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Synopsis

The prime objective of the work is to explain the effect of nitrogen content on flow
behavior and microstructural evolution of 316LN Austenitic Stainless Steel (SS) during hot
deformation. In view of the above, three variants of 316LN SS containing 0.07 wt.% (7N),
0.11 wt.% (11N) and 0.22 wt.% (22N) nitrogen have been studied using hot isothermal
uniaxial compression test in the temperature range of 1123-1473 K and at constant true strain
rates of 0.001, 0.01, 0.1, 1 and 10 s™%. In this work detailed microstructural investigation was
carried out on the deformed specimens using optical microscopy. Selected specimens were
characterized using Electron Back Scattered Diffraction (EBSD) and Transmission Electron
Microscopy (TEM) and X-ray Diffraction technique. This study elucidates influence of
nitrogen on workability and hot deformation behavior on the basis of flow behavior analysis
and the microstructural findings.

Flow behavior analysis indicates that with increase in nitrogen content, the resistance
of the material to deformation increases. To describe flow behavior of 316LN SS with various
nitrogen contents, utility of different constitutive models such as Strain compensated Arrhenius
model (SCA), Modified Johnson—Cook (MJC) model, model D8A and Artificial Neural
Network (ANN) has been evaluated from the perspective of alloy development. However, none
of the models found to comprehensively describe the flow behavior of 316LN with varying
nitrogen content. On the basis of the flow behavior analysis N-amended D8A model is
proposed, which takes nitrogen content along with the process parameters such as temperature,

strain and strain rate into account. The work provides detailed insights into the usual statistical



error analysis technique and frames five additional criteria which must be considered when a
model is analyzed from the perspective of alloy development.

With the addition of nitrogen the critical condition for DRX nucleation is accelerated,
however, the grain growth is delayed. The association between the chemical composition of a
material, its stacking fault energy (SFE) and dynamic recrystallization (DRX) behavior is
established. Higher nitrogen content suppresses the strain rate sensitivity of DRX in the steel.
The alloy with minimum interstitial content exhibits a sluggish DRX behavior in the strain rate
domain 0.1-1s .The rate-dependency of nucleation is explained on the basis of interstitial
content, which changes the SFE. This investigation also elucidates the rate- dependent grain
growth.

The study also reports significant effect of nitrogen on workability of 316LN SS. New
deformation maps were developed to study the workability of 316LN with varying nitrogen
content, strain and temperature. 7N variant is found suitable for majority of high temperature
deformation processes such as rolling, forging and extrusion. However, 11N and 22N variants
of 316LN SS can be safely used for forgings where low reduction ratio is achieved in one step.
With increase in nitrogen content in 316LN SS, the steel becomes more prone to form adiabatic
shear bands when deformed at higher strain rates. The critical criterion for shear band
formation is easily satisfied at low strain levels. On the basis of the micro structural
observations, a mechanism of ASB formation in 316LN SS is proposed.

The results of the current investigation can be taken as input for optimization of
processing variables for in order to achieve the desired property during fabrication of 316LN

SS.
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Chapter 1

Introduction

Electricity is one of the fundamental necessities of people to lead a normal life.
Recently, Indian Brand Equity Foundation (IBEF) has indexed India, as the third largest
producer and fourth largest consumer of electricity [1]. However, the per capita electricity
consumption is still below the world average. The requirement of energy security and
urgent necessity to minimize the environmental impact has led us to maximize the
utilization of every possible alternate to the fossil fuel. Nuclear power is one of the
reliable sources of clean power. To maximize the utilization of the heavy metal resources
of the country in a sustainable way, the Indian nuclear program has been planned to have
three stages [2]. The first stage is about building Pressurized Heavy Water Reactor
(PHWR) with natural uranium (U) as the fuel and the technology is now well established.
The second stage is about using fast breeder reactor (FBR) where the plutonium (Pu)
produced from the PHWR operation is to be utilized as fuel. The FBRs are to be used to
breed Pu from 22U and U from abundantly available thorium in the country.
Ultimately, the 23U produced from the second stage would be utilized as fuel in the
advanced heavy water reactors planned in the third stage.

