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Abstract

The Duplex Stainless Steels (DSS) are defined as a family of stainless steels consisting of a two-
phase microstructure involving 6-ferrite and y-austenite. Exceptional combinations of strength and
toughness together with good corrosion resistance under critical working conditions designate DSS a
suitable alternative to conventional austenitic stainless steels. Unfortunately, the relatively poor hot
workability of these alloys makes the industrial processing of flat products particularly critical. Cracking
of the coils during hot rolling along the edges is frequently reported. As a consequence, additional
operations like grinding, discontinuous processing or scraping are often required, leading to a dramatic
increase of the manufacturing costs. The different parameters affecting the hot working of duplex
stainless steels have been reviewed in order to identify which are the missing pieces of the “puzzle”.
The bibliographical review reveals that two pieces are missing in the “hot workability puzzle”. On the
one hand, it is necessary to develop a new hot ductility test which allows discriminating microstruc-
tures in terms of high temperature tearing resistance, and on the other hand, quantitative data about
the strain partitioning between ferrite and austenite during the hot working operations are needed. The
Essential Work of Fracture (EWF) concept has been applied at high temperature. It has been demon-
strated that this method is a reliable and discriminating tool for quantifying the high temperature tear-
ing resistance and to generate a physically relevant index to guide the optimization of microstructures
towards successful forming operations. A modified microgrid technique has been developed to expe-
rimentally simulate the local state of deformation of different duplex microstructures at high tempera-
ture. This technique provides qualitative results about the deformation features as well as quantitative
data about the strain partitioning between ferrite and austenite. The micro-scale strain distributions
measured can be used to validate the models predicting the hot deformation of duplex stainless steels
during the roughing-mill operations. The two tools developed in this investigation allow suggesting
possible remedies for the edge cracking phenomenon.

Key words: Duplex stainless steels; Hot workability; Essential Work of Fracture; Hot tearing resis-
tance; Microgrid technique; Local strain distribution
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Chapter |. Introduction: scientific and
iIndustrial motivations

Worldwide demand for stainless steel is increasing at a rate of 5-6% per year. Annual consumption is
now well over twenty million tons and is rising in areas such as the building industry and household
appliances in addition to the chemical applications in energy production and chemical industry. New
markets are continuously found for the attractive appearance, corrosion resistance, low maintenance
cost and strength of stainless steel. Stainless steel is more expensive than standard grades of carbon
steels but it exhibits greater corrosion resistance and requires less maintenance operations and does
not need painting or other protective coatings. As a consequence, stainless steels can be more eco-
nomically viable when service life and life-cycle are considered.

The major elements entering the composition of stainless steel are: iron (Fe), chromium (Cr), nickel
(Ni), molybdenum (Mo) and manganese (Mn) and small amounts of others metals. On the basis of
their crystalline structure, stainless steels can be broadly divided into four families. Iron is always the
main constituent and the rest of the chemical elements are present in varying proportions in each fami-
ly of stainless steel. However, in any of them, the chromium content should not be below 11% other-
wise the material loses its high corrosion resistance. The main families of stainless steels are:
% Austenitic stainless steels;
Ferritic stainless steels;
Duplex stainless steels;

Martensitic stainless steels.

5

%

5

%

o,
0.0

Duplex stainless steels (DSS) are defined as a family of stainless steels consisting of two phases: o-
ferrite and y-austenite with a proportion of each phase around 50%.

First, the industrial motivations of this work are briefly described. Then, the materials and the micro-
structures at different steps of the industrial process are presented. Finally, the scientific strategy to
solve the industrial problem is explained.
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1.1

Industrial motivations

Chapter I. Introduction

Austenitic stainless steels represent more than 70% of the stainless steel market. For the last decade,
the price of nickel and molybdenum (raw material) fluctuates widely and, as a general trend, tends to

increase, see Figure 1.1.

b)

Molybdenum Oxide Price (x1000EUR/mt)

Nickel Price (x1000EUR/mt)
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200

Figure 1.1. Evolution of the raw material cost during the last ten years; a) Nickel price evolution and

b) Molybdenum oxide price evolution [1].

Thus, with nickel content between 8 and 11%, the austenitic grades show a strong susceptibility to raw
material cost fluctuation. As a consequence, to face the high volatility of nickel price, steel manufac-
turers have developed new alloys such as lean duplex in which the nickel and molybdenum contents
are lower than in the conventional austenitic grades: 304 L and 316 L, see Table I.1. Even if the chro-
mium content is slightly higher in duplex steels (4-5% more), as the chromium price (~2000 €/ ton in
2010) is significantly lower compared to the nickel (~15000 €/ ton in 2010) and molybdenum (~25000
€/ ton in 2010) prices, a 4%-increase of the amount of chromium does not represent a significant addi-

tional cost.
%C %Si %Mn %Cr %Ni %Mo %N %Cu
Ferritic 430 0.05 0.35 0.40 16.50 - - - -
Austenitic 304 L 0.02 0.45 1.30 18.10 10.10 - - -
316 L <0.02 040 1.20 16.70 10.05 2.05 - -
2205 0.02 0.30 1.80 22.80 5.50 3.10 0.17 -
Duplex 2304 0.02 - 1.30 23.00 4.50 0.50 0.10 0.40
2202 0.02 - 1.30 23.00 2.50 <0.30 0.20 -

Table I.1. Typical chemical composition in %wt of different grades belonging to different stainless
steel families.
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In addition, duplex stainless steels are very attractive because they exhibit outstanding mechanical
properties (better than the austenitic grade, see Table 1.2) combined with excellent corrosion resis-
tance (Figure 1.2). In others words, duplex stainless steels seem to be very good candidates for substi-
tuting the austenitic stainless steels.

E (™ ()] A
Stainless Commercial Young Ultimate Yield (%)
Steel Grade European ASTM  Modulus Tensile Strength
Family = Designation  Designa- (GPa) Strength (MPa)
tion (MPa)
Ferritic K30 1.4016 430 220 510 340 26
Austenitic 18-10 L 1.4306 304 L 200 590 270 52
18-11 L 1.4404 316 L 200 620 310 48
DX2205 1.4462 2205 200 840 620 29
Duplex DX2304 1.4362 2304 200 730 550 30
DX2202 1.4062 2202 200 730 550 31
Table 1.2. Mechanical properties of the different stainless steel families: ferritic, austenitic and dup-
lex.

e

CORROSION RESISTANCE (PREN)

w
o
A

j 300 400 500 600
430 Rp 0.2
YIELD STRENGTH (Mpa) P

Figure 1.2. Performance of the different stainless steel families, pitting corrosion resistance and
yield strength [2].

Nevertheless, for a given application, a material has to fulfill technological criteria as well as economi-
cal requirements. From a technological point of view, duplex stainless steels are very suitable for
many applications, especially for marine and petrochemical applications. From an economical point of
view, the problem is more complicated. Indeed, the manufacturing cost has to take into account the
raw material costs, the processing costs, and the maintenance costs. In duplex stainless steels, the
raw material cost is significantly reduced because of a low nickel and molybdenum content. Unfortu-
nately, the manufacturing cost remains very high due to a poor hot workability. This poor hot workabili-
ty makes the industrial processing of flat products particularly critical. Indeed, cracking occurs along
the edges during hot rolling, see Figure 1.3. Consequently, additional operations like grinding or scrap-
ing are often required. All these additional operations lead to increase dramatically the manufacturing
costs. Therefore, the poor hot workability of these alloys explains why the duplex stainless steels mar-
ket is still limited.
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Edge-cracks

ND

i 10 mm
b)

Figure 1.3. lllustration of the poor hot workability of duplex stainless steels; a) occurrence of the first
edge-cracks during the roughing mill operations; b) example of edge cracks after the roughing-mill
operations.

To summarize, from an industrial point of view, investigating the hot ductility of duplex stainless steels
must permit to answer to more general questions related to the damage of two-phase materials. The
aim is to give some guidelines about the process (elaboration, casting, reheating, hot rolling), the
chemical composition of the grades (volume fraction of the second phase, spatial distribution of the
phases, and rheology of the two phases), and new characterization tools.

1.2 Materials and microstructures

[.2.1 Materials investigated

The two investigated grades are provided by APERAM. The first grade is named D1, corresponding to
the commercial 2205-duplex stainless steel alloy (grade 1.4462 according the EN10088), and the
second alloy is D2, an industrial experimental material (i.e. produced in order to carry out some tests).
The chemical composition of both duplex grades is given in Table 1.3.

%Cr  %Ni %Mo  %Mn  %Si  %Cu %C %N
D1 2290 559 311 175 055 0.19 0.02 0.17
D2 2196 299 091 288 039 0.67 0.03 0.18

Table 1.3. Chemical composition in %wt of the two investigated grades.

These two grades were selected because of a known very different degree of hot workability. The
grade D1 shows a reasonable level of hot workability: edge cracks length does not exceed 5mm on
the hot rolled strip, see Figure 1.4.a, whereas the D2 grade is affected by 50mm-edge crack lengths,
see Figure 1.4.b. Comparing these two grades should allow unravelling the key parameters involved in
the hot workability of duplex stainless steels.
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Figure 1.4. Coils at the end of the hot rolling process showing different levels of edge-cracking de-
pending on the grade; a) coil of the D1 grade with edge-cracks < 5mm; b) coil of the D2 grade with
edge cracks > 50mm.

[.2.2 Microstructures after continuous casting

The schematic equilibrium phase diagram provides qualitative indications about the origin of the as-
cast microstructures, see Figure 1.5. From the liquid, the alloy solidifies into o-ferrite (Figure 1.5.a).
During cooling, the austenite precipitates by a nucleation and growth mechanism. Allotriomorphic aus-
tenite (y-allotriomorphic) nucleates at existing d-ferrite grain boundaries (Figure 1.5.b). Widmanstéatten
austenite laths nucleate from the allotriomorphic austenite with an orientation relationship with the
ferrite close to that of Kurdjumov-Sachs.

1684 L L
L+6+y
1566

1488
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13EE H
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18648 . .' : : T
5] 1A =45 ] a8 4R =8
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8primary
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Vf&'?"%a‘}t}wﬁf’r el
Figure L.5. Origin of the as-cast microstructure in duplex stainless steel; a) at high temperature
duplex stainless steel is entirely ferritic; during cooling, the austenite precipitates b) at existing fer-

rite grain boundaries and c) inside the ferrite matrix with a lath morphology; thermal history explains

the as-cast microstructure.
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For both grades, the as-cast microstructure consists of a ferritic matrix with allotriomorphic austenite
on the grain boundaries and Widmanstatten austenite (y-Widmanstétten) laths inside the grains, see

Figure 1.6.

Figure 1.6. Microstructures of the as-cast slabs; a) D1 grade; b) D2 grade; y-austenite in white, o-
ferrite in grey.

[.2.3 Microstructures during hot rolling

1.2.3.1 The hot rolling process
An industrial hot rolling schedule used for standard duplex stainless steel sheets, i.e. type EN 1.4462

(D1) or 1.4362 is shown in Figure 1.7.

A £ L0 L0 L0 L0 ¢
Wi i Wy e W Wi W W,

6-11 m/sec

ROUGHING-MILL
+1360°C  reversible 5-7 passes 21100°C 950-1000°C

180min 5 min

Figure 1.7. Industrial hot rolling process; the number corresponds to the different steps and some
details are given in the text below.
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(1) Continuous cast slabs are first reheated to 1280°C and kept at this temperature. The duration
of this stage is about 3h.

(2) The slabs are then rough rolled on a reversible mill in 5-7 rolling passes. With a very strong
thickness reduction, i.e. from 200mm to 30mm thickness.

(3) The rough rolled sheets are then hot rolled on 7 consecutive finishing mills to the final thick-
ness from 2 to 13mm. The temperature is around 800-1000°C at the end of the hot rolling
process.

(4) Cooling of the sheet on a specific table.

(5) Coiling at a temperature between 500 and 800°C. The final length coil can measure more than
100m.

1.2.3.2 Microstructures after the roughing-mill operations

The as-cast slabs are then reheated before to be rolled at high temperature. The microstructures after
the roughing-mill operations present an elongated austenite in the rolling direction, see Figure |.8.

S-ferrite y-austenite

Figure 1.8. Microstructures of the transfer bar, i.e. just after the roughing-mill operations; a) D1
grade; b) D2 grade; y-austenite in white, d-ferrite in grey.
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1.2.3.3 Microstructures in the vicinity of the edges

As shown in Figure I.4 and in Figure 1.9.a, the cracks are always observed along the edges of the hot
rolled material hence the name “edge-cracks”. The first characterizations have revealed that damage
nucleation always takes place at the &/y interphase boundaries, see Figure 1.9.b. In addition, the
cracks seem to always propagate within the ferrite. No damage nucleation site is visible in the austen-
ite and the cracks never propagate through an austenite grain.

] \ Bulging

(l.- Transversal strain /) at the edges
< '

Edge-cracks Edge-cracks

Original top
__ surface of the plate

Bulged material

a) b)

Figure 1.9. a) Evolution of the transverse dimensions of the hot rolling blocks with increasing reduc-
tion; a clear transverse strain develops and cracks have been observed only in the bulged region;
b) microstructure in the edge part illustrating the damage; red arrows emphasize the voids.

1.3 Guideline

The poor hot workability of duplex stainless steels increases dramatically the manufacturing cost and
explains partly why the duplex stainless steel market is still limited. Thus, the purpose of this work is to
understand the origin of the poor hot workability of these alloys and to suggest solutions to avoid or
control the edge-cracking phenomenon.

First of all, the main factors affecting the hot workability of duplex stainless steels are reviewed in or-
der to identify the key parameters and to point out what are the missing pieces of the “hot workability
puzzle”. The review reveals that two “pieces” are missing in the “puzzle”. On the one hand, it is neces-
sary to develop a new hot ductility test which allows discriminating microstructures in terms of high
temperature tearing resistance, and on the other hand, quantitative data about the strain partitioning
between ferrite and austenite during the hot working operations are needed. These two parts must
allow suggesting possible remedies for the edge cracking phenomenon. Figure 1.10 gives a summary
of the approach followed throughout this work.



Chapter I. Introduction 19

Edge-cracking problem (Chapterl)

hd

| Review of the different factors affecting the hot workability (ChapterII) |

hd

| Identifying the key parameters and the parts not well-understood |

Characterization of the hot cracking resistance Determination of the micro-scale strain distribution
(Chapterlil) (Chapter IV)

A 4

Possible remedies for edge-cracking (ChapterVv) ?

Figure 1.10. Outline of the thesis. The bibliographical review permits to identify the missing pieces
of the puzzle required to understand the hot workability problem. The first missing piece is the lack
of a hot ductility test that quantifies the hot tearing resistance; as a consequence a new tool has
been developed. The second missing piece deals with the quantification of the high temperature
strain partitioning. This approach should permit to suggest some remedies for the edge-cracking
problem.
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Chapter Il. State of the art regarding the hot
working of duplex stainless steels

Portevin [3] defined the hot workability as the ability of a metal to be shaped by plastic deformation at
high temperature without appearance of defects like slivers’ or edge cracks. It turns out that the hot
workability depends in a complex manner on the material properties, and on the hot forming
processes. Therefore, it is not fully relevant to separate the two contributions as suggested in [4]:

Hot workability = f,(material) x f,(working process), eq I1-1

where f; is a function of the intrinsic hot ductility of the material, and f is a function of the external fac-
tors such as the state of stress and strain.

In the present chapter, the different metallurgical factors influencing the hot workability of duplex stain-
less steels are reviewed. In order to properly account for the interplay of factors depending on the
material and on the process, respectively, the review is divided into three sections. The first section
deals with microstructure evolutions occurring during the hot forming process. Mechanical aspects are
treated next, starting with the plastic behaviour, followed by the analysis of damage. The review is
based on the chapter entitled “Hot Workability” in Ref. [5], but it is adapted, completed and updated
according to the specific topic of the present work. The purpose is to identify the key parameters af-
fecting the hot deformation of duplex stainless steels and to point out the missing pieces of the puzzle
in order to better understand the origin of damage during hot forming operations.

! Sliver: defect which can appear during hot working operations.
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.1 Microstructural evolution during hot working

[1.1.1 As-cast microstructure

At the millimeter scale, the typical solidification macrostructure consists of three different zones
through the slab thickness: a refined equiaxed grain region close to the chill surface, a columnar zone
and a coarse equiaxed grain zone in the centre [6]. In general, DSS solidify to d-ferrite. The as-cast
microstructure consists of a ferritic matrix with two types of austenite inclusions: allotriomorphic auste-
nite on the grain boundaries and Widmanstétten austenite laths inside the grains, see Figure 11.1. This
kind of solid-state phase transformation leads to a Kurdjumov-Sachs (K-S) or a Nishiyama-
Wasserman (N-W) crystallographic orientation relationship between the new austenite and the parent
ferrite [7-10]. These orientation relationships lead to semi-coherent interphase boundaries due to lat-
tice plane correspondences:

e K-S: {110} // {111}, and <1-11>; // <0-11>,;

o N-W: {110}; // {111}, and <001>; // <-101>,.

The allotriomorphic austenite at the ferrite grain boundaries corresponds to one of these orientation
relationships with one of the adjacent ferrite grains, whereas the other interphase boundaries are in-
coherent [7].

The amount, morphology and size of the austenite depend on the thermal history: initial temperature
and cooling rate. For instance, the thickness of Widmanstéatten austenite laths depends on the cooling
rate, the higher the cooling rate is, the thinner the austenite laths.

WL
Tird

Figure II.1. As-cast microstructure in a conventional 2304 duplex stainless steel; the dotted lines indi-
cate the primary o-ferrite grain, allotriomorphic austenite decorates the primary 6-ferrite grain bounda-
ries and Widmanstatten austenite appears inside the primary d-ferrite grain [12].

When the as-cast material is reheated at high temperature before hot working, it is the as-cast micro-
structure which is relevant for the analysis of damage. This as-cast microstructure will evolve through-
out the process (Figure 11.2). For instance, as the rolling reduction increases, the austenite grains be-
come more and more elongated in the rolling direction.
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7% Reduction (%)

Figure 11.2. Evolution in 3D of the as-cast microstructure with the applied rolling reduction of the
duplex microstructure; as the deformation proceeds, austenite becomes more and more elongated
in the rolling direction (RD) [11].

In the following sections, a particular attention is paid to the microstructural evolution throughout the
hot working process.

I1.1.2 Changes in morphology and distribution of the dispersed y-
austenite

Pinol-Juez et al. [12, 13] drew markers on specimens and then performed thermo-mechanical treat-
ments. The microstructural observations of these specimens revealed several mechanisms which
change the shape and distribution of the austenite. These mechanisms are listed in Figure 11.3, some
of them account for plastic deformation, whereas others are the result of strain partitioning among the
phases, strain localization and thermally-induced microstructural evolution towards equilibrium.

a) Original s |

b) Uniform plane strain deformation I Py
c) Uniform simple shear deformation : V
d) Shear banding [‘W
e) Rotation ‘

f) Displacement by sliding at the Interface [ e
g) Fragmentation by shear banding /}’

h) Polygonization O

@ e 090

i) Spheroidization
p 0~0 0

Figure I1.3. Mechanisms acting on the dispersed phase that are responsible for the morphological
and distribution changes undergone by the austenite during hot-working of austeno-ferritic stainless
steels [5].
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11.1.2.1 Interphase boundary sliding

Sliding involves the translation of a grain with respect to another parallel to a common boundary. Slid-
ing has been identified in hot-worked, as-cast and hot rolled specimens by characterization after de-
formation of polished and marked specimens [12-14].

The SEM picture in Figure 1.4 is a good illustration of this phenomenon. It shows that the microgrid
lines are discontinuous along an austenite-ferrite interphase.

Figure 11.4. A clear example of interphase boundary sliding in a 2205 duplex stainless steel de-
formed to 0.15 at 1050°C and 1s™ [14].

The ability to slide depends on the character of the boundary: coherent and semi-coherent interfaces
being less prone to sliding than incoherent interfaces. This applies also to hot-worked duplex stainless
steels for which the crystallographic nature of the interface is a key parameter controlling the sliding
ability [12]. Indeed, deformation applied to marked, as-cast and wrought specimens showed that slid-
ing at the austenite-ferrite interface is not possible as long as the two phase orientations are related by
a Kurdjumov-Sachs orientation relationship. In a Widmanstéatten microstructure, the scratch markers
are slightly deflected at each interphase boundary but do not lose continuity (Figure I1.5.a). On the
contrary, in a hot-rolled microstructure, such as the one seen in Figure 11.5.b, the scratch markers re-
flect the occurrence of sliding: relative displacements of the markers may reach several micrometers
at the interphase boundaries.
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v-Widmanstétten

Kurdjumov-Sachs &>

No Kurdjumov-Sachs
A o g

Figure I.5. SEM micrographs showing the surface of two marked specimens of a 2304 duplex
stainless steel deformed to 0.17 under torsion at 1000°C and 1s'1; a) in the as-cast condition, § is
related to y by a Kurdjumov-Sachs orientation relationship; b) in the hot-rolled condition (reduction
77%), no lattice correspondence between & and y [12].

11.1.2.2 Rotation

Independently from the lattice rotations occurring at the substructural scale due to constrained disloca-
tion slip, marked specimens reveal rotations of the second-phase inclusions. The scratch markers in
Figure 1.6 clearly illustrate that the austenite in the middle of the picture has rotated within the ferrite
matrix, which accommodates this through intense local shearing [13]. The mechanism of rotation ap-
pears when deforming an as-cast microstructure but is not very frequently observed.

Figure 11.6. SEM picture showing the rotation of an austenite grain highlighted by the displacement
of the scratch markers at the specimen surface; as-cast 2304 duplex stainless steel deformed un-
der torsion to 1.6 at 1000°C and 1s™" [13].
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11.1.2.3 Shear banding

Laboratory testing, modeling, and observation of industrially deformed duplex stainless steels have
shown that these materials have a strong tendency to localize plastic deformation and that they devel-
op shear bands. Finite element modeling applied to austenite-ferrite microstructures deformed under
plane strain compression predicts the development of shear bands [15, 16]. Finite element simulations
are in agreement with experimental observations (Figure I1.7).

press@r« AXIS;

=
$
]
(7]
w
14
o
=
o

| ©

Figure Il.7. Shear banding development in duplex stainless steel; a) deformed mesh obtained via
finite element modeling after simulation of a specimen deformed at 1050°C under plane strain
compression [16]; b) optical micrograph of a hot-rolled 2304 specimen (77% reduction) [9].

The application of the microgrid technique also revealed that shear banding takes place during plane
strain compression at 850°C (see Figure 11.8) of a duplex microstructure with an equiaxed austenite
morphology [17-19]. The presence of two phases with highly contrasted mechanical strengths should
be considered as the one of the main reasons for shear bands development. In addition, shear band-
ing phenomenon is not limited to laboratory tests but it is also observed in industrial hot rolled mate-
rials [20].

Figure 11.8. Map of the Von Mises equivalent strain superimposed with the deformed microstructure
revealing the development of localization bands under plane strain compression at 850°C and 157
of a 29%Cr-11%Ni duplex stainless steel [17].
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[1.1.3 Plastic deformation

The microstructural evolution taking place during hot deformation within both phases in a duplex mi-
crostructure can significantly differ from the evolution observed in single-phase materials. This is be-
cause, in addition to their respective high (ferrite) and low (austenite) stacking fault energies, others
factors, such as relative strength and morphology play a crucial role on strain partitioning.

