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Abstract

GALLIFA, A. Mechanical behaviour and microstructure of duplex stainless steels.
Monografia (Trabalho de formatura). Departamento de Engenharia Metallrgica e de Materiais,
Escola Politécnica, Universidade de Sao Paulo, Sdo0 Paulo, 2015.

Rolling plate specimens of different thicknesses of duplex stainless steef UNS 532304 and a
cylindrical extruded specimen of super duplex stainless steel UNS §32750 have been used to
investigate the mechanical behaviour of this biphasic materials. The study has been carried
out performing metallographic analysis to as-received as well as to after-deformed specimens
in tensile fests. Microstructure change in the necking region, behaviour of deformed austenite
and ferrite phases and influence of texture anisotropy in the plastic deformation have been
studied qualitatively. Hardness of both austenite and ferrite phases, strain ratio at fracture
region and macroscopic mechanical properties of these duplex stainless steels have been

studied quantitatively.

Keywords: duplex, stainless steels, mechanical behaviour, duplex microstructure,

metallography.
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1. Introduction

Duplex stainless steels are two-phase materials with similar or better corrosion resistance than

the best austenitic steel grades and present superior mechanical strength.

The first wrought DSS were produced in Sweden in 1930 and were used in sulphide paper
industry. Duplex Castings were produced in Finland in 1936 and a patent was developed in
France in 1936. During the early 70s there were two main factors that improved duplexes
development and use. The first one was the increase in Nickel price that turned austenitic
grades more expensive, in combination with increasing demand of good corrosion materials
for offshore oil exploitations. Second the improve in steel production techniques with new
techniques like vacuum and argon oxygen decarburisation (VOD and AOD).

The introduction of continuous casting in stainless steel and afterwards the addition of Nitrogen
to improve welding properties lead to the second generation of DSS that we use nowadays
[Alvarez-Armas, 2008].

The mechanical properties of these biphasic materials depend strongly on alloy element
composition and on thermomechanical fabrication process. The first aspect proportionate the
material different strengthening mechanisms like solid solution hardening and interstitial
solution hardening, and the second one, mainly by cold working in extruded or rolling sheet
samples, proportionate an anisotropic microstructure, or “texture”, to duplex stainless sieels.
Since DSS present this anisotropic configuration, the mechanical behaviour will be influenced
for this effect, making it more complex to understand than for the well-known isotropic
materials.

A better understanding of the mechanical behaviour of duplexes can lead to improvement in
their properties and their manufacturing process. In the present study, different methods, both
qualitative and quantitative will be used to better comprehend some aspects of DSS

mechanical behaviour.



2. Aim of the project

The aim of this project is to better understand duplex stainless steels mechanical behaviour,
both macroscopically (through tensile tests) and microscopically; mainly observing and
comparing the non-deformed microstructure of DSS with the deformed one, regarding the role
that austenite and ferrite phases and the crystallographic texture play during plastic yielding
and fracture mechanism.

Mechanical behaviour dependency in function of rolling plate thickness and orientation of the

ferrite and austenite lamellas with respect to the applied load are also object of study.



3. Review of the literature

3.1. Duplex Stainless Steels

Stainless steels are iron-base alloys containing at least 10.5% Cr. Few stainless steels contain
more than 30% Cr or less than 50% Fe. They achieve their anti-corrosion characteristics
through the formation of transparent and adherent chromium-rich oxide surface film. This film
form at the surface of the steel and heals itself in the presence of oxygen in case of cracking.
Other alloy elements are added to improve different specific characteristics, this includes
nickel, molybdenum, copper, titanium, aluminium, silicon, niobium, nitrogen, sulphur, and
selenium. [ASM International, 1990].

Duplex stainless steels {(abbreviated as DSS hereafter) have a duplex microstructure
consisting of (BCC) ferrite and (FCC) austenite. [Hornbogen, 1984] defines a duplex
microstructure like a biphasic material with approximately equal number of grain boundaries
alpha / alpha and beta / beta, whose sum is similar to the number of alpha / beta interfaces.
Moreover, the volume fraction of both phases should be approximately 50%. The exact amount
of each phase is a function of composition and heat treatment. [ASM International, 19901

DSS structure could be considered a composite. Following the definition according to {Jones,
1998] a composite can be classified as:

(1) Fibrous composite, what consists of continuous or discontinuous fibres in a matrix.

(2) Laminated composite materials, which consist of layers of various phases.

(3) Particulate composite materials, which are composed of isolated particles in a matrix.

(4) Combinations of some or all of the first three types.

We could consider a duplex stainless steel as a hybrid composite material between composite
type 1 (Fibrous composite}), composite type 2 (Laminated composite) and composite type 3
(Particulate composite).

The generalized corrosion resistance of duplex stainless steels is similar to that of austenitic
stainless steels with equivalent alloying contents, however, they possess good toughness,

yield strengths two to three higher than those of type 304 or 316 stainless steels, and improved



resistance to stress-corrosion cracking (SCC)' compared with their austenitic counterparts.
Fracture toughness of duplex stainless steels is intermediate between that of austenitic and
ferritic stainless steels. [ASM International, 1990].

First-generation duplex stainless steels have been in use for many years. The need for
improvement in the weldability as well as pitting? and SCC corrosion resistance of these alloys
resulted in the second-generation alloys, which are characterized by the addition of nitrogen
as an alloying element. [ASM International, 1990].

Second-generation duplex stainless steels are formed usually by an equivolumetric mixture of
ferrite and austenite. The new duplex alloys combine the good resistance to chloride SCC of
the ferritic grades with the toughness and ease of fabrication of the austenitic grades. Among
the second-generation duplex alloys, Alloy 2205 seems to have become the general-purpose
stainless steel. [ASM International, 1990).

The two-phase alloy carbon steels constitute a new class of materials being considered as
substitute for ordinary carbon steels in many applications for weight-saving purposes.
[Makinde, 1986 ].

Chromium is a very important element for improving the resistance of steels to the majority of
corrosion types, and increases also mechanical strength. Additionally, a high chromium
content implies a very good solubility of N [Zucato et al., 2002].

Molybdenum improves the resistance to corrosion in chloride environments as well as in
reducing acids. An excess of Mo content combined with high N content, however, can lead to
the formation of intermetallic compounds, which are prejudicial since they turn the steel more
fragile [Zucato et al., 2002).

Nitrogen partly increases the resistance to corrosion and partly increases the structural stability
as well as the strength of the material. Moreover, high N contents improve the reformation of
austenite after welding, which ensures optimal properties for welded joints [Zucato et al., 2002].

1 Stress corrosion cracking (SCC) is the growth of crack formation in a corrosive environment. It can lead to
unexpected sudden failure of normally ductile metals subjected to a tensile stress, especially at elevated
temperatures. [ASM International, 1987]

2 Pitting corrosion is a form of extremely localized corrosion that leads to the creation of small holes in the metal.
The driving power for pitting corrosion is the depassivation of a small area, which becomes anodic while an
unknown hut potentially vast area becomes cathodic, leading to very localized galvanic corrosion. [ASM
International, 1987].
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Chromium, molybdenum and tungsten partition to ferrite, and nitrogen and nickel partition to
austenite. The differences in composition, however, are refatively small with no more than 16%
difference between the compositions of the two phases for any individual element {Renton,
20086).

In order to classify corrosion resistance of different duplex grades, some authors define the
empirical pitting resistance equivalent number (PREw), which combines the percentage weight

of chromium, molybdenum, tungsten and nitrogen to give the formula (1):
PREw = Cr + 3.3Mo + 1,65W + 16N (1)
Duplex grades with a PREw greater than 40 are known as super-duplex. [Alvarez-Armas,

2008] In the following Table 1, the PREw number for different stainless steel grades is
presented.

Table 1. Composition and PREw number for different Duplex, Austenitic and Superaustenitic Steel
Grades [Alvarez-Armas, 2008].

