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Abstract

The purpose of the thesis is to investigate the amount of deformation induced martensite in AISI
316L austenitic stainless steel. Deformation condition used for this work are cyclic strain, tensile
failure at room temperature with low (0.0005 per second) and high (200 per second) strain rates
and tensile failure of material at depressed (-80°C, -40°C) and elevated temperature (100°C).
Austenitic stainless steel (ASS) has the tendency to transform from metastable austenite phase
to thermodynamically more stable �′-martensite due to plastic deformation. Thesis topic was
proposed by Subsea7, Norway and their main area of interest was to see if any martensite is
induced at lower strain amplitude under cyclic loading condition because during reeling pipeline
operation pipes experiences a cyclic load of up to 2-3% strain amplitude. Apart from cyclically
deformed specimen, this work also includes microstructure study of tensile failed specimens at
various temperatures.

The material received for experimental work was a section of pipe which had a 3 mm ASS
liner inside the pipe made up of carbon steel to prevent it from corrosion. The section of pipe
was first cutted and then machined to form a dogbone like shape according to American
society for testing and materials (ASTM) standard in order to carry out deformation using
250kN INSTRON uniaxial tensile test machine. After the deformation of material at particular
test condition it was examined using various microscopy techniques. First microstructure
investigation was done using optical microscope (OM) and further it was analyzed using
Transmission electron microscope (TEM). Vickers hardness measurement was also carried for
all the deformed specimens. X-ray diffraction (XRD) technique was used to find out if any new
phase was observed or not.

The microstructure analysis through optical microscope revealed that there was no
martensite induced in cyclically deformed specimen (both at lower and higher strain
amplitudes), but the number of mechanical twin’s were increased with increasing strain
amplitude. Also this finding was supported by TEM, XRD, hardness value and ferritescope
analysis. On the other hand, the microstructure of tensile failed specimen revealed that the
austenite grain boundary was not stable and their might be induced martensite formation as
perceived from the image analysis using optical microscope. Due to limitation of lab facility at
the university it was not possible to measure the magnetic parameters of tensile failed
specimen which is an important area to be known for this work because austenite steel is
non-magnetic in nature but the induced martensite is magnetic in nature. TEM diffraction
pattern was investigated but it was difficult to get any diffraction pattern for martensite in
tensile failed specimen which may be attributed to low amount of induced martensite and low
examined area. The influence of applied stress and the stacking fault energy on the formation
of shear bands, acts as the nucleation sites for induced martensite. It was seen that the
strain-induced martensite transformation was suppressed with increasing strain rate and
temperature in the tensile failed specimen, due to temperature dependence of the stacking fault
energy. Under various temperature of examination it was seen that the maximum amount of
induced martensite was found to occur at lower temperature (-80°C) and minimum at elevated
temperature (100°C) for tensile failed specimen.

Keywords : Martensite, Austenite, Stainless steel, Microstructure, Transformation.
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Chapter 1 Introduction

1 Introduction

1.1 Background
Austenitic stainless steel (ASS) is the largest family of stainless steel, accounting up to two-
third of all different forms of stainless steel produced globally. They have mainly austenitic
microstructure and this microstructure is result of alloying the steel by elements such as nickel,
manganese and nitrogen to maintain an austenitic microstructure at all temperatures ranging
from the cryogenic region to the melting point. Since they possess the same microstructure at
all temperatures they cannot be hardened by heat treatment but they can be strengthened by cold
working, this is limited to thin sheets and small diameter bars. Due to austenitic microstructure,
it has excellent formability, weldability and are essentially non-magnetic in nature and maintain
their ductility even at cryogenic temperature. [1]

Austenitic stainless steel 316L mainly contains chromium-nickel alloys and is widely used
in engineering application due to its corrosion resistance, good weldability and mechanical
properties. Due to presence of molybdenum 316L shows greater corrosion resistance than steel
alloyed with only chromium and nickel. This steel finds its application in food processing,
pharmaceutical equipment, medical devices, in potable water, wastewater treatment and in
marine applications. Due to its vast application in offshore field this steel is also called as
marine steel.

1.2 Aim and Objective
This project will focus on how the microstructure of 316L austenitic steel is affected by the
strain that is inflicted on the material during pipe installation by reeling for offshore application.
During reeling operation pipeline undergoes a number of times reeling and unreeling and due to
that cyclic strain is developed. It is important to know if there is any change in the microstructure
due to reeling process of pipeline which can further influence the stainless liners resistance
to corrosion and hydrogen assisted cracking. Which in turn can further lead to detoriation in
mechanical properties of the material.

The main objective of thesis work is to investigate if any martensite is induced in 316L steel
after deforming it cyclically at low strain amplitude and high strain amplitude. The work has also
been extended to the failure of material at high and low strain rate values at room temperature
and also at low (-80°C and -40°C) and high (100°C) temperatures. There is a tendency of
martensite formation in austenitic stainless steel under specific deformation condition. The
deformed specimenmicrostructure was examined using optical microscopy (OM), Transmission
electron microscopy (TEM), X-ray diffraction (XRD) and hardness measurement. Figure 1.1
below shows the pipe being reeled off and straightened in the lay ramp on the aft of a Subsea7
vessel.

Strain Induced Phase Transformation In Austenitic Stainless Steel (316L) 1



Chapter 1 Introduction

Figure 1.1: Subsea7 vessel "Seven Oceans" during reeling pipeline installation. [2]

1.3 Importance of The Research
Austenitic AISI 316L stainless steels are widely used as structural components in heavy
industry facility due to their good corrosion resistance, weldability, and mechanical properties
[3].These structural components are usually subjected to severe cyclic mechanical stress/strain
during operation and hence due to its large application there is a growing interest in failure
analysis of 316L austenitic steel. The 316L austenitic steel has a predominantly austenitic
microstructure with fractions of delta ferrite. A feature of austenitic stainless steel is that the
austenite may partially transform to martensite when the steel is subjected to plastic strain, this
is commonly referred to as strain induced phase transformation. This is well known for lower
alloyed austenitic stainless steel such as AISI 304 austenitic steel but has also been shown to
happen in 316L austenitic steel. If martensite is present in austenitic stainless steel, it may be
prone to cracking mechanisms relating to hydrogen, such as sulphide (H2S) stress cracking.
The formed martensite will also affect mechanical properties. Because of this it is important to
know how much martensite is present in the material after it has subjected to desired strain
condition.

1.4 Challenges and Problems Faced
One of the main challenges encountered during this thesis was to make the test specimen from
the material received. Since the material received was a section of pipe (see Fig. 3.1) with a
diameter of 273.10 mm and thickness of 18.90 (15.90+3.00) mm of which 3 mm was the inner
liners of austenitic stainless steel 316L and rest of the pipe material was of carbon steel. A lot
of machining hours (see Table 3.2) were used to make a dogbone shape like structure according
to ASTM standard.

Another major problem was related to Scanning electron microscope (SEM). SEM got
damaged during beginning of thesis and was not repaired until the end time. So, SEM

Strain Induced Phase Transformation In Austenitic Stainless Steel (316L) 2
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examination was not performed for this work. Also, XRD machine was out of use for some
duration due to some technical problems in it which delayed some part of work. Also, COVID
restrictions were followed in the laboratory and we need to book the lab in advance in order to
use it.

1.5 Thesis Organization

Chapter 1: (Introduction) This chapter briefly summarizes the background and objectives of
the thesis. It also emphasizes the importance of research and challenges faced during thesis.

Chapter 2: (Literature review and theory) This chapter deals with the theoretical part
related to austenitic steel and martensite formation. It goes in details on the parameters which
influence the formation of martensite and stainless-steel properties, for example influence of
alloying elements, temperatures, chemical composition etc.

Chapter 3: (Experimental methodology) This chapter deals with the experimental
methodology adopted for this thesis. It briefly explains the processes used for specimen
preparation for various methods of examination for example specimen preparation for
straining, Optical microscope, TEM and X-ray diffraction. It also goes into the details of
various experimental procedure carried out.

Chapter 4: (Results) In this chapter author have discussed the results obtained from
experimental work carried out. It also briefly explains the reason behind the findings.

Chapter 5: (Discussion) In this section a brief discussion about the overall findings is
discussed and links the results with the work done by other people.

Chapter 6: (Conclusion) In this chapter author concludes the work performed by stating the
major findings and results.

Chapter 7: (Further work) In this chapter author discusses some possible future work to be
carry out to verify the findings more precisely and other approach to the problem.
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2 Theory and Literature Review
Different published articles, journals and books were studied to research the thesis topic and
experimental works needed to be carried out. This section in general explains the theory
behind the austenitic stainless steel, for example microstructure, martensite transformation and
austenitic stability. Below subsection will discuss related theories in more detail.

2.1 Austenitic Stainless Steel
Austenitic stainless steels (ASS) are the largest category in the stainless-steel family in terms
of tonnage produced yearly. These steels can be made soft enough such that it can be formed
easily using the same instrument which can be used for carbon steel (i.e. with a yield strength
of about 200 MPa), but they can also be made extremely hard by cold working process, up to a
yield strength of over 2000 MPa. Down to absolute zero their austenitic (fcc, face-centered
cubic) structure is very tough and ductile and at increased temperatures, they do not lose their
strength as easily as ferritic (bcc, body-centered cubic) iron base alloys [4]. When selecting an
austenitic steel, the basic and fundamental criteria is usually that it should withstand with
virtually no corrosion under the condition in which it is going to be used. Table 2.1 below
summarizes the general chemical composition of 300 series and some 200 series ASS. Those
in the AISI 300 series, Cr-Ni acts as the main alloying elements and are most commonly used.
It is possible to consider the grade containing around 18wt%Cr and 8wt%Ni (often called 18-8
steel) as the foundation for this series. Because of high price of nickel, as a replacement usage
of nitrogen and manganese is very common nowadays [5]. The 200 series essentially contain
Cr-Mn alloys.

Table 2.1: The composition of steels in the AISI 300 series and some 200 series. [6]
Steel Cr Ni Mo Mn N C Si P S Ti
201 16-18 3.5-5.5 - 5.5-7.5 0.25max 0.15 1.00 0.045 0.015 -
201L 16-17 3.5-5.5 - 6-8 0.20max 0.030 1.00 0.045 0.015 -
202 17-19 4-6 - 7.5-10 0.25max 0.15 1.00 0.045 0.015 -
204C 16-18 2 1.00 6.5-8.5 0.30max 0.10 2.00 0.040 0.030 -
301 16-18 6-8 - 2.00max 0.1max 0.15max 1.00max 0.045max 0.03max -
302 17-19 8-10 - 2.00max 0.1max 0.15max 0.75max 0.045max 0.03max -
304 17.5-19.5 8-10.5 - 2.00max 0.10max 0.07max 0.75max 0.045max 0.03max -
304L 17.5-19.5 8-12 - 2.00max 0.10max 0.03max 0.75max 0.045max 0.03max -
309 22-24 12-15 - 2.00max - 0.02 0.75max 0.045max 0.03max -
309S 22-24 12-15 - 2.00max - 0.08 0.75max 0.045max 0.03max -
316 16-18 10-14 2-3 2.00max 0.1max 0.08max 0.75max 0.045max 0.03max -
316L 16-18 10-14 2-3 2.00max 0.1max 0.03max 0.75max 0.045max 0.03max -
316LN 16-18 10-14 2-3 2.00max 0.1-0.16 0.03max 0.75max 0.045max 0.03max -
316Ti 16-18 10-14 2-3 2.00max 0.1max 0.08max 0.75max 0.045max 0.03max 5(C+N) min-

0.70max
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Austenitic grades are the most widely used stainless grades, primarily because they give
very predictable levels of corrosion resistance with excellent mechanical properties in many
instances. Using them wisely will save considerable costs for the design engineer in his or her
product. They are very easy to use metal alloy with a lower life - cycle cost for fully developed
products as compared to many others. The austenitic alloys can have composition anywhere in
the portion of the Schaeffler - Delong diagram which is labeled as austenitic in Figure 2.1 [7].

