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ABSTRACT

In this study, monotonic and cyclic deformation of 304L steel were carried out at room
temperature and the results suggested that there was a strong correlation between deformation
induced martensite formation and the amount of deformation that was applied in terms of
prestrain or strain amplitude values. Analysis of the stress strain hysteresis loops revealed that
the steel deviated from ideal masing behavior, especially at higher strain amplitudes.
Evaluation of the cyclic stress response unveiled that significant secondary hardening took
place at strain amplitude levels of +0.5% and above. A bilinear nature of the cyclic stress
strain curve was obtained, implying that the deformation mechanism changed for specimens
which were cycled at strain amplitudes higher than +0.5%. Furthermore, subsequent pitting
corrosion tests performed on the prestrained or precycled specimens revealed a distinct pattern
in the variation of pitting potential values with the amount martensite that formed at that level
of prestrain or strain amplitude of cycling.

Keywords: Deformation Induced Martensite, Secondary hardening, Cyclic stress strain curve,
Masing behavior, Pitting corrosion



Chapter 1

Introduction

Stainless steels are one of the most versatile materials that are used across the globe today.
Various types of stainless steels possess their unique combination of mechanical properties
such as strength, ductility and toughness that make them suitable candidates for various
applications starting from their use as structural members in buildings, construction and
housing to critical applications such as fast breeder nuclear reactors, heat transport piping
systems, boilers, reactor vessels, heat exchangers, condenser tubes etc. where constant thermal
fluctuations, extreme temperature conditions and high thermomechanical stresses prevail.

Apart from having desirable mechanical properties, stainless steels possess excellent corrosion
resistance which prevents them from environmental attack and degradation, making them
suitable for use in hostile and reactive environments. The material response of these materials
is of vital importance especially for forming operations such as forging, rolling, extrusion etc
in which compressive loads are applied to shape the final products from metal ingots. The
calculation of the load and the power consumption in production units are all intimately linked
to the stress response and work hardening characteristics of these materials under load at
various strain rates along with the extent to which these materials can be deformed.

It is therefore necessary to carry out a systematic study in order to understand the mechanical
and corrosion properties of these materials under various conditions to find their suitability in
real world applications.

The current study focuses on the tensile and cyclic deformation behavior of stainless steel 304L
at room temperature including its tensile properties, work hardening behavior, cyclic stress
response, masing characteristics, etc.

Additionally, the role of deformation induced martensite, and its effect on tensile, fatigue and
pitting characteristics have been studied in detail, and attempts have been made to correlate
this effect with the cyclic stress response, the work hardening behavior and the pitting corrosion
resistance of the steel under ambient conditions.



Chapter 2

Literature review

Stainless steels are high alloy steels having excellent corrosion and oxidation resistance
combined with good ductility and strength. They are extremely versatile and are almost
ubiquitous in application, being used in critical applications like nuclear power plants, power
generating units and substations ,food processing units, paper manufacturing plants,
petrochemical industries, automobile industries, and most importantly as a structural material
for building and construction.

2.1 Classification of stainless steels

Stainless steels may be categorized into four main groups, they are as follows --Ferritic
stainless steels, Martensitic and precipitation hardening stainless steels, Austenitic stainless
steels and Duplex stainless steels.

1) Ferritic stainless steels: The standard ferritic grades are alloyed with chromium (11.2—
19%), but contain minute or little to no amount of nickel [1]. These steels are often much
cheaper than their high Ni counterparts and does not suffer from price volatility . Often the
addition of Molybdenum improves the corrosion resistance, while alloying with niobium
and/or titanium improves its weldability. The ferritic grades are magnetic due to their ferritic
microstructure.

In addition to these grades, certain grades of ferritic stainless steels are used in high
temperatures in the temperature range of 800°C -1150° C in Sulphur containing atmospheres.
These grades typically contain more carbon to increase its creep strength and are often alloyed
with Si and Al to impart oxidation resistance.

i) Martensitic and precipitation hardening stainless steels: The martensitic grades have
higher carbon content in comparison to other grades, thereby having improved strength and
hardenability. These grades too contain sparse quantities of nickel. And although addition of
Nitrogen further accentuates strength, a major drawback of these grades is their poor
weldability, which may be improved by addition of Ni or by reducing the percentage of carbon
, but not without comprising its strength. Addition of Sulphur is found to improve
machinability. These steels are air hardenable allowing for their final microstructure to be
predominantly martensitic due to the ‘nose’ of the TTT diagram being shifted to longer times.

iii) Duplex stainless steels: Duplex stainless steels are formed by extending the narrow a+ y
region surrounding the closed gamma loop illustrated in the Fe-Cr phase diagram in Fig 2.1.
This can be achieved through the addition of various alloying elements in optimum proportions
so that a proper balance is maintained between the a stabilizing and the y stabilizing elements
and the final microstructure at room temperature contains equal volume fractions of ferrite and
austenite.



Duplex grades therefore combine many of the beneficial properties of ferritic and austenitic
stainless steels. The high strength and high resistance to stress corrosion cracking are attributed
to the dual phase microstructure. Duplex stainless steels have high chromium content (20.1-
25.4%), but low nickel content (1.4—7%) in comparison to the austenitic grades. Molybdenum
(0.3-4%) and nitrogen are often added to improve the corrosion resistance and to stabilize the
microstructure. Manganese added in some grades, not only serves as a replacement for nickel,
but also increases the solubility of nitrogen in the matrix.

Owing to their dual phased microstructure, these steels have superior mechanical strength,
toughness and corrosion resistance in comparison to their single phase counter parts. Though
these steels have a host of desirable properties they are not without flaws as the usage of these
steels is restricted to temperatures above 280° C due to the precipitation of sigma and chi phases
which severely impair their ductility and performance at lower temperatures.

Duplex stainless steels along with martensitic and ferritic stainless steels also undergo a
phenomenon commonly referred to as the 475 °C embrittlement. This implies that these steels
suffer a drastic decrease in toughness and are embrittled when they are exposed, or heat treated
in the temperature range of 400°C to 500°C. Believed to be the result of a spinoidal
decomposition transformation, fine chromium rich precipitates of a' phase are formed which
deteriorates the toughness property in these steels [2]. The miscibility gap encountered in the
Fe-Cr system Fig 1 drives this transformation and transformation is facilitated when chromium
is present in large quantities (15-75wt.% ).

Miscibility gaps like these arise from the fact that a single phase is not stable at that temperature
owing to the convex-concave or undulating nature of its free energy vs composition curve. As
a result, for certain alloy compositions the parent phase splits into two phases of different
compositions.

iv) Austenitic stainless steels are the most widely used stainless steels, accounting for more
than 50% of the global stainless steel production The austenitic grades may be divided into five
sub-categories, Cr-Mn grades, Cr-Ni grades, Cr-Ni-Mo grades, high performance austenitic
grades and high temperature austenitic grades. The austenitic grades bring in a plethora of
desirable properties from excellent corrosion resistance, to good formability and weldability.
They also possess good impact strength at low temperatures, making them suitable candidates
for cryogenic applications[3]. They are non-magnetic in the solution annealed condition due to
their austenitic microstructure and do not undergo phase transformation with temperature.
Thus, these steels are predominantly strengthened through cold working, which may be
followed by stress relief annealing. A characteristic of these steels is when they are heated in
the temperature range of 425-870°C chromium carbide precipitates at the austenitic grain
boundaries.

This poses a few a problems, notably the formation of chromium carbide depletes adjacent
austenite matrix of chromium, making it susceptible to corrosion. This phenomenon is referred
to as sensitization [4][5][6][7] and it can be circumvented or remedied in the following ways:

1) Performing solution annealing heat treatment in the temperature range of 1050°C-
1100°C effectively dissolves the carbides formed, after holding for a specific period
of time the steel is cooled rapidly (quenched) to avoid precipitates from reappearing
during the cooling stage.



i) By using a stainless steel of lower carbon content the chances of precipitate
formation automatically reduces, thereby avoiding this issue altogether.

i) Introduction of elements having higher affinity for carbon than chromium like Ti,
Ta etc. results in the preferential formation of carbides of these elements and
reduces the likelihood of chromium carbide formation. These are especially used in
stabilized austenitic steel grades such as 321 or 347 which aid in mitigating the
problem of intergranular corrosion that is very much prevalent in these steels.

Iv) Delaying the sensitization time to longer periods by adding elements like
Molybdenum which can affect the reaction kinetics of M23Cs carbides.

In addition to chromium carbide, Cr-rich sigma phases are known to precipitate in duplex
stainless steels in the temperature range of 700°C-900°C. These phases have a detrimental
effect on the mechanical properties of such steels and are known cause a precipitous drop in
the ductility and toughness values [8][9] along with a significant reduction in general corrosion
resistance. The most commonly encountered sigma phase, the Fe-Cr phase has a hardness value
of 68 in the Rockwell C scale as reported by Griffith and Bain and is extremely brittle with
specimens fracturing during the test itself. [10]

The formation of these intermetallic compounds are further promoted by addition of alloying
elements like Si , Ti and Mo .Thus highly alloyed stainless grades are more prone to sigma
phase formation.

Sigma phase formation in AISI 300 stainless steels is known to be extremely slow or sluggish,
often requiring hundreds or even thousands of hours of holding time at the above temperature
range to form.[11]

These steels can thus be used over a broad range of temperatures from cryogenic conditions to
elevated temperatures of about 760°C for working conditions.

Apart from carbides, sigma phases, NisAl or the y’ phase is another intermetallic phase which
is encountered in austenitic stainless steels, Ni base alloys and super alloys. This phase has an
ordered fcc structure with Ni atoms occupying the face center positions while the Al atoms lie
at the corners of the lattice. The ¥’ phase is known to form in stable austenitic stainless steels
such as 20Cr25Ni [12] and particularly those having combined weight percentages of Al and
Ti exceeding 1%. Unlike the sigma or laves phases NisAl precipitates are desirable due to the
fact that they have similar lattice parameters in comparison to the base matrix and are therefore
coherent with it.

2.2 Role of Alloying Elements in Stainless Steels:

A large number of alloying elements may be present in steels and each of them influences the
iron-carbon equilibrium phase diagram in their own unique ways. Some of which are
discussed as follows:

Alloying elements may be broadly divided into two categories based on the manner in which
they influence the equilibrium phase diagram:

Alloying elements that expand the austenite phase field by making the gamma phase stable
over a wider range of temperatures and compositions are known as austenite or gamma
stabilizers. Alloying elements such as Mn, Ni, Cu belonging to this category all have FCC
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(Face Centered Cubic) crystal structure. In addition to shifting the critical points to increase
the gamma phase field they also lower the eutectoid temperature as well as the eutectoid
composition. A mere 3% addition of Ni is found to decrease the eutectoid temperature by
almost 30 °C.

The other group are the ferrite stabilizers, and their addition reduces or shrinks the austenite
phase field. These elements possess a Body Centered Cubic (BCC) crystal structure similar to
the ferritic phase of iron. Some common ferrite stabilizers are W,V, Mo, Cr, Si.

1800 - 1863
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Fig 2.1 Fe Cr phase diagram showing the distinctive y loop [12]

As is evident from Fig 2.1. that an addition of about 12.7 wt.% Cr makes the austenite phase
field disappear, the ferritic phase fields of the alpha and delta iron merge to become one
continuous phase which remains stable from room temperatures and upto the melting point.
Austenitic stainless steels despite having higher percentages of chromium still have austenite
as the stable phase due to the effect of alloying with Ni which makes the austenite phase
reappear. For instance, when 2% Ni is alloyed with 18% Cr the steel becomes heat treatable,
while at still higher percentages austenite is the only stable phase.

The same effect can be observed when over 1 wt.% Ti or 7 wt.% Mo is present.

Addition of nitrogen is known to enhance mechanical properties such as yield strength in
austenitic stainless steels [13][14]. Nitrogen is also a much more potent austenite stabilizer and
is about as much as twenty times stronger than that of an equivalent amount of Ni [14].
Additionally, Nitrogen improves resistance to creep and fatigue, and is also known to inhibit
the formation of strain induced martensite in metastable grades [15][16].

Alloying elements can influence the gamma phase field in the following way:
They may form an i) open vy -field like Mn, Co, Ni, Ru, Rh, Pd, Os, Ir, Pt ii) An expanded v -

field like C, N, Zn, Au iii) Closed vy -field like Be, Al, Si, Ti, V, Cr, Ge, As, ,Mo, Sn, Sb, W
and iv) Contracted Y'-field like B, Nb, Ta, Re. [17]



Carbon and Nitrogen are known to expand the y -field due to the larger interstitial voids present
in FCC structures in comparison to BCC structures. Carbide forming elements like Ti, Cr, Ta
having strong affinity for C reduce the y phase field by significant proportions due to the fact
that it is thermodynamically much more favorable for carbon to diffuse out and form alloy
carbides rather than remaining the austenite matrix as an interstitial. Many tool steels have a
broad y + carbide phase field due to this reason.

In 18%Cr-8% Ni stainless steels the y -a phase boundary is reached at 650°C, as a result of
which the diffusion of alloying elements which is essential to produce an equilibrium
concentration of ferrite is slow and insignificant. Thus, upon air cooling austenite remains as a
metastable phase at room temperature.[18]

Certain steels such as Hadfield austenitic manganese steels are cheaper than their Ni containing
counterparts and although complete replacement of Ni poses difficulties in hot working these
steels containing about 12% Mn and 1%C possess superior toughness and wear resistance
properties due to the metastable austenite phase which forms after water quenching from
1000°C. Their remarkable toughness is extensively utilized in railway cross-overs and rock-
crushing equipments.

The role of individual alloying elements is briefly discussed as follow:

Chromium: 1t is one of the chief alloying elements that imparts the property of corrosion
resistance in stainless steels. All stainless steels contain a minimum of 10.5 wt.% Cr in order
to resist corrosion and to impart improved oxidation resistance property at elevated
temperatures.

Nickel : It imparts ductility and toughness to stainless steels, improves weldability in
martensitic grades, and forms intermetallic compounds in precipitation hardening grades,
causing a substantial increase in strength. However, a downside to Ni addition is that Ni is
known to reduce resistance to Stress Corrosion Cracking (SCC) as demonstrated by Copson
[19] for an Fe-20Cr alloy in a ClI environment. Ni additions have an effect of reducing the
Ductile to Brittle Transition Temperature (DBTT) in high Cr ferritic stainless steels [20].

Molybdenum :It Increases both uniform and localized corrosion resistance in stainless steels.
Mo present in austenitic stainless steels provides resistance against pitting corrosion[21],
especially in seawater and chloride solutions. Mo also promotes the formation of sigma(c)
[22]and chi () phases in ferritic, austenitic and duplex stainless steels. Mo effectively increases
the room temperature yield point and tensile strength in steels while simultaneously improving
stress rupture and creep properties in the high temperature regime.

Manganese : Increases hot ductility in stainless steels, increases the solubility of nitrogen in
duplex and austenitic stainless steels [23][1], acts as an austenite stabilizer. Mn additions
prevent hot shortness, a form of solidification cracking attributed iron sulphide constituents
having low melting points or eutectics. Mn having higher affinity for Sulphur than Fe
circumvents this problem by forming stable Manganese Sulphide (MnS).

Titanium : Titanium increases the resistance to intergranular corrosion in austenitic stainless
steels, improves toughness, formability and corrosion resistance in ferritic grades. It also
increases the resistance to tempering and decreases the hardness of the martensite phase in
martensitic stainless steels.



Silicon :Silicon improves oxidation resistance at high temperatures and in strongly oxidizing
solutions at lower temperatures. It is also known to promote fluidity of molten steels, enabling
it to effectively counter the sluggish flow rates in certain steel grades[3]. It also serves as a
ferrite former at concentrations exceeding 1wt. %.

Cobalt : Cobalt serves as a solid solution strengthener in steels. It is also known to increase
the Martensite Start Temperature (Ms) ,for which it is added in martensitic grades to facilitate
martensite formation [24].

Sulphur :Addition of Sulphur along with Lead and Selenium improves the machinability of
steel grades, thereby making provision for higher machining speeds as well as improving tool
life.