Grade N8 C Cr il Mo w Cu b PREw

Lean Duplex 532101 0.03 s 15 9.3 - - 022 25
532304 002 33 4 03 - 03 010 25
Standard Duplex S31803 002 n 33 in - - 0.17 33
$32205 215 38 32 - - 0.17 36
Superduplex §32750 02 23 7 18 - 03 0.27 43
$32760 003 23 7 is né 05 035 42

Superaustenitic
S04 N03S04 0.02 20 243 4z - i3 005 33
254 SMO 531254 992 20 18 61 - 07 820 41

Austemtic

3041 S30400 0.02 182 81 03 - - 0.07 20
316L S21600 492 16.3 19l i1 - - 007 e
3171 S31763 002 184 124 3z - - 007 30

Among stainless steels, Austenitic remains the most popular grades, followed by Ferritic ones.
Duplex grades production, worldwide, represent nowadays about 200kT, less than 1% of the
total production. However, the production has growth of more than 100% in the latest decade

due to its interesting mechanical and corrosion resistance properties. [Charles, 2007].



Most of the duplex applications concerns highly corrosion resistance properties encountered
in process industry: Chemical, petrochemical, off-shore, chemical tankers, pulp and paper
industry, pollution control equipment, desalination and sea-water applications. [Charles, 2007].



3.2. Formation and phases present in Duplex Stainless Steels

Lean duplex stainless steels solidify in a completely ferritic structure, afterwards austenite
transformation occurs in the solid state (Figure 1). The ferrite-austenite transformation, is
reversible, for that reason, a significant increase in temperature from 1050°C to 1300°C, for
example, leads to a higher ferrite content. Austenite nucleates around 1300°C and grows early
in the grain boundaries of ferrite and afterwards inside the ferrite grains. [Padilha and Plaut].

However, in super duplex stainless steels solidification of austenite can occur directly from the
liquid.

DSS
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Figure 1. Pseudo binary phase diagram Fe - Cr - Ni obtained from a ternary diagram cut at 70% Fe 2.
The line below “DSS” marks approximately the compositions where duplex stainfess steels are
present. Adapted from [American Society for Metals, 1973].

As stated above, the two main phases present in DSS, and responsible of its good
macroscopic mechanical properties are austenite and ferrite. The ideal balance for modern

duplexes varies among fabricants, but a volume fraction from 45% to 60% can be expected to

¥ The aim of the figure is to show qualitatively the shape of the Fe — Ni - Cr diagram in duplex steels.
However, for modern duplex steels, pseudo binary phase diagrams are no more presented with a cut
at 70% Fe, but at 60% due to increasing alloy content.
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have the most optimal properties. Mechanical aspects are further developed in point 3.4.
Mechanics of duplex stainfess Steels.

When DSS are exposed to temperatures ranging from 300 to 500 °C, o’ phase formation can
occur, and at temperatures ranging from 500 to 1000 °C, phase transformations such as the
sigma phase formation, chromium nitrides and carbides precipitation are favoured.

The occurrence of these phases can often cause loss of toughness and a decrease in
corrosion resistance. The sigma phase presents the fastest kinetics in the range of
temperatures reached during welding or thermo-mechanical processing [Zucato et al., 2002].

The different possible phases present in DSS are shown in the following Table 2:

Table 2. Secondary phases present in DSS. Lattice constants in Angstroms [A]. Adapted from [Nickel
Development Institute, 2000].

Phase Symbol Type Formula Tempecrature Structure Lattice
Rsnge Conslants
chromism = B (CeFa¥taky 850 1050°C orthihtmhic a~4.52 b=£94,
carbida =12.11
chromium - Maly {CrFa. Mol HO0-50°0 cubse : 3=10.5710.68
carbide ;
thwomiam - e {CFe Mo, Clit: 700-850°% cibie a= 10.02-11.28
carhide
cheamiam - i {CrFai 550-850°C brxagonal =277, c=445
niride
chromicm - MH Ci - obic -
niiride
Fe-Mo = MM FaMai, 550-600°C - a=647
nilride
Sigma a AR (Fa,CoB0, i) S50-1050°C tetrgonal B=B79,c=4.54
o x ABe FextirMon £00-500°C cubic a=0.85-8.57
{FeNijlr:{TiMok
Alpia prima a - GiFefCr 61-23%] T50-550°0 tuble a=2877
Laves n AB {FalriiMo BT S0 580-00°C baxagonal a=4.72-4 52, ¢=T26.7.85
R R - {Fe.Mo,CrN) BED-654°C thosmbohedral a=10.803, ¢=14,347
Tau T - - 550-650°C ortherhombic a=4.05, b=4.84, c=2.86

An embrittlement near 475°C is caused by alpha prime formation, which is traduced in an
increase of hardness of the ferrite phase. A significant 475°C embritttement appears for more
than 10 h of treatment in UNS S31803 for example, according to [Brandi, 1992].



Sigma phase consumes chromium and molybdenum of the duplex matrix. In consequence,
the material suffers a globally loss in corrosion resistance.

Apart from chemical composition, there are other factors influencing sigma phase precipitation,
like grain size: the smaller the grain size, the more tendency to form sigma phase. Sigma
phase is more likely to form in high energy zones like grain boundaries or interphases. [Zucato
et al., 2002]

The precipitation of other phases such as Carbides M2;Cs and Nitrides (CrN and CrzN) can
also occur in DSS, presenting the same negative effects as sigma phase and forming as well
in the grain boundaries or interphases. [Zucato et al., 2002].

3.3. Mechanics of duplex stainless steels

The main reason for the high strength of DSS is the fine grain size, that is achieved because
the ferrite and austenite phases prevent each other from grain growing. In consequence, there
are multiple interphase boundaries locking the dislocations movement, which is traduced at a
macroscopic level as a strengthening in the material. [Sandvik, 1994].

The combination of properties of both austenite and ferrite plays a key role in the macroscopic
mechanical properties of DSS. In the following Table 3. some mechanical properties of

austenite and ferrite are presented:

Table 3. Some mechanical properties of austenite and ferrite. [?, Apud Hirano, 2006].

' Property Ferrite Austenite
Slip systems 48 12
Stacking fault energy Higher Lower
Slip with deviation Easier More difficult

——y

Dislocation distribution | less uniform | more uniform

Work Hardening Lower Higher
Peieris-Nabarro Stress Higher Lower
Yield Strength Lower Higher
Tensile Strength Lower Higher




Atoms in the ferrite are organized in a BCC primary lattice structure, less close-packed than in
FCC (austenite) and present considerably more slip systems to be activated. [Sandvik, 1994].
This last fact means, in principle, that BCC structures should be more ductile than FCC ones.

In the Figure 2. below the two lattice structures can be compared:

(-/?‘ X O ,(k
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| e = r O \r\
G——=cb0 || =i
Y - o -
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Ferrite Austenite
{body centered cubic, bcc) {face centered cubic, fcc) con

Figure 2. Ferrite (left) and austenite (right) primary lattice structures. [Frodigh. (Sandvik) 1994]

Peierl’s stress (equivalent to “lattice friction”) is minimized by small Burgers vector b, and large
lattice spacing a. Therefore, dislocation motion in cubic crystals tends to occur on closed
packed planes in which the magnitudes of Burger's vectors, b, are minimized and the vertical
lattice spacing, a, are maximized. Since lattice friction stresses are minimized on such planes,
dislocation motion is most likely to occur on closed packed planes along close packed
directions. [Soboyejo, 2002}

Slip in Face Centered Cubic structures (FCC): close packed planes in FCC materials are of

the {1 1 1} type. The closed packed directions correspond to (1 1 0) directions along the sides
of {1 1 1} planes. Since there are four slip planes with three slip directions each one, this
indicates there are 12 possible {1 1 1}{(1 1 0} slip systems. [Soboyejo, 2002].

Slip in Body Centered Cubic structures (BCC): in the case of BCC, there are no close-packed

planes, although the {1 0 1} planes are the closest packed. The close pack directions in BCC
are the (1 1 1) directions, therefore slip is most likely to occur in {1 0 1} planes aleng {1 1 1)
directions. However slip may alsc occurin {11 0}, {1 1 2} and {1 2 3} planes alsc along (11 1)
directions. Therefore, the total number of possible slip systems is 48. Nevertheless, the large
number of possible slip systems in BCC crystals do not necessarily promote improved ductility
since the lattice fraction (Peierls-Nabarro) stresses are generall higher in BCC structures.
[Soboyejo, 2002].
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Due to this contrary effect - for example in the ferrite: it has more slip systems but no close-
packed planes, so it has higher lattice friction - in terms of defining which phase will deform
easily, it is expected that depending on different parameters (like work hardening amount or
alloying element content), ferrite can be harder than austenite or vice versa.

