, annealing soaked for | hour and without soaking at 1 0007°C and solution-quenching
soaked for | hour and without soaking at 1000°C. Estimation of corrosion rates from weight
loss measurements was carmed out using chemical weighing balance of model Mettler J‘I.I-E 164}

The results show that corrosion rates decrease with increase n exposure time for as-
received and heat-treated samples. A general increase in electrode potentials is ohserved for all
the specimens from -235mV (SCE) to -58 mV (SCE) at the exposure peniods above 240 hours,
The electrode potentials for all the samples remain within the range of —58mY {STE'F] and
EmV (SCE) at the exposure periods between 250 and 750 hours,

It is concluded that corrosion resistance of austenitic stainless steel subjected 1o
normalization, annealing and solufion-quenching at elevated temperature without soaking
penod at 1E00°C 5 superior o that which was soaked for | hour at the temperature. This was

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

phase afler coonling (o room temperature,

XVl



CHAPTER ONE

1.1 INTRODUCTION

The corrosion resistance of stainless steel has been a 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 stainltess stcels,
especially in chemical processing industries. The rate at which deterioration oceurs in
the constiuction industries and in the equipment/machines used in paper industries are
very high This leads to a very high cost of failure, reparrs 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 alu.l'lplatinum. The aim to eliminate corrosion has attracted
the thought of mankind for ages. Among many metals, stainless sieels gre 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 1o general corrosion and high strength.  However,
certain service conditions rendered stainless steel 1o be highly su sceplible to cormosion
(Auvdouard ef al 1984, OMdfield, 1989)  This can either be chemical or thermal
condition Plumbing or replumbing a large building using stainless steel can cost
several million pounds  Replacing # corroded or failing part of a food processing
plant is alse expensive and the risk of contamination if replacement is not carried out
15 potentially dangerous  The highly corrosive environments in biomass fuel boilers

and waste incinerators still present a great challenge for materials scientist



I'he loss of heat efficiency due to severe cormosion of heal exchanger tubes calls for
urgent shudy (Birk, et al 1997).  Despites the vast amount of scienlific research
carriedd out in the field of corrosion since 1945 (Banerjec, 19%5) towards
understanding the basic mechanisms of cormosion and the application of this
knowledge to its control, the average engineer seems 1o know very little about the
subject, and the wastage ol material due fo 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. The enormoususe
ol austenitic stainless steel in production of equipment and machine parns call for
critical examination of its corrosion behaviour under thermal fluctuating operations.
There is need 1o improve on the safety of the use of austenitic stainless steel in high
temiperature application. For these reasons, this work investigates the chrrosion
characteristics of austenitic stainless steel under Auctuating heat treatment operations.
Heat treatment operations such as normalisation, annealing and solution - quenching
were carried out at various cycles at 1000"C soaked for | 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 avstenitic stainless steel (unstabilised grade) can perform
credibly well in terms of corrosion resistance under fluctuating  heat  treatment

operalions
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 fluciuations of

normalisation, annealing amd solution-quenching



her specific obyectives are to;

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

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

stainless steel subjected 1o various cycle of fluctuating heat treatment

operalions

1.3 EXPECTED CONTRIBUTION TO KNOWLEDGE.
The research would provide an alternative method for evaluating the
comosion resistance performance of components designed Tor application in

practical engineering systems, whose operations may involve alternate thermal

Muctuations.



CHAPTER TWO
LITERATURE REVIEW
L1  STAINLESS STEELS OVERVIEW

As chromium 15 added 1o steels, the corrosion resislance Increases
progressively due 1o the formation of & thin protective flm of Cry(y, the so — called
passive. layer. With the addition of about 12% Cr, steels have pood resistance to
atmosphenc 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. Giiven this situation, it i5 not surprising that stainless steels have found a
very wide range of application, ranging from the chemical, pharmaceutical Hm.:.i power
generation industries to less aggressive situations in architecture, domestic appliances
and stéel furniture.

By the late 1800's; iron — chromium alloys were in use throughout the world
but without the realization of their potential as comosion — 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 nffle barrel
steels. He found that a steel containing about 0.3 % and 13% Cr was difTicult 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 Tor improved steels for l:hlc chemical industry. Up until
that time, steels containing high levels of nickel were in use as tarnish - resistant

materials but had madequate resistance to corrosion,



Two Krupp employees, Benno Straws and Edward Maurer, are credited with
the discovery of Cr — Ni austenitic stainless steels and patents on these materials were
registered in 1912 However, workers in France and the United States are also cited as
independent discoverers of these steels During the 19208 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 410(12% Cr) and type 430 (17% Cr). However even in the 1950,
stainless steels were stll regarded as semi — precious metals and were priced
accordimaly.

In terms of product innovation, perhaps the greatest benefits have been
oblained from relatively simple changes, such as the introduction of stainless grades
with low carbon contents, ie below 0.03% € This modification has virtually
eliminated the risk of intergranular corrosion in unstabilized austenitic grades and has
improved the cormosion performance and ductility of austenitic grades (Llewellyn,
1992).. These steels are based on compositions such as 18% Cr, 2% Mo, and 26% Cr
|% Mo and offered the prospect of being a cheaper alternative to an austemtic 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 chlonde-induced stress
corrasion), they tend o retain the problem of conventional ferritic steels in relation 1o
grain coarsening and loss of toughness afler welding On the other hand, high alloy
steels involving duplex austenite plus ferrite microstructures are now gamning
acceptance. because of their higher strength and better resistance to stress corrosion
than conventional austenitic grades{Llewellyn, 1992)

Whereas the consumption of bulk steel products is likely to remain fairly



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 15 now also regarded as an engineering material for wse 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 iraditional paimed
mild steel In the North Sea, the environmeni s particularly aggressive and high
corrosion resistance of type 316 s attractive. In the event of fire, stainless steel 15 also
preferred to panted mild steel because of its higher strength at elevated temperature
and the elimination of the smoke or toxic hazards associated with burning 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 15 considernbly more expensive, the cost
dilTerential at Moal oul 15 less than 15% compared with mild steel fabrications
(Llewellyn, 1992) A cost analysis by Stone et al (1984) indicates that this initial
differential iz eliminated after the first five vears 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
lowivers and other architectural features on more than half the oil field in the North
Sea(Llewellyn, 1992) Table 1 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.



shle | Compositions of Standard Grades of Wrought Stainless and Heat-Resisting

eels (AIS], 1959) (Source Book on Stainless Steels, 1976)

AlSI Neaninal composition, %

[ype [ Mun, max  5i, max Cr Mi Others
Austenitic Stecis

ML 1S max 750 .00 16 06 to 18, (4D 350 1o 550 D25 max N
2. 0.15max 10.00 1.00 17.00 10 19.00 400 1o & 11D 025 max N
W00..... 0.15 max  2.00 1.00 16,00 to 1E.00 GO BOOD L
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W028... 015 max  2.00 3,00 17,00 to 19,00 B b D) i
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S, 12 max  2.00 1.00 17000ty 19040 1000 to 13,00

WOB..... D08 max 2.00 |00 19.00 to 21040 10.00 to 1200

08, D20 max 2.00 |00 22.00 to 24.00 120010 15.00 i

J095.... 008 max 2,00 1.00 22.00 1o 24.00 R U ol e, | N T
0. 0.25max  2.00 1.50 24,00 1o 26, 19000 b 22,00 AR I e
116.,... D08 max 2.00 .00 16,0010 18.00 1000 fe 14800 2.00 TO 3,00 M
G, 0.03 max 200 1.00 16,06 1o 1800 1000w (400 2000 3.00 Mo
Vartensitic Steels

03... O 15max 1.00 0.50 11,50 to 13.00

31t - D 15max 1.00 1.00 11.50 to 13.00 Pl U A ot (e e TR =
4. .. 0 15max 1,00 1.0d) 11.50 to 13.50 1.25 1o 2.50 ,
G, O 15max 1.25 1.0:0 12.00 to 1400 .15 min 8
40B..0.7510 095 .00 | () 16,00 to 18.00 . 0 75max M
a)., ... 010 mn |00 1.00 40000 6,00 0 0410065 Mo
erritic Steels

05, 0.0Bmax 100 1,00 11,500 14,50 0.10 to 0.30 Al
A, 012 max 1.00 1.00 PSR TRBI . o imrestisrsisrme  dsinieaodiiiee,
J0F... 0.712 max 1.25 1.00 14.00 to 18.060) 015 min 8
30F 5e, 0. 12 max |.25 [.00 [ 00w 1800 0.15 min Se
46.,,... 20 max 1.50 |00 23.00 10 27.00 0.25 max M
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Figure 2.1: Fe-Ni Equilibrium Diagram (Llewellyn, 1997)
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2.2 CLASSIFICATION OF CORROSION PROCESSES

Corrosion is the gradual deterioration of & material caused by the chemical o
electrochennical reaction with its environment, which resull to irrecoverable loss. A
logzical and scientilic classification of cormosion processes, although desirabile, 15 by no
means simple. This is due (o the enormous variety of the surrounding meda, vaned
heterogeneities in metals and the diversity of corrosion reactions However, cormosion
may be clossificd on the basis of (Banerjee, 1985)

2.2.1. The Mechanisms OF Corrosion 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.
{in) Electrochemical corrosion
This type is subjected to basic laws of electrochemical kinetics and
gencrally refers 1o cases ol corrosion of metals i electiolyles with
possible generation ol galvanic current in the so-called corrosion cells. The
comosion leading o localized allack (locahzed corrosion) may  be
clagsified as follows
ta) Galvanic corrosion (or bimetallic corrosion) caused by the
camact ol two or more metals of different electrochemical
potential (galvanic metal/metal macro —cell)
(b} The following are initiated owing to the formation of local
camosion cells {gpalvanic cells) within a metal
i) structural selective cormosion (graphitization)

i) selective dissolution (dezincification, dealuminification)

g



(1)  Intercrystalline  (intergranular) comosion  (comosion

cracking)

() Stress corrosion cracking

(v)  Corrosion fatigue

{vi} Layer (subsurface) corrosion, ¢ exfoliation

{vii) Thermogalvanic corrosion. Example: Steam  engine

bonler.

() The following are cuuced by the crestion of differential
agration cells (oxygen concentration in macro — cells) and are
mitiated in the environment;

(1) Filiform corrasion

Jdi)  Crevice corrosion

(ifi)  WWater — lins corrosion

|¥) Bromon — comosian (impingement attsck) of copper ‘and
copper elloys, This results due to formation of metal ion
soncentration calls fmacro — cells)

{e) The following are propagated as & result of conjoint action of

gilive — passive cells and differential aeration cells, and are

chnrpereristics of passive metals P Vi
T _
iy . Pining f. ,,I/ _\\
(ify  Crevice comosion (_ ‘_.L_IT
(i)  lmercrystailine corrosion "“%. T; “':"/:ﬁ

|__‘_ -,.;" -

(iv)  Siress corosion cracking

(f) Stray — current corrosion (or, electro — corrosion). This is
caused by the formation of elecirolytic cells (macro - cells)
¢ .. the corrosion of underground [/ne lines by stray currents

ID



122 The Nature Of The Environment

Corrosion phenomena can be grouped after environment in the following vays,

(ol Atmospheric corrosion
(11} Mirine corrosion

(1) Underground corrosion
(7w} Biological cormosion
W) Hydrogen cracking
ivi)  Radiation cracking
(vil) Liquid metal cofrosion
{vit] Molzen salt corrosion
(ix}  Acid corrosion

(x)  Corrosion in electrolytes

223 The Type Of The Corrosion Deterioration
it 15 customary to subdivide corrosive effscts into:
(a) General (or surface) corrosion where the attack is
evenly distributed along the metal surface
(b) Local corrosion where attack is concentraled on a
very small ares, and
(c} Intercrystalline corrasion where atiack is centred on
the grain boundaries,
If all areas on the metal surface corrode at the same or similar rate, it is LTOWD
25 general (extinsive) corrosion, which may be uniform or nor uniform. [F certain

aresy of the metal surface corrode ut higher rates than others due to heterogeneities in

Ll



the metal, in the environment, or in the geometry of the structure asa whole, then the

attack can rangs from being shightly localized to pitting.