Carbon : Carbon is present as an interstitial element in all steels. A higher percentage of carbon
is known to widen the closed vy loop that is typically seen when alloying elements like
chromium are present. Thus carbon ,like nitrogen is an austenite stabilizer. Fully austenitic
microstructures are possible at room temperature when carbon is present in excess of 0.4wt.%
for commonly encountered stainless steels containing 18 wt.% Cr. Another important effect
of carbon is to form carbides[25]. Higher carbon percentages significantly increases strength
while reducing ductility and toughness in both ferritic and martensitic stainless steels. Higher
carbon percentages also poses the risk of intergranular corrosion.

Based on the extent to which important alloying elements influence the formation of different
phases in stainless steels a diagram known as the Schaeffler diagram can be constructed which

Martensite

Nickel equivalent (Ni + 30 C + 0.5 Mn)
o

1 1 1 1 1
8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38

Chromium equivalent (Cr + Mo + 1.5 + Si + 0.5 Cb)

Fig 2.2 Schaeffler diagram (1949) [25]

indicates the stable phase(s) which would be present for a stainless steel of a given composition
at room temperature.

It may be noted from Fig 1.2 that while the diagram is solely based on the Nickel and
Chromium equivalents[3], the role of important alloying elements are accounted for while
calculating their values. This is based on the premise that most alloying elements behave either
akin to Ni or Cr in stabilizing one phase or the other.
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Other elements: Elements such as Tungsten present in duplex stainless grades impart
resistance against pitting corrosion. Al may be present in certain low chromium ferritic grades
for improving the general corrosion resistance.

Al along with Cu, Ti and Mo are present in precipitation-hardenable (PH) grades to form
precipitates. Certain martensitic grades are known to possess yield strengths in excess of 1375
MPa at room temperature as a result of these additions[3]. Austenitic stainless steel grades that
are precipitation hardenable are usually alloyed with Al or Ti in order to obtain coherent NisAl
and NisTi precipitates similar to those encountered in Ni base superalloys. Cu precipitates in
pure form also provide hardenability in martensite steel grades such as 17-4PH.

The alloying elements present in steel may be further classified as i) carbide forming elements
such as Cr, Mn, Mo, W, V, Ti, Zr which are capable of forming stable carbides in steels and ii)
non-carbide forming elements such as Ni, Si, Co, Al, Cu, N which do not demonstrate carbide
formation. The elements belonging to the latter category that do not form carbides does not
interfere with cementite formation as a consequence of which the microstructure remains
unaltered. In the former category cementite is replaced by alloy carbides of Mo, Cr, W, and
even more so in presence of Nb, Ti and V with alloy carbides forming preferentially with as
low as 0.1wt.% concentration of these elements.

It has been found that the stability of alloy carbides decreases on traversing from left to right
of the periodic table, with elements like Ti which lie towards the beginning of a long period
tending to form very stable carbides of the form MC.

MC carbides like TiC and NbC form fine dispersions and this property is ingeniously exploited
in dispersion strengthened austenitic stainless steels (grades 321 and 347) enabling them to
retain high strength at temperatures in excess of 500°C. These carbide dispersions also provide
creep resistance in some grades of austenitic stainless steels, making them suitable for high
temperature applications.

2.3 Mechanical Properties of Austenitic Stainless Steels

Austenitic stainless steels have good work hardening capabilities along with the fact that they
also possess substantial ductility, with elongations exceeding 50%. They have yield strengths
of around 250 MPa (0.3% proof strength) and their tensile strengths lie in the range of 500-
600MPa depending upon the composition gradient.

These steels have UTS to YS ratios in excess of 1.4, indicating that they undergo cyclic
hardening. A general criterion is that a ratio greater than 1.4 indicates cyclic hardening, a range
of 1.2 to 1.4 indicates no significant changes in hardness values while a value of 1.2 or less
dictates that the material would undergo cyclic softening. Usually a high UTS to YS ratio or a
low value of yield ratio is desirable since the material would then be expected to have good
formability on account of the large uniform deformation that it would undergo before reaching
the UTS which corresponds to the point of tensile instability.

Several empirical relationships developed by Pickering [26] and Irvine [27] illustrate the
dependency of tensile properties on the microstructural constituents of austenitic stainless
steels.
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Two important relationships are given as follows:

0.2% proof strength
=15.4{4.4+23C +1.3Si +0.24Cr+0.94Mo +1.2V+0.29W+2.6Nb+1.7Ti+0.82Al +32N+0.16(5-
ferrite) +0.46 d"*2} (2.1)

Tensile strength
=15.4{29+35C +2.4Si +1.2Mo +5Nb+3Ti+1.2Al +55N+0.14(5-ferrite) +0.11Ni+0.82 t 1/?}
(2.2)

where the element symbols represent their weight percentages

d = mean linear intercept of grain diameter

t = twin spacing

The equations clearly emphasize that both the tensile strength and the 0.2% offset yield strength
increases with increase in carbon percentage.

It has been observed that interstitial solutes like carbon and nitrogen impart the greatest solid
solution strengthening effect in steels leading to a marked increase in both the yield strength
and the UTS as is evident from the high coefficient values of carbon and nitrogen in both the
equations. Their strengthening effect is superior to that of the ferrite forming substitutional
solutes such as Mo, V, W. While austenite forming elements like Ni, Mn, Cu have very little
influence or contribution towards enhancing strength through solid solution strengthening.

Austenitic stainless steels have a propensity to form martensite when the parent austenite phase
is deformed below the My temperature, which is defined as the maximum temperature below
which martensitic transformation can occur as the steel is plastically deformed. As a matter of
fact, higher concentrations of alloying elements depresses both the Ms and the My
temperatures. The Msand Mgz temperatures are given by the following empirical relationships

Ms = 502 —810C — 1230N — 13Mn — 30Ni — 12Cr — 54Cu — 46Mo (Pickering’s
formula) [28] (2.3)

Md,30 = 413 —462(C + N) —9.25i —8.1Mn — 13.7Cr — 9.5Ni — 18.5Mo (Angel’s
formula) [29] (2.4)

The strain induced transformation of martensite significantly influences the mechanical
properties in austenitic stainless steels. Some well-known consequences of a such
transformation are secondary hardening during completely reversed low cycle fatigue tests,
increase in UTS with increasing in strain rate, accompanied by a decrease in total elongation,
and improvement of fatigue life in cases where secondary hardening had occurred.

2.4 General Deformation Behaviour of fcc metals

Tensile Behavior of fcc metals is found to progress through three distinct stages. In stage |, as
the shear stress value reaches the critical resolved shear stress value, slip occurs in the most
favorably oriented planes. The first stage is characterized by the easy glide of dislocations in
which dislocations can move over relatively large distances unhindered. Only a single slip
system, particularly the one with the highest Schimdt factor becomes operative at this stage.

In stage I1 slip activates on multiple slip systems owing to the large number (12 in total) of slip
systems in fcc crystals the phenomenon of double glide or duplex slip is frequently
encountered. As the tensile axis remains fixed, the slip planes unable to glide freely, rotate
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around the tensile axis and eventually reach a stage during which multiple slip systems become
active. This in turn results in the formation of Lomer-Cottrell barriers on intersecting {111}
planes which impedes dislocation motion, causing them to pile up .This causes the material to
strain harden rapidly and the stress strain curve rises. Duplex slip is common in fcc metals
where two separate slip systems become active. One example commonly encountered in
literature is when the tensile axis lies inside the unit triangle defined by the [001]-[111]-[011]
directions in the stereographic projection of the crystal normal to the (001) plane. As the
specimen elongates, due to the rotation of the slip planes the tensile axis reaches the [011]-
[ 111] boundary. Thereafter the conjugate slip system (111)[011] becomes active in addition
to the primary slip system (111)[ 101] as conditions for slip become favorable in both these
systems and duplex slip occurs [30]. In general, stage-11 is dependent on the orientation of the
single crystal and remains unaffected by other variables.

In stage 111 the strain hardening rate decreases and dynamic recovery occurs due to the high
stresses which aid in the cross-slip of dislocations which are piled up at the barriers [30]. Thus,
the internal stress field resulting from dislocation pileups is severely reduced. Several authors
have reported the temperature dependence of the stress at which stage 111 commences. In metals
like Aluminium the stage Il is relatively short, this is attributed to its high stacking fault energy
(SFE ~ 200 mJ m*?) which promotes easy cross-slip, thereby reducing dislocation pileups.

2.5 Tensile behavior of stainless steels

The tensile behaviour of austenitic stainless steel is influenced by the strain rate, prior history
of cold work and the temperature at which the test is performed. The tensile test parameters
such as the Ultimate Tensile Strength (UTS), percentage elongation in length (%EL) the
percentage reduction in area (%RA) are all influenced by the aforementioned parameters up to
a certain degree. Although tensile tests are performed at strain rates of the order of 1x 10° to
1 x10t sTwhich is sufficiently less to be considered as quasi-static as has been noted by many,
owing to the poor thermal conductivity of austenitic stainless steels a major portion of the heat
of deformation is retained inside the material, yielding similar results.

The flow stress in tension strongly depends upon the strain rate at which the test is conducted
and the testing temperature. A closely related parameter is the strain rate sensitivity of a
material which describes the material’s behavioural response to strain rate. The flow stress
usually bears a power-law relationship with strain rate which may be represented as

o = C(€)™, this relationship is obtained from the tensile plots of the material at different strain
rates at a particular temperature. The flow stress corresponding to a particular strain is then
plotted on a logarithmic scale the slope of which gives the value of n. Strain rate sensitivity
values can be readily determined from strain rate change tests.

The strain rate sensitivity values are indicative of the deformation behaviour of a material as a
direct relationship can be established between its values and the exponent of the true stress-

dislocation velocity relationship given by v = Ac™ [30].The strain rate is directly related to

the dislocation velocity as € =bpv, where, b is the Burgers vector of the crystal lattice, p is the

density of mobile dislocations and v is the dislocation velocity.
Clearly, the relationship m'=% — g;% may be established between the two. If the mobile

dislocation density is assumed to remain constant with increasing stress, the relation simplifies
tom'= i.
m

13



The value of strain rate sensitivity is low < 0.1 for steels and other metals at room temperature
and may increase or decrease with increasing temperature as have been noted by many [30].

2.5.1 Effect of temperature on tensile behaviour:

It has been demonstrated that for austenitic stainless steels the nature of the stress strain curve
changes as the test temperature is varied from room temperature to all the way down to
cryogenic values . Room temperature tensile tests display curves of a parabolic nature , but at
increasingly lower temperatures sigmoidal (S-shaped) curves begin to form [31] . These curves
possess a plateau region characterized by easy deformation , at low strain values. According to
Gunter and Reed [32] e-martensite , bearing an orientational relationship of (111) y//(00.1) ¢
forms in this region due to the low stacking fault energy of the austenite matrix. In contrast to
this at higher strains, rapid strain hardening is observed that stems from a-martensite formation.

Decreasing the test temperature has an effect of increasing the yield strength and UTS while
simultaneously reducing the elongation at fracture in ASS. Cryogenic tensile tests conducted
by Zheng and Yu [33] on SS 304 in the temperature range of 20K to 77K have shown a marked
increase in both the YS and UTS values in this temperature range. The primary reason for such
an abrupt increase lies in the Martensite start (Ms) temperature of ASS which is around 110K.
Reaching this temperature almost immediately leads to an athermal transformation of austenite
to martensite. However a distinction is to be made in this regard, as this transformation occurs
prior to the test, as considerable time is needed for the specimen to cool down to sub-zero
temperatures before the test is commenced ,and it is during this period that martensitic
transformation takes place as opposed to DIM which forms during the course of the test. The
Ms temperature which is crucial for the transformation to occur is sensitive to the chemical
composition of the steel in question and is empirically expressed as 546exp (- 1.362C) -30.4Mn
17.7Ni -12.1Cr -11Si, where the element symbols are representative of their corresponding
weight percentages. [33]
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Fig 2.3 Tensile curves of 316L austenitic stainless steel showing DSA phenomenon (serrated
flow behaviour) at 500°C and 600°C [34]
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2.5.2 Dynamic Strain Aging in stainless steels

DSA refers to the appearance of serrations at elevated temperatures in the tensile curves of
certain metals or alloys such as plain carbon steels, HSLA steels and stainless steels notably
of 316 and 304 types.

Serrated flow at elevated temperatures is the result of interaction between solute atoms and
dislocations. At sufficiently high temperatures, due to their higher diffusivity and effectively
small size ,solute atoms such as C and N, are able to catch up with mobile dislocations. Upon
encountering a dislocation they successfully ‘pin’ it by condensing into the high energy
dislocation core [35]. This ‘pinning’ of dislocations is overcome when the local shear stress
barrier is surmounted and the dislocations are subsequently torn away from the impeding solute
atoms. This process continues, resulting in the pinning and unpinning of dislocations and this
Is in principle what causes local peaks or humps to appear in their flow curves.

2.5.3 Deformation induced martensite (DIM) formation

It has been well established that in some grades of austenite stainless steels the metastable
austenite matrix phase changes to the Body Centered Cubic (BCC) a’-martensite phase on
plastic deformation. Results have shown that with increased plastic deformation the volume
fraction of martensite phase increases, influencing mechanical properties such as the tensile
strength, the yield strength and the ductility of the material. Martensite being a hard phase
increases the work hardening capability and the tensile strength of the material, though its
hardness primarily depends on the percentage of carbon present in the steel as an interstitial.
Experiments have shown that with increase in strain rate the volume fraction of martensite
decreases, many researchers have rationalized this phenomenon based on the premise that an
increased strain rate leads to greater adiabatic heating inside the material followed by a
substantial increase in temperature which inevitably lowers the volume fraction of martensite
formed due to deformation [36].

The transformation to a’-martensite can either proceed directly or indirectly via a transitional
phase as has been discussed below-

The presence of elements such as Mn lowers the stacking fault energy of the austenite base
matrix. In such cases g-martensite having hcp crystal structure forms as an intermediate phase
owing to the lowering of stacking fault energy (SFE) of the alloy. The low SFE of the fcc
matrix phase in essence makes it energetically closer to an alternate hcp structure, as a result
of which it becomes easier for e-martensite to nucleate first as an intermediate phase followed
by the eventual formation of a'martensite. This intermediate phase forms as parallel plates and
is often misinterpreted as annealing twins which are also commonly encountered in these in
steels. However, several authors [37] have reported that y - a' transformation with e-martensite
forming as an intermediate phase is favoured only when the SFE of the base matrix is <
18mJ/m?. Whereas SFE values > 18mJ/m? seem to favour direct transformation of y to a.’

TEM studies on austenitic stainless steels show that the a’-phase preferentially nucleates at
shear bands, shear band intersections, twin boundaries and grain boundaries.

According to Brooks [38], in low carbon austenitic stainless steels such as 304L martensite can
form directly from dislocation pileups on {111}y slip planes.
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Others have speculated that initially e-martensite forms from intrinsic stacking faults, however
with continued deformation this transformation comes to a halt and all the e-martensite being
formed gets completely consumed at relatively low strains. Thereafter direct transformation
from y to a' takes place at high strain levels.

Hecker [39] has shown that in case of a monotonically loaded specimen, the number of shear
band intersections increase with an increase in strain rate. While this intuitively suggests that
martensite formation should increase with strain rate, in reality this effect only dominates for
strain values of 25% or less. Thereafter adiabatic heating suppresses this transformation by
increasing the austenite stability.

Other studies have found that the flow stress varies linearly with the square root of the a’phase
content [40]. It is well known that the flow stress bears a similar relationship with the
dislocation density which remains unaltered even when martensitic transformation occurs.
Researchers have therefore come to the logical conclusion that formation of strain induced
martensite causes dislocations to accumulate in the austenite phase on account of which the
flow stress increases.

Interestingly, there exists a critical martensite volume fraction of 0.3 beyond which the slope
of the line representing the variation of true stress with the square root of martensite phase
fraction changes abruptly, indicating that the mechanism by which the flow stress interacts
with martensite formation changes. This change has been explained on the basis of percolation
theory [40].

The extent to which martensite forms is not only dependent on the strain rate, SFE or
temperature but also depends on the mode of deformation. Experiments conducted on 304
stainless steels by lwamoto and his co-workers [40] have shown that the volume fraction of
martensite in compression was higher than that of tension during the initial stages of
deformation but the trend reversed at higher strain values.