Worldwide, type 316L austenitic stainless steel (SS) has been chosen as major
material for FBR structural components like main vessel, intermediate heat exchange and
grid, as it offers good high temperature strength, liquid sodium compatibility, weld ability
[3] and corrosion resistance in radioactive environment [4]. However, for Indian
Prototype Fast Breeder Reactor (PFBR), the 316L SS is replaced with 316LN SS (0.08wt.
%N) [2], as the addition of nitrogen (N) enhances the room temperature strength by

interstitial strengthening [5]. Addition of nitrogen also improves creep strength [6],



fatigue [7] and corrosion resistance [8] of the steel. It is envisaged to increase the present
design life of the reactor i.e. from 40 to 60 years in order to achieve maximum return of
capital investment. This essentially requires in further improvement in the above
mentioned properties. To achieve these requirement, various grades of nitrogen enhanced
austenitic stainless steel containing 0.07 to 0.22 wt. % N are developed and the properties
are currently being investigated [9]. As any steel under development has to be finally
fabricated into a component, along with obtaining the mechanical properties that is
needed for component design, it is also necessary to optimize the processing parameters
that is required for thermomechanical processing. Usually, thermo-mechanical processes,
such as extrusion, rolling and forging, are used for fabrication of the reactor structural
components. Prior to fabrication of the large reactor structural components, the thermo-
mechanical processes need to be carefully designed to minimize production of defective
components. Given the criticality and reliability demanded by these applications, a
thorough understanding of plastic deformation [10, 11] and microstructural mechanisms
[12, 13] in 316LN SS acquires special importance. In view of the above, the present thesis
deals with the analysis of three grades of nitrogen (N) enhanced developed 316LN

austenitic stainless steel containing 0.07, 0.11, and 0.22wt. % N.

1.0. Objective

The objectives of the present work are as follows:

e To understand the flow behavior and to find/ develop a suitable material model to
depict the flow stress of 316LN SS with varying nitrogen content.

e To study the influence of nitrogen content in 316LN SS on its dynamic

recrystallization (DRX) behavior.



e To identify the effect of nitrogen content on optimum workability domain of 316LN
SS for thermo-mechanical processing.
e To characterize the flow instability in 316LN SS that occurs during deformation at

high strain rates.

1.1. Thesis Layout

The present thesis work aims to study the effect of nitrogen content during hot
deformation studies of 316LN austenitic stainless steel over a wide range of temperature
and strain rate. The first part of the thesis is dedicated for analysis of flow behavior and
optimizing the processing domains. The later part is devoted to understand the underlying
microstructural mechanism occurring during hot workability. Literatures available on hot
deformation behavior of materials are briefly reviewed in Chapter 2. The alloys
composition, experimental procedures and characterization details are listed in Chapter 3.
Chapter 4 deals with the effect of nitrogen content on flow behavior. On the basis of the
flow behavior analysis a constitutive equation has been developed, which incorporates the
effect of process parameter and nitrogen content. The DRX behavior of 316LN austenitic
stainless steel with varying nitrogen contents are studied and mechanism are discussed in
Chapter 5. Chapter 6 presents the influence of nitrogen content on the workability of the
steel through processing maps. Chapter 7 provides the results of investigation carried out
on the formation and development of Adiabatic Shear Banding (ASB) during hot
deformation of 316LN SS at higher strain rates (10s). The final chapter, summarizes the

salient features of the present thesis work and the future scopes for further research.



Chapter 2

Review of Literature

2.0. Preamble

This chapter presents a review of literature related to the current investigation.
First part of the chapter describes evolution of 316LN SS and various modeling
techniques used to describe constitutive behavior. The second part reviews about the

various mechanisms associated with the deformation at elevated temperatures.