Figure 2.1: Schaeffler-Delong stainless steels constitution diagram. [7]

The motive of this diagram is to show which phases are present in alloys in the as-solidified
condition, such as found in welds. Therefore, this diagram can also be referred to castings and
continuously cast products. Taking the practical fact of castability, the composition of most
commercial alloys falls along the zone which contains several percent of ferrite as cast. The
key characteristic of austenitic alloys is that, when chromium and molybdenum are increased to
enhance specific properties such as corrosion resistance, we must add nickel and other austenitic
stabilizers to preserve the austenitic structure [8].
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2.2 The Iron-Chromium-Nickel System
In order to better understand the properties of iron based stainless steel and associated
phenomena that take place a proper understanding of Iron-Chromium-Nickel system is of
utmost importance. Figure 2.2 below shows a binary iron-chromium equilibrium diagram.
This are equilibrium diagram i.e. they represent a system of very slow heating or cooling.

Figure 2.2: The Fe-Cr equilibrium diagram [9].

According to the above diagram (Fig.2.2) chromium restricts the occurrence of the
austenite -  loop to the point that above 13wt% Cr the binary alloys are ferrite over the
complete temperature range, whereas there is a narrow (� + ) range between 12 and 13 wt%
Cr [8]. The ferrite is normally referred to as delta ferrite, because in these steels the phase has
continuous existence from melting point to room temperature. This means that alloys with
more than about 13% chromium do not show any  → � transformation, thus ruling out any
further grain refinement and the possibility of steel hardening [9]. Ferrite formation is
strongly promoted by chromium to the extent where only ferrite crystals (�, �) are precipitated
from the the melt over the full alloying range. With increased chromium contents about 820°C,
the brittle sigma phase starts to precipitate from � ferrite. It consists of approx. 45% Cr and
represents a metallic compound of iron and chromium. Due to high chromium content,
embrittlement will occur which may be accompanied by a chromium depletion of the matrix at
the grain boundaries of the precipitated sigma phase and which can have a detrimental effect
on corrosion resistance [9].
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The addition of carbon to binary system expands the  loop towards a higher chromium
content (see in Figure 2.3) and also widens the (� + ) phase field up to 0.3% C [8]. When

Figure 2.3: Effect of carbon on the Fe-Cr diagram, 0.05wt% C. [10]

carbon is steadily added to an 18wt% Cr steel, in the range up to about 0.04wt% C, the steel
is fully ferritic (Figure 2.3) and cannot be transformed. Between 0.08% and 0.22% C, partial
transformation is possible leading to (� + ) structures, while above 0.40wt% C the steel can be
made fully austenitic (Figure 2.4) if cooled rapidly from the -loop region. The Another effect
of carbon in this binary system is to introduce carbides to the structure as shown in Figure 2.4:

Ko =M3C, K1 =M23C6, K2 =M7C3 (2.1)

where ’M’ represents amixture ofmetal atoms. M23C6 is themost significant carbide formed
in austenitic steels and can have a substantial influence on corrosion resistance [8].
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Figure 2.4: Effect of carbon on the Fe-Cr diagram, 0.4wt% C. [10]

If nickel is added to a low carbon iron 18wt.% Cr alloy, the -phase field is expanded until
at about 8wt% Ni the -phase persists to room temperature (Figure 2.5) leading to the familiar
group of austenitic steels based on 18Cr-8Ni wt%. This particular composition arises because
a minimum nickel content is required to retain  at room temperature. With both lower and
higher Cr contents more nickel is needed. For example, higher Cr steels which have more
corrosion resistance e.g. for 25wt% Cr about 15wt% nickel is needed to retain the austenite
at room temperature. Incomplete retention of austenite is result of martensite formation. When
Ms is lower than room temperature than it can be defined as stable austenite. The 18Cr-8Ni
steel, in fact, has an Ms just below room temperature and hence on cooling (for example: in
liquid or air) will transform very substantially to martensite [8].

As you can also see in Figure 2.5 the carbide phase M23C6 exists below about 900°C.
However, when the steel is heated around 1100-1150°C it goes into the solution and on
quenching we obtain a precipitate-free austenite. However, we can observe a re-precipitate of
M23C6 at the grain boundaries when steel is heated in the range of 550-750°C [8].
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Figure 2.5: Effect of carbon on the phase diagram for an 18Cr-8Ni. [10]

Instead of nickle we can use manganese because it also expands the -loop. However,
manganese is not as effective as nickle and the effective is around half of nickel, hence higher
concentration must be used. If there is no concentration of chromium, then around 12wt% Mn
is required to stabilize even higher carbon (1-1.2wt.%) austenite. If carbon content is low
typically Cr-Mn steels require 12-15% Cr and 12-15wt.% Mn to remain austenitic at room
temperature.

The chromium equivalent has been empirically determined using the most common ferrite-
forming elements [11].

Cr equivalent (wt%)

= %Cr + 2.0%Si + 1.5%Mo + 5%V + 5.5%Al + 1.75%Nb + 1.5%T i + 0.75%W (2.2)

While the nickel equivalent has likewise been determined with the familiar austenite-forming
elements [11].

Ni equivalent (wt%)

= %Ni + %Co + 0.5%Mn + 30%C + 0.3%Cu + 25%N (2.3)

Strain Induced Phase Transformation In Austenitic Stainless Steel (316L) 9



Chapter 2 Literature Review And Theory

2.3 Influence of other Elements on the Iron-Chromium-Nickel Diagram
2.3.1 Influence of Molybdenum

Besides chromium and nickel another important alloying elements in stainless steel is
molybdenum. Addition of molybdenum is necessary because it reduces the general corrosion
rate, improves resistance to localized corrosion at elevated temperatures and also reduces
sulfide stress-corrosion cracking susceptibility. Therefore, steels used in oil and gas
transportation often have molybdenum as one of the alloying elements [12]. Figure 2.6 shows
the iron-molybdenum constitution diagram. Likewise, chromium, molybdenum also narrows
the area of  phase. This means, molybdenum also supports the formation of ferrite. In the
case of chromium, it takes around 12-13% to produce a complete constriction (loop) of the
pure  range, in case of molybdenum 2.7% is suffice (See detail in Fig.2.6) [9].

Iron and molybdenum together form a inter-metallic phase. The most important one is the
Laves phase Fe2Mowith approx. 45%Mo [9], (Laves phases are inter-metallic phases with the
general formulaA2B. The major criterion for their formation is the tendency towards interstitial
packing in the crystal lattice which reaches amaximum at a ratio of atomic radii of B:A= 1.1225.
Examples of Laves phases in stainless steels are (Fe2Mo, Fe2Mo, Fe2T i or Fe2Nb).

Figure 2.6: Iron-molybdenum constitution diagram. [13]

Molybdenum is a strong ferrite stabilizing element and hence this must be balanced by proper
addition of austenite stabilizing elements such as carbon, nitrogen or nickel to have an austenitic
microstructure in steel [12].
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2.3.2 Influence of Nitrogen

Nitrogen is often undesirable element in low alloyed steels but in stainless steel it might act as an
important alloying element. Nitrogen stabilizes austenite and has an equally strong influence on
transition phenomena in the ternary iron-chromium-nickel diagram as carbon does [9]. Nitrogen
has a much higher solubility in austenitic chromium-nickel stainless steel alloys as compared
to carbon which results in a much lower susceptibility to form undesirable precipitations in
austenitic steel grades [9].

Figure 2.7 shows the nitrogen solubility of liquid iron-chromium-nickel alloys at 1600 °C.
A strong rise in solubility with increasing chromium contents is seen [14].

Figure 2.7: Solubility of nitrogen in iron-chromium-nickel alloys at 1600°C. [14]

Figure 2.8 shows the nitrogen solubility of austenitic Cr-Ni steels during solidification and
the chance of porosity formed at various different composition of chromium at the time of
solidification. The maximum nitrogen content for porosity-free solidification rises from 0.20%
at 17% chromium to 0.50% at 25% chromium in linear proportion with the chromium content
[9].

Figure 2.8: Solubility of nitrogen in iron-chromium-nickel alloys at 1600°C. [9]
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2.3.3 Influence of Niobium

Niobium shows a strong affinity towards carbon. This effect is used, in particular, in stainless
steels and welded metals to trap carbon in the form of niobium carbide in a stable manner, thus
increasing the resistance to intergranular corrosion [9]. Figure 2.9 shows the iron-niobium
constitution diagram [13]. Niobium severely constricts the area of  phase (see detail in Fig.
2.9). Niobium forms a very stable carbides with carbon, represented by the formula NbC or
Nb4C3. The affinity of niobium to carbon is so strong that before it even enters the matrix,
niobium is preferentially bound to carbon [9].

Figure 2.9: Iron-niobium constitution diagram. [13]

2.3.4 Influence of Titanium

Titanium also possesses a high affinity to carbon same as niobium and therefore is also used to
arrest carbon by making a stable form of titanium carbide. Such steel grades are termed as "
titanium stabilized " steels [9]. Same as niobium titanium also constricts the  range in iron-
chromium-nickel system. Figure 2.10 shows the iron-titanium constitution diagram. A eutectic
is formed at 13.2% titanium and iron titanide is formed at approximately 30% titanium with
formula Fe2T i [9].

Together with carbon, titanium forms a highly stable titanium carbide TiC. Titanium also
shows high affinity to nitrogen and forms a nitride, TiN, and together with carbon forms a
titanium carbo-nitride Ti(CN). The formation of these nitrides takes place parallel to the
formation of titanium carbide. Together with nickel, titanium forms a compound with the
formulaNi3T i with about 25% titanium, which is used for precipitation hardening purposes in
the case of high nickel steels and nickel-base alloys [9].
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Figure 2.10: Iron-titanium constitution diagram. [13]

2.3.5 Influence of Silicon

Silicon has gained importance as an alloying element because it greatly improves the corrosion
resistance of austenitic chromium-nickel steels to strong nitric acid [15]. In case of heat
resistance stainless steel, silicon is used in contents of 1-3% to improve the scaling resistance
[9]. Silicon severely constricts the range of  phase and promotes the formation of � ferrite to
the detriment of austenite. Of much greater importance is the influence of silicon on the
expansion of the sigma phase range. Figure 2.11 below summarizes the influence of silicon on
the sigma phase in the binary iron-chromium system and influence of silicon in the ternary
iron-chromium-nickel system seems to be similar to that in the binary iron-chromium system
[9]. Silicon greatly expands the sigma phase range to a lower chromium content.

Figure 2.11: Influence of silicon on the sigma phase range in the iron-chromium system. [13]
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2.3.6 Influence of Sulphur

Sulphur represents an undesirable impurity in stainless steels and stainless-steel weld metals
which gives rise to hot cracking problems during welding due to the formation of low melting
sulphides whichmay precipitate during solidification as liquid film between the grain boundaries
of newly formed crystals [9]. Sulphur forms a low melting eutectic with iron and has a very
poor solubility in  iron. Considering the influence of Sulphur in iron-chromium-nickel system,
the solubility of sulphur decreases with increase in nickel and chromium content and due to this
the negative effect of Sulphur is reduced [16].

