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ABSTRACT

The automotive industry currently demands materials with improved formability and
crash performance. Austenitic stainless steels have been singled out for potential development of
high strength steels to achieve exceptional combinations of strength and ductility due to their
high strain hardening abilities. Austenitic 301LN stainless steel is the least alloyed and most
metastable among the 300-series austenitic stainless steels. Plastic deformation at a temperature
below Mg transforms the metastable austenite phase to a thermodynamically more stable
martensite phase accompanied with enhanced strain hardening. There are two different
deformation mechanisms of austenitic stainless steels which are TRIP and TWIP effects. In this
work, both mechanisms were observed at different deformation temperatures with both phase
transformations and twin formations contributing towards the strain hardening.

This research work concentrated largely on the derivation of constitutive equations of
both volume fraction of martensitic transformation and mechanical response of a metastable
austenitic stainless steel alloy as a function of applied strain and temperature. The alloy
investigated was a lean version of AISI 301LN. A calibration evaluation of the Ferritescope
values was performed with the use of magnetizing tests (VSM), X-ray and neutron diffraction
analyses to arrive at a reliable methodology for the determination of the martensite content
during the tests. A calibration factor of 1.70 was obtained when tensile deformed samples were
used (with analyses done using Vibrating Sample Magnetometer measurements, X-ray and
Neutron diffraction techniques) and a calibration factor of 1.62 was obtained when cold rolled
samples were used with analysis done using the neutron diffraction technique only. A series of

interrupted uniaxial tensile tests at temperatures ranging between -60 and 180 °C at a constant
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strain rate of 6.67 x 10*s™* were performed. A low strain rate and a small interruption interval

were chosen to minimize the heating effect due to adiabatic heating. The strain hardening
behavior of AISI 301LN metastable austenitic stainless steels was observed to be a complex
process which is related not only to the generation of a dislocation structure but transformation
and twinning hardening as well depending on the deformation temperature. Strain hardening
curves were derived at different temperatures and were found to be following the same basic
mathematical equation for the formation of the strain-induced martensitic transformation product
as a function of true strain. Prior cold rolling was also done to different gauges ranging from 5%
and 70% at ambient temperature, with small reduction passes applied to minimize adiabatic
heating. A series of interrupted uniaxial tensile tests were done on the prior cold rolled samples
at a low strain rate of 6.67 x 10“*s™. All the derived strain hardening curves were extended up to
the true strain levels of 1.0, to arrive at estimates of the strength coefficient, K. The strength
coefficient, K was found to be in the range of 1500 MPa ~ 1780 MPa, as calculated from the
convergence of sigmoidal hardening curves at a log stress of ~ 3.25 (at log true strain of 0).This
was found to be in accordance with the tensile strength of 1715 MPa after a cold rolling of 63.2%
(which is equivalent to the compressive true strain of 1.0). The calculated values of strain
hardening and martensite formed, using the developed constitutive equations, agree well with the
experimental results for a wide range of deformation temperatures and prior cold rolling
percentages.

A linear variation of stress as a function of strain-induced martensite, observed at
moderate martensite fraction levels, was explained as being due to the dispersion hardening
effect. An abrupt change from a linear variation that occurred on exceeding a threshold value of
martensite formed, was believed to be due to “percolation effect of martensite,” where clusters of
martensite forms a continuous network linking up in 3D, adding more blockage to dislocation
movement in the austenite phase. A percolation threshold of martensite was found to be in the
range of 30 ~ 45%. This was found to be the percentage of martensite present when the rate of
martensitic transformation reaches a maximum. At the percolation threshold of martensite, there
is an interchange of roles of martensite and austenite, where martensite behaves as a matrix
phase and austenite as dispersions embedded in the martensite phase. This results in higher
strength as more stress is required to move the dislocations past the percolated martensite

barriers which also reduces the plasticity of the austenite.
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Novel ideas

A single sigmoidal mathematical equation to adequately describe the austenite to
martensitic transformation as a function of applied strain for a specific lean variant of the
metastable austenitic steel AISI 301LN, applicable at various deformation temperatures was
derived. The same form of the sigmoidal equation was used to describe the strain hardening
behavior of this steel at various temperatures showing a direct relation between the rate of
martensitic transformation and strain-hardening. The strain hardening sigmoidal curve fitted led
to the estimation of strength coefficient at various tensile deformation temperatures. The
estimated strength coefficient at 30 °C during tensile deformation was found to be the same as
the strength coefficient values found even after prior cold rolling at room temperature followed
with tensile deformation at 30 °C. This was also in accordance with the tensile strength obtained
after a high degree of prior cold rolling, (at least 63.2% thickness reduction which is equivalent
to a compressive true strain of 1). This behavior was shown to be due to strain hardening
response decreasing as the degree of prior cold rolling increased, due to increased martensitic
transformation. At a high degree of cold rolling (above 63.2%), no further tensile strain
hardening was observed, and tensile strength was found to correlate very well with the estimated
strength coefficients determined at 30 °C, thus validating the sigmoidal equations developed.

The developed constitutive sigmoidal model was modified to describe the strain

hardening response of prior cold rolled samples. Satisfactory results were obtained.
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Chapter 1: Introduction

Crash worthiness has recently attracted a continuous development of Advanced High
Strength Steels (AHSS) from both industry and academia, particularly for structural applications
in the automotive industry. The bulk of conventional steels lie inside a classical “banana” curve
as shown in Figure 1.1. A second generation of steels with high manganese content have been
developed with high strength-elongation ratio which include high manganese austenitic stainless
steels such as twinning induced plasticity steels and aluminium added lightweight steels with
induced plasticity (L-IP) [1]. A new third generation of steels is under development with
significant potential of reduction in costs through reduced alloying elements, improved
weldability, high corrosion resistance, improved mechanical properties such as toughness,
fatigue resistance, high energy absorption capabilities and outstanding combinations of strength,
ductility and formability [2], [3]. The third generation of AHSS offer a great lightweighting
potential for automotive applications with improved occupant safety in crash events as well as
significant reduction in fuel and energy consumption [1], [4], [5]. The development of third
generation AHSS requires optimization of complex microstructures to achieve the desired
mechanical properties. AHSS are considered composite materials based on multi-phase
microstructures, hence the rule of mixtures could be applied in predicting the overall strength as
a function of the volume fractions of the individual constituent with the same austenitic grain
size [6]. Martensite is a critical phase which is required in significant amounts towards the
strength (both initial yield strength and ultimate strength) whilst austenite contributes towards the
strain hardening and ductility.

This thesis aims to develop a set of constitutive equations of linking microstructural
constituents (volume fraction, size and distribution of second phase), with flow parameters such
as strain, tensile strength, strain hardening and elongation for a specific metastable austenitic
steel grade, with a certain defined chemistry. The equations were developed by quantifying the
influence of process variables such as temperature, strain, strain rate, degree of cold rolling,
initial austenitic grain size and annealing on the mechanical properties of such a third generation
of AHSS.

The research is of high scientific and technical interest which focusses on lean alloyed
AISI 301LN metastable austenitic stainless steel. AISI 301LN has tensile strength in the range of
600 ~ 800 MPa and total elongation to fracture of 45 ~ 60% [7], [8] which places it well above
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the first generation steels in Figure 1.1. However, annealed austenitic stainless steels have low

yield strength making them unsuitable for structural applications [9].
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Figure 1.1: The range of mechanical properties of various steel grades [10].

1.1 Background of study

Columbus Stainless Steel Company manufactures AISI 301 austenitic stainless steel to
various tempers using Sendzimir Z-high mills. The cold rolled stainless steel coils are produced
in a wide range of thicknesses and different tempers which are namely, deadlight temper (DLT),
light temper (LT), standard/special temper (ST), medium temper (MT), and high/heavy temper
(HT) through coordinated cold rolling processes and annealing cycles. The austenitic grade AlSI
301 stainless steel is of a specific chemistry for use in temper rolling to optimize the work
hardening rate by the formation of Strain Induced Martensite (SIM) as dictated by the Mg
temperature. The specification of AISI 301 stainless steel is relatively wide and is provided in the
301, 301 L and 301 LN grades. Over time, a specific variant of AISI 301LN steel has been
developed at plant level which shows promise for further development in order to use it in the

transport sector as a “third generation AHSS” material. This variant of the AISI 301 LN
2
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metastable austenitic employs a low level of carbon content (C ~ 0.02 %) and a moderately high
level of nitrogen (C ~0.11%), together with low levels of nickel (Ni ~ 6.5 %).

The intermediate annealing and pickling (AP1 and AP2) cycles are done in all the

tempers to attain required properties except in high temper where reversion annealing can be
done at the end of the process and/or the product is produced in as-cold rolled condition. The
process and product control on the “dead light”, “light”, “special”, and “medium” tempers within
the manufacturing process is easily achieved but not so with the “heavy” tempers of more than
30% cold deformation. This is because the effect of variables such as chemistry of the steel, the
exact degree of cold work, the strain rate of the cold work and the temperature of the cold work
(adiabatic self-heating during deformation) are still largely unclear which makes the achievement
of required properties challenging. A fundamental understanding of the interplay of these
variables is decisive in the development of comprehensive constitutive predictive equations for
the material behavior during material processing and in predicting the material behavior during
crash performance, for the specific variant of AISI 301 LN mentioned.

The heavy tempered 301 steel is intended for the bodywork casing of railway coaches
and a paramount requirement is a high work hardening rate in the event of a collision to provide
a high degree of protection to all the people onboard. The outstanding combination of properties
which are therefore required in high temper for coil thickness of 4/4.5 mm as per established

specification for Metro Coach manufacture are as shown in Table 1.1[11].

Table 1.1: Hypothesized limits for mechanical properties required for crash relevant AISI 301LN

steel
Mechanical property Hypothesized Limits
1. Yield strength, Rp(.2) 750 ~ 920 MPa
2. Tensile strength, Rm 1000 ~ 1150 MPa
3. Elongation to fracture, Aso At least 22%
4. Hardness (Hrc) Approximately 36 HRC
5. Ratio (Rp.2/Rm) Less than 0.8

The required strength levels and ductility are classified in the design manuals for

structural stainless steels for Metro coach manufacturing [8]. Most stainless-steel companies
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have only managed to attain a UTS of 970MPa in this grade and additional deformation resulted

in severely impairing of both ductility (< 22% requirement) and hardness (> 36 HRC
requirement) which will be both outside the hypothesized/stipulated limits for the high temper
grade [8]. Although annealed austenitic stainless steels have excellent combinations of high
strength, high ductility and high formability, the yield strength is quite low, approximately 350 ~
380 MPa [7], [11], [12], [13].

Hence one aim of this research was to understand the correlation between the processing
variables of the specific lean variant of AISI 301LN stainless steel and its mechanical properties
in order to improve/develop a suitable processing technique to produce coils with the established
specifications for manufacturing of Metro Coaches.

The established experience in the stainless-steel industry is using the standardized Cold
Work/Annealing Process (CW/AP) for High Temper 301 on line AP1 where annealed hot coil
301 from the Steckel mill of different hot band gauges, is given several passes of cold work on
the Sendzimir Z-high mills, an intermediate annealing step, and a final cold work again on the
Sendzimir Z-high mills. An alternative process called the Cold Work/Reversion Annealing or
CWI/RA process has been suggested. This consists of heavy temper rolling of an approximately
50% cold work of the annealed hot band from the Steckel to form heavy martensite and
annealing followed by a skin pass. This leads to a very fine austenite grain size but with less
than 10% untransformed martensite for strength but is difficult to manufacture using the existing
mill equipment at the steel mill concerned.

1.2 Problem Statement

One of the current uncertainties in the current process for heavy temper lean-alloyed
301LN is related to the influence of Stacking Fault Energy (SFE). The alloy SFE value dictates
the deformation mechanism, whether the TRIP effect or the TWIP effect dominates. Most
stainless steel companies measure the degree of martensite formation by Ferritescope instrument
which gives an indication of the BCC form of SIM o' martensite but not of the HCP form known
as € martensite. The correlation between the Ferritescope measurements and the volume fraction
of actual austenite decomposition products for this alloy is largely unknown. This problem
regarding the material characteristics would be characterized and quantified by SEM EBSD and
Neutron Diffraction in this project and its effects on the YS/UTS, the % elongation as dictated by

the chemical composition and the degree of cold work would be established.
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Secondly, the cold reduction required to attain the required mechanical properties on the

heavy tempers is not easily predicted using existing plant-based correlations, and the material
often fails to reach the required elongation requirements. One of the possibilities for this
unpredictability is the rate of formation of SIM o' and & martensite, as a function of strain and
temperature. The plant-based stress strain curves indicate the start of martensite transformation
and strain hardening at around 7.5% to 10% strain for ambient conditions, but significant
uncertainty exists regarding the microstructural behavior for this grade. This project would,
therefore, consider the change in mechanical properties with the application of strain together
with the rate of formation of o’ and € martensite during deformation at various temperatures and

strains.

1.3 Justification

For the lean alloyed 301 LN metastable stainless steel in question, the cold working process
results in strain-induced martensite (SIM) formation from the metastable austenite (TRIP effect).
Further cold working results in the creation of lattice defects in strain-induced martensite which
become nucleation sites for austenite transformation during reversion annealing [14]. High
density of crystal defects will in turn result in ultra-fine grains upon reversion annealing [15].
This grain size refinement is a practical approach in increasing strength and hardness without
significant reduction in plasticity [16], [17], [18], [19], [20]. Thermo-mechanically controlled
processing (TMCP) is one of the ways for grain size refinement [21]. Strain hardening (resulting
from increased dislocation density, twins, stacking faults, the Suzuki locking or martensitic
transformation) has potential in increasing the strength of material with enhanced plasticity [7].

Crashworthiness (crash performance) is directly proportional to the strength of a material
and is related to the amount of crash energy absorbed to withstand intrusion, hence the amount of
mechanical energy absorbed before failure needs to be determined. This is related to the
percentage of cold working and volume fraction of o’ induced during deformation. The stability
of the austenite phase controls the rate and volume fraction of o’ martensite formation during
deformation making it critical in tailoring the mechanical properties [22].

For the variant of the AISI 301 LN metastable austenitic steel which employs a low level
of carbon content (C ~ 0.02 %), a moderately high level of nitrogen (N ~ 0.11%), together with
low levels of nickel (Ni ~ 6.5 %), a thorough understanding of the isolated individual influence
of process and crash variables on resulting microstructures and corresponding mechanical
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properties forms basic fundamentals for metal forming operations and crash-related

performances [23], needs to be established.

1.4 Research aims and objectives

The current research work is therefore aimed at developing fundamental relationships
required to exploit the specific lean AISI 301LN metastable austenitic stainless steel alloys for
the design and manufacturing of crash-relevant parts of bodywork casing of metro coaches. This
steel grade exhibits TRIP effects largely due to lean alloying elements giving it a potential for
extremely high work-hardening capacity and strength among the austenitic 300 series, making
the material attractive in terms of crashworthiness, occupant safety, and cost. The aims include
derivation of constitutive equations of interrelationships of required tensile properties of yield
strength, tensile strength, ratio of yield strength to tensile strength, uniform and total elongation
to fracture as a function of degree of applied strain at various temperatures and evolution of
microstructural constituents. Constitutive equations required development to describe the
influence of process variables such as temperature of deformation, degree of plastic deformation,
strain rate, alloy chemistry composition within the current alloy limits, initial microstructure and
morphology on the strain hardening strengthening mechanism. Derivation of instantaneous strain
hardening exponents, strength coefficients to describe the strain hardening behavior of AISI
301LN, was part of the objectives. The deformation microstructural mechanisms causing the
observed strain hardening behavior were studied and explained. Constitutive equations have the
potential of resulting in good control of mechanical properties during production of steel and
finished components from this grade. In addition, such equations can be utilized during
numerical simulations of materials behavior during collisions, studying passenger safety. This
will result in a thorough understanding of the process-product relationships in the CW/AP
process with the potential of improvement in the process design and control of mechanical
properties of the lean alloyed AISI 301LN steel and associated finished components.

The overall objective of the research is therefore to develop comprehensive constitutive
predictive equations for material behaviour during the application of strain during processing and
collisions, incorporating the process and collision variables. The developed model could also be
used to select the most viable processing methodology to produce lean alloyed AISI 301LN coils
with the required mechanical properties for bodywork casing of metro coaches.
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1.5 Research hypothesis

It is hypothesized that a set of constitutive equations can be developed that will describe
the strain hardening behaviour and martensitic transformation kinetics of this grade as a function
of applied strain and temperature, for the specific lean AISI 301 LN alloy (low carbon and
nickel, medium - high nitrogen) in question. These constitutive equations will facilitate the
development of processes and products that can be regarded as pertaining to the “third generation

AHSS” products.
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Chapter 2: Literature Review

A review of existing literature that was done to chronicle the past research efforts in
developing improved AISI 301LN stainless steel coils with enhanced mechanical properties for
the manufacture of bodywork casing of railway carriages. The review focusses on the AHSS
strengthening mechanisms of AISI 301LN. Steels are iron based metals alloyed by carbon. Steels
are currently an essential class of materials used in wide range of applications, ranging from
kitchen cutlery to spacecraft due to superior mechanical properties such as high strength, good
formability, versatility and durability. Steels can be roughly classified as carbon steels, alloy
steels, tool steels and stainless steels. 90 % of the total world steel productions are carbon steels
and they contain the basic alloying elements of iron and carbon [24]. Low alloy steels are
designed to exhibit superior mechanical properties to plain carbon steels with precise additions
of alloying elements such as chromium, nickel and molybdenum. Tool steels contain tungsten,
molybdenum, cobalt, and vanadium to increase heat resistance and durability making excellent

cutting and drilling equipment [24].

2.1 Stainless steels

Stainless Steels contain chromium content of at least 10.5% by mass. Nickel can be
added for special applications that demand both good corrosion resistance and good mechanical
properties such as increased strength, weldability, ductility and toughness.

Stainless steel can be further classified into 5 groups based on microstructure at room
temperature, specific properties and basic grade or “type”. The classes are: austenitic stainless
steels (stable and metastable), ferritic stainless steels, martensitic stainless steels, duplex stainless
steels and precipitation-hardenable stainless steels. The chemistry of the steel can be varied
within limits to modify mechanical properties such as weldability, strength, machinability, work

hardening and formability under different conditions and temperatures [24].

2.1.1 Austenitic Stainless Steel

Austenitic stainless steels constitute the largest group of stainless steel and can be
classified as either stable austenitic stainless steels or metastable austenitic stainless steels. The
austenitic microstructure in the solution annealed condition is non-magnetic. The microstructure
is face-centred-cubic (FCC) lattice which is like that of pure iron at high temperatures of 912 -
1495 °C. Due to the FCC microstructure, austenitic stainless steels possess excellent ductility,

formability and toughness. The austenitic grades are weldable and have excellent corrosion
8
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resistance due to the high content of chromium and molybdenum. The strength can be increased

through cold working; with some grades supplied in temper rolled condition which makes it
magnetic because of presence of strain-induced martensite. Interstitial elements of carbon and
nitrogen, in addition to nickel stabilizes the austenitic structure. The austenitic phase in this class
of stainless steel can be classified as stable or metastable with respect to the deformation
temperature. Austenitic stainless steel can be further sub-divided into five sub-groups which are
Cr-Ni grades (300 series), Cr-Ni-Mo grades, Cr-Mn grades (200 series), high temperature
austenitic grades and high-performance austenitic grades.

I. Cr-Ni grades

Also known as 18-8 type or 300 series of stainless steels, indicating the approximate
amount of chromium and nickel respectively with no molybdenum added. Nitrogen and Sulphur
improves the strength and machinability, respectively. The amount of nickel is generally lower in
this grade of austenitic steels compensated by higher additions of nitrogen to maintain the
stability of the austenitic structure. In low nickel alloys, manganese up to 2% is added to
improve the solubility of nitrogen in the austenitic structure, preventing the martensitic
transformation and increasing strength. The typical tensile yield strength of Cr-Ni alloys after
annealing is around 200~275MPa, which is lower compared to that of the high nitrogen Cr-Ni
alloys which is around 500MPa. Titanium and niobium are added to increase the mechanical
properties by the formation of precipitates [25]. The commonly known and widely researched

alloy is AISI 304. This research focusses on AISI 301LN, which is lean alloyed and metastable.

Il. Cr-Ni-Mo grades

This grade has a chromium content of around 17%, nickel content of 10~13% and 2~3%
molybdenum. It is also known as “general purpose grades”, and sometimes called “acid-proof”
type of stainless steel due to increased corrosion resistance because of molybdenum additions.
Nitrogen and Sulphur could be added to improve strength and machinability respectively.
Titanium and niobium could be added in stabilized grades to increase the mechanical and
weldability properties by the formation of precipitates at high temperatures [25].
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I11. Cr-Mn grades
This grade is known as ‘“200-series” grades according to AISI/ASTM standards. It has

lower nickel content with the austenitic microstructure stabilized by manganese and nitrogen
[25], [9]-

IVV. High temperature austenitic grades
This grade has high chromium (17-25 %), high nickel (8-20 %) content with no
molybdenum. It is designed to be used at high temperatures above 550 °C for long service life
where creep strength is important. In dry gases, it has good oxidation resistance in addition to
aqueous corrosion resistance. Silicon and cerium are added to increase oxidation resistance.

Nitrogen is added in some grades to increase creep strength [25].

V. High performance austenitic grades

This grade has high alloying content with chromium content varying between 17~25%,
nickel content varying between 14 ~ 25% and molybdenum varying between 3 ~ 7%. This type
of grade is designed for very demanding environments. Nitrogen could be added to further
increase the corrosion resistance and strength. Copper is added in some grades to increase the

resistance to certain acids [25].

2.1.2 Ferritic Stainless Steel

This is the simplest type of stainless steel alloyed with 11.2~19% chromium, with no to
very small amounts of nickel (for economic purposes as the nickel price is volatile). Other
alloying elements that can be added include molybdenum for corrosion resistance and niobium
and/or titanium to improve weldability. The ferritic microstructure is body-centered-cubic and
magnetic. This type of steel is commonly used in making washing machine drums due to their

corrosion and oxidation resistance nature [25].

2.1.3 Martensitic Stainless Steel

This type of stainless steel has higher carbon content as compared to other types of steels
for strength and hardenability. This class of steel can be hardened by quenching and tempering to
increase ductility and toughness. The crystallographic structure is body-centered-tetragonal
(BCT). Little to no nickel is added to this type of steel, and molybdenum is sometimes added for
improved ductility and corrosion resistance. Due to the high carbon content, the weldability of

this type of steel is poor. Adding some nickel and reducing the carbon content results in the
10
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improvement in the weldability of martensitic steel. This type of steel is magnetic and
hardenable [25].

2.1.4 Duplex Stainless Steel

This type of steel has a phase balance of approximately 50% austenite and 50% ferrite;
hence have a ferritic-austenitic microstructure. It was designed to combine the beneficial
properties of ferritic as well as of austenitic stainless steel. The duplex microstructure gives rise
to high strength and high resistance to stress corrosion which in turn is largely because of the
characteristic composition of the duplex stainless steels which have higher chromium content
(20.1-25.4%), lower nickel content (1.4-7%) as compared to the austenitic grades. The yield
strength of an annealed duplex steel is around 2 times the yield strength of each individual phase
alone, in the range of 550 ~ 690 MPa. Corrosion resistance can be improved by molybdenum
(0.3-4%) and nitrogen additions, which balance the microstructure. The lower nickel content
makes the duplex grades more price stable as compared to austenitic grades and as a partial
replacement of nickel, manganese is added in some grades. Manganese increases the solubility of
nitrogen into the material thereby increasing the strength as well. Due to the ferrite content, this

type of steel is magnetic [25].

2.1.5 Precipitation-hardened (PH) Stainless Steel

The formation of fine intermetallic precipitates within the microstructure results in high
strength and good fracture toughness [26]. This type of steel is magnetic [25]. The microstructure
consists of martensite and metastable austenite or a mixture of the two phases. Metastable
austenite transforms to strain-induced martensite if deformed at a temperature below Mq (30/50).
The Mq(30/50) temperature as defined by Angel [27], is the temperature at which 50%
martensite will form at 30% true strain deformation. Formability and work hardening of
precipitation-hardened stainless steels are greatly enhanced by the strain-induced martensitic
transformation [26]. The precipitation hardenable stainless steels can attain a high tensile
strength of up to 1700 MPa, which is similar to martensitic steels. This grade is used in

specialized applications where high strength and corrosion resistance are required.

2.2 The effects of alloying elements in stainless steels
The microstructure and mechanical-property inter-relationships of steel are due to the

combined effect of the alloying elements coupled with heat treatments and impurities present. A
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desired microstructure is obtained by a careful balancing of the different alloying elements

during processing. Some alloying elements have stronger effect on the microstructure than others
[25]. Some elements such as V, Nb and Ti are added for grain size refinement in metastable
austenitic stainless steels [12]. The alloying elements can be divided into either ferrite-stabilisers

or austenite-stabilisers [25].

2.2.1 Ferrite stabilisers
i.  Chromium (Cr)
It gives basic corrosion resistance by formation of a surface passive film of chromium

oxide, resistance to oxidation at elevated temperatures and promotes ferritic microstructure [25].

1. Silicon (Si)
It improves oxidation resistance at high temperatures and in strongly oxidizing solutions

at lower temperatures. It promotes a ferritic microstructure and increases strength [25].

iii.  Molybdenum (Mo)

Molybdenum promotes ferritic microstructure and increases the mechanical strength.
Molybdenum increases strength at elevated temperatures, creep resistance, uniform and localized
corrosion resistance by increasing the pitting potential of the potentiometric curve. Molybdenum
increases hardness in martensitic steels at higher tempering temperatures due to carbide
precipitation. However, in ferritic, duplex and austenitic steels care should be taken regarding the

level of molybdenum as molybdenum promotes formation of secondary phases [25].

iv.  Titanium (Ti)

Titanium promotes a ferritic microstructure. It improves toughness, formability and
corrosion resistance in ferritic stainless steels. It lowers the martensite hardness in martensitic
steels through formation of carbides and thereby increases tempering resistance. It forms
intermetallic compounds in precipitation hardening steels thereby resulting in increase in
strength. It increases weldability, intergranular corrosion resistance and mechanical properties at

high temperatures in stabilized grades of austenitic steels by combining with carbon [25].

V.  Niobium (Nb)
Niobium (formally known as columbium) promotes a ferritic microstructure and

increases mechanical properties at high temperatures. This element can be added as grain refiner.

12
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It improves weldability and intergranular corrosion resistance by improving resistance in

sensitization in stabilized grades of austenitic and ferritic steels by combining with carbon. It
lowers the martensite hardness in martensitic steels through formation of carbides thereby
increases tempering resistance [25].

vi.  Aluminium (Al)
Aluminium improves oxidation resistance. It increases strength in the aged condition by
formation of intermetallic compounds in precipitation hardening steels. It is a strong ferrite

former which lowers the hardenability of stainless steels [25].

vii.  Vanadium (V)
Vanadium promotes ferritic microstructure. It increases the hardness in martensitic steels
through formation of carbides and it increases tempering resistance and toughness. It can only be

added in hardenable stainless steels [25].