324 Types OF Corrosion Processes

Shrier (1963) classifies the main types of corrosion processes as follows;

@

r ]

i

Film ~free chemical interaction in which there 15 direct chemical
resciion between a metal and its environment. The metal remains
film — {ree znd there i3 no transport of charge. For example, in
the reaction of molybdeénum with oxvgen, the oxide being
volatile, the metal surface remmns film — free.

Electrochemical reactions which invoive transfer of charge across
sn inrertace. These electrochemical reactions have been further
sub — divided into three grours, viz,

(a) Inseparsble  snode/cathode type. For ewample, the
uniform dizzolution of metals in acids, alkalis or neotral aqueous
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 msthods

(b) Separable anode/cathode type. In this case certain areas
of the metal can be distinguished expenmsnially as
predominantly anodic or cathodic, although the distances of
separation of these ereas may be infinitesimally small. Reaction
of iron containing a crevice corrosion, water — line corrosion are

excamples of this type.



(e} Interfacial anode/cathode type. Here the metal surface
rermains filmed. One entire interface will be anode and the other

will be esthode.

in engineering science, corrosion types caused by a conjoint action of
COITOSIoN
and mechanical fectors deserve special reference, Depending on the mechanical force,

the following classifications may be made;

115 Mechanical Forces Within The Metal
{1} Stress — corrosion cracking (due to combine action between an internal and
external tensite stress-and local corrosion attack)
i) Corrosion fatigpue (caused by cyclic stresses in the presence of a corrosive
EmVITOmment )
{ili}  HMydrogen cracking (due to combined action between tensile stresses and

atomic hydrogen)

2.2.6 Mechanical Wear Effects Or Abrasion On The Metal By A Liquid
{i}  Erosion - corrosion (a corrosion reaction accelerated by velocity and
abrasion)
ity  Cavitztion corrosion {due to conjoint action of liquid flow rate and
corrosion, caused by the formation and collapse of vapour bubbles in a

liquid near a metal surface.



3.7 Mechanical Action Of A Solid Body On The Metal
(i)  Freting corrosion (localized deterioration at the interfice 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) Wert comosion or dry corrosion
However, the latter only has been somewhat accepted. The term *wet” includes
all rezctions in which a hiquid 15 involved in the resction mechanism while dry
corrosion process gccurs 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

cetl corrosion, ses water cormosion, bacteria comosion.

2.3 INTERGRANULAR CORROSION OF AUSTENITIC

STAINLESS STEEL

This particular corrosion was described by Liwellyn (1992), Koss (1977),
Lpkhtin (1979} and Fontana (1986) as given favourable temperature conditions, solute
aloms can segrepate to the grain boundaries, causing errichment in a particular
glement or the precipitation of meta! 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

orein boundaries znd the formetion of the chromium — rich, CrunCg carbides.
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The concentration of chromium in these carbides is very much higher than that
in the surrounding marrix and, a1 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
staimless steels 1s that involving chromium deplietion. Thus, in forming chromium -
rich carbides at the grain boundaries, chromium is drawn out of solid solution and in
greas 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 comrosive attack, corrosion can then proceed along grain boundaries.
Diggrams 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

Conosion from s side

Dissoived meial

depleted zme Figure2.5: Cross-section of area shown in Figure 2.4
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less stezls (Netson,"| 950)

2: Corrosives reported 10 induse intergranulsr corrosion in sénsitized austenitic

ﬂhﬂm wcid

Avelic acid + salicylic acid
Ammonium rnitmte
Ammioniom sulfate
igﬁr:nmnnium sulfare+Hz50,
“Heejuize

Caloium nitraze

;"_E]rmm; arid

Chromium chleride

‘Copper Salfate

rde ol

Fatly acid

Ferric chloride

Ferric sulfase

parmie geid

Hydroevenic aeid

Hydrocyanic agid + solfur dioxide
riydrofiuoric acid + ferric sulfale
i

Lactic #cid + nilric acid

Mialtic acid

NItr pchd

Nitrie acid + hydrochlotie acid

Nitrc seid + hydrofluoric acid

Oxalic acid

Phenol + naphtenic acid

Phosphonic acid

Phinialic acid

Balt spray

Sea water

Silver nitrate+ncetic acid

Sediom bisulfate

Sodiom hvdroxide + sodium sulfide
Sodium hypochlorite

Sulphuric actd

sulfite eooking liquor

sulfite digester acid

{caleium bisulfite + sulfur dioxide)
Sulfite solution

Sulfur dioxide {wel)

Sulfuric acid

Sulfuric.acid + acetic acid
Sulfuric¢ acid+ copper sulfise
Sulfuric acid + ferrous sulfite
Sulfuric scid ~ methanel
Sulfuric acid + mitric acid
Sulfurous acid

Water + starch + sulfur dioxide



2.3.1 Conirel Of Intergranular Corrosion In Austenitic Stainless Steel
Three methods are used to control or minimize intergranular corrosion of the
austenitic stainless steels (Avery, 1963
(1) Employing high — temperature solution heat trestment, commonly termed
quenth —annealing or solution — guenching,
(1)  Adding clements that are strong carbide formers (called stabilizers), and
(iif) Lowering the carbon content to below 0.03%.

Commercial solution- quenching treatments consist of heating to 1050 to 1100
C followed by water quenching. Chromium carbide is dissolved at these
temperatures, and a more homogenous alloy 18 oh:ained, Quenching, or mapic cooling
from the solution temperature, is very important, If cooling is slow, the entire
structure will be susceptible to intergranular cormrosion.

The strong carbide formers or stabilizing elements, columbium or (columbium
plus tantslum) and titanium, are used to produce types 347 and 321 stainiess steels,
respectively, These elements have a much pgreater affinity for carbon than does
chromium and are added in sufficient quantity to combine with all of the carbon in the
stecl. The stabilizsd steels eliminate the economic and other objections of schtion -
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
stuinless steels has caused premature failures, It cocurs when these are cast 10 molds
cotlaining cerbdnaceous materials, such a2 organic binders and washes or baked oil
sand The hot metsl absorbs carbon from the carbon — comtaining environment.

17



Increased carbon content of the stainless steel can degrade corrosion resistance
particularly 1o environments that are aggressive from the stand point of intergranular

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

24 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- 304" thick, of
hydrated chrommum oxide {Crz0s), which is extremely adherent and resistant to
chemical attack. If the passive film is damaged by abrasion or scratching, a healing
process of repassivation occurs almost immediately. In general, the corrosion and
oxidation resistance of stainless steels increase with chromium content and the
marerials are used in @ wide range of aggressive media in the chemical and process
plent industries

Ostrander (1971), believed that for a coared chromium film when . contact
with water the hexavalent chromium portion of the film gradually leaches out thus
providing 2 local supply of dissolved chromate inhibitor to prevent corrosion at any
exposed areas of metal surfece. 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 rabbing or harsh abrasion, suitably dried coatings
cari withstand the abrasion incident to the drawing or stamping of metal Undried,
freshly formed films are fragile and easily damaged. Dehydration of chromate
coatings will occur on baking at temperatures of 150F (06°C) and higher or from
abiecting the films to drying in closed silica gel or calcium chloride desiccators. This
changes the structure of the coating 1o the extent that an x - ray pattern of chromium
chramate can then be found. Tt is not known whether thic structure had previously
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oeen present in the pormal film in & particle size too small for diffraction. As a
consequence of debydration the film becomes relatively insoluble and its protective
vilue is reduced in water immersion or salt spray tests. It has been noted, however,

that resistance 1o sbrasion and to the action of weak acids and alkalis improves.

15 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 previouws fabrication or
heating, Frequently, a combination of satisfactory corrosion resistance and optimum
mechanical properties is obtained in the same heat treatment (Metals Fizndbook,
1964} Unstabilized compositions (the series 200 steels and types 301 through 317)
cannot be hardened by heat trestment but will harden as 2 result of cold working
These sieels are annealed to insure maximum comrosion resistance and to restore
maximum sofiness and ductility,

Avery (1963), reported that durning annealing, carbides which markedly
decrease resistance to intergranular corrosion are dissolved. Because carbide
presipitation can ocour ai temperatures between 450 and 860°C, it obviously is
desirable that the annealing temperature should be safely above this limit. Moreover,
because all carkides 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 1100°C. It is
requently necessary to hemogenize some alloys above 1100°C to promote uniformity
of chemical composition and microstructure. Cooling from the annealing temperature
must be rapid, but it must also be consistent with limitations of distortion, \/henever
considerations of distortion permit, water quenching is used, thus insuring that

diszalved carbides remain in solution (because they precipitate carbides more rapidly,
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ypes 305 and 310 imvanably require witer quenching). Where practical
considerations of distortion rule sut such a fast cooling rate, cooling in an air blast is
used. With some thin — section parts, even this intermediate rate of cooling produces
excassive distortion, and parts must be cooled in still air,

The zusienitic slloys schieve maximum resistance to intergranular corrosion
by the high — temperature heating and quenching procedure know as solution
snnealing or golution — guenching. Solution annealing procedures for all austenitic
siloys are simuiar, and consist of heating to a teroperature of above 950°C, Lolding for
= time sufficient to accomplish complete solution of carbides, and quenching at a rate
fast enough to prevent reprecipitation of the carbides — particularly while cooling

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

z.3.1  Heat Aad Corrosion Pesistance Of Aunstenitic © (ainless Stecls

Accarding to Lakhtin (1979}, Dell (1981), and John {1994), scal= resistance is
imcregsed primanily by the addition of chromiim An addition of § 10 2 percent
chromium raises ihe scale resistance to 700 — 750°C; increasing the chromium
comtent to 15 to 17 percent prevents scaling up 1o 950 — 1000°C. Heat resistance
depencs only on the composition of the steel and not on its structure, Consequently,
ferritic and sustenitic steels with equal chromium contents have practically the same

neal of scale resislante

Austenitic sizinless steels, usually alloyed by chromium and nickel {or
mangenese), have an-austenite structure after being cooled to room temperature. They
have wood corrosion resistance in oxidizing media, Thess steels are paramagnetic
Chrommum maekes its electrochemical potential positive and it becomss resistant to

coiroston 1n the mmosphere, salt {and sweet) wicor, and many scids, alkali. ond salts.
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Molybdenum reises the resistance to corrosion in organic acids, and salt water,
Clromium — mznganese — nicke] stabilizes the austenite. Ulick (1982) reported that
alloy containing molybdeniunr nossesses practically no zalt forming properties, The
18/8 alloys containing 3-4% molybdenum are essentially designed to withstand
oxygen — free or reducing acid conditions; toey are not well suited 1o strongly
oxtdizing acid liguids, where the molybdenum may pass into the liquid in the
bexsvalent condition. Austenitic stainless steels containing molybdenum  are
eapecially useful for resisting sulphurous acid-= reagent important in the paper and
textile indusiry and many other situations where a higher corrosion resistance than

thet of e 18/8 austemtic-ailoy is required (Ulick, 1982).

252 LEffecis Of Hent Treatment Temperainres On Austenitic Stainless Steel
Sangdall (1964} presented the following as effect of various heat treatment
lémperafure on BustenHtic stainiess steel

(1) Heating in the range from 480 1o 815°C will precipitate chromium
curbides in the grain boundaries of unstabilized grades,

{2) Hesting in the range from 540 to 930°C may result in the formation of
bard, brittle sigma phase, which can decrease both commosion resistance
and ductiliny

(3) Slow coaling an unstabilized grade (other than an extra — low carbon
grade) through either of the above temperatures ranges will aliow
sufficient time for these detrimental effects to take place.

(4) Heating st 815 to 930°C will cause the coalescence of chromium
curbide precipiiates or sigma phase to a form less harmiul to corrosion

resistance or mechanical properties.
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{5) Heating at 950 10 1100°C (an annealing treatment) will cause all grain
— boundary chromium carbide precipitates to redisolve, wil! rransform
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

cerpositions after repid cooling from 1050°C,
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Figure 2.6: Microstructures obmined from rapidly cooling stainless stesl
From 1050°C (Schneider, 1960)



There are really only two processes used on austenitic stainless steel (Kenneth,
1983) : annealing and swress relieving. Annealing is performed at 1800 to 2000 F
(1000 or 1100°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 vsed in continuous service in temperatures up to 2000F
(1000°C) in oxidizing atmospheres such 2s in hot — air furnaces.