2.3.7 Influence of Phosphorus

Like Sulphur, phosphorus also forms low melting eutectics with the basic elements of stainless
steels, i.e., iron, chromium and nickel. Contrary to Sulphur, however, both iron and nickel are
capable of dissolving relatively large amounts of phosphorus [17]. Phosphorus has a severe
constricting effect on the  range in iron-chromium-nickel but the amount of phosphorus is so
low that this effect can be neglected. phosphorus has a negative effect on hot cracking behavior
in Austenitic stainless steel [9].

2.3.8 Influence of Copper

In order to improve corrosion resistance as well as increase the hardness and tensile strength
through precipitation effects of this element, copper is added to stainless steels. Nickel and
copper are completely soluble in each other. Chromium on the other hand shows practically no
solubility for copper. copper shows an austenitizing effect in the ternary iron-chromium- nickel
system but however this effect is weaker than that of nickel [9].

2.3.9 Influence of Boron

Boron is sometimes added in small amounts to stainless steels during melting for crystal
refinement during solidification, in order to achieve better hot forming properties. In the
ternary iron-chromium-nickel system, iron possess a low solubility for boron and it decreases
with the addition of nickel and chromium [13].

2.3.10 Influence of Oxygen

Oxygen is an undesirable tramp element in stainless steels. The three base elements of
stainless steels-iron, chromium and nickel-can dissolve oxygen around their respective melting
points. However stainless steel always contains deoxidizing alloying elements such as carbon,
manganese, silicon, aluminium or titanium to counter its effect.
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2.4 Formation of Martensite

Introduction

Martensite is formed by a deformation of the austenite lattice and without any diffusion of
atoms. The deformation causes the transformed region to change its shape, consisting of a large
shear and volume expansion. Martensite is, often called as a diffusionless, shear transformation,
which is highly crystallographic in nature because it is generated by a specific deformation of the
austenite. Thin plates or lathes is developed when the formation of martensite is restricted by its
surroundings in order to minimize the strain energy due to the deformation [8]. Occurrence
of martensite in ASS significantly changes the properties of the material. The appearance
of martensite separations in the austenite matrix results in both positive consequences (e.g.
strengthening of material) and negative ones (e.g. a decrease in corrosion resistance, lower
fatigue and fracture strength and the appearance of an undesirable magnetic phase) [18]. �′

martensite has a bcc structure and is magnetic in nature, which is formed from austenite ()
which has fcc structure and is non-magnetic in nature.

There are mainly two main types of martensite transformation:

1. Thermal transformation resulting from rapid cooling from (1050 - 110°C), the fcc
austenite structure transform to bcc �′ martensite below the temperatureMs. [19, 20]

2. Strain-induced martensite (SIM) transformation resulting from the occurrence from
plastic deformation. [19]

Martensite can also be obtained in austenitic stainless steel by the application of a strong
magnetic field. This thesis will only be focusing on the strain-induced martensite
transformation (you can find detailed explanation in section 2.5).

2.4.1 The habit plane

The habit plane is an interface plane between austenite and martensite as measured on a
macroscopic scale as can be seen in Figure 2.12. Under unconstrained transformations this
plane is generally flat in nature, but under constrained conditions this plane has some curvature
to minimize the strains introduced. Steels with different chemical composition can have
martensite with the same habit plane and also some other crystallographic characteristics [8].
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Figure 2.12: An illustration of habit plane between austenite() and martensite(�′). [8]

2.4.2 Orientation relationships and structure of the interface

The formation of martensite involves the coordinated movement of atoms. This means the
austenite and martensite lattices will be related to one another. Therefore, all the martensitic
transformations lead to a reproducible orientation relationship between the parent and product
lattices [8]. There exist a specific orientation relationship between the new phase(�′) and the
austenitic matrix () [20].

(111)∕∕(110)�′ (2.4)

[110]∕∕[111]�′ (2.5)

Note that these have been stated approximately: the true relations are irrational, meaning
that the indices of the parallel planes and directions cannot be expressed using rational numbers.
Any process that contributes to the formation of martensite must have a level of continuity across
the interface betweenmartensite and austenite. The interface must be coherent or semi-coherent;
in the latter case, the dislocations in the interface must be able to glide as the martensite grows. It
turns out that a stress-free coherent interface cannot be found between austenite and martensite,
the best that can be achieved is semi coherency, with one direction within the interface remaining
fully coherent. This direction is known as an invariant-line since it is unrotated and undistorted
[8].

2.4.3 The shape deformation

The passage of a slip dislocation through a crystal results in the formation of steps like structures
where the glide plane intersects the free surface (Figure 2.13 a, b). Shear on a macroscopic level
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is caused due to the passage of many such dislocations on parallel planes (Figure 2.13 c, d). Slip
can cause a change in the shape but it does not have any effect on the crystal structure, because
the Burgers vectors of the dislocations are also lattice vectors [8].

Figure 2.13: (a) and (b) steps caused due to the passage of slip dislocations. (c) and (d) Macroscopic
shear due to many slip dislocations. (e) An invariant-plane strain with a uni-axial dilation. (f) An
invariant-plane strain which is a simple shear. (g) An invariant-plane strain resulted due to the combined
effect of a uni-axial dilation and a simple shear. [8]

At the time of martensitic transformation, the way in which atoms in parent crystal are
aligned is deformed in such a manner that it is ideal for martensite and due to this there must
be a corresponding change in the macroscopic shape of the crystal undergoing transformation
[8]. Dislocations which cause the deformation are in the �′/ interface, with Burgers vectors
in such a way that in addition to deformation they also result in a change of crystal structure.
Initially the deformation is such that a flat surface is uniformly tilted about the line formed by
the intersection of the interface plane and the free surface. Any scratch traversing through the
transformed region is deflected in a similar way, even though the scratch remains connected at
the �′/ interface. These types of shape deformation belong to a class of deformations called
as invariant plane strains (Figure2.13, e-g), with martensite being the most general case in this
class with a combined shear and dilatational strain perpendicular to the habit plane [8].

2.4.4 The crystal structure of martensite

Martensite in steels is a supersaturated solid solution of carbon in ferritic iron. For alloys which
have a low martensite-start temperature or a high carbon concentration, the carbon atoms tend
to order in such a way that the crystal structure changes from body-centred cubic (bcc) to body-
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centred tetragonal (bct). The tetragonality of the ordered martensite, measured by the ratio
between the axes, c/a, increases with carbon content [8]:

c
a
= 1 + 0.045wt%C (2.5)

This means that at zero carbon content the structure would be bcc and free of distortion. The
effect of carbon on the lattice parameter of austenite, and on the c and a parameter of martensite
is shown in Figure 2.14 [21].

Figure 2.14: Effect of carbon on the lattice parameters of austenite and of martensite. [21]

It is interesting to note that carbon in interstitial solid solution expands the fcc iron lattice
uniformly, but with bcc iron the expansion is non-symmetrical giving rise to tetragonal
distortion. To understand this important difference in behavior, it is necessary to compare the
interstitial sites for carbon in the two lattices. In each case, carbon atoms occupy octahedral
sites, indicated for martensite in black in Figure 2.15, and have six near-neighbor iron atoms.
In the fcc lattice the six iron atoms around each interstitial carbon atoms form a regular
octahedron, whereas in the bcc case the corresponding octahedra are not regular, being
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shortened along the z-axis. These compressed octahedra only have four-fold symmetry along
the shortened axis in each case, in contrast to the fcc structure in which the regular octahedra
have three, four-fold axes of symmetry [8].

Figure 2.15: Martensite bct lattice illustrating the three sets of octahedral interstices. The z-set is fully
occupied by carbon atoms. [21]

Examination of the distortion developed by carbon atoms in the several types of sites
available in the fcc and bcc lattices, has shown that in the fcc structure the distortion is
completely symmetrical, whereas in the case of bcc structure, interstitial atoms in z positions
will give rise to much greater expansion of iron−iron atom distances along z than in the x and
y positions [8].

Assuming that the face-centered cubic (fcc→bcc) transformation occurs in a diffusionless
way and there is no possibility for carbon atoms to move. The ferrite contains three octahedral
interstices per iron atom whereas the austenite has only one octahedral interstice per iron atom.
Each of the three sets of octahedral interstices (the three sub-lattices) in the ferrite is associated
with one of the cube edges of the ferrite unit cell. Upon diffusionless transformation, all the
carbon atoms in the austenite end up on just one of the octahedral sublattices of ferrite, causing
a tetragonal distortion of the bcc lattice into a bct lattice. Thus, in Fig. 2.15, since only the z sites
are common to both the fcc and bcc lattices, on transformation the z-axis becomes the c-axis of
the tetragonal form.

Therefore, the tetragonality of martensite arises as a direct result of interstitial solution of
carbon atoms in the bcc lattice, together with the preference for a particular type of octahedral
site imposed by the diffusionless character of the reaction [8].
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2.4.5 Effects of martensite on mechanical properties

The influences of the " and �′ martensite have been studied out in several recent studies. Same
as �′ martensite, " can also lead to strengthening mechanism [22]. In a 304 stainless steel,
the appearance of " leads to a rapid decrease in strain hardening, but as soon as �′ forms, the
rate of strain hardening increases [23]. A uniform distribution of " produced in high strain rate
deformation is believed to enhance ductility in the S31254 superaustenitic stainless steel [24].

Martensitic transformation induced by local stress has the effect of relieving stress
concentrations, increasing the work-hardening rate, and promoting homogeneous deformation,
with consequent improvements in the strength, ductility and toughness of steels [8].
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2.5 Strain-Induced Martensite (�′) Transformation
The formation of martensite during deformation is a very common phenomenon in austenitic
stainless steels and if steel experiences such transformations, then it is referred as metastable
steel. It is reported that a number of factors such as stress, strain, steel chemistry, strain rate,
strain path, deformation mode, grain size, grain orientation and temperature of testing effects
the formation of deformation induced martensite [25]. Austenitic stainless steels can undergo
plastic deformation-induced phase transformation of face-centered cubic (fcc)  austenite to
hexagonal closed packed (hcp) "-martensite and body-centered cubic (bcc) �′-martensite [26].
The crystal structure is usually referred to as bcc rather than body-centered tetragonal (bct)
because of the low interstitial content. "-martensite (non-magnetic) forms from randomly spaced
overlapping stacking faults and �′-martensite (magnetic) forms at shear band intersections
[27–29]. Materials have a stacking sequence of atomic planes and there might be interruption
in this sequence which may arise due to number of reasons for example manufacturing method,
heat treatment, applied stress/strain etc. These stacking faults carry an energy with it and this
is known as stacking fault energy (SFE). High stacking fault energy (>20 mJ.m−2) promote
direct transformation ( → �′), while low stacking fault energy (<20 mJ.m−2) leads to the
transformation ( → "→ �′) [30].

The ASS is generally stable at room temperature and can transfer to martensite upon rapid
cooling to subzero temperature. The spontaneous martensite transformation begins at Ms-
temperature, but the martensite transformation can also be induced by the aid of deformation
at higher temperature. As the stress is applied it will generate a positive contribution towards
the driving force for austenite to martensite transformation and thus elastic deformation will
generate stress-assisted martensitic transformation at temperature aboveMs but below theM�

s

- temperature. The stress-assisted martensitic transformation is generally considered to start at
the same sites responsible for spontaneous martensite nucleation e.g. nucleation can occur at
grain boundaries [31].