2.2.2 Austenite stabilizers
i.  Nickel (Ni)

It stabilizes the austenitic microstructure resulting in increased ductility and toughness. It
also reduces the corrosion rate in the active state and hence is advantageous in acid environments
such as industrial atmospheres, chemical and textile processing industries. In precipitation
hardening steels, nickel is used to form intermetallic compounds that are used to increase
strength. In martensitic grades, nickel addition combined with lowered carbon content improves
weldability [25].

ii.  Manganese (Mn)

It improves hot ductility. Its effect on the ferrite/austenite balance varies with temperature:
at low temperature manganese is an austenite stabilizer but at high temperatures it is a ferrite
stabilizer. Manganese increases the solubility of nitrogen and is used to obtain high nitrogen
contents in duplex and austenitic stainless steels. Manganese, as an austenite former, can

partially replace nickel in the 200 series stainless steel [25].

iii.  Carbon (C)
Carbon is a strong austenite former that significantly increases the mechanical strength of

the alloy. However, it increases susceptibility to intergranular corrosion by carbide formation of
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the form M23Cs where M is chromium, which was a problem in the early stainless steels. The

modern grades do not suffer from intergranular corrosion due to the low carbon content. Low
carbon versions, designated as “L” are preferred so as to guarantee corrosion resistance of the
weld seam as good as of the base metal [28], [29]. Carbon will strongly reduce both toughness
and corrosion resistance in ferritic stainless steels whilst in martensitic steels, it increases

hardness and strength but impairs toughness [25].

iv.  Nitrogen (N)

It improves the mechanical properties in both strength and hardness, and further increase
localized corrosion resistance. However, increased nitrogen content may cause hot ductility
problems [7]. Nitrogen reduces the toughness in both ferritic and martensitic stainless steels
leading to severe material embrittlement due to nitride precipitation [30]. Nitrogen influences the
solid solution strength and strain-induced martensitic transformation in austenitic stainless steels.
Nitrogen is a strong austenite stabilizer and hence retards the strain-induced martensitic

transformation and promotes twinning in austenitic stainless steels upon cold deformation [31].

v.  Copper (Cu)
Copper promotes austenitic microstructure, hence improves formability and corrosion

resistance in certain acids. It improves machinability by decreasing work hardening [25].

2.3 Strengthening mechanisms in stainless steels

There is a wide range of methods that can be used to strengthen austenitic stainless steels
which include: strain — induced martensitic transformation strengthening, solid solute
strengthening, precipitation hardening, alloying, work (strain) hardening and grain size
refinement [12], [32]. Strengthening is associated with increase in hardness, strength, toughness
and fatigue resistance. The work hardening rate depends on the composition of alloys. Lean
chemical composition and hence low stacking fault energy results in increased work hardening
during cold deformation leading to higher flow strength. AISI 301LN is a lean alloyed and has
been proposed to have the highest work hardening rate among the 300-series austenitic steels.
The AISI 301LN is described as metastable due to low stacking fault energy values at room
temperature. During cold deformation, austenite transforms to strain-induced martensite resulting

in increase in strength [33].

14
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2.3.1 Grain size refinement

In metastable austenitic stainless steels, grain size refinement is an effective method to
increase the yield strength but at the expense of strain-hardening rate [7]. This is achieved
through an advanced thermomechanical process which involves alternate steps of heavy cold
rolling to induce large amount of martensite followed by an intermediate/reversion annealing
treatment to form ultra/fine-grained austenitic microstructure [2], [16]. A typical
thermomechanical treatment consisting of cold rolling with a total reduction ranging from 50 to
90% has been found to have increased yield strength from 250-350 MPa to 1200-1600 MPa [34].
High density of grain boundaries serves as barriers to dislocation movement. A higher amount of
stress is thus required to cause plastic deformation. In metastable austenitic stainless steels,
plastic deformation produces small lattice defects which act as embryos for the nucleation of the
martensitic phase. The martensitic phase nucleates at the intersections of microscopic shear
bands which comprise of dense bundles of overlapping stacking faults which acts as precursors
for mechanical twins and/or e-martensite [35], [36], [37]. The saturated amount of martensite is
dependent on processing variables such as temperature of deformation (including that due to
adiabatic heating), rate of deformation (strain rate), alloy chemistry and initial austenitic grain
size. Further deformation results in the crushing of martensite which leads to fragmentation of
martensite laths forming a high density of defects which in turn provides nucleation sites for
austenite on the reverse martensitic transformation giving rise to control of microstructure and
grain refinement during annealing. The nano- or ultrafine-grained microstructure has improved
combination of strength and ductility [17]. Grain size refinement maintains anisotropy in
mechanical properties [9]. Grain sizes in the order of 2um are reported to have been obtained for
AISI 301 in the literature [7]. A lower stacking fault energy leads to a better grain refinement

with enhanced strength [38].

2.3.2 Dislocation strengthening

The ability of dislocations to move, slip, cross-slip, climb or glide during deformation has
an influence on the mechanical properties of austenitic steels. The dislocations in austenitic steels
with low stacking fault energy dissociate to partial Shockley dislocations with wider stacking
faults during deformation [39]. A stacking fault binds the dissociated partial dislocations making

them move as a unit along the slip plane [7].
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2.3.3 Strain hardening

Unlike martensitic steels where quench and partitioning could result in hardening of
steels, austenitic, duplex and precipitation hardened stainless steels can be hardened by strain
(work) hardening Cold plastic deformation causes generation of dislocations. The concentration
of dislocations increases with further plastic deformation resulting in entangling of each other
inhibiting further dislocation motion thereby increasing the metallic strength. It has been
reported in the literature that the maximum UTS attained through cold rolling of AISI 301LN is
970MPa which is lower than the required 1000 ~ 1150 MPa for manufacture of railway carriage
[11]. Severe cold rolling impairs ductility and hardness beyond tolerable limits. The
disadvantage of strengthening by cold rolling is the introduction of anisotropy of mechanical
properties. The strength becomes different relative to the direction of testing. The strength in
tension and compression is different [9]. Temper rolling results in strain-induced martensitic
formation in addition to strain hardening resulting in increase in strength [40]. The strength

levels are matched to the design requirement for structural stainless steel through temper rolling.

2.3.4 Solid solution strengthening

This involves the dissolving of alloying elements such as interstitial elements of carbon
and nitrogen or substitutional elements. The differences in size of atoms creates strain fields
which with dislocation movement. The atoms of solute element distort the crystal lattice, for
example carbon atoms distorts the bcc structure of martensite to bct. The distortion of crystal
lattice results in increased resistance to the mobility of dislocations resulting in increased
strength. Interstitial elements are more effective in solid solution hardening as compared to the
substitutional elements [41], [42].

2.3.5 Dispersion strengthening

This involves the strengthening of a soft ductile matrix with fine hard particles in
significant amounts such as in composite materials. In metastable austenitic stainless steels, the
second hardening effect due to martensitic transformation results in increased inhibition of
dislocation movement leading to increase in strength of the material. The increase in strength is

directly proportional to the volume fraction and distribution of the second hardening phase [43].
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2.3.6 Precipitation (age hardening) strengthening

This involves the precipitation of a second phase of fine precipitates from a
supersaturated solid solution. The fine precipitates act as pinning points in a similar manner to
solutes, though the particles are not necessarily single atoms. This results in increased resistance
to dislocation movements during deformation leading to increased strength. The degree of
strengthening is not only dependent upon the size but also on the volume fraction of the particles
[42].

2.3.7 Transformation strengthening

In metastable austenitic stainless steels, plastic deformation induces solid-state austenite
to strain-induced martensitic transformation. The dislocation density is high in the martensite
phase as compared to the austenite phase. The increased dislocation density further hinders

dislocation movement during cold working leading to increase in strength [44].

2.4 Thermodynamics behind martensitic phase transformation

Thermodynamic modelling provides a powerful tool in manipulating thermo-mechanical
treatment processes to achieve a desired property in the material. It enables the calculation of
Gibbs free energies of phases and chemical driving force for martensitic transformation during
deformation at given conditions of alloying content and temperature [45].

The athermal martensitic transformation can only take place if the difference in chemical
free energy of austenite and martensite reaches a critical value of AG'~% ;s as indicated in Figure
2.1, which shows the variation of Gibbs free energy of martensite, annealed and deformed
austenite as a function of temperature. The temperature corresponding to the critical Gibbs free
energy value of AG'~%s is the martensite start (Ms) temperature. However, this transformation
can take place at a higher temperature (Ty) if sufficient stress is applied [46]. The Gibbs free
energy for austenite to martensite transformation is then given by the sum of chemical and

mechanical components as shown below [47]:

AG"”%11 + AGmech — AGY % s (with T1>Ms), where AGmecH is zero if no stress is applied

during transformation [47].

AGwmecH required for y—a’ transformation decreases with undercooling below the critical

temperature, To.
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Figure 2.1 Gibbs free energy diagram for martensite, annealed and deformed austenite as a
function of temperature [48], [49], [50], [51]

AISI 301LN austenitic stainless steels are thermodynamically metastable steel which
undergo martensitic transformation upon cold deformation leading to the Transformation
Induced Plasticity (TRIP) effect. The TRIP effect is the deformation mechanism of metastable
austenitic stainless steels which is accompanied by martensitic phase transformation leading to
increased strain hardening. The thermodynamics that underlie such phase transformation,
particularly the role of Gibbs free energy and its components, such as the driving force needs to
be understood. It is particularly the interplay between the Gibbs free energy, driving force and

various retarding forces that determines the outcome of the microstructure in any phase
18
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transformation. The critical Gibbs energy for martensitic transformation needs to be determined

at the M;s temperature of the alloy. The variation of Gibbs free energy of martensite and austenite
phases as well as the influence of deformation on Gibbs free energy of austenite as a function of
temperature [48]. The thermodynamics of strain-induced transformation is as illustrated in Figure
2.1. The chemical driving force for the martensitic transformation at a particular temperature is

given by the difference of Gibbs free energy of austenite and martensite phases.

2.5 Stacking Fault energy (SFE)

Stacking fault energy (SFE) plays a key role in the deformation behavior of austenitic
stainless steels. SFE measurements can be done by Transmission Electron Microscopy (TEM),
X-Ray diffraction (XRD) or neutron diffraction. During plastic deformation, the work-hardening
rate, and the deformation mode (whether homogeneous slip, cross slip or twinning) are all
correlated with the stacking fault energy (SFE) of the material [52], [39]. The lower the value of
the stacking fault energy the more metastable the austenitic stainless steel becomes, leading to a
large degree of dislocation dissociation into partials which strongly hinders the cross slip.

Figure 2.2 shows the deformation mechanisms as a function of testing temperature in
correlation with the SFE and the mechanical properties of a CrMnNi TRIP/TWIP steel. The Mg
temperature is the temperature beyond which no strain-induced martensite forms upon plastic
deformation [43], [53], [54]. Therefore, Ms and My temperatures are the lower and upper limit
for the SIM transformation from the thermodynamically metastable austenite upon deformation.
The smaller the difference between the Ms and Mg temperatures, the higher the stability of
austenite against strain-induced martensitic transformation. [45], [55]. Similarly, Remy and
Pineau defined Es and Eq4 temperatures. Es is the temperature for spontaneous y — & martensitic
transformation and Eg is the maximum temperature beyond which no y — & martensitic
transformation can be induced upon plastic deformation [56]. Tsand Tq could be defined in the
same manner with respect to the temperature at which twinning starts forming during
deformation and a temperature beyond which no twinning forms. The deformation mechanism
will be just through dislocation glide (refer to Figure 2.2). The austenite stability indicators are
all correlated with the SFE of the alloy.

Accordingly, the austenite to martensite transformation could occur at temperatures even
higher than the Ms temperature during deformation [7], [57]. The deformation mechanism shifts

from dislocation glide and formation of e-martensite to dislocation glide and mechanical
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twinning and then to pure dislocation glide/slip as the SFE increases [52], [58]. The following

transformation sequences with increasing cold work, have been reported in literature: y (face-
centred cubic [fcc]) — dislocations — stacking faults — mechanical twinning (y) — e-
martensite (hexagonal close packed [hep]) — o'-martensite (body-centred cubic [bece]) and y —
dislocations — ao/-martensite [7], [52], [57], [59], [60], [61], [62], [63], [64], [65], [66], [67], [68],
[69], [70], [71], [72].
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Figure 2.2: Overview of the deformation mechanisms as a function of testing temperature in
correlation with the SFE and the mechanical properties of a CrMnNi TRIP/TWIP steel [73].

AISI 301LN is a very lean alloyed stainless steel, hence it has the lowest SFE among the
300-series austenitic stainless steels. The lower SFE of metastable austenitic stainless steels
makes them amenable to strain-induced martensitic transformation upon deformation and this
results in grain refinement upon reversion annealing for higher strength without much sacrifice
in ductility [55], [74]. The SFE, however, is not only a function of chemistry (composition-
sensitive parameter) but also a function of the deformation temperature (including that due to
adiabatic heating) [52], [59], [75], [76], [77], [78]. The formation of planar lattice defects such
as stacking faults, deformation twins and e-martensite particularly depends on the value of the
stacking fault energy [79], [80], [81]. The adiabatic heating results in an increase in SFE and
high values of the SFE can result in twinning and cross slip without the formation of e-martensite
[82], [60]. Typical SFE values for austenite (y) to e- and/or o'-martensitic transformation have
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been reported to be below 20 mJm2, whereas mechanical twinning is promoted if the SFE lies in

the range between 15 and 30 mJm [83], [84]. This is confirmed in Figure 2.2 where formation
of & martensite is shown up to SFE of 20 mJm™ with mechanical twinning shown to be
dominating from SFE in the range between 15 ~ 30 mJm™. A mixture of e-martensite and
mechanical twins has been reported in literature rather than purely e-martensite or purely
mechanical twins [52]. Mechanical twinning and e-martensite act as intermediate phases in the
transformation of austenite to o’-martensite. The formation of e-martensite and mechanical twins
during plastic deformation strongly depend on the SFE and deformation temperature [85].

Figure 2.3 shows deformation mechanism as a function of SFE. Different values of upper
limit of SFE for which the deformation mechanism changes from TRIP effect to TWIP effect has
been reported in the literature ranging from 18 to 20 mJm. Slight variation is attributed to the
chemical composition of the studied alloys, grain size, accuracy of the method of SFE
measurement used, density and configuration of dislocations [86]. A decrease in SFE, on the
other hand, leads to an increase in stored energy during cold deformation as cross slipping
becomes more difficult to achieve and this leads to, inter alia, reduction in the recrystallization
start temperature during annealing [13]. Yonezawa et al. have showed that different heat

treatment conditions have effects on SFE values of austenitic stainless steels [87].
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Figure 2.3: Deformation mechanism as a function of SFE [88]
21



&

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Qe YUNIBESITHI YA PRETORIA

Talonen et al. observed the presence of e-martensite in steels with SFE < 18 mJm™2 [39].

The formation of e-martensite is not necessarily a precursor for o’-martensite formation
especially if either the chemical composition, strain rate and/or temperature had been altered
giving a high SFE [7], [89], [39]. Simultaneous mechanical twinning and o'-martensitic
transformation has been reported in literature if the SFE lies between 15 and 20 mJm™ due to
similar deformation mechanisms for formation and evolution of twins and e-martensite [36], [52],
[90], [91]. For higher stacking fault energies, plasticity and strain hardening are controlled
exclusively by dislocation glide processes [77], [75]. The theoretical temperature dependence of
SFE, dy/dT for 18-8 stainless steel has been approximated as 0.1 mJm=2K [39], [92], [93].

Mahato et al. reported an increase of SFE during deformation of TWIP steels from 19.9
mJ/m? at 2% strain, 23.4 mJ/m? at 5% strain to over 40 mJ/m? at 46% [94]. This explains why e-
martensite is formed in the early stages of the deformation in TRIP steels with low SFE and the
transformation mechanisms changes to solely, y — dislocations — o’-martensite with increase in
plastic deformation. The formation of e-martensite is suppressed with increase in SFE and
deformation temperature and, conversely the formation of mechanical twins is promoted with an
increase in SFE and deformation temperature [52], [63].

Table 2.1 shows the most widely used equations to estimate the SFE of Fe-Ni-Cr-based
alloys [95]. It is important to note that most of the equations do not include the effect of the
nitrogen content, which is inconsistency with the results shown in Figure 2.4, which shows
marked difference of volume fraction of strain-induced martensite as a function of strain with
slight variation in nitrogen content. Moreover, the equations have been determined by multiple
regression analysis by considering only a limited number of alloying elements. This makes the
applicability of the equations to limited chemical compositions [96]. Vitos et al. demonstrated
that the effect of alloying elements is dependent on the host composition. The same alloying
element may cause a different change on the SFE depending on the host composition. This
means that there is no universal composition-based equations to calculate SFE [97]. The derived
SFE values for the tested alloys in this thesis range from 4.7 mJ/m? to 29.4 mJ/m?. Talonen and
Hanninen [39] determined the SFE of AISI 301LN using X-ray diffraction and obtained an
average value of approximately 14.7 + 0.8 mJ/m?. This value is very close to 15.3 mJ/m?, as
derived using both Brofman and Ansell equation, and Pickering equation.
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Table 2.1: Equations to estimate the SFE of Fe-Ni-Cr-based alloys

Authors Equation Calculated range, Alloys used References
for tested AISI
301LN, mJ/m?
Schramm and —53 + 6.2(%Ni) + 0.7(%Cr) + 4.66 ~ 6.58 [71, [13],
Reed 3.2(%Mn) + 9.3(%Mo) [571, [98],
[99], [100]
Brofman and 16.7 + 2.1(%Ni) -0.9(%Cr) + 15.3~154 9 ~20% Cr, [7], [101]
Ansell 26(%C) 5 ~20% Ni,
<0.29% C
< 0.1% other
elements.
Rhodes and 1.2 + 1.4(%Ni) + 0.6(%Cr) + 26.2~29.4 AISI 310 [102]
Thompson 17.7(%Mn) — 44.7(%Si)
Pickering 25.7 + 2(%Ni) + 410(%C) - 15.3~16.9 ~16% Cr, [103]
0.9(%Cr) — 77(%N) — 13(%Si) ~ 7% Mn
—1.2(%Mn) ~ 6% Ni
Qi-Xun et al. 39 + 1.59(%Ni) — 1.34(%Mn)  19.2 ~20.9 ~40% Mn, ~25% [104]
+0.06(%Mn)? -1.75(%Cr) + Cr,
0.01(%Cr)? + 15.21(%Mo) — ~23% Ni, ~ 2%
5.59(%Si) — 60.69(%C + Mo,
1.2%N)%5 + 26.27(%C + ~ 4% Si,
1.2%N)(%Cr + %Mn + ~ 0.045% (C and
%M0)°° + 0.61[%Ni(%Cr + N)
%Mn)]°° with a total
amount of
alloying elements
<45%
Ojima et al. 5.53 + 1.4(%Ni) - 0.16(%Cr)  13.8~13.9 10 ~ 25%Cr, 4 ~ [105].
+17.1(%N) 25% Ni, < 1.3%
Mn, < 1% N
Yonezawaetal. -7.1 + 2.8(%Ni) + 0.49(%Cr) 17.2~17.8 10 ~ 16%NIi, [87]

+2.0(%Mo) — 2.0(%Si) +
0.75(%Mn) — 5.7(%C) -
24(%N)

13 ~ 18%Cr, 0 ~
3% Mo, 0 ~ 2%
Si, 0 ~ 4% Mn,
0~0.08%C.0~
0.1% N
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Figure 2.4: Influence of nitrogen on SIMT [88]

Table 2.2 shows some empirical equations that have been proposed to estimate the Mg
(30/50) temperature in determining the influence of chemistry on the martensitic transformation
of Fe-Ni-Cr-based alloys. Based on chemistry, Mq (30/50) parameter can be used as the austenite
stability indicator. In some of the classic literature regarding martensite formation, including the
equations in Table 2.2, carbon and nitrogen are assigned similar potencies regarding austenite
stabilization. For example, the Eichelman and Hull equation to calculate the Martensite start
temperature (Ms), Gladman equation, and the Angel equation as well as the Nohara et al.
modification to calculate the Mq (30/50) temperature for 18-8 stainless steel [106] uses the same
constant for both the carbon and nitrogen content. However, more recent research work by
Masumura et al. had shown that nitrogen has a stronger austenite stabilization effect compared to
carbon [107], [108]. The Sjoberg equation [17], takes the independent effects of carbon and
nitrogen into account. There is a strong relationship between the Mg (30/50) temperature and
chemical composition of the alloy. Stable austenitic steels such as AISI 309, AISI 316 and AISI
321 have very low Mg temperatures, hence do not present strong martensitic transformation when

deformed at room temperature [57].
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Table 2.2: Empirical equations to estimate the My (30/50) temperature of Fe-Ni-Cr-based alloys

Authors Equation Calculated range, for References
tested AISI 301LN, °C

Angel 413 — 13.7(%Cr) — 9.5(%Ni) - 8.1(%Mn) - 29.8~34.4 [13], [57],
18.5(%Mo) - 9.2(%Si) - 462(%[C+N]) [109]

Nohara 552 —13.7(%Cr) — 29(%[Ni+Cu]) - 8.1(%Mn) - 37.0~455 [110],
18.5(%Mo) - 9.2(%Si) - 68(%NDb) - 462(%[C+N]) - [111],
1.42(GS-8) where GS is ASTM grain size number [112]

Sjoberg 608 — 515(%C) — 821(%N) — 7.8(%Si) - 12(%Mn) - 30.1~35.3 [17]

13(%Cr) - 34(%Ni) -6.5(%Mo)

Gladman 497 — 462(%C + %N) — 9.2(%Si) — 8.1(%Mn) — 445~ 49.9 [113]
13.7(%Cr) — 20(%Ni) — 18.5(%Mo)

2.6 Phase Transformation

Microstructural evolution holds an important key in understanding the austenitic stainless
steels (A.S.S) material’s behavior during forming operations [35]. The strain-induced martensitic
transformation occurs between the martensitic start (Ms) temperature and the My temperature.
The Mg temperature is a critical temperature above which austenite is stable and no martensitic
transformation takes place upon deformation [65].

2.6.1 Austenite

In metastable austenitic stainless steels (MASS), the austenite phase is stable at a higher
temperature as compared to the martensite phase. The phase is described as metastable if it
transforms to martensite upon deformation at room temperature thereby increasing the

mechanical strength of the material [79].

2.6.2 Martensite
There are two distinct types of martensite which can be formed, o'(bcc/bet) and g(hcp)
martensite, during cold deformation below the My temperature [57], [114]. The crystallography

of these two types of martensite differs distinctly.

2.6.2.1 Epsilon (g) martensite
This form of martensite can be formed through cooling and/or deformation (strain

induced) [39]. The e-martensite (hexagonal) is highly metastable with a low Gibbs free energy
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slightly less than that of the austenite (fcc) structure [115]. There is a strong dependence of the

volume fraction of e-martensite on deformation temperature [116]. This was observed in
austenitic TRIP steels with less than 13 mJ/m?.

The e-martensite phase is formed by overlapping stacking faults which are formed in the
early stages of deformation (at strains lower than 0.15) hence it is considered as an intermediate

phase in the transformation of austenite to o’-martensite [117], [118].
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Figure 2.5: Percentages of a’ and € martensites as a function of tensile strain at room-temperature

tensile of grade 301 as measured by X-ray diffraction [119]

The decrease in e-martensite after reaching the peak in all steels as a function of percentage of
cold rolling in Figure 2.6 indicates that e-martensite transforms to o/'-martensite with further cold rolling
[107].
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2.6.2.2 a’-Martensite

The crystallographic structure of o’-martensite is body-centred cubic/body centred
tetragonal depending with the amount of carbon. With very low carbon content, it is body-
centred cubic. The martensitic transformation can be either thermally induced or strain-induced
or stress-induced [45]. Athermal martensite was found to be nucleating preferably at e-martensite,
annealing twins and grain boundaries [120]. An empirical equation for the Ms temperature by

Eichelmann and Hull [106] for 18-8 austenitic stainless steels, is given in equation (2.1):
M (°C) = 41.7%(14.6-Cr) + 5.6%(8.9-Ni) + 33.3%(1.33-Mn) + 27.8%(0.47-Si) +
1666.7%(0.068-C-N) — 17.8 «eueieiruirreiernereresncecasesansonnns Equation 2.1

For all 300-series of austenitic stainless steel, the Ms temperature falls into the cryogenic
range below 0 °C [57].

2.6.2.2.1 Strain-induced (a’) martensite

The intersection of shear bands and e-martensite are the favorable nucleation sites for o'-
martensite formation [7], [39], [120], [121]. Plastic deformation produces small lattice defects
which act as embryos for the nucleation of martensitic phase. The martensitic phase nucleates as

embryos that forms at the intersections of microscopic shear bands which comprise of bundles of
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overlapping stacking faults, mechanical twins and e-martensite [122]. The formation of shear

bands are necessary precursors for strain-induced martensitic transformation [7], [39]. As the
plastic deformation increases, and/or cryogenic temperature lowered, the o’-martensite grows by
consuming of e-martensite, mechanical twins and austenite phases [123], [86]. The o’-martensite
formed is lath-like in terms of morphology [32], [35], [46], [89]. The phase transformation leads
to an increase in strength in metastable austenitic stainless steels (MASSSs) during cold rolling.
The martensite phase has higher strength than austenite of the same chemical composition. The
formation of strain-induced martensite accommodates additional strain, hence the phase
transformation leads to an increase in strain hardening rate, resulting in excellent combinations
of strength, toughness and ductility at low cost [32], [36], [52], [79], [53]. There is no strain-
induced martensitic transformation for highly stable austenitic steels with no much increase in
the strength through strain hardening [33].

Figure 2.7 shows different mechanisms for martensitic transformation in metastable

austenitic stainless steels as a function of deformation temperature.
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Ms° is a corresponding Ms temperature at the yield strength of the austenite and is the
highest temperature for the transformation to be induced by elastic stress. The temperature lies
above the normal Ms temperature in which yielding is initiated by the onset of martensitic
transformation under applied stress. The yielding is initiated by regular slip processes in the
austenitic phase at a temperature above the Ms° temperature. The variation of yield strength as a
function of temperature is negative above the Ms° temperature and positive below the Ms°

temperature. The amount of stress required to induce martensite decreases to zero as temperature
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decreases below the Ms° temperature. At the martensitic start temperature, Ms, no stress is

required to induce martensite [79].

Below the Ms° temperature, martensitic transformation is possible below the yield
strength of the austenite. This is referred to as stress-assisted martensitic transformation. Above
the Ms° temperature, martensitic transformation can only be initiated above the yield strength of
the material. As temperature of deformation increases, the initiating stress to induce martensitic
transformation increases until the Mg temperature limit is reached beyond which no strain-

induced transformation will occur [79].

2.6.2.2.2 Stress-assisted transformation

Applied stress aids the thermodynamic driving force and hence, the embryos are identical to
those that activate thermally induced martensite. The morphology of martensite is plate-like or
lenticular. The martensitic transformation occurs before the onset of plastic deformation. The
transformation is caused by dislocation multiplication and twinning [35]. The critical stress
required to assist the transformation increases linearly with temperature below the yield strength

of austenite as shown in Figure 2.7 [124].