Hecker [39] also found that balanced biaxial tensile tests yielded more martensite in AISI 304
stainless steels than what was obtained during uniaxial tensile tests.

Existing literature and published experimental results of low cycle fatigue tests conducted on
austenitic stainless steels highlight that the percentage of martensite being formed due to
deformation increases with an increase in strain amplitude. Raman and Padmanabhan [42] have
reported that a linear relationship exists between the volume fraction of martensite being
formed and the applied strain amplitude, on the basis of their experimental work on 304LN
stainless steels.

2.6 Work hardening behaviour of Austenitic Stainless Steels

Work hardening refers to the increase in flow stress with plastic deformation due to various
interactions which hinder the movement of dislocations such as the cutting of dislocation
forests, creation of jogs and kinks in dislocation lines, an increase in friction stress resisting the
movement of glissile dislocations, dislocation pileups, development of dislocation cell
structure etc. In this context it is clear that plastic deformation introduces several changes to
the material microstructure and the material response evolves in accordance with it. Several
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work hardening models have been proposed in order to capture the material behavior during
plastic deformation. A few of them are discussed as follows:

2.6.1 Hollomon relationship

The Hollomon relationship developed by J.H. Hollomon [43] is used to describe the general
work hardening behavior of metals. The relationship can be expressed mathematically as

g =K(g)" (2.5)

Where K is the strength coefficient, o is the true stress, ¢, is the true plastic strain and n is the
strain hardening exponent.

This power law relationship when plotted on a double logarithmic scale is yields a straight line
whose slope and intercept (when extrapolated) determine the values of n and K respectively.

This relation albeit being simple, is able to predict the plastic flow behaviour of 18-8 stainless
steels in a fairly accurate manner. Low and Garofalo [44] have suggested that deviations
observed from this behavior are likely due to phase changes occurring with deformation.

It has been well established that for fcc metals and alloys like austenitic stainless steels which
possess sufficiently low values of SFE, the Hollomon relationship holds good at high values of
plastic strain whereas significant deviation from linearity is observed at low strain values.

Based on this observation alone, Ludwigson [45] modified the Hollomon relation and came up
with the expression o = Ki(e)ni+exp(Kz+n2¢) through experimental data fitting. This
modified expression delineates the general flow behaviour of low SFE materials. It has been
contemplated that the second term of this expression which dominates the flow behaviour at
low strain values represents the condition of planar slip which occurs during the early stages
of deformation, whereas the first term accounts for cross-slip and cell formation, prevalent at
the later stages. The strain at which the deformation behaviour transitions from planar glide to
cross slip g,is evaluated by setting the ratio of the exponential term to the power term equal to
an arbitrary small value r (usually 0.02). This strain value decreases for metals having higher
SFE values such as Cu or Ag., until it almost vanishes for Ni or Al, indicating that these
materials do not deviate from linearity even at low strains.

Experiments on Austenitic Stainless Steels show that the entire flow behaviour of the material
cannot be adequately expressed by a single pair of n and K values. Researchers [46] have
identified three different stages in the flow curve for ASS instead, which can be described by
three distinct sets of n and K values. There exists a transition region for intermediate strain
values, which lie between the high strain and low strain regimes.

2.6.2 Ludwik Analysis

The is yet another empirical relation proposed by Ludwik [47] in order to describe the plastic
flow behaviour of metals. While maintaining the same power-law relationship as Hollomon
and retaining the same set of parameters n and K, an additional term is introduced into the

equation which corresponds to the true value of yield stress. Thus, Ludwik relation takes the
form

o= oo+ K(gp)" (2.6)
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Direct parallels can be drawn between the ludwigson relation and the Ludwik relation in the
sense that both involve an additional term which relates to the stress at which the material starts
to yield. For the Ludwigson relation the value of stress at which €=0 corresponds to the
proportional limit and is given by €2.Comparison of experimental €2 values with test records
of stainless steels have shown that both are in good agreement with each other.

2.6.3 Kocks-Mecking Analysis:

The hardening behaviour of fcc metals in general, can be portrayed by three distinct stages
characterised by the mechanism of deformation. Experiments on Ni and Cu single crystals
conducted by Haasen [48] and Seeger [49] have unveiled the nature of flow curve in fcc single
crystals, which can be generalised to polycrystals.

The flow stress t consists of two components Tg and T, where Tg represents the contribution

due to dislocation cutting processes and is temperature sensitive, while T, denotes the stress
component arising from elastic interactions between dislocations. It has been established

through rigorous experiments that 7 varies directly with the square root of the dislocation

density and is given by the expression Tg= aGbVN, where G is the shear modulus, b is the
burger’s vector, N is the dislocation density expressed in cm, and o is a constant of the order
of 10%.

The hardening rate expressed by 6 = da/de is independent of the strain rate and temperature
in stage |1, but is strongly affected by the orientation of the crystal. In stage Il, it is dependent
on the extent of stage-1, which usually terminates after secondary slip systems become active.
In general, single crystal ©-c curves is found to behave as follows, they possess an initial
athermal portion in which © increases with stress when deformation proceeds via single slip
but the reverse is true in case of multiple slip. This is followed by a region of constant hardening
which gains prominence at lower temperatures. And finally, stage-111 is found to be temperature
dependent and approximately follows a linear behaviour.

0,~ w200

polyslip

single slip

Fig 2.4 Illustration of the different work hardening stages in a polycrystal (upper curve) vs
a single crystal (lower curve) [50]

For polycrystals the same analogy can be drawn, but the additional effects of grain size and
texture (favoured orientation) come into play. Stage-I1 is absent in polycrystals, and stage-I11
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behaviour is followed by a stage-1V which is identified by a sharp kink in the ©-c curve.
According to Rollet [51] this is a characteristic feature of two phase alloys in which the
hardening rate further decreases before eventually reaching zero. Although this is true in
general, some researchers label stage-1V as linear, and all negative deviations from linearity
are attributed to a new stage-V. Steels display this kind of hardening behaviour.

Thus, a plot of ©-6 (Kocks-Mecking plot) captures the general hardening behaviour of fcc
metals.

2.7 Ductile fracture under monotonic deformation

It is well known that fcc metals including austenitic stainless steels fail through ductile fracture
across a wide spectrum of temperatures (including at ambient conditions). Ductile fracture
involves three distinct events commencing with microvoid nucleation, void growth and void
coalescence to form a crack, before finally ending in fracture [52]. Voids are known to nucleate
at precipitates, inclusions, second phase particles, shear bands, or even at dislocation pileups.

The mechanism of void nucleation may involve the decohesion of second phase particles or
the shearing of particles depending on the particle size, volume fraction, and interfacial bond
strength [53].
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Fig 2.5 Tensile fracture surface of SS 304LN tested at a strain rate of 10~*s! at 285°C. [54]

Das et al. [54] based on his detailed studies on void morphology had found that the diameter
of voids appearing on the fracture surface of SS 304LN increased and their number fraction
decreased with increasing strain rate.

2.8 Fatigue behaviour of stainless steels

Fatigue refers to the progressive damage that accumulates in a material when it is repeatedly
stressed under cyclic loading, eventually leading to failure at nominal stress levels that are
lower than the yield strength of the material. Failure due to fatigue occurs abruptly and without
any prior warnings, almost always resulting in a brittle type of fracture. Due to the fact that
fatigue damage is not easily detected, it has been estimated that fatigue alone is responsible for
90 percent of all mechanical component failures while in service conditions [30].

Fatigue damage occurs under repeated loading and unloading under alternating stress
conditions from surface cracks that are initiated at regions of high stress concentrations such
as notches, and sharp corners. Microscopic cracks start to propagate when the stress intensity
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factor exceeds a threshold value AK,, with AK being defined as, 4K = (0max—omin)Vra.
Where, a is the initial crack length, and gmax—amin is the stress range.

A characteristic feature of fatigue failure are the ring-like beach marks appearing on the fracture
surface, that progress inwards from the point of initiation.

Cyclic deformation may proceed under the influence of loads that produce nominal stresses
which lie in the elastic region. At these low stress levels fatigue failure occurs after a large
number of cycles (>10° cycles) and is termed as High Cycle Fatigue (HCF).

Similarly, when these stresses are large enough to produce plastic deformation, the fatigue life
of a component is significantly reduced, and fatigue lives of the order of 10° cycles or less fall
within the category of Low Cycle Fatigue (LCF).

LCF conditions arise due to stresses that are thermal in origin, such as those encountered in
nuclear power plants, gas turbines etc. Since these stresses themselves originate from the
thermal expansion of metals at high temperatures, LCF is actually associated with cyclic strains
rather than cyclic stresses.

2.8.1 Bauschinger effect:

+o A

Fig 2.6 Bauschinger effect and hysteresis loop (G.E. Dieter) [30]

Another interesting phenomenon is observed when a material is plastically loaded in tension,
followed by which it is unloaded and immediately reloaded in the reverse direction. The yield
strength in compression is then found to be less than that of tension, and this directionality of
yield stress or flow stress is known as Bauschinger effect [30]. The decrease in flow stress is
attributed to the back stress which develops as a result of dislocation pileups in the forward
loading direction that aid in the movement of dislocations when the loading direction is
reversed. The difference between the forward and reverse loading curves can be quantified by
means of the Bauschinger strain, which is defined as the amount of plastic strain in the reverse
direction required to attain a desired stress level (which is usually the prestress level in the
forward direction although, many researchers use the reverse plastic strain corresponding to
75% of the prestress value.) Mathematically § = RAgp, where R is a function of the cyclic
hardening exponent given by R = (0.875)™™, and Ag,, is the plastic strain range. It has been
found that  bears a linear relationship with plastic strain range for metals which exhibit masing
behaviour.
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2.8.2 Cyclic response:
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Fig 2.7 Cyclic stress response of SS 304LN at different strain amplitudes showing hardening

and softening behaviour (Paul et. al) [55]

As plastic deformation is irreversible in nature, the cyclic stress or strain response depends
upon the accompanying microstructural changes, the loading scheme, and the test temperature.
A material may undergo cyclic softening or hardening or retain its cyclic stability depending
upon how the material microstructure evolves with cyclic deformation. For strain controlled
LCF tests a plot of maximum stress a,,,,, Or the stress amplitude o, versus the number of cycles
captures the material response against cyclic deformation (as illustrated in Fig 6). As the
material hardens, the peak stress reached for a constant strain amplitude increases in magnitude
with each passing cycle. Similarly, in case of cyclic softening, a decrease in the peak stress
value is observed with the increasing number of cycles.

This material behaviour is also influenced by the prior loading history of the material, as well
as the strain amplitude, as is evident from the works of Xie et al. [56] on cold drawn 316
Austenitic Stainless Steels. Experimental results point towards the existence of a threshold
strain (0.35%) over which the material displayed a continuous softening behaviour, and below
which the initial hardening was followed by a region of stability, after which cyclic softening
occurred.

The amount of cyclic softening or hardening can be quantified by means of a factor known as
the degree of hardening (He) which is mathematically expressed as

He = Aos—Aol (2-7)

Aol
for strain-controlled tests, where Ag1and Ao are the stress amplitudes corresponding to the

first cycle and saturation respectively.

He>0 for materials which cyclically harden, whereas for cyclically softening materials He<O.
A strong dependence of the degree of hardening on strain amplitude has been observed in
austenitic stainless steels of type 304L and 316 [57].

However, for stress-controlled conditions the corresponding stress amplitudes become strain
amplitudes in the expression for He, and therefore while this parameter serves as a mathematical
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tool for measuring the magnitude of hardening or softening, it is certainly inadequate when
stress-controlled and strain-controlled test results are to be compared.

To overcome this difficulty a single hardening factor was introduced which could express the
hardening or softening behaviour of materials without suffering from ambiguities due the
method of test control. It is well known that during cyclic plastic deformation a stress-strain
hysteresis loop is obtained whose shape continuously changes with cycle depending on the
hardening or softening characteristics of the material. All hysteresis loops possess a definite
geometry, with the loop width being equal to twice the plastic strain amplitude Agp, and the
loop height being double that of the stress amplitude 4o.

As the stress amplitude is proportional to the elastic strain amplitude (following Hooke’s law),
the hysteresis loop geometry can be expressed by the ratio of the plastic and elastic strain
amplitudes, and this ratio is known as the strain ratio (SR)

Asp

S.R.=
Ag,

(2.8)

From this definition it is evident that a decrease in strain ratio with the number of cycles reflects
an increase in stress amplitude, indicating cyclic hardening whereas an increase in the strain
ratio represents cyclic softening.

Using this definition of strain ratio, Paul et al [55] introduced the concept of the hardening
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Fig 2.8 Variation of a) Hardening Factor b) Strain Ratio with the number of cycles at RT
for SS 304LN [58]

factor (H) which could effectively be used for both strain-controlled and stress-controlled
conditions. This factor is described as the ratio of the strain ratio at saturation to the strain
ratio of the first cycle

S.R.g
S.R,

H= (2.9)

H>1 is interpreted as cyclic softening, while H<1 indicates cyclic hardening.
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2.8.3 Cyclic Stress-Strain Curve
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Fig 2.9 Monotonic tensile and cycle stress strain curves for SS 304LN at RT [58]
The cyclic stress-strain curve is obtained by connecting the tensile tips of stable hysteresis
loops, or by equivalently plotting the peak stress against the strain amplitudes corresponding

to the hysteresis loops at half-life cycle (N#2). It is usually assumed that the material response
becomes stable after 100 cycles, but for cases where saturation is not obtained the maximum

stress amplitude for hardening or the minimum stress amplitude for softening may be utilised.

: : . . /1 .
The cyclic stress strain curve can be described by the equation % = 2—: + (2—;) , Where K’ is

the cyclic strength coefficient, and n- is the cyclic strain hardening exponent.

In general, cyclic hardening behaviour is to be expected when the cyclic stress strain curve lies
above the monotonic tensile curve, and cyclic softening will occur when it lies below. Whereas,
the material will demonstrate a stable behaviour if both of these curves are alike (when a

constant difference between the curves is maintained). In general, an annealed metal or alloy
would tend to display a cyclic hardening behaviour due to multiplication of dislocations. On
the other hand if the material is quenched, prestressed or prestrained it will tend to soften due
to the rearrangement of dislocation structures (similar to polygonalisation) in a manner that
would decrease its resistance against further deformation.

According to Smith and his co-workers [59] a material exhibits cyclic hardening/softening
behaviour depending upon the ratio of its tensile strength to its 0.2% offset yield strength. For

% <1.2, it cyclically softens, for % >1.4 it cyclically hardens, and for intermediate ratios 1.2<

% <1.4 it displays both. It is important to mention that while the above criterion may be used

as a general rule of thumb, the actual behaviour can only be observed by conducting the
appropriate tests.

2.8.4 Strain life equations
The strain life equations can be used to predict the life or survivability of a component under
fatigue. Depending upon the range or magnitude of stresses involved their forms vary. For low

stresses that accompany elastic strains, the fatigue life is expressed as a function of stress
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amplitude through the Basquin relation [60], and such conditions are simulated in High Cycle
Fatigue (HCF) tests. For stresses of higher magnitudes which cause significant plastic
deformation of the material, the Coffin-Manson (CM) relation [61][62] is used to predict the
fatigue life. Primarily these stresses are of thermal origin and in turn originate from thermal
strains. Such high magnitude stresses are encountered in strain controlled Low Cycle Fatigue
(LCF) tests.

For the high cycle or low strain regime the Basquin relation describes the dependence of fatigue
life on stress amplitude as

20 = 0, = (0)'(2N,)" (2.10)

Where, g, is the stress amplitude, being the average of the maximum and minimum stresses of
the cycle, o;'is the fatigue strength coefficient which approximately equals the true fracture
stress in a tensile test, 2N is the number of reversals to failure and b is the fatigue strength
exponent. For most metals b ranges from -0.05 to -0.12.

Thus, a plot of stress amplitude versus the number of reversals to failure is predicted to be
linear on a double logarithmic scale.