Martensite is also formed above the M�
s - temperature and it is called as strain-induced

martensitic transformation. The condition to form this type of martensite is that it must be
preceded by plastic deformation and the strain induced martensite �′ nucleates at sites generated
by the plastic deformation, e.g. twins, stacking faults and "-martensite (hcp). These nucleation
sites are often grouped under the name shear-bands, and the nucleation is believed to occur at the
intersection of these shear-bands [32]. The nucleation process of martensite has been studied
in detail by [33, 34].

The upper limit for the SIM isMd - temperature and beyond this temperature no martensite
will form in the metastable austenitic stainless steel no matter how high is the strain applied.

Figure 2.16 below shows schematic illustration of the critical stress to initiate martensite
transformation as a function of temperature [32]. Below theMs - temperature martensite will
form spontaneously without the aid of stress. Between the Ms and M�

s - temperature
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martensite will form with the aid of applied stress. With increasing temperature, the stress
required to initiate transformation increases, meaning that yielding becomes easier with a
decrease in temperature belowMs. AboveM�

s yielding first occur by slip and then martensite
is formed at the potent nucleation sites newly generated by the slip. The yield stress decreases
with increasing temperature above M�

s and the stress necessary to initiate strain-induced
martensite is close to the yield stress at temperatures just above M�

s , but it is significantly
higher than the yield stress at higher temperatures [31].

Figure 2.16: Schematic illustration of the critical stress to initiate martensite transformation as a function
of temperature. [32]

2.5.1 Thermodynamics of strain-induced martensite transformation

Austenite (the parent phase) will decompose into martensite when the free energy of austenite
is greater than that of free energy of martensite. The difference in energy between austenite
and martensite may be regarded as the driving force behind the martensite transformation [19].
Figure 2.17 below represents the change in chemical free energies of martensite and austenite
(parent phase) with temperature. In the Figure 2.17, To represents the temperature at which
martensite(�′) and austenite() are in equilibrium, andMs is the point at which transformation
starts on cooling. The difference in free energies between austenite and martensite, ΔGMs→�′

at theMs temperature is the driving force for the onset of the martensitic transformation.
However, martensite transformation can also occur at the temperatures T1(>Ms), if a

sufficient mechanical driving force U’ is applied [35] , such that:

ΔG→�′
T1

+ U ′ = ΔG→�′
Ms

(2.6)

The mechanical driving force is believed to originate from the applied stress, which in turn aids
the chemical driving force. Below is the expression for mechanical driving force as a function
of stress and orientation [36].

U ′ = �so + ��o =
1
2
so�sin2� ±

1
2
�o�(1 ± cos2�) (2.7)
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where the terms �s0 and ��o represent the work done by the shear and normal stresses
respectively. � is the angle between the stress axis and the normal of the habit plane and �
denotes the absolute value of the applied stress. The plus and minus signs represent tensile and
compressive stress, respectively. Figure 2.17 shows that the chemical driving force for
martensitic transformation decreases linearly with the increasing temperature. Equation (2.7)
shows that stress level responsible for mechanical driving force also increases linearly and this
linear relationship has been shown to be valid up to the stress level corresponding to the yield
strength of the austenite, which is shown in Figure 2.16.

Figure 2.17: Schematic illustration of the critical stress to initiate martensite transformation as a function
of temperature. [32]

2.5.2 Special sites for strain-induced nucleation

The formation of " (hcp) martensite in  (fcc) austenite of low stacking-fault energy is well-
established [37]. There have been some instances in which " has been observed to provide
favorable nucleation sites for the formation of �′ (bcc or bct) martensite.

Figure 2.18: Nucleation of �′-martensite at the intersection of two " plates in ASS. [37]

Figure 2.18 above, shows �′ formed at the intersection of two " plates in an austenitic
stainless steel (type 304) deformed at 78 K [37]. It is clearly a case where a nucleating site has
been created by plastic straining. The �′ thus generated may be constructed as a strain-induced
embryo; it has not triggered-off into a countable martensite plate in the sense of operational
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nucleation [32]. According to [38] it is found that �′ can be nucleated by the intersection of
two " plates or by the intersection of an " plate with a twin or grain boundary in the austenite.

It is worth noting that " intersections obviously play an important role in the strain-induced
nucleation of �′ martensite, but this might not be true in all case even " can form in alloys. (R
Lagneborgj) [39] has noted, and later confirmed by [40], that �′ can be generated in austenitic
grains which are so oriented relative to the tensile-straining axis that " formation is suppressed.
Similarly, (Breedis and Kaufman) [41] have also concluded that �′ can nucleate independently
of the ", particularly in those cases where the " is not even thermodynamically stable with respect
to either the  or �′.

The formation of �′ martensite affects significantly the mechanical behavior of the steels by
enhancing the work hardening. The amount of �′-martensite increases with increasing plastic
strain at the expense of austenite and "-martensite phases [42]. Strain-induced martensite
(SIM) is often seen in stainless steels during forming and machining operations, such as
deep-drawing, wire drawing, grinding or polishing. The extent of �′-martensite transformation
depends strongly on the steel composition and the temperature at which the deformation takes
place [43].

Figure 2.19 shows the extent of martensite transformation as a function of temperature and
true elongation for an 18Cr-8Ni type austenitic stainless steel [44]. It can be seen as the
temperature is lowered there is more martensite formation. At room temperature, the influence
of alloy chemistry on the martensite transformation is illustrated in Figure 2.20, which shows
the amount of magnetic �′ as a function of cold-rolling reduction for 18Cr-8Ni, 18Cr-12Ni and
18Cr-12Ni-Ti austenitic grades.

The effect of alloying elements (in weight%) is described by the formula:

−Md30(°C) = 497 − 462(C +N) − 9.2(Si) − 8.1(Mn) − 13.7(Cr) − 20(Ni) − 18.5(Mo) (2.8)

WhereMd30 is the temperature at which 50% of martensite has formed for true strain of 30%
[45]. An increase in the nickel content inhibits the formation of strain induced martensite �′,
while stabilization with titanium exerts the opposite effect, by reducing the amount of carbon
and nitrogen in solid solution.
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Figure 2.19: Effect of true elongation � = ln(l∕lo) on the extent of martensite transformation at different
temperatures, in a type 18Cr-8Ni austenitic stainless steel. [44]

Figure 2.20: Effect of room temperature rolling reduction and cryogenic treatment at -196°C on the
amount of �′ martensite in three austenitic stainless steel. [46, 47]
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Crystallographic studies have revealed the presence of " martensite, with closed-packed
hexagonal structure, alongside the bcc �′-martensite. The " -martensite is non-magnetic, and is
difficult to detect by optical microscopy, hence its identification requires diffraction techniques.

The stacking fault energy (SFE) plays an essential role in the strain-induced martensite
transformation. It can be calculated as a function of chemical composition (in weight %), from
the empirical formula given below [45].

−SFE(mJ.m−2) = 25.7 + 2(Ni) + 410(C) − 0.9(Cr) − 77(N − 13(Si) − 1.2(Mn) (2.9)

Nickel increases the stacking fault energy, whereas manganese and nitrogen decrease it.
The "martensite phase is formed in steels with low stacking fault energy, either by cryogenic

quenching (-196°C), when SFE < 43 mJ.m−2, or by quenching to room temperature and cold
working, when SFE < 30 mJ.m−2 [11].

No relationship has been established between alloy chemistry and theMs orMd points for "
martensite. As for �′ martensite, the formation of " martensite is independent of diffusion, and
the crystallites of this phase grow in certain privileged directions in the matrix.

Reversion of " and �′ martensite to  austenite

The " and �′ martensite are metastable phases and can be transformed back to  austenite at high
temperatures. X-ray diffraction analysis has shown that reversion of �-martensite occurs in the
temperature range 150-400°C as studied by the author (DR Harries) [46], whilst �′-martensite
to  reversion in 50% cold-worked 18Cr-8Ni steel takes place at temperatures of 400-800°C
for annealing times of 20h (Figure 2.21) according to (DR Harries) [46]. However, the �′ to
 reversion has been variously reported to occur at 500-600°C [48] and at about 570 - 700
- 850°C [46] in austenitic steels of differing composition. The reversion occurs principally
by a diffusionless shear mechanism during rapid heating or annealing for short times but some
thermally activated reversion can also occur with relatively slow heating rates [49]. The reverted
 usually has an almost identical orientation to the original untransformed  but may contain a
high density of tangled dislocation, fine twins and/or stacking faults [49]. This thesis work
will not go through the study of reversion of martensite to austenite because it’s not the main
objective to be achieved.
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Figure 2.21: Effect of annealing for 20h on �-martensite reversion in 50% cold-worked 18Cr-8Ni steel.
[46]

.

2.5.3 Methods for detection of �′ induced martensite

There are several techniques to detect the strain-induced martensite �′ in ASS. Below is a list of
methods which can be used for its examination:

∙ By measuring the magnetic parameters such as ferrite content, coercivity, remanence,
and saturation magnetization because when �′-martensite is formed it is magnetic in
nature which is formed by a non-magnetic -austenite phase. Ferrite content can be
measured by using Ferritescope, a device that is normally used to measure the �-ferrite
content of austenitic stainless steel weldments [50]. Coercivity, remanence and
saturation magnetization can be found out using Magnetic force microscope (MFM)
[51].

∙ The use of nonlinear ultrasonic methods can be used for an understanding of the evolution
and accumulation of the plastic deformation of materials occurring in the very early stages
of fatigue [52–55]. Various authors have stated that an enhanced generation of high-
order harmonics can be seen as a result from distortion of ultrasonic waves propagated
through the materials, and recent experimental studies and physical models provide strong
evidence that the ultrasonic non-linearity parameter � is highly dependent on fatigue
degradation [56, 57].

∙ Neutron diffraction (ND), can be used in evaluation of microstructure of steel. Volume
fraction and texture of retained -austenite can be simultaneously measured using neutron
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diffraction [58].

∙ X-ray diffraction (XRD), can be used to investigate the transportation of the martensite
phase in AISI 316 steel. According to [51] the XRD profiles of the fatigue-failed
specimens under various strain amplitudes are shown in [51]. The diffraction peak of 2�
= 44.5°is defined as delta ferrite (�) in the as-received sample. The intensity of this peak
increased with a higher strain amplitude, as indexed with � + �′. This increase in XRD
intensity was caused by the strain-induced formation of martensite (�′). Additionally, the
intensity of the �′-martensite diffraction peaks increased as the strain amplitude was
increased [51].

∙ We can also examine the formation of strain induced martensite by using various
different microscopes such as optical microscope, TEM and SEM by studying the change
in microstructure. TEM can be used to examine the dislocation substructure in
as-received specimen and in specimen after deformation. The typical dislocation cell
microstructure was well developed in [51]. The initial cyclic hardening was attributed to
the increased dislocation density, and the subsequent softening was ascribed to the
formation of dislocation cells resulting from fatigue [51]. With the help of optical
microscope, we can perform image examination to look for formed martensite and
compare it with as received samples. Electron channeling contrast imaging (ECCI) and
electron backscattering diffraction (EBSD) techniques can be performed using SEM for
microstructure analysis [59].

∙ By comparing the hardness of the as received sample and the strained sample we may
also say that the hardness of the material might have increased due to the formation of
�′-martensite.