2.7 Process Variables

A constitutive model for material behavior during cold rolling requires information about the
material’s response as a function of strain, strain rate (rate of deformation), strain state, stress
state, annealing, exact degree of cold work, exact temperature of cold work, stacking fault energy
(SFE), initial austenitic grain size and exact alloy chemistry [82], [53]. A plant-based predictive
model is needed to achieve the required mechanical properties in terms of Rpo2, Rm, ratio of
Rpo.2/Rm, Aso and a certain hardness, hence a thorough understanding of the role of each variable
is important. The nature of the applied stress, whether the deformation mode was tension or

compression was found to have slight influence on crystallographic orientation at high strains [7].

2.7.1 Degree of cold working

The volume fraction of SIM increases as the strain increases until a ’saturating strain’ is reached
where the formation of martensite becomes supersaturated. Further deformation results in
crushing of martensite, which forms a high density of defects which in turn provides nucleation
sites for austenite on the reverse transformation during annealing. A high density of crushed

martensite can be increased by decreasing the supersaturating strain, and/or by cold deformation

30



&

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Qe YUNIBESITHI YA PRETORIA

at very low temperatures. This results in a nano- or ultrafine-grained microstructure with

improved combination of strength and ductility. This in a way corresponds to the decrease in
SFE thereby increasing the chemical driving force for the martensitic transformation [14].
Heavily cold-deformed martensite has a potential of resulting in highly refined austenite grain
size (ultrafine (nano- or submicron) grained structure) upon reversion annealing. A double cold-
deformation with intermediate annealing cycle has been reported to have achieved a good
combination of strength and ductility in 10Cr-5Ni-8Mn alloy [8]. Severe cold rolling has
potential in achieving final improvements in strength, ductility and fatigue resistance [2].

2.7.2 Temperature of cold working

Most metallurgical transformations are influenced by temperature variations [28]. The formation
of strain-induced martensite is affected by the stacking fault energy (SFE) and chemical driving
force, which all are temperature dependent. The SFE value determines the austenite stability,
controls the formation of shear bands during cold working, and hence, thereby controls the
formation of nucleation sites for o’-martensite [39], [46]. The austenite stability is critical in
tailoring the resulting mechanical properties [125]. As the temperature of deformation increases
the thermodynamic driving force for martensitic transformation decreases. A temperature

decrease lowers the SFE which enhances the tendency for martensitic transformation [79].

2.7.3 Effect of initial austenitic grain size

Austenite stability increases with the decrease in austenite grain size as the My temperature is
lowered [53]. Finer grained austenitic steels could show lower martensite kinetics during cold
deformation as the martensite formed in the fine austenite grains hinders the growth of the newly
nucleated martensite laths. The critical chemical energy required for the formation of martensite
decreases with increase in initial austenitic grain size. Thus finer grained austenitic
microstructures result in improved austenite stability [90], [46]. The grain size has been reported
to also have an influence on the deformation mechanism with grain size refinement changes
TRIP effect to TWIP effect in accommodating additional strain [90].

2.7.4 Strain rate
Materials processing and automotive crash events are subjected to medium to high strain rates.
The effect of strain rates can be classified as direct strain rate effects or indirect effects. The

indirect effects of strain rates include the self-heating of the material during deformation as the
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strain rate increases. Adverse increase in adiabatic heating during deformation at high strain rates

consequently causes temperature increases (higher than the initial deformation temperature)
resulting in reduced thermodynamic driving force for the austenite — martensitic transformation
and increase in the SFE leading to an increased austenite stability [46], [126].

This results in strain rate having the same influence as that of the temperature of
deformation [126]. High strain rates therefore inhibit the o’ martensite transformation due to
increased adiabatic heating [8]. With continuous increase in SFE, the deformation mode changes
from transformation induced plasticity (TRIP) effect to twinning induced plasticity (TWIP)
effect and then to slip [127]. Lower strain rates hence keep the SFE low which favors the
transformation induced plasticity effect. However, there is a need to optimize the mechanical
properties at high strain rates since the forming process and crash-worthiness occur at high strain
rates/velocities [128]. As the amount of strain-induced martensite decreases with increase in
strain rate, the UTS decreases with increasing strain rate. The yield stress increases with
increasing strain rate [126]. The 300-series metastable austenitic stainless steels have been
reported in literature to have low sensitivity to strain rate [22]. The effect of increased strain rate
in suppression of austenite — martensitic transformation was observed at strains greater than
0.25 in AISI 304 [35]. There is a remarkable increase in temperature resulting from the adiabatic
heating at high strains. Without temperature increase, increase in strain rate has been found to be

enhancing martensitic transformation [79].

2.7.5 Alloy chemistry
The stacking fault energy (SFE) is a function of chemistry. In principle, the mechanical
properties and work hardening rate could be tailor-made by the control of chemistry to get the
desired properties [7]. The manganese content in metastable austenitic steels can also influence
the transformation path during cold rolling. In high manganese steels typically (15~30 wt% Mn),
the y — ¢ transformation path occurs whereas y — ¢ — o' is the transformation path in medium
manganese steels (5~12 wt% Mn) [129]. In metastable austenitic steels, there are two
transformation sequences which are: y — ¢ — o' andy — o'
2.7.6 Annealing and pickling

An intermediate heat treatment is necessary to recover and to recrystallize the cold
deformed microstructure. The intermediate or controlled annealing process makes the material

amenable for subsequent forming operations by restoring formability. Upon heating, both ¢- and
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a’-martensites transform back to austenite leading to grain refinement [116]. Recrystallization

has been reported to be occurring at 100 °C above the strain-induced martensitic reversion
temperature [64]. A thermo-mechanical process which consists of severe cold rolling followed
by intermediate annealing of ASSs results in nano/submicron grained structure with high
strength, high hardness and good ductility [2], [32].

When the reverted austenite partially or fully transforms to martensite, this leads to
increased final strength. Inappropriate heat treatment, service at high temperatures or welding
can, however, lead to the formation of other phases. These may be thermodynamically stable or
kinetically favored in lower temperature regimes and can have a major influence on mechanical
properties and corrosion resistance. The transformation rate is dependent on the percentage of
martensite which directly relates to the degree of prior cold-rolling deformation. Annealing is
done over a narrow temperature range to achieve the desired mechanical properties, avoiding
grain growth, secondary recrystallization and sensitization. An excellent combination of strength
and ductility has been reported to be achieved through partial/controlled annealing for AISI 304
steel [8].

2.7.7 Skin pass rolling
To give a shiny surface quality, coils are given a very light cold rolling treatment, around
0.5~1% reduction in the final forming step after annealing and pickling. This gives high surface

flatness and low surface roughness.

2.8 Strain-hardening behavior

Austenitic stainless steels possess unique characteristics which can be utilized to develop
high strength steels due to their high strain hardening abilities with strain hardening exponents of
around 0.35 compared to 0.16 ~ 0.26 of low carbon steels [112]. This increased strain hardening
results in increased crashworthiness during collision events. Metastable austenitic stainless steels
offer extreme high combinations of strength, strain hardening and elongation, making this class
of steels most attractive candidates for this application.

The strain hardening and the tensile flow stress behavior of automobile steel have been
the subject of continued scientific and technical interest in order to ensure the appropriate
conditions during material processing and performance [130], [131]. This fact has attracted
continuous development of advanced high strength steels with increased levels of ductility and

strength [132]. A quantification of the flow properties including the strain hardening exponents
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of metastable austenitic steels, as a function of strain and temperature, is however required to

evaluate the benefits offered by it. Constitutive equations to correlate true stress and true plastic
strain have been proposed in literature with the view of predicting the performance of the
material during service [133], [134]. In order to study the work hardening behavior of AISI
301LN, different equations and models were applied, and relative appropriateness tested and
compared.
2.8.1 Hollomon power law

The work-hardening behaviour of many engineering materials have been sufficiently
described by the Hollomon power law [135], [136], [137], [138]:

0 = Kttt et e et ss s s et aentessansnssnsnsanns Equation 2.2

where:
o is the true stress;
K is the strength coefficient,
€ 1s true plastic strain,

n is the strain hardening exponent.

A log-log plot should give a straight line with the slope as strain hardening exponent, n
and the intercept at € = 1 as the strength coefficient, K. A second phase transformation in 18-8
metastable austenitic steels exhibits a deviation from the classical Hollomon law [139].
2.8.2 Ludwik model

The Ludwik model has an additional stress factor (oo) for materials which show a varied
yield strength with similar strain hardening [135], [136].

6=00F K& it Equation 2.3

2.8.3 Swift model

An equation with an additional strain term, &, which accounts for pre-strain was
proposed by Swift, for materials which show similar yield strength with varied strain hardening
behaviour [135], [136].

0= K (808 €) teiiiiiieiiieiiiiieiiieeiintetescsatecntonntsnsosnscnnsonnsones Equation 2.4
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2.8.4 Ludwigson model

For stable austenitic stainless steels, although the Hollomon or Ludwik equations can
describe the plastic flow behaviour at high strain levels, the models were found to be insufficient
in describing the plastic flow behaviour and work hardening at low strain values [42], [135]. A
modified Ludwik model was then proposed by Ludwigson to consider the deviation [30], [135].
An assumption made was a continuous evolution of strain induced martensite as a function of
strain and macroscopic flow stress as estimated by the contribution of strength of all individual
phases present.

Ll A o N PPN Equation 2.5

where:
the deviation A = exp(K1)exp(nie),
K and n have the same meaning as in the Hollomon equation
exp(K1) =~ proportional limit
ny is the slope of the deviation of stress from the Hollomon equation plotted against true
strain, € [135].

The Ludwigson modification has earlier been found to be adequate in describing the
tensile flow and work hardening behaviour of ferritic stainless steels. There was no information
which was found in literature about applicability of the Ludwigson equation in describing the
work hardening behaviour of metastable austenitic stainless steels which undergo a phase
transformation during deformation.

2.8.5 Voce model

The Voce stress relationship is usually applicable only at high temperatures where
dynamic recovery cancels out the work hardening effect during the test. The Voce flow stress
relationship for materials which show saturation stress at high stress/strain levels can be

represented as follows [135]:
6= 05— (05— 61)EXP[-( €1)/Ec] veerererrernrnnrrnernreecaserensecnsessasnsanses Equation 2.6

where;

os, IS the saturation stress,
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o1 and & are the true stress and true plastic strain values at the onset of plastic

deformation, respectively, and

gc IS a constant.

2.9 Modelling kinetics of strain-induced martensitic transformation

The control of strain-induced martensite in the metal forming processes and annealing process is
important in the simulation and development of process model to produce AISI 301LN steel with
the required mechanical requirements. A process model captured the effects of measurable
process variables such as given in 2.10 above.

Several equations have been reported in literature to model the behavior of the y — o
transformation. These include Olson and Cohen model [121], Gompertz model [140], and
Guimaraes model [28]. For the kinetic model to describe the y — o' transformation, the
parameters and constants should be correlated to the measurable physical processes and should
be applied over a wide range of temperature and applied strain, rather than just a single set of
experimental data. The transformation kinetic laws describe the volume fraction of martensite in
the material at a given strain and temperature [114].

The transformed volume fraction of martensite at a given applied strain is given as, f.
The saturation value for the percentage of martensite has been found out to be always less than
100% with some retained austenite. Hence the volume fraction of the strain-induced martensite
has been calculated using, fs instead of 1 since fs< 1. Factors that affect saturation value and the
rate of approach to saturation value for volume fraction of strain-induced martensite include
initial austenitic grain size, stacking fault energy, alloy chemistry, the nature of applied strain,
strain rate and deformation temperature [121], [140].

The incremental formation of strain-induced martensite as the function of strain, that is,
the differential change of volume fraction of martensite per unit strain allows good simulation
and predictive percentage of martensite even if process variables such as temperature and strain
rate changes [79].

There is a need to develop a model that combine both the thermodynamics effects and
thermomechanical equations [28]. These include the kinetics of strain-induced transformation,
the flow stress (mechanical) equations describing the strain hardening behavior of

microstructures containing both austenite and strain-induced martensite and any thermal
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equations describing the latent heat generated during strain-induced martensitic transformation,

and the plastic work done transforming into heat and thermal expansion [28].

2.9.1 Olson and Cohen model
Olson and Cohen (1974) fitted a sigmoidal model on the data obtained by Angel (in 1954)
[27] for strain-induced martensite as a function of strain at various temperatures. The isotropic

transformation equation is described as below:
fo =1—eXp(-Po(1—EXP (- UE)) ) cererururriiinineieieiaruriienenenenen Equation 2.7

where:
fo is the volume fraction of strain-induced martensite.
¢ is the applied strain.
a is a strain-independent constant which indicates the rate of shear-band formation and is
dependent on the stacking fault energy, strain rate and temperature of deformation.
B is a temperature dependent constant.
n is an exponent which is usually set equal to 4.5 for AISI 304 as it gives the best

agreement between the experimental results and the proposed model

The model considers the nucleation and growth of strain induced martensite as controlled by o
and P parameters. It has been reported that B is governed by the thermodynamic driving force for

the martensitic transformation, AG and could be influenced by the stress state of the material.

2.9.1.1 Limitations of Olson and Cohen model

1. The model does not predict the saturation volume fraction of strain-induced
martensite at a given temperature.

2. The parameters o and B were given as constants during the process at a given
temperature. This makes them suitable for simulation of isothermal forming
processes only.

3. The parameter n was arbitrarily fixed to 4.5 which was based on single data fit.
There is no well-defined behavior of the parameter as a function of temperature

and/or applied strain.
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4. The B constant is not well defined in the equation. It was set as a constant for a wide

temperature range and decreases to zero around Mg temperature of AISI 304

material.

2.9.2 Gompertz model
The Gompertz model is a sigmoidal function to describe the formation of strain-induced
martensite in AISI 304 as a function of applied strain [140].

for =TseXP[—eXP(-PE—Em) ) ] ceeerererurruriiininininiieinnnenecenennes Equation 2.8

where:
fo is the volume fraction of strain-induced martensite.
fsis the saturation volume fraction of fy.
B is a temperature dependent constant associated with the rate of transformation.
€ 1s the applied strain.
em 1S the amount of applied strain required to achieve fs/e where e is natural logarithm
approximately equal to 2.72.
2.9.3 Matsumura equation
Matsumura et al. proposed the following equation to calculate the volume fraction of
strain-induced martensite [141], [142].

Vu’ = 1 - Vyo /(1 + (k/q)* V'y()* 8q) ................................................ qulaﬁOIl 2-9

where:
V¢ IS the percentage of strain-induced martensite.
Vyo is the initial percentage of austenite before deformation.
¢ 1s the applied plastic strain.

k and q are constants.

The estimated V. from the above equation is always below 100% as in agreement with past
studies depending on the deformation conditions. To take into consideration the saturation value
of less than 100%, Tsuchida et al. modified the above equation to [141]:

Vu’ = Vas [ 1 - V'yo/ (1 + (k/q)* V'\{o* Sq) ...................................... qulation 2.10

where: Vs is the saturation percentage of strain-induced martensite.
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2.9.4 Guimaraes model
The model was developed using an isothermal tensile test with the percentage of
martensite estimated using the saturated magnetism from small discs cut from the tensile

specimens.
Vol(geq, T) = Vo™*(T) . (1-eXP(-(DEeq)")) ceveerrarerarernsnses Equation 2.11

where:
€eq = square root [2/3(8|2 +e’+ 8|||2)],
Vo(geq , T) is the volume fraction of martensite
D is the stability parameter of the kinetics of martensitic transformation
n is the deformation mode parameter of the kinetics of martensitic transformation
Vo™(T) is the saturation volume fraction of martensite at a given temperature T which is

defined as O at a temperature above Mg and 100% at a temperature below or equal to Ts.

The saturation volume fraction of strain-induced martensite, fs, varies as a function of

temperature with the following equation proposed by Santacreu et al.

Vo™ (T) = Vof(Ma = T) weerereereerenreereseensessennes Equation 2.12

2.10 Modelling flow stress of a phase mixture

An attempt to formulate hardening laws has been reported in the literature with several
constants which do not have a direct physical interpretation. The martensitic transformation from
a fully austenitic microstructure makes metastable austenitic stainless steels a “composite” like in
nature making the strain-hardening rate determined by the rate of phase transformation [48]. An
approach which considers the microstructural changes (such as changes in volume fraction of
phases, dislocation density (dislocation formation rate and dislocation annihilation rate during
dynamic recovery at high temperature) and grain sizes) during deformation in calculating the
mechanical behavior of metastable austenitic stainless steels with the use of experimentally
determined stress-strain curves at a certain range of temperature is more acceptable [114].

New constitutive equations for flow stress and volume fraction of martensite as a
function of strain will make it suitable for an online control of metal forming process with little

computational capacity using any work hardening model.
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Talonen determined the true stress-strain response of austenite and strain-induced

martensite separately and combined using XRD stress measurements as shown in Figure 2.8 [96].
The stress analysis indicates a non-homogeneous distribution of stress between austenite and
strain-induced martensite phases. The mechanical response is difficult to predict due to quite
several parameters involved. Due to martensitic transformation, a classical Hollomon equation is

generally not satisfactory in fitting the tensile curve [28].
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Figure 2.8: True stress levels in the microstructural constituents with applied strain in a MASS as

measured by in situ XRD. The “macroscopic” data points refer to strain gauge results [96]

Figure 2.9 show the variation of stress of the phases during deformation as a function of

strain-induced martensitic microstructural evolution.
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Figure 2.9: True stress levels in the microstructural constituents as a function of volume fraction of

a’-martensite in a MASS as measured by in situ XRD. The “macroscopic” data points refer to

strain gauge results [96]

The strength and hardness contribution from martensite is higher than the strength and
hardness contribution from austenite due to higher dislocation density as shown in Figure 2.10
[44].
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Figure 2.10: The variation of dislocation density as a function of strain in both austenite and
martensite phases in cold rolled SUS304 steel at room temperature [44]

The increase in volume fraction as a function of strain and/or temperature, result in the
gradual increase in strength of the steel. The hardening contribution from dislocations could be

estimated using the following equation [4], [143]:

Gaisl = OMGDPYZ . ceeiiiiiiiiieiiie et ctnee et eeaeeeeeeeeneeeaneeeanseanesannaenns Equation 2.13

where:
o is a constant
M is the average Taylor factor,

G is the shear modulus,
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b is the magnitude of the Burger’s vector,

p is the dislocation density.

The typical values for Fe are: o= 0.3, M =3, G = 64 GPa and b = 0.25 mm. TEM is used to

determine the density of dislocations, p to estimate the dislocation hardening contribution [143].

2.10.1 Rule of mixture

The total strength of metastable austenitic stainless steel can be calculated using a
classical rule of mixtures between the mechanical behavior of austenite (including dislocations as
a function of strain) and that of a steel alloy containing a constant volume fraction of martensite

embedded in an austenitic phase matrix [4], [29]:
Gtotal = Oy - VyT OM. VM ceniniiiiiiiiiiiiiiiiiiiiiiiii e e e et e s e ane Equation 2.14

where:
oyand V, are the strength and volume fraction of untransformed austenite

omand Vwu are the strength and volume fraction of strain-induced martensite

Equation 2.14 reduces to
Gtotal = Oy . (1- VM) OM . VM tutniniiiiiiiiiiiiiiiiiiiiiiiiiiieiiiiiiiastiisasesasasnsnnane Equation 2. 15

2.10.2 Hansel approach
The approach uses Hockett-Sherby description of the flow stress behavior of a phase mixture [79].

The total strength can be calculated as follows:

Ototal = 07.Vy+ 67.VM + AGy - 0/ VM teviniiniiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiicicneieeens Equation 2.16

where:
oy flow stress of the austenite phase
ototal 1S the flow stress of all the phases in the mixture
V, and Vw are volume fractions of austenite and martensite phases

Acy _ IS @ constant strength increase associated with martensitic transformation.
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Chapter 3: Materials, Techniques and Experimental Procedure

This chapter describes the materials, experiments, equipment, and characterization techniques
that were used in the study of strain-induced martensitic transformations in AISI 301LN
metastable austenitic stainless steel as a function of process variables. The test material used in
this study was industrial material sampled after hot rolling, annealing and pickling process,
designated as AP1 from here onwards. Different heats (to be designated as alloy A, alloy B and
alloy C) with slightly different chemistry within AISI 301LN grade, as shown in Table 3.1 as
received from Columbus Stainless steel (Pty) Ltd were studied. The test materials were received
with thickness between 4 and 6 mm. Unless stated otherwise, the experiments were carried out

using alloy A.

Table 3.1: Chemical composition (spectrographic analysis) of annealed and pickled AISI 301LN as
supplied (Yowt)

Steel A (initial gauge thickness of 4.05 mm).

C Mn P S Si Cr Ni N Co
0.02 1.54 0.026 0.003 0.42 17.49 6.6 0.1133 0.08
Cu Mo Sn Ti Al Nb 0] B Fe

0.15 0.16 0.009 0.008 0.005 0.003 0.0091 0.0018  balance

Steel B (initial gauge thickness of 4.44 mm).

C Mn P S Si Cr Ni N Co
0.02 1.35 0.026 0.004 0.42 17.6 6.63 0.1123 0.1
Cu Mo Sn Ti Al Nb 0] B Fe
0.15 0.16 0.008 0.008 0.005 0.002 0.0083 0.0016 balance

Steel C (initial gauge thickness of 5.61 mm).

C Mn P S Si Cr Ni N Co
0.023 1.48 0.022 0.003 04 17.33 6.52 0.113 0.16
Cu Mo Sn Ti Al Nb @) B Fe

0.07 0.04 0.009 0.007 0.005 0.002 0.0068 0.0014 balance

44



&

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Qe YUNIBESITHI YA PRETORIA

3.1 Measurement and Characterization Techniques

Due to annealing and pickling done on the as-received materials, there was no strain induced
martensite present in the microstructure prior to laboratory cold working as determined by
Ferritescope measurements. To accurately define modelling of Kkinetics strain-induced
martensitic transformation as a function of strain, a variety of complementary techniques for
characterization and quantifying the volume fraction of austenite and martensite phases in
stainless steels have been utilized which include x-ray diffraction, neutron diffraction, magnetic
measurements with use of Ferritescope instrument (local magnetic permeability), VSM
measurements (bulk magnetic induction), optical metallography, scanning electron microscopy
(SEM) and Electron Backscatter diffraction (EBSD) analysis. Although x-ray and neutron
diffraction analyses are considered reliable techniques in the measurement of martensite and
austenite phases, the effect of texture remains a difficult challenge. VSM, Ferritescope and
hardness measurements corroborated the phase fraction estimates that were used in the
development of a calibration factor. The standard deviation was calculated to ascertain the

uncertainty of measurements such as Ferritescope readings, hardness measurements.

3.1.1 X-ray Diffraction analysis

The X-ray diffraction experiments were carried out to identify the phases present and the
Rietveld analysis was done for quantification purposes. The X-ray results were used to develop a
calibration curve for correction of Ferritescope measurements to determine the true o'-martensite
content. The samples for X-ray diffraction were lightly ground and electropolished using a
Struers Lectropol-5 equipment and A3 electrolyte at an operating voltage of 35 V at room
temperature for 50 s. To reduce the effect of texture during X-ray diffraction analysis, a rotating
sample holder was used. The XRD characterisation for volume fraction of o’ martensite and y-
austenite were done on the surfaces. Quantification using X-ray is considered accurate for
samples which were deformed through tensile straining due to homogeneous distribution of
strain during deformation. It has been reported that the quantification of o’-martensite for

deformation below 20% reduction in thickness by cold rolling is not reliable [144], [82].

3.1.2 Neutron Diffraction analysis
Neutron diffraction technique has a much greater penetration depth as compared to X-ray

diffraction which only gives the volume fraction of o' martensite on the surface. Neutron
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diffraction analysis together with X-ray diffraction analysis were used to develop calibration

curve for correction of Ferritescope measurements to determine the true o'-martensite content.
The volume fractions of phases were accurately determined in the deeper body of the sample
using neutron diffraction method. Samples for neutron diffraction analysis were wire cut and no
further sample preparation was done to avoid further formation of strain-induced martensite
during the process.

3.1.3 Ferritescope measurements

The magnetic induction test is an isotropic property and the Ferritescope measurements
utilize the ferromagnetic properties of o'-martensite whilst e-martensite and y-austenite are
paramagnetic [145], [146]. Changes in the magnetic properties of austenitic steel during
deformation is attributed to o’-martensite which could be quantified using the magnetic
induction method. The non-destructive incremental in-situ monitoring of o'-martensite content
during the tests was done by local magnetic permeability measurements [114], using the portable
Ferritescope instrument, (Helmut Fisher GmbH, model MP3B) a device that is normally used to
measure the J§-ferrite content of austenitic stainless-steel weldments [147]. The Ferritescope
probe allows for in situ measurements during testing. The operational principle of the
Ferritescope is based on the determination of the magnetic permeability of the material. This
causes an error in the measured values of martensite fractions because the magnetic permeability
of a’-martensite is apparently dissimilar to that of delta ferrite. Therefore, results obtained with a
Ferritescope instrument were converted to actual o/-martensite contents by using a calibration
curve which was developed by using different measurement techniques which could be accurate
such as x-ray diffraction, neutron diffraction and magnetization measurements. A detailed study
of strain-induced martensite measurement [147] had shown that the calibration factor can be
accurately used for Ferritescope readings below 50. Instrument linearity and calibration becomes
difficult at very high o’-martensite contents of above 85% [148].

The starting material is annealed and pickled with at least 99% y-austenite giving a
Ferritescope reading of less than 0.8. An increase in the Ferritescope readings was purely due to
strain-induced martensitic transformation. When the probe is placed on a material, the excitation
coil generates a low frequency alternating magnetic field which then interacts with the magnetic
portions of the specimen. The changes in the magnetic field induces a voltage which is a direct

measure of magnetic o'-martensite [126], [149]. The device has a penetration depth of
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approximately 2 mm making it even better than the x-ray diffraction analysis. The measurements

were made after deformation hence a precise measure of the magnetic permeability as a function
of strain was acquired. The possible systematic measurement errors include changes in sample
geometry such as thickness and area of the surface. Ferritescope measurements were done on
samples which were at least 2 mm thick and 10 mm wide, with no need for geometry correction
on the values obtained.

