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The development of the SS family has been slow due to several factors. Firstly,
there has been difficulty in controlling alloying elements such as carbon, nitrogen
and sulphur in prepared alloys due to poor refining techniques. Secondly, the
cost of obtaining raw materials is a significant factor*, particularly in the case of
nickel which accounts for at least 60% of the cost of the raw material used in SS
production'. These difficulties have led to the partial substitution of nickel by

manganese and nitrogen such as is the « se in AIS| 200 series SS.

Several advances have been made in SS refining techniques, notably the
adoption in the early 1970's of the Argon-Oxygen-Decarburisation (AOD)
process’. This led to precise control of nitrogen and chromium during the SS
production. Furthermore, it allowed the reduction of carbon and sulphur to
exceptionally low levels when required. However, raw materials for SS remain
expensive, and therefore a significant amount of effort is still required to find
alternative elements to replace, in particular, nickel without compromising

stainless properties.

2.1.1 Classification of stainless steels

SS can broadly be classified according to characteristic crystallographic structure
into austenitic (fcc),  ritic (bec), martensitic (bet), and duplex (bcc+cc). A more
recent development is the family of precipitation-hardenable alloys, based on the

type of heat treatment used, rather than structure.

 2.1.1.1Austenitic stainless steels

The austenitic SS constitute the largest group of SS in terms of both the number
of alloys and usage, accounting for approximately 70% of the  nily of SS°. They
are non-magnetic, and possess excellent ductility, formability and toughness
even at cryogenic temperatures. They can be substantially hardened by cold

working.
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Table 2.1 presents the mechanical properties of the commonly used austenitic

SS. The example from the AISI 200 series is included to highlight the change in

mechanical properties with the addition of nitrogen.

Alloy Yield Strength Ultimate Strength tlo_ngauon
(MPa) (MPa) (%)
AIS| 304 205 518 45
AIS1 316 205 515 45
AlSI zun 260 655 45

Table 2.1: A few commonly used austenitic SS and their properties

(after Novak’).

The mechanical properties of austenitic SS vary depending on the alloying
element content. Some austenitic SS could become magnetic because of
martensitic transformation when sufficiently cold-worked or heavily deformed. As

a result they can exhibit a very high work hardening rate.

Another material property greatly affected by the character of the alloying
element is the corrosion resistance. Figure 2.1 shows how the addition of
molybdenum to AISI 316 (which becomes AISI 317) enhances corrosion
resistance in chloride environments. Lower carbon grades, such as AISI 304L,

have been established to prevent intergranular corrosion.

It is crucial to examine the role played by nitrogen in austenitic SS because the
material of interest in this study is a high—-nitrogen Cr-Mn SS where nickel is

completely substituted by nitrogen and manganese.
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the ore to the termination of the crack growth. Hov rer, a layer which forms

too slowly would undergo general cc .. Jsit

2.3.3 Passivation

The formation of an adherent and impervious surface film in effect stifles anodic
dissolution (i.e. equation 2.1). The protection afforded by the surface film is
dependent upon the chemical composition and the degree of mechanical
perturbation which may rupture the film to expose bare metai surface. The

chemical stability is affected by the acidity level and applied potential.

Sedricks®* models the film as a hydrated oxide layer with gel-like structure. The
model suggests that metal ions produced by anodic dissolution pass into
solution through an underdeveloped area in the fiim. They become linked to
water molecules and join the film with a simultaneous release of hydrogen.
Other models suggest that a film is composed of a crystalline oxide. In all these
models, the driving force for growth and stability is the existence of a potential
between metal and solution, thus creating a strong electric field at the metal-

solution interface.

The growth of a passive film occurs in a step manner, so that the active area
from which the metal dissolves decreases with time. In an environment with
excess of oxygen, the time to achieve passivation would be very brief>. This
passive layer is only able to form over a specific potential range, as illustrated in
figure 2.9, and it has been found that the critical potential ranges for stress
corrosion cracking of passivating materials lie in the regions of active to passive

transition®®.
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Figure 2.9:  Stress corrosion cracking occurs near the active to passive
transition potential in passivating steels. A schematic diagram for

AISI 304 SS in 1N sulphuric acid solution (after Briantzs).

The repassivation rate is an important consideration in stress corrosion
cracking. It is in direct competition with rate of crack tip growth, which exposes
fresh metal surface at the crack tip”*°. Slow repassivation rates result in crack
blunting and possible crack arrest, due to excessive metal dissolution at both
the crack tip and adjacent walls. Higher repassivation rates minimise the

amount of crack penetration per oxide rupture event.