Al room temperstures, types 316 and 317 show low comosion 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
{{zss than [%) sulphuric acid. In order to give the stainless austenitic and ferritic
austemitic steels therr 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
dizsolved and @ homogenous austenitic structure is obtained after guoenching

{(Kenneth, 1983)

2.6 APPLICATION OF THERMODYNAMIC PRINCIPLES TO
CORROSION STUDIES

Iron is 2 fairly resctive metal; in thermodynamic terms all its compounds are
formed with 2 resulting decrease of free energy, so it may be anticipated that reaction
zan pcour in almost any environment. It must I;;:liﬂ be stressed however 1.t the fact

— s
that o reaction can occur does not necessarily mean that it-will ﬁﬂnm to do so at

F
Ak ! 4+

such a rate that comrosion become serious. ( )
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The following stages of reaction take place during comosion.
1. ron + Oxygen
Fe+ 0y ——> FeD——> Fg0s———*Fe0y ... ()
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 espe-c.:iallyl at high
temperature, the fim thickens to a layered and friable scale of varied composition

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

2 Tron+ Water

Fe+2H —* Fe™+Hs.......
This reaction progresses without hindrance on metal surfaces until either the
snvironment becomes locally saturated with iron saits or the discharge of hydrogen is

impeded,

3. Iron + Oxygenated water:
o 4 204+ Os—— TPe (Dl e FefOEDn ... i)
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:
i Dissolution or corrosion of iron,
Fo: =t B EO€ 0 asanniceiamisn s vamesaisiess )
1. Reduction of dissolved oxvgen,

20+ O e ————i. GO i innan s srreranss V)



i, Frecipitation of rust by admixture of products of {1} and (ii)
e + O + Oy ——b 2F(OHN v )
Ferrous hydroxide precipitates from solution. However, this compound

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

FeOHY + O +140;  — 2Fe(OH)s ,,........................(vi])
(
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CHAPTER THREE

3.0 MATERIALS AND METHODS
3.1 MATERIALS AND PREPARATION

The material used for this study was a hot rolled flat bar austenitic stainless
steel supplied by Galvamsing Industries Limited, Lagos. The chemical composition
presented in Table 3 was carried out at Nigerian Foundries Limited, Lagos.

Table 3: Chemical Composition of Austeniiic Stainless Steel Sample

{ Chem. | Fa [ = Min P 5 Cr Mo M
|
Comp. |
[ Wt | .41 006 (531 148 0043 Colg 17.24 2.3 11.94
| 1 ]

The as-received material was of dimension 230mm x 60mm x 12mm. It was
cut into pieces of dimensions 60mm x 15mm x 12mm with power hack saw. These
were further reduced to dimension 18mm % 14mm x 12mm, Thirty one samples each

of 18mm x 14mm x 12mm 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.
321 NORMALIZING AT 1000°C HELD FOR 1 HOUR
A sample was heated from room temperature (27°C) 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 — -
eycle” normalizing. This procedure was repeated once for another sample that had
previously undergone one-cycle normalizing. This operation may be termed “two-
eycle” normalizing, Using these aforementioned approach “three-cycle”, “four-cycle”

and “five-cyele™ normalizing were camed out
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3.2.2 NORMALIZING AT 1000°C WITHOUT SOAKING
The procedures described under 3.2.1 were used except that no sozking period

in the furnace was allowed.

3.2.3 ANNEALING AT 1000°C HELD FOR 1 HOUR

A sample was heated in the furnace from room temperature (27°C) 1o
austenitic temperature of 1000°C 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 1000°C WITHOUT SOAKING.

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

in the furngce was allowed.

3.2.5 SOLUTION-QUENCHED AT 1000°C HELD FCiL 1 HOUR

A sample was heated in the furnace from room temperature (27°0) to
austenitic temperature of 1000°C and was held at this temperature for ore hour after
which 1t was rapidly quenched in water at ambient tempernture.  This procedure 15
termed “one-cyele” solution-quenching,

The above procedure was repeated once for another sample wat 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.
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3.2.6 SOLUTION-QUENCHED AT 1000°C WITHOUT SOAKING
The procedures described under 3 2,5 were used excer  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 v.ith silicon carbide paper . crade

P220C, The samples were washed with jet of distilled water

3.4 ELECTRODE POTENTIAL MEASUREMENTS

Scale and grease free samples obtained from various beat-treatment cycles
were each completely immersed in 400ml beaker containine .5M H;50y solution
The electrode potentials for each sample were taken five times daily for the period of
thirty days. Digital Multimeter model AVDSSOF ALDA 8900 series was used for
measuring the electrode potentials with Zinc rod as the reference electrode. The
values obtained from electrode potential measurement were converted to values 1o be
obtained if Saturated Calome] Electrode (SCE) were 10 be used using the formiia

Electrode potential mV (SCE) = (Ezn - 1030) mV (Hibbert D. et =i, 1984)
Where; Ezn - electrode potential values using high purity zin - 25 reference electrode

1030 ~ constant

mY — millivolt. (unit of measurement)
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3.5 ESTIMATION OF CORROSION RATE FROM WIEIGHT LOSS
MEASUREMENT
Chemical weighing balnce of mode] Meitler AE 160 was used 1o measure the
welight lows of the semples, The initial weight of the samples were miensored bisloie
being fmasamed moahe G.5M Ha50: solution, They were withdrawn ut 5 days interval,
wostRe wita digglsd wiler and ciriwlj cleaned with cotton woo! 10 @vaid scraiching of
surfitess befire reowelghing,
Toe comasion rale {r) diving the exposure time (T) it expressed g3

r o= AW {mglemdyr) {Fontans, 1986)
ACTE65)

W = weight Ioss (mig)
A =jotz! surface arcn (om’)

TiZ85 = Exposuss time I days extrapelated to 4 year

A =2[BL +BH <+ LH]

L = lengsaimmy), B = Breadth (mm) snd H = Height {rovm)
Porine dicd ssmales

L=Hmm B =ldmmH =12mm

Therifpre

1
Arsd [A) = 1272mm’ o 127 2em



CHAPTER FOUR

RESULTS AND DISCUSSION

The results of the Electrode potentizls versus exposure time &od corrosion
rates versus exposure time of as received and beat-trested sustenitic stainless steel

szmples iamerssd in 0.5M HaS0, solution are presented below:

41 ELECTRODE POTENTIALS AND CORROSION RATES AT
VARIOUS EXPOSURE TIMES FOR  NORMALISED
SAMPLE AT 16800°C FOR 1 HOUR

Fimire 4.1.1 shows the plot of electrode potentials versus exposure
tine and Figoee 4.1.2 shows the plot of comosion rates versus exposiue time of as-
recelved -and normalised ssmples of  austenitic stainless steel immersed in 0.5M
5250, zolution at various cycles of normalisation held at 1000°C for | hour. It is
ooserved that as-received sanvple diaplays highest electrode potentiais at periods
vetwaen 24 and 240 hours, followed by the walues of electrode potestials from 4-
gyl 3-gyvcle, 2-cyele and 1-cycle specimens. The S-cycle normalization specimen
mdcaiss the |r.:.r;5:. electrode potentials between the same perinds.  Fowever, the
slectreds potentisls increase sharpiy for all samples Gom 230 mV (SCZ) o -80 mV
{8CE) m paricos betwezn 450 snd 730 hours with l-cyele normahsstion specimen
tisplaying the mighest elactrode potentials and as-received specimen the zast. A drop
ir glectrods pientizls is observed for as-received specimen at periods Detween 400
and 300 hours, |

Whitaey {1964), supeested that the initial corrosion attack may be due o the
embedided particles of iron on the surfaces of the samples as a result of machining and

mechanical polishing operations carried out before and afier heat treatment operations

30



respeciivaly. Shawesh et al (2001) ohserved that iren conlimination on stainless steel
pars, componeis and systems is almost slwavs confinied 16 the sirfise. Most surface
defers on stainless steal are produced dur ng fabrivation and are difficult to remove, thus
contriealing 10 corrosion. Surface defects ternd 10 initiate earrosion that would not acur
30 ntedily Ly their nbsenca,

L cun be ssid that 0.SMH; S0, solution atted s passivating selution 1o the sies]
25 passtvily sote in afier 10 dnys of exposues nerids, Acoording to Whiltey's (1964)
observition, In order to pravent initial carrosion, semi finished pane are given @
passivilion. mestment,  This tréitment consisis of immersing the stainless sicel 1 a
solutien af Inorganic acids (e Nitrlc acul) to dissolve the embedded ¢r smieared iron
and resiares e onginal corrosion-resistant surfses by Forming a thin, transpurent oxide
film (passive feyer), Natura) passvity effects would show up during tests 1o determine
the efiect o timie and teomiprature on corrosion os revealed in Figure 4,1.2.

The elecrode potentinls deon chiserved fir as-received sumple betwean 400 and
SU0 hetrs cxposes periods may be atiributed to film break dewn: this quickly henls-up
dwang 5 axygen diiflsion towards the metal surface - a-chorcter pecubiar tosinintess
Fesl, a8 wedic eoives in Figure 2.1.] indicsta that fhe material electrods potentials
alier 200 hours exposurz periods is in @ passive siate end In o state of dynamic
=niiibriga o flm pitist breakdown and refalr. This is also reflected in Flgure 412,
emTRYOn Tates bove 10 days exposure periods =re less then Smg/em A for the rest of
EXpOSLTE Tme, AL the expozure period above 240 hours (10 days) film disseintion rae is
Htal o ihe mte of film formation, the film stability have been mached and sdherence

fce has invroasedl thereby preventing the nugration of metaliic ton to the surfice,
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4.2 ELECTRODE POTENTIALS AND CORROSION RATES AT
VARIOUS EXPOSURE TIMES FOR NORMALISED

SAMPLES AT 1000°C WITHOUT SOAKING

Figure 4.2.1 shews the plot of electrode potentials versus exposuis time and
rgure 4.2.2 shows the plot of corrosion rales versus exposure time of as-received and
normzalsed samples of austenitic stainless steel immersed in 0.3M H:50; solution at
vanious cycies of normalisation at 1000°C withiout soaking. [t iz observed that the
glocirode potentiais in the dedropse order is sz follows: ps-received, 1-evele, J-cycle, 3-
cycle, Z-cyels and S-cyele normalisation specimens at exposure periods Belvgen 24 and
240 howry, A general nerezse i elecirode potential is observed for all the specimens
from 235V (SCEj o -38mV (SCE) at the exposure periods ahove 240 hoors. The
clectrode potentials for the samples remain within the range of <S8mV (SCE) and —8mV
(STE) 4t sxposure period betwesn 230 and 750 hours. Corrosion rates wie observed
i decrazse sharply with the exposure time in this ovder: three-eyele, five-cycle, one-
cyele, two-nyele, [our-cyele normalisation specimens and as-received specinien features
the feast, All the corrosion rates tend towards zero after 10 days of the exposurs periods.