2.1. Importance of nitrogen as interstitial element on austenitic stainless steel

Austenitic stainless steels (SS) are widely used in various industrial sectors and
strategic sectors as well. The most commonly used SS is the 300 grade austenitic stainless
steel. These alloys typically contain from 16-20% Cr, 8-20% Ni and 1.5% of Mn. Other
elements such as Ti, Nb and Mo are added to improve high temperature properties of the
steel. 316 SS is one such variety which contains 2 wt.% molybdenum along with 18 wt.
% Cr,12 wt.% Ni and 0.06 wt. % C [14]. However, it was seen that these steels are prone
to sensitization. In order to avoid sensitization the carbon content in the alloy is restricted
to 0.03 wt. %. The low carbon variety 316L SS, however, exhibited inferior mechanical
properties compared to 316 SS. On one hand to achieve high mechanical strength and on
the other hand to avoid sensitization, a new variant 316LN SS was developed by partially
substituting carbon with nitrogen in 316 SS. Typically, 316LN with 0.08 wt. % nitrogen
is the major structural material for Prototype Fast Breeder Reactor (PFBR) at Kalpakkam.
A brief review of literature shows that an increase in nitrogen content helps in improving

the room temperature strength by interstitial strengthening [5], improves creep strength



[6], ductility and corrosion resistance [8] of the steel. Therefore, development of high
nitrogen grade 316LN SS has drawn both industrial as well as academic attention.

The concept of atoms occupying interstitial sites in a crystalline lattice frequently
arises in metallurgy, and is perhaps surpassed only by the concept of dislocations. First
reported in 1926 [15, 16], interstitial atoms are now central to diverse disciplines within
materials science. This can be attributed to the disproportionate impact that a small
volume fraction of interstitials can have on material behavior; be it steel strengthened by
interstitial carbon [17], strain ageing phenomena promoted by interstitial solutes [18], or
irradiation-induced defects [19]. The phenomena of interstitial-dislocation interaction and
interstitial-grain  boundary interaction necessitate meso-scale and macro-scale
investigations. This is best exemplified by the beneficial effects resulting from addition of
nitrogen to austenitic stainless steels. Prominent is the high degree of solid solution
strengthening due to nitrogen [20]. This cannot be explained on the basis of conventional
interstitial-dislocation interactions, since N atoms in octahedral sites of FCC should cause
symmetric distortions, and thus, should not be able to bind screw dislocations in the
manner C does in the BCC matrix of carbon steel [5]. Instead, it is found that asymmetric
distortions occur due to the formation of Fe-N complexes [5]. This phenomenon of
complex formation is due to the unique electronic configuration of N, a feature that also
results in short range ordering [21], secondary strengthening of N-containing austenitic
steel [5] and affects the stacking fault energy (SFE). At elevated temperatures, N-
containing austenitic steels have a good combination of strength, ductility and toughness.
These are attributed to the influence of N on SFE as well as grain boundary strengthening
[5, 22]. However, the low solubility of nitrogen in austenitic leads to difficulty in
production. Fig. 2.1 shows a schematic effect of major alloying elements used for high

nitrogen steel [23].



Figure 2.1: Schematic effect of main alloying elements used for high nitrogen austenitic
stainless steels on austenite stability, pore formations and nitrogen solubility [23].

Nitrogen enhanced steel can be manufactured in open air (electric arc and
induction furnace, electro slag remelting) by adding Nitride ferrochrome agent [24, 25].
The other route is by purging of nitrogen gas under pressure in pressurized induction
furnace, pressure electroslag remelting (PSER) [5]. Apart from these powder metallurgy
and surface treatment route are also possible [25]. IGCAR has chosen four variants of
nitrogen enhanced steel with 0.07, 0.11, 0.14 and 0.22 wt. % of N, in order to understand
the effect of nitrogen on various properties important for reactor application. The
properties of these steels are still under investigation. It is reported that the tensile
properties improved with addition of nitrogen [26]. The increase in nitrogen content
increases the resistance against creep cavitation’s and hence improves creep rupture life
[27]. However, the maximum fatigue life was observed at 0.14wt. % of N [7]. It is also
reported that increasing nitrogen promote strong slip localization [7]. Increased nitrogen
content signifies increased passive film stability leading to better corrosion resistance

[28]. Based on the studies carried out at IGCAR, 316LN SS with 0.11-0.14w% nitrogen
6



showed the optimum properties [3]. However, all these variant of steel before going into
application has to undergo the various forming operations. The present works aims to
fulfill the gap area by explaining the role of nitrogen contain in controlling the
mechanisms responsible for defining properties of 316LN SS during thermo-mechanical

processing.