Rimbert® noted that maximum susceptibility occurs when repassivation rate is
balanced by crack tip strain rate. This means that alloys susceptible to stress
corrosion cracking in a particular solution have to repassivate at a particular
rate, otherwise they undergo general corrosion due to lower repassivation rates
or show stress corrosion cracking resistance due to higher repassivation rates.
The repassivation rate is dependent upon the electric potential, local

environment and, more importantly, the alloy composition.
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2.3.3.1 Alloying influences on passivation

The repassivation behaviour in steels is heavily influenced by the alloying
elements. However, alloying elements in turn can determine the
microstructure, which has a direct consequence on the corrosion characteristics
of the metal. A logical way to handle such a complex disposition of
metallurgical variables is to examine how each variable affects the passivity
parameters such as the passive potential range and pitting potential, to i‘dentify
the variables which enhance passivity, and ideally, to identify a model that

incorporates the individual effects.

2.3.31a Chromium

Chromium is the one element responsible for forming a passive film. No other
element can by itself create the properties of SS as chromium does; however,
other elements can influence the effectiveness of chromium in forming or
maintaining the film. Several attempts to reduce chromium content to below 11
wt % and still maintain stainless properties have been unsuccessful®". Figure

2.10 shows the effect of reducing chromium on the anodic polarisation
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Figure 2.10: The effect of chromium content of FeNiCr alloys on their

anodic polarisation behaviour in 2N sulphuric acid solution

at 90°C (after Chen and Stephens31).
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Sinc  nickel does not participate directly in tt  formation of passive films of
austenitic SS, most models of passivity try to explain the corrosion behaviour in

39
I

terms of chromium, molybdenum and nitrogen. Devasenapathi et a recéntly

reported that metallic nickel underneath the passive film was enriched during
anodic polarisation. This suggests that nickel contributes to passivation and
improved pitting resistance through reduction of the anodic dissolution rate
following strong intermetallic bonding with chromium and molybdenum in the
presence of nitrogen*®. However, further work is needed to develop fully this

model.

2.3.3.1f Nitrogen

It has long been known that nitrogen additions are beneficial to the
development of passivity in austenitic SS in sulphuric acid solutions®. Figure
2.13 shows that nitrogen moves the pitting potential in the noble direction,

thereby extending the passive potential range.
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Figure 2.13: Anodic polarisation curves for 18%Cr-8%Ni SS containing various
amounts of nitrogen in 1N sulphuric acid + 0.5 M NaCl solution at

ambient temperature (after ~ skenrod and Kovach*").
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For the type AIS! 304 SS, Mozhi et al.>* found that nitrogen content up to 0.16
wt % retarded sensitisation kinetics of formation of M,;Cg but that nitrogen had
no significant effect at 0.25 wt %. The authors concluded that the precipitation
of Cr nitrides became significant at nitrogen content higher than 0.16 wt % and
that nitrogen additions in excess of this amount contributed to intergranular
corrosion attack.

Mozhi et al.>

in a separate investigation, examined the effect of nitrogen on
stress corrosion cracking of AISI 304 SS in chloride and sulphate solutions.
They found that nitrogen additions up to 0.16 wt % increased the SCC

resistance, while a nitrogen addition of 0.24 wt % decreased it.

Since higl itrogen SS, (i.e., N content > 0.4 wt %) exceed the optimal
amounts of 0.16 wt %, they should suffer from intergranular corrosion resulting
from formation of these Cr precipitates. This severely reduces the fracture
toughness though these steels possess the highest combination of strength

and fracture toughness for all materials*.

2.4 Mechanisms of stress corrosion cracking

Since the 1960’s three generally accepted mechanisms have emerged though

55,62
.

others exis These mechanisms are pre-existing active path, strain-

assisted active path and adsorption-related phenomena.

The formation of an occluded cell in which the environment is concentrated
often precedes cracking in all SCC mechanisms. This occluded cell can be a
result of bad design, surface roughness and crevice situations so that the
corrosive attack is progressive even before the plant is commissioned. ..ie

duration of the crack initiation process commonly accounts for most time to
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failu Initiation is for ved ;s v ic _1s crack _.opagation which can

occur by any of the mechanisms discussed below.