The nigher electrode potertial and the lower corrosion rates of almos! zero value
poserved after 220 houre (10 days) exposure perieds is o pointer to the fact thet the metal
not susceplible (2 cormosion st varous cycled of hest-treatments. The conosion
expericnces 0 he imtal 10 davs exposure periods is due o explanation given under
séction 4.1 Reperis of Avery (1963) show that at higher temperalures suffivient to :
disgolve all the carbides into solution, the steel remains a single phase, and smaller

sections can be cocled in air tokeep dissolved carbides in salution,
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43 ELECTRODE FOTENTIALS AND CORROSION RATES AT
VARIOUS EXPOSURE TIMES FOR ANNEALED SAMPLES HELD
AT 1000°C FOR | HOUR

Figure 43,1 shows the plot of electrode potentigls versus exposure time and
Figure 4.3.2 presents the plot of corrosion rates versus exposure time of as-roceived and
amnealed saniples of austeaitic stainless steel immersed in 0:5M H:50, solution at
various cyeles of snnzaling held at 1060°C for | hour, A progressive incresse of
eledirode potentials from —340mY (SCE) 1o -220 mV (SCE) is observed for all the
snmples &2 the exposure periods between 24 and 240 hours. A sharp increase of
elzcirods potential to —70mV (SCE) is noticed al 240 hours. The elecirods potentials
between —70mV (SCE) and —50mV (SCE) are maintained from (he periad of 300 to 450
hours. Further increase in electrode potentials from -30mV (SCE) to 24 n:V (SCE) is
observed al the exposure period between 450 and 750 hours for all the sariples, From
Figure 30, thz corrosion rates decreases o the fnllowing order: three-cvele, two-cvele,
ve-cyule, fadroyele, ong-oyale annealing specimens and as-received specimon displays
the leant,

Avery (15963) reported that during snnealing, carbides; which marked v decrease

sistance o intergranular corrosion are dissolved, The aperating temperature of 100°C
is ubove the carbides re-precipiiation temperature which is between 450°C and 860°C,
ulsa the | hour holding tme observed is sufficient 1o keep all the carbides in solution.
Therefere, the samples are fully homogenised. Homogenisation of the specimens result
@ an asseace of gabvanic cell when in contact with electrolyte.  There s abserce of

gaivanic corrasion st might take place due 1o heterogensous phases,
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44 ELECTH{]DE__PL:}TENTIALS AND CORROSION RATES AT YARIOUS
EXFOSURE TIMES FOR ANNEALED SAMPLES AT 1000°C WITHOUT
SOAKING
Figure 4.4.1 shows the electrode potentials versus exposure time and Figure 4.4.2

siows the plol of corrosion rales versus exposure time of as-received and annealed
semples of austenitic stamless steel immersed i 05.0 Ha504 solution at various syele of
emnealing wr 1000°C without soaking. The highest electrode potential is observed for 2-
cyele annealed specimen 2t the exposdre periods between 400 and 730 hours, Corrosion
rates arg pbaarved (o decrease in the order of lour-cyele, two-cyele, five-cyele and one-
eyele pnnealing specimens, All the comosion rates tend towards zere after 10 days of
expasure to the end of the exposure periods, These later values of electrode potentials
anel comosion rales sre related to the existence of a passive layer, that 15, all the
specimens formead & more stable film on the surface.

Lekhtin (1979, Dell (1981), and John (1994), showed that austenilic stainless
steels osuslly alloyed by chromium and nmickel {or manganese), have sn auslenite
strizpiure gfier being cooled 1o room temperature. This structure enhanees good corrosion
resistapce ;o exidmng media. Furthermore, chromiom makes its  electrochencal
notential nositive and it beromes resistant to corroston in many acids. From the report of
Chamberlain ot al {1996), the presence of chromium greater than 12 percent in steel
significantly improves the corrosion resistance, hence, the term ‘stainless’ steels
Comtrary o the findmgs of Sangdall {1964), it appears that precipitation of carbides is
suppressed el very slow cooling at various cycles of heat treatments. Thas may be du¢ to
the hisher percentages of nickel and chromium in the specimens, Also there could be
¢nough ebromium m the matrix 1o resist corrosion in the acidic media should carbides

mrecipitation cceurs with 0.06 percent earbon present in (he specimens.
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45 ELECTRODE POTENTIALS AND CORROSION RATES AT
VARIOUS EXPOSURE TIMES FOR SOLUTION-QUENCHED
SAMPLES HELD AT 1000°C FOR 1 HOUR

Figure 4.5.1 shows the piot of electrode potentials versus exposure time and
Figure £.5.2 preseats the plot of corrosion rutes versus exposure lime of as-received and
solotion-guénched samples of austenitic stainless steel immersed in 0.5MH-50, solution
af various cyele of solution-guenching hetd at 1000°C for | hour. A general increase of
glectrode polential Tom -340mY (SCE) to —230UmYV is observed for all the specimens at
the exposure time batween 24 and 240 hours. Further rise of electrode potential o —
simV (SCE) is observed at period over 240 hours. All the samples maintained electrode
potentials tangimg from —S0mY (SCE) to —10 mVY (3CE) &t penods between 300 and 750
nours. it iz abserved m Fleure 4.5.2 that three-eyele and four-cyele solution-quenched
specimans feature the same corresion rates, also two-cycle and one-cyele specimens have
tie same corrosion rates. Corrosion rabes decrease in the order of five-cycle, wo-cycle,
three-cyoie specimens and-as-received specimen displays the least.

The above pbservations agreed with the findings of Fontana (1986) and Avery
(1B63) that austenitic alloys achieve maximum resistance to mtereranular corrosion by
the Wigh teraperature heating and quenching procedure known as solution-asnnealing or
solution-guenching.  Holding the temperatwe at 1000°C for 1 hour is sufficient to
accomplish compilete soluton of carbides. Quenching at a fast rale m waler has
prevenied the re-presipitation of the carbides; hence a higher resistance fo conosion is
oheerved in Figure 4,51, This also supports the argument of Chamberlain et al (1996)
that fast cooling in waler of austemtio stamless stee] from above |000°C suppres,ses.

carbade {(Felr)a Cot formation in samples contaiming greater than 0.03 perceit carbon.
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ELECTRODE POTENTIALS AND CORROSION RATES AT
VARIOUS EXPOSURE TIMES FOR SOLUTION-QUENCHED
SAMPLES AT 1000°C WITHOUT SOAKING

Figure 4.6.1 displays the plot of ¢lectrode potential versus exposure lime and
= 4.6.2 shows (he plot of corrosion rates versug exposure time of as-received nnd
on-quenched samples ol austemitic stainless steel immersed in 0.5MHLS0, solution
wous evele of solution-guenching & 1000°C without soaking. Figure 4.6.] is similar
oure 4.5,1, however, 2-cyele solution-quenched specimen muintain the highest
ode potential ar the exposure times between 240 and 750 howrs. Initial electrode
tial drop from —260mY {SCE) to —348mV {SCE) is observed for all the samples at
ure periods between 24 and 48 hours. Electrode potential drop is observed for both
s-received and 3-cycle specimens at the penods between 450 and 500 hours, The
sion rates for three-cyele, one-cyele, four-cycle and five-cyele specimens do nol
ase sharply as in normalised and annealed specimens. However, the highest
sion mte 15 abserved for twa-cycle, solution-guenched specimen. In Figure 4.6.2,
sjon rates decrease with increasing exposure times and tend towards zero from 10
ta 30 days.

Corrosion attack is prominent in the initial 10 days exposure perods as electrode
tials are more of negative values. This might be due to explanation given under
4.1, Although passivity sets in after 10 days exposure periods, in the case of a
meial free from all production defects, there can be selective corrosion attack at
boundaries. The natural passivity that must have set in after 10 days exposure

ds caused the drastic reduction in the corrosion rates as shown in Figure 4.6.2.
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The minimum corrosion rate is observed for three-cycle solution-quenched
specimien. The L:Gt'l‘l:lsil:i;'l ]'l-itﬂ‘ remains below that of the as-received specimen. This may
be attributed 10 4 maximum nomogenisation 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,) to imergranular corrosion,
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4.7 COMPARATIVE RESULTS OF ELECTRODE POTENTIALS
AND CORROSION RATES AT VARIOUS EXPOSURE TIMES
AT  DIFFERENT CYCLES OF HEAT-TREATMENT
CARRIED OUT AT 1000°C FOR 1 HOUR

Frgure 4.7.1 presents the comparative plot of electrode potential versus exposure
time of specimens subjected to one cyele of the different heal-treatment. It is observed
that the normalised specimen has the least electrode potentials at exposure Lime between
48 and 240 hours. 1t maintains the highest electrode potentials ranging from —-80mV
(SCE) 10 ~11mV (SCE) at the cxposure period between 250 and 750 hours. The as-
received specimen displays a decrease in electrode potential within the initial 48 hours
from -240mY (SCE) 1o -310mV (SCE) which later increases to —230mV (SCE) at 240
Wours.  The as-received and annesled sumples. display the same efectrode potentials
whose values runge between —80mV (SCE) and —50mV (SCE) at the exposiure periods
between 240 and 750 hours. Solution-quenched samples display electrode potentials
vhose values lic between those of normalised and anncaled samples at the same
Xposure periods.

Figures 4.7.2, 4.7.3, 4,7.4 and 4.7.5 present the comparative electrode potentials
‘ersus exposure time plots for two-eycle, three-cyele, four-cyele and five-cvele of heat-
realmernts respectively, At the periods between 250 and 450 hours, snnealed samples
1splay the highest electrode potentials while the as-received and solution-quenched
pecimens feature the least. At the cxposure periods between 450 and 750 hours.
ormalised, sonealed and solution-quenched specimens maintain peak  clectrode
alentials, The electrode potentials in the range of -340mV (SCE) and —230mV (5CE)

e observed 1o occur between 24 and 240 hours for all the samples,
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Figure 4.7.6 presents the comparative plot of corrosion rales versus exposure lime
ol specimens suhj-.:ulf:d" m-un—c}n:!: of the different heat-treatments, [ 13 observed thit
corrosson nues deorcase shamply for all the spectmens in the inital 10 days of exposure
periods and tend towards zero value from 15 days to 30 days exposure periods.  Initial
highest corrosion rate 15 observed for solution-quenched specimen followed by annealed
specimen while normahsed as well as the as-received specimens display the least
comosion rates. As presented in Figure 4.7.7, the annealed specimen displays the initial
highest corrosion rates followed by énlulinn-qumtched and normalised specimens. The
as-received specimen features the least comrosion rates. The plot of the corrosion rutes
for threz-cyele of various heat-treatments: is presented in Figure 4.7.8. Normalised
specimen displays the highest corrosion rates followed by annealed and solution-
quenched speaimens, The as-received specimen displays the least comrosion rales.
Figures 4.7.9 und 4.7.1.0 present the comparative corrosion rates versus exposure lime
plots for four-cyele and five-cycle of heat-treatments respectively. Normahsed specimen
displays the initial highest corrosion rates followed by solution-guenched and anncaled
snecimen as shown in Figure 4.7.9.  Solution-quenched specimen displays the initial
highest corrosion rates followed by corrosion rate value from amnealed and pormahised
specimens as shown in Figure 4.7.1.0. The as-recéived specimen leatures the least
corrosion rate. However. all the specimens display the corrosion rates thal tend towands

rero value at the exposure periods beyond 20 days,

il




-5
4
=100
i
1 |
= |
E -150 - |
L] |
:
g .
200 —#—Mormalised
—&— Anncaled
| —a— Solution-quenched "-"f'*l
=250
—¥— bAa-racelved
=300
L
35— ; —
0 oo 200 300 400 500 Go0 700 BO0

Ezposure time (hours)

Figure 4.7.1; Plot of Electrode Potentials versus Exposure time of one-cycle heat-treated austenitic stainless steel samples held at

1000°C for 1 hour, immersed in 0. 5MH:50y solution.