2.2. Effect of nitrogen content on high temperature flow behavior and constitutive

analysis

Flow behavior is one of the most captivating aspects of a material which is as
unique as the material composition. The uniqueness of the behavior grabs the attention of
researchers to explore the relationships between parameters that affect the behavior of the
material. Though the flow behavior of an alloy depends on many factors such as thermo-
mechanical history defects present, defects generated, and state of stress, on a larger
scale the flow behavior depends on four major parameters; chemical composition,
deformation level (i.e. strain), rate of deformation (strain rate) and the temperature at
which the material is deformed. Several studies are available which shows constitutive
analysis of 316LN with respect to varying temperature, strain and strain rate [13, 29, 30].
The work carried out by Guo et al. shows that nitrogen content has a strong influence on
the flow behavior of 316LN in hot working domain [31]. However, very few reports are
available which deals with constitutive modeling of flow behavior taking composition
into account.

Constitutive analysis of materials has captured the fascination of material
scientists. This fascination has yielded many constitutive models over the years [32]. A
current review of literature indicates that even today, the subject is as captivating as it was

in the 1980s [33-35]. This may be attributed to the inability of a single model to connote



the influence of all imposed parameters on material response, as well as the difficulty in
depicting the flow behavior of different materials using a common model. In this
scenario, researchers either modify the existing suitable models or propose new models to
portray the behavior of new materials. In many cases, the new model is a modification or
extension of an existing theory, as exemplified by Modified Zerilli-Armstrong (MZA)
[36-39], Modified Johnson-Cook (MJC) [29, 40-43], Mechanical Threshold Stress (MTS)
[44-46] etc. models. An alternate approach to predict flow behavior over a very large
domain is to combine several models with the help of computer codes as described by
Lindgren et al. [47]. This approach has been effective in modelling the flow response of
316L SS over a large range of temperatures and strain rates [47]. However, this complex
process may not appeal to the alloy designer who simply wishes to make minor variations
in composition and then study the change in flow behavior. Such necessities frequently
arise during optimization of element content in an alloy during its development stage. In
these situations, users may prefer mathematical or phenomenological models which are
less complex and do not require a high level of programming skill. The most widely used
phenomenological type constitutive equation is the Arrhenius type equation proposed by
Sellars and McTegart [48], which describes the flow behavior by using the sine
hyperbolic function. The equation has three basic forms; power law form used for low
stress regime, exponential form used for high stress regime, and hyperbolic form for the
entire regime [49, 50]. However, the equation in its original form can be used for flow
prediction only at a constant strain condition. To predict the flow behavior with varying
strain, the equation has been subsequently modified with strain compensation terms [31,
51-53]. This Strain Compensated Arrhenius (SCA) type equation has been successfully
used for several materials to predict the flow behavior over a wide range of temperature

and strain rate [30, 54-58]. One of the recent modifications to the original Johnson-Cook



(JC) model by Lin et al. [40, 42] is the Modified Johnson-Cook (MJC) which includes the
effect of yield stress, strain hardening phenomenon, coupled effects of temperature and
strain rate [29, 40-43]. The other model, which considers the effects of strain hardening,
strain rate hardening and thermal softening along with the coupled effect of temperature
and strain and of temperature and strain rate is the Modified Zerilli-Armstrong (MZA)
[36-39]. This model has been developed for predicting the flow behavior of reactor grade
austenitic stainless steels and has also been successfully employed for other materials
[59]. This model has recently been improved and proposed as Model D8A [60] to predict
the flow behavior of steels in the regime where the materials show flow saturation
followed by strain hardening. Amongst these, the MJC and D8A models were specifically
developed to depict the flow behavior of special grade steels [40, 60]. However, this
composition-dependent facet of constitutive modelling is less explored and often gets
neglected in popular discourse. The other type, namely the computational model, takes
experimental data as input and uses algorithms of varying sophistication to identify trends
and patterns between data points. These trends are used to predict flow behavior at the
same or at different conditions, as is often done using ANN techniques [61, 62]. Hitherto,
ANN has often been recommended for such uses as it readily accommodates the
composition in its input parameters [63-65]. A review of literature over the past 5 years
reveals that both types of model continue to be in active use. Nearly 500 studies on SCA
based flow prediction alone have been published in the past 5 years, as collated by
scientific databases such as Web of Science and Science Direct. The equivalent number
for ANN-based flow prediction is approximately 160, with a rapid increase in the past 2
years.