For the low cycle, high stress regime a strain life based approach is followed and the following
equation due to Coffin and Manson is used to predict the fatigue life under such conditions

A% = ef (2Nf)° (2.11)

Here, Azﬂ is the plastic strain amplitude, ¢ is the fatigue ductility coefficient and c is the fatigue
ductility exponent whose value lies in between -0.5 and -0.7 for many metals

Though the distinction between the high cycle and the low cycle fatigue regimes is made upon
the magnitude of stresses involved, a transition life N, exists that separates the two. This can
be obtained by equating the elastic and plastic strain amplitudes given by the Basquin and CM
relations and the value of 2N, satisfying both the equations simultaneously gives the transition

'g\1/(b—0)
life. From equations (2.10) & (2.11) 2N, comes out to be (S;C—E) .For Nt <N the plastic

strain amplitudes dominate and ductile materials perform well under such conditions, whereas

for Nt >N elastic strains overshadow the influence of plastic strains and strong materials
having high rupture stress values are favourable under such conditions.

Sivaprasad et al [63] concluded by studying the cyclic behaviour of SS 304LN that the cyclic
stress-strain curve (CSSC) was dependent upon the loading scheme and the response varied
depending on whether the loading was carried out in decremental steps, incremental steps or
through multi-specimen tests at different strain amplitudes.

2.8.5 Masing characteristics

Masing refers to the similarity of the loading or unloading branches of the stable hysteresis
loops of a material at different strain amplitudes. The masing behaviour can be identified by
translating the compressive tips of the loops to a common origin and observing whether the
loading branches fall into a single curve. It is well known that masing behaviour is not
displayed universally by engineering materials, and while some materials may exhibit masing
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behaviour others may not. Masing behaviour is also dependent on the loading path and the
prior loading history of the material. 304LN stainless steels are known to exhibit non-masing
behaviour for various loading schemes at room temperature, but according to Padmanabhan
[64] the same steels after being 30% cold-rolled displayed masing behaviour. It has been found
that masing behaviour is intimately related to the phase stability and the formation of a stable
dislocation cell structure. With this line of reasoning the non-masing behaviour of 304LN can
be justified based on EBSD and TEM results which provide conclusive evidence that the
microstructure of such steels are not stable and deformation induces martensitic transformation.
Furthermore, the dislocation cell aspect ratios (L/W) are also found to change consistently with
the variation of strain amplitude. It has also been emphasized that the distribution of second
phase particles and their mode of interaction with dislocations play a crucial role in controlling
the Masing characteristics. Masing behaviour is favoured in presence of hard unshearable
particles that are in close proximity to one another, while this behaviour becomes non-masing
as the interparticle spacing increases.

In order to find out the magnitude of deviation from masing behaviour, the stable hysteresis
loops at different strain amplitudes are translated along their elastic portions (with the loop
having the minimum proportional range being fixed as reference) until their ascending
branches overlap into a single curve.

The expansion of the linear portion which corresponds to an increase in proportional limit gives
the value of the non-masing stress (daw).

An equation for this new curve with respect to the origin of the translated axes is as follows

1*
% = AziE (2“;)" , Where the asterisk signifies that the quantity is measured w.r.t the

translated coordinate axes.

Another interesting observation was made by Yadav et al [65], as he along with his co-workers
found that the master curve could not be Fig
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2.10 a) Type-1 non-masing behaviour and master curve construction, b) Type-I11 non-masing
behaviour [65]

constructed for certain materials like SS 304L, AISI 321 and BLY160. Based on the
impossibility of a master curve construction, they classified

these materials as displaying a Type-Il non-masing behaviour alongside the Type-I non-masing
materials whose master curve construction was possible.

Although as has been pointed out previously a material can switch between masing and non-
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masing behaviours when the test conditions or the loading path is altered, these materials can
switch between Type-I and Type-11 masing behaviour based on the fraction of the total fatigue

life at which the hysteresis loops are constructed.

As an evidence supporting this fact, Yadav et al [64] found that SS 304L seemed to switch to
Type-I1 non-masing behaviour above 10% of its fatigue life from its initial Type-1 behaviour.

2.8.6 Cyclic Plastic Strain Energy

During LCF tests, most of the plastic strain energy is dissipated as heat while the remaining
portion is absorbed. Morrow and Felter [66] were the first to suggest that energy has a great
impact on the fatigue life of a component. Both the average strain energy absorbed by the
material per unit volume per cycle (plastic strain energy density), and the cumulative (total)
plastic strain energy absorbed by the specimen over its entire fatigue life are the decisive factors
controlling the life of a component. Mathematically the plastic strain energy absorbed can be
determined from the area of the stable hysteresis loop given by AWp = [ o de .

Assuming that the material displays a masing behaviour, the cyclic plastic strain energy
absorbed by the specimen per cycle can be expressed by the Manson-Halford equation
AWp=

where n' is the cyclic strain hardening exponent, Aep, is the plastic strain range and Ao is the
stress range

Acde, (2.12)

A similar relation was derived by Quesnel [67] based on the assumptions that the cyclic stress
strain curve of the material can be expressed by a power law and that the CM equation is
obeyed:

4K’
1+n’)

where the symbols bear their usual meanings.

LCF studies on A-516 Gr70 carbon steels by Lefebvre and Ellyin [68] revealed that the AW p
of materials which displayed a non-masing behaviour could not be predicted accurately by
using the Halford equation, due to its non-masing characteristics. This led to a further
modification of the relation to account for the increase in proportional limit with increasing
strain amplitude. The modified equation being given as follows:

(1-n")

AWp= (1n

AGASp (1 A€p5ao (214)

Xiaoyan [69] reported that the cyclic plastic strain energy does not show appreciable variation
with the number of cycles for fully reversed strain-controlled tests.

It has been suggested that AW, remains constant for the majority of the fatigue life, forming
the crack initiation phase in which micro-cracks start to nucleate. As the number of cycles
increase the plastic strain energy absorbed by the material starts to accumulate and a critical
value is reached beyond which the cracks start propagating. This phase is identified by a
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precipitous drop in the AW value leading to the diminishment of the load bearing capacity of
the material, followed by subsequent failure.

Another important parameter is the total energy absorbed by the specimen throughout its
fatigue life that serves as a measure of its fatigue resistance and is appropriately termed as the
fatigue toughness (Wy). The Wrvalue can be obtained by multiplying the number of cycles to
failure with the average plastic strain energy obtained from the hysteresis loop at half-life.

AWs= Nt AW, (2.15)

Studies show that AW is related to the number of reversals to failure by a Coffin-Manson type
relationship that is expressed as

AW =W¢ (2Nf)® (2.16)

Where W+ represents the fatigue toughness coefficient, and w stands for the plastic strain
energy exponent which is related to the exponentsbandcasw =b + ¢

A general trend which has been reported by several authors including Li et al.[70] is that the
average plastic strain energy AW, decreases in a linear fashion with the number of cycles to
failure when plotted on a double logarithmic scale, indicating that the loop area increased with
increasing strain amplitude.

2.9 Fatigue fracture Morphology of Austenitic Stainless Steels

Typically, a sequence of three distinct stages have been identified that lead to fatigue fracture.
During stage-I, crack initiation occurs at persistent slip bands (PSBs) and deepening of initial
cracks occur on planes having high shear stresses. During stage-Il, crack growth occurs normal
to the direction of the maximum tensile stress. Propagation of stage-11 cracks occupy a sizeable
portion of the fatigue life of a component in low cycle fatigue. During stage-111 the cracks grow
to a critical length beyond which the material cross-section becomes incapable of withstanding
any further load, ultimately leading to fracture.

The initiation of fatigue cracks is often represented by the Wood’s model [30], according to
which slip takes place on favourably oriented planes during the increasing part of the loading
cycle, whereas during the reverse part of the cycle slip occurs in the opposite direction but on
different planes which are parallel to the initial slip planes. Movement along the initial slip
planes is hindered either due to strain hardening or because oxidation of the newly formed
surface. In this manner, each cycle creates intrusions or extrusions on the material surface.
With increasing number of cycles, the depth of intrusions along with height of extrusions
increase, with the intrusions giving rise to fatigue cracks.

A characteristic feature of a fatigue fracture surface is the presence of striations. Fatigue
striations are caused by the repeated blunting and re-sharpening of the crack tip during the
tension and compression cycles, with new a striation mark being added during each cycle.

It is known that the striation spacing increases with increasing strain amplitude [71].
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Fig 2.11 Fatigue fracture surface showing striation marks in SS 304LN cycled at SA
+0.7%[71]

2.10 Types of Corrosion & Corrosion behavior of stainless steels

Corrosion is a general term which refers to the environmental degradation of a metal through
electrochemical interactions with its surrounding environment. The pervasive effect of
corrosion cannot be eliminated in its entirety but it can be mitigated through various means.
The detrimental effects of corrosion including the loss of efficiency of a component, economic
loss, contamination etc. if not checked can lead to catastrophic end results, often resulting in
the loss of human lives. The bridge collapse at Pt. Pleasant in West Virginia 1967 serves as a
testament and a grim reminder that corrosion if left unchecked can claim the lives of many
[72].

Corrosion is inherently electrochemical in nature, requiring electronic charge transfer between
the corroding metal surface and its environment.

The various forms of corrosion have been briefly summarized as follows:

i) Uniform corrosion: Uniform corrosion is characterized by the uniform removal of metal
from its surface. This is one of the most commonly encountered form of corrosion but it
requires the metal to be uniform in its composition, furthermore the environment should have
access to all parts of the corroding metal surface. In practical scenarios this is rarely the case
and some degree of non-uniformity is always present.

i) Galvanic corrosion: Galvanic corrosion occurs when two dissimilar metals are in mutual
contact in presence of an electrolyte. A metal that occupies a position higher in the series(the
one with a more positive electrode potential) gets protected while a metal having a lower
reduction potential gets preferentially corroded. This principle is used in underground pipelines
using stainless steels in order to protect them from damage due to corrosion.

iii) Crevice corrosion: Crevice corrosion is a form of localized corrosion usually occurring
between two dissimilar metals and is focused on a small area of contact formed by the metal-
metal interface. This situation is frequently encountered in riveted joints where the contact
region between the bolt metal surrounding the base metal plate gets corroded. Stainless steels
are known to undergo crevice corrosion in aerated salt solutions.
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iv) Pitting corrosion: This is yet another localized form of corrosion characterized by the
formation of pits. In stainless steels this type of corrosion is quite prevalent, as the corrosion
resistance of these steels depend on the stable passivating layer of oxides (usually of
Chromium, Aluminum) that is deposited over the metal surface. These oxide films are
especially susceptible to chloride environments and any form of localized environmental attack
leads to a local breakdown of this layer accompanied by the subsequent formation of pits.

V) Intergranular corrosion: This type of corrosion as mentioned earlier occurs due to
chemical segregation or depletion of elements such as chromium from the grain boundaries.
The result is a deficiency of passivating elements like chromium at the grain boundaries and
their surrounding regions, making them vulnerable to corrosive attack from the environment.
This problem is central to steels containing less than 10 wt. % chromium and is aggravated due
to chromium carbide precipitation in the temperature range of 425°C to 815 °C.

vi) Environmental Induced Cracking: Apart from the different forms of corrosion that are
commonly encountered, the damage incurred due to the effect of corrosion gets amplified when
a material is stressed in a corrosive environment. Three distinct forms of failure which occur
due to the combined effect of stress and environmental interaction are described as follows:

vii) Stress Corrosion Cracking: Stress corrosion cracking occurs in metals which are
subjected to static tensile stresses in particular environmental conditions. The effect of SCC is
profound in alloys whereas pure metals remain relatively unaffected by it [72]. Specific
environmental conditions are required to initiate stress corrosion cracking such as hot chloride
solutions for stainless steels, presence of nitrates for carbon steels. It has been demonstrated
that dissolved oxygen levels along with halide ion concentration plays a crucial role in SCC.
The problem is further aggravated at elevated temperatures, but the existence of a temperature
threshold below which the susceptibility to SCC is reduced is yet to be ascertained. However
practical results suggest that pitting and crevice corrosion dominate at lower temperatures
especially if chloride ion concentrations are low. SCC culminates into brittle fracture in metals.

viii) Hydrogen Induced Cracking: Hydrogen induced cracking occurs due to the diffusion of
atomic hydrogen into the alloy lattice in absence of an applied stress field. Existing cracks start
propagating as the internal pressure begins to mount after the solubility limit of hydrogen is
exceeded locally and molecular hydrogen starts to precipitate at potential sites of crack
initiation such as foreign inclusions, inhomogeneities or defects. This phenomenon is more
pronounced in environments containing H>S which serves two crucial purposes, the first of
which is to act as a source of hydrogen and the second one is to prevent atomic hydrogen from
recombining into their stable diatomic form, which can then diffuse easily into the alloy lattice.
HIC is however remains a greater concern for non-austenitic steels.

Another closely related phenomenon is that of hydrogen embrittlement, which commonly
refers to the loss in ductility manifested by metals due to the entrapment of atomic hydrogen
into the metal lattice. Though HIC and Hydrogen Embrittlement may be similar in certain terms
there are subtle differences which distinguish them both. The first one is that the effect of the
latter can only be detected in presence of an applied stress and the second one is the fact that
hydrogen embrittlement is reversible nature, which implies that if the entrapped hydrogen is
purged or driven out of the metal lattice it’s ductility gets restored [73].

Experiments conducted on 304L tensile specimens have shown that specimens which were
cathodically charged in 1 N H2SO4 suffered a steady decline in % elongation or ductility as the
charge time was progressively increased. Also, those which were charged for 24 hours regained
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their original elongation values when they were retested after being subjected to chemical
milling at room temperature. This further attests that hydrogen embrittlement is reversible in
nature, and is limited by the diffusion of hydrogen into a thin surface layer which upon being
removed restores the ductility of the metal[74].

ixX) Corrosion Fatigue Cracking: Corrosion Fatigue Cracking occurs in presence of cyclic or
fluctuating stresses in a corrosive environment. The fatigue life of a component gets reduced
due to the combined effect of alternating stress and environmental degradation. One of the
prerequisites of CFC is that a tensile component of the alternating stresses must be present. The
CFC cracks are known to initiate from corrosion pits and the corrosion products usually
accumulate within the cracks. High frequency rotating bending fatigue tests conducted in NaCl
solution of varying concentrations on 12% stainless steels have unveiled that the fatigue life
decreases when the concentration of NaCl is increased. In the high cycle regime about 75%
reduction in fatigue strength have been reported in 3 wt.% NaCl aqueous solutions in
comparison with the test results in air. [75]

Stainless steels show an active-passive corrosion behavior, owing to the stable film of
chromium and iron oxide that forms in oxidizing conditions. In the active region, corrosion
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Fig 2.12 Anodic polarization curve of a material displaying active-passive behavior [72]

rate determined from the anodic current density increases with increase in potential. As the
steel is further polarized, a point is reached beyond which the current density starts to decrease,
this is commonly referred to as the primary passive potential Epp. Increasing potential values
above Epp results in a stark decline in current density often by several orders of magnitude,
and a stable passive oxide layer forms. From this point onwards the current density remains
constant with increasing values of potential and the steel enters the passive region. At higher
values of polarization this passive film suffers a local breakdown and pits are formed. The
potential at

which the initiation of pitting occurs is termed as the pitting potential E,;.,for once this

potential is reached the current density starts to increase once again and the material enters the
transpassive region.
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2.11 Mechanism of pitting corrosion

The pitting corrosion resistance of an alloy depends on several parameters including the pH
and temperature, with high values of pitting potentials suggesting nobility or inertness to pitting
corrosion. The presence of CI™ lowers the pitting potential of an alloy, and the pitting reaction
Is proposed to proceed in the following manner based on corrosion studies on iron. In absence
of CI- ions the breakdown of the passive layer is a slow and prolonged process in which the
hydrated oxide layer gradually breaks down ,yielding ferric ions .The presence of halide ions
such as chloride CI- catalyzes the breakdown of the passive layer by reacting with and
substituting the hydrated passive film (FeOOH) and forming an intermediate FeOCl complex
which easily breaks down to give ferric ions. This causes the preferential thinning of oxide film
at an heterogeneity or an inclusion site, gradually removing it layer by layer until the bare metal
gets exposed. The metal in contact with the surrounding media then anodically dissolves to
give Fe?* jons and a local pit is generated. [72]

Pits are found to nucleate at preferential sites containing inhomogeneities or inclusions (most
often sulphide inclusions). The grain boundaries of a sensitized stainless steel often serve as
initiation sites for pits to develop and grow.