Ferritic stainless steels undergo dynamic recovery, hence developing a well-defined subgrain
microstructure that remains equiaxed and with a constant size once steady state is reached. In duplex
microstructures, dynamic recovery is the primary softening mechanism in ferrite, see subgrains in
Figure 11.9. The ferrite substructure becomes more polygonized at higher deformations and low strain
rates. However, the interphase boundary imposes some restrictions. As the strain increases, ferrite
becomes partially enclosed between austenite stringers. The thickness of ferrite subregions decreases
with increasing strain, until it becomes comparable with the ferrite subgrain size. This is quite an hete-
rogeneous process that leads to a bamboo-type structure. Narrow bands of ferrite are limited laterally
by the interphase boundaries and are subdivided by a succession of mixed low and high-angle ferrite-
ferrite boundaries. The mechanism responsible for the formation of high-angle boundaries in the ferrite
has been attributed to continuous dynamic recrystallization or extended recovery [21-24].

Due to their low stacking fault energy, austenitic stainless steels undergo significant work har-
dening before the onset of dynamic recrystallization at hot working temperatures. In duplex stainless
steels, microstructural observations have shown that, even at high strains and after very long anneal-
ing, recrystallization is rarely observed. In addition, when it is observed, it involves negligible volume
fractions [5, 23, 24]. In fact, when deforming a duplex microstructure around 1000°C, the austenite
remains structureless.

Figure 11.9. SEM backscattered electron picture; as-cast 2304 duplex stainless steel deformed to
0.4 at 1000°C and 1s™" [9].
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The development of high-angle boundaries in the ferrite implies lattice rotations that signifi-
cantly change the character of the ferrite-austenite interphase boundaries, as illustrated in Figure 11.10.
The channeling contrast image shows a ferrite unit located between two austenite grains. The central
part of the ferrite region maintains the K-S orientation relationship within a deviation of 3-6° with re-
spect to the austenite at each side. Other subgrains in the ferrite have lost their semi-coherent charac-
ter and random interphase boundaries have developed.

Figure 11.10. STEM channeling picture and crystallographic orientation analysis; as-cast duplex
stainless steel deformed to 1.6 at 1000°C and 1s™ [5].

.2 Mechanical behaviour during hot working

[1.2.1 Viscoplastic hardening laws: influence of temperature and strain
rate

Any attempt aimed at producing models applicable to hot working requires constitutive equations relat-
ing the flow stress to deformation conditions (temperature, strain and strain rate) and taking account of
the chemical composition and the microstructure evolution too. Very often only the steady state flow
stress is expressed as a function of the strain rate and temperature. Investigation and modeling efforts
devoted to stainless steels have mainly concentrated on austenitic grades. Quantitative data concern-
ing ferritic and duplex steels are much scarcer. In addition, the usual difficulties involved with single-
phase materials, the case of austenite-ferrite microstructures introduces supplementary complications.
New problems arise due to the presence of two phases with different mechanical behaviours and with
a wide range of possible microstructural arrangements (see the previous section 1.1 entitled Micro-
structural evolution during hot-working). The effect of temperature and strain rate on the stress re-
quired to deform the material may be estimated based on the following equation:

£exp (QRLTWJ = Afsinh(ao )], eq 2

where £ is the strain rate, oy, is the steady stress, Oy 1s the hot working activation energy and, o, 4

and n are constant parameters obtained from hot deformation tests.
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The values reported by different authors for the coefficients in this equation are summarized in Table
1.

The influence of both variables (temperature and strain rate) is very important because, under any
deformation mode, they are the two factors which can be modified in order to improve the hot ductility.

Ref n a A(s) Ouw(kJ/mol) Material Deformation Mode
42 0.0139 7.1210" 450 Plane Strain Compression
[25] 2304, 77% hot rolled
4 0.0143 62107 578 Torsion
[26] 3.85 0.008 3.54 10" 380 2205, as-cast Plane Strain Compression
[27] 6.9 0.009 1.510% 569 2205, bar
Uni-axial Compression
4 0.007 2310 438 2507, bar
[28] 3.75 425 2205, 80% hot rolled Torsion
563 0.012 1.010% 525 2304, hot rolled
[29] Torsion
3.8 0.012 1.010" 394 2205, hot rolled
[30] 4.18 0.01 3.9510" 400 27.6Cr-4.25Ni-1.3Mo-0.14N, bar Torsion
[31] 3.77 0.0115 2.68 10" 447 2507, bar Torsion
380 Torsion
[32] —— 2205, hot rolled
360 Tension
[33] 4.07 0.015 2.04 10" 488 26.5Cr-4.9Ni-1.63Mo0-0.04N Torsion
[34] 49 0.014 8.110" 430 2205, bar Tension
42 0.012 2010 432 2205, hot rolled
[35] 3.64 0.0103 6.32 10" 310 Ferritic with duplex ferrite com-
position Uni-axial Compression
4.57 0.0066 1.44 10" 454 Austenitic with duplex austenite
composition
[36] 5.1 0.012 2.14 10* 479 2205, hot rolled Uni-axial Compression
[37] 2.6 0.012 2710 263 2304, hot rolled Uni-axial Compression
[38] 4 0.012 474 2205, hot rolled Torsion
[39]* 5.8 0.0091 3.19 10" 450 Austenitic 304 Plane Strain Compression
[401* 3.1 0.0115 261 Ferritic Plane Strain Compression

Table II.1. Values reported by different authors for the parameters of the constitutive equations.
*More data in [41].
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[1.2.2 Influence of the chemical composition

Changes in composition impact the hot mechanical behaviour of duplex stainless steels:

- Volume fraction of the two phases depends on the amount of austenite stabilizers (C, N,
Ni, Mn) and ferritic stabilizers (Cr, Mo, Si).

- The hot strength of both austenitic and ferritic stainless steels is modified through solute
strengthening. In case of duplex steels, chemical composition also contributes to the high
temperature strength of austenite-ferrite microstructures in a more complex way because
of element partitioning.

In this section, the influence of the phase balance and the influence of the composition in the main
alloying elements on the hot mechanical behaviour of duplex stainless steels are successively ad-
dressed. The influence of the minor elements will be discussed later in section I1.3.

1.2.2.1 Volume fraction of phases

Rupin et al. [42] have investigated the influence of the 6/y-phase ratio on the flow properties of duplex
stainless steels. Duplex steels were cast with various chemical compositions (Table 11.2) leading to
different phase balances. The different duplex alloys were hot rolled and then hot deformed under
plane strain compression at 1050°C at different strain rates (0.1, 1 and 10 s™).

Designation %oy Ni (wt%) Cr (wt%) Fe (wt%)
A 1.5 7.5 33.5 59
B 1.5 8.3 33.2 58.5
C 22 9.6 30.4 60
E 48 10.8 27 62.2
F 60 11.8 25.4 62.8
H 95 13.6 251 61.3

Table 11.2. Chemical composition of the different duplex stainless steels alloys elaborated and cha-
racterized in [42].

At high strain rate, pure austenite exhibits a lower yield stress compared to pure ferrite, see Figure
[I.11.c. Nevertheless, in the testing conditions presented in Figure 11.11, the flow stress of the austenit-
ic alloy becomes higher than the flow stress of the ferritic alloy after a few percents of plastic deforma-
tion due to a pronounced work-hardening stage. Furthermore, it must be highlighted that the steady
state stress of the duplex materials converge towards the steady state stress of the pure ferritic alloy,
thus confirming the significant influence of the ferritic phase on the hot mechanical behaviour of the
duplex alloys.
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Figure 11.11. Equivalent flow stress strain curves of different duplex stainless steels deformed un-
der plane strain compression at 1050°C and at different strain rates; a) 0.1s'1; b) 13'1; 10s™. The
value between the parenthesis gives the austenite content [42].
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11.2.2.2 Influence of alloying elements and element partitioning

1.2.2.21 Influence of N

Tendo et al. [43] analyzed the effect of nitrogen (N) on the hot strength of austenitic stainless steels,
concluding that N contributes to the high temperature strength by about 25 MPa by 0.1% of N in a
18% Cr 9% Ni alloy. Other investigations at the laboratory scale confirmed this effect on AISI 304 and
316 steels, the solid solution hardening at hot working temperatures is between 16 and 20 MPa per
0.1%N [44].

The influence of N on the hot strength of duplex stainless steels was evaluated at 27 MPa for each
addition of 0.1%N [45]. This effect can be attributed, on the one hand, to the increasing volume frac-
tion of austenite (N is a strong austenite stabilizer) and, on the other hand, to the strong solution
strengthening effect of N.

11.2.2.2.2 Influence of Mo

The solid solution hardening is about 10MPa per 1% Mo for a 18Cr 14Ni 0-3%Mo [4]. According to [4],
other authors obtained the same value by comparing the austenitic alloy 316 with the alloy 304.

In ferritic stainless steels, the addition of about 0.9% of Mo increases the strength between 10 and 20
MPa [41].

11.2.2.2.3 Element partitioning
In duplex steels, partitioning of elements between ferrite and austenite takes place and contributes to
the difference of hot strength between ferrite and austenite. This means that some alloying elements

can dissolve preferentially in one phase compared to the other, depending on the nature of the consi-
dered chemical element: austenite or ferrite stabilizer. The partitioning coefficient (X’;/X"y) between
ferrite and austenite of several alloying elements is shown in Figure 11.12 as a function of the tempera-
ture. Equilibrium conditions are assumed for a 2205 duplex stainless steel. At both extremes, Mo is the
element that segregates most to ferrite, whereas C and N tend to leave ferrite. The high N content in
the austenite and its important solute strengthening effect tends to increase the hot strength of auste-
nite. The partitioning changes with temperature. As a consequence the hot deformation behaviour of
duplex steels can be different at the beginning and at the end of the hot rolling process. The higher the
temperature, the more uniform the element partitioning is between ferrite and austenite.
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Figure 11.12. The partitioning coefficient of the alloying elements between d-ferrite and y-austenite

as a function of temperature; the compositional changes will influence the strength and the defor-
mation behaviour of the material [46].
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[1.2.3 Strain partitioning

Some examples taken from different authors suggest the occurrence of strain partitioning in the hot-
worked duplex microstructures. Evidence of strain partitioning can be found in the micrograph in Fig-
ure 11.9, which represents as-cast steel after hot deformation [9]. Ferrite shows a well-developed sub-
grain microstructure whereas austenite seems to be structureless. In others words, it means that the
ferrite softens quickly while the austenite becomes harder. The difficulty is to quantify the high temper-
ature strain partitioning in duplex stainless steels. Several authors have already attempted to estimate
the high-temperature strain distribution in duplex stainless steels.

Al-Jouni and Sellars [47], and more recently Duprez et al. [48] have used the Unckel method [49] to
estimate the strain partitioning. The Unckel method consists in estimating the strain differences be-
tween the constituent phases by measuring the dimensions of the phases before and after deforma-
tion. The partitioning is deduced from the assumption that the total strain is achieved collectively. The
results reveal that the strain partitioning increases with deformation. For example, for a 80% reduc-

tion, the ratio between the average strain of the ferrite over the average strain of the austenite, ¢ /¢,

can increase to a value larger than 3 (Figure 11.13.c).
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Figure 11.13. Microstructure evolution during hot rolling at 1250°C for reduction a) 0% and b) 80%.
Initially austenite equiaxed islands are embedded in a ferrite matrix. During hot rolling, these isl-
ands become more elongated in the rolling direction. c¢) Strain partitioning in the rolling direction,
austenite seems to accommodate only a fraction of the applied strain [48].

Although the Unckel method provides quantitative information about the strain partitioning between
ferrite and austenite in a duplex stainless steel, this method turns out to be rather inaccurate as it can-
not account for shear strains. In addition, the results give only an average strain value per phase and
do not detect possible localization of the deformation.

Important experimental progresses have been made by Pinna et al. [14] in order to perform accurate
measurement of the high temperature micro-scale strain distribution in duplex stainless steels. Pinna
et al. [14] adapted the microgrids technique to simulate experimentally the local state of deformation
and to map the strain in a 2205 industrial grade duplex stainless steel. Hernandez-Castillo [19, 50] and
Boldetti [18] have applied this method to laboratory austenite-ferrite microstructure. The analysis per-
mits on the one hand to map the deformation and on the other hand to quantify the average strain per
phase at high temperature.
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An example [19] of a strain map obtained at 950°C with the modified microgrid method is given Figure
[1.14. The strain map showed that deformation is localized at the vicinity of the 6/y interfaces.
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Figure 11.14. Highlighting of strain partitioning via the microgrid technique in a laboratory 29.6%Cr-
11.6%Ni-0.27%Mn duplex steel deformed at 950°C and 1s™; a) undeformed state of a relatively
small area; b) deformed configuration of the same area; c) distribution of the Green-Lagrange
equivalent Von Mises strain [19].

The development of the modified microgrid technique could be a good way to provide quantitative data
about strain partitioning at high temperature. However, up to now, only a few results are available and
only small areas were analyzed (3-4 grains). In addition, the available results were most of the time
obtained on model ferrite-austenite microstructures. The lack of quantitative data concerning more
realistic alloys and the influence of different parameters on the strain partitioning (temperature, phase
morphology...) is clear.

In order to fully understand the mechanical behaviour of duplex stainless steels, an essential piece of
the puzzle is missing: the rheology of both ferrite and austenite, i.e. the stress-strain behaviour of the
single phases. Duprez et al. [48] have intended to determine the rheology of each phase in a duplex
steel. The authors have measured accurately the composition of the ferrite and the austenite in a
commercial 2205 duplex stainless steel. Then, they have elaborated single-phase alloys with, respec-
tively, the composition of the austenite and the ferrite. Finally, specimens from each alloy were de-
formed under hot torsion at 1200°C. The stress strain curve revealed a large difference of yield stress
and flow stress between the ferrite and the austenite, which resulted in an austenite-ferrite steady
stress ratio (ay/a")s,ea@ sae = 3.5 (Figure 11.15). Nevertheless, this method presents a few disadvantag-
es. First of all, this method is very time consuming. Indeed, as the composition and the phase ratio
evolve with temperature, a different casting is required for each temperature and for each phase. In
addition, such method gives the rheology of each phase at different temperatures but it does not take
into account the possible interaction between both phases.
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Figure 11.15. Results of the hot torsion test performed at 1200°C and 15" for a single ferritic, a sin-
gle austenitic and a duplex stainless steel [48].

[1.2.4 Influence of the deformation mode

Estimating the influence of the deformation mode consists in comparing, for a given microstructure,
the Von Mises flow stress strain curves under two different mechanical solicitations. The equivalent
stress strain curves of duplex microstructures fall between those corresponding to ferritic and austenit-
ic stainless steels, but their shape and the stress levels depend on the deformation mode, as shown in
Figure 11.16. The flow curves of two different microstructures (as-cast and hot-rolled) belonging to the
same 2304 duplex stainless steel obtained under plane strain compression and pure shear at 1000°C
and 1s™" are presented in Figure 11.16 [25]. The stress strain curves of the as-cast and of the hot rolled
microstructures are quite similar when obtained under plane strain compression. On the contrary, the
shape of the flow stress strain curves and the stress levels of as-cast and hot rolled material are signif-
icantly different in the case of pure shear and differ from plane strain compression curves. This is attri-
buted to the orientation of the austenite grains in relation with the loading direction.
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Figure 11.16. Effect on the equivalent stress strain curves of the deformation mode for a 2304 dup-
lex stainless steel deformed at 1000°C and 1s™ under torsion and plane strain compression [25].
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[1.2.5 Influence of the phase morphology

The influence of the phase morphology on the hot mechanical behaviour has been studied by different
authors. However, contradictory results are reported.

Vernusse et al. [51] performed hot uni-axial compression tests on the same duplex grade with
different microstructures. The authors have taken care that the different microstructures presented the
same volume fraction at the temperature of the hot mechanical test. The results showed that there is
no significant influence of the phase morphology, and the similarity between the curves increases with
increasing temperature, see Figure [1.17.

Stress (MPa)
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T=1100°C
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Figure 11.17. Influence of the phase morphology on the flow stress of duplex stainless steel with
70% o deformed under uniaxial compression at different temperature at a strain rate of 0.03s™ [51].

Contradictory results were obtained by Pinol-Juez et al. [11]. Indeed, in order to investigate more
deeply the possible effect of the phase morphology on the hot mechanical behaviour of duplex stain-
less steels, the authors tested various microstructures with different austenite morphologies under hot
torsion conditions. Some samples involved an elongated austenite in a ferrite matrix, microstructure
resulting from the hot rolling of an as-cast microstructure. Microstructures with elongated austenite
aligned parallel and perpendicular to the torsion axis, and microstructures showing a Widmanstétten
austenite (as-cast material, see Figure 11.1) or an equiaxed austenite were tested at 1000°C. The re-
sults are summarized in Figure 11.18. The main differences are observed on the stress strain curve
shape and the stress levels reached. The curves of the differently oriented austenite (parallel and per-
pendicularly) with respect to the torsion axis and the samples with an equiaxed austenite have the first
part of the curve which overlap. After this, the curve corresponding to the sample with the elongated
grains oriented parallel to the torsion axis exhibits a strong work-hardening stage compared to the
sample with the grains oriented perpendicular to the torsion axis.
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Figure 11.18. Influence of the phase morphology and phase orientation on the flow stress of a 2304
duplex stainless steel deformed under torsion at 1000°C at a strain rate of 1s™ [11].

1.3 Damage during hot working

The ability of a material to be hot-worked without cracking phenomena depends on both the intrinsic
ductility and the process itself. The strain to fracture or the reduction in area, respectively from torsion
or tension laboratory tests are approximately equivalent parameters that quantify the material ductility.
Such analysis allows systematic studies that are relatively easy to perform in the laboratory and pro-
vide valuable information although purely macroscopic. However, this only partially addresses the
complexity of the hot workability problem.

In addition to heterogeneities in microstructure and in composition inherited from the casting, local
conditions during industrial hot working can have a dramatic effect on the hot workability.

In this section, only the factors directly related to crack formation during hot forming process will be
addressed.

[1.3.1 Influence of the chemical composition

In the chemical composition of duplex steel, it is possible to distinguish the major elements (Cr, Ni, Mo,
Mn, N), i.e. those which control the phase balance as well as the rheology of the phases from the mi-
nor elements which are responsible for inclusions or segregations (S, O, Al, Ca...). The effect of the
major elements and minor elements are successively discussed in this section.



38 Chapter Il. STATE OF THE ART

11.3.1.1 Influence of the major elements

11.3.1.1.1 Fraction of phases

Several authors showed that the ductility reaches a minimum for a certain fraction of ferrite at about
0.30-0.60. Muller [52] reviewed the strain to fracture of several stainless steels at different tempera-
tures. These results were completed by Iza-Mendia et al. [20]. The data in Figure 11.19 show that, for
stainless steels deformed between 900 and 1200°C, the strain to fracture is affected by the presence
of a second phase. The ductility of a duplex stainless steel is significantly lower than that of a pure
ferritic steel and is slightly lower than that of a purely austenitic steel. The reduction in the volume
fraction of ferrite has a higher negative effect on hot ductility than reducing the testing temperature, but
given that the ferrite content runs parallel with temperature, the two contributions cannot be easily
separated. As a result, alloying elements play a crucial role in the phase proportion following their
ferritic (Cr, Mo, Si) or austenitic (C, N, Ni, Mn) stabilizing nature.
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Figure 11.19. Effect of the volume fraction of ferrite and temperature deformation on the strain to
fracture for different duplex stainless steels [20].

To summarize, duplex stainless steels generally present a relatively poor hot ductility. Nevertheless,
significant improvements in terms of hot ductility can be reached in the presence of micro-duplex mi-
crostructures which are known to exhibit super-plastic behaviour [53-58]. Unfortunately, the generation
of a micro-duplex microstructure requires operations which are not suitable during the conventional hot
processing of duplex stainless steels.
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11.3.1.1.2 Influence of N

Liou et al. investigated the influence of N on the hot workability [59]. The results showed that the ex-
tent of edge cracking of DSS tends to increase with increasing N content (Figure 11.20). In the same
paper, the dependence of edge crack length (estimated by measuring the ten longest edge cracks) on
the alloying elements in 2205 steel was expressed with the help of an empirical fracture index based
on the alloy composition (CSI: Crack Sensitivity Index):

CSI = 45,2%C +18,3%N + Mo+ Cu +0,65%Ni —297%B —0,14%Cr —0,7%Mn oq 13

with all the elements concentrations in weight percent. When the value of CSI is higher than 5.5, the
steel is susceptible to develop edge cracks.

0.100 wt% N

Figure 11.20. Influence of N content on the hot workability of a 2205 duplex stainless steel; the level
of edge cracking increases with the N content; a) 0.100 wt %N, CSI = 5.9; b) 0.195 wt %N, CSI =
7.7 [59].

11.3.1.2 Influence of the minor elements

Impurities and trace elements can seriously deteriorate the hot workability of duplex stainless steels.
Segregations can produce compounds with a low melting point and possibly lead to liquid metal em-
brittlement fracture. Among these elements the most harmful is sulfur (S), but trace elements like lead
(Pb), bismuth (Bi) and tin (Sn) can also have a detrimental effect [4]. Inclusions can be also mentioned
when considering the hot workability problem in duplex steels.

11.3.1.2.1 Influence of S

Sulfur is well-known to strongly deteriorate hot ductility of steels through the precipitation of sulfides
FeS at the grain boundaries which causes a higher intergranular brittleness. In general, the weakening
of the grain boundary region is attributed to the effect of sulfur. Indeed, in addition to a low melting
point (920°C), the sulfide inclusions impair grain boundary sliding and act as nucleation sites for void-
ing. This kind of brittleness can be reduced by the addition of Mn via the formation of MnS. The forma-
tion of MnS is beneficial because it allows lowering the sulfur solubility in the matrix. In addition, the
precipitation of MnS, with a higher melting point, tends to take place uniformly in the matrix rather than
exclusively at the grain boundaries. It is generally recommended to maintain sulfur as low as possible
to obtain an acceptable hot workability. Calcium treatment and further reduction are usually used at
steel factory to reduce the sulfur content. The work done by Komi et al. [60] reveals the detrimental
effect of S, involving a minimum of ductility at around 1100°C leading to the formation of edge cracks
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during hot rolling of the duplex stainless steels. Recent studies have confirmed the detrimental effect
of S on the hot ductility of duplex stainless steels [59, 61, 62]. The combined effect of oxygen and
sulfur on the hot workability of DSS was studied by Tsuge [63]. Tsuge presented a diagram on the
effect of S and O content on edge crack length after hot rolling for a 2205 DSS (Figure 11.21). Accord-
ing to this graph, sulfur is the key parameter in the formation of edge cracks, and this despite high
contents in oxygen (up to 125ppm). However this graph does not seem very relevant due to difficulties
in accurately measuring the sulfur content in a range only comprised between 0 and 10ppm.
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Figure 11.21. Effect of S and O contents on the crack length of a 2205 hot-rolled duplex stainless
steels (85% reduction) [63].

11.3.1.2.2 Influence of O

The oxygen content can also turn out to be a key parameter, as it is related to the inclusion cleanliness
[63, 64]. Indeed, different kind of inclusions (alumina, silicate, globular oxide...) can also affect the hot-
workability of duplex stainless steels depending on their volume fraction, shape and location. Howev-
er, as the literature is not rich about the effect of the oxygen content, it is difficult to give more informa-
tion.

[1.3.2 As-cast microstructures

Plane strain compression tests performed showed that fine equiaxed grains at the surface of the as-
cast material act as a protective layer against formation of severe edge cracks (Figure 11.22) [20]. This
contrasts with the easy propagation of cracks along the columnar grain boundaries when these appear
at the surface or are close to it.
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As-cast surface

c)

d)

Figure 11.22. Plane strain compression at 1000°C and 1s™ in order to test the effect of the macro-
structure on the crack formation; a) schematic view showing the position of the specimen on the
machine; b) view of the as-cast microstructure seen on the transverse section of the specimen; c)
level of defect on the equiaxed grain side; d) level of defect on the columnar grain side [20].