Electrode Patential mV[SCE)

-850 -
=100
150 4
=200 -
—&— MNormalised
—B-— Anneaied
=250
== Solullon-gquenched
—d— Anreceived
-300 -
<350 — —_ —— 1 - —— - - - g -
a 100 200 SO0 400 S00 &non oo Etl.ln

Exposura time [hours)

- Figure 4.7.2: Plot of Electrode Potentials versus Exposure time of two-cycle heat-treated austenitic stainless steel samples held at 1000°C

. TR N T N St T T S

53



-100

=180 -

-200 [
|

Electrode Potentials mV{SCE'

-300

350 4— e e R Do
= e T

0 100 200 300 400 500
Exposure Timea (hours)

Figure 4.7.3:  Plot of Electrode Potentials versus Exposure time of three-cycle heat-treated austenit

for 1 hour, immarsed in 0. 5MILS0, salutian

—— Mormalised
—&—Annealed

—&— Solution - quenched
—¥—= Ag-recelyved

ic stainless steel samples held at 1000°C

800



Electrode Potentials mV{SCE)

-50

100 4

=150 -

g

=350 4

RN B e AL WG SR !
e il o B A A Sl T e
L t
7] = !, 5
1
|
=—— Mormalised
=2 dnneaied
—dr— Solution-queanched
—M=— A5-received
= e e e et — e e S - HNL S— =
100 200 300 400 500 Bo0 700

Exposure Tina {hours)

Figure 4.7.4: Plot of Electrode Potentials versus Exposure time of four-cycle heat-treated austenitic stainless steel samples held at 1000°C

R I T g i e R LN R ¥ fts

filale



A
!
-100 4
iy
8 150 -
=
B
I
=
E =200 4
§ -250 -
L
—f==Harmalised —E— Annealacd
=300 4
—r— Selulion-guenched —s— Aa-raceived
=350
400 40— S —— 5 T e e e - S mss
¥ 100 200 300 400 Luln] G00 700

Exposure Time (hours)

Figure 4,7.5:  Plot of Electrode Potentials versus Exposure time of five-cycle heat-treated austenitic stainless steel samples held at 1000%C




25. -

2 4
= 15 -
E |
i
E 10 -
.
—&— Marmalised
=2— Anneatoed
§ —— Solufion - quenched
' —M— As- received
04— —_——— g

0 5 10 15 20 25 20
Exposwre tims jdayx)

Figure 4.7.6:  Plot of corrosion rates versus Exposure time of one-cycle heat-treated austenitic stainless steel samples held a1 1000°C

for 1 hour, immersed in 0. 5MH-50, solution.

a5

57



25

20

15

Corrosion Ratejmgiemzivr

—e— Normalised
—&—Annealed

—d— Sglution- quenched
—M— As-received

Figure 4.7.7: Plot of Corrosion

Exposufe tim |days)
Rates versus Exposure time of two-cycle heat-treated austenitic stainless steel samples held at 1000°C

10 15 20 25 30 35

58



a0

25 4

20 -

—— Mormalised

—&— Annealed

—&— Solution quenched
—H— As-recelved

Corrosion Rate/mglcmiyr)
n

10 -

28

Exposure fime (days)

Figure 4.7.8:  Plot of Corrosion Rates versus Exposure time of three-cycle heat-treated austenitic stainless steel samples held at 1000°C for

1 hour, vmersed in O, SMH: 50, salution.



Corrosion Rate{mglcmaiyr)

20

18
16
14 -
12
10
[
A -
6 -
o) —a— Normalisad
—a—Annealed
—a— Solutlon-
24 ueach
—d— fs-reopivied
D —— e ———T ——— —_— —
0 5 10 15 20 25 a0 35

Exposure fime [days)

Figure4.7.9:  Plot of Corrosion Rates versus Exposure time of four-cycle heat-treated austenitic stainless steel samples held at 1000°C for



25

20
|
E 154
ol
o [ e
E
g |
"
e |
o |
=]
g 10
3 —o— Nomalised
—B— Annealed
—&— Solulion-quenched
— M= Sroraceived
B
a4
a & 10 15 20 25 a0 it

_ Exposure time (days)
Figure 4.7.1.8: Plot of Corresion Rates versus Exposure time of five-cycle heat-treated austenitic stainless steel samples held at 1000°C for

6l



4.8 COMPARATIVE RESULTS OF ELECTRODE POTENTIALS

AND CORROSION RATES AT YARIOUS EXPOSURE TIMES

AT DIFFERENT CYCLES OF HEAT-TREATMENT
CARRIED OUT AT 1000°C WITHOUT SOAKING

Figures 18, 19, 20, 21 and 22 present the comparative plols of the electrode
patentials versus the exposure time for specimens subjected to various cycles of heat-
treatments. 1l could be observed that the annealed samples display the least electrode
potentials at the exposure periods between 24 and 240 hours. The us-received samples
feature the highest electrode potentials, followed by normalised and solution-guenched
sampies 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 clectrode potentials ranging from —38mV (SCE)
to =17mV (SCE) at the periods between 300 and 750 hours, As shown in figure 19, the
anncaled 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 630 and 700 hours. It is observed in figure 21
that all the samples excepl the as-réceived maintain peak electrode polenbals al the
exposure periods beotween 250 and 750 hours, The highest electrode polentials are
observed for both amnealed and normalised specimen as shown in Figure 22 al the
penods between 400 and 750 hours.

Normalised specimen features the initial highest corrosion rates followed by the
values of corrosion rates from annealed and as-received specimens al ene-cycle heat-
reatment 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 Tallowed by lhl:. values of corrosion rates from solution-guenched and nomalised
specimens. The us-recerved specimen displays the least corrosion rates. 1t Is observed in
Figure 41 that normalised specimen displays the highest corrosion rulcs. followed by
annealed and as-received specimens of almost the same value of corrosion rates, while
the solutton-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 solulion-quenched specimens as shown in Figure 42, 11 is
observed in Figure 43 that nurnaali.scd specimen displays the imtial highest corrosion
rates, followed by the values of corrosion rates from the annealed specimen. The
as-recerved and solution-quenched specimens have almost the same corrosion rates
which 15 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
periads.

The steel displays a high resistance to corrosion due to the naturally occurring
chramium-rich oxide Alm formed on the surface of the steel.  Although extremely thin,
thig mwvisible, 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
oxveen., As evidenced mn the ss-received specimen, damage by scratching 15 guickly
repatred.  Also, under most conditions of exposure, the persistence of the passive film s
subject either to continue growth or o the dynamie eguilibrium of partial breakdown and
repur as depicted by the spontancous changes of the electrode polentials 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

50 CONCLUSIONS AND RECOMMENDATIONS
51 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 stee! in sulphuric acid solution,

{1)  Repeated cycles of normalisation, annealing and solution-quenching at 1000°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:

Mormalisation, Annealing and Solution-quenching,

(3)  Corrosion resistance of austenitic stainless steel subjected to Normalisation,
Annealing and Solution-quenching at elevated temperature without soaking
period at 1000°C is superior 1o that which was soaked for | hour at the

lemperature,
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(1)

(2)

RECOMMENDATIONS

The following are Lhée recommendations as a result of this study,

Since sustenitic stainless steel resists corrosion at repeated cycles of slow
thermal fluctuations, it may be selected in the designing of components for
applications 1n practical engineering systen:s whose operations may 1nvolve
repeated thermal fluctuations. Examples are in the production of exhaust
pipes of intermal combusiion engines and construction of furnace body

structure,
Austenitic stainless steel mav 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 &

-
Table Al VFlectrode Patentials mV (SCE) of normnlizcd {10000C, 1hr)
_ pustenilic stainless steel immersed in 050 HZ504
Exposure] Mumber of Cycles =
Temea "
{EDHTE!
i Gycde 2 Cycle [3Cyce |4 Gycle |8 Cyce |Asteceived
24 265 -306 -336| -305| -262| 240
48]  -31 -321 314 281 -324| -308
T2 16 -114 -1 -280 =306 -2B5
oE =200 276( =200 278 ~302 A 272
120 308 -203 -286 -268 -307 267
144/ 3000 -300 -306| 291 301 -280
168 =203 =290 -2B7 276 =2ER 271
192 -285 -Zad8 289 283 235 =277
216 -280, 282 267| 255 -349f 225
2400 "-237 231 226 224 226 226
264 75 72 -65 73 73
266.8 =74 -71 =13 -85 =i
27386 -B1 -75 -§2 81 -76
2784 -T7 -8 A2 -85 -30
2832 -78 -7 -6& T8 -T8
208 By b -Té -7 -7 =3
2028 -5 -hf -GG -£8 -1
20976 -6 -53 41 B2 B8
3024 -GH B3 -5 =58 =T
3072 6T Gl 8214 -66 -T2 i
312 B2 -B1 -75 B .85
3168 82 B0 56 T8 -80
321.6 -82 74 16 78 -88
326.4 B -Bi -B4 .81 T4
a2 B4 ory | 58 £S5 -a7
138! 65 61 60 53 68
J40.8 -F2 =G -T3 57 -T5
456 -72 10 Hd 7 -0
350.4 T3 =1 -68 -B4 -84
3552 -B5 -Ta -T5 TS =78 |
359 -G -53 =[5 57 A8
364 .8 =74 =G STE 74 -
BGE BF -B1 -A4 33 -TH
3744 82| 76 T 7o 58
379.2 T3 87 76 B3 -8
354 -62 -53 -53 =70 -73
1888 -80 79 B2 B2 T4
3935 .79 -B1 -78 -B1 76
3984 -a0 =18 B0 -7 -84
403.2 -80 -BO 74 -76 -80
408 75 72 52 75 74
4128 T4 76 17 58 e
4178 .75 -T1 -6d 55 76
422 4 -TE =15 -1 T S |
427.2 ~7B s - B4 =76
432 48 =5 -51 -50 =75
436.8 74 1) 59 70 7
4416 =10 -7 74 T4 G
446.4 S 65 -0 -BA =78
4512 =15 -58 58 -549 -R0
455 5B 57 -58 57 442
450.8 52 & ¥ 56 A5 122
4656 59| G -70 Bl 14
470.4 57 55 62 53 &7
475.2 -50 .79 -0 52 -B4
480 -43 A7 -49 -49 -55
484 4 -58 -B2 -0 61 53
480 6 A5 -55 =52 R 18] 65
4344 -20| 52| -5l 50| 60
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TABLE AT CONTINLIELY

| Exposura Clecirode Toicnials my (GCE) of nonmalizedt 1T og, Thr)

Tirne auslenilic stainfess steel immersed in 0.5M H2504
{Hows) |1 Cycle |2 Cycla 3 Cycle 4 Cycle 5 Cycle  As-received
4892 -16 -66 -4 62 44
504 -22 -24 -2B =2 -57
| 5088 41 -48 51 47 -29
513.5/ =32 42 -44 51 -62
184 -26 -39 44 -57 -60
S232 =31 47 -54 51 -50
528 =28 =25 =22 20 -45
5128 22| 49 -saf 44| 56
53786 42 -3 44 -47 -G67
542 4 22 -5 -57 46 54
547.2 23 -4 46 -7 -66
882 23 -5 47 -50 -53
556.8 <56 - -52) -57 -51
561.6 -14 -3 42 i 40 -40
5664 -26 57 -51 -53] -4 57
T8 52 - -58 -G2 59 50
576 -12 -21 -15 -£8 =31 -43
580.8 -36 -4 -39 -48 51 -6
5856 =35 -4 -B5 47 a7 43
590.4 =368 -4 61 -54 -47 -
5952 =20 -3 42 -4 42 A7
& -26 -3 -38 -40 -4 47
604 B 27 3 35 -38 -38 A5
600.6 -39 -52 -48 27 -34 47
G144 -12 -42 43 -48 -50 -4
619, -16 -3 -36 -4 57 &7
B2 25 -7 41 480 57 54
B28, -46 -2 4] -3 -38 -81
B335 =22 -4 49 -AG -58 -58
G104 -0 -4 -48 -51 -af 47
G422 -12 -4 47 -46 41 -oh
5448 -15 - 32 -25 32 -8
EEE.E] =37 -3 ~A45 -58| 58 57
B576 40| & 53l 55 50| &8
BG2.4 -58 -5 -B3 -61 -58 52
667 .2 -55 -5 &7 G0 -B2 -53
672 -10 -4 -21 -23 -13 47
6768 -50 -5 -356 -34 -14 &7
EELEJ 50 -2 40 -38 -36 -51
586, -45 -3 46 43 37 69
Bo71, -B4 -G -58 -41 -A0 =54
Eﬂa -12 -1 25 -3 -38 -4
oo, o -2 -3 -4 32 -51
7055 -1 -3 -26 44 -5 -60
7104 =7 -4 -4 -34 45 <51
T15. 27 -4 -51 -47 5% 45
T -17 -1 -18 -28 <39 42
724, -1 =15 -34 -40 44 -4
729, 17 B -18 -3 -42 -45
734.3 -40 -3 -29 -42 -56 -T0
LT3 =7 40 -32 AT T £+

B0



. L .
TABLE AZ: ileetiode Potentiols m¥ (50T of nurmalisedi 1000° & witheut s: oaking)
awslenilic staintess steel Immersed in 0.5M H2504