According to [?, Apud Hirano, 2006], what defines which phase is the most ductile depends on
Nitrogen content: if its content is higher than 0,13%, austenite will be harder, on the contrary,
it will be the ferrite. That is because Nitrogen tends to harden the austenite by interstitial
hardening. As it can be seen also in the Table 3, austenite is more susceptible to harden by
work hardening. Consequently, high N content and cold worked duplex stainless steels are

expected to have a harder austenite and a more ductile ferrite.

3.3.1. Plastic Deformation

During plastic deformation of a two phase material, the flow behaviour of the constituent
phases differs significantly compared to their single phase plastic properties, and the
macroscopic plastic behaviour is often anisotropic [Moverare 2002].

Ferrite is more likely to deform plastically through screw dislocations, while austenite can
deform both by edge or by screw dislocations. Therefore this last one presents a mixed
dislocation behaviour. In the image below a representation of a srew, an edge dislocation and

a mix dislocation (combination of the two first, with a circular dislocation line) are represented.

it
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Figure 3. Shows the relationship between an edge and screw dislocation in an idealized three
dimensional crystal lattice. By [Passchier and Trouw, 2005].
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The movement of dislocations can stop at the surface of the material, at a grain boundary, at
a precipitate or onto another defect. During dislocations sliding, blocks of material can move
one respect to another along the crystallographic slip planes.

When this happens, atoms move an integer number of atomic distances and along these
planes, producing a step on the surface. These steps when observed in an optical microscope
(Figure. 4) appear as lines, called slip bands that correspond to each active system.
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Figure 4. Slip bands on the surface of a polished deformed polycristalline sample (Callister, 2002).

An alternative mode of permanent deformation in metals, without dislocation movement, is
twinning, for example in austenite. Twinning refers to the atomic arrangement within a crystal
where a region of the crystal takes on a different crystallographic axis orientation from the rest
of the crystal; the structures on either side of the boundary (between the two different
orientations) are crystallographically identical as if they are reflections across a mirror plane.
The boundary is called a twinning plane. The portion having a lattice orientation that is different
from the original orientation is called a twin. Twinning can occur in a metal either during
solidification as shown in or as a result of being stressed to a state of plastic deformation
{Figure 5 ) [Kenneth, 2012].
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Figure 5. A fattice structure before and after plastic deformation of a metal by twinning under tension.
Note that the shape of the object has changed but the relative position of the atoms remains
unchanged. Also note that the atoms on either side of the twinning plane have a mirror relationship.
Adapted from [Kenneth, 2012].
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The interphases encountered along the material can be low angle or high angle grain
boundaries, free surfaces, stacking faults, twinning boundaries, etc. They separate crystalline
regions with different crystallographic orientation and they can be usually described as surface
defects.

In the specific case of DSS, not just the interphases between o/a and y/y but also the
interphase a/y have an essential importance in his behaviour during plastic deformation.

The grain boundaries have an energy per surface unit associated, in other words surface

tension. This energy is practically a constant in a material [Bevitori, 2010].

When a DSS is under a load, since it is a duplex phase material, firslty both phases start to
deform elastically and at some point the most ductile phase starts to defrom plastically.
Afterwards the two phases deform plastically. [?, Apud Hirano, 2008].

3.3.2. Strengthening Mechanisms

There are several methods to strengthen metals. They all act in the same fundamental way,
which is to prevent the dislocations from moving. Is the dislocations movement that make the
material easy to deform, and if they can not move the material becomes stronger. This can be
achieved by 4 main ways [Sandvik, 1994]:

Reducing grain size (According to Hall-Petch relation).
Adding elements that go into substitutional solutions in the lattice.

Adding elements that go into interstitial solutions in the lattice.

g B D

Cold deformation hardening.

The grain size is small because the two phases prevent each other from growing. The grain
size hardening mechanism is very beneficial from DSS because it will increase both strength
and toughness. The rest of hardening mechanisms do not have this double effect and are as
well effective in austenitic grades and duplexes. [Sandvik, 1994].

The substitutional solution hardening acts by making more difficult to the dislocation to move
because the regularity in the lattice is disturbed. The strengthening of different alloy elements
will be different in each phase. For example, in DSS, Cr and Mo stabilize the ferrite phase and
Ni the austenite phase. [Sandvik, 1994].
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Interstitial solution hardening consists in place new atoms between interstices of the atoms of
the original lattice. The way they block the dislocation movement are similar to the
substitutional one, but they are more effective. In DSS Nitrogen has this effect in austenite
phase. [Sandvik, 1994].

When a material is deformed at room temperature or up to approx.. 0,3 Tm?, the microstructure
becomes deformed due to cold working. During this process, most of the energy is dissipated
in the workpiece as heat, but about a 10% is retained as stored energy inside the material, in
form of vacancies, dislocations and stacking faults. The amount of stored energy, stacked
inside the crystalline lattice, increases with the amount of deformation and lower working
temperatures. During cold rolling, grains and their siip planes try to align themselves with the
direction of rolling, as shown schematically in Figure 6. [ASM International, 2011].

/ vy .
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Figure 6. Scheme of grain and plane preferred orientation during cold working process. [ASM
international, 2011].

Strong cold working can lead to preferred orientations (or texture, or anisotropy) in which grains
become oriented along certain crystallographic planes with respect the direction of the applied
stress. [ASM International, 2011].

In rolling plate samples the final texture is clear, and distinct sections of the specimen can be
observed with respect to the rolling direction; in the Figure 7 below, typical anisotropic structure
of DSS is presented:

4 Tm = Melting Temperature.
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Figure 7. Schematic representation of the microstructure texture in a rolling plate sample; Rofling
Direction (RD) or Longitudinal, Transverse Direction (TD) and Normal Direction (ND) [Moverare 2002].

3.3.3. Plastic behaviour due to Anisotropy

Apart from their excellent mechanical and corrosion resistance properties, two-phase steels
perform poorly in sheet-forming operations. [Makinde, 1986 ].

Formability is related not only fo strain hardening but also to various other continuum properties
of a material such as anisotropy. For that reason, it is necessary to understand the interaction
and influence of the anisotropic properties of the constituent phases on the final properties of
resulting biphasic material. [Makinde, 1986).

In the following Figure 8, variations in the plastic strain ratio® (r) as function of the angle
between the tensile axis and the rolling direction is showed:

5 Strain ratio is defined as the ratio of the width to the thickness deformation during simple tension tests in any
particular direction.
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Figure 8. Variations in the plastic strain ratio (r) as function of the angle between the tensile axis and
the rofling direction. Curves for 31,5 %vol. 75 %vol and 0 %vol of ferrite are presented.,

From Figure 8. it can be deduced that anisotropic deformation in DSS is not only dependent
on the respective orientation between rolling direction and load direction but also on the volume

ratio of austenite/ferrite present in the steel.

For a state of uniaxial stress in a two-phase material, the difference between the anisotropies
of the phases present gives arise to a biaxial stress state in each phase. This phenomena can
be observed in the results stated for [Makinde, 1986] and presented in Figure 9 :
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Figure 9. Schematic representation of the in situ stress state simulation in the constituent phases for
simple tensfon tests on the duplex steel with 31, %vol ferrite: a}l 0°; b) 45°; c¢) 90°. The numerical
values cormrespond to stresses in MPa calculated at the point of maximum force on the two-phase
material. [Makinde, 1986]

In the figure 9. it can be observed that a uniaxial load applied macroscopically to the material
leads to a different biaxial stress in each different phase. In the first case, for example, ferrite

Is under a stress state composed by traction in the horizontal axis and compression in the
16



vertical one, while austenite is experiencing traction in both axes. This example pretends just
emphasize that discontinuities in the stress state will appear in the interphase y/a leading to
micro voids formation and further decohesion of the material.

3.3.4. Fracture of ductile materials

Alloys undergo brittle fracture or ductile fracture, depending on a variety of factors, such as

composition, microstructure, temperature, and strain rate. [Kenneth, 2012].