[1.3.3 Influence of temperature and strain rate

41

In literature, there is a general agreement regarding the beneficial effect on the crack sensitiv-
ity of increasing the deformation temperature. An example of this beneficial effect is shown in Figure
[1.23, the higher the temperature the longer the uniform plastic regime in the stress strain curves. In-
creasing the temperature permits to improve the ductility and, as a consequence, reduces the number
and the size of the cracks. For instance, the specimen deformed at 1000°C presents a lot of cracks
whereas the specimen deformed at 1200°C is free of any cracks, see the pictures of the specimens

after hot deformation in Figure 11.23.
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Figure 11.23. Stress strain curves of a hot rolled 2304 grade deformed under torsion at different
temperatures at 1s™ and the corresponding deformed specimens showing different levels of dam-

age [25].
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The influence of the strain rate is temperature dependent. Indeed, at low deformation tempera-
ture (under 1050°C) the strain rate has a small effect, whereas at high deformation temperatures
(above 1050°C), the effect of the strain rate on ductility becomes important [28, 29].

[1.3.4 Origin of damage

Damage at the ferrite-austenite interphase boundaries has been identified as the main source of de-
fects under hot working conditions in duplex stainless steels, see Figure [1.24. Actually, in laboratory
tests, damage is often observed well before the final fracture of the material.

Brittle intermetallic phases, such as the sigma phase, are suspected to play a role during hot working.
In duplex stainless steels, the sigma phase precipitation takes place below 1000°C. However, it gen-
erally requires relatively long annealing or very slow cooling rates in the 1000-600°C temperature
range [65-69]. In hot workability laboratory investigations, no trace of precipitation at the interphase
boundaries has been observed. Consequently, most of the time, intermetallic precipitation can be easi-
ly ruled out as potential causes for hot working fracture.

Figure 11.24. Optical micrograph of an as-cast 2304 duplex steel deformed by hot torsion at
1000°C, showing cracks at the §/y interphase boundaries [25].

Sliding at the ferrite-austenite interfaces is an important source of damage. In duplex alloys, the dy-
namic recrystallization of the austenite is hindered and different degrees of sliding on the interphase
boundaries have been observed [12, 14], depending on the material and the nature of the interphase
boundaries. Sliding contributes to strain accommodation during the hot working of duplex stainless
steels when strain is partitioned among the phases. Strain localization also induces some sliding. Fig-
ure 11.7.a shows shear localization in hot-worked 2304 duplex steel. Normally shear stresses develop
close to the surface in contact with the deformation tools, but in duplex microstructures shear stresses
also appear as a consequence of the presence of two phases with different rheology.
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In hot rolled microstructures, sliding affects most interphase boundaries, but it is not necessarily asso-
ciated with damage nucleation at moderate strains under monotonic deformation conditions. In the as-
cast conditions, most of the interphase boundaries share a K-S orientation relationship. As a result,
strain accommodation is only possible through severe localized sliding at the incoherent interphases.

1.4

Conclusions

In this chapter, the main factors involved in the high temperature deformation of duplex stainless
steels have been reviewed. The main conclusions emerging from the analysis of the literature are the
followings.

7
£ X4

The presence of two ductile phases with different mechanical properties controls the complex
behaviour of these materials during hot working.

Composition and temperature define phase ratio and strength, and become key parameters
for industrial processing, both for the constitutive behaviour, and for damage accumulation.

Strain partitioning, rotation and interphase boundary sliding contribute to accommodate the
applied deformation between ferrite and austenite, but can be at the origin of localization and
crack nucleation.

There is a significant effect of loading mode and microstructure evolution associated to it on
the macroscopic mechanical response.

The literature is relatively rich about the hot deformation of duplex stainless steels. However,
the lack of quantitative data about strain partitioning as well as the lack of a method that prop-
erly characterizes the resistance to crack propagation at high temperature, remain the key is-
sues preventing the hot workability problem.



44

Chapter Il. STATE OF THE ART



Chapter lll. Hot cracking resistance






Chapter lll. HOT CRACKING RESISTANCE 45

Chapter lll. Hot cracking resistance

The characterization of the high temperature fracture resistance of metallic materials and the under-
standing of the influence of microstructural parameters remain an experimental and theoretical chal-
lenge. The main difficulty is the definition of a relevant fracture parameter that properly quantifies the
controlling fracture phenomenon, for example during high temperature roughing operations. In some
applications, the resistance to damage initiation and growth is the main issue. In that case, the high
temperature fracture strain measured on tensile specimens usually provides valuable information. In
some other forming operations, the resistance to cracking initiation from a pre-existing defect is the
main issue. Finally, the tearing resistance, i.e. the resistance to the propagation of a crack, is probably
the key property in edge cracks issues during hot rolling.

The outline of this chapter is as follows. The main concepts of the Essential Work of Fracture are
summarized in section Ill.1. The experimental procedures are described in section Ill.2. Then, the
following materials will be discussed in this chapter:

e D1 versus D2 in the as-cast conditions (section 111.3); these preliminary results obtained on as-
cast materials will reveal the necessity of generating model microstructures in which the mor-
phology, the volume fraction and the size of both phases will be well-controlled (section 111.4).

e D1 W versus D2_W (section IlI.5), where ‘W’ means Widmanstatten and refers to the mor-
phology of the austenite. This comparison will allow investigating the effect of the major alloy-
ing elements.

e D2 W versus D2_E (section 1ll.6), where ‘E’ means equiaxed that corresponds to a different
austenite morphology compared to the Widmanstatten one.

e D1 W versus D1bis W (section Ill.7), where D1bis W is the same material compared to
D1_W, i.e. with the same chemical composition but arising from a different industrial casting.
This will allow investigating the influence of the impurities.

lIl.1 Literature review about the Essential Work of Fracture
concept

The essential work of fracture (EWF) concept was introduced by Cotterell and Reddel [70] as a mean
of quantifying the fracture resistance of thin ductile metal sheets. The basic idea is simple. The EWF
concept was introduced to handle ductile fracture from the point of view of complete fracture of a spe-
cimen and not from cracking initiation measurement such as in the traditional fracture mechanics ap-
proach. The purpose of the method consists in separating, based on dimensional considerations, the
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work dissipated within the plastic zone from the total work of fracture in order to provide an estimate of
the work spent per unit area within the fracture process zone (FPZ) to break the material [71].

For thin sheets, the double edge notch tension (DENT) geometry is particularly well suited owing to
the symmetry and advantage of avoiding buckling problems (Figure Ill.1). If the ligament of a sheet
specimen is, as shown in Figure 1ll.1, completely yielded before initiation, and the plastic zone is con-
fined to the ligament, then the plastic work dissipated for the complete fracture is proportional to the
plastic volume at initiation and the work in the FPZ is proportional to the fracture area. That is, the
plastic work and the EWF scale differently with specimen dimensions.

f
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Figure lll.1. DENT geometry showing the diffuse plastic zone as well as the localized necking zone in
front of the crack tips.

The total work of plasticity dissipated during the test is proportional to the square of the ligament
length, [, and thickness #,. The work performed in the FPZ is proportional to /,time #,. The total work

of fracture, W,,, can be written as the sum of the essential work, 7., and the plastic work, W),

/4

2
o =W, + Wp =1,lyw, + a1l W, eq -1
where w, is the specific essential work of fracture (work per unit area), w, is an average plastic work
density, 7, is the initial sheet thickness and « is a shape factor (/4 for a circular plastic zone). Norma-

lizing the previous equation, the total specific work of fracture, w,,; = W,,/tlyis given by

Wto t

=w, +l,ow,. eq -2
It means that if the term aw, in eq IlI-2 does not depend on the ligament length, hence the variation of
w,, as a function of /) has to follow a linear relationship. Thus, if several DENT specimens with differ-
ent ligament lengths /, are tested, the specific essential work of fracture, w, is the constant term in the
linear regression, i.e. the work obtained by extrapolating to a zero ligament length the linear evolution
of the total specific work of fracture, w,,, against ligament length (Figure I11.2). The total specific work of
fracture was calculated from the areas under the load-displacement curves and depends on the
specimen thickness [72].
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Figure Ill.2. Diagram illustrating the method to determine the specific Essential Work of Fracture.

According to Cotterell and Reddel [70], some restrictions on the ligament length are needed for this
method to be valid. It requires imposing an upper and a lower bound to the ligament length.

The upper bound results from two restrictions:
< [, must be less than L/3 (where L is the width of the specimens) to warrant that yielding
does not spread to the outer edges of the specimen.

7

% [y has to be smaller than the sum of the two plastic zone sizes in order for the plastic
yielding to spread along the entire ligament before onset of cracking (Figure 111.3).

I: Plane strain

II: Mixed stress regime

Ill: Plane stress

3tyyeensSty <ly <min(L/3,7,)

IV: Disconnection of the outer plastic zones

. Diffuse Plastic Zone
Iy 2min(L/3,r,)

Fracture Process Zone (FPZ)

Figure Il.3. Sketch of the plastic zones and fracture process zones in the ligament as a function of
ligament length.
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The lower limit is directly related to the specimen thickness: /, must be greater than 3 to 5 times the
thickness of the specimens in order to allow necking to develop fully before cracking, in such a way
that the same plane stress conditions prevail whatever the size of the ligament (Figure III.3).

To summarize, if eq lll-2 is applied, this method should provide reliable values of the plane stress frac-
ture toughness of a specimen plate on the condition that the ligament length lies between the limits
given by eq llI-3.

31055ty <y <min(L/3,7,),

eq -3
r, is the size of the plastic zone, which can be estimated as
1 Ew,
r,=— s -
7 T 63 eq lll-4

where E is the Young’s modulus and g, the yield stress [73].

The EWF concept was widely used to characterize the fracture toughness of several ductile metallic
materials (brass, bronze, zinc alloys, aluminium alloys and steels) [72, 74-77] or polymer thin sheets or
layers at room temperature [73, 77-82]. Barany et al. [83] have recently reviewed the results provided
by the EWF concept applied to polymers and composites. When the conditions of validity of the
method are fulfilled, it is relatively simple to determine the specific essential work of fracture which
quantifies the tearing resistance. In previous investigations, concerning polymers, the EWF concept
was used at intermediate temperatures (100-300°C) [84-91]. In this temperature range, the tensile
tests on the DENT specimens were carried out inside a furnace.

For higher temperatures (>1000°C), performing EWF test is an experimental challenge. In addition to
the difficulties related to the control of the microstructures at high-temperature in materials affected by
phase transformations, carrying out the test in a homogeneous temperature furnace is difficult. Such
challenge was recently taken up by Chehab et al. [92, 93] using a Gleeble-3500 thermo-mechanical
simulator in order to characterize the high-temperature tearing resistance of dual-phase ferritic
stainless steels. Chehab et al. [92] also pointed out that the application of the EWF concept at high
temperature presents several advantages:

0] The EWF method quantifies the resistance of the material to the propagation of a
crack which is not true in usual hot ductility measurements (tensile or shear tests);

(ii) The conditions of validity of the method will almost always be fulfiled owing to the
large ductility at high temperature;

(iii) The method does not require any crack detection systems which are complex to im-
plement at high temperature;

(iv) The measurement of the overall displacement is accurate enough for calculating the
energy spent during the test.

To summarize, the results from Chehab et al. [92, 93] have demonstrated the effectiveness of the
essential work of fracture method to quantify the hot cracking resistance of metallic materials. As ex-
plained in the previous chapter, duplex stainless steels present in general a poor hot workability lead-
ing to edge cracks during the hot rolling process. This method is expected to be very useful to discri-
minate different grades or different parameters such as the microstructure: phase morphology, inclu-
sion content.
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lll.2 Experimental procedure

[11.2.1 High temperature testing

The high-temperature tensile tests using DENT specimens were carried out using a Gleeble-3500
thermo-mechanical simulator. This machine is equipped with a direct resistance heating system and a
hydraulic mechanical device. The temperature is measured by a computer-controlled thermocouple
welded to the DENT specimen, meaning that the temperature is imposed by the machine where the
thermocouple is located. A cooling device allows quenching the surrounding ligament zone after the
complete fracture of the specimen in order to retain the microstructure (Figure 111.4). Thus, it is possi-
ble to observe the fracture profiles and to check the microstructure inside the heated zone.

Quenching device

Cu-Anvils

Ligament

Figure lll.4. Picture of the Gleeble chamber showing a DENT sample before testing. The specimen is
heated by a current through the Cu-jaw and quenched with a special device permitting to spray with air
or water.

The thermocouple controlling the temperature was welded next to the tip of the notch in order to pro-
vide a homogeneous zone of temperature throughout the ligament. This choice was made by Chehab
et al. [93], who showed that locating the thermocouple in the centre of the ligament leads to strong
temperature gradient between the middle of the ligament and the end of the notch. Estimated by Che-
hab et al. [93] around several hundred degrees, this gradient was leading to local microstructure mod-
ifications.

Nonetheless, a significant temperature gradient develops when moving from the ligament centre to the
head of the specimens. This gradient helps confining the plastic deformation in the ligament while the
rest of the sample remains purely elastic. In that manner, local plastic yielding is avoided at the grip-
ping system, making the overall load-displacement results sufficiently accurate for data reduction (no
need for a local extensometer to be used).
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For the measurements of the EWF, DENT specimens with dimensions specified in Figure II1.5
and with various ligament lengths (15 < [, < 39mm) were machined by electro-erosion in the metal
blocks with the microstructure of interest. The pre-crack tip has an opening of ~ 0.5 mm, the smallest
that can be obtained by machining. This initial opening is small enough compared to the critical crack
tip opening displacement obtained at high temperature (~ 0.8 mm).

10+ 0,5 mm
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90°+0,1

40+0,5mm ' 90+ 0,5 mm

Thickness, #)+ 0,1 mm

Figure lIl.5. Dimensions of the DENT (Double Edge Notch Tension) specimens used, fy) = 3mm.

The complete thermo-mechanical path followed by the DENT specimens is presented in Figure Ill.6.a.
The specimens were heated at the testing temperature (1050°C or 1200°C), annealed for 30s at this
temperature, and deformed under uni-axial tension at a grip displacement rate of 10mm.s™. Heating
was stopped just before starting the test in order to avoid a sudden increase of the temperature during
necking. Indeed, the current is constant but the area crossed by the current decreases, as a conse-
quence the temperature increases dramatically, possibly reaching a local fusion of the ligament de-
formed by necking before the final fracture. Figure Il1.6.b shows the shape of the heated zone around
the ligament before deformation. A circular zone is observed around the ligament. The colour change
emphasizes the development of a significant temperature gradient between the ligament and the head
of the specimen.
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Figure Il.6. a) The thermo-mechanical history path followed by the DENT specimens; b) picture show-
ing the shape of the heated zone.

[11.2.2 Dimensions of the DENT specimens

Edge-cracking occurs mainly during the high temperature roughing-mill operations. The microstructure
is a key parameter, therefore the tests have to be carried out on specimens involving the microstruc-
ture of interest, i.e. an as-cast slab skin microstructure (fine columnar grains). Figure Ill.7 shows that
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using specimens with the dimensions corresponding to the conditions of validity leads to a ligament
located in the transition zone between the columnar zone and the slab heart equiaxed zone. It re-
quires reducing the width of the DENT specimens in order to locate the ligament in the columnar zone.
In addition, reducing the specimen width reduces the amount of material needed for the test.

Columnar Zone
w120 mm (standard DENT width)

= 85 mm (DENT width used in this study)

=== Position of a 40mm-ligament

Heart of the slab
Coarse-Equiaxed grains === _Position of a 10mm-ligament

w====_Position of a 15mm-ligament

Columnar Zone

Figure lIL.7. lllustration of the specimen or ligament position as a function of the dimensions.

Chehab et al. [92] suggested that the restrictions concerning the validity conditions are less severe at
high temperature than at room temperature. This difference was attributed to a better ductility and a
strong temperature gradient between the centre of the ligament and the head of the specimen which
helps for confining the plastic deformation in the ligament. As a result, it seems that the DENT width
can be reduced. A feasibility study was carried out by the Aperam Research Center [94]. Several
DENT specimens were tested with different width (44, 50, 60, 70, 80, 100, 120mm) and a constant
ligament length (40mm). The results demonstrated that the force-displacement curves were un-
changed, and consequently the area under the curves did not change when reducing the width of the
DENT to 80mm. It means that the total specific work of fracture was unaffected as long as the DENT
width exceeded 80mm. These results confirmed that it is possible to reduce the dimensions of the
DENT specimens when the method was applied at high temperature. It explains why the DENT spe-
cimens used throughout this study, have a width of 85 mm instead of the 120 mm as recommended by
the theory when tests are performed at room temperature.

I11.2.3 Characterization tools
11.2.3.1 Observation of the fracture surfaces

After the high temperature tensile test, the specimens were systematically characterized by SEM to
observe the fracture surfaces and to accurately measure the thickness of the DENT specimen at frac-
ture, 7. Neglecting the strain component in the direction of crack propagation and assuming plastic
incompressibility, the average true equivalent fracture strain was estimated as:

2 I,
gefac ure —hl DERE eq -5
Jract NG (Zo q

where {1, is the initial thickness of the DENT specimens and ¢, the thickness at fracture.
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11.2.3.2 Microstructural characterizations

The specimens were ground down on abrasive paper (silicon carbide) to 1200 grit, and polished with a
diamond paste down to 3um. The final polishing step was performed with a 1ym alumina powder.

The microstructure observations were carried out by optical and scanning electron microscopy (SEM,
Zeiss Ultra 55) after etching. Two reagents were employed: the Beraha chemical selective etchant
(100mL H,O, 30mL HCI and 1-1,5g K>S,05) or a 40% aqueous sodium hydroxide electrolytic solution
under a tension of 3V. Volume fractions of each phase, austenite lath thickness and grain size distribu-
tions were determined by image analysis using the Aphelion® software.

A few thin foils for TEM observations were also prepared from the DENT specimens with the following
procedure: (1) samples were machined close to the fracture surface, (2) the samples were ground
down on abrasive paper to 1200 grit up to reach a thickness of 70um, (3) 3mm-diameter pellets were
cut from the 70pm-thin metal sheet, (4) the 3mm-diameter pellets were electro-polished with a mixture
of acetic and perchloric acids.

1.2.3.3 Damage characterization

Damage characterization consists in estimating the number of voids per unit area as a function of the
strain. Sections cut perpendicularly to the ligament were polished. Then, the section was divided into
different zones with a step of 500pm, see Figure 111.8. Finally the cracks were manually counted in
each region. The true effective strain in each region was estimated as:

2 t.
gl =—In| —|, eq lll-6
V3 {t] K
where t; is the thickness of the sample at a position i from the fracture, and 7, (3mm) is the initial thick-
ness of the DENT specimen. The thickness ¢; was measured at the middle of each region. It has also

to be noted that the plane strain assumption deteriorates when the distance from the ligament in-
creases. The situation is then close to a simple tension.

Strain increases

500 um
A

Figure 111.8. Section perpendicular to the ligament in order to quantify the density of cracks per unit area
(mm?) as a function of strain; the dotted lines correspond to the 500um-step partition; the black arrow
shows the position where the thickness was measured to estimate the strain; and the red circled zones
highlight a few voids.
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11.2.3.4 Inclusion content

First of all, the specimens were polished down to 1um with a diamond paste. Then, the inclusion con-
tent was determined using two different methods.

.2.3.4.1 Manual method

A set of 50 SEM micrographs was analyzed. In order to determine the nature of the inclusions, some
of the particles were analyzed by EDS (Energy Dispersive Spectroscopy). Each micrograph was ob-
tained using back scattered electron contrast in order to distinguish between austenite and ferrite with
a magnification of 500x. The microscope settings, especially the brightness and contrast adjustments,
allow producing micrograph such as the one presented in Figure 111.9. The grey level of the inclusions,
in black in Figure 111.9 because of a lower atomic mass, permits the detection of the particles. Then,
the number of inclusions per micrograph was determined by manual counting. The particles were
classified according to their location, i.e. in the d-ferrite, in the y-austenite or at the 6/y interfaces. Fi-
nally, the number of inclusions per unit area can be calculated.

Inclusions at &/y interphase boundaries

Inclusions in y

v

\ lnCMSionK

10 um Mag= 500X Signal A= OBSD Grenoble INP - CMTC
EHT = 15.00 kv WD = 88mm Date :16 Mar 2011

Figure 111.9. SEM micrograph for the observation of the inclusion distribution in austenite-ferrite micro-
structures.

11.2.3.4.2 Automatic method

The second method was performed using the software “Feature” developed by Oxford®. The electron
back-scattered contrast was used in order to detect automatically the particles thanks to a different
grey level compared to the austenite-ferrite microstructure. This software must be programmed in
order to move the stage and to count hundreds to thousands of particle per sample. The selected
magnification was 700x that corresponds to a surface of 0.0215mm? per field. Several hundreds of
fields are considered to analyze 20mm?2. Each particle detected is chemically analyzed by EDS (Ener-
gy Dispersive Spectroscopy).

The results must be analyzed with caution. Indeed, as the majority of the particles have a diameter
between 1 and 3um and the interaction volume is about 1pm3, the chemical analysis can be affected
by the matrix. In addition, the EDS technique does not permit to discriminate molybdenum and sulfur
because the energy of the K-ray of the sulfur coincides with the energy of the L-Ray of the molybde-
num.
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1.2.3.4.3 Comparison between both methods
The two methods appear to be very complementary. The main advantages and disadvantages relative
to each technique are summarized in Table 1l11.1.

Advantages Disadvantages

e Manual counting
e Surface analyzed: 2mm? (50 pic-
Manual method e Location of the inclusions tures at a magnification of 500x)
e No information about the nature
and size of the particles

e Automatic counting

e Surface analyzed: 20mm? (950
pictures at a magnification of
700x)

e Information about the nature and
size of the particles

No location of the inclusions
Impossible to discriminate Mo and
S

Automatic method

Table lll.1. Summary of the advantages and disadvantages of both techniques used to determine the
inclusion content.

11.2.3.5 Micro-hardness

Micro-hardness Vickers measurements were carried out on DENT specimens in both phases from the
fracture surface down to the undeformed region. Then, it is possible to plot the evolution of the hard-
ness as a function of the equivalent strain. These measurements provide information concerning the
hardening/softening mechanisms involved in the investigated grades.

lll.3 Comparison between as-cast D1 and D2

111.3.1 Results

D1 and D2 differ in chemical composition, especially in terms of nickel and molybdenum content
(Table 1.3). These two grades were selected because of a known very different degree of hot worka-
bility (section 1.2.1). Comparing these two grades should allow unravelling the key parameters involved
in the hot workability of duplex stainless steels.

The DENT specimens were machined in the as-cast slab of each duplex stainless steel with the liga-
ment located in the columnar zone as shown schematically in Figure 111.10.

el : As-castslab
- .
ND L / :
D e e
s —_— —
RD e t

Figure 111.10. Schematic the as-cast slab showing where the DENT specimens were machined.
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The specimens were deformed in tension at 1050°C and 1200°C up to final fracture following the ex-
perimental procedure described in section I11.2.1.

1.3.1.1 EWF results

The total specific work of fracture, w,,, was calculated from the area under the load-displacement
curves. A typical load-displacement curve for each grade corresponding to a ligament length /, = 25
mm is given Figure 111.11 for a test performed at 1050°C. The area under the force-displacement curve
and the maximum force are significantly different when comparing the two grades. The energy associ-
ated to the alloy D1 is larger than for the alloy D2. It means that, at 1050°C, more energy is required to
break the specimen of D1 than to break the specimen D2.