The Ferritescope measurements were taken on both stressed and unstressed (load
removed) tensile samples. The magneto mechanical (Villari) effect of tensile stress and plastic
strain on the Ferritescope readings was observed. The magnetic permeability measurements
decrease with increasing elastic strain. The increase in Ferritescope readings taken at during
unloading of the tensile sample does not indicate any martensitic transformation nor the decrease
in Ferritescope readings during the elastic loading indicate any reversible phase transformations
[114]. The presence of elastic stress hence influences the magnetic permeability of the material.
The actual true Ferritescope measurement therefore is the one taken when the elastic strain is

completely removed in an unstressed condition

3.1.4 VSM Measurements

Accurate measurements of austenite-to-martensite transformation is of paramount
importance in quantifying the phase volume fractions as a function of process variables. The
measurement of magnetic saturation can be used to quantify the volume fraction of strain-
induced martensite. This is a bulk magnetic measurement which is more accurate compared to
other techniques where the analysis is done on localized areas [40]. Unlike diffraction analysis,
Ferritescope and VSM measurements are not affected by texture from plastic deformation. The
magnetic response of a material increases linearly with an increase in the magnetic field and it
eventually saturates. Reversing the magnetic effect, the magnetic response decreases to zero
passing through the linear region to negative magnetic saturation. Temperature, crystal structure
of the phase and chemistry have influence on the magnetic saturation of the material. The
austenite phase is paramagnetic and thus non-magnetizing with no response to applied magnetic
fields. In cold deformed austenitic stainless steels, the magnetic response is entirely due to strain-
induced martensite. The magnetic saturation is defined as the maximum magnetic response of a
material under applied magnetic field. If magnetic saturation of purely martensitic sample is

known, the volume fraction of martensite can be calculated by the ratio:
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Vo= MSa’/MSc,

where: MSy is the saturation magnetization per unit mass of a given sample with unknown
percentage of martensite, and
MS. is the specific saturation magnetization per unit mass of a of purely martensitic

sample with an ideal 100% o'-martensite.

This is only possible provided there are no other phases with the same magnetic
properties as martensite such as ferrite. In literature, different values of MS¢ have been reported
for different alloys. These include: 160.4 by Mangonon and Thomas for AISI 304 [64], a range
between 154 and 175 by Hecker et al. for AISI 304 [35], 154 by Mumtaz et al. for AISI 201 [150]
and 140 by Tavares et al. for modified AISI 201 [150], [151].

As applied magnetic field is increased, the magnetic orientation of the domains gets
oriented in the direction of the field in a ferromagnetic material. When all the domains get
oriented, the magnetic saturation will then be reached. Magnetic saturation measurements are
normally determined using a vibrating sample magnetometer (VSM). The VSM magnetometer
creates a large, variable and uniform magnetic field. The sample is vibrated perpendicular to the
applied field. The applied magnetic field and the magnetic moment created by the magnetized
sample are measured. The magnetic response of the material under a high magnetic field is used
to determine the magnetic saturation [152].

Magnetization saturation was measured at University of Johannesburg, South Africa in a
Cryogenic cryogen free physical properties measurement system from Cryogenic Pty Ltd
(London) using the vibrating sample magnetometer (VSM) insert. The arbitrary units of emu/g
for magnetization were used. The operational principle of VSM is similar to that of Ferritescope
instruments [153].

Magnetization as function of temperature, M(T), measurements were done in a
temperature range from 4 K to 300 K, at a rate of 0.5 K/min using zero field cooled (ZFC) and
field cooled (FC) protocols. In the ZFC protocol the sample was cooled down to 4 K with no
applied magnetic field, at 4 K the magnetic field was switched on to 0.5T and then measurements
were taken upon heating in this field. For the FC protocol the sample was cooled to 4 K in an
applied magnetic field of 0.5 T. At 4 K the measurements were taken upon heating to 300 K in
an applied magnetic field of 0.5 T.
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Magnetization as function of applied magnetic field (poH) (measured in Tesla) were done

at fixed temperatures using a ZFC protocol (as described above). Samples were measured at a
rate of 0.2 T/minute to maximum fields of +4 T and £12 T (for an as-received sample which
showed no magnetization saturation with applied magnetic field up to +4 T).

Discs of 5mm diameter and less than 2 mm thickness were prepared by electro-discharge
machining (EDM) from the uniform section of the gauge length of specimen. Samples were
etched in boiling HCI to get rid of any contamination from EDM procedure and weighed, shortly
before placing in a polymer straw for magnetic measurements. The measurements were done as
follows: M vs Z was done to obtain the precise position relative to measurement coils. The
magnet was then demagnetized so that the sample/magnet could be cooled in zero field (ZFC) to
base temperature. At base temperature, the measurement field was switched. A few seconds was
given for the field to stabilize. The M-T for samples were done while heating to 300K. At 300K,
the sample was cooled to base temperature in the same field as was used for ZFC heating. This is
known as field cooling (FC). The FC M-T results were collected in same field as ZFC field. The
percentage of retained austenite was calculated by subtracting the percentage of strain-induced
martensite from 100%.

3.1.5 Tensile tests

Single specimen uniaxial tensile tests were carried out using a hydraulic Instron-type tensile
testing machine (1175 model) with a 50 mm gauge contact extensometer (Instron-type model
2630-112) to determine the elongation of the samples upon deformation. The contact
extensometer was not removed until the end of the test to accurately measure uniform and total
elongations. The Instron tensile machine was equipped with a 100kN load cell. The cross-head
speed was set at 2 mm/minute, which produced a nominal initial strain rate of 6.67 x 10*s™ over
the gauge length. Unless stated otherwise, this initial strain rate of 6.67 x 10* s*was used in all
tensile deformation tests in this work. The aim was to minimize the adiabatic heating effect from
high strain rates. The experimental scatter of experimental values was included in all graphs and
to some degree could have been caused by interruption during tensile deformation. A computer
software interface was used to record the output of the load cell and extensometer. Gleeble 1500
Thermomechanical Simulator was used for studying the influence of strain rate on deformation
behavior and martensitic transformation of AISI 301LN TRIP steel. Tensile samples were

machined according to ASTM standards, A370 and E-8M. The sub-sized standard samples were
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machined according to Barba’s law for Gleeble tensile testing due to limitation of size on using

Gleeble 1500 Thermomechanical Simulator. Changing the dimensions of the test samples has a
negligible effect on the yield strength, tensile strength, elongation and reduction of area values
provided the ratio (Barba’s law), is maintained constant according to E — 8M, ASTM standard.

Lo /( Ao) 1/2

where:
L, is the original gauge length of the sample, and
Ao is the original cross-sectional area of the sample.

The diameter of the probe of Ferritescope instrument was determined as 9 mm. Therefore,
the sub-sized tensile samples had a width 10 mm, which was big enough for accurate
measurement of martensite without using dimensional correlation factors. The gauge length was
adjusted according to Barba’s law.

Engineering stress — strain curves are convenient and easy measurements of engineering
data on the strength of materials. The measurements are entirely based on the original
dimensions of the samples whereas true stress — strain curves are instantaneous at every point of
tensile test and hence the reduction in cross-section is taken into consideration. A true stress
strain curve is known as the flow curve of the material as it is based on the actual plastic flow
properties of the material. The true stress, otue and true strain erue Were determined from the

engineering stress — engineering strain curve using the following equations:

Gtrue = F/AG(E 11) T S(E F 1) teriiiiiiiiiiii st Equation 3.1
and
Etrue T IN(E F 1) tutiiie e Equation 3.2
where:

F is the applied force,
Ao is the initial cross-sectional area of the sample,
e is the engineering strain and

s is the engineering stress.
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The equations are only valid within the uniform elongation, that is, until the point of

necking. Beyond the point of necking, the strain becomes inhomogeneous. An indication of the
percentage of a'-martensite of all the specimens was initially determined using a Ferritescope
(Helmut Fisher GmbH, model MP3B) under unloaded conditions at 5% engineering strain
intervals. Readings were always taken in the uniform elongation section of the tensile samples.
The device was calibrated using standard &-ferrite samples supplied with it. Seven readings were
taken on each sample at different points within the gauge length on the surface. The mean and
standard deviations were calculated.

The mechanical energy (MJ/m3) absorbed in the uniform straining region was calculated
by integration of true stress-strain curve obtained from tensile testing. The variation of
mechanical energy absorbed as a function of strain at a specific temperature was worked out.
This had made the calculations of martensitic transformation as a function of mechanical energy

absorbed possible.

3.1.5.1 Effect of Deformation Temperature

The effect of deformation temperature on the martensitic transformation during cold working of
AISI 301LN stainless steel was studied by performing tensile tests in the range of -60 °C and
+105 °C at 15 °C interval. The tests were conducted at Mintek in Randburg, South Africa at a
low strain rate of 6.67 x 105 to eliminate the effect of adiabatic heating to maintain a constant
temperature. The temperature range is typical to temperatures during sheet processing and
impact events. The sub-ambient test temperatures were achieved using carbon dioxide and
above-ambient temperatures were achieved through the heating of elements in the walls and

floor of the environmental chamber. The environmental temperature was air controlled.

3.1.5.2 Effect of strain rates

The effect of an increased strain rate on the martensitic transformation during cold working of
AISI 301LN stainless steel was investigated by performing tensile tests at a limited range of
strain rates between 6.67 x 10 st and 1.7 s at 30 °C using Gleeble 1500 Thermomechanical
Simulator. Temperature increases during and after deformation because of adiabatic heating at
high strain rates were observed. The increase in temperature is regarded as high enough to cause
practically adiabatic condition as the tests were interrupted at 5% strain intervals. The

thermocouples were spot welded on the gauge section of the tensile sample.
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3.1.6 Hardness measurements

Hardness measurements are considered simple, quick, cheaper and non-destructive tests
to ascertain the mechanical properties of a material during inspection and control. However, the
hardness number or value is not a fundamental property of a material and can only be defined in
relation to the technique used to determine the value. The hardness value obtained in a particular
test serves only as a comparison between materials or treatments. Hardness has no intrinsic
significance as compared to other mechanical properties such as yield strength which can be
utilized directly in the design. Hardness values have been used in estimating other mechanical
properties such as tensile strength in special cases where a reliable basis for the approximate
conversions has been obtained by comparison tests as stated in ASTM E92 — 82 (2003) standard
test method for Vickers Hardness of metallic materials. For crash-resistant steel, a maximum
hardness of HRc 36 has been called for.

Hardness is related to the elastic and plastic properties. Heat treatment or cold working
results in changes in the hardness of the material. The hardness tests may be categorized into
three classes which are elastic hardness, resistance to cutting or abrasion and resistance to
indentation. An indenter of fixed and known geometry is depressed into the test material resting
on a rigid platform under a known static load applied either directly or by means of a lever
system. The hardness is expressed by a number that is either inversely proportional to the depth
of indentation for a specified load and indenter or proportional to the average load over the area
of indentation, depending on the type of test used.

In this thesis, Vickers Hardness technique was used. The instrument uses a square-based
diamond-pyramid indenter with an included angle of 136° between opposite faces. The load
range is usually between 1 and 120 kg. As a result of the latitude in applied loads, the Vickers
tester is applicable to measuring the hardness of very thin sheets as well as heavy sections. Due
to microstructural variations in the deformed AISI 301LN austenitic stainless-steel material, the
larger the impression area the more accurate the average hardness reading. It was necessary to
take many readings for heavily deformed AISI 301LN due to small impression area to obtain a
true average hardness of the material.

Macro hardness tests using Vickers hardness testing machines were done on all the
samples. The measurements were performed on the plane perpendicular to the rolling direction
(longitudinal cross-sectional area) using 10 kg load with a dwell time of 10 s. At least 3

measurements were taken on each sample after a sample preparation which involved a lightly
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ground, electropolishing using a Struers Lectropol-5 equipment and A3 electrolyte at an

operating voltage of 35 V at room temperature for 50 s. Macro hardness measures the
contribution of both martensites and austenite phases. In this thesis, a variation of Vickers
hardness as a function of degree of cold rolling and as a function of percentage of strain induced
martensite has been demonstrated. A correlation relationship between average hardness and
tensile strength was deduced. In addition, the limiting percentage cold rolling to avoid exceeding

the maximum hardness of HRc 36 was established.

3.1.7 Microstructural observations

All the samples were mechanically ground to 1200 grit size and electropolished using a Struers
Lectropol-5 equipment and A3 electrolyte at operating voltage of 35 V at room temperature for
50 s before any microstructural analysis. Electropolishing was done to obtain a deformation-free
surface which could be due to manual grinding and polishing. Electro-etching was done for light
optical microscopical analysis. The microstructure of deformed metastable AISI 301LN is
composed of a matrix of austenite reinforced by a certain percentage of islands of martensite
depending with the degree and temperature of deformation. Understanding the microstructure
aids in the modelling of the mechanical properties. This leads to multi-phase modelling in the
designing of new steels: (constituent volume fractions, constituent properties, austenite stability).
The microstructural evolution as a function of percentage of rolling and tensile strain has been
observed and characterised using EBSD system.

3.1.7.1 Electron back-scatter diffraction Electron (EBSD)

EBSD analysis was carried out using EBSD Oxford instrument at an accelerating voltage of
20kV and a working distance of 10 mm. The y-austenite, o'-martensite and e-martensite phases
were clearly distinguished using EBSD and have subsequently been quantified. Heavily
deformed material resulted in poor EBSD images due to poor Kikuchi patterns because of high

levels of dislocations. EBSD Kikuchi quality maps of strained samples were added.

3.1.7.2 Transmission Electron Microscope (TEM)

Microstructures of cold rolled and tensile strained materials were examined using transmission
electron microscope (JEOL 2100). Thin TEM samples were first mechanically thinned and
subsequently jet-polished with twin-jet equipment at 120 kV at room temperature using Struers

A2 electrolyte.
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3.1.8 Austenite stability indicators

Austenite stability indicators are a powerful way to gain insight into austenite
metastability of a given chemical composition at a specific deformation temperature, for instance,
metastable austenitic stainless steels of low SFE (below 20 mJ/m?) in the AISI 300 series have
shown a strong hardening phenomenon which is caused by the formation of strain-induced
martensite [154]. Stability of metastable austenitic steels is chiefly influenced by the chemical
composition [148]. The austenitic stability indicators are calculated based on chemical
composition and/or deformation temperature. Table 3.2 shows the calculated Mg (30/50) and
derived SFE values for the different tested AISI 301LN heats. Several equations were formulated
for estimation of stacking-fault energy (SFE). The Brofman and Ansell composition-based
equation was used to determine the SFE of AISI 301LN austenitic stainless-steel heats to predict
the austenitic stability of three different heats as illustrated in Table 3.1. The SFE of all the alloys
testes was found to be similar as shown in Table 3.2. In this table, the Mg (30/50) temperature
and SFE values of three heats employed in this study are compared to that of alloy compositions
which are at the maximum limits of the AISI 301 specifications.

Livitsanos and Thompson [155], defined the Maximum Elongation Temperature (M.E.T)
as the temperature at which the major principal strain is maximum as determined from uniaxial
tensile testing. The M.E.T was determined in this work on the plot of maximum uniform
elongation as a function of deformation temperature. The Mg (30/50) temperature was

determined from tensile and volume fraction of martensite test results.

Table 3.2: Calculated My (30/50) and SFE for different tested AISI 301LN heats, as compared to

steels of other compositions within the AISI 301 specification

AISI 301LN heats *Mq (30/50) temperature (°C) **Stacking Fault Energy (mJ/m?)

A 29.8 15.3

B 30.0 15.3

C 34.4 154

Max of 301 specification -4.1 18.8
Max of 301L specification 5.1 15.7
Min of 301LN specification 51 18.1
Max of 301LN specification 65.2 15.7

* Calculated using Angel’s equation [27]. ** Calculated using Brofman and Ansell equation [101].
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Table 3.2 demonstrates that the austenite stability of the three alloys selected for the

current study, compared to the maximum limits of the AISI 301 specification. The specification
demonstrates that the three alloys have very similar levels of austenite stability. Furthermore, the
composition of the three alloys have been selected in such a way that martensite formation can
be readily achieved at ambient conditions, at relatively low alloying cost (low nickel content).

A lower carbon 301 grade designated as 301L indicates a lower austenitic stability by a
slightly higher Mq (30/50) temperature and lower stacking fault energy. Grade 301LN has higher
nitrogen content so as to compensate for the lower carbon content. A much higher Mq (30/50)
temperature indicates a further reduced stability of austenite. The austenite stability index of the

tested alloys in terms of Mg (30/50) temperature and SFE places them with the 301LN grade.

3.2 Influence of process variables

3.2.1 Temperature and extent of strain application

A series of interrupted elevated and low temperature uniaxial tensile testing at 5%
engineering strain intervals were conducted at various temperatures ranging from -60 to 180 °C
using an Instron-type machine (1175 model) fitted with an environmental chamber (3110 model)
with an initial strain rate of 6.67 x 10 s. A low strain rate was meant to avoid/minimize
increase in temperature from adiabatic heating. An indication of the percentage of o'-martensite
of all the specimens was initially determined using a Ferritescope at 5% engineering strain
intervals. The device was calibrated using standard J§-ferrite samples supplied with it. Seven
readings were taken on each sample at different points within the uniform gauge length on the
surface. In-situ magnetic measurements using a Ferritescope instrument were corrected to actual
a’-martensite content by a correlation factor of 1.70, as was found from calibration curve [147].
The calibration curve was developed from tensile strained samples since tensile forces result in
uniform distribution of strain and hence uniform distribution of a'-martensite as compared to
cold rolling where friction-induced redundant strain results in more deformation near the surface
than the centre. Non-uniform distribution of strain in cold rolling results in non-uniform
distribution of o'-martensite across thickness. The magnetic measurements on the specimens
were taken at different strains under loaded and unloaded conditions to show the magneto-
mechanical (Villari) effect [156].

Mq (30/50) is the temperature at which 50% of the austenite transforms to martensite after

30% true strain. The Mg (30/50) was estimated from the sigmoidal curves showing the variation
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of percentage of martensite as a function of straining temperature. Mq temperature is temperature

at which no martensite forms regardless of the amount of strain applied. These temperatures

were determined experimentally from the tensile and Ferritescope (calibrated) measurements.

3.2.2 Influence of degree of prior cold rolling

The effect of temper rolling on tensile properties and hardness values has been investigated for
the alloy concerned. The interrelationship equations between temper rolling reductions and
tensile properties such as yield strength, ultimate tensile strength, uniform and total elongations,
ratio of yield strength to tensile strength, and work hardening exponents have been investigated
by others [157]. This has led to prediction of plastic deformation behaviour and mechanical
(tensile and hardness) properties of steels during temper rolling.

Hot rolled, annealed and pickled (AP1) AISI 301LN stainless steel sheets with initial
thickness ranging from 4 mm to 6 mm were cold rolled to different gauges employing cold
rolling reductions ranging from 5%~70% at room temperature. Thickness reduction of ~ 0.8 %
and less per pass was used to avoid significant adiabatic heating during cold rolling.
Characterization of the material was then done using electron back scattered diffraction (for low
deformed samples), X-ray diffraction (for high deformed samples), Ferritescope measurements
and tensile testing. The microstructures were examined in two orientations, longitudinal cross
sections and surface of AP1, and 5% to 65% cold rolled samples. Tensile samples were
machined in the rolling direction from the cold rolled sheets. The cold rolled samples were not
machined to the same thickness to avoid excessive formation of strain-induced martensite in the
process. Tensile tests of the cold rolled samples were interrupted at 5% engineering strain for
Ferritescope measurements and minimizing adiabatic heating.

3.2.3 Strain rate

A series of interrupted tensile tests were done in a Gleeble 1500 Thermomechanical Simulator at
a fixed temperature of 30 °C at varying strain rates. An indication of the percentage of a’'-
martensite was determined using a Ferritescope instrument (Helmut Fisher GmbH, model MP3B)
at 5% strain intervals. The magnetic measurements on the specimens were taken at different

strains under unloaded conditions.
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3.3 Development of calibration functions

Ferritescope readings do not provide the volume fraction of martensite but is directly
correlated to it. Calibration functions were therefore developed both for samples strained in
tension (section 3.3.1) and compression (section 3.3.2) using three test techniques

3.3.1 Calibration of Ferritescope measurements for tensile straining

Figure 3.1 shows the magnetization curves of samples with varying amounts of strain-
induced martensite after tensile deformation using alloy A. The percentage of strain-induced
martensite was calculated using Vy = (MS/136), where MS is saturation magnetization per unit
mass. This was estimated using a saturation magnetization of 123.5 emu/g which was obtained
using a sample with known volume fraction of o'-martensite. The specific magnetization
saturation value of 136 emu/g would be for a microstructure which contains ideally 100% o'-
martensite. The magnetization saturation increases with increase in deformation at lower
temperatures and was in good agreement with the results obtained through Ferritescope readings,

X-ray and neutron diffraction analyses.
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Figure 3.1: Magnetization curves of samples with varying amounts of martensite

A calibration curve (shown in Figure 3.2) was subsequently developed using VSM
measurements, X-ray and neutron diffraction to determine the actual percentage of o’-martensite
as a function of the Ferritescope measurements, which gave rise to equation (3.3) [158]. A
calibration factor of 1.70 was obtained which is in good agreement with what was reported in
literature [114], [147]. The calibration factor was done on unstressed sample. There was no need
for thickness correction as the thickness of the samples were all greater than 2 mm. The

relationship between Ferritescope readings and measured ao’-martensite contents (using x-ray and
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neutron diffraction techniques) was found to be linear with good coefficient of determination for

Ferritescope readings below 50 (which corresponds to the a’-martensite content of 85%). This
was however done using x-ray and neutron diffraction techniques which are both influenced by
preferred orientation during plastic deformation, an effect known as texture. Partial
randomization was done to minimize the effect of texture by spinning the samples in neutron
diffraction measurements and rotation of the sample holder in x-ray diffraction analysis. The
techniques are expensive, and time consuming, hence limited number of samples were analysed.
Talonen et al. found the linearity up to the Ferritescope reading of 55 which corresponds to the
a’-martensite of 90%). Talonen et al. and Besse et al. have used magnetic measurements and
texture influence was not reported. With the determined correlation factor of 1.70, non-
destructive in-situ measurements of o'-martensite content using Ferritescope instrument during

interrupted tensile testing at various temperatures was possible.
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Figure 3.2: Calibration curve between percentage of martensite measurements with X-ray and

Neutron diffraction analyses and Ferritescope readings
a’-Martensite content = 1.70 x Ferritescope reading .............. Equation 3.3

3.3.2 Calibration of Ferritescope measurements for compressive straining

The prior cold rolling had resulted in a certain amount of martensitic transformation. The
percentage of martensite was initially determined using the Ferritescope instrument and the
readings were corrected by a multiplication factor of 1.62. A calibration factor of 1.62 for cold

rolled samples was evaluated using neutron diffraction technique as shown in Figure 3.3 and was
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found to be different from 1.70 shown in Figure 3.2 which was obtained using tensile samples.

There is uniform distribution of strain during tensile deformation and hence uniform distribution
of o’-martensite. The friction-induced redundant strain during cold rolling results in more
deformation near the surface than the center hence slightly higher amounts of o' martensite near
the surface in the early stages of deformation. Non-uniform distribution of strain in cold rolling
results in non-uniform distribution of a’-martensite across the thickness.
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Figure 3.3: Calibration curve between percentage of martensite measurements (Neutron diffraction

analyses and Ferritescope readings) using alloy B cold rolled samples

Figure 3.4 and Figure 3.5 show corrected (a calibration factor of 1.7) Ferritescope

measurements taken under load (with load maintained) and after unloading (unstressed)
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conditions during interrupted tensile tests at 5% engineering strain intervals at an initial strain

rate of 6.67 x 10“s for alloy A and alloy B, respectively. Seven readings were taken on each

sample at different points within the gauge length on the surface. The mean and standard

deviations were calculated.
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Figure 3.4: Percentage of a’-martensite induced as a function of true strain at various deformation

temperatures through tensile for alloy A with measurements performed under load (black line) and

after unloading (red line) tested at an initial strain rate of 6.67 x 10*s*
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As the degree of deformation increases above a true strain of 0.1, an increasing deviation

between the measurements performed under load and after unloading is observed in both alloys
and at all temperatures. This shows a change in the magnetic response of the material due to
applied tensile stress. At higher strain, the atoms are not in their equilibrium positions resulting
in change of magnetic properties. The true measurements were taken under no applied stress

with atoms in their equilibrium positions.
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Figure 3.5: Percentage of a’-martensite induced as a function of true strain at various deformation
temperatures through tensile for alloy B with measurements performed under load (black line) and
after unloading (red line) tested at an initial strain rate of 6.67 x 10*s!
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Chapter 4: Results and Analysis

The results of the influence of simulated process variables on austenite to strain-induced
martensitic microstructural transformation and the resulting mechanical properties of the specific
lean- alloyed, medium nitrogen version of AISI 301LN investigations are outlined in this chapter.
The general approach used here was that of establishing the influence of the plant processing
variables on the austenite to martensite transformation by simulating the application of strain
under controlled conditions. Tensile straining was used in many cases, and the influence of
adiabatic heating was avoided in the laboratory by performing interrupted tensile straining, in
relatively small strain increments. The influence of applied elastic strain on magnetic response
was eliminated by relaxing the tensile samples after strain application.

The assumption at the outset was made that, because it has been shown that sigmoidal
equations can be used to describe the transformation to martensite as a function of applied strain
and temperature in austenitic steels, that constitutive equations that describe the plastic flow
behaviour could be developed as well for the alloy in question, using the same sigmoidal format.
In this way, a set of equations would be developed that would lead to an accurate calculation of
the flow properties as a function of temperature and strain. Insight into the fundamentals of the
flow behaviour would be gained by the preceding study of the dependence of the volume fraction
of martensite on the applied strain and temperature, aided by imaging and analytical techniques
such as electron microscopy, including EBSD, as well as neutron and X-ray diffraction. The
influence of prior cold rolling on martensite content and tensile flow properties, would similarly
be studied by eliminating adiabatic heating as far as possible.

Plant-based users of the equations to be developed, would need to factor in the influence
of adiabatic heating on plant level by establishing the temperature changes during cold rolling,
and compensating for that by using the temperature terms in the equations.

4.1 Influence of deformation temperature and strain (alloy A)

Alloy A was used in this section. As described earlier, the alloys evaluated here were
selected due to plant experience indicating that a lean alloyed 301 LN steel, using low carbon
and medium-to-high nitrogen levels, but low nickel content, showed promise as far as a
combination of low cost to good mechanical properties are concerned. A comparison of the
austenite stability of the alloy evaluated here, to that of the maximum and minimum of the AISI

301 LN specification, is shown in Table 4.1.
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Table 4.1: Calculated Ms, Mq (30/50) temperatures and SFE for the tested alloy A, as compared to

minimum and maximum compositions within the AISI 301LN specification

AISI 301LN heats “Ms temperature (°C)  **Mq(30/50) **Stacking Fault Energy
temperature (°C) (mJ/m?)
A -240 29.8 15.3
Min of 301LN -366 5 18.1
specification
Max of 301LN -150 65.2 15.7

specification

*Calculated using Eichelmann and Hull [106]. ** Calculated using Angel’s equation [27].

*** Calculated using Brofman and Ansell equation [101].

The comparison demonstrates that the alloy selected (A) is midway within the AISI 301
LN grade. The comparison to other AISI 301 specifications reported on in Table 3.2, indicates
that the 301LN grade has the lowest austenite stability of the 301 grades, facilitating martensite
formation at ambient temperature. Preliminary work was done to establish the Ms temperature of
the tested alloy A. Figure 4.1 shows the Neutron diffraction spectra before and after cooling the
as-received sample A to -270 °C in a cryogenic neutron diffraction facility, showing no observed

crystallographic changes due to the cooling.
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Figure 4.1: Neutron diffraction analysis of steel A in ‘as-received’ condition at 27 °C, -23 °C, -28 °C,
-31°C, -35°C, -38 °C, -43 °C, -46 °C, -49 °C, -53 °C, -73 °C, -123 °C, -173 °C, -270 °C and 27 °C

again, with the diffraction spectra remain unchanged throughout the temperature range.