2.12 Role of alloying elements in corrosion of steels:

Chromium: Chromium increases the resistance to corrosion in stainless steels over a broad
range of potentials and pH. Therefore, duplex stainless steel grades are considerably more
resistant to corrosion owing to the greater percentage of chromium (in excess of 20%) present
in them.

Nitrogen: Nitrogen enhances resistance against localised corrosion such as pitting and crevice
corrosion. A mechanism put forward by Osozawa and Okato [76] suggests that ammonium
ions are created locally around pits which acts as a buffer to restrict and regulate the pH values
within tolerable limits. Addition of Nitrogen has been found to increase the region of passivity
in steels, thereby delaying the onset of pitting. Stainless steel grades containing Nitrogen such
as 316LN have higher pitting potentials at all temperatures when compared with the 316 or
316L variants which do not contain Nitrogen.

Molybdenum: The presence of Mo retards the growth of pits. This fact has been
experimentally validated by Tomashov [77] on 18Cr-14Ni steels, which show that both the
diameter and depth of pits increased at much slower rates in steels containing Mo in comparison
with those which did not contain Mo.

Other elements: Addition of elements like V, Si, Re have shown to increase the corrosion
resistance of steels by stabilizing the passive oxide layer. Elements like Boron and Carbon can
have different effects depending on whether they are present in solid solutions in their
elemental state or as compounds in the form of borides or carbides. When present in solid
solutions boron has beneficial effects on corrosion resistance while carbon has little to no
perceptible effect. Carbides on the other hand are known to have harmful or deleterious effects
and deteriorates the corrosion resistance in steels. Rare earth metals, Te and Se are conducive
to the formation of harmful telluride and selenide precipitates. Whereas Re additions help in
strengthening pitting corrosion resistance.
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The effect of main alloying elements like Cr, Mo and N on the corrosion resistance of stainless
steels can be cumulatively expressed by a number known as the Pitting Resistance Equivalent
Number (PREN)[78],the mathematical expression for which is %Cr + 3.3% Mo +
(16% or 30%) N. The coefficient of Nitrogen is either taken as 30 if the steel is an austenitic
stainless steel or 16 if the steel has a duplex microstructure.

Titanium: Addition of Ti in small quantities helps in achieving pitting potential values which
are nobler than those observed in Ti free alloys and steels, thereby increasing their resistance
against pitting [79]. A possible explanation for the above lies in the fact that Ti owing to its
good affinity for carbon and nitrogen binds with them prevents them from forming harmful
chromium carbides and nitrides which causes depletion of chromium from the base matrix
making it vulnerable to corrosion attack.

Copper: The influence of copper on the pitting corrosion behaviour of stainless steels is
controversial, with several experiments on SS 301 steels reporting beneficial effects when
minute additions of copper were made, such as in increase in wt. percentage from 0.2% to 0.5%
[80]. Larger additions of copper (>1%) produced no discernible effect. Later studies have
hinted that addition of Cu in excess of 1.5% was undesirable, whereas concentrations below
0.8% showed an intermediate behaviour characterised by the initiation and repassivation of
small pits or the creation of metastable pits.

Silicon: The addition of Si has a positive impact on the pitting corrosion resistance of stainless
steels. Experimental works of Wilde [81] on 18Cr-8Ni stainless steels have explicitly
demonstrated that Si increases the Critical Breakdown Potential (E.) which marks as the
potential beyond which the material enters a transpassive zone, distinguished by increasing
anodic current densities after passivity breaks down and pitting ensues. Increased Ec values
imply that the passive region in which the current density almost remains constant gets
extended, signifying an improved corrosion resistance of the material.

2.13 Corrosion test parameters and their measurements

Corrosion of a conducting surface such as a metal dissolving in an acid solution implies that
both the oxidation of metal and reduction of H* ions to H, occurs on the same surface. The
oxidation and reduction reactions represent two half-cell reactions. However different
electrode potentials corresponding to the two reactions cannot exist simultaneously on a
conducting surface. Upon consideration that there is no accumulation of charges, both the
reactions must proceed at a common potential known as the corrosion potential (E.,,-) and the
associated current is referred to as the corrosion current (I.,,1)-

Both the E,,, and I, values can be determined from linear polarization tests (which may
be galvanostatic, potentiostatic or potentiodynamic depending on whether the current or
potential is controlled during the tests). Both potentiodynamic or potentiostatic tests can be
conducted in a potentiostat attached to three electrodes dipped in an electrolytic chamber. An
external overvoltage is applied, between a standard electrode and the metal to be tested (acting
as the anode), and the current passing through the counter electrode (cathode) and the metal is
recorded as a response. The coordinates of the intersection point of the linear cathodic and
anodic branches (known as Tafel’s plots) of the polarization curve thus obtained gives the
required parameters.
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The corrosion current density i, is related to the rate of corrosion (or metal loss) as
0.129aj
— Jcorr (2_17)

np

r

where r is the corrosion rate in mils per year (1 mil=0.001 inch), p is the density of the material
in g/cm?3, icor is the corrosion current density in pA/cm? and a is the atomic weight in g.
Implying that materials possessing low j.,,- values along with high E_,,.-values have higher
corrosion resistance.

Resistance against pitting corrosion on the other hand is evaluated on the basis of pitting
potential (E,;), which is the potential above which the anodic current density dramatically
increases due to pit formation and propagation. As a consequence, the higher the E,,;; value the
more resilient is the material against pitting corrosion attack. As mentioned before, pitting
corrosion becomes a concerning factor in chloride containing environments.

An interesting phenomenon observed in materials like SS 304 which are susceptible to pitting
corrosion is that in cyclic polarization tests when such a material is polarized into the
transpassive region following which the direction of polarisation is reversed, the material
follows a more active path which is different than the initial polarization curve (hysteresis).
The point at which the reverse polarization curve intersects the initial curve marks the
protection potential E,,,., below which existing pits cannot grow, and pitting corrosion is
arrested [72]. Between these two values existing pits can continue to grow but pitting initiation
ceases.

The effect of intergranular corrosion (IGC) in stainless steels can be quantified by double-loop
electrochemical potentiokinetic reactivation tests (DL-EPR) tests. Prior to conducting the tests
the test samples are first solutionised at temperatures in excess of 1100°C. After which
sensitization heat treatments are performed at 550°C- 850°C for various exposure times.

The tests are now conducted by polarizing the sensitized specimens upto a potential within the
passive region, from which reverse polarisation was carried out to all the way to the cathodic
region. The degree of sensitization (DOS) is then obtained as the ratio of peak reactivation
current (7)) to the peak activation current (I,) expressed as a percentage. A low DOS value
signifies more resistance to IGC.[82]

2.14 Weldability of stainless steels:
1) Austenitic stainless steels

Austenitic stainless steels are known to possess good weldability, but factors such as impurity
levels of Sulphur and Phosphorus, composition of base and filler material play a pivotal role
during the solidification of weldments. Problems such as weld solidification cracking have
been known to occur in Austenitic Stainless Steels. While high levels of S and P increases the
likelihood of solidification cracking, the composition of the base metal or more specifically the
Creq INi .4 value exercises control over this phenomenon [3]. It has been shown that when the
primary solidifying phase is austenite the susceptibility to solidification cracking is the greatest
whereas when ferrite is the primary solidifying phase, solidification cracking is largely
suppressed.
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i) Ferritic stainless steels

Ferritic stainless steels are generally less prone to solidification cracking, but presence of
alloying elements such as Ti and Nb is known to promote solidification cracking in such steels.
One of the more concerning problems encountered during the welding of these steels is that
they undergo High Temperature Embrittlement (HTE) in the Heat Affected Zone (HAZ). High
levels of interstitial elements such as C and N coupled with coarse grain sizes increase chances
of HTE. [3]

HTE results in a loss of tensile ductility and toughness due to the intragranular precipitation of
chromium carbides, nitrides or carbonitrides during cooling of the weldments.

iii) Martensitic stainless steels

Martensitic stainless steels are prone to Hydrogen Induced Cracking (HIC) due to the presence
of untempered martensite. Thus, welding of martensitic stainless steels is usually accompanied
by pre or post weld heat treatments. Another problem that is encountered frequently is that of
reheat cracking which occurs due to cyclic heating triggered by multiple weld passes or post
weld heat treatments. Presence of Mo along with impurities such as S, Pb, Sb, Sn, B and Cu
have been associated with this type of cracking.

iv) Duplex stainless steels

Duplex stainless steels are resistant to both HIC and solidification cracking, but the presence
of high amounts of Cr and Mo results in the precipitation of intermetallic compounds (sigma
and chi phases) in the temperature range of 570 °C - 1000°C causing substantial loss in ductility
and toughness of the weld metal. Some portions of the weld metal including the HAZ are
inevitably exposed to this temperature range during the welding, cooling and reheating cycles.
To combat this problem a step annealing post weld heat treatment (PWHT) procedure has been
adopted [83].
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2.15 Summary of literature review:

1. Work hardening behaviour of stainless steels can be described by several semi-analytical
equations which have their own applicability and limitations.

2. Cyclic hardening/softening behaviour of a material is an indication of the
microstructure/sub-structure changes of the material due to cyclic deformation. Depending on
the initial state, a metal may undergo cyclic hardening, cyclic softening, or remain cyclically
stable. Cyclic hardening/softening behaviour of the material can be analyzed by strain ratio
(SR) and Hardening factor (H, He).

3. Martensitic transformation occurs in austenitic stainless steels due to the metastable nature
of the austenite phase. This transformation significantly affects the cyclic strain response and
the work hardening behaviour of the material.

4. Depending on the Stacking Fault Energy (SFE) of the steel strain, induced a’martensite
transformation can occur directly or via an intermediate € -martensite phase.

5. Both the test temperature and the strain rate have a great impact on the amount of martensitic
transformation that occurs for a steel of a given composition. The poor thermal conductivity of
austenitic stainless steels is responsible for causing adiabatic heating at high strain rates, which
lowers the amount of martensite being formed.

6. Alloying elements influence the phase stability, and have their own unique ways of
controlling the corrosion properties in stainless steels, the effectiveness of which depends on
the amount and the synergy between the different alloying elements present.

7. The masing behaviour is not an universal phenomenon in engineering materials as it depends
on the prior loading history in addition to the path of loading.

8. The nature of the tensile flow curve in austenitic stainless steels change as the testing
temperature is varied from cryogenic values to room temperatures.

9. DSA phenomenon or the appearance of serrations in the tensile flow curve is observed at
elevated temperatures.

OBJECTIVE OF THE PRESENT WORK

The objective of the present investigation is to study the Tensile deformation behavior and the
Low Cycle Fatigue behavior of Austenitic Stainless Steel 304L at room temperature. The
analysis encompasses the variation of tensile test parameters with strain rate, hardening or
softening characteristics of the material with cyclic deformation, comparisons between the
monotonic tensile curve and the cyclic stress strain curve, it’s masing characteristics, energy
analysis and calculation of fatigue resistance, and quantitative analysis of deformation induced
martensite using various characterization techniques. Furthermore, the corrosion behavior of
the material has been studied and attempts have been made to correlate the effect of strain or
deformation on the corrosion rate, the region of passivity and the pitting potential Epit value of
the steel.
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Chapter 3

Experimental Details
3.1 Chemical Composition

The chemical composition of the austenitic stainless steel AISI 304L used for this study is
given below:

Element C Mn Si S P Ni Cr Mo Ti Cu N

wt.% [0.025]1.49]0.385)0.017]0.029 | 8.18 | 18.26 | 0.073 | 0.0046 | 0.51 | 0.037

3.2 Heat Treatment

Industrially procured cylindrical samples having 120 mm length and 16 mm diameter were
subjected to solution annealing heat treatment in a tube furnace. The samples were heated
inside the furnace from room temperature to 1100°C at a slow heating rate and were held at
that temperature for 45 min with a 10 min stabilization time. The temperature displayed by the
furnace was monitored by a K type (Chromel-Alumel) thermocouple to which cold junction
correction was applied to account for the effect of ambient temperature. After the soaking
period was over the samples were removed from the furnace and quenched in water at an
ambient temperature of 28 °C. This was accompanied by steady stirring to prevent oxide scale
formation during the initial period.

3.3 Optical Microstructure

1.5 inch thick samples were sectioned off from the solution annealed blanks using the Struers
Secotom-20 abrasive cutter for the purpose of studying the optical microstructure. The samples
were subjected to metallographic polishing using the Struers Labopol-5 polisher equipped with
coarse and fine grades of emery paper. After paper polishing, the specimen were cloth polished
and Al2Os paste (grit size 0.25 um) was applied during polishing to obtain a scratch free mirror-
like finish.

Subsequently, the polished surface was etched using glyceregia (HCI 40 vol%, HNO3 20%,
glycerol 40 vol%) and then viewed under an optical microscope (LEICA DM2700 M).
Micrographs were obtained by using a digital camera interfaced with a personal computer.

3.4 Hardness Measurement

The Vickers Hardness value of the sample in solution annealed condition was obtained as an
average of 20 readings. The tests were carried out in the micro-forces range under a load of
300gf and a dwell time of 10s using the Matsuzawa Vickers microhardness tester (AMT-
XT7BFS). The machine was coupled with a personal computer and was operated using the
AMT-WIN software.

3.5 Uniaxial tensile tests
Uniaxial tensile tests were carried out on cylindrical tensile specimens machined from the

solution annealed blanks. The dimensions of the specimen conformed to the ASTM E8
standard. The specimen geometry being given follows:
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Strain controlled tensile tests were carried out till fracture on a servo-electric Universal Testing
Machine (Instron 8862) having +100 kN load capacity, under the strain rates of 10-3s* and 10°
4 s1 A 25 mm gauge length extensometer was used to measure the strain imposed on the
specimen during the test. The machine was linked to a computer console through a controller
which could read and record data. Test parameters were controlled with the help of Bluehill
software, and about 4000 data points were recorded in each test.

3.6 Interrupted tensile tests

A total of four interrupted tensile tests were carried out at a strain rate of 10 s, which involved
straining the samples to engineering strains of 16.18%, 28.4%, 41.9% and 56.8% respectively,
following which they were unloaded. The tests were carried out under strain control until the
desired strain value was reached, this was followed by a load-controlled step in which the load
was gradually brought down zero. The step change was made with the help of Instron
Wavematrix software.

3.7 Low cycle fatigue tests

Completely reversed strain-controlled low cycle fatigue tests were performed under a strain
rate of 3 x 10~*sL. Test specimens having 14mm gauge length and 8 mm gauge diameter were
prepared in accordance with the ASTM E606 standard.

Fig ... illustrates the specimen geometry
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Low cycle fatigue test specimen, all dimensions are in mm

Multi-specimen LCF tests were conducted till failure for a total of seven different strain
amplitudes ranging from +0.35% to +1.2%. The tests were carried out with the help of Instron
LCF 3 software, with the data being digitally recorded in a personal computer. Approximately
300 data points were sampled per cycle. A symmetric triangular waveform with a constant
strain rate of 3 x 10~*s™® was used as the input for cyclic straining. The frequency f at which
the specimen were cycled was adjusted to match the strain rate ¢ and strain amplitude ¢,
according to the relation
f=£/(4eq).
A 12.5 mm gauge length static extensometer (+20% travel)was used to measure the strain,
and all the tests were repeated for better reproducibility.
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3.8 Ferritoscope Measurements

After conducting uniaxial tensile and LCF tests at room temperature, ferritoscope
measurements were taken throughout the gauge length of the specimen in order to determine
the fraction of a’-martensite phase (ferromagnetic) being formed at various strain levels. The
ferritoscope was calibrated against standard samples of &-ferrite prior to measuring, and an
average of 300 readings were taken in each case to obtain a reasonable estimate of the Ferrite
Number (FN). The FN values were then converted into the corresponding weight percentages
by multiplying a factor (talonen’s correlation factor) of 1.7.