12
As-cast D1
- —-As-cast D2
10 F
8 ' S

‘ Wi =382 kd.m2

Force (KN)
(o))

Displacement (mm)

Figure lll.11. Typical load-displacement curves at T= 1050°C for each duplex steel grade, for a DENT
specimen with ligament length /, = 25mm.

The total specific work of fracture is plotted as a function of the ligament length /, in Figure 111.12, giv-
ing the expected linear relationship.
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3 R?=0.8569 N L
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—_ 500 ‘? 500 |
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£ d y=6. .
S 400 2 400 R?=0.8521
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§' 300 [ R?=0.8448 £ 500 | 3
200 200 ¢ ©  y=57732x+ 117.44
s R?=0.8265
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Figure 111.12. Variation of the total specific work of fracture as a function of the ligament length for sepa-
ration of the essential work of fracture; comparison between the two grades D1 and D2 in the as-cast
conditions; a) T=1050°C; b) T=1200°C.
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For the values of aw,, the accuracy is also defined as plus or minus the standard deviations s, of the
slope, which, for a linear regression y=ax + b, is given by the following relation:

1/2

Z(yi _.);i)z
§ = i=1

(1-2)Y(x, - 0)’

) eq -7

where n is the number of (x; ;) data, X is the mean of the x; values, and j/l. are the values of y; on the

regression line at the corresponding value of x; (i.e. fitted y; values).
For the values of w,, the accuracy is defined as plus or minus the standard deviation s, of the intercept

for x = 0, which, for a linear regression y=ax + b, is calculated from least-squares principle as:

1/2

Z(yi _)A;i)z szz
s, =| =l . eq -8

n(n-2)-Y (x, - ¥)?

Table 11l.2 summarizes the results obtained from Figure 111.12.

w, (kJ.m?2) ow, (kJ.m™)
As-cast D1 1050°C 320 + 41 95+1.4
1200°C 143 + 26 6.1+0.9
As-cast D2 1050°C 140 + 38 93+1.3
1200°C 117 + 27 5.8+0.9

Table lll.2. Results of the EWF method applied to as-cast alloys D1 and D2 at 1050°C and 1200°C.

The specific work of fracture at 1050°C (also given by the intercept at the origin, see Figure 111.12) is
equal to 320 kdJ.m-2 and 140 kJ.m-2 for alloys D1 and D2, respectively. At 1050°C, the alloy D1 is two
times more resistant to ductile tearing than the alloy D2.
When increasing the temperature to 1200°C, both alloys D2 and D1 become more ductile and the
difference in terms of the essential work of fracture decreases. The work performed in the plastic zone
is similar for both alloys at 1050°C as well as at 1200°C.

11.3.1.2 Fracture observations

The fracture surfaces of broken specimens were characterized by scanning electron microscopy
(SEM). An estimation of the nominal strain to fracture for each experimental condition is provided in
Table 111.3.

€ facture

As-cast D1 1050°C 26+0.2
1200°C 3.4+0.2

As-cast D2 1050°C 1.1+0.2
1200°C 22+0.2

Table III.3. Estimated values of the strain to fracture by measuring the thickness of the specimen at
fracture
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Figure Il1.13 presents typical fracture surfaces of DENT specimens for each grade investigated at dif-
ferent temperatures.

The fracture profile of grade D1 is predominantly flat along the whole ligament at 1050°C (Figure
[11.13.a). A classical ductile profile with dimples is observed at the micro-scale. The phenomenon re-
sponsible for cracking initiation is the growth and coalescence of voids ahead the blunted crack tip,
see Figure lll.14. The crack propagates under a constant thickness reduction, with a steady-state
geometry of the fracture process zone (FPZ).

The fracture profile of the grade D2 at 1050°C is irregular and shows only a few ductile dimples
(Figure 111.13.b). The propagation occurs with varying thickness reduction.

Fracture profiles of both alloys D1 and D2 are flat along the whole ligament at 1200°C (Figure 111.13.c
& d). However, the fracture profile of the alloy D1 seems to be a little bit more regular than the fracture
profile of the alloy D2. Examination of the fracture micrographs and profiles match very well with the
EWF results.

c)

Figure 1I1.13. Fracture micrographs and profiles of the broken DENT specimens (/g = 37mm); a) D1 at
1050°C; b) D2 at 1050°C; c) D1 at 1200°C. d) D2 at 1200°C. The arrows emphasize the thickness varia-
tion in the profile.
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Figure 1ll.14. Schematic illustration of the damage and fracture process taking place in the fracture

process zone of duplex stainless steels ; a) initial state ; b) onset of the crack tip blunting ; ¢) damage
nucleation ; d) void coalescence and crack initiation.

.3.1.3 Damage

In all the characterized DENT specimens, the voids were always observed at the austenite-ferrite in-
terfaces (Figure I11.15) propagating along the interface or in the ferrite matrix. No crack was observed
in the austenite. These observations are in perfect agreement with those carried out along the edge
part of the hot rolled material (Figure 1.9.b).

Figure Il1.15. a) Optical micrograph and b) SEM micrograph of a region close to the fracture of a DENT
specimen deformed at 1050°C. Voids nucleate by a partial decohesion of the &/y interface, see circled
red areas.
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Damage characterizations using the method described in section 111.2.3.3 were carried out on broken
specimens from each grade deformed at 1050°C and 1200°C. The results are presented in Figure
[11.16. Due to experimental errors, it is difficult to accurately estimate the strain at which the first sign of
void nucleation appears. Therefore, another criterion was selected. This criterion was based on the
evolution of the crack density as a function of strain. The curves can be divided into two parts. During
the first stage, the density of cracks is close to zero and does not significantly increase. During the
second stage, the level of damage increases much more. As a result, the characteristic point on the
damage evolution is the strain between the two regimes. This particular strain will be named ¢« as

damage’

shown by the arrows in Figure 111.16.
Several elements must be highlighted.

% According to this new criterion, the strain at which damage begins to significantly increase,
£ age is very different when comparing both grades. At 1050°C, the density of cracks starts

increasing at E G g™ 0.5 for the alloy D2, whereas it requires reaching G age™ 1.4 for the alloy

D1. The slope of the curves after the critical strain can be considered as a “void nucleation
rate” which is approximately the same between both grades at 1050°C. The same trend is ob-
served at 1200°C since the first sign of a damage burst is observed around an approximate
equivalent strain of 0.9 in the alloy D2 whereas damage nucleates only for larger equivalent
strain in the alloy D1 (about 1.2). At 1200°C, the void nucleation rate seems to be different
when comparing both grades.

% A high density of cracks seems to be reached at lower strain values for the alloy D2 whatever
the temperature.

% The strain to fracture is always larger at 1200°C in comparison to that at 1050°C and the strain
to fracture is also always larger for the alloy D1, confirming the fracture observations made by

SEM.
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Figure 111.16. Evolution of the damage as a function of strain for both grades in the as-cast conditions; a)
T = 1050°C; b) T = 1200°C. The arrow indicates the strain at which damage starts increasing signifi-
cantly, i.e. the approximate strain at which damage nucleation occurs.
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[11.3.2 Discussion

1.3.2.1 Origin of the differences between D1 and D2 in the as-cast condi-
tions

According to the experimental results, at 1050°C, the alloy D1 is two times more resistant to hot crack-
ing than the alloy D2 whereas at 1200°C even if the D1 is more resistant, the difference is not very
significant. First of all, the factors which determine the difference between the hot tearing resistance of
the alloys D1 and D2 have to be discussed.

This preliminary discussion focuses on two factors:
(1) on the difference in terms of microstructure between the two alloys;

(2) on the differences between the high-temperature rheology of the ferrite and austenite in
each alloy.

The DENT specimens were machined in the as-cast slabs. As a consequence, microstructural obser-
vations were carried out along the thickness of the slab in order to investigate in more details the as-
cast microstructures. Figure l11.17 highlights the difference between both grades by comparing the as-
cast microstructures at different positions along the thickness of the slab. In the as-cast conditions,
strong disparities seem to exist between both grades (Table I11.4):
% the austenite laths are thicker in the D2 grade compared to the D1 grade, see values of ¢, in
Table 111.4;

% the austenite content (%y) is higher in the alloy D2.

D1 D2
e, (Um) %oy 200 e (um) 20y %00
Slab Skin (2mm) 7+2 49+1.4 51 20+ 2 65 + 3.5 35
Columnar zone (10mm) 232 47 £2.3 53 45+ 3 58 +2.4 42
Transition Zone (60mm) 24 +2 42 + 3.1 58 45+ 4 50 + 3.2 50
Centre of the slab (100mm) 21+ 3 37 +3.7 63 383 50+ 2.5 50

Table lll.4. Comparison between the as-cast slab of the alloys D2 and D1.

Iza-Mendia et al. [20] have reviewed a wide range of reports about the hot ductility of duplex stainless
steels as a function of the ferrite volume fraction. General trend is that the ductility of a duplex micro-
structure is significantly lower than the ductility of pure ferrite and is slightly lower than the ductility of
pure austenite. The alloy D1 contains more ferrite than the alloy D2 which could partly explain the
difference of ductility between the two alloys. The large lath size can be a reason for the poor hot wor-
kability of the alloy D2. Indeed, as the voids nucleate at the interface &/y, the Widmanstatten austenite
forms a favorable percolating path to crack propagation. The longer the laths, the straighter are the
cracks along the lath and the coarser is the mesoscopic tortuosity.
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Figure IlI1.17. Comparison between the as-cast slab of the alloys D1 and D2; a) & b) microstructures of
the slab skin; c) & d) microstructures of the columnar zone; e) & f) microstructures at the centre of the
slab. The austenite is in white and the ferrite in black.

Micro-hardness tests were also performed at room temperature giving micro-hardness profiles inside
the ferrite and austenite, see Figure I11.18. These profiles show the evolution of the hardness as a
function of the distance from the fracture surface, therefore as a function of the accumulation of plas-
ticity providing interesting information about hardening and possible softening mechanisms involved in
each phase. Ferrite and austenite behave differently. The hardness of the ferrite changes by less than
5 HV showing the efficiency of dynamic recovery. On the contrary, the austenite hardness increases
steadily up to the fracture region by typically 10 to 20%. In addition, there is no sign of austenite re-
crystallization observed but a high dislocation density when analyzing the austenitic phase, using TEM
for specimens tested at 1050°C and 1200°C, see Figure 111.19. On the other hand, a well-recovered
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microstructure with subgrains is observed in the ferrite while the austenite involves a high dislocation
density. The only evolution noticed is the size of the subgrains which are coarser at 1200°C compared
to 1050°C (Figure 111.19). These results match with the observations performed previously by different
authors [22-24, 29]: in duplex stainless steels, austenite recrystallization is rarely observed even after
very long annealing. To summarize, ferrite and austenite are affected by similar hardening/softening
mechanism independently of the grade.
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Figure 111.18. Micro-hardness profiles along the homogeneous zone of DENT specimens in both phases;
a) alloy D1, T=1050°C; b) alloy D2, T=1050°C; c) D1, T=1200°C; d) D2, T=1200°C. It is considered that
there was no significant gradient of temperature along the region where the hardness tests were per-
formed.
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1050°C

Figure 1l1.19. TEM micrographs taken of the homogeneous zone of D2 broken DENT-specimens. A
well-recovered microstructure in the ferrite with subgrains; and a high dislocation density with no sign of
recrystallization in the austenite; a) T=1050°C; b) T=1200°C.

The austenite hardness is almost the same in each grade with the D1-austenite softer than the D2-
austenite. However, differences in terms of the ferrite hardness values between the grade D2 and D1
can be pointed out. The hardness of the D2 ferrite fluctuates between 220 and 230 HV whereas the
D1 ferrite exhibits higher values, around 280 HV. The harder ferrite of the D1 grade contributes to
decrease the mismatch between the hardness of the austenite and the hardness of the ferrite. For
instance, close to fracture, this mismatch is around 100 HV for the alloy D2 as it is only around 20 HV
for the alloy D1 at 1050°C. At 1200°C, this mismatch tends to reduce. These preliminary results sug-
gest the existence of differences in the stress and strain partitioning among the alloys and with tem-
perature. Nevertheless, it is important to specify that these measurements have been performed at
room temperature and as a consequence give only qualitative indications which must be confirmed at
high temperature.

At this stage, it is difficult to state which of the factors is playing the dominant role: the microstructure
(phase ratio and austenite lath size) or the difference in the rheology between ferrite and austenite.
Chapter IV will be entirely dedicated to the second aspect through quantitative determination of the
high temperature micro-scale strain distribution in both alloys.

11.3.2.2 Origin of the dispersion of the results

The application of the EWF concept at high temperature on duplex stainless steels gives interesting
results but the dispersion of the results cannot be neglected, significantly affecting the essential work
of fracture. This point requires more discussion.

Metallographic characterization of the as-cast slabs has revealed significant heterogeneity in the aus-
tenite content and in the lath mean thickness along the thickness of the slab, see Figure 111.17 and
Table Ill.4. This gradient of microstructure appears in the alloy D2 as-cast slab as well as in the alloy
D1 as-cast slab (Figure 111.17), see illustration of this gradient in the alloy D2 in Figure I11.20.
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Figure 111.20. lllustration of the alloy D2 as-cast slab heterogeneity through thickness; a) slab skin; b)
columnar zone; c) transition zone; d) centre of the slab. The austenite is in white and the ferrite is in
black.

The microstructural heterogeneity through the slab thickness can be explained by the process condi-
tions and, more specifically, by the difference of cooling rate between the skin and the interior of the
slab: the faster the cooling rate, the thinner the austenite laths. The microstructural differences be-
tween the two alloys can stem from differences in terms of chemical composition heterogeneities as
well as from the process conditions.

The dispersion of the results can be attributed to the microstructure heterogeneity of the as-cast slabs.
An rough estimation of the dispersion can be obtained by performing several tests with a given liga-
ment length. For instance, two DENT specimens with a ligament length of 25mm belonging to D1 were
tested. The total specific work of fracture, w,,, was significantly different: 582 kJ.m™ for one specimen
and only 503 kJ.mfor the other one.

These microstructures turn out to be too heterogeneous for performing reproducible hot ductility inves-
tigations delivering clear non ambiguous conclusions about the different parameters playing a role,
hence motivating the generation of more homogeneous microstructures.
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[11.3.3 Conclusions

% In this part, the EWF concept was applied at high temperature to different grades of duplex
stainless steels in the as-cast conditions. The results have shown that this method is a discri-
minating tool to characterize the hot tearing resistance of such materials.

% At 1050°C, the grade D1 is two times more resistant to crack propagation than the grade D2.

% At 1200°C, the grade D1 remains more ductile than the grade D2 but the difference in term of
essential specific work of fracture is not significant considering the dispersion of the results.

« Fracture observations and damage quantification match very well with the EWF results.

% Hardness characterizations have permitted to highlight the softening mechanisms involved or
not in each phase: dynamic recovery in the ferrite and no sign of recrystallization but a high
dislocation density in the austenite. This last comment suggests the occurrence of stress and
strain partitioning between ferrite and austenite at high temperature with a more significant ef-
fect in the D2-grade.

% The dispersion of the results is significant, attributed to the microstructure heterogeneity
through the slab thickness: phase ratio and austenite lath size. This last comment suggests
that better results, i.e. with less scattered and more accurate values of the essential specific
work of fracture, could be obtained if homogeneous microstructures are considered.

1.4 Generation of model microstructures

The goal is to develop homogeneous microstructures of either the lath (Widmanstatten microstructure:
‘W’) or the equiaxed y-austenite (equiaxed microstructure: ‘E’) in a é-ferrite matrix which is stable at
1050°C, which is thus the temperature selected to measure the hot ductility. This effort to engineer
microstructures must result in (1) a reduction of the dispersion, hence improving the accuracy of the
results and (2) a more accurate determination of the influence of phase morphology on the hot worka-
bility comparing two different austenite morphologies with the same phase ratio. This last point has to
be emphasized because, as pointed out in the bibliographical review (Chapter Il), the phase ratio can
significantly affect the hot ductility of duplex stainless steels.

Particular attention is paid to microstructural evolutions leading to different austenite morphologies
starting from the same metallurgical state. In depth understanding of the nucleation and growth during
the 6 — y phase transformation allows the identification of the appropriate heat treatments. Some
details concerning the different heat treatments are given for the D2 grade. For the alloy D1, as the
results are very close to those of the D2 grade, only the resulting microstructures obtained with the
appropriate heat treatments are presented.
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[11.4.1 Materials and characterizations

As the purpose of this section consists in generating homogeneous microstructures, it has been de-
cided to start from a different and homogeneous metallurgical state, i.e. with reduced chemical segre-
gations and with a similar microstructure whatever the position in the thickness of the metal blocks .
From now on, a more homogeneous initial state, i.e. the hot-rolled material (industrial transfer bar),
was used instead of the as-cast material. The materials, i.e. the D1 and D2 grades, in the as-received
conditions present an elongated austenite in the rolling direction, see Figure I11.21.

Figure 111.21. Microstructures in the as-received conditions, i.e. after hot rolling; a) D1; b) D2.

Microstructural characterizations were carried out using the methods described in section 111.2.3.2.
Electron backscattered diffraction (EBSD) was used to determine crystallographic orientation relation-
ships. Prior to the etching, the distribution of Cr, Ni and Mo in the austenite grains was analyzed by
electron microprobe analysis. Specimen preparation for EBSD required additional steps. After the 1um
alumina polishing, samples were mechanically polished in colloidal silica with a 0.04um particle size
for 2min.

[11.4.2 y-Widmanstatten microstructure

1.4.2.1 Understanding of the as-cast slab microstructure

Generating a Widmanstatten microstructure requires a good understanding of the as-cast slab micro-
structure. The as-cast microstructure consists of a ferritic matrix with allotriomorphic austenite on the
grain boundaries and a Widmanstatten austenite (y-Widmanstéatten) laths inside the grains. The
schematic equilibrium phase diagram provides qualitative indications about the origin of the micro-
structure (Figure 1.5): from the liquid, the alloy solidifies into d-ferrite (Figure 1.5.a). During cooling, the
austenite precipitates by a mechanism of nucleation and growth. Allotriomorphic austenite (y-
allotriomorphic) nucleates at existing d-ferrite grain boundaries (Figure 1.5.b). Widmanstatten austenite
laths nucleate from the allotriomorphic austenite with a Kurdjumov-Sachs orientation relationship Fig-
ure 1.5.c (the Kurdjumov-Sachs orientation relationship was checked, see Figure 111.22).

The composition profile obtained by WDS (Wavelength Dispersion spectroscopy) across an austenite
lath shows that the austenite growth is diffusion-controlled with Cr partition between y and o (Figure
[11.23).
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Figure 1lI1.22. EBSD analysis of the D2 as-cast microstructure; a) phase map; b) inverse Pole Figure
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Figure 111.23. Composition profile in wt% Cr from a D2 specimen obtained by WDS.
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1.4.2.2 Generation of a y-Widmanstétten microstructure

In order to produce a homogeneous Widmanstétten microstructure stable at 1050°C, the following
heat treatment was used (HTW.1): solution-treatment at 1380°C for 15min in & single-phase region,
cooling to 1050°C in the 6+y two-phase region, i.e. the temperature of the future mechanical test,
holding for 8h at 1050°C, and finally water quenching (WQ) to room temperature, see Figure Il1.24.a.
The thermal stability of the lath microstructure was assessed by annealing at 1050°C for 20min show-
ing no evolution of the austenite volume fraction (%y), nor of the lath size (e,), see Figure 111.24.b. If a
specimen follows a similar thermal history with a shorter annealing time at 1050°C (HTW.2, see Figure
[11.24.c), a homogeneous microstructure is obtained but the stability test reveals that the microstructure
is not stable: a fine secondary austenite (y,) has nucleated in the d-ferrite matrix (see encircled regions
in Figure 111.24.d).

Microstructure generated Stability Test

1380°C / 15 min

=15°C/min
1050°C / 8h 1050°C / 20 min
Waterquenchmg (wQ)

%i%"

//

P

Y -Widmanstitten

As-received material

%y =50+3% % %y =51%3%
a) b)

1380°C / 15 min

-15°C/min

1050°C / 20 min

1050°C / 20 min

Water quenching (WQ)
V2

/ Y-Widmanstitten
As-received material = |||
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\ ﬂ

A ( %y =5243% .
C) d)
Figure I1.24. Schematics of the HTW applied to D2 and resulting microstructures; white = vy, grey = §; a)

HTW.1; b) stability test of HTW.1; ¢) HTW.2; d) stability test of HTW.2. The encircled zones indicate the
precipitation of the secondary fine austenite.

The austenite lath size can be optimized by controlling the cooling rate since the faster the cooling
rate, the thinner the austenite laths, see Figure I11.25. Eventually, after a few attempts, we have suc-
cessfully generated homogeneous Widmanstétten microstructures with a controlled lath thickness,
reproducing the as-cast slab microstructure.
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1380°C / 15 min

Figure 111.25. Influence of the cooling rate on the austenite lath thickness in the D2 Widmanstatten mi-
crostructures.

[11.4.3 y-Equiaxed microstructure

In order to generate from the as-received material an equiaxed microstructure (E), that is thermally
stable at 1050°C, an annealing at 1250°C (temperature required to dissolve quickly the fine secondary
austenite, chromium nitrides, sigma or chi phase which could be present initially in the as-received
condition) was followed by water quenching (WQ). An isotropic microstructure with a volume fraction
of austenite close to the equilibrium fraction (%sy., = 35%) was obtained (Figure 111.26.a).

1250°C / 4h

1h 1050°C 24h 42h

As-received

material waQ wQ waQ

Y-Equiaxed S

d)

Figure 111.26. Schematics of the HTE.1 applied to D2 and resulting microstructures; white = vy, grey = J;
a) 1250°C/4h + WQ; b) 1250°C/4h + WQ + 1050°C/1h + WQ; ¢) 1250°C/4h + WQ + 1050°C/24h +WQ;
d) 1250°C/4h + WQ + 1050°C/42h + WQ.
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As the hot ductility is characterized at 1050 °C, the aim is to generate the equiaxed austenite mor-
phology at 1050°C. First, the HTE.1 (Heat Treatment for generating an equiaxed austenite) was per-
formed (Figure I11.26) leading to the expected microstructure only after a very long annealing at
1050°C (Figure 111.26.d). When annealing at 1050°C was shorter (Figure 111.26.b & .c), fine secondary
austenite appears inside the J-ferrite matrix. Increasing the duration of the annealing at 1050°C pro-
motes coarsening which suppresses fine secondary austenite leading to the desired microstructure.
However such a treatment is very long, i.e. 50h. In order to generate homogeneous equiaxed austen-
ite morphology after only 5h of heat treatment, a slow cooling down from 1250°C down to 1050°C was
performed promoting growth stage at the expense of nucleation (Figure 111.27).

Finally, the stability of the microstructure generated by HTE.2 was assessed by performing an anneal-
ing at 1050°C for 20min.

Microstructure generated Stability Test

1250°C / 4h

-5°C/min
1050°C / 1h 1050°C / 20min

Water quenching waQ

’Y-Equiaxed

As-received material ...

a) o b)

Figure ll1.27. Schematics of the HTE.2 applied to D2 and resulting microstructures; white = vy, grey = 9;
a) HTE.2; b) Stability test of HTE.2.