The project work will be mainly carried out usingmethods such as XRD, EBSD, SEM, TEM,
Optical microscopy and hardness measurement to study the amount of SIM formed. Due to the
limitation of equipment available at the university, experimental investigation will be limited to
the above-mentioned methods. The detailed experimental methods and processes used to carry
out the work are discussed in the further chapter of ’Experimental Methodology’.
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2.6 Results from Previous Work Done
A number of research has been carried out by different authors to find out strain induced
martensite (�′) in 316L ASS, but the test condition varies from work done by author to author
and most of the work has been done relating to analysis of fatigue failure of material.
According to the findings of (Chungseok) [51], Strain induced martensite can be seen in 316L
material around strain amplitude of 3% under fatigue failure condition. (Chungseok) has used
several different methods to validate his results such as magnetic and acoustic NDT techniques,
microstructure examination using optical microscope, SEM and TEM. (Chungseok) [51]
concludes that the volume fraction of strain-induced martensite increases with the strain
amplitude under fatigue failure condition.

Work done in article [59] had examined the stability of austenitic 316L steel against
martensite formation under fatigue loading condition. In his work, author has used heat treated
(solution annealing at 1080°C/water quenching) material which was subjected to fatigue
deformation. Author examination method includes, neutron diffraction (ND), Ferritescope,
EBSD, ECCI and TEM. He concluded his finding by stating that no deformation-induced
martensite was detected in the bulk by Neutron diffraction (ND) At room temperature under
fatigue loading even with very high plastic strain amplitude of 5% until fracture. No and/or
only limited amount of �′ - martensite (with small variations around the specimen
circumference) were found by the ferritescope (FS) close to the fracture surface [59]. Authors
of literature [59] concludes that, AISI 316L at room temperature exhibits a very high stability
of austenite during cyclic straining (fatigue failure) up to strain amplitudes of 5%. No
deformation-induced martensite was detected in the bulk of material during room temperature
straining. Very limited martensite formation was revealed only on fracture surface produced by
the growth of long fatigue cracks.

It can be seen that there is a contradicting result between the findings in literature [51]
and [59]. The main reason for this contradiction is that in [59] the material was heat treated
before deforming and it is well known from previous works that by performing heat treatment
the chances of strain induced martensite (SIM) transformation is reduced. Whereas in article
[51] there was no heat treatment done to the material.

Work done in this project is quite unique because two types of deformation is studied in
this project first one is cyclically deformation (without failure) and other one is tensile failed
specimen at various temperature.
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2.7 Material Examination Methods
2.7.1 Optical microscope (OM)

Optical microscope is an instrument that uses visible light to create a magnified image of an
object which is projected onto the retina of the eye or onto the photosensitive surface of an
imaging device [60]. In a compound light microscope two lenses, the objective and the eyepiece
(or ocular), are responsible to produce the final magnification M of the image such that:

Mfinal =Mobj ×Moc (2.10)

Two important components in optical microscope for image formation are: (1) the
objective, which uses diffracted light by the specimen and forms a magnified real image near
the eyepieces/oculars, which is known as the real intermediate image plane, and (2) the
condenser, the condenser, which focuses light from the illuminator onto a small region of the
sample [60]. Figure 2.22 shows how an image is magnified and perceived by the eye. It also
shows the important focal planes in relation to the objective, the ocular, and the eye. Due to
limited resolving power of visible light the maximum magnification power of OM is typically
limited to around 1000x resolution.

Figure 2.22: How a magnified virtual image of a specimen is perceived in optical microscope. [60]
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2.7.2 Scanning electron microscope (SEM)

SEM is mainly used to study the surface or near surface structures in the specimen. Its main
application is to examine topography, morphology, crystallographic information and
composition of a given sample. It uses electron beam to study the specimen. Figure 2.23 below
is the schematic SEM diagram, showing the main components and mode of operation. Electron
source (gun) is primarily of tungsten filament thermionic emission type, but field emission
guns are also employed for higher resolution examination [61]. Electrons are accelerated to an
energy in the range of 1 keV to 30 keV. The beams of electrons are de-magnified using two or
three condenser lenses to a spot size of 2-10 nm in diameter. The beam than passes through
pairs of scanning coils or pairs of deflector plates in the electron column, typically in objective
lens which deflects the beam in the x and y axes such that it scans in a raster fashion over a
rectangular area of specimen. Electrons loses its energy when primary electron beam interact
with the sample by repeated random scattering and absorption in a drop-shaped volume of the
specimen known as interaction volume as shown in Figure 2.24b. A number of rays are emitted
(see Figure 2.24a) when an electron beam hits the specimen. The reflected rays are result of
repulsion and elastic scattering and are captured through various special detectors designed for
each ray. The signal through the detector is processed further and finally we receive a
magnified and high-resolution image of our sample [61].

Figure 2.23: Schematic diagram of SEM. [62]
.
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(a) (b)
Figure 2.24: (a) Different rays coming out when electron beam hits the specimen, (b) Interaction volume
through which secondary electrons, backscattered electrons and characteristic X-rays may be detected.
[61]

Energy dispersive spectroscopy (EDS)

A SEM has also the capability to perform EDS and EBSD. EDS is an analytical method used
for chemical characterization of a sample. When high energy electron beam hits the specimen,
characteristic X-rays are produced and this X-rays are proportional to the mass fraction of the
element in the specimen [63]. In EDS, X-rays are detected by a solid-state spectrometer which
converts them to electrical pulses proportional to the characteristic X-ray energies. So, by
comparing the X-ray intensity of each element to that of standard known composition, the mass
fraction of each element can be calculated [63].

Electron backscatter diffraction (EBSD)

The main advantage of this method is the possibility to link morphology (grain size and shape)
with crystallographic features (phase, orientation, disorientation) on the microscopic scale. In
EBSD, an electronic backscatter pattern (EBSP) is created, an image consisting of relatively
intense bands (Kikuchi bands) which intersects with one another and overlay the normal
distribution of backscattered electrons, due to Bragg diffraction of electrons by atomic planes
in the crystal lattice [63]. Results obtained from EBSD can be compared by TEM, but the
specimen preparation method for EBSD is much simpler as compared to TEM specimen
preparation. However, specimen preparation for EBSD is complex as compared to normal
imaging in SEM, because of very low information depth of the EBSD signal based on
channeling effects. Etching is generally not required for EBSD because the contrast is defined
through the orientation differences. Etching should be avoided (oxide polishing suspension
(OPS) can be done), as the induced surface roughening is disturbing due to the high specimen
tilt (70°) during the examination process.
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2.7.3 Transmission electron microscope (TEM)

In TEM an electron beam is transmitted through the specimen to create an image. It has an
accelerating voltage values between 100 to 300 keV [64]. The higher is the accelerating voltage,
the easier it is for electron to penetrate the thicker specimen. For example, at 100 keV voltage
maximum thickness of specimen is of order 200 nm and at 200 keV it is 1000 nm. A very
high-resolution image and rows of atomic columns can be obtained using TEM because, a high
accelerating voltage results in low wavelength of electrons, about 1/100000 of the wavelength
of visible light [64]. By the help of TEM, we can perform imaging of microstructure (grain
boundaries, dislocations, defects etc.), diffraction and different forms of spectroscopy of the
given specimen. Electron beams penetrates the specimen and during this process they are
diffracted by different planes at crystal lattice and interferences arise. By the help of diffraction
patterns obtained, we can know about the lattice structure of the specimen. Below Figure
2.25 shows the schematic diagram of TEM. The main challenge with working on TEM is the
sample preparation. A prerequisite for TEM sample is that it should be sufficient thin such
that electrons can easily pass through it and thick enough for their structural features to remain
verifiable. In TEM by observing the diffraction pattern and indexing it in correct manner we
can get information about the phase present in certain region and also some details related to the
microstructure.

Figure 2.25: Schematic diagram of TEM. [65]
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2.7.4 X-ray diffraction (XRD)

X-ray diffraction (XRD) is an analytical method that can provide information about unit cell
dimensions and is mainly used for phase identification of crystalline materials. Crystalline
structure of an atom diffracts the incoming X-ray into various directions. When the X-ray hits
an atom, electrons in atom act as a new source of waves and these waves have destructive and
constructive interference according to the Bragg’s law [66]:

2dsin� = n� (2.11)

Where ’d’ is the distance between the diffracting planes, ’�’ is the incident angle, ’n’ is any
integer and ’�’ is the wavelength of the beam (see Figure 3.4d). By measuring the angle and
intensities of a diffracted beams, a crystallographer can generate a three-dimensional picture of
the density of electrons within the crystal. This electron density can give information such as
mean position of the atoms in crystal, chemical bonds, crystallographic arrangement,
crystallographic disorder and various other information [66]. An X-ray diffraction pattern is a
plot between the intensity of X-rays versus beam scattering angle by the sample. The detector
moves in a circle around the sample and its position is recorded as the angle 2� (see Figure
3.4a). Each "phase" in the sample produces a unique diffraction pattern. Experimental XRD
data obtained are compared with the reference data (patterns) to determine which all phases are
present [67]. The reference pattern will be denoted by sticks in the graph. If all the major
peaks listed in the reference pattern is not shown in the experimental data, then that is not a
good match. We cannot guess the relative amounts of phases present based upon the plots of
relative intensities of the diffraction peaks. Broadening of diffraction peak may contain the
information about the sample microstructure [67].

(a) (b)
Figure 2.26: (a) Schematic drawing of XRD [67], (b) Figure representing Bragg’s law. [66]
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2.7.5 Hardness test

Hardness of a material can be defined as the resistance to localized plastic deformation induced
by mechanical indentation or abrasion. There are different measurements of hardness such as
scratch hardness, rebound hardness and indentation hardness. Indentation hardness computes
the resistance of a material deformation caused by a constant load from a sharp object.
Commonly used indentation hardness scales are Rockwell, Vickers, and Brinell [68].

Vickers hardness is frequently used to assess mechanical properties of the material because
pyramidal shaped (See Figure 2.27) indenters cause yielding of the indented material at a
lower load and hence can also be used to examine the properties of very thin materials [69]. In
this thesis Vickers hardness measurement technique have been used. In Vickers hardness the
size of the indentation mark is measured. A soft material will have large indent size giving low
hardness value, while a hard material will have small indent size giving high hardness value.
The load can vary from 1 to 120 kg, but the hardness value obtained at different loads will be
same. Below equation (2.13) shows the formula to calculate hardness value.

d =
d1 + d2
2

(2.12)

HV = 1.8544F
d2

(2.13)

Where, HV = Vickers hardness, F = load in Kg, d = mean value of d1 and d2 in mm

Figure 2.27: Schematic diagram of Vickers hardness test Indent. [70]
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3 Experimental Methodology

3.1 Material used
The material used for this thesis is austenitic stainless steel AISI 316L. The material was
provided by Subsea7, Norway in the form of a section of pipe used for offshore applications.
The dimension was 550 mm in length and 273.10 mm outside diameter with thickness of 18.90
(15.90 + 3) mm. The pipe is made up of plain carbon but had a 3 mm inner layer of ASS 316L
inside to protect it from corrosion. My thesis examination will be restricted in this 3 mm
austenitic layer material. The pipe is fabricated in such a manner that one plate of plain carbon
steel and one plate of 316L stainless steel (3 mm layer) is hot rolled together which produces a
metallurgical bond between the two plates. The plates are bend to take a pipe shape structure
and then a longitudinal weld is done to complete the pipe. Below Figure 3.1 shows the as
received material and Table 3.1 shows the chemical composition of plain carbon steel and ASS
316L material.