Ductile fracture in metals is a multistep mode of material failure incorporating the combination
of micro void nucleation, growth and coalescence at the microscale level, according to
[Ruggieri, 2004]. Early experimental studies demonstrated the key role played by micro void
mechanisms on ductile failure of tensile specimens (Puttick, 1959). An increasing population
of micro voids is forming inside the material as long as the neck is forming during a tensile test
as it can be seen in Figure 10.

Figure 10. Section through the neck of a tensile specimen of copper. Cavities coalescing in the neck
before fracture. Load direction: horizonfal. [K.E. Putlick, 1958].

The micro voids that act as sites of fracture initiation can arise from multiple causes, including
an accumulation of dislocations or strain boundaries between two different microstructural
phases, [Kenneth, 2012] most often they concentrate in the centre of the neck region. Under
increased deformation, these micro voids grow until localized plastic flow and necking of the
ligament between adjacent micro voids (coalescence of micro voids) create a continuous
fracture path (See Figure 11.) (most often assisted by the rapid growth and coalescence of

secondary micro voids). Upon further deformation, this internal crack progresses until sufficient

17



loss of cross sectional area leads to final failure of the specimen by a plastic collapse

mechanism of the remaining ligament [Ruggieri, 2004].
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Figure 11. Phenomenoclogical modeling of ductite fracture. Schematic path of a growing crack in a
ductile material. [Ruggieri, 2004]
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4. Methods

In the first part of the project the microstructure of different as-received materials have
been analysed using an optical microscope (OLYMPUS-BX60M). Specifically, four
duplex stainless steel UNS S32304 rolling plate samples (with different plate
thicknesses each one) and an extruded cylindrical super duplex stainless steel UNS
$32750 sample have been investigated.

Metallographic analysis have been carried out in the longitudinal, transverse and
superficial direction sections (with respect to the rolling direction) for the rolling plates,
and in the longitudinal and transverse directions for the cylindrical sample. This early
studies serve to establish a reference for the as-received specimen microstructures in

order to compare it afterwards with some deformed specimens.

In a second part, different tensile tests have been performed. Concerning the cylindrical
sample, one specimen has been tested (load in the cylinder's axis direction) until
fracture.

Regarding the rolling plates, 2 tensile tests have been performed for each plate type:
one tensile test in which the tested specimen has been cut parallel to the rolling
direction and one in which the specimen has been cut in the transverse direction. In all
cases the tests have been as well until fracture.

The deformed tested specimens have been prepared in order to do metallographic
studies, again, using the optical microscope.

Particular attention has been paid in the observation of the necking part of the
deformed specimens, where a high heterogeneous plastic deformation is produced
before macroscopic fracture of the specimens occurs.

Different phenomena derived from the plastic deformation of duplex stainless steels
have been analysed through these metallographic analysis after tensile tests.

Finally, some other experiences have been carried out to complement the early studies:

The fractured regions of the ruptured specimens have been photographed using SEM.
(FEI-Inspect F50).
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e Study the hardness of both phases austenite and ferrite through Vickers Hardness test
of a different rolling plate sample and also for the cylindrical sample.

4.1. Material

As-received material:
Four rolling plate UNS $32304 samples (with different thicknesses) provided by the company
Aperam S.A. have been analysed. The Table 4. below shows up every plate thickness and its

corresponding chemical composition:

Table 4. Chemical composition of as-received DSS rolling plates UNS S32304.

) c Cr Ni Mo Cu N S w
Thickness/Comp.
[%w] | [%w.] | [%w] | [%w.] [%w.] | [%w.] | [%w.] | [%wl]
3,0 mm 0,0096 [ 22,1646 | 3,51 0,357 0,431 10,1162 ]0,0006 | 0,0118
5,3 mm 0,0193 (22,2597 | 3,8019 | 0,246 | 0,4361 |0,1070(0,0001| 0,0124
6,3 mm 0,0192( 22,346 | 3,727 | 0,2386 | 0.4623 |0,1043(0,0007 | 0,0106
10,4 mm 0,01781 22,558 | 3,5721 | 0,2594 | 0,4244 |0,1206 | 0,0003 | 0,0102

UNS 832750 specimens have been obtained from an extruded cylindrical cross-section bar of
25mm diameter.

Table 5. General chemical composition of UNS S32750 super DSS. Based on [Sandvik 2507].

C [%w.]

Cr [%w.]

Ni [Yew.]

Mo [Yew.]

Cu [Yow.]

N [%ew.]

S [%ow.]

Mn [%w.]

0,03

25

7

4

05

0,30

0,015

<12

As it can be seen, UNS 832750 has basically a higher concentration of all alloying elements
than UNS §32304. That fact will provide to the super DSS improved mechanical and corrosion
properties but also a higher price.
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4.2. Metallography

The process used to prepare the specimens in order to perform the metallography has been
divided in the following steps:

4.2.1. Sectioning

The rolling as-received plates were cut by the supplier with a metal shear. In the faboratory, to
produce the different samples for the metallographic study, a power hacksaw, a band saw or
an abrasive cut-off wheel have been used. Such tools can produce substantial deformation on
the microstructure in the cut edges, according to [Vander 2004]. For that reason observations
with the optical microscope have been performed, when possible in the centre of the specimen

surface or, at least, at a prudent distance from the edges, from 1mm approx.
4.2.2. Mounting

The cut samples have been mounted in a mounting machine, with the following parameters:
Total time: 15 min., Maximum Temperature: 175°, Maximum Pressure: 13,7 MPa (2000 psi),
Polymer type: Thermoset, Bakelite.

4.2.3. Grinding

Grinding has been performed by hand using P180, P320, P400, P600, and P1000 or P1200
grit water-cooled silicon carbide (SiC) papers. Speeds of 240 to 300 rpm and moderate firm
pressure has been applied. The specimens have been rotated 90° between each step,

according to [Vander 2004].

4.2.4. Polishing

The grinded specimens have been polished at 6um, 3um and 1pm diamond paste with napped
polishing cloths. Same speeds as for grinding low-moderate firm pressure have been applied.
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4.2.5. Micro etching

According to [Vander 2004] the attack of a duplex stainless steel can show optimal results with
an electrolytic etching with oxalic acid:

“‘Popular electrolytic etch; 6 V dc. 15-30 s reveals carbides; grain boundaries revealed after
45-60 s; o phase outlined after 6 s. Lower voltages (1-3 V dc) can be used. Dissolves
carbides. Sigma strongly aftacked, austenite moderately attacked, ferrite not attacked.”

A solution of oxalic acid with distilled water: 100g of oxalic acid per 1L of solution has been
used. Voltages between 2 and 4 Volts have been used during approximately 40 seconds.
Visual control of the specimen surface has been used to prevent over-etching. While getting
attacked, the surface loses progressively its mirror brightness and a yellow substance result
from the removed surface of the specimen is formed.

Figure 12. Yellow surface of the polished DSS during attack with oxalic acid. Top view.

4.2.6. Optical Microscope observation

Observations have been carried out at 50x, 100x, 200x, 500x and 1000x magnification for the
most part of specimens. Light intensity, contrast and focus have been kept as homogeneous
as possible for the whole image area, trying to avoid texture effects and allowing a clear
distinction of phases in the microstructure.
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After performing the metallographic preparation, different images for each specimen have
been taken. Representative images form the Longitudinal, Transverse an Superficial sections
for the rolling plate samples are presented in the results, as well as longitudinal and Transverse
sections for the cylindrical specimen. In the following Table 8, a designation of all the as-

received samples studied is presented:

Table 6. Scheme for sample designation. List of metaliographic analysed specimens. Description,

observed section and simplified name are presented.

Descriptioa Observ—e-d' éec_:tion Simplifiem
Superficial X38
3mm rolling plate Transversal X3T
Longitudinal X3L
Superficial X58
5,3 mm rolling plate Transversal X5T
Longitudinal X5L
Superficial X6S
8,3% mm rolling plate Transversal X8T
Longitudinal X6L
Superficial X108
10 mm rolling plate Transversal X10T
Longitudinal X10L
] Transversal |  CT |
Cylindrical
Longitudinal CL

5 Hereafter, 6,3mm thickness rolling plate can be designed also as 5mm interchangeably. The same with 5mm for
the 5,3mm thickness rolling plate sample
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4.3. Tensile Tests
4.3.1. Specimens

The tensile tests have been performed to the following samples stated in Table 7;

Table 7. Description, Specimen cut orientation respect to the rolling direction and simplified name of

the tested specimens.