The time required to eliminate the fine secondary austenite by coarsening can be directly related to the
diffusion coefficient of Ni in the ferrite, D‘SN,» by the relation:

5

Dy, (T) =D, -exp(—Q/RT), eqlll-9
where D, is the pre-exponential constant, Q is the activation energy, R the universal gas constant, and
T is the temperature in Kelvin.

From the calculation of the diffusion coefficient of Ni in the ferrite (eq I11-9), the diffusion length, ’y; can
be estimated by eq I1I-10:

I3.(T) =\ Dy(T) -1, eq 1I-10
where D5N,-(T) is the diffusion coefficient of the nickel in the ferrite at a temperature T, and ¢ is the time.

For instance, the fine secondary austenite tends to disappear as soon as the diffusion length l‘sNi is
larger than the distance between fine secondary austenite and a coarser equiaxed austenite grain.
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Figure 111.28 gives an estimation of the Ni-diffusion length in the ferrite for different duration of anneal-
ing at 1050°C.
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Figure 111.28. Evolution of the Ni-diffusion length in the ferrite as a function of time at T = 1050°C.

[11.4.4 Conclusions

Proper control of phase transformation mechanisms has allowed the generation of a variety of micro-
structures with different phase morphologies. By controlling the temperature, the duration of annealing
sequences and the cooling rate, alloys with a desired phase proportion, and desired size and shape of
the microstructure constituents have been produced. Figure I11.29 summarizes, for both grades, the
resulting microstructures generated with appropriate heat treatments.
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Figure 111.29. Summary of the model microstructures obtained with the appropriate heat treatments; a)

D1 Widmanstéatten microstructure after HTW.1; b) D2 Widmanstatten microstructure after HTW.1; c) D1
equiaxed microstructure after HTE.2; d) D2 equiaxed microstructure after HTE.2.
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As the stable model microstructures required a long time to be generated, i.e. about 5h for an
equiaxed microstructure (HTE.2) and more than 8h for a Widmanstétten one (HTW.1), the generation
of these microstructures in the Gleeble machine was inconceivable, especially when several DENT
specimens with different ligament lengths had to be tested. In addition, the time spent at high tempera-
ture lead to a considerable oxidation and can also induce decarburization or denitriding, thus affecting
the microstructure. Here, this problem has to be taken into account since the two heat treatments lead-
ing to the model microstructures include annealing at high temperature (1380°C for HTW and 1250°C
for HTE).

This problem was solved by generating the microstructures on 3cm-thick metal blocks. Then, the
DENT specimens were machined in the heat treated blocks. Finally, the DENT specimens followed
regardless of the microstructure, the thermo-mechanical path history indicated in Figure Ill.6.a.

.5 Comparison between D1 and D2 y-Widmanstatten mi-
crostructures

[11.5.1 Results

11.5.1.1 EWF results

The heat treatment HTW.1 has been performed on 3cm-thick blocks of alloys D2 and D1 in order to
generate the Widmanstatten model microstructures D2_W and D1_W. The resulting microstructures
are presented in Figure 111.30. The average austenite lath thickness is larger than expected because
the furnace could not reach the cooling rate of 15°C.min™".

ey=61 um ",
N -4 2> AN o %y =51+£3
a) b)

Figure 111.30. Widmanstatten model microstructures after HTW.1; a) D2_W; b) D1_W.

The DENT specimens were deformed at 1050°C. A comparison between typical load-displacement
curves of both grades is given in Figure 111.31.a & b for two different ligament lengths. The displace-
ment corresponding to the maximum of the load is approximately the same for both grades whatever
the ligament length. However, for a given ligament length, the maximum load is significantly different,
always higher in the alloy D1_W.
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Figure 1lI1.31. Comparison between typical force-displacement curves of DENT specimens with the
same ligament length /, for both grades, D1_W and D2_W with a Widmanstatten microstructure; a) /,=

22mm; b) 7, =30mm.
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As in the previous section, the total specific work of fracture is plotted as a function of the ligament
length /). Compared to Figure Ill.12.a, the scatter is much smaller as a result of the more homogene-
ous microstructure of the model material. The results, shown in Figure 111.32, obey, as expected, a

linear relationship for both grades.
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Figure 1l1.32. Variation of the specific work of fracture versus ligament length for separation of the es-
sential work of fracture. Comparison between two Widmanstéatten microstructures at 1050°C: D1_W and

D2 W.

Table 111.5 summarizes the results obtained from Figure 111.32. The specific work of fracture at 1050°C
is equal to 199 kd.m™? and 88 kJ.m™ for microstructures D1_W and D2_W, respectively. It means that
at 1050°C, the alloy D1_W is two times more resistant to ductile tearing than the alloy D2_W. This
variation is consistent with the variation measured on the as-cast D1 and D2 although the absolute

values are lower. This point will be discussed later.
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w, (kJ.m?) ow, (kJ.m™)
D1 W 1050°C 199 + 33 135+ 1.3
D2 W 1050°C 88 + 24 13.8+0.8

Table 111.5. Results of the EWF method applied at 1050°C to the model Widmanstatten microstructures:
D1_W and D2_W.

11.5.1.2 Fracture and damage observations

The fracture surfaces of broken samples were observed by scanning electron microscopy (SEM). Typ-
ical fracture surfaces of DENT specimens are shown in Figure I11.33. There are no major differences in
term of fracture profiles, both microstructures D1_W and D2_W exhibit an irregular fracture profile.
The main difference between the two microstructures is the fracture strain (Table I1.6). The arrows in
Figure 111.33 indicate this difference when comparing Figure 111.33.a and Figure 111.33.b.

Figure 111.33. Fracture micrographs of the broken DENT at 1050°C; a) D1_W (/,=35mm); b) D2_W

(lp5=37mm).

g‘?gacture
D1_W 1050°C 2801
D2_WwW 1050°C 1.3+£0.1

Table Il1.6. Estimated values of the equivalent strain to fracture by measuring the thickness of the spe-
cimen at fracture.

The damage evolution has been characterized on transverse sections of broken specimens for each
microstructure, D1_W and D2_W, respectively as in the previous section. Voids nucleate always at the
d/y interfaces for both grades. From a qualitative point of view, in Figure I11.34, the number of damage
sites seems to be higher in the D2_W microstructure compared to the D1_W microstructure. The den-
sity of damage site was plotted as a function of strain, see Figure 111.35. The strain at which the density
of cracks significantly changes is different. The crack density becomes considerable for strains around
0.5 for the D2_W microstructure, whereas it requires reaching a strain around 1.2 to start developing a
large crack density in D1_W.
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Figure 111.34. Polished sections perpendicular to the ligament of broken DENT specimens; a) D1_W; b)
D2_W.
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Figure 111.35. Evolution of the damage as a function of equivalent strain for both grades. The arrows
emphasize the approximate strain at which the damage evolution starts rising significantly.
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[11.5.2 Discussion
11.5.2.1 Origin of the difference between D1_W and D2_W

According to the experimental results (Table 111.5), D1_W is two times more resistant to hot cracking
than D2_W. As for the as-cast materials, the origin of this difference has to be discussed in more de-
tails regarding microstructural and rheological aspects.

The difference in terms of phase ratio and austenite lath size between D2_W and D1_W was signifi-
cantly reduced thanks to the production of model microstructures in which austenite content and aus-
tenite lath size were well-controlled (Table 111.7), but still the difference persists between the two alloys.

%y %0 e, (um)
D1 W 46+ 3 54 49
D2 513 49 61

Table IIl.7. Comparison between D1_W and D2_W.

The micro-hardness profiles corroborate the results obtained in the as-cast conditions at 1050°C, see
Figure 111.36:

0] Ferrite undergoes dynamic recovery (no evolution of the ferrite hardness with strain)
and no sign of recrystallization is visible in the austenite (only work-hardening).

The D1_W austenite is slightly softer than the corresponding D2_W austenite and, the
D1_W ferrite was significantly harder compared to the D2_W.

As the deformation progresses, the hardness difference between ferrite and austenite
in the alloy D2_W increased dramatically to reach around 100 HV close to fracture.
This hardness difference was only about 10-15 HV in the D1_W.
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Figure 111.36. Micro-hardness profiles along the homogeneous zone of DENT specimens in both phases;
a) D1_W, T=1050°C; b) D2_W, T=1050°C.

The microstructural difference between both Widmanstatten microstructures can be neglected. The
difference in term of hot tearing resistance is unchanged compared to the industrial product (a factor
two between the essential specific work of fracture of D1 and that of D2_W). As a result, it can be
suggested that the rheology factor is predominant in comparison to the microstructure (phase ratio and
lath size) factor.

As explained in Chapter IV and shown by S.K.Yerra [in preparation], an increasing mismatch leads to
earlier voids nucleation at inclusions sitting at the 6/y interphase boundaries and faster void growth.
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111.5.2.2 As-cast vs. model Widmanstatten microstructures

Applying the EWF concept using homogeneous microstructures improves the quality of the results by
reducing the dispersion, see Figure 111.37, as indicated by a linear regression coefficient much closer
to unity, see Table 111.8. The main conclusions are similar comparing the as-cast results with the model
microstructure results, see Table 111.8:

(1) D1 is two times more resistant to crack propagation at 1050°C than the D2 grade whatev-
er the microstructure: as—cast or model.

(2) All the characterizations showed that the results (fracture surfaces and profiles, strain to
fracture, damage...) obtained on as-cast specimens were very close to those obtained us-
ing the model Widmanstatten microstructures.

However an interesting point has to be discussed in more details: the intrinsic values given by the
EWF, w, and the work dissipated in the plastic zone, w,. The intrinsic values of w, are much larger in
the as-cast microstructures, see Table 111.8.

T (°C) Fracture Profile eq eq w w R2

Flat vs. Irregular € fracture gdamage (kJ.r;'z) (kJ.rIijs) Linear

regression

coefficient
D1 As-cast 1050 Irregular 26+0.2 1.3+0.2 320+41 9514 0.86
D1 W 1050 Irregular 2.8+0.1 1.2+0.2 199+33 13.5+1.3 0.95
D2 As-cast 1050 Irregular 1.1+0.2 0.5+0.2 140+38 9.3+1.3 0.84
D2 W 1050 Irregular 1.3+0.1 0.5+0.2 88+24 13.8+0.8 0.97

Table IIl.8. Comparison between the results obtained for as-cast microstructures and model Wid-
manstéatten microstructures.

The heterogeneity of the as-cast microstructures can partly account for these differences increasing
the dispersion, reducing the linear regression coefficient and as a consequence affecting the accuracy
of the estimated specific essential work of fracture. Actually, applying the EWF concept to as-cast
microstructures gives only a qualitative result, it means that only comparisons can be established. On
the contrary if accurate and quantitative results are required, model microstructures have to be used.
A solution to improve the as-cast microstructure results would consist in breaking several DENT spe-
cimens for each ligament length in order to obtain better statistical results [73].
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Figure IlI1.37. Comparison of the EWF results obtained in the as-cast conditions with those obtained
starting from model Widmanstatten microstructures at T=1050°C; a) Alloy D1; b) Alloy D2.
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[11.5.3 Conclusions

« The EWF concept has been applied at high temperature to model Widmanstatten microstruc-
tures generated with an appropriate heat treatment permitting to control microstructural para-
meters such as phase ratio or austenite lath size. The results have shown that at 1050°C,
D1_W was two times more resistant to crack propagation than D2_W.

o
*

Characterization of the fracture surfaces and of the damage mechanisms match very well with
the EWF results. In addition the results are in agreement with those obtained in the as-cast
conditions.

% Hardness characterizations have confirmed the occurrence of stress and strain partitioning be-
tween ferrite and austenite: at room temperature HV; < HV, with a more significant effect in
the D2_W microstructure. These results have to be checked and validated at high tempera-
ture.

% Using model microstructures significantly improves the accuracy of the results by reducing the
dispersion.

.6 Influence of the phase morphology: y-Widmanstéatten
vs. y-equiaxed

Model microstructures with different austenite morphologies can be generated with an equal balance
of phase. In addition, the EWF concept at high temperature can be applied successfully and gives
accurate results of the essential specific work of fracture. To summarize, all the required tools are
available to investigate the influence of phase morphology on the hot cracking resistance.

[11.6.1 Results
111.6.1.1 EWF results

3cm-thick blocks of alloys D2 have been heat treated (HTE.2) in order to generate an equiaxed model
microstructure: D2_E. Then, the DENT specimens were machined from the heat treated blocks and
deformed under tension at 1050°C. Figure 111.38 shows the microstructures corresponding to each
austenite morphology: Widmanstétten (D2_W) or equiaxed (D2_E).

Y—Equiaxed

Y-Widmanstitten

e,=061um ",
%y =52+3% a %y =51+3%
a) b)

Figure 111.38. Generated microstructures with a constant phase ratio but a different austenite morpholo-
gy; a) Widmanstatten austenite (D2_W); b) equiaxed austenite (D2_E).
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The total specific work of fracture, w,,,, was calculated from the areas under the load-displacement

curves. Typical load-displacement curves obtained are presented for both morphologies in Figure
[11.39. Up to the maximum force, the curves corresponding to the two morphologies overlap. However,
after the maximum, the D2_E microstructure shows more elongation.

As in the previous section, the total specific work of fracture is plotted as a function of the ligament
length /y. The results obtained with a model Widmanstéatten microstructure D2_W are reported on the
same graph (Figure 111.40) in order to provide a comparison between the two austenite morphologies.
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Figure 111.39. Comparison between typical force-displacement curves (alloy D2) for both austenite mor-
phologies; a) [)=22mm; b) [,)=32mm.
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Figure 111.40. Variation of the specific work of fracture as a function of the ligament length for separation

of the essential work of fracture. Comparison between the two microstructures at 1050°C: D2_E and
D2_W.
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Table I11.9 summarizes the results provided in Figure I11.40. The plane stress specific work of fracture
at 1050°C is equal to 145 kJ.m™? and 88 kJ.m™ for the microstructures D2_E and D2_W, respectively.
It means that at 1050°C, the equiaxed austenite morphology is almost twice more resistant to ductile
tearing than the Widmanstéatten austenite morphology.

w, (kJ.m?) ow, (kJ.m™)
D2 E 1050°C 145 + 16 145+ 0.6
D2 W 1050°C 88 + 24 13.8+0.8

Table 1I.9. Results of the EWF method applied at 1050°C to model microstructures: equiaxed (D2_E)
and Widmanstétten (D2_W).

111.6.1.2 Fracture and damage observations

Typical fracture surfaces of DENT specimens are shown in Figure 111.41. There is no difference in term
of equivalent strain to fracture, see Table IIl.10. A classical ductile profile with dimples is observed at
the micro-scale in both cases. However, fracture profiles are significantly different: D2_E exhibits a flat
profile along the whole ligament whereas D2_W exhibits an irregular fracture profile with much coarser
dimples.

b)
Figure Ill.41. Fracture micrographs and profiles of the broken DENT at 1050°C; a) D2_E (/p=35mm); b)
D2_W ([p=37mm).

g;gacture
D2_W 1050°C 1.3+0.1
D2_E 1050°C 1.2+0.1

Table IlI1.10. Estimated values of the equivalent strain to fracture by measuring the thickness of the
specimen at the fracture.

The strain at which damage initiates is not very different when comparing both austenite morpholo-
gies, around 0.5 + 0.2.
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Figure 111.42. Evolution of the damage as a function of equivalent strain for both austenite morphologies.
The arrows indicate the approximate strain at which damage nucleation occurs.

[11.6.2 Discussion: D2_E vs. D2_W

As the equiaxed morphology and the Widmanstétten morphology were generated in order to obtain a
similar phase ratio, this argument cannot be invoked to explain the difference of hot tearing resistance
between D2_E and D2_W. The origin of the difference between D2_E and D2_W is not yet clearly
identified. Some possible reasons of this difference are:

The rheology;

The nature of the interphase boundaries;

< The effect of the morphology on the crack path.

7
0‘0

RY
0‘0

111.6.2.1

Both morphologies have been generated using different heat treatments. The partitioning of the alloy-
ing elements between ferrite and austenite can be different from one morphology to another. Such
difference can, on the one hand, change the rheology contrast between the two phases, and on the
other hand affect the softening behaviour of the ferrite and austenite. The micro-hardness profiles
performed on both phases for each morphology were exactly the same (Figure 111.43). As a conse-
quence, the argument of the difference of softening behaviour between both microstructures was not
valid, see also further in section 111.6.3.2.2.
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Figure 111.43. Comparison between the micro-hardness profiles along the homogeneous zone of DENT
specimens in both morphologies: D2_E and D2_W; a) Profile in the austenite, T=1050°C; b) Profile in
the ferrite, T=1050°C.
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111.6.2.2 Nature of the interphase boundaries

Pinol-Juez et al. [12, 95] have compared via a high temperature torsion test the ductility of a standard
duplex stainless steel in the as-cast condition and after hot rolling. Both microstructures showed differ-
ences: stress strain curves did not have the same shape, the crack sensitivity was higher in the as-
cast conditions than in the hot rolled material, and the deformation mechanisms were not similar. Pi-
nol-Juez et al. [12] have essentially attributed these differences to the nature of the interfaces. In-
deed, in the as-cast conditions, the interfaces mainly present a Kurdjumov-Sachs orientation relation-
ship, giving them a semi-coherent character. This coherency of the interfaces does not allow them to
accommodate the strain by sliding at the d/y boundaries. The authors explained that the predominant
damage mechanism was the nucleation of voids at the d/y interfaces and crack propagation in the
ferrite. On the contrary, in the microstructure after hot rolling, the &/y interfaces are incoherent due to
the combined effect of strain and softening mechanisms. Sliding at the 6/y boundaries was the predo-
minant mechanism and allowed a better accommodation of the deformation.

In this work, it has been checked that in the Widmanstatten microstructure, the interphase boundaries
showed a Kurdjumov-Sachs orientation relationship whereas in the equiaxed microstructure ferrite and
austenite are not related by any orientation relationship. Therefore, it can be considered that the na-
ture of the interphase boundaries can contribute to the difference of hot tearing resistance when com-
paring both morphologies. The microgrids experiments presented in Chapter IV will permit to check if
sliding at the interphase boundaries takes place or not depending on the nature of the interfaces. In
addition, an estimation of this deformation mechanism will be possible.

11.6.2.3 Effect of the morphology on the crack path

In the microstructure D2_E as well as in the microstructure D2_W, the mechanism responsible for
cracking initiation is the growth and coalescence of voids ahead of the blunted crack tip (Figure 111.14).
The fracture and damage observations did not reveal strong differences between both morphologies.
Neither the equivalent strain to fracture (approximately the same value for D2_E and D2_W, Table
[11.10), neither the damage nucleation equivalent strain showed significant difference (Figure 111.42).
However, the fracture profiles corresponding to each morphology exhibit a different shape, see Figure
[11.44. This difference in terms of fracture profile is directly related to the morphology of the austenite.
Indeed, as the voids nucleate at the interphase boundaries and propagate along these interfaces, the
longer these interfaces are, the longer are the micro-cracks.

Despite the recurring change of crack path, the fracture profile of the equiaxed microstructure exhibits
a relatively flat shape because the crack propagates only over short distances, see Figure 111.44.a.

In the Widmanstéatten microstructure, the length of the austenite laths can reach several millimeters,
and such interfaces form favorable paths for crack propagation. The fracture profile irregularity was
explained by the length of the interphase boundaries (several millimeters) and the change of crack
propagation as a function of the austenite laths orientation, see Figure 111.44.b.
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Figure lll.44. lllustration of the difference of cracking propagation between two different morphologies;
a) an equiaxed morphology D2_E; b) a Widmanstatten morphology D2_W.

Cotterell and Reddel [70] have also proposed the following relationship:

w, =ko 6, eq -1

where £k is a factor depending on the shape of the load-displacement curve, o, is a critical stress which
can be considered as the mean value of the maximum stress averaged over the ligament, and J.is a
critical displacement which corresponds to the elongation that must be imposed on the elementary
volume representative of the material at the blunted crack tip (fracture process zone) to completely
break the material. This critical displacement can be written as,

o=X, —-X,, eq I-12

where X, is the height of the fracture process zone at fracture and X, is the initial height of the band of
material in which, at some point in the deformation history, all the deformation and damage will local-
ize. In the Widmanstatten microstructure, this zone is equal to the mean ferrite channel thickness,
X, W= 30um. The crack is forced to propagate between two austenite laths and then the crack path
depends on the orientation of the austenite laths, see Figure I11.45.a.

In the equiaxed microstructure, it is a bit more difficult to define, but it should approximately be equal
to the spacing between austenite particles, i.e. X, E = 65um.

In others words, it means that in the Widmanstatten morphology the crack can select a preferential
path such that X is smaller compared to the equiaxed morphology, see Figure I11.45.
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Figure 111.45. Schematic definition of the characteristic length X, for each morphology: a) equiaxed
morphology, and b) Widmanstatten morphology.

The corresponding critical strain can be defined as follows:

XC
&= ]n(X ] eq II-13

0

From eq lll-13, it can be deduced a relation for X,:

X, =X, exp(e.), eq llI-14

and by substituting X, by this relation in eq IlI-12, the critical displacement can be written as

o, =X, (exp(e.)—D). eq IlI-15
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By applying eq IlI-11 to each morphology, gives respectively:

Weps £ = k- Oc.p2 E 'Xo,Dz_E ) (exp(gc,DZ_E) —1), and eq llI-16
Wep2 w = k- O.p> w 'Xo,szw .(exp(gc,D27W) —1). eq 17

Considering that the critical strain is the equivalent strain to fracture: ¢ see Table I11.10;

RE.pr w:?
and as the maximum of the load-displacement curves corresponds to the same point,
..o, »~0,,, , see Figure lll.39; the ratio between the specific essential work of fracture of the

equiaxed morphology, over that of the Widmanstatten one, w, , , can be approximately esti-

Wep2 E

mated by:

Wep2 £ _ Xo,Dz_E

~ ; eq 1lI-18
Wep2 w XO,D27W

where X, is a characteristic length as defined in Figure 111.45. Considering that X, E is approximately
equal to 65um and that X;, W is about 30um, the ratio X, E/X, W is about 2.2 and gives the correct
order of magnitude. Indeed, the ratio W, 0 E/W&D2 ,» IS approximately equal to 2.

[11.6.3 To go further...necking vs. damage

111.6.3.1 Question
As indicated in section Ill.1 “Literature review about the Essential Work of Fracture concept”, the total
work of fracture of deep double edge notched specimens plates (DENT) can be expressed as the sum

of an essential work of fracture, IV, spent in the end regions ahead of the crack tips, i.e. in the fracture

process zone, and a non-essential plastic work, W), dissipated in the outer region:

w,

o =W+ W, eq 1I-19
In the case of ductile materials where fracture occurs with constant thickness reduction, Pardoen et al.

[76] showed that the essential work of fracture W, can be separated into two contributions:

w,

tot

=Wy +W,+W,, eq 111-20

where W, is the work spent for growing voids to final material separation and W, is the plastic work
spent in the localized neck which develops in front of the crack tip and which includes the region
where material separation takes place.

This separation between the work of necking and the work spent for growing voids could help us ans-
wering the following questions.

% What is the origin of the difference between D2_E and D2_W?
% Does it originate from a difference in the necking contribution (7, or a difference of the dam-

age contribution (Wy)?
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111.6.3.2 How to answer this question?