'Exposung Mumber of Cycles
Time i
(Hours) |1 Cycle _ [2Cycle [3 Cycle_4 Cycle |5 Cycie |Asecelved
24 -303 -313 -323 -316 =313 240
4B -281 323 -301 -306 310 =208
72 -283 =294 315 -3 314 ~4E9
o5 -288 -282 -298 288 294 272
120 -275 -290 293 -287 -2931 267
144 -282 297 -302 -290 -292 -280
168 2749 -280 272 -268 - =271
192 272 -2g88|  -278  -282 292 277
216 -280 -269 267  -283( 269 225
Edﬂ} =220 -232 -202 234 242 -8
264 =56 it 63 TS 267 Ty
2688 -8 =70 57 =] 54 a7l
2736 82 &7 76 -75 -12 76
2784 &1 -59 -3 -Gh «T5 -a0
283.2 -ir B4 &7 G4 -T2 -T8
2588 -69 -58 69 B5 52 13
2928 -5B 55 -57 57 52 -0
2676 55 -57 B 58 52 .65
3024 56 -56 59 57 60 -70
7.2 52 -63 52 B9 54 72
32 -87 -7 76 70 72! -B5
| 3168 =M =74 T4 -78 83 B0
321.6 76 =70 -1 70 76 -88
326.4 -83 -1 =79 -TH -11 -T4
Jn.z2 =15 =70 53 B0 =I5 =87
336 -56 52 L7 = -G -58
J40.8 63 -G:E -5H - 7 -5
3456 -65 63 55 B2 -7 80
3504 -G8 - T2 71 -79 -B1
3552 57 -T2 -G8 -G8 -T2 -19
ae0 57 -78 -7a B B0 -6
364,83 -76 -&7 -BE -a7 -BG B s
3I69.6 T -8 78 74 B2 78
3T4.4 81 -1 70 T8 A2 -G8
792 -81 -82 70 B0 53 .78
a4 72 -80 83 -78 .76 .73
1868 -76 -74 -T6 73 72 T4
1936 =79 -81 a2 -rg B0 -TE
398 4 -74 -76 -0 T4 T4 -51
4032 =74 -80 -78 -T6 =T4 -G
408 -T4 = -64 -48 62 -4
412.8 -80 -32 7 80 A5 T3
417 6 -7Q -G4 £ 52 =10 -TG
422 4 -78 12 71 66 TG F7
4272 2 S 76 -T2 T T6
43z 54 57 -59 A8 -59 75
4368 63 -6d 55 -85 -5 ek
441 6 - -70 56 -55 -54 63
446 .4 -58 50 -&0 -58 60 -78
451.2 -G -6 -58 -70| 66 -B0
456 =54 G2 =IO -T2 -8 -142
4508 -40) 52 <50 01 A0 122
1556 -50; -58 50 -52 62 -114
470.4 65 -58 -55 -4 -64 &7
4r52 -5G6} -fE 64 -5T -60) =04
430 51 -50 49 52 55§ 55
464 4 62 -85 G 57 66 -53
41595 56 50 455 52 A5 £5
404 4 60 -56 B0 -B6 -52 G0
4992 -58 &0 =55 -50 -55 A4
504 33| 32 34 A0 A3 57
508.8 -4ur 50 A9 51 -54 50

B1 f



TABLE AL LUNTINUELY

Exposy [ecirode Poentals m¥ (905 ) of nommmibzed] 1000 o ¢, withoul 5 oaking)
Time | austerdlic stainless steel immersed in 0.5M H2504

| (Hows) |1 Cycle 12 Cyele |3 Cycle [4 Cycle |5 Cycle [Asreceived
5184 -37 -55 -54 -49| 49 G0
8212 A5 56 56 54 62 &0
' 528 42 26 24 .30 a7 45
532.8 -40 45 43 47 52 56
537.6 42 40 -4 -39 44 BT
542 4 -41 -54 53 -50 56 5
5472 49 4B 50 53 51 B
552 A4 -39 -35 -52 44 -53
5568 -54 -52 -45 -51 51 51
5616 45 45 -5 64 56 40
EGG.4 -45 45 27 -B0; -G2 57
ET1.2| = -50 B4 -43 5T -AB -58
576 48 65 60 -26 -2 45
580.8 53 52 -58) 52 49 35
5855 58 70 -52 55 4T 43
580 4 -50 -50 -54 £7 52 44
585.2 50 48 -4 2 -50 53 4T
GO0 45 a7 -40 A1 -45 47
604.8 =35 24 AT -az a7 .45
6096 -37 -32 42 38 -nsi 47
G14.4 61 -37 £0, B8, 55 -48
B19.2 -4 -20 -5 =40} =50 -G7
GEd -52 -G8 -55 =57 =g -5
G2B.8 47 -G8 -55 -9 58 -84
6330 ~G65 -58 -G% 57 32 58
G364 e -57 -G2 -59 -G8 47
643.2 BB -4 -54 -54 -64 54
B48 -40 44 -18 -4 53 49
652.8 25 a7 45 52 52 5T
G576 61 60 =37 -50 4z 66
662 .4 G4 B 38 61 i -58 L2
BGET.2 =T 50 -4 66 -57 58
EBT2 -7 25 =20 =31 -36 47
BTGP 2 =30 -2 -43 -4 =BT
6816, -32 =34 -24 a7 20 51
6EG.4 =T =36 -27 -5 =29 59
691.2 58 40 =37 -G2 22 BT
oG -48 «34 =13 58| -5E 44
700.8 61 55 51 47 -4 51
7056 51 49 49, 63 61 -60
104 -G4 -54 -6 -G1 -58 =51
715.2{ -50 57 5T 58 -54 45
72| 189 25 41 -a7 -28 47
T24 8. 40 -0 43 -A0 -6 G4
7206 -50 -50 -29 -64 67 45
T4 -41 -76 -G53 -G B0 10
739.2| 57 72| 47 B 73 66
3

——

B



TABLE A3:
austonile stalndess sleel Immersed i 0 58 HEZS04
ETI'-"::E-"Tﬂ EREa Mumber of Cycles
Time
(Hours) [TCyeie |2 Cydle |3 Cycle |4 Cycie
24 -7 521 > <338 -305
A0 B4 301 =201 -28
2 <0G 302 -289 -311
o8 -286 =281 -2H5 -2B0
120 280 -2B0 -278 <280
14d -202 288 -280 -240
168 275 200 =200 -200
142 o, 111 -278 -263 Sl v
F16 =260 -2460 -204] SeFi |
240 Z2d -233 =217 23T
2 ST -Gl 2 -7d
LR -4 s -G8 -0
2TAG -GG 67 -G53 B
2ra4 -7 B Brird =15
2832 g1 606 -7 <H3
San 62 56 50 60
202 B -5 -G -6 07
28T 6 56 -53 -6 -GH
a2 4 63 55 -G T
307 2 -Gtk 50 =Gl =74
312 -T1 -Ta =71 B4
3166 -7l -7h -Ta «H4
3216 £if T4 5 -G
1264 -3 78 -7 -TH
3312 5 T -4t -7
336 -59 67 64 58
3408 -1 -5 63 B0
3456 -Ti &) A B0
3504 -T2 -7 L7 -7
355.2 S5 o=} 58 -G
o 74 -7 -9 B
acdR -B3 -T2 65 . e
06 -7d ;) ot =G
3T A -g2 -7l o | G
aFn 2 TG -B4 -£12 -G8
i -5 -7 -I7 72
JaE 8B S -TG -5 G2
956 -1 5 -T4 -7 74
J9E 4 -7l T8 J0 FO
A3 2 go| 79| 8] 64
AR 50 £5 -Eikh -GG
412 B -fi -0 =i -Fi
417 6 &7 &4 B &7
2.4 -73 -7 -5 S|
4272 Srilt] 30 A7 5
432 =GB 3 53 =P
4358 451 A7 L2 =G
4416 -5G S al] -H5 65
445 4 =50 il 42 55
4317 =55 i Al il
455 -of -Gl -5 05
450 8| 60 66 74 52
4G5 4] -h7 Bl 63 (i)
470 4 G 61 Gl 05
475 2 51 B4 .55 £
A80 -Ai 63 A5 A9
Al 4 -G 57 -5 44
400 65 i -55% 51 k]
AGH.4 BT -4 =51 53
485 2 -AG 52 B2 55
=04 = e ] i} -5 =15
50 A -5 -5 =11 =Af
5135 -G53 -] T =48

5Cycle |As received
350 240
235 =30
<215 204
-2B5 T
200 267
-zuﬁ-g R0
=300 Sl
274 277
26 225
211 226
B 73
rd B8
-6 75
-a0 a0
74 TR
.71 e
2 70
-58 il
53 0
A7 )
Fh a5
A1 a0
-7 a0
-A1 Bt
74 &7
W) BB
4 75
52 Bl
-G3 81
£2 i)
a0 a8
k| 3
B | g
F7 5
h GG
75 3
aT T =i
Al T6
.70 -84
G <80
67 T4
«faf T3
7 -0
.14 7
Sy G
72 5
T 77
-T8 B6
73 s}
-1 A0
.65 A2
4G 122
-0 114
e B
-50 T
52 55
rd 53
A5 55
A -Be]
.63 =it
e «57
A% 55
-4 52

Fleetide Potentinls v (SCE o vasmealed (1000 o ©, 1 i)




TABLE A3 CONTINUED

Exposura]Flecinade Potentinks my (o ol tannealetd [T000 o C Thrj

Tamie auslenitic siziniess stesl immersed in 0.5M H2504 e
{Hows) |1 Cycle 2 Cycle |3 Cyde [4 Cycle |5 Cycle |Asreceved
184 . A9 i) 45 A7 1]
5232 A8 -60 -49 48 a7 50}
528 38 a3 -3 42 -0 A5
532 8| -45 -50 48 A7 -41) -56
5376 48 50 .40 50 -Af 67
G424 51 37 L4 -5 54 54
54T 2 45 -9 52 17 52 &6
5572 3 a7 -3 - B, 53
556, B A2 47 29 -1 A1 51
5616 A5 -26 -4 43 53 40
566 4 45 -35 50 54 51| 57
571.2 53 -50 33 55 473 59
576 a7 -35 43 39 24 45
580.8 51 -3 45 52 58 35
2156 =43 A9 -B7 -58 47 -43
500.4 -55 47 55 -G7 61 44
5952 55 -5 -52 2 16 A7
00| -49 -46 A7 A7 42 AT
504.8 -40 46 .30 A7 20 A
609 6 45 40 -58 .55 57 AT
614.4 ¥ -50 B4 44 56 AR
519.2 64 52 -48 -50 -2 A7
524 70 67 55 58 &7 54
G281 80 =75 52 61 B £1
336 70 60 -48 62 6 58
6304 - 73 26 56 ] AT
5432 64 70 34 59 69 5
G4 51 .28 ut -44 A 49
G528 53 -5 52 52 51 57
G57.6 -47 G2 -39 -5 50 -G8
G2 4 5 62 63 61 55 62
6672 57 55 50 -58 52 59
517 -39 AT 57 67 50 AT
G765 4R 60 -56 52 56 67
6816 50 -15 52 -51 .53 51
GBG.4 57 45 5 62 59 £
691.2 60 A -A8 51 57 54
696 43 42| -4 .33 -8 44
700.8 50 44 50 -3 42 51
TO5.6 T8 N L5 4G 60 60
710.4 -70 £ -33 -39 5] 51
715.2 G5 G2 -40 52 45 A5
720 54 .33 .28 34 41 42
724.8 5 -55 .30 .43 &1 G4
7206 64 49 -31 AG 27 15
7344 -5 63 B3 2 51 70
B -G4 -60 62 AF) ool Ee

a4



TAELE fa 17wl Pisonsadn oy (SGE) of annealed (100066 witlhioul « - aaking)
mpslamitin statnless slesl mmersed o 0.5M H2504