The interrupted in-situ neutron diffraction results observed between 27 °C and -270 °C
did not identify any transformation of the austenite of the as-received sample. All the diffraction
spectra taken throughout the temperature range lie on top of each other as shown Figure 4.1. The
calculated Ms temperature of this steel is -240 °C using the Eichelman and Hull equation as

shown in Table 4.1. However, Cryogenic Neutron Diffraction testing performed on the steel
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showed no thermal martensitic formation even at temperatures approaching absolute zero Kelvin
(-273 °C).

4.1.1 Effect of temperature on martensitic transformation

Figure 4.2 shows the o’-martensite transformation as a function of temperature and strain
using alloy A. Interrupted tensile tests at an initial strain rate of 6.67 x 10*s™ were done at 5%
engineering strain intervals allowing Ferritescope readings to be taken. Seven readings were
taken on each sample at different points within the gauge length on the surface. The mean and
standard deviations were calculated. A calibration factor of 1.70 was used to convert
Ferritescope readings to actual martensite content as described in Chapter 3.3. The Ferritescope
readings were taken under unloaded (unstressed) conditions. The relationship of percentage of
strain-induced martensite as a function of strain indicates the effects of deformation temperature,
that is, a transition from sigmoidal curve at low deformation temperatures to smooth (parabolic)
curve at high deformation temperatures. The formation of strain-induced martensite is dependent
on the deformation temperature, and greatly increases with decrease in temperature. The
sigmoidal curve fitted, for temperatures between -60 °C to 60 °C, at all true strain levels could be

accurately described by the following equation:

Vo = Vs — (Vars)[1 + eXP(€ = 0m)(Brm) ] ceeeenrerneinirnirniieinernerneenneeeneenenn Equation 4.1

with R2>0.991, for all temperatures.

Where:
V is the percentage of strain-induced martensite formed within uniform elongation of
tensile sample at a given temperature, after correction by the “calibration curve” in Figure
3.2
Vs IS the saturation value of V, that is, the maximum amount of martensite that could
be attained in the material at a given temperature. This value is reached when the
sigmoidal function levels off and/or 100% for lower temperatures.
e IS the true strain.
am IS the true strain which corresponds to maximum rate of martensitic transformation.
Bm is a constant derived from the nature of the percentage of martensite as a function of
strain. The numerical value is given by, B = (Vus)(4 X maximum slope of the rate of

martensitic transformation)™.

67



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Qe YUNIBESITHI YA PRETORIA

100 55

¥ IsecC
2 | 0°C lsoc[

Y

[ |

70 - I

| )
=

Va' % Martensite
tn =
= =

T T

f =9
=
T

90 °C

20 +

10

0.5

True Strain

Figure 4.2: Percentage of a'-martensite induced as a function of strain for alloy A at an initial
strain rate of 6.67 x 10s™ at various deformation temperatures (fitted sigmoidal curves).

Martensitic transformation is enhanced at low temperatures hence the onset of strain-
induced martensite occurred more readily with decrease in temperature. It has been observed that
as temperature increases, the austenitic stabilization increases or the a’-martensite transformation
is delayed. With increased austenitic stabilization with temperature, the critical amount of
dislocations for a’-martensitic nucleation requires higher amount of plastic strain and mechanical

energy accompanied by reduction in chemical energy for phase transformation at high
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temperature. This shows that there is reduction in driving force for martensitic transformation as

temperature increases.

Table 4.2 shows the values of am and Pm as fitted in the derived constitutive equation
(4.1). The values of am and Pm Vvaries as deformation temperature increases and this results in
transition of the mathematical equation from a sigmoidal curve at low deformation temperatures
to smooth curve at high deformation temperatures with a high coefficient of determination, R?

observed in the whole temperature range tested.

Table 4.2: The strain sensitivity, (am) and B for temperatures ranging between -60 °C and 105 °C
for the AISI 301LN alloy investigated

Temperature, (°C) strain sensitivity, om Bm R?
-60 °C 0.0876 0.0360 1.00
-45 °C 0.0898 0.0422 1.00
-30 °C 0.0980 0.0394 1.00
-15°C 0.0968 0.0368 1.00

0°C 0.118 0.0383 0.999
15°C 0.134 0.0438 0.999
30°C 0.145 0.0434 0.999
45 °C 0.177 0.0430 0.996
60 °C 0.232 0.0492 0.993
75 °C 0.343 0.0708 0.999
90 °C 0.452 0.102 0.999
105 °C 1.36 0.152 0.991

Figure 4.3 shows the rate of y — a’ strain—induced martensitic transformation per unit
strain (dVa’/de). These values denote the slopes of the curves in Figure 4.2 as a function of strain.
The instantaneous gradient increased to a maximum and thereafter decreases to zero martensitic
transformation as martensitic saturation value at a given temperature is achieved. The maximum
a’-martensite transformation per unit strain applied decreased as deformation temperature

increases.
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Figure 4.3: Rate of a’-Martensite transformation as a function of strain for alloy A at an initial
strain rate of 6.67 x 10“s™ in the temperature ranging from -60 °C to 105 °C

Figure 4.4 was obtained by plotting applied strain, om at which maximum dVa'/de occurs,
which corresponds to the strain at which martensitic transformation rate is at a maximum. For
temperatures, 90 °C and 105 °C, there is no specific strain which corresponds to maximum
martensitic transformation due to a change of fit from sigmoidal to polynomial. For 105 °C, there
is an initial austenitic stabilization at lower strain which required higher strain for significant

martensitic transformation. The strain associated with for maximum martensite transformation
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increases with temperature due to increased stabilization of austenite in the early stages of

deformation.

Figure 4.5 shows the variation of Bm constants as a function of temperature in the
developed sigmoidal function for martensitic transformation as a function of applied strain. The
curves in Figure 4.4 and Figure 4.5 represent equations giving the values of the sigmoidal
function constants (om and Pm) as a function of temperature in the range -60 to 75 °C. The

equations are:

am = 1.36362 — (1.27402)/(1 + exp((T-115.3718)/27.81226)) ........cormeeesssmmmmsenerene o Equation 4.2

With R? = 0.99437.

Where:
om 1S a constant in the sigmoidal function in equation (4.1). The variation of am as a
function of deformation temperature is sigmoidal as represented by equation (4.2).

T is temperature in °C.

Bm = 4E-12*T° + 3E-10*T* + 2E-8*T® + 4E-7*T? — 4E-6*T + 0.0398 ................. Equation 4.3

With R? = 0.9953.
Where:
Bm is a constant in the sigmoidal function in equation (4.1).

T is temperature in °C.
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Figure 4.4: Strain for maximum martensite transformation, an (Strain sensitivity) as a function of

deformation temperature for alloy A.
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Figure 4.5: Variation of pm as a function of deformation temperature for alloy A.

The peak instantaneous martensitic transformation rate, as shown in Figure 4.6 was found
to be decreasing as deformation temperature increases. For deformation temperatures of 90 °C
and above, the mathematical function to describe the percentage of martensite induced as a
function of strain changes to polynomial giving no clear applied strain as a turning point on the
slopes of the curves. The mathematical relationship shown in Figure 4.6 can be represented by

the following equation:
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Peak martensitic transformation rate = -0.0284*T?2 -3.4237*T + 645.85 ............. Equation 4.4

with R? = 0.9876.
Where:

T is the deformation temperature in °C.
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Figure 4.6: Peak instantaneous martensitic transformation rate as a function of deformation

temperature for alloy A
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Maxy temperatures where x is strain and y is the percentage of martensite induced were

determined and plotted as shown in Figure 4.7. The graph was developed by plotting the
percentage of martensite induced, (y) at a given strain, (x) within the tested deformation
temperatures. Strains of 0.05, 0.08, 0.1, 0.14, 0.18, 0.3 and 0.4 were randomly chosen with
corresponding percentage of martensite taken from Figure 4.2 and plotted as a function of
deformation temperature as shown in Figure 4.7. The Mgy (30/50) as extrapolated in Figure 4.7
was found to be 61 °C. The absolute Mq temperature has been extrapolated as 117 °C as shown
in the Figure 4.7. In addition to Mg (30/50) and absolute Mg, constitutive equations for Maxy
temperatures where X is strain and y is percentage of strain-induced martensite could be derived.

The percentage of martensite induced at the same true strain, e increased with decreasing
deformation temperature. The mathematical relationship shown in Figure 4.7 can be all described
by sigmoidal function as a function of temperature at a given applied strain:

Val(2, T) = (Varsi)[L + EXP(T = Tin) (Kin) L] e e eeeeeeeemeeeeeeseeneseeeenereeseeseesseeseesensee Equation 4.5

With R?>0.991, at all applied strains represented Figure 4.7.

Where:
Vl(g, T) is the percentage of martensite induced at a given temperature and strain. The
function fits the data points at various deformation temperature in the range -60 and
105 °C, at a given same applied strain. The variation of V/(at a given ¢) as a function of
deformation temperature was found to be sigmoidal as represented by equation (4.5).
Ve 1S the maximum percentage of martensite that can be formed at a given strain at the
lowest deformation temperature tested (-60 °C).
T is temperature in °C.
Tmis temperature which corresponds to 50% of V. is induced.
km is a constant derived from the nature of the percentage of martensite as a function of

deformation temperature.
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Figure 4.7: Variation of percentage of martensite with tensile test temperature at various true

strains for alloy A at an initial strain rate of 6.67 x 10“s*

4.1.2 Effect of temperature on tensile behavior

The effects of deformation temperature on the engineering and true stress-true strain
curves are shown in Figure 4.8 and Figure 4.9, respectively. In both cases, a transition of stress —
strain behavior from smooth (parabolic) behavior at high deformation temperatures to sigmoidal
behavior at low deformation temperatures was observed with corresponding changes in yield

strength, tensile strength and elongation to fracture. The deformation behavior is largely
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governed by the combined effect of strain hardening of the austenitic phase (due to dislocations

and twinning) and formation of strain-induced martensite (SIM).
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Figure 4.8: Engineering stress-strain curves for alloy A at an initial strain rate of 6.67 x 10“*s?in

the temperature range between -60 and 180 °C
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Figure 4.9: True stress-true strain curves for alloy A at an initial strain rate of 6.67 x 10“s™ in the
temperature range between -60 and 180 °C (within uniform elongation region only)

A very low strain rate of 6.67 x 10 s was chosen to minimize the adiabatic heating
during deformation. In addition to a low strain rate during tensile deformation, interruption was
done at 5% engineering strain and load removed. Enough time was given to a material to achieve
the test temperature before the tensile deformation is resumed. Figure 4.10 shows engineering
stress — strain curves for uninterrupted tensile test at an initial deformation temperature of 30 °C
and interrupted tensile test at 5% engineering strain at 30 °C and 45 °C. A temperature increase
of 8 °C was observed during uninterrupted tensile test. An adiabatic heating during uninterrupted
test had lowered the stress -strain curve but still above the stress — strain curve of the test carried
out at 45 °C. Figure 4.11 shows the true stress-true strain curves for uninterrupted tensile test at
an initial deformation temperature of 30 °C and interrupted tensile test at 5% engineering strain
intervals at 30 °C and 45 °C. The stress — strain curve which corresponds to the uninterrupted test

carried out at an initial deformation temperature of 30 °C lies in the middle of stress — strain
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curves corresponding to interrupted tensile test at 5% engineering strain intervals at 30 °C and 45

°C, as adiabatic heating causes a temperature increase of 8 °C.
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temperature of 30 °C
400
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0 10 20 30 40 >0

Engineering strain, %

Figure 4.10: Engineering stress — strain curves for uninterrupted tensile test at an initial
deformation temperature of 30 °C and interrupted tensile test at 30 °C and 45 °C for alloy A at an

initial strain rate of 6.67 x 105!
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Figure 4.11: True stress-true strain curves for uninterrupted tensile test at an initial deformation
temperature of 30 °C and interrupted tensile test at 30 °C and 45 °C for alloy A at an initial strain
rate of 6.67 x 10“s?

Figure 4.12 shows the variation of yield strength as a function of deformation
temperature. The yield strengths were extrapolated at 0.2% strain offset. The yield strength
gradually deteriorates as the deformation temperature increases. Figure 4.13 shows the variation
of UTS and uniform elongation as a function of deformation temperature. The o'-martensitic
transformation and deformation temperature, both have influences on the tensile strength and
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uniform elongation. There is a marked change of gradient of the uniform elongation at

temperatures below 0 °C which could be attributed to early saturation of martensitic
transformation. The uniform elongation curve exhibits a peak value at maximum elongation
temperature (M.E.T) which was approximated as 75 °C. The curve shows a strong uniform
elongation dependence on the deformation temperature. The a’-martensitic transformation
governs the uniform elongation through its influence on the work-hardening rate. Elongation is
not only dependent on the total amount of o’-martensite content formed but on the rate of a'-
martensitic transformation and point at which the onset of o’-martensite transformation starts.
The early and high rate of o'-martensitic transformation at low temperatures decreases the
uniform elongation. The delayed onset of strain-induced martensitic transformation to higher
strain levels with increasing deformation temperatures shifts the intersection of the work
hardening rate curve with true stress-strain curve to higher strains showing delayed necking.
Maximum uniform elongation is achieved when maximum rate of a’-martensite transformation
and the associated peak of work hardening rate occurs at high strain levels. At 75 °C (Figure 4.2),
there is a good balance between delayed strain for onset of strain-induced martensitic
transformation and rate of transformation which resulted in peak elongation. The uniform
elongation is strongly dependent on the deformation temperature and in accordance with Talonen
[96], the lowest uniform elongation was obtained at lowest deformation temperatures tested. This
was attributed to rapidly increasing and decreasing work hardening rate at lower deformation
temperatures. At deformation temperatures higher than 75 °C, the total amount of o'-martensite
decreases gradually as well as the rate of strain-induced martensitic transformation.

There was no martensitic transformation upon deformation at 180 °C. A slight increase in
strength from 180 to 120 °C as shown by the fitted line of best fit suggests that the increase was
due to twinning and thermal contribution (due to temperature drop) as there was no martensitic
transformation within the temperature range. There is a slight increase tensile strength as the
deformation temperature drops. The variation of tensile strength and yield strength as a function
of deformation temperature were found to be both sigmoidal as shown in Figure 4.12 and Figure
4.13 in the deformation temperature range of -60 to 180 °C, respectively. The corresponding
mathematical relationships can be represented by equation (4.6) and (4.7) as below:

Yield strength = 293 + (132)/(1 + eXp((T-59.1)/30.1)) «..cecerrrceccnsescnsennneeesn.. EQUALION 4.6

Tensile strength =477 — (787)/(1 + exp((T-37.5)/36.3)) «.euecreerrserecnrernnnnnnsa... EQUAtion 4.7
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With R? = 0.9853 for variation of tensile strength and R? = 0.9838 for variation of yield strength.

Where:
T is deformation temperature in °C.
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Figure 4.12 Yield strength as a function of deformation temperature for alloy A tested at an initial

strain rate of 6.67 x 10*“s!
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Figure 4.13 Tensile strength and uniform elongation as a function of deformation temperature for

alloy A tested at an initial strain rate of 6.67 x 10*s™

There is a need to find a balance on the tensile strength and uniform elongation. Figure
4.14 shows the product of tensile strength and uniform elongation as a function of deformation
temperature. A gradual decrease in tensile strength in the deformation temperature range
between 30 °C and 75 °C is compensated by an increase in uniform elongation to the peak as
shown in Figure 4.13. The peak was exhibited at 75 °C displaying the highest uniform elongation

at this temperature. For deformation temperatures above 75 °C, both uniform elongation and
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tensile strength decreases resulting in decrease in the product of tensile strength and uniform

elongation. Therefore, deformation temperature below 75 °C, would be ideal in order to obtain a
good balance of tensile strength and uniform elongation with deformation at 75 °C offering
remarkable combinations of these properties.
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Figure 4.14: Product of strength and elongation as a function of deformation temperature for alloy

A tested at an initial strain rate of 6.67 x 105!

Figure 4.15 shows the log-log plots of the true stress-true strain experimental data at

30 °C with an attempt to fit several existing flow stress equations. The figure demonstrates that
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the existing flow equations do not adequately describe the flow behaviour of this steel. The

Ludwigson equation adequately describes the behaviour at moderate strain levels but
overestimates the stress values at high strains. The Hollomon and Ludwik equations result in
deviations observed at both low and high strains. A deviation at high strains tends to
overestimate the strength coefficient, K of the material. The calculated strength coefficient using
the experimental data and the Hollomon and Ludwigson curves are found to be 4150 MPa and
3370 MPa respectively, which are clearly much higher than the published super full hard tensile
strength of 1860 MPa for AISI 301 at room temperature, for this alloy [159]. The published
strength coefficients for a higher carbon AISI 301 steel range from 2130 ~ 2872 MPa [61].
Figure 4.15 therefore illustrates the need for the development of new quantitative relationships

for metastable austenitic steels.
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Figure 4.15: Log-log plots of the true stress-strain curve at 30 °C with an attempt to fit several
existing flow stress models for alloy A tested at an initial strain rate of 6.67 x 10*s*

Figure 4.16 represents the plastic flow log-log plots of true stress and true strain obtained
from the Figure 4.9 data. This Figure 4.16 demonstrates that, for temperatures of 75 °C and
lower, there is a deviation of flow stress relationship from a classical Hollomon-type because of
a second hardening phenomenon which is caused by the strain-induced martensitic
transformation (SIMT). The deviation from the Hollomon power law is distinct in the range

between ~ 5 % (log € = -1.3) to 8 % (log € = -1.1) true strain for most temperatures below and
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equal to 75 °C. This observation is in accordance with the results reported by other authors. Xing

Li et al. [91], for TRIP steels, observed a so-called “critical strain”, above which rapid work
hardening was observed. This was explained by formation of significant amount of strain-
induced martensite at =~ 5 % (log € = -1.3) to cause a second phase hardening behaviour. The
beneficial effects of SIMT in austenitic steels includes enhanced strain hardening rate which
results in delayed local necking and thereby improving ductility and formability [160]. The
“critical strain” for the formation of significant amount of strain-induced martensite and/or
combined with the amount of twinning slightly increases up to 8% (log € = -1.1) as deformation
temperature increases. The creation of twin boundaries act as very effective obstacles to
dislocation glide by a dynamic Hall-Petch effect whereby twinning subdivide the grains causing
the deviation of strain hardening from a classical Hollomon power law even at 180 °C [75], [66].
The deviation of the strain hardening behaviour from the Hollomon power law increases as
deformation temperature decreases. The Hollomon strain hardening exponent, n for strain below
the critical strain was found to be approximately 0.12, irrespective of deformation temperature.
At temperatures above 75 °C, the strain hardening can be described by bi-linear Hollomon-type
equations. At these elevated temperatures, the value of the strain hardening exponent increases
for strain values above 8 % (log € = -1.1). A non-constant strain hardening exponent makes the

curve fitting with classical Hollomon power law and Ludwig model invalid.
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Figure 4.16: The plastic flow log-log plot of true stress and true strain at all temperatures between -
60 and 180 °C for true strain values greater than 5% for alloy A tested at an initial strain rate of
6.67 x 10*s* (critical strain for pronounced work hardening)

Figure 4.17 shows the result of sigmoidal fits to the experimental tensile data on a log-log
plot of true stress-strain at all temperatures, for true strain values greater than 5%. Early work
done on the strain hardening behaviour of AISI Type 301 steels, using cold rolled sheet with true
strain values up to 0.95 at room temperature showed flow curves with sigmoidal shapes [61].
Furthermore, research done on the present alloy [158] showed that plots of the percentage of
martensite as a function of true strain showed full sigmoidal behaviour for temperatures of 75 °C
and lower (see Figure 4.17). A martensite saturation volume fraction of 0.85 was reached at true
strain of 0.3, at 30 °C. It is therefore reasonable to fit sigmoidal curves through the experimental
data and to extend the curves up to the true strain levels of 1.0, to arrive at estimates of the
strength coefficient, K as shown in Figure 4.17 for temperatures up to and including 75 °C (see

Figure 4.20 for the K-values as a function of temperature). The accuracy of such estimations
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needs to be verified by compression or cold rolling testing at high strains and was done in the

latter part of this thesis. The K-values were found to vary strongly with deformation temperature.
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Figure 4.17: The log-log plot of true stress-strain at all temperatures (given in °C), for true strain
values greater than 5% (critical strain for pronounced work hardening) for alloy A tested at an

initial strain rate of 6.67 x 10 s, showing sigmoidal flow stress behavior.

The blue line in Figure 4.17 represents the raw data from tensile testing whilst the red
line represents the constitutive equation which was fitted. The curves were extrapolated to log

true strain of zero to estimate the strength coefficient, K of the material at the given temperature.
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The experimental strain hardening curves, from -60 °C to 75 °C, for a true strain > 0.05, could be

accurately described by the following single sigmoidal equation:

logo=A+(B—-A)L1+exp(log £ - os)(Bs) 1] ceeeeereereareereareneeneneininiinns Equation 4.8

with R? > 0.999, for all deformation temperatures.

Where:

o is the true stress in MPa,

A is the maximum log of true stress (log omax) When the sigmoidal function levels off
after the martensitic transformation reaches saturation point.

B is the minimum log of true stress (log omin) at the beginning of the sigmoidal curve,
before any significant martensitic transformation.

e is the true strain.

as IS the maximum strain sensitivity which corresponds to the log true strain value where
there is a maximum slope of the log-log plot of the true stress-true strain curve.

Bs is a constant derived from the nature of the log-log plots of the true stress-strain curves.
The numerical value is given by, B = (A — B)(4 X Nipeak)™, Where nNipeak is the peak
instantaneous strain hardening exponent, which is the instantaneous derivative of the

sigmoidal function as given in equation (4.8) (see also Figure 4.21).

Table 4.3 summarizes the as, s, A and B constants of equation (4.8) at temperatures up to

75 °C for the sigmoidal fit in Figure 4.17. For the higher temperatures of 90 °C and above, the

sigmoidal function was found not to fit the experimental behaviour well. Rather, it was found

that a bi-linear (Hollomon) function resulted in good correlations, with a relatively low strain

hardening exponent found up to a true strain value of 8 %, and high values at strains larger than

8 %. Table 4.4 summarizes the Hollomon strain hardening exponents and strength coefficients

after deformation at temperatures of 90 °C and above.
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Table 4.3: Constants a, B, as and s in equation (4.8) as a function of temperature in the AISI 301LN

steel
Temperature, (°C) Qs Bs A B R?

-60 °C -0.922 0.0829 3.22 2.66 1.00
-45 °C -0.892 0.0867 3.19 2.69 1.00
-30°C -0.879 0.0939 3.20 2.68 1.00
-15°C -0.858 0.0919 3.18 2.71 1.00

0°C -0.805 0.0881 3.19 2.70 1.00
15°C -0.771 0.106 3.18 2.70 1.00
30 °C -0.732 0.114 3.18 2.73 1.00
45 °C -0.646 0.152 3.17 2.70 0.999
*60 °C -0.523 0.166 3.21 2.76 0.999
*75 °C -0.403 0.147 3.20 2.79 0.999

*For 60 °C and 75 °C, the critical strains for the start of the sigmoidal behaviour were 0.14 and
0.28 respectively due to increased stability of austenite at the high temperature (refer to Figure 4.16 and
Figure 4.17).

Table 4.4: The work hardening exponent (n) and the strength coefficient (K) at deformation
temperatures of 90 °C and above for the AISI 301LN steel, determined using a Hollomon fit.

Temperature, (°C) n K, MPa *R?
0.2% offset <& < 8% €>8%
90 °C 0.12 0.379 1274 0.993
105 °C 0.12 0.321 1123 0.998
180 °C 0.10 0.352 1070 0.998

*The correlation coefficient given is for the strain range exceeding 8 %.

Figure 4.18 and Figure 4.19 show the variation of the alpha and beta constants as a

function of temperature in the developed sigmoidal function given equation (4.8). The curves in
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Figure 4.18 and Figure 4.19 represent equations giving the values of the sigmoidal function

constants (as and PBs) as a function of temperature in the range —60 to 75 °C. The equations are:

0 = -0.959 + 0.139%eXP(0.0186™T) cuveuverueeureruerresreesessessssmmmneeseene Equation 4.9

With R? = 1.00.
Where:
as IS a constant in the sigmoidal function in equation [4.8].

T is temperature in °C.

Bs = 0.177 — (0.0887)*[1 + exp((T = 36.7)*(11.2) )] v..vvvveevssssssssssssseseeene Equation 4.10

With R2 = 0.962.
Where:
Bs Is a constant in the sigmoidal function in equation [4.8].

T is temperature in °C.

92



-0.2

&

2

A N 4

IVERSITEIT VAN PRETORIA
VERSITY OF PRETORIA

UN
UNI
YUNIBESITHI YA PRETORIA

-30 0 30 60

Temperature, °C

20

Figure 4.18: Variation of the a5 constant as a function of deformation temperature for alloy A
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Figure 4.19: Variation of the Bs constant as a function of deformation temperature for alloy A

Figure 4.20 shows variation of strength coefficient, K as a function of temperature
determined from the developed equations (4.1) at a log true strain value of 0 (¢ = 1). The
relatively high K-values found are in accordance with the K-values reported earlier for higher-
carbon AISI Type 301 steels, tested at room temperature [61]. In that work, for the fully
martensitic alloy, a K-value of 2870 MPa is implied in the experimental plot. If the influence of
carbon content on martensitic hardness is accounted for, the strength coefficient translates to the

value of 1890 MPa for a carbon content of 0.02 percent (at 100 percent martensite). This value
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agrees with the magnitude of the K-values obtained in the present study at 100 percent of

martensite. The variation of the strength coefficient, K, as a function of temperature in the range

-60 to 105 °C in Figure 4.20 can be represented by the following equation:

Strength coefficient, K = 1070 + (470)*[1 + exp((T — 88.0)*(7.43) )] ............ Equation 4.11
with R = 0.909.
Where:

T is the temperature in °C.

The strength coefficient was therefore found to be above 1500 MPa for temperatures
below 45 °C and then decreases at higher temperatures. The high value of strength at the lower
temperatures is attributed to the high saturation levels of percentage of transformed martensite,
above 80% at temperatures of 30 °C (see Figure 4.2). The decrease of the strength coefficient at

higher temperatures is due to lower saturation values of strain-induced martensite.
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Figure 4.20: Variation of the strength coefficient, K, as a function of temperature for alloy A.

Figure 4.21 shows the variation of the instantaneous strain hardening exponent, n; as a
function of true strain (in the sigmoidal behaviour region, typically above 5% strain) and the
deformation temperature. The instantaneous strain hardening exponent, n; [135], [161], [162] is
derived by calculating the instantaneous derivative of the log-log plot of equation (4.8), which

was used to describe the mathematical relationship of the data shown in Figure 4.17.
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Figure 4.21: Variation of instantaneous strain hardening exponent, n; as a function of true strain
(above 5%) and deformation temperature (°C) for alloy A tested at an initial strain rate of 6.67 x
10%st

At low strains and deformation temperature, for temperatures of 45 °C and below, the
instantaneous strain hardening exponent increases rapidly with increasing strain up to a peak
value, after which it again decreases rapidly, in a fashion similar to the instantaneous gradient of
martensitic transformation as a function of strain (dVa'/de) (see Figure 4.3), which increased to a
maximum rapidly and thereafter decreases to zero martensitic transformation. The rapid decrease
in strain hardening rate after reaching a peak is attributed to suppressed martensitic

transformation as the saturation value of martensite content is approached during deformation. It
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is evident that not only the rate of martensitic transformation is high at low deformation

temperatures, but also the level of strain hardening as well.