111.6.3.2.1 Procedure
For dimensional reasons, the work of necking per unit area scales with the plate thickness while the

work of diffuse plasticity scales with the ligament length. The total work, I¥,,, thus may be written

/4

or = LoloWs +:Btglown + atol(?w ; eq I11-21

where ¢, is the initial plate thickness, /, is the initial ligament length, o and S are shape factors, wy is
the average work spent per unit area for growing voids to final fracture, w, is the average work per unit
volume dissipated in the neck in front of the crack tip and w, is the average work per unit volume spent
in plasticity in the diffuse plastic zone. By measuring the total energy for separating a DENT specimen,
W, for different thicknesses and ligament lengths and dividing this energy by the ligament area (w,,,

= W,/ lsty), it is thus possible to separate w;, w, and w, (see Figure I11.46):

W =W, + Btow, +adyw, . eq -2

Wior= I/Vtot/l()t()

e
,/_ﬂvp

;-

Iy

Figure 111.46. Procedure followed to separate the three contributions to the total energy: the work of
diffuse plasticity, w,, (per unit volume), the work of localized plasticity w, (per unit volume), and the frac-
ture work wy (per unit surface) [76].

11.6.3.2.2 Qualitative answer
In this work, the total energy for breaking a DENT specimen was not determined for different thick-
nesses, as a consequence it is not possible to separate the three contributions. However, Pardoen et

al. [76] have demonstrated that the average work per unit volume spent in the neck, w, is a function of
the rheology of the investigated material and of the final fracture strain.

As the equivalent strain at fracture exhibit similar values when comparing the D2_E microstructure
with the D2_W microstructure (Table 111.10), it remains to check if both morphologies present a differ-
ent rheology.

Normalizing the force-displacement curves by dividing the force by the area of the ligament and by
dividing the displacement by the final displacement gives a good idea of the rheology (stress-strain
curve) of the material. As shown in Figure 111.47, the curves belonging respectively to D2_E and D2_W
are superimposed. In others words, it means that there is no difference in terms of macroscopic rheo-
logical behaviour between D2_E and D2_W.
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It can be concluded that the origin of the difference between D2_E and D2_W directly comes from to
the work spent for growing voids to final fracture of the specimen.
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Figure II1.47. Normalization of the force displacement curves for a ligament length of [, = 22mm for
respectively, the D2_E and D2_W microstructures. The force is normalized by the area of the ligament
that gives a stress and the displacement is divided by the final displacement.

[11.6.4 Conclusions

The EWF concept was applied at high temperature to model microstructures presenting a dif-
ferent austenite morphology (an equiaxed and a Widmanstatten), but with an equal and stable
phase ratio. The results have shown that at 1050°C, an equiaxed morphology (D2_E) was two
times more resistant to crack propagation than a Widmanstatten morphology (D2_W).

Characterization of the fracture surface and damage match very well with the EWF results. No
differences were pointed out in terms of damage nucleation strain or of crack density.

Hardness characterizations have shown that there is no difference in term of rheology when
comparing both morphologies.

The higher hot tearing resistance of the equiaxed morphology compared to the Widmanstétten
morphology is related to the path crack propagation and characteristic length Xj,.

Testing DENT specimens with different thicknesses would permit to separate the three contri-
butions and thus estimate the high temperature toughness of the materials.
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lIl.7 Influence of the inclusion content

[11.7.1 Materials

In order to investigate the influence of the inclusion content on the hot cracking resistance, alloy D1
was considered and compared with alloy D1bis. D1 and D1bis are both 2205-conventional duplex
steels. As a consequence, D1 exhibits the same chemical composition in terms of major elements (Cr,
Ni, Mo, Mn, N...) compared to D1bis, see Table IIl.11.

%Cr  %Ni %Mo  %Mn  %Si %Cu %C %N
D1 2290 559 311 175 055 019 0.02 0.17
D1bis 22.67 557 321 176 068 020 0.02 0.17

Table 111.11. Chemical composition of the D1 and D1bis alloys. Both alloys correspond to a conventional
2205 duplex stainless steel.

From the hot rolled material, model Widmanstatten microstructures of the alloy D1bis were generated
using appropriate heat treatment (HTW.1). Figure 111.48.b shows the resulting microstructure: D1bis_ W
and the Widmanstéatten microstructure of the alloy D1_W is also reported in Figure I11.48.a to compare
both microstructures. Microstructure characterizations reveal that both microstructures: D1_W and
D1bis_W were very similar in terms of austenite morphology, average austenite lath thickness, and
volume fraction of phases.

D1bis_ W
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a) b)
Figure 111.48. Widmanstatten model microstructures after HTW.1; a) D1_W and b) D1bis_W.
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Several DENT specimens with different ligament lengths were machined from the heat treated blocks
of the alloy D1bis. Then, the specimens were tested under tension at 1050°C and the EWF method
was applied.
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[11.7.2 Results

Figure 111.49 gives the results obtained on the D1bis_W microstructure. The results from the D1_W
microstructure are also reported in Figure 111.49. The relationship between the total specific work of
fracture and the ligament length follows the expected linear behaviour.
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Figure 111.49. Variation of the specific work of fracture as a function of the ligament length for separation
of the essential work of fracture. Comparison between D1_W and D1bis_W microstructures at 1050°C.

The plane stress specific work of fracture at 1050°C is equal to 199 kdJ.m? and 51 kdJ.m for the micro-
structures D1_W and D1bis_W, respectively. It means that at 1050°C, D1_W is almost four times
more resistant to ductile tearing than D1bis_W.

Typical fracture profiles are shown in Figure 111.50. Both microstructures, D1bis W and D1_W exhibit
an irregular profile along the ligament. D1bis_W and D1_W differ by their equivalent strain to fracture:
the arrows in Figure I11.50 emphasize this difference.

Figure 111.50. Fracture micrographs and profiles of the broken DENT at 1050°C; a) D1_W (/y=35mm); b)
D1bis_ W (/y=35mm).
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Damage characterization were also carried out on D1bis_W broken DENT specimens to determine the
strain at which the density of crack increases dramatically. The results for both D1_W and D1bis_ W
microstructures are reported in Figure 111.51. The number of voids begins to significantly increase at a
slightly lower strain in the D1bis_ W microstructure, about 0.8 compared to the D1_W microstructure
where, it is equal to about 1.2.
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Figure lll.51. Evolution of the damage as a function of equivalent strain for both D1_W and D1bis W
microstructures. The arrows indicate the approximate strain at which damage nucleation occurs.

Table 111.12 summarizes the results provided by the several characterizations performed.

= =

w, (kJ.m™2) aw, (kJ.m™) g;;factm gjzmage
D1_W 1050°C 199 + 33 13.5+1.3 28+0.1 1.2+0.2
D1bis_ W 1050°C 51+ 26 13.3+£0.9 1.9%0.1 0.8+0.2

Table 11l.12. Summary of the data: results from the application of the EWF method at 1050°C to D1_W
and D1bis_W, equivalent strain to fracture, and equivalent strain at which the density of crack increases
significantly.

As both microstructures exhibit a Widmanstéatten austenite with a proportion of austenite of about 45%
and a similar austenite lath size, these parameters cannot be invoked to explain such difference in
terms of hot cracking resistance.

As pointed out in the literature review about the factors affecting the hot workability of duplex stainless
steels (Chapter Il), the sulfur content can be very detrimental.

As a result, the first idea was to measure the sulfur content. Several measurements for each micro-
structure were performed. The measured sulfur content in the different alloys was always under 5ppm
(very low value) whatever the microstructure: D1_W or D1bis_W. Finally, the sulfur content cannot be
responsible for the difference in terms of hot tearing resistance between D1_W and D1bis_W.

The second idea was to investigate the inclusion content. The purpose of the next section is to discuss
the differences in terms of nature, density, and size of the particles.
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[11.7.3 Discussion about the nature, size and density of the inclusions

1.7.3.1 Nature of the inclusions

The chemical analysis performed by EDS (Electron Dispersive Spectroscopy) on polished samples
has shown that the majority of the inclusions were oxides involving undesirable chemical elements
such as aluminium, calcium, or magnesium. In Figure 111.52, an example of a back scattered micro-
graph reveals the presence of several inclusions. Their chemical composition was determined using
EDS maps. The nature of the inclusions does not differ between the D1_W microstructure and the
D1bis_W microstructure.

These elements were present during the elaboration of the alloy at the steel factory. Therefore, it is not
surprising to find these elements in the inclusions. Aluminium is added during the steel making in order
to reduce the oxides. Calcium is used to trap the sulfur and hence to reduce its content in the matrix.
Magnesium is one of the main constituents of the refractory ceramic materials used in the steel facto-

ry.

Mag= 1.00KX Signal A = OBSD
EHT = 15.00 kv WD = 8.8 mm

Figure 1I1.52. Nature of the inclusions present in the D1_W and D1bis_W microstructures; a) SEM mi-
crograph showing a string of particles; b) chemical composition map in oxygen; ¢) chemical composition
map in aluminium; d) chemical composition map superimposing chromium, manganese, aluminium and
calcium.
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11.7.3.2 Density of inclusions

Typical SEM and optical micrographs at different magnifications are shown in Figure 111.53 and Figure
[11.54, respectively. The micrographs reveal that the density of inclusions seems to be significantly
lower in D1_W compared to D1bis_W.

200 ym

a)
Figure 111.53. SEM micrograph to illustrate the difference in terms of inclusion content between a) D1_W

and b) D1bis_W. Austenite is the brightest phase, ferrite is the dark phase and the inclusions are in
black due to a significant difference in terms of chemical composition.

D1bis_W

a)

Figure 111.54. Optical micrograph to illustrate the difference in terms of inclusion content between a)
D1_W and b) D1bis_W. The inclusions are circled in white and the interfaces between ferrite and auste-
nite are highlighted to determine the location of the particles.

Quantitative data obtained by the manual method and by the automatic method described in section
[11.2.3.4 are given in Table 111.13 and Table 111.14, respectively. Both methods give similar levels of
inclusion content. These results confirm the microstructural observations of the inclusion cleanliness
(Figure 111.53 and Figure I11.54). The density of inclusion is seven to ten times higher in the D1bis_W
microstructure compared to in the D1_W microstructure. The manual method shows that the inclu-
sions are randomly distributed in the austenite and in the ferrite with a significant number of inclusions
at the interphase boundaries (between 15 and 20% of the particles are located in the vicinity of the 6/y
interfaces). In other words, it means that the larger the inclusion content is, the higher is the number of
particles at the interphase boundaries.
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Damage characterizations carried out on the hot rolled material or on the broken DENT specimens
have demonstrated that the voids always nucleate by decohesion of the d/y interfaces and propagate
in the ferrite or along the interphase boundaries. As a consequence, the inclusions located in the aus-
tenite are not so detrimental to the hot tearing resistance. On the contrary, it seems that there is a
relationship between the number of inclusions located in the vicinity of the d/y interfaces and the hot

cracking resistance.

The main conclusion of these results is that the lower the inclusion content, the higher the specific
essential work of fracture and the better the hot cracking resistance.

Density of inclusions (number of inclusions per mmz),fi
Manual method

D1 W D1bis_W
y-austenite 41 477
o-ferrite 47 504
0/y interfaces 23 183
Total 112 1165

Table 1l1.13. Densities of inclusions respectively in ferrite, austenite and interfaces determined with the
optical method in both D1_W and D1bis_W microstructures.

. Density of inclusions (number of inclusions per mm?), 1
Automatic method Y ( P )./

D1 W D1bis W
Total 150 1091
Table 1ll.14. Densities of inclusions determined with the SEM method in both D1_W and D1bis_W mi-
crostructures.
1.7.3.3 Size of the inclusions

The automatic procedure provides information about the size of the particles. The average diameter of
the particles is about 1.9um in the D1_W microstructure and about 1.4um in the D1bis W microstruc-
ture, see Table IlIl.15. These average values are very close to each other and cannot be invoked to
account for the difference between D1_W and D1bis_W in terms of the hot tearing resistance.

D1_W D1bis_W

Average inclusion equivalent diameter (um) 1.9 1.4

Table 111.15. Average inclusion size in both microstructures D1_W and D1bis_W.
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Another way to give information about the diameter of the inclusions is to plot the size distribution
function corresponding to the D1_W and the D1bis_W microstructures, see Figure Il11.55. The size
distribution function exhibit a similar shape with the majority of the particles with a diameter between 1
and 2um. As a result the size criterion is not relevant to understand the origin of the difference in the
hot cracking resistance between D1_W and D1bis_W.
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Figure 111.55. Distribution of size of the inclusions for a) D1_W and b) D1bis_W.

[11.7.4 Conclusions

The discussions lead to conclude that the key parameter which explains the difference in terms of hot
cracking resistance between the microstructures D1_W and D1bis_W is the density of inclusions.

Again, the difference between D1_W and D1bis_W can be related to a different characteristic length
as in section 111.6.2.3. Indeed, the specific essential work of fracture relative to each microstructure,
D1_W and D1bis_W, respectively, can be written as:

Weplt w = k- Oc.pl w 'XO,DLW '(exp(gc,DLW) -1,

eq l1I-23
and

We Dibis w = k- O, pwvis w " Xo.pipis w '(exp(gc,leisiW) -1). eq lll-24

X, is always a characteristic length, not related to the crack path, but related to the spacing between
the particles.
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An estimation of the characteristic lengths are given by the following equations:

1
XO,D]_W = - )
\lfDL W
- eq lli-25
and

1

X : R t
0,D1bis W ; eq lll-26
fleisiW

where fl’;liwand fglbiw are the densities of particles per unit area, respectively for the microstruc-

tures D1_W and D1bis_W.

The ratio betweenw, ,,, ,, and w, ;. can then be estimated by:

Wept_ w k'O-C,DLW 'XO,DLW ’(eXp(gc,lew)_l)

We D1vis w k- O pivis w " Xopiis w '(exp(gc,leis_W) -1

eq lll-27

Assuming that the load-displacement curves exhibit the same shape and are superimposed for a given
ligament length, then this ratio can be approximated by:

Wept w Xo,Dl_W'(eXp(gc,Dl_W)_l)

- : eq l11-28
W, pisis w X o.pivis w (exp(gc,leisiW )—D

Using the values of the equivalent strain to fracture indicated in Table Il.12 for the critical strain and in
Table 111.13 and Table 11114 for the densities of particles, the ratio w, ,; ./ W, py, y fluctuates be-
tween 7 and 10 that corresponds to the order of magnitude determined when estimating this ratio us-

ing the values determined via the linear regression (W, 5, '/ W, pipis w = 4)-
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Conclusions

In the as-cast conditions, D1 was two times more resistant to hot tearing compared to D2. The
effect of temperature was also pointed out: the larger the temperature is in the 1000-1250°C
range, the better the hot workability is. However, the as-cast microstructures exhibit a high
degree of heterogeneity. The direct consequence of these heterogeneities was a significant
dispersion, making difficult to provide definitive conclusions regarding the separate effects of
the dominant parameter.

In order to improve the accuracy of the results and to investigate the influence of other para-
meters (phase morphology, inclusion content...), model microstructures were thus required.
Proper control of the 3 — y phase transformation mechanisms allowed the generation of a va-
riety of microstructures with different phase morphologies. By controlling temperature, duration
of annealing sequences and cooling rate, alloys with a desired phase proportion, and desired
size and shape of the microstructural constituents were produced.

The EWF applied to model microstructures confirmed that D1 was two times more resistant to
hot tearing compared to D2 and the accuracy of the results was significantly improved.

The hot mechanical behaviour contrast between the ferrite and the austenite when comparing
D1 with D2 seems to reach significantly different levels and can partly account for the differ-
ence of hot cracking resistance. This idea will be investigated in details in Chapter IV.

The austenite morphology impacts significantly on the high temperature fracture resistance:
for a given alloy, to break a sample showing an equiaxed austenite required two times more
energy than to break a sample presenting a Widmanstatten austenite.

The inclusion content has to be very well-controlled because high densities of inclusions lead
to a significant decrease of hot tearing resistance. In addition, they are clearly more damaging
when they are located at the &/y interfaces.
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Chapter |V. Strain partitioning

One of the main objective of micro-mechanics of heterogeneous materials is the understanding of the
influence of microstructural parameters, such as grain size, grain shape and crystallographic texture,
on the mechanical behaviour at the scale of the grain and at the macroscopic scale (as proposed by
Raabe et al. [96]). This approach requires to study local deformation mechanisms (slip systems, twin-
ning systems, sliding at the interfaces etc.) in order to predict the overall mechanical behaviour. The
local scale measurement of mechanical parameters (stress, strain...) has to be performed on surfaces
or volumes that are small compared to the microstructural scale and large compared to the atomic
scale in order to determine an “effective behaviour” of each phase. As it was highlighted, in micro-
mechanics, there are two different scales: the microscopic scale and the macroscopic scale. These
characteristic scales depend obviously on the materials considered and on the relevant mechanisms.
In case of materials presenting an industrial interest, the relevant local scale is around several micro-
meters: for instance, in polycrystalline metallic materials this scale is the scale of the grain.

As it was stressed in the previous chapters, the poor hot workability of duplex stainless steels leads to
severe edge cracking during the hot rolling process. The prediction of the high temperature mechani-
cal behaviour of duplex stainless steels, and especially the hot ductility can be achieved through a
physically based model, in which the hot deformation characteristics of both phases are input parame-
ters. As a consequence, in order to understand this macroscopic phenomenon, characterization of the
local state of deformation developed at the microscopic scale is therefore necessary. In the literature,
several authors have suggested that the poor hot workability of duplex stainless steels was directly
related to the high temperature strain partitioning between ferrite and austenite [25, 29, 97]. However,
quantitative results for this strain partitioning are missing. After a presentation of the different tech-
niques available to measure the strain partitioning between phases, the modified microgrid method will
be presented in details. Then, the results obtained via this method will be discussed.

IV.1 Techniques to measure strain distribution

Several techniques have been developed to determine the micro-scale strain distribution. The purpose
of this section consists in reviewing the main techniques which allow measuring the micro-scale strain
distribution, and in pointing out the advantages and the disadvantages of each method. Many experi-
ments have been devised to investigate the heterogeneous deformation in polycrystals. The most
frequently applied methods are based on recognizing patterns whose distortion could be associated
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with the deformation, which may later be observed and measured. It is possible to measure the in-
plane strains at the surface of a specimen by taking images in the undeformed and in the deformed
configuration, and by finding the homologous points in both configurations. Homologous points are the
points in the images (undeformed and deformed) that belong to the same material point on the sam-
ple. The homologous points draw a displacement field, which can be differentiated to get the in-plane
strain fields. The outcome of the procedure depends strongly on the accuracy of the matching proce-
dure, on the density of the homologous points, and on the range of deformations. Several techniques
for defining homologous points are available. Here, it has been chosen to introduce only the two main
image analysis techniques.

V.1.1 Grid techniques

Techniques commonly called “grid techniques” use markers arranged periodically on the surface of a
specimen. In the literature different grid patterns have been used: fine array of dots [98], crosses [99]
or lines (Figure IV.1).
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Figure IV.1. lllustration of different grid patterns; a) fiducial microgrids; b) fine array of dots; and c)
fine array of lines encircled.

Different marking techniques have been developed in order to create the desired contrast on the sur-
face of the specimen. Indeed, grids may be applied to the surface in a variety of ways: scribing [100,
101], printing, etching [14], embossing, embedding, reflection, depositing or lithography [98, 102-104].
Figure IV.2 shows respectively a grid processed by microlithography (Figure 1V.2.a) and another one
by engraving via chemical etching (Figure IV.2.b). The selection of the marking technique is closely
related to the observation device. For instance, the painting techniques are not suited for with SEM
observations because the paints are usually not electrical conductors. In addition, it requires adapting
the marking technique to the conditions of mechanical loading applied to the specimen. In particular in
thermo-mechanical applications, it is necessary to choose markers that are high-temperature resistant.
This aspect will be discussed further (see section IV.2). The goal of the image acquisition procedure is
to create high-contrast, high-resolution pictures for subsequent determination of grid points coordi-
nates. These grid point coordinates are recorded numerically, after either manual determination, or
after digital capture of the grid feature locations. Initially, grid point coordinates were determined with
the help of a graduated ruler or micrometric tables. Now, thanks to numerical imaging, both pictures
(undeformed and deformed) are digitized in grey levels and analyzed by image analysis: threshold or
morphological operations (erosion, dilatation). Indeed, each marker showed a grey level different from
the material. As a consequence, it is easy to find accurately their position. Then, the local strains are
determined by calculations from the coordinates of the points in both undeformed and deformed confi-
gurations.



Chapter IV. STRAIN PARTITIONING 99

Figure IV.2. 5pym-microgrid patterns [103]; a) processing by micro-lithography; b) engraving by
chemical etching from this work.

IV.1.2 Image correlation techniques

Correlation techniques have been developed more recently than the grid techniques. Such techniques
stem from investigations in optics and have been applied to the mechanics of materials. The range of
applications is larger than for the grid techniques and their use is expanding rapidly. In the literature,
correlation techniques have been used to determine the local strain field at the crack tip for several
materials [105-110], to measure the strains at high-temperature [111-113], and to investigate the dam-
age nucleation in composites materials like cellular aluminum alloys [114], polyurethane-foams [115,
116], fibrous composites... These techniques have reached a high level of development. Nowadays,
the improvements consist essentially in estimating more directly the tridimensional strain components
[117, 118].

Most of the studies deal with macroscopic investigations on tensile or compression specimens. The
order of magnitude of the microscopic scale is the millimeter whereas the region of interest is in the
order of a centimeter. The observation device is most of the time a CCD camera although more and
more applications use optical microscopy or scanning electron microscopy to focus on mechanisms
which take place at a lower scale. It means that these techniques are very powerful as they can be
adapted to different scales. During the last decade, in several studies, correlation techniques have
been even applied at a nanometric scale [119-121].

The purpose of the correlation technique consists in comparing two different pictures. This comparison
suggests the presence of a lot of local details on the surface of the specimen. To do that, a random
pattern, called speckle is used. The speckle provides the contrast required to perform the correlation.
If the specimen does not naturally exhibits this contrast (such situations will be so scarce, especially
for local applications), random patterns have to be applied by spraying black and/or white paints, or
other techniques. It is also possible to use grids instead of speckle that present the advantage to not
obscure the microstructure. This last detail turns out to be very important, in particular in cases where
micro-mechanical investigations of heterogeneous materials are pursued. The speckle can also be
obtained via an optical technique called photography speckle. This last kind of contrast can be applied
only to optical applications. The comparison between both images consists in finding the homologous
points by maximization of a cross-correlation function calculated in the vicinity of these points. The
random pattern allows identifying each homologous point and therefore estimating the strain compo-
nents.
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IV.1.3 Microgrid vs. correlation

With both techniques, very wide fields can be examined. The limitation does not stem from the imag-
ing equipment, but from the area of the surface covered by the microgrid. Furthermore, measurement
of the deformation field is direct and unambiguous; qualitative assessment of the nature of the strain
can be made with even casual examination. Set-up of the microgrid technique is relatively simple,
requiring no specialized device, except for the manufacture of extremely fine submicrometer grids. The
analysis of the deformed grid pattern does not require extensive computing or highly specialized soft-
ware. In addition, because the grids are physically attached to the sample after deformation, the
record of deformation is permanent.

Unfortunately, small strains cannot be accurately determined, as the deviation of the grid lines from
their reference positions can be very small, compared with the width of the microgrid lines. Table IV.1,
from Schroeter and McDowell [122], shows relative advantages and disadvantages between both
strain-field measuring techniques discussed in this section.