It is also a fact that every constitutive model reported in the literature, is suitable

for one or the other material. Therefore, from the perspective of alloy development, the



most suitable model can be chosen only by a critical comparison of different models

using the same data base and common selection criteria.

2.3. Effect of nitrogen content on microstructural evolution

In hot working domain, DRV and DRX are the two major phenomena that control
microstructure evolution during thermo-mechanical processing of the alloy.
Consequently, DRV and DRX have constantly engaged the attention of material scientists
and engineers. DRV involves annihilation of dislocation, whereas the DRX is the
formation of new strain free grain. Both the phenomena are strongly influenced by

chemical composition of the alloy.

Figure 2.2: A typical flow curves showing the DRV curve and DRX curve with respect to

stress and strain.

Avrami analysis of flow curves is a standard method to illustrate the kinetics of DRX [66-
69] and is widely used for studying nucleation and growth of static recrystallization.

Jonas et al. [68] extended the method to analyze dynamic recrystallization process. In this

10



method, it is assumed that the experimental flow curve can be hypothetically divided into

DRV and DRX curves, at a given strain rate and temperature as illustrated in Fig. 2.2.

Figure 2.3: Flow chart showing various types of DRX [71].

The point corresponding to critical stress (oc) and critical strain (gc) is the point where the
DRX initiates and is also the point from where the deviation between DRX curve and
DRV curve begins [68]. Beyond the critical point, further straining causes increase in
flow stress in both DRX and DRV curves. The stress corresponding to the peak point of
the DRX curve is called peak stress (op). In case of DRV curve, however, no distinct peak
point is achieved; on deformation the stress gradually reaches a saturation values (osat),
where the rates of dislocation annihilation and generation are balanced. In DRX curve,
beyond the peak point, the flow softening dominates and reaches a steady state stress
(oss). Defining a clear domain for DRV and DRX without overlapping of domains has
remained always challenging, especially in steels. DRV is often followed by DRX; the

transition depends on external parameters viz. deformation temperature, deformation rate
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and strain as well as on the intrinsic parameters such as stacking fault energy (SFE) and
dislocation density. Fig.2.3. shows the various type of DRX. In Continuous DRX
(CDRX), homogenous microstructure develops throughout material, without recognizable
nucleation and growth [70]. Discontinuous DRX (DDRX) is a heterogeneous nucleation
of DRX mainly at grain boundaries, forming necklace type structures. High SFE materials
are known to undergo CDRX, while materials with low SFE show discontinuous DRX
(DDRX). The other type of DRX is Geometric DRX (GDRX) which occurred due to
change in grain geometry during deformation [71]. Since addition of alloying elements
results in change in SFE, it is expected that, DRX behavior will also change with
variation in alloying element.

Effect of Cr and Mo addition on DRX behavior of C-Mn-V steel was investigated
by Martins et al. [72]. Their study shows Cr and Mo suppress the DRX in steel and which
is manifested as higher DRV-DRX transition temperature. To know the effect of addition
of C on DRX behavior several studies have been carried out. The investigation carried out
by Wei et al. [73] shows that C reduces the critical strain needed for the DRX initiation
and also accelerates rate of DRX in steel. A study by Beladi and Hodgson [74] shows that
influence of C on softening behavior of steel may vary depending upon the deformation
temperature chosen. Effect of boron addition has been studied by Mejia et al. [75] and
L opez-Chipres [76].These studies indicate that the addition of boron favors dynamic
recrystallization by decreasing the critical strain. In contrast, the study by Kim et al. [77]
reports that boron strongly retards dynamic recrystallization while phosphorous does not
have any influence on DRX behavior of steel.

From the above studies, it can be summarized that every element can have a
unique effect on DRX behavior of steel and the effect may vary with deformation

condition. Nitrogen, which is an important element in many steels specially developed for
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strategic application, can be expected to have a significant effect on DRX behavior of
these steels. The effect of N on flow behavior of steel has been studied by many
researchers [30, 78, 79]. It has also been seen that addition of N has significant impact on
high temperature flow behavior, and dynamic recrystallization (DRX) of steels [80]. The
SFE is often cited as a key parameter in influencing DRX characteristics [71, 81]. Thus,
an explicit correlation is expected to exist between the addition of N, variation in SFE and
evolution of DRX. In many metals, effects of interstitial elements on SFE and effect of
interstitial elements on DRX have been separately investigated [82].