The straight line nj = € which corresponds to the Considére criterion was drawn in Figure
4.21 showing that the strain corresponding to the maximum uniform elongation, ey, is equal to
instantaneous strain hardening exponent, n;, at the point of instability thereby satisfying the
Considére’s criterion, for temperatures of 15 °C and lower. Considére criterion is fulfilled when
necking occurs where ni = ¢ at higher strains after neglecting the elastic strain. At a true strain of
~ 5 %, the curve apparently registers a first instability. However, the hardening continues until
the occurrence of the second and final instability which leads to fracture. Munoz et al. had shown
that the first instability does not distribute evenly over the gauge length [163]. In this work,
fracture of tensile samples before the Considere criterion is fulfilled could be attributed to the
interruptions done during tensile deformation at 5% strain increments.

The peak ni — values were found to generally increase with decreasing deformation
temperatures due to the significant strain-induced martensitic transformation (SIMT), observed
at these temperatures (see Figure 4.2). Comparing Figure 4.3 and Figure 4.21, the peak value for
martensitic transformation was reached at lower strains than the peak values of the instantaneous
work hardening rate. The results clearly indicate that the work hardening behaviour of AISI
301LN steel is controlled by the formation of strain induced o’-martensite [128].

Figure 4.22 shows the interaction of the work hardening rate (do/de) as a function of
strain at various temperatures up to the maximum uniform strain. The curves were obtained by
differentiating the flow stress-strain curves shown in Figure 4.16. The distinct peaks correspond
to the strain at which the maximum instantaneous work hardening rate occurs, during plastic

deformation.
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Figure 4.22: The variation of the work hardening rate as a function of temperature for alloy A
tested at an initial strain rate of 6.67 x 10*s*

The work hardening rate decreases continually as a function of strain at a given
deformation temperature. This is attributed to the decrease in a’-martensitic transformation rate.
At higher deformation temperatures with decreased o'-martensitic transformation the distinct
peaks were shifted to the higher strain values and becomes smaller till they eventually disappear
with increasing temperature. Figure 4.23 shows the work hardening curves as a function of true

stress obtained under uniaxial tensile tests at different deformation temperatures.
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Figure 4.23: Work hardening rate as a function of true stress at different deformation temperatures

The straight line (0c/0¢) = o, which corresponds to the Considére criterion was drawn in
Figure 4.23 showing the point of instability. Considére’s plastic criterion is fulfilled when
necking occurs where (do/0g) < o after neglecting the elastic region. Figure 4.24 shows true
stress and work hardening rate as a function of true strain at different deformation temperatures

(for clarity, only selected deformation temperatures are shown).
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Figure 4.24: True stress and work hardening rate as a function of true strain at different

deformation temperatures (for clarity, only selected deformation temperatures are shown)

Regardless of the temperature dependence of flow stress of metastable austenitic stainless
steel, the Considere’s criterion of plastic instability was successfully observed during tensile
deformation. The remarkable increase in flow stress due to strain — induced martensite at lower
temperatures forces the point of intersection between the two curves, true stress-strain curve and
work hardening rate as a function of true strain to occur at lower strain values as temperature

decreases as shown in Figure 4.24.
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In the temperature range where SIMT is intense, the peak instantaneous strain hardening

exponent was found to decrease from a value of 1.69 at a strain of 0.12 at -60 °C to 0.68 at 75 °C
(see Figure 4.25). For the lower temperatures, however, the ni.values rapidly increases with
increasing strain, up to a peak ni.value. As the strain corresponding to the peak nivalue is
exceeded, the ni.values decrease sharply. The observed value is to be expected where sigmoidal
behaviour is observed, as dictated by the mathematics inherent to equation (4.8).

As the deformation temperatures were increased, the sigmoidal strain hardening
behaviour was less pronounced and at temperatures evaluated above 90 °C, the function
describing the strain hardening behaviour of metastable austenitic AISI 301LN steel, changes to
a linear (Hollomon-type) function in a log-log plot of true stress-strain curve. The mathematical
relationships shown in Figure 4.25, can be represented by the following equation in the
temperature range between -60 to 75 °C:

Nipeaky = 0.281 + 1.33*[1 + exp((T = 33.0)*(BL.L) ] eerrririiiiere Equation 4.12

with R? = 0.949.
Where:
Ni(peak) 1S Peak instantaneous strain hardening exponent.

T is the temperature in °C.
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Figure 4.25: Peak instantaneous strain hardening exponent (n;j)as a function of deformation
temperature for alloy A

The percentage of martensite present at the peak martensitic transformation was
calculated by obtaining the corresponding strain to the peak martensitic transformation from
Figure 4.3. This corresponding strain to the peak martensitic transformation at a given
deformation temperature was then substituted in the derived constitutive equation (4.1) to
estimate the percentage of martensite. The percentage of martensite present at the peak

martensitic transformation was plotted as a function of deformation temperature as shown in
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Figure 4.26. In a similar fashion, the percentage of martensite present at the peak instantaneous

strain hardening exponent, nipeak, Was calculated by obtaining the corresponding strain to the
peak strain hardening from Figure 4.21. This corresponding strain to the peak instantaneous strain
hardening exponent at a given deformation temperature was substituted in the derived
constitutive equation (4.1) as before to estimate the percentage of martensite. The percentage of
martensite present at the peak instantaneous strain hardening exponent was plotted as a function

of deformation temperature in Figure 4.26 as well.
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Figure 4.26: Percentage of martensite present at strain value corresponding to the peak

instantaneous strain hardening (n;)-value as a function of deformation temperature for alloy A
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The mathematical relationships shown in Figure 4.26 can be represented by the following

equations in the temperature range between -60 to 75 °C:
Vu(at peak nj) = — 7E-6*T2 — 0.0023*T? — 0.1452*T + 69.553 .......ccceerererrnnen, Equation 4.13
V. [at peak (dVy/de)] = -3E-6*T3 — 0.0014*T2 — 0.0931*T + 46.299 ................ Equation 4.14

with R? = 0.9873 for equation (4.13) and R? = 0.9617 for equation (4.14).

Where: T is deformation temperature.

4.1.3 Mechanical energy required to induce martensitic transformation at various
temperatures

The mechanical energy values associated with the strain hardening were calculated by
establishing the area below the tensile curves. Figure 4.27 shows the energy absorption of the
AISI 301 steel at all temperatures during deformation. Figure 4.27 shows a proportional
relationship between the applied strain and the mechanical energy absorbed during tensile testing
at various temperatures in the range between -60 and 180 °C. The gradient is steeper at lower
temperatures indicating higher energy absorption capability per given strain above true strain of
0.1 due to higher amount of martensitic transformation as shown in the earlier results. The higher
amount of stress results in higher amount of energy absorption resulting in steeper gradient.
However, ultimate toughness is lower at low temperatures due to low strain to fracture. As
elongation to fracture increases at higher temperatures, the overall toughness increases up to a
maximum at 75 °C and then decreases. The decrease is attributed to less amount of strain-
induced martensitic transformed. The contribution of stress from martensite formation is higher

compared to the contribution from deformation of austenite.
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Figure 4.27: Cumulative mechanical energy absorbed by the steel as a function of strain and

temperature during tensile testing for alloy A tested at an initial strain rate of 6.67 x 10“s*

4.1.4 Microstructural analysis

Microstructural analysis was done on two samples which were deformed at 30 °C and
105 °C in tension for alloy A. The aim was to ascertain the deformation mechanisms at two
different temperatures which had shown extremely different martensitic transformation as a
function of strain (see Figure 4.2) and strain hardening behaviour (see Figure 4.17). This was
done by revealing the stacking faults, deformation twins, e-martensite, o'-martensite and
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dislocation substructure development at different deformation temperatures. Figure 4.28 (a)

shows that in the early stages of deformation (true strain of less than 0.072), the microstructure is
already dominated by the shear bands, whereas at higher temperature of 105 °C, Figure 4.29
shows weak traces of slip bands extending through the austenite phase with tangled dislocations
at a higher strain level of 0.375. Stacking faults were observed at lower temperatures and lower
strain, whereas at higher temperature at 105 °C, close to the “absolute” My temperature of the

alloy A tested (approximated as 117 °C, see Figure 4.7), twinning was observed.

Figure 4.28: Microstructural analysis showing shear bands and stacking faults after straining to

true strain of 0.072 at 30 °C for alloy A tested at an initial strain rate of 6.67 x 10*s
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Austenite
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Figure 4.29: Microstructural analysis showing twinning with small islands of strain-induced
martensite after strained to true strain of 0.375 at 105 °C for alloy A tested at an initial strain rate
of 6.67 x 10*s™,

Figure 4.30 (a) shows an EBSD image with a corresponding EBSD Kikuchi pattern
quality map in Figure 4.30 (b) of the sample deformed at 30 °C at a true strain of 0.072 showing
the formation of strain-induced martensite. The two figures clearly show that the formation of
martensite occur where there are dense small thin lines which indicate shear bands, stacking
faults and e-martensite. The observations were in accordance with literature that martensite
nucleation occurs at the intersection shear bands which are the overlapping stacking faults and ¢-
martensite [46], [82]. Figure 4.31 (a) shows an EBSD image with a EBSD Kikuchi pattern
quality map in Figure 4.31 (b) of the sample strained to a true strain of 0.375 and tested at
105 °C confirming the formation of twins with small islands of strain-induced martensite. The
EBSD image shows a larger area as compared to TEM. Formation of martensite from twinning
could be confirmed but in small amounts. This is in good agreement with literature that
martensite nucleation occur at the intersection of shear bands and e-martensite at lower strains

and lower temperatures, and can occur at the intersection of mechanical twins at higher strains
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and higher deformation temperatures [52], [27], [164]. The onset of the martensitic

transformation has been induced by high concentration of localized twins. The volume fraction
of martensite will be expected to increase as the volume fraction of twins increases as a function
of strain. As the deformation temperature increases the formation of stacking faults is suppressed

as twinning is promoted and the chemical driving force for SIMT decreases.

o’-martensite || y-austenite
1

! 100pm

(@) (b)

Figure 4.30: Microstructural analysis (a) EBSD image (b) corresponding EBSD Kikuchi pattern
quality map, showing strain-induced martensitic transformation (blue-coloured phase) and &-
martensite (lime-green coloured phase) in an austenite matrix (red-coloured phase) at true strain of
0.072 at 30 °C for alloy A tested at an initial strain rate of 6.67 x 10*s™.
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Figure 4.31: Microstructural analysis (a) EBSD image (b) corresponding EBSD Kikuchi pattern

quality map, showing twinning with small islands (blue-coloured phase) of strain-induced
martensite in a retained austenite matrix (red-coloured phase) after strained to true strain of 0.375
at 105 °C for alloy A tested at an initial strain rate of 6.67 x 10*s™.

4.2 Influence of the degree of prior cold rolling using alloy A

Cold rolling was done on annealed and pickled (as-received) AISI 301LN (alloy A) steel
to different gauges from 5% - 70% at room temperature with an interpass cooling in water. The
initial thickness of the steel sheets was 4.05 mm. Thickness reduction of ~ 0.8 % and less per
interpass was used to avoid significant adiabatic heating during cold rolling. Tensile samples

were then machined from as-cold rolled samples according to ASTM standards used.

4.2.1 Effect of prior cold rolling on martensitic transformation

The amount of martensitic transformation as a function of percentage of prior cold rolling
is as shown in Figure 4.32. Neutron diffraction analyses was used to quantify the volume
fractions of austenite, strain-induced o'- and e- martensites. The & - martensite increases to a
maximum in the early stages of deformation and then decreases to zero indicating & - martensite
as an intermediate phase in the y — o’ transformation with increasing deformation. In the latter
stages of deformation, no € - martensite was detected indicating a direct y — o transformation
without the intermediate phase in these cases. Ferritescope measurements were used as quick,
non-destructive approach to quantify only the magnetic strain-induced o’-martensite as calibrated
by the neutron diffraction techniques (refer to Figure 3.3). Seven readings were taken on each
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sample at different points on the surface of cold rolled samples. The mean and standard

deviations were calculated. A calibration factor of 1.62 was used to convert Ferritescope
readings to actual martenstite content as described in Chapter 3.3. It is important to note that the
calibration factor obtained during cold rolling of 1.62 is different from a calibration factor

obtained during tensile deformation as explained in Chapter 3.3.
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Figure 4.32: The variation of percentage of martensite induced as a function of percentage of cold

rolling at room temperature for alloy A
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Figure 4.33 denotes the slope of the curve in Figure 4.32 as a function of cold rolling

percentage. Figure 4.33 shows the rate of y — o' strain—induced martensitic transformation as a
function of cold rolling percentage as determined by the instantaneous gradient of the curve of
the percentage of strain induced martensite as a function of prior cold rolling. The instantaneous
gradient increased to a maximum and thereafter decreases to zero martensitic transformation, as

martensitic transformation reaches a saturation level.

Rate of o' martensite transformation

D | | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50

% cold rolling

Figure 4.33: The variation of rate of o’ martensite transformation as a function of percentage of

cold rolling at room temperature for alloy A
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Figure 4.34 shows the percentage of o'-martensite induced as a function of strain during

tensile deformation after various degree of prior cold rolling at 30 °C. Interruption was done at 5%
engineering strain intervals allowing Ferritescope measurements to be taken to quantify the
magnetic strain-induced o’-martensite. Seven readings were taken on each sample at different
points within the gauge length on the surface. The mean and standard deviations were calculated.
A calibration factor of 1.7 was used to convert Ferritescope readings to actual martenstite content
as described in Chapter 3.3. The Ferritescope readings were taken under unloaded (unstressed)
conditions. The same form of sigmoidal function describing the kinetics of martensitic
transformation with no prior cold rolling is the same function describing the kinetics of
martensitic transformation with prior cold rolling but shifted to lower strain values. Therefore,
the sigmoidal curve fitted, for prior cold rolling at all true strain levels could be accurately
described by sigmoidal equation 4.1 with R? > 0.996, at lower levels of prior cold rolling tested.
However, a transition from sigmoidal curve after low degrees of prior cold rolling to smooth
(parabolic) curve after high degree of cold rolling taking the shape of the upper part of the
sigmoidal curve was observed. The sigmoidal curve fitted, for samples which had shown
significant plastic deformation, at all true strain levels could be accurately described by the same

equation (4.1) described before.
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Figure 4.34: Percentage of a'-martensite induced as a function of strain after various degree of
prior cold rolling at 30 °C for alloy A tested at an initial strain rate of 6.67 x 10*s* (fitted shifted

sigmoidal curves)

Figure 4.35 shows the rate of y — a' strain—induced martensitic transformation per unit
strain (dVo'/de). These values denote the slopes of the curves in Figure 4.34 as a function of
strain. The instantaneous gradient increased to a maximum and thereafter decreases to zero
martensitic transformation. Prior cold rolling had shifted the curves in Figure 4.35 to lower strain

values, that is, to the left in a similar fashion as in Figure 4.34.
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Figure 4.35: Rate of a’-Martensite transformation as a function of strain after various degree of

prior cold rolling at 30 °C for alloy A tested at an initial strain rate of 6.67 x 10*s?

4.2.2 Effect of prior cold rolling on tensile behavior

Figure 4.36 and Figure 4.37 show the engineering stress-strain and true stress-strain
curves, respectively, after a certain degree of cold rolling at room temperature, (25 °C). Plastic
deformation decreases as the degree of prior cold rolling increases. The yield point elongation
plateau disappears as the amount of prior cold rolling increases and the shape of all true stress —
strain curves at higher strains appear to be shifted to lower strains taking the same trend as
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observed in Figure 4.34. This clearly show the effect of martensitic transformation on the true

stress — strain curves of the material.
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Figure 4.36: The Engineering stress — strain curves of previously cold rolled samples. Tensile
testing performed at room temperature, (25 °C) for alloy A tested at an initial strain rate of 6.67 x
10*%s?
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Figure 4.37: The True stress — strain curves of previously cold rolled samples. Tensile testing

performed at room temperature, (25 °C) for alloy A tested at an initial strain rate of 6.67 x 10*s*

There is a significant increase in the yield strength and tensile strength with increase in
percentage of prior cold rolling as shown in Figure 4.38. This is attributed to the increasing
amount of martensite induced during prior cold rolling which is conformed with Figure 4.39. The
increase in yield strength is attributed to increased dislocation density and strain-induced
martensite formed during cold rolling. There is severe impairing of the ductility as a function of
thickness reduction due to higher SIMT during cold rolling as indicated by decrease in uniform
and total elongation to fracture as a function of both percentage of prior cold rolling (see Figure

4.38) and initial amount of martensite (see Figure 4.39).
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A 50% prior cold rolling has resulted in martensitic saturation of the sample. However,

the tensile strength was observed to continuously increase with further increase in prior cold

rolling as shown in Figure 4.38.
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Figure 4.38: The variation of yield strength (Rpo.2), tensile strength (Rm) and uniform elongation as
a function of percentage of cold rolling at room temperature for alloy A tested at an initial strain
rate of 6.67 x 10*s!

Table 4.5 shows a comparison of the mechanical properties for the cold rolled alloy A vs

the mechanical properties obtained for AISI 301 as reported by Southern African Stainless Steel
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Development Association (SASSDA) [165], the Nickel Distribution Institute (NDI) [166], and
advertised in a data sheet by AK Steel [167]. The comparison demonstrates that the strength

properties of the lean alloyed AISI 301LN compares well with that of the higher alloyed AISI
301 steels. The SASSDA and AK steel publications did not provide specific chemistries, but the
NDI examples provides a chemistry of C 0.10%; Ni 7.13% and Cr 17.57%.

Table 4.5: Comparison of the effects of cold work on the mechanical properties for the tested alloy
A vs published data on 301 alloy by SASSDA, NDI and AK Steel

% CR 0 10

Type of steel | Sassda NDI 301  AKS301 Tested Sassda  NDI301 AKS Tested

301 alloy A | 301 301 alloy A
Yield 275 276 296 368 585 600 655 661
strength
Tensile 755 827 896 880 1035 1034 1138 1069
strength
Rp/Rm 0.36 0.33 0.33 0.42 0.57 0.58 0.58 0.62
% CR 20 30

Type of steel | Sassda NDI 301  AKS301 Tested Sassda  NDI301 AKS Tested

301 alloy A | 301 301 alloy A
Yield 1035 827 965 958 1310 1034 1172 1239
strength
Tensile 1275 1172 1241 1220 1445 1276 1379 1356
strength
Rp/Rm 0.81 0.71 0.78 0.79 0.91 0.81 0.85 0.91
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Figure 4.39: The variation of yield strength (Ryo.2), tensile strength (Rm), uniform and total
elongation to fracture as a function of initial amount of martensite after cold rolling at room

temperature for alloy A tested at an initial strain rate of 6.67 x 10“s!

Figure 4.40 shows the variation of product of strength and uniform elongation as a
function of percentage of cold rolling at room temperature. The stipulated values of tensile
strength required is in the range (1000 ~ 1150 MPa) and uniform strain of at least 22%, indicates
a minimum value of the product of strength and elongation of 22 Gpa. This makes ~ 17.5% as

the maximum temper cold rolling that could be applied to achieve this specific property.
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Figure 4.40: The variation of product of strength and uniform elongation as a function of
percentage of cold rolling at room temperature for alloy A tested at an initial strain rate of 6.67 x
104s?

The ratio of Ry/Rm is important for formability purposes. A stipulated limit of less than
0.8 has been classified in the design manuals for structural stainless steels for metro coach
manufacturing. Figure 4.41 shows the ratio of Ry/Rm as a function of initial amount of martensite
after cold rolling at room temperature. Figure 4.41 clearly show that the initial amount of

martensite should be below 58 % for the Ry/Rm to meet the criterion of less than 0.8. Figure 4.42
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shows the variation of ratio of Ry/Rm as a function of percentage of cold rolling at room

temperature. Maximum temper rolling required to achieve this property is 24 % as shown in the

Figure 4.42 as equated to the amount of martensite of 58 % in Figure 4.32.
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Figure 4.41: The variation of ratio of (Rpo.2/Rm) as a function of initial amount of martensite after

prior cold rolling at room temperature for alloy A tested at an initial strain rate of 6.67 x 10s™
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Figure 4.42: The variation of ratio of (Rpo.2/Rm) as a function of percentage of cold rolling at room

temperature for alloy A tested at an initial strain rate of 6.67 x 10“s!

Figure 4.43 shows the variation of macro Vickers hardness (Hvio) and tensile strength
(Rm) as a function of percentage of cold rolling at room temperature for alloy A tested at an

initial strain rate of 6.67 x 10 sL.
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Figure 4.43: The variation of macro Vickers hardness (Hvi) and tensile strength (Rm) as a function

of percentage of cold rolling at room temperature for alloy A tested at an initial strain rate of 6.67 x
10%st

It could be seen that there is a good correspondence between the tensile strength and

hardness after 20% of cold rolling. Figure 4.44 shows the variation of tensile strength (Rm) as a

function of macro Vickers hardness (Hvio) after cold rolling at room temperature for alloy A

tested at an initial strain rate of 6.67 x 10 s,
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Figure 4.44: The variation of tensile strength (Rm) as a function of macro Vickers hardness (Hvio)
after cold rolling at room temperature for alloy A tested at an initial strain rate of 6.67 x 10*s*

The ratio was calculated to be approximately 3.1 as shown in Figure 4.44, for values of

Hv > 350. At lower levels of deformation, the ratio of tensile strength to hardness was found to
be as high as 4.0, as could be seen by direct division of tensile strength and hardness in Figure
4.43. The hardness indentation is typically related to flow stress at 8% tensile strain [168]. A
rapid martensitic transformation during tensile deformation was observed for materials deformed
below 20 % cold rolling with uniform strain approximating as high as 40%. This means the
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measurement of tensile strength at high strain (with higher percentage of martensite) and

hardness determination at low strain, indentation strain of as low as 8% and hence lower amount
of martensite would give a huge deviation from a ratio of 3.1 for the tested metastable austenitic
steel. The ratio of tensile strength to Vickers hardness is higher than 3 in the early stages of
deformation due to large difference of percentage of martensite induced between 8% tensile
strain corresponding to Vickers hardness indentation and maximum uniform strain corresponding
to tensile strength. The maximum uniform strain decreases from 40% (as-received sample) to
below 10% (for samples cold rolled to at least 30%) as shown in Figure 4.38. This suggests that
the flow stress caused by tensile strain due to hardness indentation approximates a third of
ultimate tensile strength that could be obtained during tensile deformation.

The stipulated hardness requirement of 36 HRc is equivalent to 342 Hy for comparison
purposes. For hardness not to exceed 342 Hy, the limiting final temper rolling at 30 °C to avoid
exceeding the maximum hardness was established as 17.5%.

Figure 4.45 shows the variation of macro Vickers hardness (Hvio) and tensile strength
(Rm) as a function of percentage of strain induced martensite at room temperature for alloy A
tested at an initial strain rate of 6.67 x 10 s™. The increase in hardness is attributed to the

increase in strain induced martensite with plastic deformation.
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Figure 4.45: The variation of macro Vickers hardness (Hvio) and tensile strength (Rm) as a function
of percentage of martensite at room temperature for alloy A tested at an initial strain rate of 6.67 x
10“st,

The different degree of prior cold rolling had resulted in different amounts of strain
induced o’-martensite contents. The percentage of prior cold rolling at room temperature
indicates the initial amount of strain-induced o'-martensite contents, with the higher the
percentage of prior cold rolling the higher the initial amount of strain induced a’-martensite as

shown in Figure 4.32. Figure 4.46 shows the hardening sigmoidal curves as a function of
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percentage of prior cold rolling. The Figure 4.46 shows the result of sigmoidal fits to the

experimental tensile data obtained in Figure 4.37 on a log-log plot of true stress-strain, for true

strain values corresponding to plastic deformation.

325 -~
70% CR
315
i 26% CR
3.05
E i 19% CR
(%]
5
2295 -
)
=)
=
L 14.5% CR
285 |
275 | ec— . .
Experimental data points
| = Fitted sigmoidal equation (4)
RI:=0.999, for all equations
2.65 1 1 1 i 1 1 I 1
2.1 -1.6 -1.1 0.6 -0.1

Log true strain

Figure 4.46: The log-log plot of the tensile true stress-strain curves at 30 °C, after various amounts
of prior cold rolling showing sigmoidal flow stress behavior for alloy A tested at an initial strain
rate of 6.67 x 10“s?

Similar to that done in Figure 4.17, fitted sigmoidal curves through the experimental data

were extended up to the true strain levels of 1.0, to arrive at estimates of the strength coefficient,
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K. The strength coefficient, K was found to be in the range of 1500 MPa ~ 1780 MPa, as

calculated from the convergence of sigmoidal hardening curves at log stress of ~ 3.25 (at log true
strain of 0). The tensile testing was done with interruption at every 5% engineering strain to
allow Ferritescope measurements to be taken as well as to prevent the adiabatic heating so as the
deformation temperature remains close to 30 °C. A small portion of the data which corresponds
to unloading (removal of stress) and loading to the new yield point were removed on each
interruption cycle during tensile deformation to develop a smooth curve in order to derive a
continuous constitutive equation. The range of strength coefficients determined in this fashion
was found to be in agreement with the true strength coefficient (value of 1715 MPa) determined
by cold rolling to 63.2% (which is equivalent to the compressive true strain of 1 = log true strain
of 0) and tensile testing thereafter.