Description Specimen orientation| Simplified Name
Longitudinal X10L_fract
10mm rolling plate ' =T SN
Transverse X10T_fract
Longitudinal X6L_fract
6mm rolling plate
Transverse X6T_fract
Cylindrical Longitudinal CL_fract

The following drawings (Figure 13) have been used to cut the sheet tensile test specimens.
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Figure 13. Dimensions of the tensile test specimens for the rolling plate samples. Each model has
been used for a different rolfing plate: Left 6mm thickness shest ; Right 10mm thickness sheet.
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Concerning the central part of the specimens (useful part), the criteria used for the conception
of the drawings is based in the most of international tensile test norms: “the width of the central
part of specimen has to be at least four times the length of the useful part.” In the present
study, the length has been fixed at 7 times the width.

For the 8mm and 10mm rolling plates, 2 specimens have been cut in the longitudinal direction

(following the rolling direction) and 2 in the transverse direction, as it shows the Figure 14.

Figure 14. Rolling plate with 2 tensile test specimens cut in the rolling direction (vertical, right side) and
2 cut in the transverse direction (horizontal, upper side). The rolfing direction is stated with the arrow.

The schematic representation of the lamellas respect to the load direction is presented in the
following figure 15:
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Figure 15, Schematic representation of lamelia disposition in longitudinal cut specimen (leff) and
fransverse cut specimen (right) respect to the tensile load direction.
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After grinding the tensile test specimen surfaces with 100P, 220P, 400P and 600P SiC paper
to avoid surface defects influence on the fracture behaviour, width and thickness in three
regions of the central part of the specimen have been measured. In the following Table 8 the
average initial width and initial thickness are presented. Also the initial corss section suposing
it was a rectangle:

Table 8. Average Width, Thickness and cross-section area of central part of specimens before testing.

Widtho(mm) | Thick.o{mm)| So(mm?)
10mmL 9,50 10,20 96,90
10mmT 9,42 9,93 93,54
emmlL 5,95 6,22 36,99
emmT 6,00 6,30 37,80

The following drawing has been used for cutting the cylindrical tensile test specimen.

Figure 16. Cylindrical specimen dimensions.

4.3.2. Tensile test machine

MTS Landmark Servohydraulic Test machine of 250kN maximal force has been used to
perform the tensile tests. Time, displacement and force have been recorded using the MTS
TestSuite Software. The acquisition rate has been of 10 measures / second. Due to the lack
of extensometer, the displacement recorded has been the one from the mobile crosshead. As
the machine it is not a full rigid system, some bias can be introduced, including therefore some
displacement from the machine in the total measured displacement. That could have a
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significant influence in the calculation of the young Modulus (E). However, as the machine
used (25 tons of maximal force) is over dimensioned respect to the maximal admissive force
for the specimens (7,5 tons approx. for the 9,5mm thickness specimen) the errors in the

measures are expected to be not very high.

4.3.3. Tensile Test data processing

The elements extracted from the tensile tests have been, for each specimen: Stress vs. Strain
engineering curve, Young Modulus, Yield strength, Ultimate Tensile Strength (UTS), Breaking
Strength, uniform Elongation (plastic elongation at neck formation) and total Elongation (plastic
elongation at facture), calculed as:

Stress=F/Aq , Where F force in N is recorded directly and Ao initial cross section of the
specimens at the central part, calculated as an average of 3 measurements of [thickness x
width] as showed in the Table 8 above.

Strain= Displacement/L, , where displacement directly recorded by the machine and Lo the
distance inlcuding the central part of the specimen until the fixing part where the serrated
wedges attach the specimen. This criteria can introduce some errors since the wider parts
close to the radius of the specimens are not deforming at the same ratio as the central narrow
part. However, since the present study is carried out in order to compare the behaviour of the
different specimens and not to characterize precisely the mechanical properties of the
specimens, this approximation will be useful.

The Young Modulus E has been extracted from the slope of the linear regression of the first
Strain and Stress curve points. Values until 300 MPa of stress have been taken in account for

all the curves, because until this value the curves present, apparently, a straight behaviour.

The Yield Streght has been stated at the point where Stress vs. Stress curve intersects with
the straight of young Modulus (E) translated at a sfress value of 0,002. Corresponding o 0,2%
of plastic deformation.

Breaking Stregth: The last value of Stress curve has been taken as Fracture Stregth and the

corresponding strain (after subtracting the corresponding elastic deformation = €elastic pat =
Osrength/E)} has been stated as total Elongation.
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Ultimate Tensile Stregth : The maximum value of Stress curve has been taken as Ultimate
Stregth and the corresponding strain (after subtracting the corresponding elastic deformation

> Eelastic part = Ouimate/E) has been stated as uniform elongation.

4.4. Hardness

Micro hardness Vickers test has been performed to determine the hardness of the phases
present in the microstructure, using HMV - Micro Hardness Tester equipment by SHIMADZU
and the software HMV-AD from the same fabricant.

The equipment incorporates an optical microscope to fix the point in where the indentation is
produced plus a diamond square-based pyramid indenter.

The force used has been 98,07mN (10g), the minimum permitied by the machine, that gives
an indentation small enough to fit inside both ferrite and austenite grains, respectively.
Therefore the hardness measure will be expressed as HVo1 and calculated according to
equation (2), according to [ASTM E384].

1,8544 - F
y=""

— @

Finkg, din mm.

The software allows performing the measures of the diagonals of the indentation directly fitting
de indentation rhombus inside a mobile rectangle, on the image seen by the microscope. The
criteria used has been put the sides of the rectangle as close as possible {0 the rhombus
vertices, but without touching them.

The hardness of UNS S$32304 has been measured in a rolling plate sample, more specific on
the 10mm thickness rolling plate, longitudinal surface (10L).

The hardness of UNS S$32750 has been measured in the cylindrical sample, transverse surface
(CT).
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4.5. SEM

SEM INSPECT F50 has been used to take images of the fracture of after-tested specimens.
The fracture necks have been cut 1cm from the fracture approximatively, and washed by
ultrasound in acetone during 5 minutes, before acquiring the images with the SEM.

The tension used has been 20kV with the ETD detector and same magnifications have been
used in order to compare the images taken for the different samples.
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5. Results and Discussion

5.1. Austenite and ferrite identification

One important step in this project for being able to analyse further results is austenite and
ferrite identification. In the optical microscope austenite appears always in brighter grey than
ferrite, which is darker. Moreover, inside austenite twinning phenomena can be identified,

appearing as bands formed for parallel or quasi-paralle! lines inside the phase. See Figure 17.

Figure 17. Austenite (bright grey) with twinning phenomena inside and ferrite {(dark grey).
CT sample. Magnification 500x.
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5.2. Metallography of as-received samples

In this part the microstructure of different rolling plate samples according to longitudinal,
transverse and superficial sections are presented in some images and discussed.

3Imm thickness rolling plate

Figure 18. Transverse (up left), Longitudinal (up right) Superficial {(bottom), sections for as-received
rofling plate of 3mm thickness. Images taken with optical microscope, 500x magnification.

A clear lamellar structure in the longitudinal section (up right) is observed, in which austenite
(bright grey) lamellae thickness varies from a few microns to 15 microns approximatvely.
Concerning the transverse section, the phases are also oriented, but instead of lamellae,
shorter elongated austenite grains are present inside a ferrite matrix. The surface section, is
coherent with the precedent description since corresponds to the top view of the lamellas.
Inside both austenite and ferrite some grain boundaries can be detected. In all the images it
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can be seen that some fine austenite lamellae are broken and very fine grains of austenite are
dispersed inside ferrite. In summary, this DSS micro structure could be described as flatten
fibres of austenite inside a ferrite matrix. (Some black points at the grain boundaries can be
present due to some inappropriate sample grinding or polishing, but they must not affect in the

microstructure interpretation).