2.4.1 Pre - existing active path mechanism

Grain boundaries have an energy field associated with the atomic mismatch
which make them favourable sites for impurity segregation and .solute
precipitation. Grain boundary dislocation pile~up further increases this activity.
This strain energy encourages dissolution reactions, providing the driving force
for stress—assisted intergranular corrosion cracking. In SS the formation of
chromium carbides at grain boundaries or at deformation sites within the grains
can lead to stress corrosion cracking by this mechanism>®, Figure 2.17 shows
a schematic diagram of crack propagation along a sensitised grain boundary.
The sensitised grain boundary is locally depleted of chromium due to
precipitation of carbides or nitrides. This decreases the repassivation rates in
the vicinity of the grain boundaries. Intergranular corrosion occurs if the grain is

chemically active with respect to the grain interior®.

Bulk water
environment

-4e° -1H,0
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Figure 2.17: A schematic model of the crack propagation mechanism

along sensitised grain boundaries (after Weeks®).
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2.4.2 Strain-assisted active path mechanism

l

E/ N

Figure 2.18: Film rupture of a metal with low stacking fault energy. Thin film A

ruptures more easily than thick film B (after Kowaka™).

The stress concentration effect of a crack or other defect causes a region of
plastic deformation. This encourages the accumulation of dislocations which
manifest themselves by the appearance of slip steps at the defect. These
dislocations disrupt the protective passive fiilm and expose bare metal to the

environment, thus initiating a crack™. This process is illustrated in figure 2.18

2.4.3 Adsorption Mechanism

This theory proposes that impurity atoms such as hydrogen and sulphur diffuse
to the crack tip and become adsorbed to the surface, thus locally weakening
the interatomic bonding of the metal®® (see figure 2.19).

Dislocations initiate and are injected into the metal along the planes of
maximum shear stress (i.e. at 45° to the principle tensile stress)m. This leads
to 1 inc nental crack growth process similar in nature to fatigue crack

growth?".

The propagation rate is controiled by the transport of aggressive species to the
crack tip region. Inhibiting ions compete with aggressive species for adsorption

sites on the metal surface®.
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Figure 2.19: Adsorption of atom A at the crack tip causes a weakening of

interatomic bonding in the base metal (after Silcockm).

2.4.4 Film induced cleavage

This theory attempts to explain transgranular stress corrosion cracking. It is
based on the evidence that a spongy non-oxide layer is formed within the
cracks, which is a de-alloyed metal with a continuaily varying composition
throughout its thickness. The theory proposes that the presence of this film at a

crack tip can modify local deformation processesez.

2.5 Stress corrosion test methods

Stress corrosion cracking is a complex phenomenon which requires
considerable understanding of all factors involved. The purpose of any stress-
corrosion testing is to simulate on a small scale the conditions that exist in an
engineering application. However, stress corrosion cracking can occur after as
little as a few hours of exposure or after years of satisfactory service. This

presents difficulties when measuring this phenomenon.
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reral loading methods are employed in the study of stress corrosion crackii
and the more common ones are dealt with in the following sections. The

variation of stress and strain with time to failure is illustrated in figure 2.20.
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Figure 2.20: The variation of stress and strain during the main test methods is
illustrated in these schematic diagrams.
(a) Constant displacement test, (b) Constant load test

(c) Slow strain rate test (after Kowakass).

2.5.1 Constant displacement test

The simplest form of loading is to hold the specimen at a predefined elastic or
plastic strain and examine for signs of intergranular attack after a specific time
of immersion in the corrosive environment. The constant displacement method
commonly uses two specimen geometries for testing, i.e., the bent beam test

and the U-bend test. These are illustrated in figure 2.21.
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Figure 2.21: The bent beam and U-bend test methods employ specimen
statically strained to a predefined deflection and immersed in a

corrosive solution (after Logan63 ).

The bent beam test commonly uses three—supports systems®, in which case

the maximum stress is given by :

Stress 6 Ety

L2
where stress is in MPa, E is the elastic modulus in MPa, t the thickness of the
specimen in mm, y the deflection in mm and L the distance between the outer

supports, also in mm.

The constant displacement test is normally used together with the other SCC
test methods. For example Tsuruta and Okomoto® used this method together
with the constant load test (see section 2.5.2) to investigate the susceptibility to
SCC of AISI 304 SS in oxygenated high purity water at temperatures below
240°C. This test revealed the same SCC tendency when compared to the load

test under the same conditions.