Though these studies outline the gross influence of N on hardening and softening
behavior, however, do not exclusively deal with the influence of Nitrogen on SFE- DRX
linkage behavior. To understand the influence of nitrogen content on microstructural
evolution, it is utmost important to understand the influence of nitrogen on DRX

behavior.

2.4. Influence of nitrogen content on workability of material

Since, the mechanical response of an alloy and DRX behavior is affected by the
varying chemical composition, the intrinsic workability of the alloy is also expected to
change with the change in constituent fraction. Besides the chemical composition,
thermomechanical treatments, grain size, and the processing parameters like strain, strain
rate and temperature affects the intrinsic workability of material.

There are several thermo-mechanical processes such as forging, rolling and
extrusion etc. which are employed for shaping the material. Using many alternative
thermo-mechanical methods, a product can be obtained. However, the operating
parameters for all the thermo-mechanical processes need not be same as the equipment

employed for these methods operate on different working principle and have different
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working speeds. The typical strain rate range of various manufacturing processes are
shown in Table.2.1. The knowledge of workability of an alloy over a wider domain of
strain and strain is important, not only to choose suitable process to shape the material but

also to identify optimal processing parameters for the chosen process.

Table.2.1: Typical ranges of strain rates of various manufacturing process [83, 84].

Process Strain rate (s)
Superplastic Forming 10°-1072
Forging 10110
Rolling 101 -10
Extrusion 101 -1
Sheet metal forming 101-10
Explosive forming 102 — 106

Dynamic Materials Model (DMM) is the most used technique to characterize
workability of the material. The workability map developed on the basis of DMM
technique is known as processing map. The map is developed by superimposing the
efficiency map and the instability map. The processing map indicates safe and unsafe
domains for thermo-mechanical processing in strain rate -temperature space. The safe or
stable domains usually show homogenous deformation and desirable microstructure,
whereas the unsafe or unstable domains are characterized by undesirable flow behavior
such as negative strain rate sensitivity, thermal insensitivity and microstructural defects
such as micro-cracks, shear bands and wedge cracking etc., in materials.

A review of literature shows that the 316 SS has an optimum working domain at
1323-1373K at 0.02-2s! [85]. On lowering of carbon in austenitic stainless steel, the
processing domain was found to be increased and recommended domain is 1373-1523K

at 0.001-10s™ [86]. Incase of 316LN, few literatures have reported the optimum
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processing domain with varying alloying element and nitrogen content. Guo et al.
reported that 1423K at 0.001s™ is optimum domain for steels, however it was reported for
range of nitrogen (0.12-0.22 wt. % N) content not a specific grade nitrogen steel [31]. For
316LN with 0.14wt. % N the optimum domain is reported to be 1423K at 0.01s™ [13] and
with 0.16 wt.% N it is found to be 1373K at 0.001s™ [85] in literatures. Based on the
above literatures, various processing domains are recommended for specific composition
of 316LN. It also shows that addition of interstitial element like nitrogen can affects in
shifting of the safe processing domain.

The actual effect of nitrogen addition in 316LN on processing domain are not yet
fully explored and understood. Therefore there is a need for identifying the processing
domain for various variant of nitrogen grade steel and recommend the best processing

parameters for bulk production.

2.5. Metallurgical instabilities during processing at high strain rates

The unsafe domain of the processing map is most frequently characterized with
microstructural defects such as deformation bands and adiabatic shear bands (ASB).
Adiabatic shear bands can be defined as a region of flow localization where the material
flow intensity is higher than that of its surroundings. In hot isothermal forging, it is a
region in form of band that separates the dead metal zone and the deformed zone [87].
ASBs can occur due to many factors such as difference between the work piece and die
temperature, due to complex geometry, material properties, lubrication and speed during
forming operations [88, 89]. These bands are generally observed at high strain rate
loading conditions, especially at strain rate above 10s®. Once the shear band is
commenced, it may become locally self-propagating with the aid of thermal accumulation

[90], resulting in the reduction of flow stress. Problems arising from this have been
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reported in both hot working and cold working of steels [90-92], titanium alloys [89, 93-
96], aluminum alloys [97] and tantalum [98].