Characteristics Digital Image Correlation

Amplitude
(image contrast figures)

In-situ or post-mortem
(for small strains)

Direct numerical differentiation of

Microgrid Technique

Physical basis Direct measurement

Data collection method Post-mortem

Strain mapping

displacement data

Differentiation of grid lines or
crossing points locations

Imaging hardware/software

Moderately demanding / Intensive

No specialized hardware / minim-
al software

Displacement value Absolute Absolute

Surface quality requirement Diffusive, as-received Smooth

Surface decoration requirement Ra'nldgm or ordered intrinsic or High-quality cross-line or speckle
artificial features grid

Surface decoration hardware Minimal or none Minimal

Deformation range

Small or medium

Medium to large strains only

Field of view

Wide field, limited only by the
specific image formation system

Wide field, limited only by the
area of the grid

Spatial resolution

High, depending on the surface,
and resolution of imaging equip-
ment

Medium, depending on grid pitch

Data storage requirement

Large

Small

Table IV.1. Comparison between two strain mapping techniques: digital image correlation and mi-

crogrid technique [122].

IV.2 Measurement of micro-scale deformation at high tem-

perature

Ideally, during plastic deformation, all grains are strained homogeneously, following the polycrystalline
body, but in real materials, strain is not homogeneous. As seen in section IV.1, several techniques are
now available to measure the micro-scale strain distribution in polycrystals across a wide range of
scales of observation, including resolutions fine enough to reveal intergranular deformation gradients.
Marking samples with gold or platinum microgrids using electron lithography is now widely used to
characterize the low to moderate temperature mechanical behaviour of heterogeneous materials. The
temperature was so far restricted to a field ranging from 20 to 500°C because of the deterioration of
the microgrids at high temperature.
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However, investigations providing quantitative information about the local deformation at high tem-
perature in polycrystalline metals are scarce in the literature. At high temperature, additionally to the
difficulties related to the high-temperature microstructure control for materials affected by phase trans-
formations, the determination of the micro-scale strain distribution remains an experimental challenge.
Indeed, the speckle or grid material must exhibit an excellent resistance to thermal and environmental
damage. In addition, solutions to avoid the excessive oxidation of the markers have to be found. Fur-
thermore, the markers should exhibit a good high temperature deformability to reveal the material de-
formation without undesirable cracking or detachment of the markers. And, finally, the black-radiation
of the sample is a barrier to collect data in-situ.

Carbonneau et al. [123] used MoSiz grids at 1200°C in air but even though microgrids survived the
test, degradation of the coating material makes them unusable in an image analysis process (Figure
IV.3).

Figure IV.3. SEM micrograph (secondary electron mode) showing a MoSi, grid after 4h at 1200°C
[123].

A micro-extensometry technique, using a microgrid made of hafnia (HfO,) has been specifically devel-
oped by Soula et al. [103, 124] for analysis of grain boundary sliding during creep at high temperature
(700-800°C) of a nickel-base superalloy for turbine disc applications (Figure IV.4.a). The hafnia mi-
crogrids turned out to be well-defined even after 1000h at 750°C under vacuum (Figure 1V.4.b). In the
same study, different grid materials: Au, Pt, W, MoSi,, WSi, have been tested but all of them gave
poor results due to a loss of contrast (Au, Pt) or a strong oxidation (W Si,, MoSi,).
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Figure IV.4. a) lllustration of the grain boundary sliding after creep at 750°C in nickel-based super
alloy thanks to HfO, microgrids (step of 5um); b) HfO» grid after 1000h at 750°C under vacuum
(SEM, Back-scattered electron mode) [103].
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In the paper published by Grant et al. [113], a method is presented for obtaining good images of sam-
ple surfaces at high temperature, suitable for strain measurement by digital image correlation (DIC)
without the use of surface markers or speckles. This is accomplished by suppressing black-body rad-
iation through the use of filters and blue illumination. Using only relatively low levels of illumination the
method is demonstrated to be capable of providing accurate DIC measurements up to 1100 °C.

A novel modification of the classical microgrid technique has been proposed by Pinna et al. [14], allow-
ing the measurement of deformation at the microstructural scale in laboratory hot-worked steels: aus-
tenitic and duplex stainless steels [50, 97, 125, 126]. Square microgrids were engraved by chemical
etching on the surface of a small rectangular steel sample, see Figure IV.5.a and Figure IV.5.b. The
sample was then inserted in a plane strain compression specimen to be deformed at high temperature
(850-1050°C) and 1s™ strain rate. After the hot compression, the sample was extracted from the plane
strain compression specimen and analyzed in the SEM, see Figure IV.5.c and Figure 1V.5.d. The dis-
tortion of the microgrid revealed deformation features such as sliding at the interphase boundaries in
the case of duplex stainless steel. The displacement of the microgrid provided also the strain maps
showing the heterogeneous strain distribution within the duplex microstructure as well as in the auste-
nitic stainless steel microstructure, see Figure IV.5.e and Figure IV.5.f.

IV.3 Selection of the experimental technique for measuring
the micro-scale strain distribution

The purpose of this section is to establish all the requirements for the technique which will be selected
to measure the high temperature micro-scale strain distribution in duplex stainless steels.

(1) Deformation conditions have to be representative of the industrial hot rolling, i.e. large strain,
temperature range (850°C-1250°C), strain rate between 0.1 and 100s™" and plane strain com-
pression.

(2) Markers must be high-temperature resistant.

(3) As the objectives are to determine the average deformation per phase and to map the strain,
the markers must not hide the microstructure.

(4) The technique has to permit to avoid problems related to oxidation at the surface of samples
which would destroy classical markers.

All these specifications lead to select the modified microgrid method developed by Pinna et al. [14].
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Figure IV.5. Results provided by the modified microgrid technique on model stainless steel alloys:
austenitic (deformed at 900°C) and duplex (deformed at 850°C); a) & b) microgrids before deforma-
tion; c) & d) microgrids after deformation; e) & f) Green-Lagrange equivalent strain Maps [97].
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IV.4 Experimental Procedure

V.4.1 Processing high-temperature resistant microgrids
IvV.4.1.1 Sample preparation

Small rectangular samples, whose dimensions are given in Figure 1V.6.a, were cut from the heat
treated materials involving the microstructure of interest, i.e. with the targeted morphology (Wid-
manstatten or equiaxed), phase ratio, and austenite lath or grain size (see Chapter Ill, section 111.4
dealing with the generation of model microstructures).

The samples were subjected to a sequence of grinding stages on successively finer silicon carbide
abrasive papers (120, 320, 600, 800 and 1200 grit). Polishing was then carried out on a series of
cloths impregnated with fine diamond pastes (9 and 3um). The final polishing step was performed with
a 1um alumina powder.
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Figure IV.6. a) Dimensions of the small samples used to engrave the microgrids; b) schematic of
the electro-etching circuit.

As the purpose was to map the strain field within each phase, the microstructure had to be preliminary
revealed. The specimens were electro-etched using a solution of 20% aqueous sodium hydroxide
electrolytic solution under a tension of 2.5V for 10s. As shown schematically in Figure 1V.6.b, the sam-
ple, held by tongs, was connected to the positive pole of a Direct Current power source, and placed
face to face with the cathode (a small plate of 316L-austenitic stainless steel). The cathode was con-
nected to the negative pole of the power source and plunged into the etching solution, contained in a
glass.

IV.4.1.2 Modified microgrid technique

The procedure used to engrave the microgrids is shown schematically in Figure IV.7, and some details
are given by describing the main steps of the modified microgrid method.

(1) First of all, a thin film of an electro-sensitive resin was coated onto one faces of the microgrid
sample, which had been already polished and electro-etched to reveal the microstructure. In
order to create the resin film, the sample was held by screws on the top of a device used to
spin the samples. Then, a drop of a polymer solution made of 5g of PMMA (Poly-methyl me-
thacrylate) per every 100mL of 2-ethoxyethyl acetate was deposited at the middle of the pre-
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pared surfaces and then spun at 1200rpm for 1min in order to obtain a uniform film thickness.
Finally, the coated specimens were baked for 30min at 140°C, to promote the resin adhesion
and to improve the mechanical resistance of the film.

(2) The coated samples were then irradiated with the electron beam of a SEM, following the pat-
tern of a square grid. Conditions (magnification, current beam...) were selected to produce a
grid step of 5um. The austenite grain size was around 50-60um in the equiaxed morphology,
and the austenite lath thickness was around 30um in the Widmanstatten morphology. A 5uym-
grid step was chosen in order to introduce as many microgrid intersections as possible in
every grain, and make further strain calculation more reliable.

(3) After the irradiation step, the irradiated polymer was dissolved using a specific solvent: 75%-
propanol and 25%-butanol for 1min and 30s.

(4) The samples were electro-etched with a 40%-aqueous nitric acid solution applying 4.5V for
about 1s, removing material only within the small areas without resin (the microgrid pattern).
This step was undoubtedly the most critical step and will be discussed later.

(5) The final step consisted in dissolving the remaining resin in ethyl acetate by means of ultra-
sonic cleaning, resulting in engraved microgrids with a step of 5um.
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Figure IV.7. Steps of modified microgrid technique; a) polishing and electro-etching; b) coating with
an electro-sensitive polymer; c) irradiation of the resin with the electron beam; d) dissolution of the
irradiated polymer; e) engraving by electro-etching; f) dissolution of the remaining polymer [50].
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After the fabrication of the microgrid, a low magnification-high resolution picture (4096x4096 pixels)
was obtained by SEM, covering large areas before deformation (0.25mm?). Secondary electron con-
trast was used. The best matching of the homologous points by image correlation requires generating
an optimal contrast on the SEM pictures. In other words, the picture must involve the entire 256-grey
level histogram and must not be centered on a few grey levels. Furthermore, the grey values do not
exceed the 0 and 255 boundaries in order to avoid saturation in the white or black field. A testing pro-
cedure consists in plotting the grey level histogram and to check its spreading. If the spreading is not
acceptable, it will be changed by adjusting the brightness and contrast. Some examples of acceptable
engraved microgrids are given in Figure 1V.8.

Figure IV.8. Examples of good microgrid high resolution pictures before deformation; a) equiaxed
morphology; b) Widmanstétten morphology.

As highlighted previously, the most critical step in the modified microgrid method is the engraving step.
The main difficulties are summarized below.

0] Duplex stainless steels are two-phase material, and in general, the micro-etching prin-
ciple consists in dissolving one phase and not the other one. To engrave microgrids in
both phases requires finding a solution which could etch ferrite as well as austenite.
The 40%-aqueous nitric acid electro-etching solution was that which gave the best re-
sults.

(i) As can be seen in Figure 1V.9.a, the microgrid appears to be more defined in the aus-
tenite compared to the ferrite. This was due to the etching used to reveal the phases
prior the application of the modified microgrid technique. The etchant used for this
purpose affects the ferrite and not the austenite. As a consequence when a uniform
layer of resin was deposited on the surface, the resin on the top of the ferrite is
thicker. Figure IV.9.b shows a schematic cross section of the material close to the sur-
face and the layer of resin on it. When an electron beam of constant intensity and di-
ameter scans the surface, the resin on top of the austenite is burnt all the way through
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(i)

whereas the resin on top of the ferrite is not burnt up to the surface of the material.
The resulting microgrid will be defective if a microgrid properly covers only one phase.

If the difference in heights due to the preliminary etching revealing the microstructure
is considerable (long etching times or too high etching voltage) then a further problem
arises. Indeed, as the electron beam will be focused on one phase (for example aus-
tenite), it will be out of focus on the other one (ferrite), making the spot size and the
surface larger but less strong on the ferrite hence the beam will not allow burning the
resin on the ferrite. If a more powerful beam is used to overcome the issue, the lines
in the austenite will be too wide.

PMMA-resin I h I
hs
Y o-ferrite y-austenite S Y
b)

Figure 1V.9. a) Microgrids before deformation (notice that the lines are more visible in the auste-
nite); b) difference in terms of heights between austenite (light grey) and ferrite (dark grey) on the
surface due to etching of ferrite.

(iv)

If excessive engraving is performed, see Figure 1V.10, the lines in both phases will be
too wide, leading to less accurate strain calculations. On the contrary, if insufficient
etching is used, the lines will not be visible, especially after high-temperature deforma-
tion.

Figure IV.10. lllustration of an excessive engraving in both phase leading to wide lines and loss of
accuracy in the strain estimation.
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V.4.2 Plane strain compression testing

IV.4.2.1 The plane strain compression test

The mechanical test used in this work is plane strain compression. Plane strain testing is a modified
compression test which could simulate the material flow behaviour experienced during rolling. A
schematic diagram of the plane strain compression test is given in Figure IV.11. When the dimensions
w and A are significantly smaller than b, the strain can be considered as plane because of the con-
straint on the deformation in the direction of 5 due to friction. Here, direction 3 is the transverse direc-
tion (TD) parallel to the roller axis whereas directions 1 and 2 correspond, respectively, to the normal
direction (ND) and, the rolling direction (RD). The stress system at a point can be represented by three
principal stresses, g;, 0, and a3, which give rise to the associated principal strains, ¢;, &, and ¢;. In the
plane strain compression test, ¢; is the thickness strain, ¢; is the strain in the transverse direction, be-

ing in an ideal test equal to zero, and ¢, is the strain in the rolling direction.

Figure IV.11. Schematic diagram of the plane strain compression test [127].

The purpose of this test is to characterize the mechanical macroscopic behaviour of the material. The
test provides the force displacement data from which the equivalent flow stress strain curve can be
derived based on a Von Mises material description. The data reduction requires taking into account
the stiffness of the machine, the friction between the tool and the specimen, the thermal dilatation, and
the imperfect planarity of the strain. Considerations about these corrections can be found in Appendix
A. In addition, other problems related to the loss of the deformation symmetry are more difficult to take
into account. For instance, an initial misalignment of the platens leads to a Z shape deformation of the
specimen whereas a U shape is the consequence of different friction coefficients at the top and bottom
tools. As shown in Figure 1V.12, this phenomenon can be simulated by finite element modeling.
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Figure IV.12. Possible problems encountered during plane strain compression; a) Z shape de-
formed specimen due to initial platen misalignment; b) U shape deformed specimen with different
friction coefficients at the top and bottom tools [127].

IV.4.2.2 Modifying the plane strain compression test

Several microgrids engraved on different samples were prepared for plane strain compression testing
at high temperature, following the procedure developed by Pinna et al. [14]. The standard geometry of
the plane strain compression specimen is modified by machining a rectangular hole in the center in
order to deform the samples with a surface-protection against oxidation, at a location of interest for the
analysis of the deformation (Figure 1V.13). A small circular hole was machined from the specimen side
to insert a thermocouple to determine the temperature as close as possible to the microgrid.
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Figure IV.13. a) Technical drawing of the modified plane strain compression specimen, dimensions
are in millimeters (mm); b) picture of a modified plane strain compression specimen.
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Figure 1V.14 summarizes schematically the procedure to assemble the modified plane strain compres-
sion specimen and a microgrid sample. This procedure follows three steps.

(i) The microgrid specimen is welded to a similar polished plate in order to protect the microgrid
surface during the assembly within the plane strain compression specimen. The welding step has
to be well-controlled so that the microgrid and the associated microstructure is not heat affected. In
most of the cases, the thickness of the heat affected zone was about 2 mm.

(i) The welded plates are inserted into the rectangular hole in the center of the plane strain com-
pression specimen, with the microgrid surface parallel to the loading direction.

(iii) The inserts and the plane strain compression sample are welded together on top and bottom
to protect the microgrid from oxidation during the high temperature test. The welding must be con-
trolled to minimize the amount of melted material and to make sure that the welding affected area
does not reach the microgrid.

welding

welding

Figure IV.14. Preparation of the modified plane strain compression sample; a) microgrid sample; b)
face to face with a similar polished plate; c) assembly with modified plane strain compression spe-
cimen; d) welding at top and bottom [97].

IvV.4.2.3 Plane strain compression machine

The plane strain compression specimens were deformed with a thermo-mechanical compression ma-
chine (Figure IV.15). This device allows the simulation of multiple pass deformation schedules under
isothermal conditions.
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Figure 1V.15. Different views of the thermo-mechanical compression machine; a) front view; b)
view of the sample held by the two arms; c) view of the deformation chamber.

The testing machine involves a fast thermal treatment unit which provides high-controlled rates of
heating and cooling in order to generate the required microstructure. The main use of such machine is
to simulate hot and cold rolling, up to a strain rate of over 100s™ and a temperature of 1200°C. In Fig-
ure IV.16, the directions 1, 2 and 3 correspond respectively to the normal direction (ND), rolling direc-
tion (RD) and transverse direction (TD). The microgrids inside the modified plane strain compression
specimens were located at the middle of the deformation zone (aligned with the central line of the
compression tools as shown in Figure 1V.16, expecting pure compression conditions in the microgrid

Upper compression tool
PSC specimen
l 15mm-|

. (—I 10%1m

microgrid sample

Lower compression tool =—>| 1{

3 2

a) b)

Figure IV.16. Schematic views of the microgrid sample inserted into the plane strain compression
specimen and the compression tools during the tests; a) asymmetric view; b) plane view.
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IV.4.2.4 Testing conditions

The complete thermo-mechanical path undergone by the plane strain compression specimens is pre-
sented in Figure IV.17. The specimens were quickly heated at the testing temperature, annealed for
30s at this temperature, and deformed under plane strain compression at a strain rate of 15, Only
four samples were deformed at a strain rate of 10s™. The specimens were immediately quenched after
deformation in order to limit microstructural modifications: phase transformation, grain growth or coar-
sening phenomena. Several temperatures (850, 950, and 1050°C), different nominal strains and two
different austenite morphologies were used. The experimental conditions were chosen to compare
both grades and to provide tendencies concerning the influence of the temperature, the macroscopic
strain and also the morphology of the microstructure on the strain partitioning between ferrite and aus-
tenite at high temperature.

Strain rate 1s-'

T = 850, 950, 1050°C 30s \/vv

Water
quenching

20°C/s

20°C

Figure IV.17. Thermo-mechanical path undergone by the plane strain compression specimens.

The tests must be performed as quickly as possible in order to avoid the precipitation of the brittle o-
phase, especially for the alloy D1 (2205). Indeed, considering a TTT-diagram (Figure 1V.18) this brittle
phase can precipitate rapidly in the D1 alloy. At 850°C, the o-phase can nucleate just after 2min and
30s and after more than 3min thermal ageing at 950°C. At 1050°C, there is not any sign of the pres-
ence of the g-phase. Indeed, 1050°C is the temperature at which the material is industrially annealed
in order to make sure that the g-phase is entirely dissolved and that the ferrite-austenite phase bal-
ance is close to 50-50%. Concerning, the alloy D2, a remote possibility exists to form the o-phase
because even at 850°C it would require long thermal ageing (more than 10min). It was checked for
both grades, after a 1min 30s 850°C-ageing, that there was no sign of a o-phase precipitation.
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Figure IV.18. Time-Temperature-Transformation diagram of a 2205 duplex stainless steels. lllu-
stration of the ¢ phase isothermal precipitation [69].

IV.4.2.5 Extraction of the deformed microgrids

113

Following the hot deformation and water quenching, the microgrid sample is extracted from the plane
strain compression sample as shown schematically in Figure IV.19. The plane strain compression
specimen is firstly cut into five pieces, and then the welding at the top and the bottom is polished down
to the interface between the two inserts. Finally, one of the insert is tightened in a clamp and a wedge

is delicately knocked along the interface in order to separate the two inserts.

Deformed microgrid

Figure 1V.19. Schematic extraction of microgrid from deformed plane strain compression sample;
a) deformed plane strain compression specimen; b) specimen cut in five pieces; c) inserts; d) sepa-
ration of the two inserts, one of them being the microgrid sample.
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All the microgrids which were still recognizable after deformation were analyzed in the SEM, the same
way as before deformation. Table 1V.2 summarizes the experimental conditions used for the different
specimens.

Material Sample Temperature (°C) Strain rate (3'1) Reduction (%) Th;(;llfarwisss Microgrid
D2_W i 850°C 1 20 -0.23 --
D2_W 1 850°C 1 30 -0.37 ++
D2_W v 950°C 1 20 -0.23 --
D2_E 1 850°C 1 20 -0.22 --
D2_E 2 1050°C 10 20 -0.22 --
D2_E 3 1050°C 10 30 -0.37 --
D2_E 4 1050°C 10 40 -0.51 --
D1_W ii 850°C 1 20 -0.22 +
D1_W fii 850°C 1 20 -0.36 ++
D1_W fiii 950°C 1 30 -0.22 ++
D1_E A 950°C 1 20 -0.21 +
D1_E B 850°C 1 20 -0.24 ++
D1_E C 850°C 1 20 -0.22 --
D1_E D 850°C 1 30 -0.35 +

Table IV.2. Plane strain compression test conditions for all the specimens. In the column entitled
microgrid, the symbol (- -) means that the microgrids were not sufficiently recognizable to perform
strain calculations; (+) means that one of the microgrid was recognizable and (++) means that sev-
eral microgrids were readable to carry out strain estimations.

IV.4.3 Strain distribution mapping
IV.4.3.1 Procedure

The micro-scale strain distributions within the microgrid area are calculated by comparing the unde-
formed and the deformed states. The calculation and plotting procedures of the micro-scale strain
distribution can be summarized as follows. Some details about the strain computations are given in
Appendix B.

(i) The largest areas possible where the microgrids were still recognizable were selected. From
these areas, the coordinates of the microgrid intersections from the undeformed and deformed con-
figurations were obtained by manual or automatic location depending on the quality of the microgrid
pattern. Throughout this work, a fully automatic analysis was not possible because of the presence
of small areas where the microgrid was damaged or exhibited too large variations of the local im-
age contrast between the reference and deformed configurations. The local relief induced by the
out-of-plane displacement as well as the slight oxidation which can occur during the thermo-
mechanical were responsible for the variations of the local image contrast. In such areas, the grey
level conservation principle on which correlation techniques rely is no longer valid. That is why the
microgrid intersections were always manually located using CorrelManuV software developed by
Bornert [128] and Doumalin [129].
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(i) Then, a database containing the intersections coordinates was processed using the same
software, which provided the strain components ¢;;, €22, €33, €72 and the equivalent Von Mises
strain, for every microgrid intersection following the procedure described in the next section. Note
that according to the axes shown in Figure IV.16, ¢;; and &>, are the uniaxial strain components in
the directions parallel and perpendicular, respectively, to the loading (vertical) direction, and ¢, is
the shear strain component.

(i) The distributions of the calculated strain components were then plotted using CorrelManuV,
with different colours depending on the strain value.

(iv) Finally, the SEM micrographs of the undeformed microstructure were edited using the image
software Gimp to generate the contour of the grain and interphase boundaries. These contours
were then superimposed on the strain map in order to analyze how the strains were distributed in
the microstructure.

IV.4.3.2 Calculation of the local strain components

The displacement gradient tensor can be written as indicated by eq IV-1:
F, F, F

F=\F,, F, F;]|. eq V-1
F3 F3 F3

The program developed by Bornert and Doumalin [129] provides the in-plane displacement compo-
nents of each microgrid intersection, which leads to the in-plane components of the local transforma-

tion gradient tensor (F;;, F'»,, F';5, and F5;). The procedure and equations required for calculating the
local in-plane gradient components are described in details in the paper published by Allais et al. [98],
in reference [128], and are also indicated in Appendix B.

Additional assumptions have to be formulated in order to estimate the unknown gradient components
(F13, F23, F34, F32and Fs3).

Traditionally, it is considered that the direction orthogonal to the image (direction 3 in Figure IV.16), is
a principal direction for the transformation.

It is also assumed that there is no rotation outside the plane (ND, RD). Thus, only the F;3 component

is not equal to zero whereas F;3=F3;=0 for i = [1; 2] (eq IV-2), hence

_ |Fu By O
F=|F, F, 0| eqlv-2
0 0 F
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Several assumptions are made to estimate F'33.