In another study, Yang et al.*® compared this method to the slow strain rate test

(see section ~ 5.3) when investigating the effects of temperature, chloride
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content, and dissolved oxy _:n n 1t  the susceptibility  type 304 __ to
SCC. They found the susceptibility to decrease with increasing temperature in

the range 200 to 300°C when assessed with the U-bend test, but susceptibility

increased up to a maximum at 250°C when assessed by the slow strain

method.

Yang et al¥ ina separate study of surface fiims formed during the teéting of
specimens, suggested the solution to this mystery. They proposed that the
oxide formed on the SS in high temperature water is enhanced in nickel content
for SSR test but no significant nickel enhancement occurs in the oxides formed

on constant displacement test.

Constant displacement specimens are popular because they are easy to
produce and test. High—temperature tests can be conducted in an autoclave
without the necessity of sliding seals, which are required for constant load test.
However, the disadvantage of this test method is the long time required for a
single test and the complex stress profile which makes the analysis of stress
difficult.

2.5.2 Constant load test

The tensile specimen is subjected to constant load, ust ly by suspending a
mass from one end, and the time to failure is recorded. Figure 2.22 illustrates
the apparatus used with the uniaxial stress: the rod in the beaker is subjected
to a constant tensile load while there is a heater at the bottom and a water

n oo "t ). Th su lity alug f ntt tin to

failure and the threshold stress.
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Figure 2.22: Constant-load SCC test equipment (after Kowaka™®).

These tests are more expensive than the constant displacement test and also
suffer from the possibility of inconclusive results if the tests are terminated after

some cut-off time without specimen failure. Tokiwai et al.®

employed the
constant load test in the investigation of the critical amount of chloride
contamination with varying stress level in air that could cause SCC in sensitised
AlISI 304 SS. The results showed strong dependence of chloride amount on

stress level. They appraised this method's suitability for that task.

2.5.3 Slow strain rate method

In 1961 Nikoforava suggested the original SSRT principle and, subsequently,
Parkins and Scully®® used it extensively. This method gained popularity
because it is relatively quick and always results in the failure of the specimen7°.
It is, however, an unusually aggressive method and therefore the results

obtained in the SSRT method cannot be extrapolated to true plant conditions’ .

The SSR method is a tensile test whereby the specimen is slowly strained to

fracture while in contact with the testing solution. Typically strain rates in the

range 10™s-1 to 107s-1 are employed. Figure 2.23 shows SSRT equipment

and the reference stress-strain curve which can be derived from measurements
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in an inert environment. The deviation frc  unity is used as an indication of the

extent of susceptibility.
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Figure 2.23: SSR test equipment and SSRT sensitivity evaluation

(after Kowaka™).

Metallography and fractography are always used to verify the presence or
absence of SCC after SSRT. Severity of SCC depends on the material /
environment parameters and borderline cases between regions of severe SCC
and regions where no SCC exist. This makes the interpretation of SCC results
difficult. Payer et al.” suggested that the appearance of numerous secondary
cracks along the gauge length, which must be perpendicular to the applied
stress, together with the loss of ductility is a clear indication of the presenbe of
SCC. Figure 2.24 is an illustration of unetched metallographic cross sections
after a SSRT. The figure shows a range from clear SCC indication (bottom of
the figure 2.24) to clearly lack of SCC (top of the figure 2.24). The lower two
micrographs show secondary stress corrosion cracks along the gaug 1gth
and perpendicular to the applied stress. The upper two micrographs show
penetration not related to SCC; corrosion pits on the upper right and a

penetration oriented at 45° to the applied stress on the upper left.
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2.5.4 Fracture mechanics testing method

Co  ant load precracked spec. 32ns have been used in SCC studies to
determine the threshold stress intensity for environmentally accelerated crack
growth. The use of a pre-cracked specimen simplifies the investigation of crack
growth phenomena since no initiation process need be considered™. Fatigue

pre-cracked specimens can be loaded in each of the following three modes:

e constant strain (using wedge opening specimens)
¢ sustained static load, and

e slow strain rate (usually referred to as rising load tests).

2.5.5 Electrochemical method

SCC occurs in a particular material under specific conditions at a certain
potential. This potential can be defined for any combination of a material and
circumstances by recording anodic polarisation curves at various sweep rates.
The potential at which the current varies most with the sweep rate is that causing
SCC®. The reason for this is that a low sweep rate allows repassivation, while a
high sweep rate does not, and therefore the current at high sweep rate is that for

the unprotected substrate.