Table 3.1: Chemical composition of received sample material.
Material Cr Ni Mo Mn N C Si P S Ti Cu
316L ASS 16.640 10.610 2.550 1.830 0.0820 0.017 0.320 0.030 0.0010 - -
PC steel 0.174 0.480 0.119 1.640 0.0049 0.034 0.192 0.006 0.0003 0.002 0.032

Figure 3.1: As received pipe material from Subsea7.
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3.2 Straining of material
3.2.1 Specimen preparation for straining the material using tensile testing machine

Since the material received was a section of pipe, first step was to make a dogbone shape like
structure according to ASTM standard in order to strain it using 250kN INSTRON uniaxial
tensile test machine. For that a couple of machining operation was performed. Below Figure
3.2(a-f) summarizes the machining methods used for making the specimen.

(a) (b)

(c) (d)

(e) (f)
Figure 3.2: (a) Shows the cutting of pipe using saw machine, (b) The cutted pipe in shape of horizontal
bar of approximately 30 mm in width and 250 mm in length, (c) Milling operation of cutted part to make
flat on both side and reduce its thickness to 26 mm so that it can be machined in CNC, (d) Final milled
part ready for CNC machining, (e) CNC machine used for making final specimen for deformation, (f)
Final part, made by CNC which was deformed using tensile test machine.
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Making the final specimen for deformation was quite challenging and time-consuming task.
It required a lot of effort and time in machining the part. Below Figure 3.3 shows the dimension
of the specimen to be made by CNC machine. A total of 15 such specimen was prepared using
CNCmachine. CNCmachining operation was performed by lab engineer, apart from that all the
machining operations was performed by the author of this work (cutting and milling). Below
Table 3.2 shows the machining operation, machines used and approximate machining time for
each step during specimen preparation.

Figure 3.3: Engineering drawing of specimen used for straining.

Table 3.2: Machining method and time consumed.

Machining process Time consumed Machine used
Cutting 6 hours (approx.) Band saw SOMATEC cutting

machine
Manual milling 50 hours (approx.) JAFO FWF32 milling machine
CNC 8 hours (approx.) Mazak vertical center smart

430A CNC machine
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3.2.2 Method of deformation

The sample prepared after CNC machining was deformed using 250kN INSTRON uniaxial
tensile testing machine. The samples were deformed under different test parameters, Table 3.3
below describes all the parameters in detail used for deformation. Few samples were cyclically
deformed at certain strain rate and strain amplitudes (no failure), few were tensile tested until
failure in room temperature and in depressed and elevated temperature. Below Figure 3.4 shows
the tensile machine used for deformation.

(a) (b)

(c) (d)
Figure 3.4: (a) Figure of 250kN INSTRON uniaxial tensile testing machine used, (b) Tensile machine
rig jaw holding the sample at room temperature, (c) Tensile machine set up (White chamber used
is for maintaining certain required temperature) for performing straining at depressed and elevated
temperatures, (d) Specimen holding jaws after application under -80°C.
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All the deformation and straining of the specimens were done independently except the test
done in varied temperature part. For cyclic straining, the number for cycles used was six.
This data was provided by the company Subsea7 because they told that around six times the
pipeline may experience cyclic strain during reeling and un-reeling pipeline operation. The
values of strain rate and strain amplitude used in this work was also provided by the company.
The tensile failure observation is also carried in this work in addition to the observation of
deformed specimen. For tensile failure under different temperature condition, first the test
chamber was brought into the desired test condition environment. Liquid nitrogen container
was connected to the test chamber and an in-built fan was used to create an environment of -
80°C. For operating at elevated temperature (100°C) heating coils fitted in the chamber was used
to make that environment. It took approximately 45 minutes to bring the test chamber at -80°C
and approximately 25 minutes to bring the chamber to 100°C.

Table 3.3: Various straining test condition used.
Spec.
No

Test Type Temperature (°C) Strain amplitude (%) Strain rate (per second)

15 cyclic 23 1 (six cycles) 5×10−3

12 cyclic 23 2 (six cycles) 5×10−3

14 cyclic 23 3 (six cycles) 5×10−3

8 cyclic 23 5 (six cycles) 5×10−3

3 cyclic 23 10 (six cycles) 5×10−3

2 monotonic 23 - 5×10−4

9 monotonic 23 - 200

7 monotonic -80 °C - 5×10−4

16 monotonic -40 °C - 5×10−4

1 monotonic 0 °C - 5×10−4

6 monotonic 100 °C - 5×10−4
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3.3 Optical microscope (OM)
For observing the microstructure in OM, material was cut into small pieces and then molded in
a cylindrical shape which was than followed by mechanical polishing to get a mirror like finish.
Further it was then etched using suitable chemical so that the microstructure is visible in the
microscope. The etchant used was Kallings No. 2 reagent’s, Table 3.5 summarizes the chemical
composition of it. Below Figure 3.5 shows the various machines used for sample preparation
for optical microscope examination.

(a) (b)

(c) (d)

(e) (f)
Figure 3.5: (a) Cutting machine used for small parts cutting, (b) Molding machine used for molding the
small cutted part, (c) Specimen molded in polyfast resins in cylindrical shape, (d) Mechanical polishing
machine used, (e) Ultrasonic cleaning machine used for cleaning the polished samples, (d) Optical
microscope used for microstructure examination of samples.
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Below Table 3.5 briefly summarizes the polishing steps and parameters used. It can be seen
from the below table that as we go towards the finer abrasive the polishing time is increased
to get a perfect mirror like shine in the material. All the steps of material preparation (cutting
and polishing) were performed independently. We were given prior training for the usage of
equipment’s.

Table 3.4: Mechanical polishing steps and parameter used.

Step Abrasive RPM Load (N) Applied time Lubricant
1 220 grit Sic paper 330 40 2 minutes water

2 600 grit Sic paper 330 40 2 minutes water

3 1200 grit Sic paper 330 40 2 m 30 sec water

4 9 µm 330 30 3 minutes diamond suspension

5 3 µm 150 30 6 minutes diamond suspension

6 1 µm 150 15 8 minutes diamond suspension

Chemical Etching

Chemical etching is the most commonly used method for creating contrast in the specimen. In
chemical etching electrolytic action takes place when a chemical solution (etchant) is in contact
with ametal surface. The etchant, normally having a reduction component that is usually an acid,
an oxidizer component, and a modifier component which causes an electric potential between
differently oriented grains, different phases, grains and boundaries, inclusions, matrix, etc. The
difference in attack, which is the amount of material removed from the single details, reveals the
structure [63]. Below Table 3.5 shows the composition and concentration of etchant used for
this work. The etchant was selected after studying the various literature related to this topic.

Table 3.5: Chemical etchant used.
Etchant Composition Conditions Comments
Kalling’s No.2 CuCl2 (5 grams),

HCL (100ml),
C2H5OH ethanol
(100ml)

Swab rubbing
method used for
approx. 1 minute
30 secs

Mostly attacks austenite and
martensite
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3.4 Transmission electron microscope (TEM)
Sample preparation

For TEM analysis (i.e. microstructure and diffraction pattern), thin foils were prepared, first
by thinning down mechanically to a thickness of approx. 50-100 µm and then these foils were
punched into a circular section of 3 mm in diameter using a special punching tool. The punched
part was than electropolished to create a hole in the center by using a dual jet polishing system,
Struers TENUPOL-5 operated at -30 °C and 15 V in an electrolyte solution of 95%methanol and
5% perchloric acid. A hole is created in the center to further achieve more thinning of specimen
in the region from where we tend to take the diffraction pattern and image of the sample. Below
Figure 3.6 shows TEM machine used for this work.

TEM analysis

Transmission Electron Microscopy (TEM) JEOL-2100 (LaB6 filament), operating at 200kV,
equipped with EDAX, high angle annular bright field and dark field detectors was used for the
observation. Below Figure 3.6 represent the microscope used. Diffraction pattern was taken
from a number of regions in the sample by tilting it at various angles.

Indexing of diffraction pattern

Diffraction pattern gives the information about the crystal structure in reciprocal space.
Obtaining diffraction patterns from the region of interest and indexing them is an important
step for analysis and interpretation of the region of interest in the material. Images were taken
in three different modes which were diffraction mode, bright field image and dark field image.

Figure 3.6: TEM machine used to carry out experimental work.
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3.5 Scanning electron microscope (SEM)
The experimental part related to scanning electron microscope such as EBSD and ECCI were
not performed because the machined was damaged and it could not be repaired within the time
frame of master thesis due to COVID rules because the engineer had to travel from other country
to fix it.

3.6 X-ray diffraction (XRD)
For XRD analysis flat polished samples were created to analysis it in the XRD machine. The
samples weremechanically polished up to 1 µmfinish. XRD patterns were acquired using bruker
D8 diffractometer with CuK� radiation (� = 1, 54060Å). Below Figure 3.7a shows the XRD
machine used for the experimental work.

3.7 Ferritescope
Ferritescope is a non-destructive test which is mainly used to find ferrite or martensite content
in the stainless steel and duplex steel. The basic working principle is according to the magnetic
induction method. The magnetic components of the specimen interact with the magnetic field
generated by the coil. A voltage proportionate to the ferrite concentration in a second coil is
induced by variations in the magnetic field. This voltage is then evaluated and the amount of
ferrite or martensite can be known. Below Figure 3.7b shows the apparatus of ferritescope used
for the work. One major drawback of this equipment is that it cannot give accurate reading when
the content of ferrite or martensite is in lower range (i.e. less than 1%).

(a) (b)
Figure 3.7: (a) Figure show test sample being hold inside XRD machine, (b) Ferritescope equipment.
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3.8 Hardness measurement
Hardness tests were performed using a Vickers Struers DuraScan testing machine using 5HV
loads with a dwell time of 10 seconds. Themeasurement was taken along two cross sections, first
along the plane parallel to tensile axis and another plane perpendicular to tensile axis. Readings
obtained were calibrated manually to get more precise result by matching the lines to the corner
of the indent shape obtained (see Fig. 3.9). Ten readings were taken for all the specimens and
then an average hardness value was obtained for each specimen. The readings were taken from
different regions in the sample to get uniformity in the results. Below Figure 3.8 shows the
hardness machine used to carry out the experiment and Figure 3.9 shows the indentation mark
after the application of the load.

Figure 3.8: Struers Durascan Vickers hardness testing machine.

Figure 3.9: Indentation created after the application of load, red and green lines were adjusted manually
to get exact values.
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4 Results

4.1 Deformation of material
The test material was cyclically deformed and following below figures shows the graph obtained
between strain amplitude and time. The strain rate value for the followingmethod was kept 0.005
per seconds and the number of cycles used was six cycles. Figure 4.1 and 4.2 is for lower strain
amplitude and Figure 4.3 is for higher strain amplitude.

Figure 4.1: Graph showing cyclically deformation of material at 1 percent strain amplitude.

Figure 4.2: Graph showing cyclically deformation of material at 2 percent strain amplitude.

Figure 4.3: Graph showing cyclically deformation of material at 10 percent strain amplitude.
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Some of the samples were strained until failure at a very slow strain rate (0.0005 per second)
and at a very high strain rate (200 per second) to observe the properties and microstructural
changes happening in it. It can be seen from the Figures 4.4 and 4.5 that tensile stress is increased
as the strain rate value is increased due to the effect of work-hardening. These findings are
consistent with the work done by authors [35]. It was also observed that a high amount of heat
was generated when the material was strained at high strain rate as compared to low strain rate
value.