3.9 Corrosion tests

Electrochemical measurements were conducted on 8 mm long samples that were sectioned off
from the gauge length of the specimen after carrying out LCF and interrupted tensile tests at
room temperature. The samples after being cut, were subjected to the usual metallographic
polishing before they were tested. Potentiodynamic linear polarization tests were carried out in
a potentiostat by using three electrodes, with the specimen acting as the anode, a graphite rod
working as the counter electrode and a saturated calomel electrode (SCE) acting as the
reference with respect to which the potential values were measured. The specimen were
carefully suspended in a 3.5 wt% NaCl solution which was used as an electrolyte. Only the
area at cross-section remained exposed whereas the rest of the specimen was carefully wrapped
in teflon in order to prevent any current contribution from the adjacent areas. The tests were
performed at a scan rate of 0.0005 Vs over scan range of -0.7V to 1V, starting from the OCP
(Open Circuit Potential) values that were measured after 10 min. External overvoltage was
impressed upon the circuit from which the corresponding current (i,,,)was recorded as the
difference between anodic and cathodic currents. The characteristic active-passive polarization
curves were obtained and the E,,,- and ., values were established by using the coordinates
of the intersection point of the linear cathodic and anodic branches of the curve.

3.10 SEM (Scanning Electron Microscopy)

Fractographs of the fractured tensile and LCF specimens were obtained on a HITACHI SU
3800 Scanning Electron Microscope under secondary electron imaging mode. Before imaging,
4mm long samples containing the fracture surface were extracted from the gauge length of the
specimen, after which they were ultrasonically cleaned for 10 min in an acetone bath. A
Rivotek Ultrasonic Cleaner was used for the cleaning procedure. The operating voltage of the
tungsten source was kept at 20kV.
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4. Result and Discussion

4.1 Optical Microscopy:

The optical microstructure of AISI 304L stainless steel in the solution annealed condition was
found to contain polygonal austenitic grains. Some grains were found to be interspersed with
annealing twins, which is a characteristic feature encountered in the micrographs of many fcc
metals or alloys, and austenitic stainless steels in particular. Annealing twins serve as a clear
indication that the metal/ alloy was subjected to cold work or deformation prior to the annealing
heat treatment. Due to the different crystallographic orientation of the twins with respect to the
surrounding grains, they appear as distinct broad bands after being etched.

Fig 4.1 Base microstructure of 304L austenitic stainless steel after being solution annealed at
1100° C for 45 min.

4.2 Monotonic Tensile deformation behavior of SS 304L at RT:
Monotonic tensile tests were carried out at the strain rates of 103s and 10*s! respectively.
The results are tabulated as follows:

Table 4.1: Room temperature tensile properties of solution annealed 304L steel at different
strain rates

Strain 0.2% offset UTS Total Uniform Reduction True
Rate Y.S.(MPa) (MPa) Elongation | Elongation% | in Area fracture
(s (%) (%) ductility
(%)
0.0001 224 703 84 71 80 163
0.001 227 669 79 67 79 156

Upon comparing the test results for the two different strain rates it is evident that increasing
the strain rate results in a marginal increase in Y.S. of the material which is accompanied by a
decrease in its UTS value along with its total elongation. This is in good agreement with the
findings of Lichtenfelt [84] on SS 304L, who reported that an increased strain rate resulted in
greater adiabatic heating of the material which reduced the amount of austenite being
transformed to martensite through displacive transformation ,while being deformed. The heat
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of deformation is retained inside the material at higher strain rates due to the poor conductivity
of austenitic stainless steels.

Thus, strain rate was found to be a major contributing factor which determined the relative
stability of the austenitic phase. Martensite formation enhances the work hardening capability
of the steel, and therefore increases its UTS value.

The increase in Y.S. value with increase in strain rate can also be explained on the basis of the
governing equation € = bpv, from which it can be inferred that for materials having similar
initial dislocation densities p (influenced by prior thermo-mechanical history) the average
dislocation velocity v should increase with the imposed strain rate, which is in turn related to

the flow stress as v = Ac™ [30].

It has been pointed out that the stage at which the y-a’ transformation occurs directly affects
the ductility of the specimen, such that when transformation proceeds at relatively high strain
values just prior to the onset of necking, higher elongation values are obtained. Whereas, for
the same transformation occurring at low strain values a loss of ductility and premature
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Fig 4.2 Determination of Young’s Modulus

failure is observed. Thus, high values of total elongation obtained for both the cases suggest
that martensite formation occurred at later stages, due to which necking was delayed.

The M, 30 temperature, defined as the temperature at which 50% by vol. martensite formation
takes place with the application of 30% true strain serves as a measure of the austenite phase
stability in metastable austenitic stainless steels. The M, 3, temperature of the present steel
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Fig 4.3 a) Engineering Stress Strain curve b) True Stress Strain curve of SS 304L
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was calculated by using the Angel’s equation (eq. 2.4) and was found to be 39.5°C, which is
well above the temperature at which the tests were carried out (~23°C), implying that
substantial martensite formation had occurred during the course of the test.

The Young’s modulus was determined from the slope of the linear elastic region of the tensile
flow curve and the E value was found to be 170.2 GPa.

4.3 Work hardening behavior:
4.3.1 Hollomon Analysis:

The work hardening behaviour of the material has been analyzed by using the Hollomon
relationship. Instead of showing a single line Fig 4.4 delineates three distinct regions into which
the curve of true stress versus true plastic strain curve can be divided. The double logarithmic
plot shows multi stage work hardening behaviour that is displayed by the material. Stages-I
and Stage-111 have been approximated by straight lines yielding R?>0.98 in each case. The
antilogarithm of the slope and intercept of these straight lines gives the value of the strength
coefficient (K) and the strain hardening exponent (n) respectively. There is a transition stage
which seperates stages | and |11, demarcated by the transition strains €1 and &> respectively.
This suggests that the transition between stages-1 and Il is not abrupt but gradual.

The transition strain values €1, €2 along the values of K and n are tabulated in Table-4.2.

Strain Rate 107 ™!

Transition

Stage Stage-I1

Fig 4.4 Multistage work hardening behavior of SS 304L
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Table-4.2 Work hardening parameters of solution annealed AISI 304L at RT under different

strain rates

Engineering ny n, K K, &1 &
Strain Rat
ra(lsr_ml) ate (MPa) (MPa) (%) (%)
0.001 0.146 0.655 550 1735 1.76 21.26
0.0001 0.137 0.675 509 1819 1.44 25.83
Hollomon relationship
7.2 1
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Fig 4.5 Variation of flow stress with true plastic strain at different strain rates

From the data obtained, the following observations can be made : with increasing strain rate
the difference between the transition strain values for the high and low strain regimes seem to
decrease in magnitude, in other words the width of the transition region (&, — &;) starts
diminishing at higher strain rates. This may due to the fact that DIM formation sets in early at
higher strain rates, leading to an early transition from stage-1 to stage-Il behaviour. The high
nsvalues obtained in region Il may be ascribed to martensitic transformation which induces
secondary hardening. The low n, values in stage-1 is due to planar slip that prevails in this
region due to the operation of a single slip system, bearing resemblance to the deformation
behaviour of a single crystal. Conclusive evidence supporting this fact has been provided by
Feaugas [85] who showed that during phase | deformation of polycrystalline 316L, majority of
the grains (>50%) were found to be activated for single slip system.
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During stage-11 ,the rapidly increasing slope of the curve alludes to the operation of multiple
slip on intersecting {111} planes and the consequent formation of Lomer-Cottrell barriers
which impede dislocation motion.

4.3.2 Ludwik Analysis:

] Strain Rate
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Fig 4.6 Variation of flow stress with true plastic strain as predicted by the Ludwik model

Another work hardening model is based on the Ludwik equation. Fig 4.6 shows the plot of

o — a, versus the true plastic strain on a double logarithmic scale, where g, corresponds to the
true value of the 0.2% offset yield stress obtained from the engineering stress-strain curve.
From Fig 4.6 it is evident that the Ludwik relation is able to predict the work hardening
behavior of the material satisfactorily except possibly at low strain values. Linear fitting
performed for the both curves which are obtained at separate strain rates show R? values greater
than 0.98.

The work hardening parameters obtained from the curves are presented in the following table.

Table 4.3: Work hardening parameters for the Ludwik model

Engineering
Strain Rate n, K,
(sh (MPa)
0.001 0.80 1477
0.0001 0.81 1513
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From the table it is apparent that the strain hardening exponent predicted from Ludwik analysis
remains almost constant and is insensitive to changes in strain rate.

4.3.3 Ludwigson relation:

It is evident from Fig.4.5 that the Hollomon relation is unable to predict the work hardening
behavior of SS 304L adequately, as the experimental curve shows positive deviation from
linearity at low strain values. This is in general true for materials possessing low stacking fault
energies such as Austenitic Stainless Steels, as has been reported by several researchers.

This positive departure from linearity presently observed in SS 304L can be attributed to its
low SFE value which delays cross-slip and promotes planar glide of dislocations. This is
essentially due to the larger separation distance between dissociated partials in low SFE
materials which makes them difficult to recombine before they are able to cross-slip [45].
Thus, for a more accurate representation of the work hardening characteristics of the present
material, the Ludwigson relation has been used to account for the experimental data throughout
the entire range of strain values starting from the point of yielding upto the onset of necking.
The deviations in the Hollomon plot of the experimental data from linearity at low strain values
(<0.1) are plotted against the true plastic strain in Fig 4.7

The dataset shows a high degree of linearity with an R? value of 0.999.

Experimental Data
Linear fit

In A=-11.06¢ +5.359
R?=0.999

0.00 002 004 006 008 010 0.12

True Plastic Strain

Fig 4.7 The deviations of the Hollomon behavior from linearity at low strain values (<0.1)
plotted against the true plastic strain
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Experimentally obtained values of all the four constants appearing in the Ludwigson relation

are listed in the following table

Table 4.4: Work hardening parameters for the Ludwigson model

Engineering K, K, ny n, £
Strain Rate (MPa)
(s
0.001 1735 5.359 0.655 -11.06 0.246
0.0001 1819 5.370 0.675 -14.00 0.203
725
7.()-
6.8 Strain Rate 107 s
6.6 - Experimental Data
i - - - - Ludwigson relation
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Fig 4.8 Comparison between the experimental curve and the one predicted by the Ludwigson relationship

Following Ludwigson, the transition strain value (g;) below which the experimental data could
be satisfactorily predicted by the Hollomon relationship was obtained by setting the

of e(eLn+K2) /K ¢ ™ t0 an arbitrary small value of 0.02.

It may noted that the K; and n, values are the same as the K, and n, values that are listed in
Table 4.2. These represent the strength parameters for the stage-11 of the Hollomon curve.

From Fig 4.8 it can be seen that there is an excellent agreement between the experimental curve
and the curve which is predicted using the Ludwigson relationship (represented by the dashed

lines).
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4.3.4 Differential Crussard Jaoul Analysis:

Differential C-J Analysis is based on the Ludwik relationship, where the true stress is
differentiated with respect to the true plastic strain and is represented as a function of the latter
on a double logarithmic scale.

From the C-J plot illustrated in Fig 4.9, three distinct linear portions delimited by the transition
strains €., and ., can be discerned ,which furnish greater details on the possible deformation
mechanisms that govern them.

The slope of each linear portion provides the n. — 1 values, whereas the antilogarithm of the
intercept at £, = 0 yields the value of the product n K.

While the n. — 1 values for all the three regions are negative as the curve follows a downward
trend, the n. — 1 value for the intermediate region (Stage-I1) is found to be less negative in
comparison to stages | and Ill. No transition regions have been found that separate one stage
from the next.

Table 4.5: Strain hardening exponent n . transition strains ., and ¢., obtained from C-J
analysis

Engineering | ng-1 | ne-1 | ng-l Ec1 Ecn
Strain Rate % %
o) %) | (%)
0.001 -0.63 | -023 | -0.94 | 359 | 13.04
0.0001 -0.73 | -042 | -0.73 0.7 12.88

Differential Jaoul Crussard plot
10

Strain Rate

103 57!

In (do/dep)
oo

In gp

Fig 4.9 Different work hardening stages predicted by using Different Crussard Analysis
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4.3.5 Kocks Mocking Analysis:

Mecking [6] pointed out that the different stages of work hardening can be better represented
by the product of the work hardening rate (6) and the true stress o when plotted against the
true stress o.

From Fig 4.11 it can be seen that the value of g6 decreases rapidly in stage-I with increase in
flow stress at low stress levels. This initial stage is often identified as a transition stage that
precedes stages-I1 and Il1. During stage-I1 the curve gradually rises to a maxima in an almost
linear fashion, before finally decreasing in stage-Il1.

Stage-1 is a transient stage, in which both dislocation velocity and mobile dislocation density
increases with true stress leading to a rapid increase in the plastic strain rate immediately after
the elastic limit is surpassed.

Stage-Il is associated with athermal hardening involving dislocation interactions and is
insensitive to temperature.As observed by Mecking, this stage can be accurately represented
by a straight line which on extrapolation may either have a negative or a positive intercept
depending on whether the material being tested is a single crystal or a polycrystal . This
observation holds good for SS 304L as is evident from Fig 4.11

During stage-I11, g6 decreases and starts to deviate from linearity as dynamic recovery occurs
to due cross slip at room temperature.At elevated temperatures stage-111 may commence early
at lower stress levels to due easier cross slip. Thus, three distinct stages can be discerned from
the 6O versus 6 plot whereas this distinction is not so apparent in the 8- ¢ plots.
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Fig 4.10 Variation of work hardening rate with flow stress at various strain rates
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Kocks-Mecking Plot
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Fig 4.11 Kocks-Mecking plot of SS 304L at different stain rates
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Fig 4.12 Variation in martensite mass fraction with true strain value
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4.3.6 Deformation Induced Martensite (DIM) formation in monotonically deformed
specimens:

Formation of Deformation induced martensite in austenitic stainless steels is well known in
austenitic stainless steels , Fig 4.12 shows that the martensite mass fraction increases rapidly
in a non-linear fashion with increasing values of true strain. The mass fractions were obtained
from ferritoscopic measurements after performing interrupted tensile tests in which the
specimens were monotonically deformed upto a predetermined strain value followed by
which they were unloaded. The increasing trend of martensite phase fractions with increasing
values of true strain is similar to the observations that were reported by Talonen [40] , who
found that for 304 austenitic stainless steels tested at low strain rates (< 3 x 1073 s71),the
martensite phase fraction increased rapidly for strain values below the uniform strain, and did
not demonstrate a sigmoidal behavior unlike other grades (such as 301LN) in which a
saturation in martensite content was observed just prior to failure.

4.4 Fractography of monotonically deformed samples

SEM micrographs were obtained from the fracture surfaces of the specimens which had failed
under monotonic tensile loading at different strain rates.

20.0kV 21.3mm x25 SE

- o 3 j' A
20.0kV 21.9mm x25 SE e % 20.0kV 9.8mm x1.00k SE %

Fig 4.13 Fracture morphology of AISI 304L monotonically deformed at a strain rate of (a),(b)
1073s71and (c),(d) 10~ *s~1
50



The micrographs reaveal that the specimen had failed through microvoid coalascence at both
the strain rates, which is the typical mode of ductile fracture.A closer look at the fracture
morphology suggests that the average size of the dimples change with strain rate, such that at
lower strain rates the dimple networks become finer, but as the strain rate is increased these
fine networks are gradually replaced by larger dimples. It has also been found that a larger
number of small sized dimples increases both the strength and ductility of the specimen [86].
These findings concur with the tensile test results of 304L steel which also indicate that for the
specimen tested at a lower strain rate of 10~*s~1 both the tensile strength and ductility values
are slightly higher than the one tested at 1073571,
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4.5 LCF behavior of SS 304L at Room Temperature:

4.5.1 Dependence of fatigue life on strain amplitude:

The fatigue lives of SS 304L at different strain amplitudes have been determined through multi-
specimen low cycle fatigue tests that were carried out at room temperature. The plastic as well
as the elastic strain amplitudes after the stabilization of stress response following the initial 40
cycles have been listed in table 4.6. From Fig 4.16 it can be seen that the 40" cycle lies in a
region of stable stress response, and was thus suitably chosen for identifying the stable
hysteresis loops for the present investigation.

It has been noted that with an increase in total strain amplitude Ae,/2 that is imposed, the fatigue
life reduces significantly, whereas the stable true stress amplitude 4o/2 , along with the elastic
and plastic strain amplitudes Ae,/2 and Ae,/2 all increase simultaneously.