To understand the formation ASB, several testing techniques have been employed
in laboratories [99]. Hopkinson testing [92] and explosive forming [98] are techniques
which are mostly used to impart very high strain rate (greater than 1000s™) during
deformation. The formation of shear bands are dependent on material properties such as
strain hardening, strain rate sensitivity, thermal conductivity, specific heat and phase
transformation kinetics [90, 98]. ASB can be divided into two types, namely deformation
bands and transformation bands [100]. In deformation bands, the microstructure observed
is highly deformed which leads to localized signature of recovery and recrystallization
[101]. Where as in transformation bands, the heavy deformation leads to phase
transformation such as martensitic transformation, formation of nano-sized grains [102],
amorphisation [103] and glassy phase formation [104]. Venugopal et al. have reported at
temperature < 1123K and strain rates >10s, the 316L SS is prone to flow localization
and that leads to formation of ASB. 316LN SS is also prone to such instabilities [85, 105]
at high strain rates. However, very few studies are available which deals with the effect of
nitrogen content on the probability of formation, strain that is required for initiation and

intensity of the adiabatic shear bands.

2.6. Scope of the present study

Based on the above literature review, it noted that there is requirement of
deformation studies on effect of nitrogen on 316LN austenitic stainless steel at elevated
temperature. However, till now not enough work has been carried out on the effect of
varying nitrogen in 316LN. Therefore the following loopholes are identified as scope of

the present thesis work.
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To develop a composition-dependent facet of constitutive modelling to predict
the flow behavior of nitrogen enhanced 316LN SS.

To explicate the influence of N on DRX nucleation, grain growth, SFE and the
linkage between them.

By employing DMM, to construct the processing maps which can be used to
determine the safe processing zone for different nitrogen grade steel.

To understand the underlying mechanism for evolution of adiabatic shear

banding at high strain rates.
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Chapter 3

Experimental Details

3.0. Preamble

In this chapter, the details of material used, experimental procedure and
characterization techniques adopted to carry out the current project work are discussed in

detail.
3.1. Material

The base material used in the present study is the 316LN austenitic stainless steel.
Four variants of 316LN SS with varying nitrogen content have been chosen for this study.
The chemical composition of the variants is given in Table 3.1. In the thesis, the variants
with 0.07 wt. %, 0.11wt. %, 0.14 wt. % and 0.22 wt. % nitrogen are referred to as 7N,
11N, 14N and 22N, respectively. For the thesis work, extensive experiments are carried
out using 7N, 11N and 22N variants. However, only few experiments are carried out

using specimens of 14N variant at selected conditions.

Table 3.1: Chemical composition of 316LN (wt. %).

Heat | Desig- ) )
) Cr Mo Ni Mn Si C N S P Fe
No. | nation
H8344 | 7N |17.53 |249 | 122 1.7 |0.22 | 0.027 |0.07 |0.005 |0.013 | Bal
H8335 | 1IN |17.62 |251 |1227 |1.78 |0.21 [0.033 |0.11 |0.005 |0.015 | Bal
H8334 | 14N |17.57 |253 |12.15 |1.74 |0.20 | 0.025 |0.14 |0.004 |0.017 | Bal
H8345 | 22N | 1757 |254 | 1236 |1.70 |0.20 | 0.028 |0.22 | 0.005 |0.018 | Bal

These alloy steels were produced by double melting process. Nitride ferrochrome

agent was added to attain the required amount of nitrogen in different steels. These steel
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were received in rolled plates in mill annealed conditions. In order to ensure similar grain
size in 7N, 11N and 22N steels, cylindrical bars machined from the plates were subjected
to a common solution annealing treatment at 1373K for 30 min followed by water
quenching. However, neither the bars machined from the 14N plate nor the specimens
fabricated thereof were subjected to any heat treatment. This was done consciously to
study the effect of grain size on the prediction capability of constitutive models discussed
in Chapter 4, which is considered relevant as some degree of grain size variation across

different heats is unavoidable during practical alloy development.