Figure 4.4: Graph showing failure of the material at 0.0005 per second strain rate.

Figure 4.5: Graph showing failure of the material at 200 per second strain rate.
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4.2 Optical microscope
Cyclically deformed specimens (six cycles) without failure

Below Figure 4.6 shows the image analysis obtained through the optical microscope. The images
were taken at 50x magnification.

(a) (b)

(c) (d)
Figure 4.6: (a) Microstructure of as received ASS material, (b) Microstructure of material after 1
percent strain amplitude deformation, (c) Microstructure of material after 2 percent strain amplitude
deformation, (d) Microstructure of material after 10 percent strain amplitude deformation.

From the above Figure 4.6 it can be clearly seen the grain boundaries of -austenite is intact
in all the cases. There’s no significant change in the grain structure and boundaries at lower
values of deformation. The only change which was observed between the as received material
and deformed material was that, number of scratches/needle shape structure (marked with red
arrow) increases with increasing strain amplitude. This structures might be mechanical twin’s
or martensite, but it turns out to be twin’s which was confirmed by other methods which is
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discussed later in this chapter. This structures might have developed due to the twining or shear
deformation of the material. Grain elongation can also be observed at higher strain amplitude
values but the austenite structure is intact. Martensite presence was not observed in the above
discussed cases and these results were supported by TEM analysis. So, it can be concluded that
the austenite phase is stable according to OM image analysis and the findings complies with the
work done by author [59].

Tensile failed specimens (straining of material until failure)

Following below figure shows the OM image analysis of tensile failed specimens. Figure 4.7a
shows the microstructure of tensile failed specimen at a very slow strain rate (i.e. 0.0005 per
second) and Figure 4.7b shows themicrostructure of tensile failed specimen at -80 °C and 0.0005
per second strain rate.

(a) (b)
Figure 4.7: (a) Microstructure of tensile failed specimen at room temperature using strain rate of 0.0005
per second (specimen number 2, see Table3.3), (b) Microstructure of tensile failed specimen at -80 °C
using strain rate of 0.0005 per second (specimen 7).

When the specimen was strained to failure using slow strain rate (i.e.0.0005 per second),
it is seen from Figure 4.7a that a lot of scratches morphology is been seen. This might be an
indication that austenite phase is no more stable and some of its parts may have been induced
to martensite this can be defended Since the etchant used mainly attacks the austenite and
martensite structure and there’s a lot change being seen through the image analysis. Tensile
failed specimen at depressed temperature (Figure 4.7b), It can be clearly seen that there has been
phase change or distortion of - austenite phase and martensite has been induced in this case.
The findings were confirmed by using ferritescope and its shows the martensite percentage of
approximately 21%. So, it can be concluded that martensite is induced in tensile failed specimen
and the amount is increased as the temperature is lowered, this result is in accordance with Graph
2.19.
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4.3 Transmission electron microscope (TEM)
Cyclically deformed specimens (six cycles) without failure

Below Figure shows the TEM image analysis of deformed sample. Images and diffraction
patterns were taken from various regions. Some of the images and their diffraction pattern is
shown below:

(a) (b)

(c) (d)
Figure 4.8: Austenite matrix of material deformed at one percent strain amplitude (specimen no. 15),
(a) Bright field (BF) image, (b) Dark field image from (1̄11̄) reflection, (c) Dark field image from (002̄)
reflection, (d) Selected area diffraction (SAD) pattern from region marked as red circle in (a) along [110]
zone axis.

Needle/plates like structure were observed and the analysis of selected area diffraction (SAD)
pattern (Figure 4.8d) reveals the presence of twin’s structure which have fcc unit cell. The
twins are of (111) type twining, often observed in fcc metals with the orientation relationship
of [1̄10]w//[11̄0]s. Subscript’s ‘w’ and ‘s’ indicate ‘weak’ and ‘strong’ spots, respectively. The
lattice spacing are d002 = 0.139 nm and d−11−1 = 0.160 nm. The ratios of (ℎ2+k2+l2)

1
2 for (111

/ 002) = 1.15. The camera length used was 300 mm and wavelength of radiation was 2.5079
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pm(picometer). In Figure 4.8d white colour indexing of bright spots and red coloured indexing
is for weaker spots. This kind of needle/plates structure was found in number of regions and
they were analyzed, but all the structure seems to have a fcc unit cell structure. Observing a
particular phase in TEM is quite challenging and it becomes more difficult if the phase amount
is quite low in number.

Below are some more TEM analysis image at higher strain amplitude (10%) deformation.
The suspected regions were examined:

(a) (b)

(c) (d)
Figure 4.9: Austenite matrix of material deformed at 10 percent strain amplitude (specimen no.3), (a)
Bright field (BF) image, (b) Dark field image from (22̄0) reflection, (c) Dark field image from (2̄20)
reflection, (d) Selected area diffraction (SAD) pattern from region marked as red circle in (a) along [111]
zone axis.

The analyzed region (Figure 4.9) shows an austenite matrix and the SAD pattern reveals a
fcc structure along the [111] zone axis. The lattice spacing along d220 = 0.098 nm.
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(a) (b)

(c) (d)

(e) (f)
Figure 4.10: Microstructure of austenite () phase for material deforms at 10 percent strain amplitude
(specimen no.3), (a) and (b) are TEM BF images from two different domain of interest, (c) and (d) are
SAD pattern from marked regions along zone axis [211],[310] in (a) and (b) respectively, (e), (f) are dark
field images from reflections of (022̄) in (c) and (1̄31̄) in (d) respectively.
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From TEM analysis (Figures 4.8, 4.9 and 4.10) both image and selected area diffraction
pattern reveals that under various deformed state of material (i.e. low and high strain amplitude)
and using six strain cycle, strain induced martensite is not observed (TEM analysis), only we
can see increase in twins through image analysis. All the diffraction pattern observed is of
fcc structure. This finding is also supported by the XRD pattern observed and by ferritescope
measurement. No peaks of martensite were seen throughXRD analysis and no change of reading
was seen in the ferritescope when compared with undeformed specimen.

Tensile failed specimens

Below (Figure 4.11) are the some of the images taken from the TEM. It is seen that a lot of
needles and plate’s structure is seen as compared to the deformed specimens.

(a) (b)

(c) (d)
Figure 4.11: (a), (b) shows the TEMmicrostructure image of tensile failed specimen at room temperature
using 0.0005 per second (specimen no.2), (c) shows the image of tensile failed specimen at 100°C using
0.0005 per second strain rate (specimen no.6), (d) shows the image of tensile failed specimen at -80°C
using 0.0005 strain rate (specimen no.7).
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Below Figure 4.12 shows some of the TEM images of tensile failed specimen at 0.0005 per
second strain rate at room temperature. It includes diffraction pattern, bright field image and
dark field image.

(a) (b)

(c) (d)
Figure 4.12: Austenite matrix of material failed at room temperature using 0.0005 per second strain rate
(specimen no.2), (a) Bright field (BF) image, (b) Dark field image reflection from (1̄11̄) bigger spot, (c)
Dark field image from (1̄11̄) reflection (twins) marked with red color, (d) Selected area diffraction (SAD)
pattern from region marked as red circle in (a) along [110] zone axis.

The SAD pattern (Figure 4.12d) shows that it is an austenite matrix along [110] zone axis.
The inspected area turns out to be mechanical twin’s were red coloured is indexing from twins
reflection. The lattice spacing is d002 = 0.158 nm and along d−11−1 = 0.137 nm. Ratios of
(ℎ2 + k2 + l2)

1
2 for (200/111) = 1.15. Camera length used was 300mm and wavelength of the

radiation was 2,5079 pm.
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Below Figure 4.13 depicts some more TEM images analysis of tensile failed specimen at
0.0005 per second strain rate. The diffraction pattern was taken from the region which shows a
change in the morphology.

(a) (b)

(c) (d)
Figure 4.13: Austenite matrix of material failed at room temperature using 0.0005 per second strain rate
(specimen no.2), (a) Bright field (BF) image, (b) Dark field image reflection from (02̄2), (c) Dark field
image from (22̄0) reflection, (d) Selected area diffraction (SAD) pattern from region marked as red circle
in (a) along [111] zone axis.

The SAD pattern (Figure 4.13d) reveals that the examined area has austenite matrix along
[111] zone axis. The lattice spacing are d2−20 = 0.161 nm, d0−22 = 0.170 nm and d2−42 = 0.09
nm. Ratios of (ℎ2 + k2 + l2)

1
2 for (0 -2 2/2-2 0) = 1.05 and for (0 -2 2/-2-2 4) = 1.77. Camera

length used was 300 mm and wavelength of the radiation was 2,5079 pm. The camera length
and wavelength of radiation as same for all diffraction pattern observed.
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Below Figure 4.14 shows some more TEM analysis of needles and plate like structure
induced in the material.

(a) (b)

(c) (d)
Figure 4.14: Austenite matrix of material failed at room temperature using 0.0005 per second strain rate
(specimen no.2), (a) Bright field (BF) image, (b) Dark field image reflection from (1̄11̄), (c) Dark field
image from (1̄11) reflection, (d) Selected area diffraction (SAD) pattern from region marked as red circle
in (a) along [110] zone axis.

The SAD pattern (Figure 4.14d) reveals that the examined area has austenite (fcc structure)
matrix along [110] zone axis. The lattice spacing are d002 = 0.138 nm, d−111 = 0.160 nm, and
d−220 = 0.097 nm. The ratio of (ℎ2 + k2 + l2)

1
2 for (0 0 2/-2 2 0) = 1.42 and for (-1 1 1/0 0 2) =

1.15. The observed diffraction pattern is confirmed by measuring the angle theoretically (using
the formula) and by analyzing the angle using software. Observed pattern was also verified by
taking ratios for lattice spacing.
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(a) (b)

(c) (d)

(e) (f)
Figure 4.15: TEM image analysis of material failed at room temperature using 200 per second strain rate
(high strain rate, specimen no.9), (a) and (b) are TEM BF images from two different domain of interest,
(c) and (d) are SAD pattern from marked regions along zone axis [323], [120] in (a) and (b) respectively,
(e), (f) are dark field images from reflections of (002) in (c) and (33̄1̄) in (d) respectively.
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From the above Figure 4.15 analysis it is see that Fig. 4.15e represents an austenite matrix
(fcc) along zone axis [323] where the lattice spacing are d−13−1 = 0.084 nm, d−202 = 0.100 nm
and d3−3−1 = 0.064 nm. The ratio of (ℎ2 + k2 + l2)

1
2 for (202 / 131) = 1.190, (202 / 331) = 1.56

and (131 / 331) = 1.31. From Fig. 4.15f analysis the matrix turns out to be of bcc along [120]
zone axis where the lattice spacing are d002 = 0.170 nm, d−211 = 0.139 nm and d2−13 = 0.090
nm. The ratio of (ℎ2 + k2 + l2)

1
2 for (002 / 211) = 1.22, (211 / 213) = 1.54 and (002 / 213)

= 1.88. Although �′-martensite also possess bcc structure but this diffraction pattern is not for
�′-martensite because the SAD pattern has been taken from a region which contains both needle
like structure and other region due to that the diffraction pattern cannot be so perfect (i.e. it might
have some other weak spots nearby which would represent fcc because the maximum matrix is
of fcc) so the diffraction pattern turns out to be for ferrite (which also has b.c.c structure) because
ASS contains some percentage of ferrite.