5mm thickness rolling plate

Figure 19. Transverse (up leff), Longitudinal (up right} Superficial (bottom), sections for as recieved

rolling plate of Smm thickness. Images taken with optical microscope, 500x magnification.

Microstructure and lamella thickness of Smm rolling plate sample is similar to the above
described 3mm rolling plate sample. Some differences are: higher grain size variability
(observed in the transverse section) and softer interphase boundary in the lamellas (observed
in the longitudinal section). This last effect could be produced by the difference in thickness of
the rolling plates, by some eventual different rolling process conditions or simply by a slightly

different effect due to the surface attack of the samples.
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6mm thickness rolling plate

Figure 20. Transverse {up feft), Longitudinal (up right) Superficial (bottom), sections for as recieved
rolling plate of 6mm thickness. Images taken with optical microscope, 500x magnification.

In the 6mm rolling plate sample, preferential orientation in the longitudinal section can be
observed as well. In this case, however phases are much more clear due to decrease of fine
grains dispersed into the ferrite matrix (as seen in previous 6mm and 5mm cases). Lameliae
thickness and grain size in general seem to be bigger than in the precedent rolling plate
samples, but a quantitative analysis should be performed in order to verify this hypothesis.
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10mm thickness rolling plate

Figure 21. Transverse (up left), Longitudinal (up right) Superficial (botfom), sections for as recieved
rolling plate of 10mm thickness. Images taken with optical microscope, 500x magnification.

The most relevant observation we can appreciate in the 10mm rolling plate sample is bigger
grain size respect to the precedent cases. That is coherent with the idea that during rolling
conformation of the plates, the more the compression applied for the rolliers on the surface of
the plates, the higher the deformation inside the material and the thinner and more fractured
lamellae is expected.

After having analysed all the images of all samples we could conclude that DSS rolling plates
could be considered as a composite material with ferrite matrix and flattened fibres (or
lamellas) of austenite as a reinforcement. The lamellas are much more elongated in the
longitudinal direction than in the transverse. That anisotropy is expected to play a role in the
mechanical behaviour of these duplex materials.
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Cylindrical Sample

Figure 22. Transverse (up left), Longitudinal (up right) Superficial (bottom), sections for cylindrical
specimen. Images taken with optical microscope, 500x magnification.

Cylindrical sample presents axisymmetric microstructure, therefore just two sections are
needed to characterize the sample. In the normal (or superficial) section the equiaxial character
of phases is well observed. In the longitudinal section, clear preferred orientation can be
observed and the lamellae thickness appears to be much higher than in the rolling plate cases.

In the Figures 23 and 24, 3D photomontages of all the samples are presented in order to better
understand its microscopic disposition:

35



3mm 5mm

emm 10mm

Figure 23. Photomontage with microstructures in the Longitudinal (L), Transverse (T) and Superficial
(S) directions for the different rolling plate specimens. Rolling plate thickness specified under each
cube. Magnification 200x.
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Cylindrical

Figure 24. Photomontage with microstructures in the Longitudinal (L), Transverse (T} sections for the
cylindrical specimen. Magnification 200x.
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5.3. Tensile tests

After performing the tensile tests to 10mm and 6mm thickness specimens, the following curves

have been obtained:

900

Strain [MPa]

—— {0,
280" 10T =
—#lL
100 ———gT -
% oss 01 015 02 02 03 035
Stress
Figure 25. Engineering Sfress vs. Strain curves derived from the tensile tests. 10mm Longitudinal in
red, 10mm Transverse in green, 6mm Longitudinal in blue, 6mm Transverse in black.
The parameters derived from the curves above are presented in the following Table 9:
Table 9. Mechanical properties dervided from the tenisle test curves. Tests performed to 10mm and
6mm thickness rolling plates, both cut in the longitudinal and the transverse direction.
E Ultimate Tensile | Uniform | Breaking Strength{ Total | Yield Strenth 0,002
[GPa] | Strength [MPa] |Elong[%] [MPa] Elong[%] [MPa]
10mmL | 98,33 802,91 17,91 578,29 31,86 615,11
10mmT | 103,02 796,48 16,9 598,99 26,92 597,28
emmLl | 84,67 804,42 17,03 566,11 31,99 461,98
émmT [114,47 871,13 12,42 740,28 23,14 638,33

Concerning the Young Modulus, the two transversal cut specimens present higher values.

The uniform elongation value (plastic deformation occured before neck formation) is higher for

10mmL and 6mmL, meaning that the longitudinal specimens allow more homogeneous
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deformation inside its microstructure before deform heterogeneously forming the neck. The
longitudinal disposition respect to the load direction of the lamellas is more susceptible to be
deformed.

Concerning the Ultimate Tensile Strength the 6mm thickness transverse specimen has higher
value (871 MPa), what is a significant difference in respect to the other three, that have
approximately the same values (around 800 MPa). This increase is expected to be produced
by the combination of the grain size effect (grain size in 6mm samples is slightly smaller than
in 10mm samples) plus the transverse orientation effect of the lamellas.

All these results suggest deforming duplex stainless steels with the lamellas perpendicular
respect to the applied force is more difficult. In other words, phases have more difficulties to
flow during plastic deformation when lamellas are transverse to the applied stress.

Considering that duplex stainless steel is a two-phase ductile material that experiments certain
“flow” of the phases before fracture, and that deformation is easier to transfer inside the same
phase than from one phase to another, a possible explanation for the results obtained in the
tensile tests could be the following hypothesis:

For longitudinal specimens, the material inside each phase can flow (in other words, propagate
its dislocations) inside its own lamelias, delimited by the a/y interphases, which would act like
elongated containers or “pipelines” for each phase.

Therefore flowing in the longitudinal direction for a phase will be easier because less
interphases, or in other words “obstacles”, will be encountered by dislocations along its
advancement. And on the other hand flowing in the transverse direction would be more difficult
due to higher interaction of the material inside a phase with interphase boundaries.

Accordingly, long continuous lamellas (in the direction of the load) would promote higher
deformation than non-continuous ones.

It is well known that grain size effect plays a role in the mechanical behaviour of materials. In
DSS case, smaller grain size could increase the effect of “obstacles” encountered by the
flowing material, increasing its mechanical strength and reducing total elongation.

The sum of the transverse orientation of lamellas respect to the applied load added to the fact
that 6mm thickness roliing plate, in principle, has small lamellae than 10mm thickness rolling
plate would explain why the 8mmT specimen has showed a clear improvement in strength and
less ductile behaviour than the rest.
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In the following Table 10. the results derived of the tensile test of the cylindrical specimen are
presented. For this sample it was not possible to record the stress vs strain curve,
consequently, only some parameters are in the Table.

Table 10. Resuits of tensile test of cylindrical specimen.

Initial Diameter Initial cross-section Ultimate Tensile 3
[mm] Area [mm2] Strength [MPa] Total Elongation
8,2 52,81 840 37%

The Ultimate Tensile Strength for this specimen, with a value of 840 MPa, is coherent with the
results obtained for the rolling plate samples.

Concerning the plastic elongation at fracture, it presents the highest value among all the tested
specimens in this study. That fact could be consistent with the hypotesis stated in the lines
above, in which it has been explained that longitudinal oriented specimens, with long and big
size lamellas (all these factors were present in this cylindrical specimen) would present higher
deformation values before fracture.
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5.4. Metallography of after-tested specimens

5.4.1. Cylindrical Specimen

After performing a tensile test to the cylindrical super duplex specimen, a metallographic
analysis allows to investigate different phenomena derived from the deformed microstructure.

Figure 26. Mounted cylindrical affer-fested specimen. Longitudinal section. Neck with fracture can be
observed in the right side. Load direction: horizontal,

Globally for the cylindrical specimen, and as it can be clearly observed in APPENDIX A, the
evolution of the microstructure from homogeneous deformed region to fracture region is the
following:

+ Progressive change in lamella orientation as long as they approach to the neck zone.

» Quasi disoriented lamellas jest before the neck region.

» Highly oriented and deformed lamellas in the nech region.

s Just before fracture, disoriented lamellas again.