S Expaniirs Bliemibeen Gl yoles
Time ' it e N
(Houie) |1 Cyrle 2 Cycle |3 Cycle 14 wygle |5 Cyele |Asocnivod
24 ‘258 318 318 -336 2323 240
. 40 Mz 318 - D7 2310, -308 oo
[ T -378 -325 e o ¥ ~308 204
Gy 298 293 2890 204 249 272
120 200 2821 .28y @Mo 291 26T
144 207 A00]  -290 2490 289 280
166] 281 -280 -285 288 293 274
| rg:-'l- Egoll! -287 -270 274 8] B i)
| 26| 262 264 -284 LT 21 225
[ Ednl et 247 258 280 2.2 el i
| 264) B9 B2 15 73 i 73
| 268 EI'| -T0 53 -78 T4 -Li-EI 71
21 -5 53 -G Gl 517 =
| 2764l g7 . o8 Gl ml =y
2832 T4 -B 76 -74 -a1 .
285! 50 Gl -55 55 61 73
2924 Al -5 =TT -0 -6 70
247 6| 67 74 69 58 7 GB
3024/ 65 A1 = G4 78! P
3072 68 -T2 77 46 | S
' 152 &7 J0 -78 -74 T3 i
| area 82 £z -B3 ¥T 7B e
5215 80 T2 -7 -7d -¥3 &)
| 3264 79 B8 B9 BB al 4
[ #5312 & &g 67 86 70
l 336 72 66 52 65 + il 454
| 3408 55 -T2 -70 =TT Y T
| 3485 52 79 -T4 -96 -75 20
S50 =74 TG -TE 79 -A0 -a1
452 76 -Eﬁ! -70] Tt -B3 78
isTH] -0 Bk ST -B4 99 ah
64 8 -8 81 B2 79 78 @
3606 52 75 T2 73 5T 78
374 .4 =76 74 16 =13 -76 -6
3782 -89 79 68 E:T 73 T8
384 -72| -mt -GB -65 -4 .73
2458 T T2 -G -B5 -3 i
915 -ta =75 54 & -7 8
2084 74 T4 B B 73 -
4032 -78 T Bl 51 65 &
408 -G .52 B3 -5 78 T
| 428 h ~A3] 54 -6 -G Y
4178 -1 -5 0! .74 52 i
| A£324 =fl -49 B9 -78 -Tg 7
| 4272 1 78 -5A! 72 T T8
432 5 57 &7 73 N ili] in
435 -74 -GB -8 -76 o F
4415 58 -Ba 62 T4 60 86
49654 66 52 51 74 S
| 4512 57 A7 G4 B2 ﬁ&[ 0
455 &5 70 100 -8 g1y k42
AG0.6| £3 -52 75 -E7 -Bsf <122
4346 6 54 <41 -B3 -84 -T2 114
4704/ 51 .59 79 13 70 ST,
4752 58 -51 53 B8 -GT -4
480 48 5 -7 -50 <[4 L
4344 57 -56 A5 50 .58 53
. 4an & 45 A7 ~i8 AT 57 35
A494 .4 51 32 215 -35 4T G
. 4002 g -3 a3 29 43 44
| 504 47| 78 37 32 41 57
| 5088 &0/ 60 ki -50 57 58
I. E13.6 A7 51 -2 45 55 62




TABLE A4 CONTINUED

| Exposun Eledtrode Polentials mV {SCE)ol  anneated (10000C without & oaking)

Time ulrﬁlmw,smrﬁmaﬂ_mmrsﬂ_&.w H2504
- | fHoirsl |1 Cygle 12 Cyela 13 Cycla 5 c~.~=1n | As-received

6232 54 47 =51 42 50
528 40 -32 -&7 -47 ~5E A5
2328 S0 7 -8 =36 -28 -3 55
:'-.3?.&| A4 =25 =34 42 -4 57
5424 43 57 38 50 Al 54
5472 81} -44) -7 Ak &7 6
852 38 62 465 -8 -5l 53
G568 A5 -22 -32 -3B] 43 =51
5615 62 -39 54 AT 43 A0
EEE—.#l 58 a5=|:l &4 61 -5 57
571.2 53 58] -52 52 59
5T 34 -3£| =241 -38 40 A5
580 8| 45 200 -89 43 4yl 35
GE5.0 =33 -12 aﬁﬁl =55 31 43
5504 £?| 37 1 -3G 40 44
0552 . D -30 45 =43 38 -A4T
g -40 -5 -441 45 =Bl 4T
G4 8 =38 -35 -57] -60 =37 45
GO8E <4 =23 -E-ﬂ ] -25 i 47
G144 5 G4 -6 51 & -48
519.2 £ -73 B0 78 -5 67
524 =10} =g -53 -7 -5 54
§26.8 64 63 0 53 54 -61
G235 -50 51 27 =24 &3 £8
6384 -5G 36 42 A2 A4 47
G432 68 1 59 50 47 54
4B ] 47 44 -35 - -£4
Ga2.B =3 -B2 -56 -5 -53 57
657.6 5§ 44 &1 -54 65 58
B52.4 63| -85, .80l 51 A 62
B57.2 60| 68 -80f 53| 51 59
B72 -5l 28 ~33I' -5l -2 -47
B76.8 -51 3 55 £3 £ 67
6316 48 52 anl 60| b2 -51
GEE4 3 47 =55 G4 -G4 -59
1.2 52 24 z4] 58 ST 54
G55 41 36 45 A5 -£5 44
7008 53 -38 A3 57 56 51
7056 -£9 45} 50| 45 £3 -4
7104 -43 -16 -36( 40 26 51
715:21 80 50 27 55 =42 45
7201 43 45 -2 45 a7 42
T24.8 -55 -56 -55 -58 A% G4
723 B 25 27 48 =10 57 -45
T34 -B5 60 H31 28 B -T0
7392 -23 4B -12, T 45 -55 65

Bl



AABRLE Al GGl ORI Y. Lol B} OF 3 SFRILIION-(RIBIHENRE | IV, WIEE
auslenitle slainless steel Immersed in 0.5M H2504

::'I':'.:-:p.:-surﬂ' = Murrber of Cyoles
Timo
| Hoursy | TTyae | 2 Gyl |3 Gycle_|4 Cycls |5 Cyde | As-received
74 38|  -334| -328| -327| -330| 240
48 301 -3g4| 312l -zoe|  -302) 308
72 318l -314]  -az2|  -3te| 315! 289
a6 2oyl .zo4| 308 -308|  -2%0f 272
120 21| -zs0| 284 283|276 60
P zsa| 3ge|  -zes|  -pe1| 27| -2a0
| 166 -28a| -288] -2e0| 275 -280| At
1927 274l .270| -ase| -27v|  -zwAl a7
| 216 21y -ame|  -272|  -27e| 276|225
240 261]  -280| 241| -284| -244| 236
| a6 75 78| ot 3 T T
| zE8E 75 74 76 57 66 71
| 273 6! 77 E8 52 60 B 76
2754, &9 .74 B8 75 &7 .80
283 2 &8 T4 52 E8 sl 78
| 738 BB <T7 78 75 56 73
207 8 63 72 B0 75 70 .70
| 2976 T -G8 -E7 77 75 68
| 3024 83 TG 76 76 70 70
| 2072 73 -85 76 B8 52 72
a1zl 80 &0 a7 37 71 B5
3165 42 A6 | 87 79 80
3716 £4 .79 .88 08 13 38
126 4 a2 -84 52 91 3 .74
| 3312 74 75 74 il 77 a7
156 63 67 64 74 .5 53
3400 73 78 B8 B2 70 15
545 6| 78 78 71 -85 70 -80
| 3804 81 B3 73 -85 70 81
355.2) -84 74 1 53 87 79
50 -84 -80 75 B4 £2 a8
54 8 83 78 70 82 65 5
605 70 73 52 83 69 78
3744 &g -78 -G8 17 -66 58
3792 T 68 68 77 £5 78
64| 75 52 =70 B0 -55 -T3
388.8 64 72 68 £9 53 74
391.5| G0 78 B85 70 65 76
396.4 72 75 70 77 &8 -1
4032 72 .78 A £21, 83 -B0
408 B2 -85 .83 74 &1 74
412.8 64 58 G4 60 71 73
417.5 73 79 65 T4 66 75
4724 77 T BT 78 75 k7
4272 a7 g2 51 .70 Jof 78
412 74 80 78 64 72 75
4358 83 75 e 58 72 37
4418 "7 T7 76 60 75 G5
446 4 77 -80 a2 60 7i| 78
| 4512 g7l .ral 3| =8| rs|  -mo
| 456 60 =75 .79 B9 73] 142
| AG0.8| 51 52 66 72 66 -122
465 53 A1 47 79 =8| 114
470.4 73 A7 -60 -89 37 a7
| 4752 83 70 B 86| 100 54
ARD 58 56 52 58 55 55
4844 58 -5 59| 61 -53 53
4206 B 86 61| 65 57 55
4044 56 55 42 49 48 60
| #4992 50 53 45 50 45 44
| En7 45 43 47 54 -42 57
| 5088 = 57 -5 1. -53 50
5136 58 £0 57 51 55 B2
5184 48] 49l 47| 49| 48 50




TABLE AB COMTINUED

Expozbrel Fleztnwde Tolentinls m (SCE] ol soluficn-quenched {10000C, The]
Time | gsfendic steinloss sleel immersed in 0.5M H2Z504

I{Hars) |1 Cyele [ Cyele [3 Cycle |4 Cycla |5 Cyele |Aseceived
| 523.2 -50 -50 42 45 -3a -50
528 50 <53 -50 -52 450 45
5328 =49 -5 -0 54 A7 56
376 -4 Z -56 -53 -0 -4 -B7
424 = -0 -4 -5:1- =G0 54
| Ba72 57 &7 54 45 -45 -G8
552 50 53 L9 55 53 53
5568 A -4 5 50 -5 -5 -5l
G165 %! -5 49 .37 A7 -40
556 4 57 52 50 52 54 57
571.2 G5 -50 -51 58 44 .50
570 432 40 A4 -40 40 45
5308 =33 =4 =34 <5 -4 5 -35
GES.G -32 =33 -J5 = =36 43
5084 =41 -0 -5 —1_43 47 44
545.2 -3 44 40 -4 44 A7
G000 =2 -25 -2 -2 -32 47
G048 -25i —421 -5 =54 =55 A5
G005 -5 -53 -G -8 I AT
G144 21 .29 25 41 -37 48
G19.2 78 32 a0 50 36 &7
| 624 -25 .33 41 A8 -43 -54
GZa.8 -5 -4 | 52 -0 Bali] 61
G136 -52; -G ) 27 3 -5A
78 4 51| -s0f 53] 29| 47 47
5453 ~5 -4 5 47 -h4 N |
G4n 16 47 £ .25 -33 49
6528 238 A1 A4 48 48 57
G576 55 ) &0 57 52 G0
BG2.4 50 57 -55 -BS 55 -52
GBT.2 54! 52 -53 £2 60 .50
G672 A5 =55 -4 =52 =50 AT
B7E B -6 85 E =51 -G3 -G7
GALA 41 45 56 51 -59| 51
GEG4 &1 -5 57 -G53 B3 68
a2 G -G B 65 -4 1 =04
B8B4G -0d ] -0l =53 <4 =G} -44
7002 | T T [N - J [ 1
7056 41 48 45 52 -37 60
7104 -18 -1 55 ek =5} -5t
7152 57 -46 G a2 50 45
720 -Z8 -2 -45 52 55 43
748 -39 44 47 B3 -H £4
7206 45 L6 51 -4 60 -45
Fa4.4 <51 Lt ] -53 =01 BT -
T39.2 A6 B4 5% 70 -53 BB

B



TAELE Al

Llectvide Pdemiale my (3L [SAR) O SORNEN-QUERCIIEG | P Sl WERIILAH S IaRRT )
ouslenifie stalnless steel immesed n 0.5 H2304