Table 4.6: Low cycle fatigue test results of 304L stainless steel at room temperature

Total Strain | True Stress Plastic Strain | Elastic Strain No. of No. of
Amplitude | Amplitude Amplitude Amplitude cyclesto | reversals to
(ﬁ) (A_J> (ﬂ) (&) failure failure

2 2 2 2 (Nr) (2Ny)

0.0035 273 0.00198 0.00152 38575 77150
0.005 290 0.00336 0.00164 4214 8428
0.0075 333 0.00549 0.00201 880 1760
0.01 373 0.00771 0.00229 329 658
0.012 412 0.00942 0.00258 269 538

4.5.2 Cyclic stress strain behaviour

The cyclic stress strain curve (CSSC) of SS 304L has been obtained by plotting the stable cyclic
stress amplitudes against the plastic strain amplitudes that are listed in table 4.6 on a double
logarithmic scale.

Fig 4.14 shows the bilinear nature of the cyclic stress strain curve as it monotonically increases
with plastic strain amplitude. It can be seen that the variation in cyclic stress amplitude is
greater in stage-1l1 which is reflected in the significantly higher values of K’ and n’ that are
obtained through curve fitting, in comparison to stage-l. This two-stage cyclic deformation
behavior may be attributed to substantial martensite formation at strain amplitudes above
+0.5%. Similar findings have been reported by other investigators [87] who observed a two
phase Coffin-Mansion behavior in coarse grained 316 LN austenitic stainless steel. Sivaprasad
et al [63] also found that a single power law relationship could not adequately represent the
cyclic stress strain behavior in SS 304LN over the entire range of plastic strain amplitudes.
Thus, the metastable nature of the austenite phase for the investigated steel at room temperature
may be the reason for bilinearity of its CSS curve.
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The values of cyclic strain hardening exponent n’ and the cyclic strength coefficient K’ have
been determined from the slope and ordinate intercept of the straight lines fitted by the method
of least squares. Their values are presented in table 4.7

Table :4.7 Cyclic properties of SS 304L at room temperature

Cyclic strength Cyclic strain
coefficient (K’;) hardening exponent K, n',
(MPa) (n'y)
507 0.09 2125 0.35
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Fig 4.14: Bilinear nature of the cyclic stress strain curve (CSS) for SS 304L

4.5.3 Strain-Life Behaviour

The strain life data presented in Table 4.6 has been analysed on the basis of Coffin-Mansion
and Basquin relationships. The strain amplitude variation for the 40" cycle with the number of
reversals to failure has been shown in Fig 4.15 on a double logarithmic scale.

Both the C-M and Basquin relationships predict a linear variation of strain amplitude with
fatigue life when plotted on a logarithmic scale. Fig 4.15 clearly depicts that the fatigue life
decreases with an increase in elastic as well as plastic strain amplitudes as the material closely
follows both the C-M and Basquin relationships with R? values of 0.97 and 0.89 respectively.
The cyclic properties of SS 304L, namely the fatigue strength coefficient (o;’), the fatigue
strength exponent (b), the fatigue ductility coefficient (") and the fatigue ductility exponent
(c) have been calculated from the slope and intercept values obtained from the plots.
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Table 4.8 : Coefficients and exponents of C-M and Basquin relationships

fatigue strength coefficient (o;") 869
(MPa)
fatigue strength exponent (b) -0.11
fatigue ductility coefficient (") 0.078
fatigue ductility exponent (c) -0.35
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Fig 4.15: Variation of total, plastic and elastic strain amplitudes with the number of reversals
to failure
4.5.4 Cyclic stress response
The cyclic stress response of the material has been analysed by plotting the peak stress values
for each loading cycle against the number of cycles in a semi-logarithmic scale.
From the stress response curves, it can be seen that the material undergoes cyclic hardening
(the peak stress increases) during the initial 10-15 cycles before reaching a steady state. This
primary hardening occurs due to the increase in flow stress that is required to maintain the
imposed strain rate. As the dislocation density in the annealed condition is generally low, the
applied strain rate can only be matched if the average dislocation velocity increases, which in
turn requires an increase in flow stress. After the dislocations start moving, they interact among
themselves, creating new dislocations (both glissile and sessile) that act as barriers or obstacles
to the movement of other dislocations and give rise to the initial hardening that is observed for
all the strain amplitudes. However, for the strain amplitudes +0.35% and +0.5% the initial
hardening phase is followed by cyclic softening before it finally undergoes secondary
hardening due to the formation of Deformation Induced Martensite (DIM).
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This cyclic softening may occur due to dislocation annihilation, or dislocation rearrangement
into stable low energy configurations such as dislocation channels, vines or cells that offer less
resistance to plastic deformation.

Secondary hardening is most pronounced for the strain amplitude of +1.2% followed by
+0.75%, +0.5% and +1% in succession. The stress response curve for +0.35% does not show
any secondary hardening and undergoes continuous softening instead. In each case, there
appears to be a rapid decline in stress response after the secondary hardening phase, following
which the material fails.

The region of stability observed for the strain amplitudes of +0.75% and +1% can also be
attributed to martensitic transformation which suppresses cyclic softening and provides a stable
stress response ,along with other contributing factors such as the formation of a low energy
dislocation cell structure due to the activation of secondary slip systems. Cyclic softening is
only observed at a strain amplitude of +0.35%.

The cyclic hardening or softening behaviour of a material is dependent upon its prior loading
history. As a general rule of thumb, a hard material is expected to undergo cyclic softening
whereas a soft material would undergo cyclic hardening.

Strain amplitude (£)
500
—0i35%
— 0.5%
0.75%
E 400 -
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% 300 -
72
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8
200
100
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Fig 4.16: Cyclic stress response curves at various strain amplitudes

For the present analysis the degree of secondary hardening were calculated from the stress
response curves of SS 304L and their values have been listed in Table 4.8

55



Table 4.9 Secondary hardening characteristics of SS 304L

Strain Secondary hardening(H,) Degree of secondary | Rate of secondary
amplitude Omax — Os hardening hardening

(4e./2)

0.012 91 0.21 0.476

0.01 36 0.09 0.150
0.0075 62 0.18 0.146

0.005 45 0.14 0.016
0.0035 8 0.03 0.033

It can seen from Table 4.8 that the degree of secondary hardening is the highest for the strain
amplitude of +1.2% and declines with the decrease in strain amplitude. However, an exception
to this behavior is observed in case of +1% ,which undergoes a lesser degree of secondary
hardening in comparison to +£0.75% and +0.5%. A cursory glance at the rate of secondary
hardening values reveal that the hardening rates at +0.5% and +0.75% are almost identical,

but due to the greater number of cycles taken to reach the maximum stress (at the end of the
secondary hardening phase) at lower strain amplitudes, the extent of hardening is more. It can
thus be stated that due to the premature failure of the specimen at +1% sufficient secondary
hardening was not observed. The H values were calculated as the difference between the
maximum stress value reached at the end of the secondary hardening phase (o,,4,) and the
saturation stress that was observed after the initial hardening. The secondary hardening rates
were calculated by dividing the Hs values by the number of cycles that were required to attain
Omax from o at the stabilized condition.

4.5.5 Strain Ratio
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Fig 4.17: Variation of strain ratio (S.R.) with the number of cycles at various strain
amplitudes

The cyclic hardening or softening behaviour of a material can also be understood from the
variation of strain ratio (S.R.), which is defined as the ratio of the plastic and elastic strain
amplitudes A¢, /Ae , for any individual cycle as the material is cyclically strained . The concept
of S.R. was introduced by Paul et al [55] who pointed out that since the elastic strain amplitude
was directly proportional to the stress amplitude (in accordance with Hooke’s law), any change
in the latter is reflected in the strain ratio.

Fig 4.17 shows the variation of strain ratio with the number of cycles in a semi-logarithmic
scale During the initial 10-15 cycles, the material underwent cyclic hardening as reflected by
the decrease in strain ratio with increasing number of cycles. This can be interpreted as an
increase in peak stress (or stress amplitude) value with cyclic straining. Beyond the primary
hardening phase, a region of stability or saturation was noted for all the strain amplitudes and

was most prominent for the strain amplitude of +0.35% where the strain ratio remained almost
constant. An exception to this behaviour was found for the strain amplitude of +1.2% where
it decreased continuously. The plateau or region of stability was followed by a sharp decline in
the strain ratio due to secondary hardening.

4.5.6 Hardening factor
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Fig 4.18: Variation of hardening factor with the number of cycles at various strain amplitudes

Another parameter that has been used to analyse the material response to cyclic straining is the
hardening factor (H), which is defined as the ratio of the strain ratio corresponding to any
individual cycle to the strain ratio of the first cycle H = SR; /SR;.
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A hardening factor H<lindicates cyclic hardening whereas values greater than unity imply
cyclic softening. The variation in hardening factor is analogous to that of the strain ratio.
During the first 10-15 cycles, the H value decreases below unity and cyclic hardening occurs
for all the strain amplitudes. This is followed by an intermediate phase which is characterised
by a more or less constant H value before it drastically reduces in the final stage. This
intermediate phase is not displayed at +1.2% as in this case the H values are found to decrease
continuously.

4.5.7 Degree of hardening

Another parameter which can be used to compare the relative magnitudes of the initial
hardening that occurs at different strain amplitudes is the degree of hardening (H,) which is
expressed by the relationship H, = (a5 — ) /o, for strain controlled tests.

Here, o5 and o} correspond to the stress amplitudes at saturation, and the first cycle
respectively.

Fig 4.19 shows that there is a strong correlation between the degree of hardening and the
applied strain amplitude, and a linear relationship can be established between the two.
Furthermore, the degree of hardening is found to be positive for all the strain amplitudes
indicating that primary hardening had occurred in each case irrespective of the strain amplitude
at which the specimens were cycled. Such a linear variation in H, values with the

applied strain amplitude has previously been reported in other austenitic stainless steels such
as SS 316, and SUS304-HP [57] in addition to SS 304L
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. Fig 4.19: Dependence of the degree of cyclic strain hardening on the imposed strain amplitude
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4.5.8 Hysteresis Loops
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Fig 4.20: (a) Stress strain hysteresis loops of SS 304L at different strain amplitudes ,(b) Stable
stress strain hysteresis loops with their compressive tips shifted to the origin

The stable stress strain hysteresis loops for different strain amplitudes corresponding to the 40™
cycle have been represented in Fig 4.20(a) It is evident that the area by the loops increase with
an increase in strain amplitude

4.5.9 Masing characteristics

To study the masing characteristics of SS 304L, the compressive tips of the stable hysteresis
loops corresponding to each strain amplitude were shifted to a common origin.

From Fig 4.20(b) it can be seen that the material displays a non-masing behaviour at room
temperature for the multi-specimen loading scheme. Similar results on SS 304LN were
reported by Sivaprasad [55] who observed that the material exhibited non-masing behaviour
for each of the three loading schemes, namely for constant amplitude cycling, decremental step
test and incremental step test, where only the degree of deviation from masing behaviour
seemed to differ. It has been pointed out by Christ and Mughrabi [88] that phase stability is
one of the vital requirements for a material to display masing behaviour. Here stability implies
both microstructural stability as well as a stable dislocation substructure. Masing behaviour is
also dependent on the prior loading history of a material as evidenced by the display of Masing
behaviour in 304LN after being 30% cold rolled prior to being tested [64].

In light of the above discussion it can be inferred that the metastable nature of the austenitic
phase contributes to the non-masing behaviour which is observed in SS 304L at room
temperature.
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Fig 4.21: Loops translated along the elastic portion of the lowest strain amplitude loop so that
the loading branches of all the loops coincide into a single curve

To find the degree of deviation from masing behaviour, the loading branches of all the stable
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Fig 4.22: Variation of non-masing stress with strain amplitude
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hysteresis loops were translated along their linear elastic portions until they merged into a
single curve.

The magnitude or the amount of translation required to make the loading branches of the loops
coincide corresponds to the non-masing stress o, which represents the increase in
proportional stress range of the material with increasing strain amplitude.

It can be seen from Fig 4.21 that a single master curve can be drawn which encompasses the
loading branches of the translated hysteresis loops.

The equation of the master curve referred to the translated coordinate system is given as

1*
% = AZLE + (:7”)" , Where the values of K* and n* which were established through curve
fitting have been listed below

Table:4.10 Master curve parameters for SS 304L
K*(MPa) 670
n’ 0.15

Table: 4.11 The measured values of non-masing stress 0«,, at different strain amplitudes are
listed below:

Strain Amplitude (%) Non-masing stress (MPa)
0.35 0
0.5 2.57
0.75 34.55
1 90.3
1.2 152.016

Fig 4.22 shows that the non-masing stress increases with strain amplitude in a non-linear
fashion, following a power law relationship. Similar observations were made by Sivaprasad
[55] on the variation of non-masing stress with strain amplitude in SS 304LN. It can also be
qualitatively seen from Fig 4.20 (b) that the difference between the loading branches of the
hysteresis loops increase as the strain amplitude increases, resulting in higher non-masing stress
values at higher strain amplitudes. Furthermore, it is important to note that at low values of
strain amplitude (0.35% and 0.5%) the material displays a near masing behaviour.

4.5.10 Plastic Strain Energy Density

Cyclic plastic strain energy density (PSED) is defined as the average plastic strain energy
which is absorbed by the material per unit volume in each cycle.

The PSED values have been calculated from the actual area of the hysteresis loops at selected
cycles and are plotted against the cycle number, for each strain amplitude in Fig 4.23

It can be seen that the PSED (4W,,) values are relatively constant over the entire range of
cycles for all the strain amplitudes, except at 1.2% in which there appears to be a marked
increase in the energy absorbed at higher cycles. This increase may be due to secondary
hardening brought about by martensitic transformation at a later stage. Similar observations
pertaining to the cyclic plastic strain energy density has been made by Xiaoyan et al.[69] who
reported that the AW, value does not vary significantly with life in fully reversed strain-
controlled low cycle fatigue tests.
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Fig 4.23. Variation of PSED with cycle number

Lee et al. [89] has demonstrated that the plastic strain energy approach can be effectively used
for materials which do not attain cyclic stability, and continue to undergo cyclic softening or
hardening when cyclically strained.

This is due to the fact that the AW, value remains unaffected by changes in stress response
brought about by mutual interaction between dislocations, increase in dislocation density,
formation of dislocation cell structures etc. and is known to stabilize within 10% of the total
fatigue life.

4.5.11 Average plastic strain energy density

The average strain energy density AWp is often used as a parameter to characterise fatigue
damage and is useful in predicting the fatigue life of a component. The importance of using
energy as a parameter for characterising fatigue damage was put forward by Morrow and
Feltner [66] and by later Halford [90].

Analytical expression for AW p predict that a Coffin-Manson type power law relationship exists
between AW p and the fatigue life which can be expressed as:

AW =W+ (2Nf)®

Where W+’ is the fatigue toughness coefficient, and w is the plastic strain energy exponent.

Table 4.12

Wy w b+c
261 -0.49 -0.46

Morrow and Tuller [91] have analytically established the relationship w = b + ¢ between w
and the exponents c and b appearing in the C-M and Basquin relationships. Their values have
been compared in Table 4.12 and both are in good agreement with each other.

The values of W+ and w have been determined by fitting equation 2.16 to the experimental
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Fig 4.24: Average plastic strain energy. plotted against the number of reversals to failure

values of AW, An interesting pattern is observed in Fig 4.24 as it is found that the average
plastic strain energy density increases as the fatigue life decreases at higher strain amplitudes,
implying that more energy is absorbed by the material per cycle.

4.5.12 Fatigue Toughness

Another parameter which has been used to characterise fatigue damage is the cumulative or
total strain energy that is absorbed by the material until fracture which is termed as the fatigue
(Wr). The fatigue toughness of a material serves a measure of its internal resistance to damage
against fatigue loading.

For the present analysis, the Wyvalues have been estimated by multiplying the average cyclic
plastic strain energy density AW, with the number of cycles to failure (N) at each strain
amplitude. An interesting observation which can be made by comparing Figures 4.24 & 4.25
is that while the average plastic strain energy absorbed per cycle decreased with the increase
in fatigue life (or the decrease in strain amplitude a reverse trend is observed for the variation
in fatigue toughness values, implying that the accumulation of plastic strain energy was higher
at lower strain amplitudes.