Another method is to measure the current increase as the specimen is strained
rapidly at a fixed potential. The rupture of the passive film is important here. The
maximum current density is governed by the relation between the strain rate and
the repassivation rate. The electrochemical method is particularly useful in the
study of the mechanism involved in the SCC for a specific environment. Steward
et al.” used this method in the investigation of initiation of microcracks in the
intergranular stress corrosion cracking of the sensitised type AISI 304 SS in
high—-purity oxygenated water at high temperatures. They developed a simple
statistical model based on a jump probability to cross a barrier when the crack is

advancing in the steel. This model, whereby a crack has a simple probability of
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jumping from one grain boundary facet to the next, describes the crack length

distribution. It was found that the jump velocity is higher for high temperature than

for low temperature.
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3.1.2 Heat treatment

The two experimental alloys were solution treated at 1075°C for 0.5 hour and
water quenched. Whenever a material is used in operation it will invariably be
welded, hence a simulation of the weld I it affected zone treatment was

performed at 675°C for 1 hour and water-quenched.

3.1.3 Metallography

The optical microscope was used to characterise the microstructure of
experimental alloys. Nomarski interference and Bright field employed where
deemed necessary. Before microscopy, specimens were mechanically ground

finishing with 4000 grit SiC paper and polished using high quality SiO, slurry.

The two etching conditions used were:

(1) electrolytic etching at 3V for 35-50 seconds in a 10 % oxalic :=id solution at
40°C.
(2) electrolytic etching at 3V for 30-60 seconds in 20 % NaOH at 40°C.

These etchants reveal the grain structure and &-ferrite respectively. Figures 3.1
to 3.4 give the microstructural features of experimental alloys etched in 10 %
oxalic acid solution while figures 3.5 and 3.6 show those etched in 20 % NaOH

solution.
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Chapter 4 UL 3

4.1 Materials

4.1.1 General corrosion properties

A solution of 1N sulphuric acid was used in the comparison of the general

corrosion properties of the materials. This is given in figure 4.1 below.
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Figure 4.1: Potentiodynamic scans for solution treated samples scans

in 1N sulphuric acid.

Figure 4.1 reveals that the behaviour of Cromanite™ and AISI 304 SS samples
in 1N sulphuric acid is comparable though the critical current density for
Cromanite™ is higher. The scan shows a significantly better corrosion behaviour
for austenitic stainless steels, viz. Cromanite™ and AlISI 304 when compared
with AISI 430 ferritic stainless. The critical current density and passive current
density of AISI 430 stainless steel are notably higher when compared to both
AISI 304 and Cromanite™. However the potential range at which the SS are

passive is the same for all three SS.
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The corrosion rate measurements were performed in de-aerated 1N sulphuric
acid at 30°C at a scan rate of 0.1667mVs”. These measurements show that
there is a significant difference in the corrosion rates of AISI 304 SS and
Cromanite™. Table 4.1 also shows a higher increase in Cromanite™ corrosion

rates for both solution treated and aged specimens when compared to aged AlSI

304 SS.
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Figure 43: Potentiodynamic scan of solution treated specimens in
3M NaCl solution.

Figure 4.3 shows potentiodynamic scans performed in salt solution to compare
the corrosion properties of these alloys in this solution. Cromanite™ performs
fractionally better than AISI 304 SS as is shown by the higher pitting potential and
lower passive current density. It is worth noting that in some cases there was
absolutely no difference in pitting potential of the two materials but the resuits
presented are reproducible. However there is a notable shift in corrosion

potential, E,,, towards a more active direction in comparison with AlSI 304 SS.
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The bent-beam tests were carried out in 0.05 M HCI + 3 M NaCl solution. The
corrosion rates computed for the experimental alloys from Tafel plots are given in
Table 4.2. This table shows that the solution treated Cromanite™ has faster
corrosion rates than AISI 304 in the same heat treatment condition.
Potentiodynamic scans for this solution are presented in figure 4.4 for both

solution treated and aged samples.

Extremely fast corrosion rates were observed for aged Cromanite™, where the
specimen was found to be corroding at approximately twice the rate of the aged
AISI 304 SS.

Alloy Condition Corrosion rate (mmyr’)
A1 304 Soiuvon treatea | 4.0/+0.934
AISI 304 Agea 7.49+1.48y
Cromanite™ Solution treated 5.9740.740
Cromanite™ Aged 14.95+3.754

Table 4.2:  Corrosion rates calculated from Tafel plots perfformed ina 0.05M
HCI + 3 M NaCl.



























































































































