Figure 4.47 shows the variation of the instantaneous strain hardening exponent, n;
determined in tension as a function of true strain (in the sigmoidal behaviour region, shown in
Figure 4.46) and percentage of prior cold rolling. The instantaneous strain hardening exponent, n;
was calculated by the instantaneous derivative of the log-log plot of equation (4.8), which was

used to describe the mathematical relationship of the data shown in Figure 4.46.
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Figure 4.47: Variation of instantaneous strain hardening exponent, n; as a function of thickness

reduction at room temperature for alloy A tested at an initial strain rate of 6.67 x 10*s*

At low levels of applied strain the instantaneous strain hardening exponent increases
rapidly with increasing strain up to a peak value, after which it again decreases rapidly, in a
fashion similar to the instantaneous gradient of martensitic transformation as a function of strain
(dVo'/de) (see Figure 4.35), which increased to a maximum rapidly and thereafter decreases to
zero martensitic transformation. The rapid decrease in strain hardening rate after reaching a peak

is attributed to suppressed martensitic transformation as the saturation value of martensite
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content is approached during deformation. Comparing Figure 4.35 and Figure 4.47, the peak value

for martensitic transformation was reached at lower strains than the peak values of the
instantaneous work hardening rate, for samples with prior cold rolling. The results clearly
indicate that the work hardening behaviour of AISI 301LN steel is controlled by the formation of
strain induced o'-martensite [128]. It is evident that martensitic transformation controls the
hardening rate as was observed before. Figure 4.48 shows the interaction of the work hardening
rate (do/de) as a function of strain after various levels of prior cold rolling. The curves were

obtained by differentiating the flow stress-strain curves shown in Figure 4.46.
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Figure 4.48: True stress and work hardening rate as a function of true strain after different levels

of prior cold rolling
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Distinct peaks of the work hardening rate curves correspond to the strain at which the

maximum instantaneous work hardening rate occurs. The peak work hardening rate values
decreases continually as a function of prior cold rolling, beyond 5 %. This is attributed to the
decrease in o'-martensitic transformation rate at higher percentage of prior cold rolling as
explained before. At higher percentage of prior cold rolling, the distinct decreased o’-martensitic
transformation peaks were shifted to the lower strain values and becomes smaller until they
eventually disappear with increasing percentage of prior cold rolling. Figure 4.49 shows the work
hardening curves as a function of true stress obtained under uniaxial tensile tests after various

levels of prior cold rolling.
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Figure 4.49: True stress and work hardening rate as a function of true stress after different levels of

prior cold rolling

The straight line (0c/0¢) < o, which corresponds to the Considére criterion was drawn in
Figure 4.49 showing the point of instability. Considere’s plastic criterion is fulfilled when necking
occurs where (0o/0g) < o after neglecting the elastic region. Regardless of the degree of prior
cold rolling, the Considére’s criterion of plastic instability was successfully observed during
tensile deformation. Figure 4.50 shows the variation of peak instantaneous strain hardening
exponent as a function of initial amount of strain induced o’-martensite, showing a rapid decrease

in strain hardening response as the initial amount of martensite increases.
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Figure 4.50: Peak instantaneous strain hardening exponent (n;) as a function of initial percentage of

strain induced a’-martensite for alloy A tested at an initial strain rate of 6.67 x 10“s*

The high strain hardening observed is due to high amounts of austenite and high strain
hardening is associated with high ductility. Martensite phase is critical for strength and is
required in stringent range as it has adverse impact on ductility. The volume fraction of austenite
could be estimated using the equation, V, + V¢ = 1. The lower the value of initial amount of
austenite, after high degree of cold rolling, the lower the strain hardening response of the
material. This is shown by lower peak values of instantaneous strain hardening exponent, ni.

Conversely, the material with higher initial amount of austenite (low percentage of initial strain-
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induced martensite) exhibited higher peak values of instantaneous strain hardening exponent, n;,

indicating the higher strain hardening response of austenite.

4.2.3 Modification of developed constitutive equation for prior cold rolled samples

The developed sigmoidal equation 4.8 can be modified to describe the strain hardening behavior
for materials which had undergone prior cold rolling. This is in the same way as Swift model
which has an additional term, €0, Which accounts for pre-strain as explained in 2.8.3 Swift model
section. However, unlike Swift model, prior cold rolling in this material introduces a varied yield
strength, hence the B term in the equation, which is the minimum log of true stress (lIog omin) at
the beginning of the sigmoidal curve varies due to prior significant martensitic transformation.
Figure 4.51 shows the variation of the B term, shown in the sigmoidal equation (4.8) as a

function of pre-strain by compression.
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Figure 4.51: The variation of B term in sigmoidal equation (4.8) as a function of pre-straining for

alloy A tested at an initial strain rate of 6.67 x 10*s!

Pre-strain by compression results in increase in varied yield strength, as shown in Figure
4.37. The values of the B term were determined from individual sigmoidal equations used in
fitting the log-log plots of the tensile true stress-strain curves at 30 °C, after various amounts of
prior cold rolling shown in Figure 4.46. The variation of the B term as a function of pre-strain
was found to be linear. The A term in the sigmoidal equation (4.8) which was the maximum log
of true stress (log omax) When the sigmoidal function levels off after the martensitic
transformation reaches saturation point is considered 3.25. It was found that the sigmoidal

hardening curves converge at approximately log stress of 3.25 (corresponding to log true strain
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of 0) which corresponds to strength coefficient, K of 1766 MPa after deformation at 30 °C (refer

to Figure 4.46). The as term in the sigmoidal equation 4.8 is the log strain value where there is a
maximum slope of the log-log plot of the true stress-true strain curve, that is, the true strain
corresponding to the maximum instantaneous strain hardening exponent. Figure 4.52 shows the
variation of the true strain for maximum slope as a function of pre-strain. The true strain for
maximum slope eventually becomes zero indicating no strain hardening behaviour thereafter.
Maximum strain sensitivity, os, corresponds to the log true strain value where there is a
maximum slope of the log-log plot of the true stress-true strain curve of Figure 4.46. The
variation of true strain corresponding to maximum instantaneous strain hardening exponent, (10%)

as a function of pre-straining can be represented by the following equation (valid up to pre-strain,

€o, of 046)
True strain corresponding to maximum slope = — 404*g,° + 393*g,* — 149%¢, + 28*g,2 — 2.70*¢, +
0.231 ceniiiieeceeee, Equation 4.15
with R? = 1.00.
Where:

€o IS the pre-strain introduced with prior cold rolling.
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Figure 4.52: The variation of true strain corresponding to maximum instantaneous strain
hardening exponent as a function of pre-straining for alloy A tested at an initial strain rate of 6.67 x
10*s?

Figure 4.53 shows the variation of Bs as a function of pre-strain. fs is a constant derived
from the nature of the log-log plots of the true stress-strain curves in Figure 4.46. The numerical
value is given by, B = (A — B)(4 X Nipeak) X, Where nipeak is the peak instantaneous strain hardening
exponent, which is the instantaneous derivative of the sigmoidal function as given in equation
(4.8). The Bs constant as a function of pre-straining can be represented by the following equation

(valid up to pre-strain, &o, of 0.46):
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Bs = —739.72%g,° + 691.87%&,* — 235.99%g,> + 33.202%g,? — 0.9981%¢, + 0.1418 ...... Equation 4.16

with R? = 1.
Where:
€o IS the pre-strain introduced with prior cold rolling.
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Figure 4.53: The variation of Bs as a function of pre-straining for alloy A tested at an initial strain
rate of 6.67 x 10*s!

The experimental strain hardening curves, with pre-straining term considered, could be

accurately described by the following single modified sigmoidal equation of 4.1:
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log 6 = 3.25 + (1.21%g, — 0.554)[1 + exp(log € - as)(Bs) 1]

with R2 > 0.999, for pre-strains tested.

Where:

o 1is the true stress in MPa,

4
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Qe YUNIBESITHI YA PRETORIA

€o IS the pre-strain introduced with prior cold rolling.

¢ is the true strain.

Equation 4.17

as IS the maximum strain sensitivity which corresponds to the log true strain value where

there is a maximum slope of the log-log plot of the true stress-true strain curve.

Bs is a constant derived from the nature of the log-log plots of the true stress-strain curves.

The numerical value is given by, p = (3.25 — B)(4 X Nipeak) ™}, Where nipea is the peak

instantaneous strain hardening exponent, which is the instantaneous derivative of the

sigmoidal function).

From equation 4.17, for the term 1.21*¢, — 0.554 to be equal to zero, pre-strain, &, should

be 0.46. Sigmoidal equation 4.17 then reduces to log ¢ = 3.25, showing no strain hardening. This

is because the value of B term would be equal to the value of A (= 3.25), which is the maximum

log of true stress (log omax) When the sigmoidal function levels off after the martensitic

transformation reaches saturation point, estimated as 87% in this case at 30 °C. Therefore, the

sigmoidal equation (4.17) is only valid up to pre-strain of ~ 0.46.

Table 4.6: Constants B, as and Bs in equation (4.17) as a function of pre-strain in the AISI 301LN

steel
Pre-strain B Os True strain Nipeak Bs R?

%CR €o 10*

0 0 2.69 -0.636 0.231 0.92 0.142 0.999

5 0.05 2.75 -0.825 0.150 0.71 0.150 1.00
14.5 0.16 2.88 -0.913 0.122 0.39 0.240 0.999

19 0.21 2.97 -0.918 0.121 0.2 0.255 0.999

26 0.31 3.08 -0.906 0.124 0.17 0.265 0.999

32 0.38 3.14 -1.19 0.065 0.07 0.161 0.999

*%CR is the percentage of prior cold rolling.
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4.2.4 Mechanical energy required to induce martensitic transformation in prior cold rolled

samples

The mechanical energy values associated with the strain hardening of prior cold rolled
samples were calculated by establishing the area below the tensile true stress-strain curves
(shown in Figure 4.37, all true stress-strain curves). Figure 4.54 shows the energy absorption of

the AISI 301LN prior cold rolled steel after various degree of prior cold rolling.
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Figure 4.54: The mechanical energy absorbed as a function of strain on prior cold rolled samples

for alloy A tested at an initial strain rate of 6.67 x 10“s™
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Figure 4.54 shows a proportional relationship between the applied strain and the

mechanical energy absorbed during tensile deformation at 30 °C as a function of strain. As the
level of cold rolling increases, the toughness decreases to less than 10 MJ/m? (at above 70% cold
rolling) due to significantly impaired strain to fracture. The reduced amount of mechanical
energy that can be absorbed by the material after heavily cold deformed makes it inferior in
terms of crashworthiness as the material needs to absorb significant amount of energy in the
event of a collision. Figure 4.55 shows the maximum cumulative mechanical energy that can be

absorbed after a certain degree of cold rolling.
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Figure 4.55: The total mechanical energy as a function of percentage of cold rolling for alloy A
142



&

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Qe YUNIBESITHI YA PRETORIA

The material with no prior cold rolling absorbs the maximum mechanical energy during

tensile deformation. As the percentage of prior cold rolling increases, a decrease in mechanical
energy that was absorbed by the materials was observed. This decrease in mechanical energy
corresponds to the amount of energy absorbed during prior cold rolling. Therefore, the
mechanical energy as a function of prior cold rolling was calculated as the difference between
the mechanical energy absorbed by a material after a given degree of prior cold rolling and the
mechanical energy by a material with no prior cold rolling.

There is an abrupt decrease in uniform strain after 30 % prior cold rolling (see Figure
4.38), which resulted in abrupt decrease in mechanical energy absorbed as shown in Figure 4.55.
The significantly very low uniform strain after high degree of prior cold rolling, greater than 30 %
had resulted in limited amount of energy absorption capability of a material. The amount of
energy that the material can absorb if used in the making of crash-relevant structures of a vehicle
using the ideal yield strength (750 ~ 920 MPa), tensile strength (1000 ~ 1150 MPa) and uniform
strain of at least 22%, the minimum mechanical energy that the material must be able to absorb
has been calculated as 193 MJ/m?®. This makes cold rolling of 27%, the maximum possible final
temper rolling that can be applied to this material. However, other required mechanical
properties such as yield strength, tensile strength, hardness, elongation to fracture may limit the
range of percentage of final temper rolling that can be applied to this material as will be

discussed latter in this thesis.

4.2.5 Microstructural analyses using cold rolled samples

Microstructural analysis was done on two samples which were cold rolled at room
temperature to 10% and 20% for alloy A. The aim was to ascertain the deformation mechanisms
for martensitic transformation during cold rolling. Figure 4.56 shows longitudinal cross-sectional
EBSD images of samples cold rolled to (a) 10% and (b) 20% at a magnification of 1000x. The
images were magnified to show some regions with e-martensite (lime green coloured-phase)
between the o’-martensite (blue coloured-phase) and austenite (red coloured-phase): The e-
martensite phase appears to be an intermediate phase during the transformation of austenite to o'
martensite as it can be seen on the edges of the a'-martensite. This could mean that the e-
martensite is first formed but soon quickly transforms to a’-martensite during further cold rolling.
This is in good agreement with the results presented earlier in this work where volume fraction

of e-martensite increased to a maximum during cold rolling and then decreases as the volume
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fraction of strain-induced o'-martensite reaches saturation value (refer to Figure 4.32). This

makes g-martensite as the most potent nucleation site for o'-martensite [46], [82].

= 0um 802 grains detected = 20pm 1535 grains detected

(@ (b)

Figure 4.56: Longitudinal cross-sectional EBSD images of samples cold rolled to (a) 10% and (b)

20%. The lime green coloured-phase is e-martensite between the blue coloured-phase (a’-

martensite) and red coloured-phase (austenite)

4.2.6 Uniaxial tensile deformation vs cold rolling at 30 °C

Figure 4.57 shows the variation of percentage of martensite induced as a function of true
strain during uniaxial tensile deformation and cold rolling at 30 °C for alloy A. It can be shown
that higher amount of strain-induced martensite at a given strain was obtained through tensile
deformation than cold rolling at the same deformation temperature. During tensile deformation,
strain is uniformly distributed whilst during cold rolling there is friction-induced redundant strain
near the surfaces. The redundant strain causes variability of the amount of strain-induced
martensite within the sample. Due to high penetration of Ferritescope instrument, the overall
percentage of martensite determined during tensile deformation is higher than the overall
percentage of martensite determined during cold rolling. The friction-induced redundant strain
near the surface gives rise to the nucleation of martensite which then propagates towards the
centre during further cold rolling.

The austenite to martensite transformation involves a change in volume, if the hydrostatic
stress is compressive, transformation is retarded as volume expansion is inhibited, and
transformation is enhanced if it is tensile. Adiabatic heating is higher during cold rolling as

compared to tensile deformation due to friction and redundant strain which further retards the
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martensitic transformation at a given deformation temperature. The deformation behavior during

cold rolling results in texture differences between surface and bulk material. Due to friction near
the surface, the texture is best described as a shear deformation whilst in the bulk material, the
texture is better described by a uniaxial compression.
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Figure 4.57: The variation of percentage of martensite induced as a function of true strain, for cold

rolling and tensile deformation at 30 °C for alloy A

Figure 4.58 shows the corresponding rate of a’-martensitic transformation as a function of

true strain during uniaxial tensile deformation and cold rolling at 30 °C for alloy A. The rate of
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a’-martensitic transformation is higher during uniaxial tensile deformation than cold rolling. The

saturated maximum percentage of martensite which can be induced at 30 °C was found to be the
same during uniaxial tensile deformation and cold rolling. This explains that the maximum
percentage of martensite which can be induced is dependent on deformation temperature.
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Figure 4.58: The variation of rate of a'-Martensite transformation, as a function of true strain, for

cold rolling and tensile deformation at 30 °C for alloy A

The whole analysis in Figure 4.57 and Figure 4.58 for alloy A was repeated using alloy B

and the results are as shown in Figure 4.59 and Figure 4.60.
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Figure 4.59: The variation of percentage of martensite induced as a function of true strain, for cold

rolling and tensile deformation at 30 °C for alloy B
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Figure 4.60: The variation of percentage of rate of a’-Martensite transformation, as a function of

true strain, for cold rolling and tensile deformation at 30 °C for alloy B

4.3 Strain rate

The influence of strain rate on the martensitic transformation was investigated using
Gleeble 1500 Thermomechanical Simulator. A series of interrupted tensile tests were done in the
Gleeble 1500 Thermomechanical Simulator at a fixed initial temperature of 30 °C at varying
strain rates from 1.67 x 102 s to 1.7 s’. Engineering strain was calculated by dividing the

crosshead displacement by the original length of the sample whereas engineering stress was
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determined by dividing the force by the cross-sectional area. Engineering strain was converted to

true strain as before. Figure 4.61 shows the percentage of o’-martensite induced as a function of
strain at various strain rates at 30 °C during tensile deformation using Gleeble 1500
Thermomechanical Simulator. Interruption was done at 5% strain intervals allowing an
indication of the percentage of magnetic strain-induced o'-martensite was determined using a
Ferritescope instrument (Helmut Fisher GmbH, model MP3B) at 5% strain intervals and
corrected to actual a’-martensite content by the previously determined correlation factor of 1.7 as
described in Chapter 3. Seven readings were taken on each sample at different points within the
gauge length on the surface. The magnetic measurements on the specimens were taken at
different strains under unloaded conditions. The mean and standard deviations were calculated.
A thermocouple was attached to the sample within the gauge length to measure the temperature
increase as a result of cold work performed and a temperature increase of ~ 10 °C was observed
within the uniform strain at all strain rates tested. After each interruption, enough time was given
for the material to stabilize at 30 °C before another 5% strain applied.

The same form of sigmoidal function (sigmoidal equation 4.1) was used to describe the
martensitic transformation as a function of strain. Figure 4.61 shows that high strain rates do not
have much effect on the volume fraction and rate of o’-martensite transformation if there is
control on temperature increase due to adiabatic heating. The indirect effect of high strain rates is
the increase in temperature due to adiabatic heating. It has been shown that a temperature
increase can result in reduction in chemical driving force for martensitic transformation [126].

Figure 4.62 shows the rate of y — o' strain—induced martensitic transformation as a
function of strain, (dVa’/de) at various strain rates tested at 30 °C. These values denote the
slopes of the curves in Figure 4.61 as a function of strain. The instantaneous gradient increased
to a maximum and thereafter decreases to zero martensitic transformation. The strain at which
the peak martensitic transformation occurs appears to be varying slightly in the strain rates range

tested as shown in Figure 4.62.
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Figure 4.61: Percentage of a’-martensite induced as a function of strain for alloy A at various strain
rates at 30 °C
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Figure 4.62: Rate of a'-Martensite transformation as a function of strain for alloy A at various

strain rates at 30 °C

4.4 Alloy chemistry
4.4.1 Comparison using cold rolling techniques

Three different industrially produced heats (Alloy A, Alloy B and Alloy C) were cold
rolled at room temperature. The slightly varied chemistry in these alloys within AISI 301LN was
not by design one might be wondering why a systematic alloying was not done but rather as

produced by the stainless-steel company. An investigation on whether slight variation of
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chemistry within the AISI 301LN grade has varied effect on the martensitic transformation as a

function of percentage of cold rolling was investigated using cold rolling techniques. There was
a need to investigate whether slight variation of chemistry within the same AISI 301LN grade
has a major effect on the martensitic transformation during cold working due to inconsistency
mechanical properties. Figure 4.63 shows the percentage of a’-martensite induced as a function
of cold rolling at room temperature. An indication of the percentage of magnetic strain-induced
a’-martensite was determined using a Ferritescope instrument (Helmut Fisher GmbH, model
MP3B) after small thickness reduction intervals and corrected to actual o’-martensite content by
the previously determined correlation factor of 1.62 as described in Chapter 3.3. Seven readings
were taken on each sample at different points on the surface. The mean and standard deviations
were calculated. Samples were water cooled after each interpass. The same form of sigmoidal
function (sigmoidal equation 4.1) was used to describe the martensitic transformation as a
function of percentage of cold rolling with R? > 0.994. Figure 4.64 shows the corresponding rate
of y — o' strain—induced martensitic transformation as a function of thickness reduction for the
three different heats of AISI 301LN. The instantaneous gradient increased to a maximum and

thereafter decreases to zero martensitic transformation.
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Figure 4.63: Percentage of a’-martensite induced as a function of thickness reduction at room

temperature for all alloys tested
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Figure 4.64: Rate of o'-Martensite transformation as a function of thickness reduction at room

temperature for all alloys tested

4.4.2 Comparison using tensile testing techniques

Interrupted tensile deformation was done on two different industrially produced heats
(Alloy A and Alloy B) within a temperature range of 30 °C to 60 °C. Due to limited number of
samples, only alloy A and alloy B were tested at varying temperatures. An investigation on
whether slight variation of chemistry within the AISI 301LN grade has varied effect on the

martensitic transformation as a function of strain and Mg (30/50) temperature was investigated
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using tensile deformation techniques. Figure 4.65 shows the o’-martensite transformation as a

function of temperature and strain for the two alloys (A and B). Interruption was done at 5%
engineering strain intervals allowing Ferritescope measurements to be taken. An indication of the
percentage of magnetic strain-induced o'-martensite was determined using a Ferritescope
instrument (Helmut Fisher GmbH, model MP3B). Seven readings were taken on each sample at
different points within the gauge length on the surface. The mean and standard deviations were
calculated. A calibration factor of 1.7 was used to convert Ferritescope readings to actual
martenstite content as described in Chapter 3.3 for samples deformed using tensile forces. The
Ferritescope readings were taken under unloaded (unstressed) conditions.

Figure 4.65 shows that alloy A is more metastable as compared to alloy B with slightly
higher percentage of strain-induced martensite at a given strain and deformation temperature.
The experimentally determined Mg (30/50) temperature for alloy A has been found to be
approximately 61 °C and 55 °C for alloy B. The same form of sigmoidal function (sigmoidal
equation 4.1) was used to describe the martensitic transformation as a function of percentage of
cold rolling.

Figure 4.66 shows the corresponding rate of y — o' strain—induced martensitic
transformation as a function of true strain for the two different heats of AISI 301LN through
tensile for alloy A and B. The instantaneous gradient increased to a maximum and thereafter

decreases to zero martensitic transformation.
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Figure 4.65: Percentage of a’-martensite induced as a function of true strain at various deformation

temperatures through tensile for alloy A and B tested at an initial strain rate of 6.67 x 10*s™!

156



g

300

200

Change of % martensite/unit strain (dVa'/dg)
=
=

Figure 4.66: Rate of a’-Martensite transformation as a function of true strain at various

&

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Qu# YUNIBESITHI YA PRETORIA

Alloy A
3Q=

oy B
60 °C

Alloy A
60 °C

0.1 0.2
True Strain, £

0.3 0.4

deformation temperatures through tensile for alloy A and B tested at an initial strain rate of 6.67 x

10%s?

157



4
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Qe YUNIBESITHI YA PRETORIA

Chapter 5: Discussion

The goal of this present study is to develop a set of constitutive equations that will
describe the strain hardening behaviour and martensitic transformation kinetics as a function of
applied strain and temperature, for the specific lean AISI 301 LN alloy (low carbon and nickel,
medium - high nitrogen) in question. It is thought that these constitutive equations will facilitate
the development of processes and products that can be regarded as pertaining to the “third
generation AHSS” products.

The results presented in the preceding chapter will be discussed in this chapter, and the
fundamentals underpinning the development of the equations will be explored. The question
regarding whether the equations developed are likely to lead to the development of third

generation AHSS steels and products, will also be discussed.

5.1 Influence of temperature and degree of tensile deformation

The influence of temperature on the tensile flow behavior of AISI 301LN was studied
within a temperature range of -60 °C to 180 °C for alloy A. The strain hardening behaviour of
AISI 301LN metastable austenitic stainless steel is a complex process which involves strain
hardening related to the generation of a dislocation structure and a transformation and/or
twinning related hardening depending on the deformation temperature. Strain hardening related
to dislocation multiplication is common in all metals below the recrystallization temperature and
can be modelled by a classical Hollomon equation. The second hardening phenomenon, which is
caused by the strain-induced martensitic transformation (SIMT) and twinning, causes a deviation
from a Hollomon parabolic curve and must be modelled using another strategy. The fact that the
fraction of martensite formed in austenitic steels, as a function of applied strain and temperature,
is known to be represented by a sigmoidal relationship, implies that the constitutive equations
sought would probably include a contribution in terms of sigmoidal terms.

Figure 5.1 shows the deviation of the flow stress relationship from a classical Hollomon-
type on a log-log plot of true stress-strain curve at 30 °C, (for clarity purposes). The secondary
hardening phenomenon is observed to begin at = log € = -1.0 (true strain of 0.1). The generation
of stacking faults, mechanical twins and o'-martensite in the early stages of deformation
therefore hinders the dislocation movement resulting in the dispersion (boundary) strengthening.
In the strain region beyond the critical strain for martensitic transformation, a very rapid

sigmoidal strain hardening was observed at the lowest temperatures investigated. As the strain
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hardening temperatures were increased, the sigmoidal strain hardening behaviour was less

pronounced and at the highest temperatures evaluated (90 ~ 180 °C) the function describing the
strain hardening behaviour of metastable austenitic AISI 301LN steel, changes to a polynomial
function showing a significant decrease in deviation from the classical Hollomon type. The
changes in sigmoidal strain hardening behaviour as a function of temperature, can best be
appreciated by analysing the instantaneous strain hardening exponent, ni as a function of
temperature, as presented in Figure 4.21 (for true strain greater than 5%). The plots of percentage
of martensite as a function of true strain showed a similar full sigmoidal behaviour in the same
temperature range of 75 °C and lower for the same alloy which reduced to a polynomial at higher

deformation temperatures (see Figure 4.2).
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Figure 5.1: The log-log plot of true stress-strain at 30 °C in tension, showing sigmoidal flow stress

behavior and a linear Hollomon fit

The combined effect of strain-induced martensitic transformation (SIMT) and strain
hardening becomes stronger as deformation temperature decreases leading to a drastic increase in
the flow stress. This indicates that there is strong temperature dependence of the austenitic
stability during deformation. The volume fraction and the rate of strain-induced martensitic
transformation decreases as the deformation temperature increases. This is due to the decrease in
chemical driving force to induce strain-induced martensite as deformation temperature increases

as explained in Figure 2.1, which shows Gibbs free energy diagram for martensite, annealed and
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deformed austenite as a function of temperature. The decrease in the chemical driving force for

transformation needs to be compensated by a higher mechanical energy contribution through
plastic deformation at higher stress to induce the martensitic transformation [45]. Therefore, the
onset of strain-induced martensitic transformation was delayed to higher strain levels with
increasing deformation temperature.

Figure 5.2 shows a plot of variation of percentage of martensite and stress deviation from

a Hollomon extrapolation as functions of true strain during tensile deformation at 30 °C.
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Figure 5.2: The variation of percentage of martensite induced and stress deviation from linear
Hollomon fit as a function of strain after tensile deformation at 30 °C, both showing sigmoidal

behavior
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Both curves show a similar shape indicating that the strain hardening behaviour observed

was controlled mainly by the formation of strain induced o'-martensite. Figure 5.3 shows a plot

of true stress as a function of percentage of martensite during tensile deformation at 30 °C.
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Figure 5.3: True stress as a function of percentage of martensite during tensile deformation at
30°C

The increase in strength during tensile deformation as a function of strain induced
martensite could be estimated as linear up to about 30 ~ 35% and then deviates. The linear
variation could be explained by the dispersion hardening effect from the formation of strain-

induced martensite in the austenitic matrix (in accordance with the results shown in Figure 2.9).
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The increased deviation after 35% strain-induced martensite is believed to be due to the

“percolation effect of martensite,” where clusters of martensite forms a continuous network
linking up in 3D adding more barriers to dislocation movement in the austenite phase.
Percolation effect of martensite as defined by Talonen [128], is when martensite forms
continuous network through the material making the flow of austenite phase more difficult. At
percolation threshold of martensite, there is an interchange of roles of martensite and austenite,
where martensite behaves as a matrix phase and austenite as dispersions embedded in the
martensite phase. This effect results in higher strength as more stress is required to move the
dislocations past the percolated martensite barriers. The percolation effect in o'-martensite
reduces the plasticity of the austenite. Percolation of strain-induced martensite causes an abrupt
change in the relationship between stress and martensite content from linear as observed in
Figure 5.3. It has been found out in this work that percolation effect of martensite sets in when
the percentage of martensite is in the range of 30 ~ 45% (see Figure 4.2). This is the percentage
of martensite present when the rate of martensitic transformation reaches maximum (refer to
Figure 4.26). The percentage of martensite present after deformation to the strain values
corresponding to am, remain fairly constant in the range of 30 ~ 45%.