It is known from previous research works [92] that the fatigue crack initiation phase marked
by stable AW, values, occupies a significant portion of the fatigue life (>80%) for each strain
amplitude. It can thus be concluded that higher cumulative plastic strain energy is required for
fatigue crack initiation at lower strain amplitudes.
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Fig 4.26: Changes in fatigue toughness (W;) values with strain amplitude
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The experimental AW, values for SS 304L have been compared with the values that are
calculated on the basis of various semi-empirical relationships that have been established by
Morrow and Halford [93], Levebre & Ellyn [68], and Quesnel [67]. The corresponding
equations can be referred to from the Literature review section (Chapter 2) of the present thesis.

Table 4.13 Comparison between strain energy density AW, values for SS 304L as predicted
by different models

Strain AW Morrow and |  Quesnel Levebre &

amplitude | (Experimental) Halford Ellyn
(A& /2) (MJ/m?)

0.0035 1.622 1.259 1.617 1.586
0.005 2.980 2.249 3.165 2.838
0.0075 5.767 4.243 5.905 5.449
0.01 9.408 6.746 9.089 8.882
0.012 12.779 9.036 11.722 12.17

It can be seen from Table 4.13 that the Morrow and Halford model which is based on the
assumption of masing behaviour, underpredicts the AW value at all strain amplitudes. Whereas
both the Quesnel and Levebre & Ellyn’s model are in close agreement with the experimental
values. It may be pointed out that the Levebre & Ellyn’s model is applicable for non-masing
materials, whereas Quesnel’s[15] and Morrow’s [13] semi analytical expressions are based on
the premise of masing behavior.
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4.5.13 Deformation induced martensite formation in fatigue tested specimens
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Fig 4.27: Variation of martensite mass fraction with strain amplitude

It is well known for strain induced martensitic transformations to occur in metastable austenitic
stainless steels such as SS 304L. In the present study the average martensite mass fractions
have been determined through ferritoscopic measurements made along the gauge length of each
of the failed specimen which were cyclically strained at different strain amplitudes. The values
obtained terms of the ferrite number (FN) have been converted to their corresponding mass
fractions by multiplying a factor of 1.7 (Talonen’s correlation factor).

A linear dependence of martensite phase fraction on the applied strain amplitude has been
found from the present study. In Fig 4.27 the average weight fractions have been represented
by the square dots while the maximum and minimum values obtained from the set of
measurements for each strain amplitude have been shown as vertical bars. A similar variation
in martensite phase fraction with increasing strain amplitude was observed by Das et al. [94]
based on his experimental results on 304LN stainless steel.

Sadough [95] had reported in his doctoral thesis that deformation induced martensite formation
in SS 304L initially increased with strain amplitude but displayed a tendency to attain
saturation at the later stages.

Several researchers [96,97] have independently found that there exists a critical cumulative
plastic strain threshold which has to be overcome in order for martensitic transformation to
occur at any given strain amplitude. Baudry and Pineau [97] have further shown that this critical
cumulative plastic strain value decreases for higher strain amplitudes. This, in conjunction with
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the fact that there is effectively very little plastic strain accumulation at lower strain amplitudes
can successfully explain the general trend of increasing martensite phase fractions that are
obtained at higher strain amplitudes, as depicted in Fig 4.27.

4.6 Fractography of fatigued specimens:

N

20,0k¥: 1% Imm 100k SE 50.00m" 7 50,0’

500um

20.0kV! 128mm x1.00k SE ' 50.0um

Fig 4.28: SEM micrographs of specimens failed by LCF at a strain amplitude of (a) +0.35 %
(b) £0.5% (c) £ 0.75%, (d) £1% (e) +1.2%
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The fracture morphologies of the fatigue tested 304L steel tested at various strain amplitudes
indicate the presence of fatigue striations. The striations marks are clearly visible in the
specimen micrographs for +0.35% and +0.5%, and although the striation spacing has not been
measured in the current study, qualitative observation reveals that the striation spacing
increases with increase in strain amplitude. It may noted , that the striation marks are no longer
visible at high strain amplitudes of +1% and above, this finding is consistent with the
observations made by Arpan et al [71] while studying the fracture morphology of 304LN
stainless steel. In addition, transgranular cracks can be seen in the micrographs that indicate
the brittle nature of fatigue fracture.

20.0kV 52.1mm x12 SE

20.0kV 56.1mm x11SE . 5l """ 5.00mm

Fig 4.29: SEM macrographs of specimens failed by LCF at a strain amplitude of (a) +0.35 %
(b) £0.5% (c)+1%

A comparison between the specimen macrographs in Fig 4.29 further reveals that the number
of crack initiation sites increase with increasing strain amplitude, which is consistent with the
fact that the fatigue life of 304L stainless steel is significantly reduced at higher strain
amplitudes.
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4.7 Corrosion properties of SS 304L

4.7.1 Monotonically deformed samples:

Immersion type pitting corrosion tests were carried out for the present material after performing
interrupted tensile tests in which the material was monotonically loaded at a constant strain rate
of 1073 s upto a certain strain value before being unloaded.

3.5wt.% standard NaCl solution was used as an electrolyte for carrying out the tests, and all
tests were performed under potentiodynamic polarisation mode.

The purpose of these tests was to determine the corrosion properties of SS 304L and to gauge
the influence of deformation on the variation of these properties.

The corrosion properties for each of the deformed specimen along with the base sample are
listed in Table 4.14
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Fig 4.30 Tafel plots for SS 304L under different conditions of prestrain

Table 4.14: Corrosion properties of SS 304L under various prestrain conditions

Sample Ecorr (V) L corr Corrosion ﬁa |ﬁc| Epit (V)
condition (uA/cm?) | rate (mm/yr) | (V/dec) | (V/dec)
Base sample | —0.491 0.029 0.00030 0.03 0.05 0.287
(Solution
annealed)
16.18% —0.271 0.203 0.00241 0.05 0.04 0.279
prestrain
28.4% —0.357 0.293 0.00306 0.19 0.03 0.208
prestrain
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41.9% —0.270 1.137 0.0118 0.12 0.13 0.067
prestrain

56.8% —0.283 1.47 0.0174 0.09 0.18 —0.05
prestrain

Fig 4.30 shows the anodic polarization curves of SS 304L obtained by carrying out
potentiodynamic linear polarization tests with the help of a potentiostat.

The E values were measured with respect to a standard calomel electrode, and i is the current
density in A/cm?. The effect of tensile deformation on the corrosion properties can be seen
from Table 4.14 Increasing the prestrain value or deformation applied prior to the test had an
effect of decreasing the pitting potential (E,;) of the steel. The corrosion rate for the deformed
samples were one to two orders of magnitude higher in comparison to the base sample,
indicating that plastic deformation had an effect of decreasing the corrosion resistance of the
steel. The range of passivity also decreased considerably for the deformed samples. The region
of passivity was practically absent for the sample with the highest prestrain value (56.8%).

The corrosion rates in mm/yr were calculated using the formula r =0.00327 Z—Z), where % is the

equivalent weight of the steel calculated to be 25.25, j is the current density and D is the average
density of the steel calculated to be 7.9g/cm?®. Fig 4.31 illustrates the procedure for calculating
the corrosion potential, the corrosion current density and the pitting potential values from the
polarization curve. The linear portions of the cathodic and anodic branches were approximated
by straight lines that were extrapolated until they intersected at a point (tafel extrapolation).
The x and y coordinates of this point corresponds to the values of i.,,,- and E,,- respectively.
In most cases the linearity for the anodic branch could not be discerned from the experimental
curve and the anodic curve was generated from the cathodic data by plugging in the values of
Icappliea aNd i Into the equation i — i¢gppriea = i fOr E values near Eg,y. Here ic gppiica
represents the applied current density which was directly obtained from the experimental curve
and i, and i, denote the cathodic and anodic current densities that were obtained from the
approximated straight lines for the corresponding branches.

Pitting potential values were obtained from the point at which the current densities increased
rapidly after the breakdown of passivity. This portion appears as a near horizontal straight line
in Fig 4.31 For the 56.8% strained specimen no distinct pitting potential value could be
ascertained from its polarization curve and the potential value at which the current density
exceeded 80 pA/cm? was recorded as the pitting potential.

The B, and B, values are the slopes of the linear portions of the anodic and cathodic branches
that have been approximated by straight lines.

The variation in pitting potential values with the percentage of prestrain has been shown in Fig
4.32 The lowering of pitting potential values in SS 304L with increase in percentage of prior
deformation increases the vulnerability of the steel to localised corrosion attack. Corrosion
studies on 316L austenitic stainless steels by Kamachi [98] have shown that the pitting potential
initially increases with the percentage of cold work upto 20% but starts diminishing thereafter
.They attributed the initial increase of Epit to the presence of nitrogen which increases the
friction stress of the material making it energetically favourable for deformation twins to form.
The present observations for SS 304L in the current study can be supported by the fact that
strain induced martensite formation, generation of surface residual stresses, and an overall
increase in dislocation density with deformation significantly alters the localised corrosion
resistance of the steel by increasing the number of active sites on the surface that undergo
anodic dissolution to form pits. The effect of cold work on stainless steels has also been studied
by other researchers [99] who found that both the average pit size and the number density of
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pits increased with the increase in percentage of deformation indicating a greater susceptibility
of the steel to undergo localised corrosion in a cold worked condition.
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Fig 4.31 Procedure for determining E;orr, icorr, and E ,;cvalues from the polarization curves
of SS 304L
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Fig 4.32 Variation in pitting potential values of 304L steel with different levels of prestrain
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Fig 4.33 Tafel plots of SS 304L specimen cycled at different strain amplitudes

4.7.2 Cyclically deformed samples:

Immersion corrosion tests were performed on stainless steel samples that were fatigue tested
at different strain amplitudes under strain control. The purpose of these tests were to determine
the effect of strain amplitude on the corrosion properties of SS 304L.

Table 4.15: Corrosion properties of cyclically deformed samples

Sample | E;orr (V) i corr Corrosion rate Ba 18| Epit (V)
condition (LA/cm?) (mm/yr) (V/dec) | (V/dec)
Base —0.491 0.029 0.00030 0.03 0.05 0.287
0.35% —0.308 0.572 0.00598 0.4 0.13 0.230
0.5% —0.200 0.347 0.00363 0.08 0.03 0.159
0.75% —0.332 0.326 0.00341 0.10 0.04 0.103
1% —0.274 1.035 0.0108 0.07 0.13 0.058
1.2% —0.306 1.256 0.0131 0.2 0.04 0.011

The data for the cyclically deformed samples clearly shows that the pitting potential of the steel
decreases with an increase in strain amplitude. This decreasing resistance to pitting corrosion
may be due to the increase in martensite fraction at higher strain amplitudes. According to Fang
et al. [100] the corrosion potential of the martensite phase is more negative than that of
austenite, due to which it undergoes selective corrosion when exposed to an aggressive
environment, thus ultimately leading to a reduction in both the general and the pitting corrosion
resistance of the steel.

The martensitic transformation is a displacive transformation which is accompanied by large
plastic strains, along with the generation of dislocations. Deformation induced martensite often
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occurs in the form of laths having high dislocation densities due to which they become
preferred sites for Cl ions to get adsorbed by the protective oxide film at the surface. Upon
adsorption, complex compounds and adsorbates are formed that reduce the effectiveness of the
oxide film ultimately causing local dissolution and pit initiation.

Another plausible argument is that the passive oxide film which forms during the course of the
test loses its efficacy or adherence due to the intrusions and extrusions that are created at the
surface of the specimen during cyclic straining. This is in line with the fact that the corrosion
resistance deteriorates if the surface roughness of the specimen is high, which is especially true
for the fatigue tested specimens since fatigue damage initiates at the surface.

The passive region of the polarization curve of the sample which was cycled at a strain
amplitude +1% shows fluctuations or current transients. These can be attributed to the
formation of metastable pits which were initiated at potential values lower than the critical
pitting potential but were subsequently repassivated before they could propagate.
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Fig 4.34 Variation of pitting potential values with different strain amplitude levels

Fig 4.35 shows that the pitting potential values for the fatigue tested specimen decrease with
increasing strain amplitude in a linear fashion.

Pitting potential values obtained for various prestrain levels have been plotted against the
martensite volume fraction formed at that strain level.

A distinct exponential trend has been observed for both the precycled and prestrained
specimens which clearly highlight that martensite formation negatively impacts the resistance
against pitting corrosion in 304L stainless steels.

Furthermore, the similar nature of variation in both cases suggest that Epit is not affected by
the mode of deformation but only depends upon the amount of martensite being formed at that
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strain level. A closer look at the exponent and coefficient values which appear in the equations
describing the variation of pitting potential with the percentage of martensite reveal that they

almost remained unchanged despite the difference in which prior deformation was applied,
which further strengthens the above argument.
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Fig 4.35 Variation in pitting potential values with martensite mass fraction for a)
monotonically deformed samples b) cyclically deformed samples
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Chapter 5

Conclusion

Based on the results of the experimental work on 304L Stainless Steels that have been carried
out ,the following key findings may be highlighted and the following conclusions may be
drawn:

1. Tensile test parameters such as the UTS and %EL of the specimen decreased slightly at the
higher strain rate, whereas there was an increase in the YS value. The decrease in UTS value
was found to be the direct consequence of thermal softening as a result of adiabatic heating of
the material, and the formation of a lesser amount of martensite, which decreased the work
hardening capability of the steel.

2. All the work hardening models which were analysed in this study predicted multi-stage work
hardening behaviour of the steel, with different deformation mechanisms and microstructural
changes governing each stage. Planar slip was found to dominate at low strain levels whereas
activation of secondary slip systems and cross-slip was observed at higher strain values.
There was an increase in the mass fraction of Deformation Induced Martensite (DIM) with
monotonic tensile deformation, with higher mass fractions being obtained at higher strain
values.

3. The cyclic stress response curves for SS 304L showed significant secondary cyclic hardening
at the later stages for strain amplitude levels of +0.5% and above. The degree of secondary
hardening was directly correlated with the amount of martensite phase being formed. The
primary hardening stage which was present for all the strain amplitudes was followed by a
stage of stable stress response which could be observed at the intermediate strain amplitudes
(£0.5% to +£0.35%). Cyclic softening was only observed for the strain amplitude of +0.35%,
whereas at +1.2% continuous hardening occurred.

4. The martensite mass fractions were found to increase in a linear fashion with increasing
strain amplitudes

5. The stress-strain hysteresis loops displayed a non-masing behaviour for the multi-specimen
low cycle fatigue tests that were carried out in the present study, with the degree of deviation
from masing behaviour increasing with strain amplitude.

6. A bilinear cyclic stress strain curve was obtained for the present material, which could be
attributed to substantial martensite formation at strain amplitudes of +£0.5% and above.

7. The cyclic plastic strain energy almost remained constant throughout the fatigue life of the
material for all the strain amplitudes except at +1.2% where it displayed a sudden increase.

8. The pitting potentials for the pre-strained samples were found to decrease with increasing
values of pre-strain which was applied prior to performing the immersion corrosion tests. The
corrosion rates for the strained samples were found to be 10 to 100 fold higher than the
unstrained samples. Indicating that deformation and martensite formation had a negative
impact on the corrosion resistance of the material.

9. A similar observation was made for the pre-cycled specimens were the pitting potential
values decreased with strain amplitude. Interestingly distinct linear pattern was obtained by
plotting the pitting potential values against the applied strain amplitude.
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Chapter 6

Suggestions for future work

1. Electron Backscattered Diffraction(EBSD) studies may be carried out in order to determine
the average grain size and the grain size distribution of the base samples.

2. Transmission Electron Microscopy (TEM ) of the samples can be carried out in order to
understand the changes in dislocation structures and dislocation arrangements with progressive
deformation of the material. Orientation of the martensite habit planes may also be determined
from the SAD patterns obtained from TEM.

3. X Ray Diffraction of the monotonically, cyclically deformed samples can be carried out in
order to predict or quantify martensite volume fractions with greater accuracy. Presence of
intermediate phases like e-martensite can also detected with the help of this technique.

4. Asymmetric stress cycling may be carried out in order to study the ratcheting behavior in
304 L stainless steels.

5. Electrochemical Impedance Spectroscopy (EIS) may be performed to determine the
corrosion resistance of the deformed samples.

6. High temperature tensile tests may be performed in order to study the DSA phenomenon.
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