Some of the effects observed in cylindrical specimen after fracture are further commented in

the following paragraphs:
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5.4.1.1. Serrated ferrite/austenite inferphase boundaries

30pum

Figure 27. Serrated Interphase Boundaries in the inferphase between ferrite and austenite. Load
direction: horizontal.

Due to the different deformation mechanism of ferrite and austenite, some stress

concentrations will be accumulated their interphases. This incompatibility in the deformation

would explain the serrated grain boundaries shown in the image above.

5.4.1.2. Deformation bands inside austenite and ferrite

Figure 28. Deformation bands in austenite phase. Parlallef and crossed slip bands oriented 45° approx
to the load direction. Load direction: horizontal.
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Figure 29. Deformation bands in ferrite phase. Parallel curved slip bands. Load direction: horizontal.

In the Figures 28 and 29 it can be observed the clear difference in deformation of austenite
and ferrite respectively. The first one deform in straight slip bands that seem to flow at 45°
approximatively with respect to the load direction, due to shear stresses. The second, can
deform with curved slip bands that can even be perpendicular to the direction of the applied

load.

5.4.1.3. Different regions of plastic deformation

Figure 30. 3 regions of deformed lamellas close to the fracture (right side).Load direction: horizontal.
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A possible explanation to these different regions of different morphology, following the thesis
purposed in 5.2 could be the following:

When some lamelias close to neck region are strongly oriented due to high deformation (as it
can be seen in the central part of Figure 30), they are as well strongly hardened by cold
deformation. These highly deformed lamellas do not allow more material flow inside or between

them, generating some kind of microscopic “wall” for dislocations ciose to the neck region.

The lamelias in other regions that have not been as much cold worked as the first ones, and
could still deform (left part of Figure 31), lose its orientation when encounter the barrier of high
cold worked lamelias. This sudden change of orientation in some lamelias could generate
stress accumulation in the interphases between ferrite and austenite leading to micro voids
formation.

e
-

e B ey R g

Figure 31. Misoriented grains experiment a drastic elongation in the neck region. Fracture in right side.

Load direction: horizontal.
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5.4.1.4. Micro voids formed in the neck region

It has been verified, with the photomontage in Figure 32, that microvoids are formed in different
parts of the material before fracture, as stated in the literature. These micro voids are more
concentrate and have bigger size in the neck region close to the fracture. The rupture of the
material it is expected to happen along one propagated facture starting from one of these

microvoids.

Figure 32. Increasing population of micro voids in the neck region of fractured cylindrical specimen.
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5.4.1.5. Micro voids formed in the ferrite/austenite interphase

As it can be seen in the following images, micro voids formed during high plastic deformation
near the fracture zone are always in contact (or aimost in contact) with the interphase between
ferrite and austenite. The voids appearing inside a phase are expected to have nucleated near
the interphases as well. This phenomena is coherent, for example, with the thesis stated by
[Makinde, 1986 : for a state of uniaxial stress in a two-phase material, the difference between

the anisotropies of the phases present gives arise to a biaxial stress state in each phase.

Figure 33. Micro voids close to ferrite-austenite interphases.
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5.4.1.6. Macroscopic shear band

A clear shear band can be observed in the microstructure near the fracture region (right part
of the Figure 34). The angle of the shear band is 45° approximately respect to the load direction
(horizontal). This shear band may be formed during necking of the sample before fracture.

A shear band and two different deformation regions clearly are observed in Figure 34. The
shear band seems to be a barrier between high deformed an oriented lamellae, close to the
fracture (right part of the image) and less deformed and more equiaxial grains. The material
is expected to fail through sliding on shear bands like this one. What could have happened in
this sample, is that fracture has taken place in another more developed shear band, leaving
this one quite well developed and visible almost to the naked eye.
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Figure 35. Zoom of a shear band. L

eft 500x. Right 1000x..
Note that austenite zones (bright grey) are much wider than ferite ones (darker gray), indicating
that ferrite has a higher “flowing” effect during deformation and in consequence it should be
more ductile.

5.4.2. Rolling plate specimens

The region observed in the figure 36, which is close to the fracture, presents a microstructure
similar to the transverse section of the as-received rolling plates analysed above. However,
the microstructure presents an undulation distortion in the load direction. That could be induced
for the high quantity of interphases that the transversal lamellae encounter when they deform
in the horizontal direction due to the applied load.

Figure 36. Undulation phenornena observed in 10TEsp - 10mm rolling plate observed in a surface

parallel to thickness. Magnification 500x. Load Direction: Horizontal.
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Figure 37. corresponds to a top view of a trensverse cut specimen after deformation in a tensile
test. At right image (deformed region) it can be observed that lamellae are much thinner thar
the ones on the left image (non deformed) and they present a pronounced distortion. This
effect is produced close to the fracture zone due to high heterogeneous plastic deformation.
Successive parallel lamellae are accumulating perpendicularly to the load direction. The
interphases preserve approximatively the initial number of lamellae, but they are all condensed
and distorted.

|
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Figure 37. Distortion of the lameilae observed in 6TLarg: 6mm Transverse cuted specimen observed
in a surface perpendicular to thickness. Left image (non-deformed region) 100x magnification. Right
image (deformed region close to fracture), 100x magnification. Load Direction: Horizontal.

In Figure 38. It can be observed a surface parallel to thickness of a 6mm longitudinal cut
specimen, after deformation in a tensile test. It is clear that lamellae “fit" without serrated
boundary distortion inside the specimen, along the uniform deformed region and even in the
fracture region. From this pictures it can be stated that lamellas “flow” better when they are
oriented in the same orientation as the applied force (they do not present high distortion or

undulation in the interphases, they are not broken or change orientation suddenly).
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Figure 38. Lamellae fit in the neck deformed region observed in BLEsp - 6mm rolling plate observed in
a surface parallel to thickness. Left image (start of neck region) 50x magnification. Right image
(facture zone)500x magnification. Load Direction: Horizontal.

In summary, it could be noted as hypothesis that lamellas are more likely to allow deformation
in the material when they are parallel oriented to the applied load, rather than they are
transverse oriented fo the force.

The main difference between the rolling plate samples with the cylindrical specimen is the

initial thickness of the lamellae. For rolling plate samples, the lamellas were much thinner.

It has been observed that wide lamellae deformation might be more complex than deformation
in thin ones, since in the cylindrical specimen different regimes of plastic deformation have
been observed (progressive change in lamella orientation, followed by completely disoriented
lamellas, then highly oriented and deformed lamellas, and finally, just before fracture
disoriented iamellas again).

In consequence, we can state also as hypothesis that lamellae thickness plays an important

role in plastic deformation.
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5.5. Hardness

Resulis of Hardness measured in ferrite and austenite for a DSS and a super DSS are
presented in the following Table 11.

Table 11. Vickers micro hardness resuits for austenite and ferrite phases in duplex UNS 5832304 and
super duplex UNS 832750

Duplex Grade UNS 532304 UNS 532750
Phase ferrite austenite ferrite austenite
236 332 324 316
263 332 316 309
269 316 309 324
275 358 324 316
HVo 269 340 316 309
257 349 316 349
269 340 324 324
257 332 309 309
269 316 316 309
253 358 316 340
Average 261,70 337,30 317,00 320,50
Std. Deviation 11,41 14,91 5,58 14,09
Significative difference
95% confidence YES NO

As the indentation generated by the tip indenter produces a triaxial strain on the surface of the
specimen, the measures are not strongly affected by orientation of the phases present in the

microstructure; in other words, anisotropy should not affect the hardness test results.

Some influence of the grain boundaries could produce some bias in the measures of austenite
in UNS S32304. That is because it has not been possible to perform the indentations far from
the grains, due to the fine thickness of austenite lamellas. Therefore, the hardness measures

for austenite in UNS $32304 may inciude some influence from ferrite hardness.
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Regarding the results from Table 11. the austenite in UNS 532304 DSS is harder than ferrite,
more specific a 28,89% harder. That seems coherent with the fact that ferrite, that is organized
as a BCC primitive cubic system, has more slip systems (48) than austenite (12). The more
slip systems the more the probability to glide following one slip direction when the
microstructure is under stress.