3.2. Hot Isothermal Compression Test

Cylindrical specimens of 15 mm height and 10 mm diameter were machined from
the solution annealed bars for compression testing. Concentric grooves of 0.5 mm depth
were made on the top and bottom faces of these cylindrical specimens to facilitate the
retention of lubricant during testing. Chamfer of 1 mm - 45° was provided on the edges of
the top and bottom faces to avoid fold over of the material in the initial stages of
compression. To measure the core temperature of specimen, a small hole of 0.8 mm
diameter and 5 mm depth was drilled at mid height of specimen to insert the
thermocouple. To study the effect of deformation geometry (Chapter 7), specimens with
square cross-section at base (9 mm side length) and rectangular cross-section at base (10
mm x 8 mm) were fabricated. The height (15 mm) and specimen volume have been
maintained constant for all three geometries. A servo-hydraulic, constant true strain rate
compression testing machine of 100 kN capacity with special quenching facility was used
for the hot isothermal compression testing of the 7N, 11N and 22N specimens as shown

in Fig. 3.1.
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Uni-axial compression tests were performed in the temperature range of 1123K to
1473K (at 50K interval) and at constant true strain rates of 0.001, 0.01, 0.1, 1 and 10 s™.
Each specimen was deformed to a nominal strain of 50%. However, the 14N grade was
tested using a Gleeble thermo-mechanical simulator in temperature domain 1123-1423K
at a strain rate of 0.1s. All the tests were carried out in accordance with the ASTM E209
standard.

The test matrix used for the compression test are listed in Table 3.2. Before
imparting the deformation, each specimen was heated at a rate of 5Ks™ to the desired
deformation temperature, and soaked at that temperature for 2min to achieve
homogeneous temperature distribution throughout the specimen. The temperature during
soaking and the adiabatic temperature rise during deformation were measured with the
help of a K-type thermocouple inserted into the center of each specimen. To minimize the
friction during deformation, graphite foils and Ni paste were used between specimens and
the platens. As a result, no significant barreling of the specimen was observed after
deformation. The typical appearance of the samples before and after testing are shown in
Fig. 3.2. Each specimen was water-quenched at the end of deformation. The load-stroke
data recorded during the deformation process were used to generate true stress-true plastic

strain curves following the customary procedure [106].

Table 3.2: Test conditions used for hot compression test in the present study.

Alloy | Temperature (K) | Strain Rate (s?) Additional tests

7N 0.001, 1123K,10s*
1123, 1173, 0.01, e Square Base Specimen
1223, 1273, 0.1, 873K, | e« Rectangular Base
1323, 1373, 1, 10s? Specimen

11N 1423, 1473 10 -

22N -

14N 0.1 -
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The flow curves were corrected using the method suggested by Goetz et al. [107],
incorporating the adiabatic temperature rise measured during high strain rates, mostly at
1st and 10s*. A schematic illustration of the experimental procedure is shown in Fig.3.2.

The deformed specimens were subsequently used for microstructural investigation.

3.3. Microstructural Characterization

To examine the deformed microstructure, the specimens were cut parallel to
loading axis using Struers Secotom 10 table top precision cut off machine. The cut

specimens were metallographically polished upto 0.25 micron using standard procedure.

3.3.1. Optical and Confocal Microscopy

The polished sample were electrochemically etched by using oxalic acid and
demineralized water in ratio of 1:9 for 5 minutes at 0.2 V potential voltage difference.
The microstructures of these samples were examined optically in maximum deformed
zone by using Olympus GX51 microscope. Linear intercept method were used to
measure the grain size of the specimen. Some of these specimens were inspected in
Olympus LEXT OLS4000 Laser Scanning Confocal Microscope for better analysis of the

deformed zone.

3.3.2. Electron Backscattered Diffraction

The other half of the deformed sample were used for Electron Back Scatter
Diffraction (EBSD) investigation. The samples were electro-polished by using Struers
Lectropol 5 at 20 volts with 10% perchloric acid and 90% methanol as etchant. EBSD
scans were conducted in the central part of the specimen over an area of 400 um x 400

um by using an automated EBSD facility (Oxford Instruments).
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Figure 3.1: High temperature constant true strain rate compression testing machine.

Figure 3.2: Schematic illustration of the experi