[Exposure! Mumber of Cycles
Time . |
{Hows) [T Cycle Z Cycle |3 Cyele [4 Cycle |5 Cycle |As-received _
' 24 81| .318] -287| -314] 314] -240
48] -318 =316 313 -119 =320 -108
72 aza|  -32s| - .33s| -327] -310| -ze@
ag -0 -5 207 =301 -308 272
120 283 -282| -281| 280 -252| | -267
144 -Za4 204 273 277 -280 -280
168 287| 2et| 275t -z82f 287 -2
192 277| -z77| .27} .202]  -270) -2
216 282  -275 -355[ 274, 254|235
240 280 -258| -235|  -248)  -258| 226
2E4 =11 -T2 5 -8 =0 =I3
2688 T3 76 72 74 o I &
2716/ 68 61| 57| 80| 88| 76
| 78.4) 74 37 €8 72 70 80
2632 81 70 -70 66 70 78
254 4G =55 -64 -G2 G2 Py |
282 8 -8 -1 B3 20 -TG i =10
287 6 -65 62 -G -64 66 58
302.4 ErA | -B7 -2 57 =18 =T
072 =4 =70 -T8 =76 oy F | B i)
A 78 78 a8 56 -85 -85
316.8 78 oz -8 80 -B6 -80
3218 o] -78| -94] 71| 84| B
3964 a7 a8 a7 -85, G5 74
3512 -0 7 =87 A4 T -B7
336 59 67| 65| 63| 79| &8
2408 g3 el 83| 5| e8| 1
2456 Brarl -T5 -8 =14 -B4 -6
[ 3504 =T =7 =78 T -E1 -B1
| 3552 78 F7 -B7 -76 -89 ]
| AB0 -0 -80 -8 i) -3 B8
354 .8 -G -66 -A& -55 £S5 <
Joh g -B8Z =70 -84 -7 -B4 -8
744 13 -T2 -34 =76 -B1 -G
379.2 61 62 a7 TT 76 78
354 72 58 749 65 £4 7
388.8 s 70 81 78 85 74
| 393 B -T4 -1 -84 =18 B2 <TG
| anma 76| 69l .88 75| .&&| -8
403.2 79 72 a7 68 g3l -BO
408 78 80 a8 -G8 54 1
4128 B3 =58 =74 =70 £5 -13
417 .60 T2 54 T8 i Ed =76
4224 58 66 71 77 .55 a7
427.24 55 5B 51 -4 -T5 L]
412 £ 6 75 78 1| 18
435.8] 69 69 65| 74 &5 37
4471 & 1 54 5G] -T3 B4 G5
4454 .58 Ta .70 71 & 78
4812 489 43 .53 66 65 80
450 BT 55 =13 G4 -7 -142
4608 74 73| =¥ 33 J1| -122
455 6" 75| 85| -147 36 S8l <114
AT -pal 43 ey & 56 83 57
475.2! £2 57| 100 72 53 -fid
4841 TG <55 83 28 =38 -85
74.41 &1 a7 i -26 -5 =53
489,61 61 63 ay 61 62 65
404,41 B4 -53 L -54 55 50
40092 50 4B ot 49 85 44
504 4D A5 53 54 65 57
505.8 57 -56 52 S4k 85 58
5136 56 60 65 &0 57 62
515.4| 54 47 55 53 51 60

EQ



TAHBLE I CONTINUED

|E1n!|'.; ||i‘| [Tocirmbe Polentinds my (SGE) of sowbon-gquenched 000 withoul soaking
T

augtenitic stalniess sioel immaersed in 0.5M H2504 o
i wrsh (1 Cyele (2 Cyole 13 Cyle |4 Cyele 15 Cycle [Asyecened
5237 47 41 &7 51 52 -60)
526 -A40) 49 -46 50 65 45
532.8| $z2| 52 -50 65 54 55
5376 =] -a8 46 -85 52 57
G424 a7 41 -48 B0 56 54
| 547.32| 55 43 51 &7 E ;x| G5
| &8z 63| =7| 85| s8] 8| .53
556.5) 55 54 50 57 60 51
| 5515 56 -38 -51 51 63 -40
5E5.4 = 41 57 -61 58 57
571.2 61 62 54 -G 47 59
576 40 20 <30 32 5 45
SR8 AT 48 54 -42 &3 -35
50551 34 a7 43 40 45 43
5904/  -50 48 -40 A8 -50 44
555.2 4z A6 44 -AE -34 =y
B0 34 24 34 -39 34 47
| 604.8 -36 -40) -42 -42] -48 46
| seas A0 -42 -48 A7 43 A7
Gid.4 45 52 -50 -58 50 48
619.2 A4 A4 &7 66 34 £7
G24 A8 .35 A2 -48 65 54
6253 25 -17 -5 63 62 1
8336 51 38 -37 -46 52 -58
635.4 -4 -48 48 4 53 AT
6432 50 51 -39 49 50 -54
FEY 37| -2 16 -36 -45 -49
B52.8 .45 a5 -4 38 -51 5T
6576 55 55 -55 67 67 68
BE2.4 58 €2 -53 51 62 £2
| 8672 4% 46/ 50 A5 38 -5
72 43 43 57 -85 51 47
676.8 G4 52 53 53 -65 &7
6315 55 45 &7 53 A7 51
‘ BA6.4 57 -85 B2 45 65 £9
6012 53 -B7 -50 57 &1 54
595 34 -EH! 47 45 -35 44
| 700.8! -50) A2 -50) -B0 42 51
| 7056 51 A 65| A1 48 50
T10.4 £3 14 53 A7 CH 51
715.2 5E 51 52 &0 236 A5
720 -19 -2 -32 48 -56 42
?24.55 32 -29 -34 51 i) 44
70051 ar &0 32 51 55 45
73441 A3 6 -67| B8 -6 70
| 7393 45 80| B3, G5 £ 5

90 -



APPENDIX B

Table B1:  Weight loss {mg) of normalized (1000°C,1hr) immersed in
0.5M H,50,
Exposure |1 Cycle |2Cyele [3Cycle [4Cycle |5Cycle |As
time days Recemved
5 14 32 18 33 17 12
10 0.9 1.0 1.7 09 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 (02 0.6 0.3 0.2 101 0.1
30 0.1 0.4 0.4 0.1 0.1 0.0
To1al 2.6 6.2 8.9 6.1 32 2.2

Table B2:  Weight loss (mg) of normalized (1000°C without spaking)
immersed in 0.5M H,S50,

Epmum '1Cycle |2Cycle |[3Cyele |4Cycle |5Cycle [AsReceived
time davs |

5 EE 26 50 |25 36 12

10 0.9 0.7 1.4 0.7 1.1 0.9

15 0.6 0.7 |1 0.8 0.8 0.3

20 04 ] |08 0.4 0.6 0.2

75 [02 b2 0.4 [02 0.3 0.1

30 O 0.3 0.6 | 6.2 0.3 0.0

Total 5.0 4.8 9.3 4.8 6.7 22

a1




Table B3:  Weight loss (mg) of annealed (1000°C, 1hr) immersed in

0.5M H,50,
| Exposure | 1 Cycle |[2Cycle |3Cycle |4Cycle |5Cycle | As Received
i. time days
3 3, | 3.7 45 2.6 v 1.2
10 06 |11 |19 (8 07 09
15 0.6 0.8 0.8 0.7 1.0 0.3
20 0.3 0.6 ; 1:0 .4 Q3 0.2
| 13 g2 '. 0.3 0.5 0.4 0.2 0.1
30 0.1 {02 0.1 0.0 0.2 0.0
| Total | 4.0 6.2 8.3 4.9 4 31 7L
Table B4:  Weight loss (mg) of annealed (1000"C without soaking)
immersed in 0.5M H,;50,
Exposure |1 Cycle |2Cyele |3 Cyele [4Cycle |5Cycle |AsReceived
ma days
5 2.4 3.8 | 12 4.1 3.4 1.2
10 0.6 | 1.3 0.3 1.2 0.9 0.9
1 0.4 0.8 0.5 0.9 0.7 Q.3
20 0.4 0.6 0.2 0.6 0.3 0.2
25 03 |03 0.1 0.6 05 o1
30 0.1 |02 0.0 0.2 0.2 0.0
: Total 3.8 ‘ 7.1 2.3 7.6 6.0 2.2

D2




Table B3:  Weight loss (mg) of Solution-quenched (1000°C, 1hr) immersed
in 0.5M H;50,

| Exposure |1 Cycle [2Cycle [3Cycle [4Cycle |[5Cycle |As Receivel |
time days
R Y 34 |30 130 [32 |12 N
"0 1.0 1.0 0.8 0.9 1.1 09
15 107 0.8 0.7 0.6 0.7 0.3
20 Ir 0.5 0.6 0.4 0.5 0.6 02
235 108 0:2 0.2 0.4 03 0.1
30 0.2 0.3 0.4 10:2 0.6 0.0
Total |62 6.3 3.5 | 36 1.2 2.2
Table B6:  Wight loss (mg) of Solution-guenched (1000°C without soaking)
immersed in 0.5M H,50,
Exposure | | Cycle |2Cycle |[3Cycle |4Cycle |5Cycle | Asreceived
 time days
5 | 0.5 2T 0.4 0.6 1.2 1.2
10 03 0.8 0.3 03 0.4 0.9
| 13 0.3 0.6 0.2 0.3 0.3 0.3
120 0.2 0.4 0.1 0.2 0.2 0.2
35 0.0 03 01 0.2 62 |0l
30 0.5 0.3 03 0.3 0.3 0.0
i Total 1.7 21 1.4 I 1.9 2.6 22




APPENIMX C
Tabie C1:  Corrosion Rate (mg/em’fyr) of normalized (1000°C, Lhr)
immersed in 0.5M H;S0,

Exposure | 1 Cvele |2Cvele [3Cvele [4Cycle |5Cyele | As Received
time days .

3 803 18.36 21.55 18,94 9.76 .89
10 [115 287 (488  [258  |143 115

5 057|097 181 |zi0  [071  |057
20 0.29 0.72 1.00 0.72 0.57 0.29
o5 023 069 034 023 o1 011

30 0.10 (.38 038 0.10 010 0,60

Table C2:  Corrosion Rate (mg/em’/yr) of normalized (1000"°C, without
soaking) immersed in 0.5M H,50,

Exposure | 1 Cyele |[2Cycle [3Cycle |4Cyecle |5Cyele |Asreceived
time days
5 16.07 14.92 28.69 14.35 20.00 6. 89
10 2.58 2,01 4.02 2.01 ile 115
15 1.15 1,39 2.18 1.53 1.53 (.57
20 057|043 RE 0.52 0.86 0.29
.o 0.23 [ 0,23 0.46 0:23 0.34 0.11
| 30 | 0.10 .25 0.57 0.1%9 029 0.00




Table C3:  Corrosion Hate lmg.ﬂ:mlf}rr} of anncaled (1000°C, 1hr)
immersed in LM 1,50,

Exposure |1 t‘:;';.-"éh:m ACyele [3Cyele |4Cycle |5 'L"yule | As 1{L‘4.‘1.*ih-'l34.1_|
time days .
) 1263 2123 25 E3 14,92 1550 {» 89

O 172 3o 402 230 2.01 N

15 |15 1 .53 ,I'53 1.39 1.91 057

20 043 0BG 1.43 052 043 0.2%9

23 0.23 0.39 (57 0.46 023 0.1l

30 010 0.19 010 0.09 019 01.00)

Table C4:  Corrosion Rate (mg/fem’fyr) of annealed (1000"C, without

sopaking) immersed in 0.5M 1,50,

Exposure | | Cycle | 2 Cycle 3 -f‘ycle Tf‘yuli.: L 5 Cycle | As Received
time davs

s | 11.48 21 81 6 89 2353 18 36 (89

10 172 [373  |086 399 258 WE

15 0,77 .33 0.97 ¥l 1 34 0,57
(20 |057 0.586 029 086 072|029

25 034 |od4s {00l 0nes 057 011

A T 019 0 0 019 [
- — e e




Table C5:  Corrosion Rate (mg/em’/yr) of solution-quenched {IiH}II'"C. Thr)
immersed in 0.5M H,50,

Exposure | 1 Cycle |2Cycle |3Cycle |4Cycle |35 Cycle |AsReceved
ume days |
5 19 51 19.51 17.22 17.22 2238 6,89
0 |287 lagy 230 258 3.16 115
15 |.39 1.53 | 39 1.15 1.34 0.57
20 072 0.86 057 0.72 0.86 029
25 0.96 0.23 0.23 .46 0.34 011
30 0.19 0.29 038 019 057 000
Table C6:  Corrosion Rate (mg/em’/yr) of solution-quenched (1000'C,
without seaking) immersed in 0.5M 1,50,
-E;EES-UI'E |1 Cycle |2Cwcle |3 Cycle |4Cycle fﬁfﬁ-ﬁz- | As Received
time days
5 287 1550 2.30 3.44 6.89 0.89
10 0.57 2,30 086 0.86 .15 | 1.15
15 0.57 1.5 038 0,57 .57 0.57
20 0.20 0.57 019 | 029 0.29 (129
23 0.00 0,38 011 0.23 0.23 011
30 048  |0.29 0.29 0.29 0.29 | 0.00)

THy