On the other hand, in the super DSS ferrite and austenite average hardness do not present
significative difference. That similar hardness could be induced by the higher alloy element
content in the UNS $32750. As it can be seen in the tables 4 and 5 of point 4.7 As-received
material, ferrite former elements are strongly increased in super DSS in comparisoon to DSS,
for example Cr (12%+ approx.) and speciaily Mo (1200%+ approx.). The austenite former
elements have to be considered as well, with an increase of Ni (30%+ approx.) and N (170%-+
approx.). Despite this, the extremely high increase in Molybdenum amount could be the main

explanation to the similar hardness of ferrite and austenite.
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5.6. Fracture region analysis

In Figure 39. the fracture parts of rolling plate samples have been photographed at the same

magnification in order to compare them.

10T

6T

HV |det mag | WD |
20 00 kVIETD 32 x |20 6 mm

Figure 39. Top view of the fractured rolling plate specimens after tensile test. 32x magnification.
Horizontal dimension: Thickness; Vertical dimension: Width.
Review the Figure 15 fo better understand the lamellae disposition.

In the following Table 12, the cross section of fracture, the minimum width and the minimum

thickness of the specimens are presented:
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Table 12. Area, minimum width and minimum thickness measured to the fractured UNS S32304

samples. in pixels and in mm.

: ] Min. ¢ ; Min.
Area [pixels} Mm: gt thickness | Area [mm?] gL thickness

[pixels] E [mm}
[pixels] [mm)
10L 1184984 1380 782 24,89 6,32 3,58
10T 1581380 1384 1052 33,22 6,34 4,82
6L 479502 852 530 10,07 3,90 2,43
6T 750292 920 720 15,76 4,22 3,30

Table 13. Area reduction, thickness reduction, width reduction and plastic strain ratio for the different
roliing plate samples.

Area Reduction Max Thickness Max Width PIaSti&;:;::} fatlo
%] Reduction [%] reduction [%] Thickness)
10L -74,32 -64,86 -33,43 1,75
10T -64,48 -51,46 -32,64 1,31
6L -72,77 -60,93 -34,38 1,61
6T -58,31 -47,62 -29,73 1,28

Apparently tensile test specimens cut in the rolling direction (10L and 6L) present a higher area

reduction during neck formation, and that is due especially to a higher thickness reduction.

We could conclude after analysis of the results of Table 13 that longitudinal oriented specimens

(with respect to the load), allow more thickness deformation, due to an easier reduction in

lamellas thickness during plastic strain. On the other hand thickness reduction for transverse

oriented specimens (with respect to the load), is expected to be much difficult. The higher

reduction in thickness in Longitudinal specimens (10L and 6L) explains as well their higher

Area reduction and higher plastic strain ratio.
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Concerning the cylindrical specimen, the fracture appearance is presented in the following
Figure 40.

HV W | ————3mm
20.00kV ETD| 60x !21.7 mm

Figure 40. Top view from the fractured cylindrical specimen. SEM image. Magnification 60x.

In this case no anisotropy appears in the neck fractured region, since the final cross section of

the specimen is circular as the before-tested one.

Two main regions can be observed, the exterior ring seems to be fractured by shear stress. At
the top and the bottom of the ring two clear shear bands can be observed, giving the
impression, even that the fracture has been produced by torsion. In the circular central part,
higher concentration of micro voids can be observed, and the rupture seems to have occurred

in a more fragile way.
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Figure 41. Fracture of 10T specimen. Left image corresponds central part of fracture, 5000x ; Right
image corresponds to a side of the fracture, 5000x.
2 2 "' Y _.:.b -~ -

Figure 42. Fracture of Cyilindrical specimen. Left image corresponds central part of fracture, 2500x ;
Right image corresponds to a side of the fracture, 5000x.

The main difference between the rolling plate samples and the cylindric one is that the first
ones have smaller micro voids in the central part of fracture (left images), and they also present
a more sharpened dimpled pattern than the cylindrical one (that has “softer” circular dimpled
boundaries). Is fact is expected to be due to the 3 direction anisotropy of the rolling sheet

samples versus the axisymmetric character of the cylindrical specimen.
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6. Suggestions to future works

interrupted tensile tests plus metallography analysis could be performed to appreciate better

the plastic deformation behaviour of austenite and ferrite in the neck region before fracture.
Calculate the plastic strain ratio {anisotropic deformation in the neck) through tensile tests with
specimens cut at different angles respect to the rolling direction (In the current work, specimens
were cut just longitudinal 0° and transverse 90° respect to the rolling direction).

Quantify the anisotropy for the different samples.

Factorial analysis to study more quantitatively mechanical behaviour in function of. specimen

orientation with respect to the rolling direction, rolling plate thickness and/or lamellas width.

Characterize the DSS rigidity matrix parameters. Try to characterize duplex stainless steels as

a composite material.

Measure the distance of neck formation in function of lameila thickness and orientation of the

deformed lamellas respect to the tensile test axis.
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7. Conclusion

According to the literature it can be stated that some factors influencing the mechanical
behaviour of duplex stainless steels are expected to be:
» Austenitefferrite volume ratio.
« Lamellae morphology (thickness, width) and size.
» Lamellae respective orientation to the direction of the applied load.
» Hardness of both austenite and ferrite and particular deformation mechanisms of each
phase.

Different phenomena occurred during plastic behaviour and fracture of DSS have been
qualitatively analysed in this work. Among the most significant behaviours observed in after-
tested UNS $32750, the following ones can be lighted:

¢ Serrated interphase boundary a/y due to biaxial stress state of both phases.
» Different regions of heterogeneous plastic defomation.
s Microvoids formed at afy interphase boundaries.

e Fracture throug macroscopic shear bands

Cylindircal extruded samples present axisymetry, in consequence just two different sections
need to be analysed (longitudinal and fransverse ones). For that reason, after tensile tests,
cylindrical specimens do not present anisotropic deformation in the neck, resulting in a circutar

cross-section at the fracture zone, as expected.

Rolling plate samples, on the other hand, present anisotropy in 3 directions {having different
longitudinal, transverse and normal sections). This fact produces an anisotropic deformation
during neck formation after tensile tests, resulting in a final deformed-shape rectangle cross-

section from an initial square cross-section.

Higher elongation values after tensile tests and higher thickness reduction are expecied to

occur when lamellas are parallel oriented respect to the load direction.

Transverse cut specimens respect to the load direction and fine grain specimens are expected

to be more strength and less ductile than longitudinal cut specimens with bigger grains.
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According to the Vickers micro hardness test results, in UNS $32304 as-received samples,
austenite is expected to be harder than ferrite. For UNS $32750 as-received samples,
hardness of both phases are expected to be equivalent.

For after-tested UNS 832750 it has been observed qualitatively, through optical microscope
imaging, that ferrite seems to be more ductile, while austenire tends to preserve its original
shape.

The responsible for these differences are the different hardening mechanisms acting to
austenite and ferrite; consequence of alloying element in the steel grade and
thermomechanical history.

Due to their very good corrosion properties with respect to their mechanical ones and
continuous improving of fabrication processes, duplex stainless steels are expected to be more
used in the coming years as substitutes for ordinary carbon steels in many applications for

weight-saving purposes.
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APPENDIX A

APPENDIX A - Sequences of cylindrical deformed sample after
fracture

The following sequences complement the results and discussion of section 5.3. Metallography

of after-tested specimens, more specific they can be used to observe some of the phenomena
explained inside point 5.3.1. Cylindrical Specimen.

The sequences are zoomed parts (lighted in red and green in Figure 1 - Appendix). of the
deformed cylindrical specimen.

Figure 1 - APPENDIX. Zoom of Figure 26. Areas in the cylindrical fractured specimen that appear in
the sequences. At the fop, marked in red, area of sequence 1. At the bottom, marked in green, area of
sequence 2.
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A.1.1. Sequence 1 - Cylindrical deformed sample after fracture — Magnification 200x
(Optical Microscope). Area of the sequence marked in red in Figure 1 - APPENDIX.
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A.1.2. Sequence 2 - Cylindrical deformed sample after fracture — Magnification 100x
(Optical Microscope). Area of the sequence marked in green in Figure 1 - APPENDIX
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