Below Figure 4.16 shows tensile failed specimen at 100 °C using 0.0005 per second strain
rate. Through TEM image analysis of the material, it is seen that very few needles and plate
like structures was observed (only one picture has been used here for reference) because with
increase in temperature the stacking fault energy of a material decreases and hence tendency to
form martensite is reduced.

(a) (b)
Figure 4.16: (a) TEM image of tensile failed specimen at 100°C using 0.0005 per second strain rate
(specimen no.6), (b) SAD pattern from image (a) along zone axis [211].

Above analysis of Figure 4.16 shows an austenite matrix diffraction pattern along zone axis
[211], where lattice spacing are d−111 = 0.159 nm, d0−22 = 0.098 nm and d−13−1 = 0.082 nm.
The ratios of (ℎ2 + k2 + l2)

1
2 for (111 / 022) = 1.62, (022 / 131) = 1.19 and (111 / 131) = 1.93.

Below Figure 4.17 shows tensile failed specimen at -80°C using 0.0005 per second strain
rate.
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(a) (b)

(c) (d)
Figure 4.17: Austenite matrix of material failed at -80°C using 0.0005 per second strain rate (specimen
no.7), (a) Bright field (BF) image, (b) Dark field image reflection from (11̄1), (c) Dark field image from
(002̄) reflection, (d) Selected area diffraction (SAD) pattern from region marked as red circle in (a) along
[110] zone axis.

TEM analysis of above Fig. 4.17 reveals a fcc matrix along the zone axis [110], where the
lattice spacing are d002 = 0.149 nm, d−11−1 = 0.161 nm, d−220 = 0.098 nm and d113 = 0.090
nm. The ratios of (ℎ2 + k2 + l2)

1
2 for (111 / 002) = 1.08, (002 / 220) = 1.52 and (111 / 113) =

1.77. In this case of failure, the chance of induced martensite formation is very high (can also
be verified by the Graph 2.19) because as the temperature is decreased the stacking fault energy
is decreased and hence the formation of martensite also increases. This finding is in like nature
with the work done by author [35].
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4.4 Hardness Test
Below Graph 4.18 shows the variation of Vickers hardness value from minimum to maximum
of a particular specimen deformed at specific test condition. The mean hardness values of all the
different samples are connected by the shown line. The readings were taken along perpendicular
to the tensile axis direction and ten readings were taken for each specimen at different points in
the samples. The load used for testing was HV5 and the dwell time was 10 seconds.

Figure 4.18: Graph showing hardness value for as received sample, sample deformed at 1 percent strain
amplitude (SA), 2 percent SA and 10 percent SA along perpendicular to tensile axis direction.

Undeformed ASS has a Vickers hardness value of around 218 and from above Graph 4.18
the result is nearby to that value. It can be seen from the Graph 4.18 that as the deformation is
increased the hardness value also increases. The increase in hardness value with deformation is
attributed to more stacking faults and formation of greater number of twin’s with increasing
deformation. Also, from microstructure obtained through optical microscope it is seen that
austenite grain size is increased as we increase the strain amplitude and due to that stacking
fault energy is reduced and more twins formation occurs which results in the hardening of the
material. The results are in like nature with work done by author [71].

Graph 4.19 below shows the Vickers hardness value of the same specimen under same test
condition as shown in 4.18 but the measurement direction is along the tensile axis direction. If
compared with Graph 4.18 the hardness value (as shown in Graph 4.19) under all test condition
is lower, this lower in hardness value may be attributed due to the direction of production of the
ASS because the material used for this work was a plate of 3mm thickness which is bent and hot
rolled inside of the carbon steel pipe.
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Figure 4.19: Graph showing hardness value for as received sample, sample deformed at 1 percent strain
amplitude (SA), 2 percent SA and 10 percent SA along tensile axis direction.

Below Graph 4.20 shows the Vickers hardness value of tensile failed specimen at lower (i.e.
0.0005 per second) and higher (i.e. 200 per second) strain rate (SR). Ten readings were taken
for each specimen at different points and the measurement direction was along perpendicular to
the tensile axis. The load used for testing was HV5 and the dwell time was 10 seconds.

Figure 4.20: Graph showing hardness value for tensile failed specimen at lower strain rate (SR) i.e.
0.0005 per second and higher SR i.e. 200 per second along the direction perpendicular to the tensile axis
direction.

It can be seen from the above Graph 4.20 that the tensile failed specimen has higher hardness
value as compared to deformed specimen (both at low and high strain amplitude). This increases
in hardness value can be attributed to the formation of �-martensite and twins generated. It can
also be seen that the material failed at high strain rate (i.e. 200 per second) has lower hardness
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value as compared to material failed at lower strain rate (i.e. 0.0005 per second) because the
tendency to form martensite is reduced as the strain rate value is increased. The results obtained
are in like nature with work done by authors [35, 71].

Below Graph 4.21 shows the hardness value of tensile failed specimen along tensile axis
direction.

Figure 4.21: Graph showing hardness value for tensile failed specimen at lower strain rate (SR) i.e.
0.0005 per second and higher SR i.e. 200 per second along the tensile axis direction.

Below Graph 4.22 shows the hardness value of tensile failed specimen at -80°C, -40°C and
0 °C using 0.0005 per second strain rate. Ten readings were taken for each specimen at different
points and the measurement direction was along perpendicular to the tensile axis. The load used
for testing was HV5 and the dwell time was 10 seconds.

Figure 4.22: Graph showing hardness value for tensile failed specimen at -80°C, -40°C and 0 °C using
0.0005 per second strain rate along perpendicular direction to tensile axis.

Below Graph 4.23 shows the hardness value of same specimens and under same test
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condition as shown in Graph 4.22, but the only difference is the hardness measurement
direction which in this case is along the tensile axis direction.

Figure 4.23: Graph showing hardness value for tensile failed specimen at -80°C, -40°C and 0 °C using
0.0005 per second strain rate along tensile axis direction.

It can be seen from all above graphs that the hardness value obtained is maximum when
the material is failed at depressed temperature (-80°C). This increase in hardness is due to
the formation of martensite Maximum amount of martensite is formed when the material is
deformed at depressed temperature because the stacking fault energy of material is increased
and shear bands acts as the nucleation site for the formation of martensite. The given reason
complies with Graph 2.19 and the work done by author [35]. So, the formation of martensite
in tensile failed specimens can also be co-related easily with the increase in the hardness value
of the material.

4.5 Ferritescope
Ferritescope readings were taken for all the deformed specimen but none of the deformed
material showed any amount of martensite content expect for the material failed at -80°C (See
Figure A.1 in appendix for further reference). Other tensile failed samples did not show any
martensite reading in ferritescope and this may be due to low amount of induced martensite
present in those material. The big drawback with ferritescope is that it is not suited to measure
the low amount of ferrite/martensite in a given material.

Strain Induced Phase Transformation In Austenitic Stainless Steel (316L) 63



Chapter 4 Results

4.6 X-ray diffraction (XRD)

Figure 4.24: XRD peaks for cyclically deformed specimen at higher strain amplitude (i.e. 10 percent).

Figure 4.25: XRD peaks for tensile failed specimen using 0.0005 per second strain rate.

Above Figure 4.24 and 4.25 shows the XRD peaks for cyclically deformed and tensile failed
specimen respectively. The peaks obtained was just of austenite phase when compared with
the data stored for this material in the software. The sample used for XRD was solid steel
specimen. No martensite peaks were observed in tensile failed specimen and this may be due to
low percentage of martensite induced in the specimen.
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5 Discussion
In this section author discusses the work done and findings related to it:

∙ Observation of microstructure for cyclically deformed specimen at low and high strain
amplitude using optical microscope reveals the stability of austenite, this result is in like
nature with work done in literature [59]. The minor changes which were seen when
compared with undeformed specimen, is that there were some scratches/needle shaped
structure which was later confirmed as mechanical twin’s by the help of TEM analysis.
Also, there was some changes in the hardness value of the deformed specimen and this
changewas attributed to increase in shear faults andmechanical twin’s structure. Although
it is difficult to rely on XRD result for solid material examination but the peaks obtained
through XRD was just peaks for austenite phase and no other phase peak was seen. TEM
analysis (i.e. diffraction pattern) reveals only the twin’s structure and austenite structure
along various zone axis. The material under examination was tilted under various angles
and from different points the diffraction patterns were taken.

∙ Observation of microstructure for tensile failed specimen at room temperature using low
strain rate (i.e. 0.0005 per second) and high strain rate (i.e. 200 per second) was examined
in this work. Optical microscope image reveals that the austenite grain structure was not
stable meaning that a lot of scratches/needle shaped structure was seen and this might
be the induced martensite which are in like nature with the work done in literature [35,
51]. This result was not confirmed with TEM and XRD because the induced martensite
may be very small in number and it was very difficult to find any bcc or hcp structure
from diffraction pattern by TEM analysis, since the examined area in TEM was very very
small. Also, due to the small amount martensite it was not possible to get any peaks
of martensite from XRD. Although work done in literature [35, 51] have found out the
induced martensite following same test condition, but due to limitation of lab facility and
equipment’s those work were not carried out for this project. The hardness value of tensile
failed specimen at room temperature was considerably high as compared to deformed
specimen and this may be attributed to martensite formation in the material.

∙ Observation of microstructure for tensile failed specimen at depressed temperature (i.e.
-80°C and -40°C) was examined in this work. Optical microscope image analysis reveals
that the austenite grain structure is not stable. According to the Graph 2.19, maximum
induced martensite is formed at the depressed temperature. Ferritescope also shows a
reading of approx. 20% for martensite content for tensile failed specimen at -80°C. It was
not possible to see any diffraction pattern of martensite through TEM, but hardness value
(See Graph 4.22) was increased to almost double as compared to undeformed material.
This result of increased hardness value may support the formation of martensite.
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6 Conclusion
Below points will conclude the findings of the work:

∙ It can be concluded that there was no induced martensite formation at low (approx.2%)
and high (approx.10%) strain amplitude cyclic deformation of material, only increase in
mechanical twin’s may be seen.

∙ In tensile failed specimen at room temperature using low strain rate, strain induced
martensite can be observed and the result was supported by optical microscope image
analysis and hardness measurement. There was limitation of equipment’s available to
carry out the work otherwise the result would have been verified more precisely using
other techniques such as NDT and measuring magnetic properties.

∙ For tensile failed specimen at depressed temperature maximum amount of induced
martensite is observed and this result was supported by ferritescope readings, optical
microscope image analysis and hardness measurement. This result is attributed to the
temperature dependency of stacking-fault energy (SFE) which decreases as the
temperature is lowered.

∙ With increase in strain rate value the tendency to form induced martensite is reduced due
to adiabatic heating which increases the stacking-fault energy (SFE) and decreases the
chemical driving force of the martensite transformation.

∙ The maximum hardness of material was seen in the tensile failed specimen at depressed
temperature (i.e. -80°C and then 40°C) followed by tensile failed specimen at room
temperature with low strain rate and than followed by cyclically deformed specimen (i.e.
without failure).
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7 Further work
∙ Several NDT methods can be used to estimate magnetic properties such as coercivity,
remanance and saturation magnetization which can help calculate the amount of induced
martensite more precisely.

∙ Extensive EBSD, XRD and TEM examination is proposed as the subject of further studies.
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Appendix

A Appendix
Below figure shows the ferritescope reading of tensile failed specimen at -80°C.

Figure A.1: Ferrite scope reading for tensile failed specimen at -80°C
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