Figure 5.4 was plotted to show the variation of true stress as a function of strain —
induced martensite at deformation temperatures of 45 °C and above. The figures are separated

for clarity.
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Figure 5.4: Linear dispersion effect and martensite percolation effect of strain-induced martensite

in austenite matrix after tensile deformation at temperatures of 45 °C and above

The curves do not lie one on top of the other indicating another mechanism other than
only flow stress to have an effect on the martensitic transformation. The same effects of linear
dispersion followed by percolation effect of martensite were observed throughout the
deformation temperatures. The observed strengthening mechanism is largely due to dispersed
martensite in the austenite matrix with a deviation to a positive parabolic polynomial after ~ 45%

strain-induced martensite at all temperatures shown. This further supports that percolation effect
164



&

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Qe YUNIBESITHI YA PRETORIA

of martensite after ~ 45% strain-induced martensite had caused an increase in strength

contribution. The true strain corresponding to ~ 45% strain-induced martensite, (refer to Figure
4.2), is again observed to be the true strain where maximum rate of strain-induced martensitic
transformation occurs (refer to Figure 4.3).

The increased stress levels in the martensitic phase at higher percentages of martensite is
believed to be due to the percolation effect of the SIMT martensite. Moreover, the critical
amount of stress required for the onset of o’-martensite transformation could be observed in the
graphs showing stress as a function of a’-martensite content. The linear variation could be
observed from when the percentage of martensite reaches 5 ~ 10% in all the curves. The amount
of stress required to induce for instance 10% of martensite increases with increase in deformation
temperature. Therefore, Figure 5.4 shows that higher stress is required to initiate o'-martensite
transformation and the associated dispersion hardening at higher deformation temperatures due
to increased austenitic stabilization at elevated temperatures. As deformation temperature
decreases, lower amount of stress is required to induce 5 ~ 10% of o'-martensite. The
temperature at which no stress is required to induce a’-martensitic transformation is known as
martensite start temperature, Ms.

Figure 5.5 shows stress-strain curves for Sandvik Nanoflex, a precipitation hardening,
metastable austenitic stainless steel at various deformation temperatures. A careful study of the
stress-strain curves at low temperature by Datta K et al. [72], shows that the material goes
through an initial softening plateau and then increases.
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Figure 5.5: Stress-strain curves for Sandvik Nanoflex steel at various deformation temperatures

[72].
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As deformation temperature increases, this plateau disappears indicating that it is linked

to SFE which is temperature dependence. Datta K et al. performed X-ray characterization on
tensile deformed samples interrupted at very low strains around the plateau at -50 °C. Figure 5.6
shows a magnified section of the total XRD scan of the Sandvik Nanoflex steel tested at -50 °C
showing austenite, a’- and e-martensite peaks tested after interrupting at low strains around the

plateau.
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Figure 5.6: A magnified section of the total scan of the Sandvik Nanoflex® steel tested at -50 °C

showing austenite, a’- and e-martensite peaks [72].

It is clear from their work that softening plateau is caused by the e-martensitic
transformation as there was no significant a’-martensite formed up to 5.5% strain. In fact, the
plateau in Figure 5.5 quickly disappears soon after applied strain of at least 5.5% and intensity of
a’-martensite peaks on XRD scan shown in Figure 5.6 could be seen increasing thereafter.
Negative strain hardening was observed in the early stages of deformation at low temperatures in
Figure 4.22 corroborates that the plateau is caused by formation of strain-induced e-martensite
causing strain softening.

At sub-ambient temperatures, martensite softening effect was observed as well as
percolation effect of martensite as the variation of true stress does not vary linearly with the
percentage of martensite. For instance, at -60 °C the onset of the percolation effect corresponds

with a true strain of 0.09 (refer to Figure 4.2). It is again observed that when the percolation
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effect of martensite sets in, it brings about the maximum rate of strain-induced martensitic

transformation and the maximum instantaneous strain hardening exponent (refer to Figure 4.3).
Figure 5.7 shows the martensite softening effect and percolation effect at -60 °C. For clarity

purposes, the true stress vs martensite at -60 °C only was shown.
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Figure 5.7: Martensite softening effect and martensite percolation effect of strain-induced

martensite in austenite matrix after tensile deformation at temperatures of -60 °C
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The plateau on the stress-strain curve was observed up to higher strain values with

decreasing deformation temperatures. As deformation temperature increases, the yield point
elongation plateau decreases until it disappears above 30 °C (refer to Figure 4.9), indicating only
strain-induced transformation. Figure 5.8 shows the martensite softening effect and percolation
effect at 15 °C showing a much reduced yield point elongation plateau as compared to that

shown in Figure 5.7 at -60 °C.
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Figure 5.8: Martensite softening effect and martensite percolation effect of strain-induced
martensite in austenite matrix after tensile deformation at temperatures of 15 °C
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The dispersed strain-induced martensite strengthening mechanism in the austenite matrix

was observed in Figure 5.8 by a linear fit followed by a deviation to a positive parabolic
polynomial after ~ 35% strain-induced martensite. This was again believed to be due to the
percolation effect of martensite resulting in increased strength contribution as previously
explained. The true strain corresponding to ~ 35% strain-induced martensite, (refer to Figure 4.2),
is again observed to be approximately equal to the percentage of martensite present when
maximum rate of strain-induced martensitic transformation occurs for the deformation
temperature analysed (refer to Figure 4.3).

As the deformation temperatures were increased, the sigmoidal strain hardening
behaviour was less pronounced and at temperatures evaluated above 90 °C, the function
describing the strain hardening behaviour of metastable austenitic AISI 301LN steel, changes to
a linear (Hollomon-type) function on a log-log plot of true stress-strain curve. These changes in
sigmoidal strain hardening behaviour as a function of temperature, can be best appreciated by
analysing the instantaneous strain hardening exponent, n;, as a function of temperature (Figure
4.21). The strain hardening behaviour shown in Figure 4.21 was analysed by taking
instantaneous derivative of the curves and plotting it against the strain, to arrive at Figure 4.17.
In the temperature range where SIMT is intense, the peak instantaneous strain hardening
exponent was found to decrease from a value of 1.69 at a strain of 0.12 at -60 °C to 0.68 at 75 °C
(see Figure 4.25). For the lower temperatures, however, the nivalues rapidly increases with
increasing strain, up to a peak nivalue. As the strain corresponding to the peak nivalue is
exceeded, the ni.values decrease sharply. The observed value is to be expected where sigmoidal
behaviour is observed, as dictated by the mathematics inherent to equation (4.8). Accordingly, it
has been observed that the strain hardening behaviour can be grouped into three temperature
regions, which are: i) -60 °C < T <0 °C, ii) 0 °C < T <75 °C and iii) 75 °C < T < 105 °C, as
shown in Figure 4.25.

In the case of the first group (-60 °C < T < 0 °C), strong sigmoidal strain hardening
behaviour is observed, that is, the instantaneous strain hardening exponent njis very low at low
strains, increasing rapidly to a high peak value and thereafter decreasing again. For this group,
martensite formation starts at relatively low strains of ¢ < 0.05, Figure 4.2), and the strain
required for peak work hardening was 0.16 or below. The peak strain hardening exponent values

in this region are extremely high in the order of 1.3 and above. The volume fraction of martensite
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formed at these relatively low values of applied strain required for peak work hardening is in the

order of 70 % and is relatively constant.

For the second temperature region, 0 °C < T < 75 °C, the peak strain hardening exponent
values steadily decline with increasing deformation temperature, reaching values of 0.7 at the
upper temperatures in this range. Similarly, the required applied strain for achieving the peak
instantaneous strain hardening exponent, n;, increases steadily with increasing temperature up to
values in the order of 0.4 at the upper temperatures. The percentage martensite associated with
the peak strain hardening exponent also steadily decreases with increasing temperature, reaching
a value of 42% at 75 °C.

For the third temperature range, (90 °C ~ 105 °C), peak values of the instantaneous strain
hardening exponents (n;) are not observed since sigmoidal behaviour strain hardening is absent.
The linear (Hollomon) behaviour on a log-log plot of true stress-strain curve observed results in
constant strain hardening exponents seen throughout the strain range, with strain hardening
exponents ranging from 0.38 at 90 °C to 0.32 at 105 °C. The extent of martensite formation is
limited, with the maximum martensite formed at 105 °C being 7 %. This is believed to be due to
increased stability of austenite from metastable to stable austenite at these elevated temperatures.
The increased stability of austenite is believed to be due to increased SFE which resulted in the
strain hardening mechanism changing from a TRIP effect to mixed forms of strain hardening of
TRIP and TWIP effects. Mechanical twinning in the austenite phase with small islands of strain-
induced martensite was observed using EBSD after true strain values of 0.375 at 105 °C as
shown in Figure 4.31 This confirms the mixed deformation forms of TRIP and TWIP effects.
The fundamentals of strain-induced martensitic transformation thermodynamics can be explained
in terms of Gibbs free energy and SFE as below:

1. The critical Gibbs free energy for strain-induced martensitic transformation is known to be
temperature dependent (Figure 2.1). As the deformation temperature increases higher
mechanical energy need to be supplied to achieve strain-induced martensitic transformation
as shown in Figure 2.1. As the deformation temperature increases the chemical energy
component decreases till the summation of chemical and mechanical energy components
become less than the critical Gibbs free energy for martensitic transformation. The
corresponding temperature is the Mg temperature, beyond which no martensitic
transformation occurs and behaves like a stable austenitic stainless steel. For the AISI 301LN

alloy investigated, the Mg temperature was found to be quite high, ~ 117 °C. This finding
170



&

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Qe YUNIBESITHI YA PRETORIA

indicates that the Gibbs free energy for this alloy (alloy A), in the annealed austenitic state, is

quite high.

. The strain hardening mechanism is mainly controlled by the stacking fault energy (SFE)
which is compositional and temperature dependence. The tested AISI 301LN alloy has a very
low calculated stacking fault energy of 15.3 mJm= at room temperature (calculated using a
composition-based Brofman and Ansell equation [101]). The value was found to be very
close to the experimentally determined SFE of AISI 301LN using X-ray diffraction [39], of
approximately 14.7 + 0.8 mJ/m2. The theoretical temperature dependence of SFE (ysre),
dy/dT for Fe-18Cr-7Ni-0.18C, for an alloy similar in composition to the one tested, has been
approximated as 0.1 mJm2K for 20 °C ~ 327 °C temperature range and 0.06 mJm=2K™ for
temperatures below 30°C [92], [93]. At 90 °C and above, the SFE could be then estimated as
being above 20 mJm which falls in the region where TWIP strain hardening mechanism is
expected to become more dominant [88]. The high SFE results in reduction in the formation
of shear bands which are essential nucleation sites for strain-induced martensitic
transformation. Furthermore, the reduced number of shear bands results in the decrease in
rate of transformation. With increased SFE, the strain hardening mechanism therefore
changes from a pure TRIP effect (below 12 mJ/m?) to a mixture of TRIP and TWIP effects
and then, at the highest temperatures, to TWIP effects only (above 20 mJ/m?). At
temperatures below the Mgy (30/50), experimentally determined to be 60 °C [158], the low
stacking fault energy makes the material metastable and amenable to SIMT leading to a
strong increase in strain hardening with increased applied strain.

. A continual increase of am, and as as deformation temperature (refer to Figure 4.4 and Figure
4.18, respectively) increases suggests that the parameters are also dependence of SFE (ysre).
The variation of such parameters with SFE has been reported in literature [121], [169].

. The maximum elongation temperature (M.E.T) as was defined by Livitsanos and Thompson
[155], was suggested to be dependent on the formation of e-martensite and SFE. In this work
and many other research work [73], proposes that a distinctive peak of elongation is due to
formation of e-martensite. The maximum SFE for which formation of e-martensite is
possible had been reported in literature as approximately 20 mJm [83], [84], making it the

characteristic SFE for maximum elongation.
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No observation of any martensite peaks observed even after cooling to temperatures

approaching absolute zero Kelvin (-273 °C) as shown in Figure 4.1 despite being lower than the
predicted calculated Mstemperature (-240 °C) using the Eichelman and Hull equation [106]. The
Mg (30/50) as extrapolated in Figure 4.7 was found to be 61 °C which is 32 °C higher than the
calculated Mgy (30/50) value of 29 °C, according to the Angel equation [27]. Possible reasons for
discrepancy in both cases could be attributed to the fact that both Eichelman and Hull equation
and the Angel’s equation to calculate the Ms and My (30/50) temperatures, respectively for 18-8
stainless steel uses the same constant for both the carbon and nitrogen content. More recent work
has however shown that nitrogen is much more potent than carbon in terms of the thermal
stabilization of austenite [107], [108]. It was therefore deemed that both Eichelman and Hull
equation and Angel’s equation might not be accurate in predicting Ms and Mg (30/50)
temperatures of the alloy studied, respectively. However, the calculated values of Ms and Mg
(30/50) temperatures were used for comparison of austenite stabilities of the tested alloy in
reference to the minimum and maximum AISI 301LN specification as shown Table 4.1.

Figure 5.9 shows the calculated vs actual true stress — strain graphs for validation of
equation (4.8) in predicting tensile flow stress behavior of AISI 301LN metastable austenitic
stainless steel. The calculated true stress — strain curves are shown from a true strain of 0.05

where sigmoidal equations were shown to be valid.
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Figure 5.9: Calculated vs actual true stress — strain graphs for validation of equation (4.8).

The o'-martensite transformation as a function of mechanical energy absorbed and
temperature was analysed to correlate to cold rolling practice. There is uniform distribution of
strain during tensile deformation and hence no redundant strain, unlike cold rolling which makes
use of compressive forces. In the latter case, there is greater deformation near the surface than
the centre of the material due to friction-induced redundant strain during cold rolling practice. In

an industrial application, curves and relationships correlating thickness reduction to mechanical
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properties and the ao’-martensite transformation as a function of temperature will however be

more useful rather similar relationship as a function of tensile strain.

5.2 Influence of the degree of prior cold rolling

The volume fraction of e-martensite was observed increasing to a maximum in the early
stages of deformation and then decreases to zero around 30% cold rolling. This is in accordance
with the literature where it was reported that e-martensite is an intermediate phase for o'-
martensite. At higher deformation, austenite transforms directly to o'-martensite without the
formation of e-martensite. Friction-induced redundant strain during cold rolling results in more
deformation near the surface than the centre. This causes in textural differences between surface
and bulk material during cold rolling results. The deformation mode is best described as a shear
deformation near the surface due to friction, whilst in the bulk material, the deformation mode is
better described as a uniaxial compression. Shear deformation causes slightly higher amounts of
o’ martensite near the surface in the early stages of deformation. Adiabatic heating is higher
during cold rolling as compared to tensile deformation due to friction and redundant strain which
further retards the martensitic transformation at a given deformation temperature.

Prior cold rolling was found to have influence on both strain hardening and mechanical
properties. The flow strength values increase as the percentage of prior cold rolling increases.
This is attributed to SIMT and increase in dislocation density. An increase in SIMT has therefore
led to an increase in yield strength and ultimate tensile strength and decrease in uniform
elongation. The amount of strain-induced martensite as determined by the amount of prior cold
rolling in Figure 4.46 had shown that the strain hardening response is proportional to the amount
of austenite. The convergence of sigmoidal hardening curves at a log stress value of 3.25 (at log
true strain of 0) indicates the maximum strength coefficient, K attainable in this alloy in the
deformation temperature range tested. The strength coefficient, K has been found to be ~ 1780
MPa, and is in good agreement with the tensile strength of samples cold rolled to above 63.2%
(which is equivalent to the compressive true strain of 1 = log true strain of 0) of 1715 MPa.

Figure 5.10 shows the calculated true stress — strain curve vs actual true stress — strain
curve to validate sigmoidal equation (4.8) for different levels of prior cold rolling of AISI 301LN
metastable austenitic stainless steel in the plastic region. Figure 5.11 shows the calculated true

stress — strain curve vs actual true stress — strain curve to validate the modified sigmoidal
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equation (4.17) for AISI 301LN metastable austenitic stainless steel pre-strained in compression
in the plastic region.
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Figure 5.10: Calculated vs actual true stress — strain graphs for validation of equation (4.8) for

prior cold rolled samples.
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Figure 5.11: Calculated vs actual true stress — strain graphs for validation of equation (4.17).

Both Figure 5.10 and Figure 5.11 show that as prior cold rolling increases, the plateau
diminishes. If the plateau is associated with formation of e-martensite as described in Figure 5.5
and Figure 5.6 earlier, then it shows no formation of e-martensite during tensile deformation for
samples received a higher percentage of prior cold rolling. The formation of e-martensite is
linked to the SFE of the alloy. Mahato et al. [94] reported that SFE increases with increasing

strain and had shown an increase in SFE from 19.9 mJ/m? at 2% strain, 23.4 mJ/m? at 5% strain
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to over 40 mJ/m? at 46%. Figure 5.12 shows the variation of true stress as a function of o'
martensite induced for prior cold rolled AISI 301LN.
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Figure 5.12: Dispersion hardening effect and martensite percolation effect in austenite matrix after

prior cold rolling

An abrupt change in the relationship between stress and martensite content was observed

Figure 5.12 due to percolation effect of martensite. Percolation effect was observed in the same
range of percentage of martensite 30 ~ 45% as before in materials which had received prior cold
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rolling of 14.5% with an initial percentage of strain — induced martensite of 45% (see Figure

4.34). An initial percentage of strain — induced martensite of above 45% would be beyond the
observation of percolation effect of martensite on a true stress vs o’-martensite plot during tensile
deformation. As explained before, the percentage of martensite present when the rate of
martensitic transformation reaches maximum correspond to the critical amount of martensite for
percolation effect (refer to Figure 4.35 for the true strain corresponding to the maximum rate of
martensitic transformation and Figure 4.34 for the corresponding percentage of martensite
present). The percentage of martensite present at maximum rate of martensitic transformation
was found to be fairly constant in the same range of 30 ~ 45%, as determined before. The curves
do not lie one on top of the other but however, appear to be converging at higher percentage pf

martensite.

5.3 Strain rates using tensile tests

The secondary effect of higher strain rates results in adiabatic heating during deformation
causing a temperature increase. As a result, an effect of increasing strain rates will be equivalent
to the influence of temperature on the flow curves. High strain rates without temperature increase
has little influence on the martensitic transformation for AISI 301LN. This is in accordance with
what has been reported in literature for metastable AISI 300 series as compared to AlISI 200
series [96]. The adiabatic heating from high strain rates lowers the chemical driving force for the
strain-induced martensitic transformation and increase the SFE. This thereby decreases the
transformation rate since the o’-martensite nucleation would have occurred in the early stages of
deformation when SFE would have been still relatively constant. In the current work, tensile
testing was interrupted at 5% strain intervals giving the material enough time for cooling.
Therefore, there was not much influence of adiabatic heating on chemical driving force and SFE
as a function of strain rate. It is believed that the strain-induced martensitic transformation is

inhibited only when heating increases due to increased plastic deformation.

5.4 Summary of the results and achievement of properties representing a third generation
of AHSS products

Properties of cold rolled AISI 301LN, depending with the degree of prior cold rolling
were plotted on Figure 1.1 (shown before) to give Figure 5.13. The position of metastable AISI
301LN in a strength-formability relationship can be varied within a wide range of work
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hardening. It could be seen that this material can be placed well above the first-generation steels

in Figure 1.1.
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Figure 5.13: The strength-ductility relationship of metastable AISI 301LN cold rolled at room

temperature overlaid on Figure 1.1 (shown before)

To achieve the required mechanical properties as stated in Table 1.1, the percentage
temper rolling needed for each mechanical property identified, are summarized in Table 5.1,
where final temper rolling should be between 13 % and 14.5 % at 30 °C. The final product

should therefore have 13 ~ 17.5 % martensite to achieve the stipulated mechanical properties.
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Table 5.1: Final temper rolling required to achieve the stipulated limits of mechanical properties

required for crash resistant AISI 301LN steel

Mechanical property Final temper rolling required (%CR)
Minimum Maximum

1. Yield strength, Ry(0.2) 13 19

2. Tensile strength, Rm 5.5 145

3. Elongation to fracture, Aso 0 24

4. Hardness (Hrc) 12.5 17.5

5. Ratio (Rp(0.2)/Rm) 0 24

The range of true strain required to achieve the target mechanical properties can be
equated to the amount of a’-martensite required. With the amount of a’-martensite required, the
range of true strain can then be determined over a wide range of deformation temperature as
shown in Figure 5.14. Therefore, the final temper rolling can be applied taking into consideration
the final gauge thickness required. A higher deformation temperature can be chosen where a
higher temper rolling is required thereby avoiding unwanted high amount of strain induced
martensite at ambient temperatures. There is need of control of amount of strain induced
martensite to achieve stipulated mechanical properties. The 13% and 14.5% range of percentage
of cold rolling obtained in Table 5.1 correspond to 13.5 % and 18 % strain induced martensite,
respectively. Figure 5.14 shows the minimum and maximum final temper rolling required to
achieve the stipulated mechanical properties over a wide range of deformation temperature. The
closeness of the minimum and maximum strain required achieve the stipulated mechanical
properties at a given deformation temperature indicates a narrow window of opportunity. It
should be noted that higher temper rolling at higher temperatures might impair the final strain to

fracture, Aso.
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Figure 5.14: Contour lines of amount of a’-martensite as a function of strain in cold rolling and

deformation temperature
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Chapter 6: Conclusions and Recommendations

This chapter focusses on conclusions and recommendations made after a well-detailed analysis

of the experimental results in relation to the afore-mentioned research aims and objectives.

6.1 Conclusions

The quantification of the influence of a number of variables on the mechanical properties
and microstructural evolution during plastic deformation of lean-alloyed AISI 301LN metastable
austenitic stainless steel was studied. A strong correlation between the development of
microstructures and the flow behavior at various temperatures was observed. Based on the results
and analysis, the following conclusions have been drawn:

1. A set of constitutive equations that describe the strain hardening behaviour and
martensitic transformation Kinetics as a function of applied strain and temperature, for a
specific lean AISI 301 LN alloy (low carbon and nickel, medium -high nitrogen), was
developed and was shown to be accurate for both tensile and compressive straining
applications.

2. A sigmoidal equation was found to be the only mathematical relationship to adequately
describe the tensile strain hardening behaviour of the lean alloyed AISI 301LN steel
studied, above true strain levels of 0.05 and for temperatures of 75 °C and below. The
sigmoidal nature of the strain hardening relationships was shown to be due to strain-
induced martensitic transformation, which was found to also follow sigmoidal
relationships when expressed as a function of applied true tensile strain. The same forms
of mathematical equations were found to adequately describe both the strain hardening
behaviour and strain-induced martensitic transformation for prior cold rolled samples as
well.

3. At temperatures of 90 °C and above, linear log-log equations (Hollomon equations) were
found to adequately describe the strain hardening behaviour of this steel. This change in
sigmoidal to linear strain hardening at elevated temperatures was also observed in
equations that describe the volume fraction of martensite formed as a consequence of
applied strain at these temperatures, for the strain-induced transformation of austenite to
o/-martensite.

4. The change of strain hardening behaviour that sets in at 90 °C, was found to be due to

lower amounts of martensitic transformation at the higher temperatures because of
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increased stabilization of the austenitic phase (as indicated by the increase in the derived

SFE values). At lower temperatures, the formation of strain-induced martensite and
twinning has led to the deviation of work-hardening from classical Hollomon behaviour
to sigmoidal relationships.

Relatively low values of instantaneous strain hardening exponents were found at high
temperatures which resulted in insignificant contributions to strength by strain hardening
at those temperatures. At lower temperatures, however, very high instantaneous strain
hardening exponents have been found, in the order of 1.3 and above. The strong
instantaneous strain hardening at lower temperatures lead to high strength coefficients
for the AISI 301LN steel (above 1500 MPa for temperatures below 45 °C). The accuracy
of estimations of strength coefficients were verified by cold rolling testing at high strains
validating the derived sigmoidal equations.

In addition to chemical composition, temperature of deformation dominates the austenite
stability through its influence on the SFE. Deformation at a temperature of 75 °C and
above coincides with SFE values above 20 mJ/m?, leading to a dominant TWIP
deformation mechanism at these temperatures.

Compared to other austenitic grades, it was found that the lean alloyed AISI 301LN
alloy investigated displayed superior energy absorption. characteristics. Enhanced work
hardening due to martensitic transformation results in high uniform elongation leading to
higher amounts of mechanical energy that can be absorbed before fracture (toughness)
thereby enhancing crashworthiness.

The percentage of prior cold rolling of metastable austenitic stainless steels reduces the
subsequent tensile strain hardening response due to reduced austenite content after cold
rolling. The amount of mechanical energy that the material can absorb therefore also
decreases with increasing cold rolling and so does the uniform elongation resulting in
reduced crashworthiness.

The absolute Mg temperature for this steel was found to be around ~117 °C from the
extrapolation of the sigmoidal relationship to zero percentage of a’-martensite induced.
The My (30/50) temperature was found to be 61 °C, which is significantly higher than
that calculated from chemistry using empirical equations being 29 °C. No M;s

temperature was found to exist, even upon cooling to 3 K.
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For the alloy investigated a small window of opportunity to obtain all the mechanical

properties for good crashworthiness was observed to exist. The percentage of strain-
induced martensite matters more than the degree of temper rolling. The percentage of
strain-induced martensite can be equated to the degree of temper rolling. For final gauge
control, the temperature of final temper rolling is therefore important. At ambient
temperature, final temper rolling should be between 13 % and 14.5 %. which equates to
13.5 % to 18 % strain induced martensite.

The dispersion hardening strengthening mechanism was observed to occur below a
“percolation” threshold value of 30 to 45% o’-martensite where an interchange of roles
of martensite and austenite occurs. This behaviour is attributed to strain-induced
martensite behaving as a matrix phase (after forming a continuous network linking up in
3D) and austenite as dispersions embedded in the martensite phase. Above the threshold
martensite value mentioned, increased strain hardening and strength are observed as
more stress is required to move the dislocations past the percolated martensite barriers

with a reduction in the plasticity of the austenite resulting.

6.2 Recommendations

Deformation temperature (including adiabatic heating) must be below 117 °C for the
TRIP effect to occur. The TRIP effect is more effective in grain size refinement for
improvement of mechanical properties without much sacrifice in ductility.

Plant trials are recommended during which recording of rolling load and temperatures
must be performed as this will be used in the calculation of mechanical energy absorbed
by the material per pass. The determination of the percentage of martensite as a function
of strain/thickness reduction recorded per pass must be performed, including
determination of the increase in temperature during deformation due to adiabatic heating.

For the lean-alloyed AISI 301 LN alloy investigated here, the influence of initial
austenitic grain size on strain-induced martensite and Mg temperature needs to be further
investigated.

The discrepancies regarding actual vs empirically calculated martensite start temperatures,
observed in this work, both for athermal and deformation-induced transformation,

warrants further investigation.
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e The reasons for the formation of the percolation threshold in terms of volume fraction of

martensite formed, prior to significant strain hardening setting in, needs to be investigated

microstructurally.
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