RY

% The isochoric hypothesis (incompressibility, i.e. no volume variation during the deformation)
consists in setting that the determinant of the gradient tensor is equal to unity (eq IV-3). The
gradient tensor can be diagonalized and its eigenvalues are F';, F’> and F3. It means that F'; is

equal to the inverse of the product of the two other gradient eigenvalues F; and F’, as shown

in eq IV-4.
det F = FF,F, =1, eq IV-3
1
F, = .
3 Fvle eq V-4

R/

< The deformation is perfectly plane, it means that F33 =1.

Once the entire gradient components are estimated, the strain components (&;;, €22, €33, €;2) and the

VonMises

equivalent Von Mises strain (geq ) can be calculated selecting a strain definition (Green-Lagrange,

logarithmic or linear). The procedure for computing the strain components is summarized in Figure
IV.20.

| Points coordinates before and after deformation

«

| Calculation of the in-plane displacement components of each microgrid intersection |

&

| Estimation of the local in-plane gradient components: F;;, F»,, F;,and F,; |

&

l Hypotheses [

¥

i 3D assumption:

* Axisymetric deformation Direction 3 is a principal direction

of the transformation

No rotation outside the plane:

F3=F,;=F; =F;,=0  Isochoric deformation:det 7 = 1

* Plane strain: F;=0

VonMises

Determination of the local strain components: &;;, 622, €33, €12, €7 and &,

Figure 1V.20. Procedure to calculate the strain components starting from the coordinates of the grid
points.

In this study, the isochoric assumption will be suggested and it will be checked that F’;; is close to
unity as in a perfectly plane strain test. It has also been chosen to measure the strain components
according to the logarithmic definition of the strain because it is the definition conventionally used by
metallurgists.
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IvV.4.3.3 Computation of the in-plane components of the logarithmic strain
tensor

Calculations of the strain components using the logarithmic definition are now clarified, details about
the strain calculations according to the Green-Lagrange definition or the linear definition can be found

in [128]. The gradient of the transformation can be written as the product of a rotation tensor, E by a

distortion tensor, l_/ (eq IV-5):

l=7=El=] eq IV-5

The distortion tensor U can be diagonalized in an orthogonal base as in eq IV-6:

U= ’BZ eq IV-6

where B is the diagonal tensor, é a tensor giving the orientation of the principal directions of the distor-

tion and Q’ the transpose tensor of é The eigenvalues of the diagonalized tensor l_) and ofl? are

the same. The logarithmic strain tensor is then computed from eq IV-7.

g =0 lnBZ eq IV-7
& €, &s| | cos@ sind 0 _|F 0 0
wheree'® =|¢&,, &,, &y |, Q=|—-sin@ cos® Ol,and D=|0 F, 0 |;
Ey &3 Exy 0 0 1 0 0 F

0 is the polar angle of the principal distortion F';, measured in the trigonometrical direction; actually it

gives the tensile direction; F';, F; and I; are the eigenvalues of the gradient tensor.

By developing eq IV-7, the logarithmic strain tensor is obtained (eq IV-8) as:

In F cos’ @ +InF,sin” @  sin@cos@In(F,/F,) 0
gt =| sin@cos@In(F /F,) InFsin®’0+InF,cos’0 0 | eq IV-8
0 0 In F,

The equivalent Von Mises strain is calculated thanks to eq I1V-9.

, 2
Von Mises 2 2 2 2
Eo =\/§'(‘911 +&5, &5 +2¢e),) eq V-9
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IV.4.3.4 Per-phase average strains

In Figure V.21, two different polygonal lines joining microgrid intersections are drawn and represent
two possible ways of defining the interface between ferrite and austenite, including or not part of the
neighbour phase. The real interface is somewhere in between. Per-phase average deformation can be
computed using the procedure described in section 1V.4.3.2 applied to the two different polygonal lines
mentioned previously and defined in Figure IV.21. Different results are obtained if the line “with or
without interface” is used. The average of both values provides a good estimate of the exact values.

[-] d-ferrite

|:| Y-austenite

.
anaanaeEnneEen

»
2
aenn
-
Ll

—— Y-austenite withinterface

——— Y-austenite without interface

- - 20 um {

Figure 1V.21. Integration scheme for the average gradient over a phase

IV.4.3.5 Errors on the computation of the strains

There are several elements that induce some errors on the strain calculation. In this section, only a
few of these elements are considered, more details can be found in [98] and [128].

e To estimate the error related to the manual location of the microgrid intersections, the same
region of interest has been analyzed two times and the results given in each case have been
compared. The comparison of the results showed that the error related to the manual location
of the microgrid intersections could be neglected.

e The main source of errors is due to the bad approximation of the interface, as shown by the
difference in the area of the integration domains in each case, which generally is close to 15%
of the area of the characterized area. In fact, the computations “with interface” for the harder
phase (austenite) takes into account this phase plus some domain of the weaker phase (fer-
rite), more strained, and thus gives upper bounds for the average gradient components; it
leads to lower bounds in case of the weaker phase. For a given phase, the error related to the
bad location of the interface can be estimated by the half difference between the result “with
interface” and without interface”. Note that the average of the result “with interface” of a given
phase and the result “without interface” of the other phase, weighted with the corresponding

areas, gives the overall value.
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IV.5 Comparison between D1 and D2 Widmanstatten mi-
crostructures

As shown in Table IV.2, only a few satisfying results were obtained from the microgrid experiments for
the alloy D2. As a consequence these results were used to compare both grades. In this section, the
two investigated grades deformed at 850°C and 1s™" up to a reduction of 30% and showing a Wid-
manstatten microstructure: D2_W (sample Ill) and D1_W (sample iii) are compared in terms of strain
partitioning.

IV.5.1 Results
IV.5.1.1 Macroscopic stress-strain curves

The macroscopic equivalent stress-strain curves obtained from the plane strain compression tests
were representative of the experimental material since the plane strain compression specimen and the
inserts were machined from the same material. In previous studies [50, 97], only the insert was made
of the investigated material and the rest of the sample was made of commercial steel. The macroscop-
ic stress strain curves of both alloys deformed in the same conditions are presented in Figure IV.22.a.
Although both curves show the same overall shape, the yield stress and the steady state stress reach
significantly different levels, see Table IV.3. For instance the plastic deformation of the alloy D1 re-
quires a higher stress when comparing with the stress required to deform plastically alloy D2. Figure
IV.22.b shows the deformed D1_Wiii specimen with the deformation region at the middle of the speci-
men, involving a small amount of bulging.

350
T =850°C
300 Fé=1s" =0 0 emmemm—m=mTooS 3
L7 : .
250 r iDeformation;
/ thermocouple H
S 200 :
o u i
=
$ 150
©
100
50 - - -D1_W_iii
—D2 Wl
0 N
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Eoq
a) b)

Figure IV.22. a) Comparison between the macroscopic stress strain curves of the D1_W and
D2_W microstructures obtained under plane strain compression at 850°C and 1s™ up to a reduc-
tion of 30%; b) pictures showing a top view and a front view of a deformed plane strain compres-
sion specimen.

Sample T (OC) 8 (3-1) O_O (Mpa) Gsteady state (MPa)
D1_W iii 850°C 1 175 300
D2_W ] 850°C 1 125 250

Table IV.3. Summary of the plane strain compression experimental conditions and typical stress
values in both microstructures D1_W and D2_W.
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IvV.5.1.2 Micro-scale strain analysis

IvV.5.1.2.1 Qualitative analysis

Relevant areas were selected from the large SEM pictures of the deformed microgrids, and the dis-
placements of the grid intersections (with reference to their undeformed configurations) were used to
calculate the distribution of the local strain components and of the equivalent strain using the proce-
dure described in section IV.4.3. The calculated data were used to plot colour maps for different levels
of strain. The corresponding microstructures, in their undeformed configuration, were edited to extract
the interphase boundaries. The boundaries were then superimposed to the colour map in order to

reveal clearly the link with the microstructure.

It has been chosen to plot the strain maps using the undeformed configuration because it was easier
to extract the interphase boundaries from the initial microstructure compared to the deformed micro-
structure. Indeed, in the deformed configuration it is very difficult to see the interphase boundaries due
to a slight oxidation, or in some areas large distortion of the microgrids.

The equivalent strain maps of the two microstructures D1_W and D2_W are respectively shown in
Figure IV.23 and Figure 1V.24. In each plane strain compression specimen, two different regions are
analyzed, hence two strain maps are plotted (map1 and map2).

Some general qualitative considerations concerning the deformation features can be made by observ-
ing the strain maps and the deformed microgrids.
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Figure IV.23. Equivalent strain distribution maps of the D1_W microstructure; a) map 1; b) map 2;
the equivalent strain map is superimposed with the undeformed microstructure to clearly present

where in the microstructure the strains are distributed; the compression axis corresponds to the
vertical axis.
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Figure IV.24. Equivalent strain distribution maps of the D2_W microstructure; a) map 1; b) map 2;
the equivalent strain map is superimposed with the undeformed microstructure to clearly present
where in the microstructure the strains are distributed; the compression axis corresponds to the
vertical axis.
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% Heterogeneity of the deformation

First of all, the strain maps show that the deformation is heterogeneously distributed in both grades;
some areas are only slightly deformed whereas others are strongly deformed, see Figure 1V.23 and
Figure 1V.24. SEM micrographs of the deformed microgrids corroborate these considerations; some
examples are given in Figure 1V.25. Furthermore, it seems that the deformation is more accommo-
dated by the ferrite than the austenite because the more deformed regions (red colour in the strain
maps) correspond to ferrite. A small area of the deformed D2_W microgrid is presented in Figure
IV.25.b showing that the ferrite is more deformed than the austenite. Indeed, the initial microgrid
squares were changed into rectangle in the ferrite whereas they kept their initial shape in the auste-
nite.

Several SEM micrographs of the microgrids before and after deformation are also given in Appendix C
and confirm that the deformation is heterogeneously distributed in the different microstructures.

Figure 1V.25. lllustration of the heterogeneity of the deformation in the D2_W microstructure after
plane strain compression at 850°C and at a strain rate of 1s™; a) SEM pictures showing strongly
deformed areas and slightly distorted regions; b) SEM picture showing the strain partitioning be-
tween ferrite and austenite. The square in the austenite indicates a slight deformation in the auste-
nite whereas the rectangle shape in the ferrite emphasizes a significant deformation in the ferrite.
The compression axis is the vertical direction.
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« Out of plane displacement
Another deformation feature which could be observed is the step developed at some grain or inter-
phase boundaries, see Figure IV.26. This feature was presumably caused by the out-of-plane dis-
placement of the microgrid surface during deformation. A few comments about this deformation fea-
ture will be formulated in section IV.7.3.

Figure 1V.26. SEM micrograph of a deformed microgrid showing the out-of-plane displacement, the
arrows point out the regions the most affected by this phenomenon.

% Shear bands development
The strain maps highlight an additional deformation feature: the development of shear bands. Their
development seems to depend on the distribution of the austenite, see Figure IV.27.

D1 W

Figure IV.27. Strain maps superimposed with dotted lines which emphasize the development of
shear bands; a) map 1in D1_W; b) map 2 in D2_W.
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R/

% More severely strained regions
Finally, it has to be noticed that the more strained zones in the microstructures are almost always si-
tuated in the vicinity of the &/y interphase boundaries. Locally, the ratio gi{ /el fluctuates between 2

and 3, and in a few areas, this ratio can reach 5. These results are in agreement with the observa-
tions carried out on the edge part of the hot rolled material or close to the fracture in the DENT speci-
mens showing that damage always nucleates at the d/y interphase boundaries, see Figure 1.9.b and
Figure 111.15.

All these deformation features can be observed in the D1_W microstructure as well as in the D2_W
allowing a better understanding of the mechanisms involved in the high temperature deformation of
duplex stainless steels. Nevertheless, these qualitative comments do not permit to establish accurate
comparisons between both grades. Therefore, additional analysis is needed involving a more quantita-
tive treatment of the strain partitioning in both microstructures.

IV.5.1.2.2 Quantitative analysis

Several options are available to provide quantitative results about the strain partitioning. An overview
of these options is given in this section. The results are presented for each grade keeping in mind that
two different regions were analyzed in the plane strain compression specimen providing two strain
maps: map1 and map2.

7

+ Average deformation per phase.
First of all, the average deformation per phase for both microstructures are computed, the results are
summarized in Table V.4 for the D1_W microstructure and in Table IV.5 for the D2_W microstructure.

D1_W <&, > <&y > <&, > <&y > <&, >
Map 1 -0.572 0.452 0.004 0.120 0.603
Overall
Map 2 -0.753 0.633 -0.013 0.120 0.809
Austent Map 1 -0.495+0.023 0.398+0.015 0.003 £0.006 0.097 £0.008 0.525
ustenite
/ Map 2 -0.662+0.025 0.589+0.010 -0.001+0.001 0.074 +£0.016  0.726
Eerrite Map 1 -0.642+0.001 0.495+0.002 0.004+0.003 0.147+0.001 0.673
errite
Map 2 -0.816+£0.002 0.661+0.002 -0.020+0.001 0.154 +£0.003 0.866

Table IV.4. Average logarithmic deformation per phase in the two strain maps determined in the
D1_W microstructure.

D2_W <&, > <&, > <&, > <&y > <&, >
Map 1 -0.540 0.463 0.177 0.077 0.619
Overall
Map 2 -0.520 0.457 -0.061 0.064 0.572
Austenit Map1 -0.434 +0.028 0.364£0.031 0.154+0.009 0.070+0.004  0.499
ustenite
/ Map2 -0.416+0.025 0.347+0.026 -0.031+0.007 0.070 +0.001 0.447
Fertite 5 Map1 -0.670+0.010 0.559+0.004 0.198+0.001 0.111+0.006 0.754
errite
Map2 -0.646+0.004 0.562+0.007 -0.094 +0.003 0.084+0.003 0.711

Table IV.5. Average logarithmic deformation per phase in the two strain maps determined in the
D2_W microstructure.
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A relevant parameter which allows quantifying the strain partitioning is the ratio between the average
deformation in the ferrite divided by the average deformation in the austenite, see Table IV.6. The
results show that in both microstructures, the ferrite accommodates more deformation compared to the
austenite. However, the strain contrast between ferrite and austenite is significantly larger in the D2_W
microstructure compared to the D1_W microstructure. In the D1_W microstructure, the ferrite can be
deformed around 30% more than the austenite whereas in the D2_W the ferrite can be strained up to
60% more than the austenite on average.

<gnrl > <en >/<el >
Map 1 0.603 1.28
D1W Map 2 0.809 1.20
Map 1 0.619 1.51
D2 W Map 2 0.572 1.60

Table IV.6. Calculation of the ratio between the average deformation in the ferrite over the average
deformation in the austenite, parameter that quantifies the strain partitioning between ferrite and
austenite in duplex stainless steels.

< Strain distribution functions
Another way to characterize the strain heterogeneity is to plot the strain distribution functions. In Fig-
ure 1V.28, the strain distribution functions of the ferrite and the overall strain distribution functions are
superimposed for the large strain values whatever the considered microstructure. It means that the the
most strained regions are always located in the ferrite. Focusing on low strain values, the strain distri-
bution functions of the austenite and the overall strain distribution function are superimposed confirm-
ing that the less distorted regions are in the austenite.

The difference between D2_W and D1_W in terms of strain partitioning is also pointed out. The peak
strain relative to each phase are closer in the D1_W microstructure compared to in D2_W microstruc-
ture, the arrows in grey in Figure V.28 emphasize this idea.
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Figure IV.28. Strain distribution functions relative to the volume fraction of phase; D1_W micro-
structure: a) map 1 and ¢) map 2; D2_W microstructure: b) map 1; d) map 2.
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++» Cumulative deformation distribution functions

The cumulative deformation distribution functions normalized by the volume fraction are deduced from
the strain distribution functions by integration, see Figure 1V.29.

1 et 1 RGE
0.8 08
06 06
04 04
02 | —— Overall 02 | P K —— Overall
’ —O0— y-austenite ' A —O— y-austenite
i Bferrite r seebeee- §ferrite
0 . . . 0 . .
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1 1.4 1.6 1.
Eeq
a)
1
0.8
06
04
0z Z —+— Overall —+— Overall
’ —O— y-austenite —O— y-austenite
s Sferrite et Sferrite
0 . . .
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1 1.4 1.6 1

Figure 1V.29. Strain cumulative distribution functions normalized by the volume fraction of phase;
D1_W microstructure: a) map 1 and ¢) map 2; ¢) D2_W microstructure: b) map 1 and d) map 2.

These cumulative deformation distribution functions allow estimating the ferrite and austenite contents
involved in the X% the most deformed. In Figure 1V.30, an example is given to illustrate the method
that permits to estimate graphically the ferrite and austenite contents in the 20% the more deformed of
the considered material.

0.93
% the most deformed
0.8 B R EEEE
g %}/Iola[e - 0'93(%7/a/a1e) _ %ytotule(l - 093) =192,
0.64«—— 0.20 0.20
04 r
Y08 e = 0-648, 1) _ %08,u(1-064) _ ¢
02 | Overall ] 0.20 0.20
——— y-austenite
S-ferrite
0

Figure IV.30. lllustration of the method to estimate graphically the ferrite and austenite contents in
the X% the more deformed of the material.
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Analyzing the strain cumulative distribution functions as indicated in Figure IV.30 allows estimating the
ferrite content involved in the X% the most deformed with X = 1, 5, 10, 15, 20, 25 and 30%. The re-
sults are given in Table IV.7 and confirm that the regions the more strained consist essentially of fer-
rite.

X% the more strained 1% 5% 10% 15% 20% 25% 30%
D1 W Map1 90+1 861 82+1 811 781 76+1 83z%1
945 - Map2 100+1 88+1 89+1 861 85+1 85+1 83+1
Map1 90+1 89+1 871 851 81+1 781 75z%1

D2 W

Map2 90+1 981 95+1 921 901 88+1 85z%1

Table IV.7. Ferrite content (%0) in the areas the more deformed in both D1_W and D2_W micro-
structures.

The strain maps provide qualitative information about the mechanisms involved in the high tempera-
ture deformation of duplex stainless steels. Nevertheless, it is difficult to compare the two investigated
grades with only spatial information. Additional quantitative characterizations are therefore necessary
to discriminate both microstructures.

IV.5.2 Discussion

The results presented in section IV.5.1 give a relatively good overview of the mechanisms involved in
the high temperature deformation of duplex steels, however, a few points require discussion in more
details. The discussions are conveyed in the form of questions/answers.

1IV.5.2.1 What is the origin of the difference between D2_W and D1_W in
terms of strain partitioning?

IV.5.2.1.1 Question

The results clearly demonstrate that the strain partitioning contrast between ferrite and austenite is
smaller in the D1_W microstructure compared to the D2_W microstructure. Naturally, the question is
to determine the origin of this difference.

IV.5.2.1.2 Answer

It could also be interesting to compare the D1_W austenite with the D2_W austenite and the D1_W
ferrite with the D2_W ferrite. Such comparisons require normalizing the average deformation per
phase by the overall strain in the region of interest as shown in Table IV.8.

<g Zq >/ g:qvera// < gi >/ g:qvera//
Map 1 0.87 1.12
D1_W Map 2 0.89 1.08
Average 0.88 1.10
Map 1 0.80 1.22
D2_ W Map 2 0.78 1.24
Average 0.79 1.23

Table IV.8. Normalization of the average deformation per phase by the overall strain in the region
of interest for both D1_W and D2_W microstructures.
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After the normalization step, the purpose is to compare the phase behaviour in both microstructures.
One solution is to calculate the ratios indicated by eq IV-10 and eq IV-11. The results are given in
Table IV.9.

14 overall
(< g, >y, )DI_W

overall

) eq IV-10
eq D2_W

(<e? >/

5 overall
(< Eo > 10, )DI_W

eq IV-11

overall

)
(< & >0 )szw

14 overal/) ( 5 overal/)
(< £y >/Eeq o <& >/Eeq ot
¥ overall ) ( o overall )
(< &l >y by <&, >lEy by
1.1 0.89

Table IV.9. Comparison between the austenite and the ferrite in both investigated grades.

In other words, the values of the ratios calculated with eq IV-10 and eq IV-11 demonstrates that on the
one hand the D1 austenite deforms more than the D2 austenite (about 11% more), and on the other
hand the D1 ferrite strains less than the D2 ferrite (about 11% less).

Two mechanisms can be responsible for the change of rheology of a phase. A phase can be streng-
thened (i) by precipitation or (ii) reinforced by solute strengthening. Through this work, TEM observa-
tions have never shown any precipitates which could explain the strengthening of a phase. In addition,
in the literature, there is not any reference which reports the existence of an hardening precipitation at
high temperature. Figure 1V.31 shows illustrations of the solute strengthening effect of various ele-
ments on the ferrite of low-alloyed steels (Figure 1V.31.a) and on the austenitic stainless steels (Figure
IVV.31) at room temperature. Here, the situation involves high temperatures. As a consequence precau-
tions must be taken when the results of Figure IV.31 are used to analyze high temperature behaviour.
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Figure 1V.31. Influence of alloying content on the yield stress of a) ferrite and b) austenitic stainless
steel at room temperature.
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The difference in term of rheology contrast between ferrite and austenite at high temperature in the
alloy D1 compared to that of the D2 alloy is attributed to a solute strengthening effect. Therefore, a
particular attention has to be paid to the chemical composition of both alloys D1 and D2 in order to
identify which are the elements that could be responsible for the solute strengthening effect of ferrite or
austenite.

Chemical composition differences between D1 and D2 mainly exist in terms of Ni, Mo, and Mn con-
tents. However, only some of them are known to have a strong solute strengthening effect. Ni and Mn
are elements that do not exhibit a strong solute strengthening effect, as a consequence they are not
considered. On the contrary, Mo is well-known to harden austenitic stainless steels as well as ferritic
stainless steels at high temperature. The element partitioning phenomenon makes the problem more
complicated because additionally to its solute strengthening effect, Mo dissolves preferentially in the
ferrite phase compared to the austenite, see Table 1V.10. As Mo is a strong ferrite stabilizer, it could
be possible that the solute strengthening effect is higher in the ferrite than in the austenite.

%Cr %Ni %Mn %Mo

D1 W 0 26.00 3.80 1.74 4.15
- Y 21.61 7.11 2.10 2.42
D2 W 0 25.49 2.01 2.81 1.32
- y 21.00 3.44 3.16 0.73

Table IV.10. lllustration of the element partitioning between ferrite and austenite in both alloys D1
and D2; the chemical compositions were determined by micro-probe analysis.

In D2 alloy, as the Mo content is very low about 1%, the rheology of the ferritic phase is critical for the
duplex hot workability due to a flow stress significantly lower than that of the austenitic phase in the
temperature range effective during the hot rolling process. On the contrary, in the alloy D1, the content
of Mo is three times higher than in the alloy D2, about 3%. Consequently, the flow stress of the ferritic
phase of the alloy D1 is significantly higher than the flow stress of the ferritic phase of the alloy D2 and
thereby the flow stress differential between ferrite and austenite is reduced. Figure 1V.32 summarizes
the described situation.

D2 D1 Ideal alloy

Os — Tttt

- Hot workability =+

Figure IV.32. Schematic illustration of the effect of flow stress differential between ferrite and aus-
tenite on the hot workability.
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1V.5.2.2 Why is the overall strain different from the macroscopic strain?
IvV.5.2.2.1 Question

The second question that arises from the results is the difference between the overall strain (that is to
say the average strain over the analyzed domain) and the macroscopic applied strain, see Table IV.8.
How can we account for this difference?

gézacro < geoqverall >
51 W Map 1 0.391 0.603
- Map 2 0.809
52 W Map 1 0.388 0.619
- Map 2 0.572

Table IV.11. Differences between the applied macroscopic strain and the overall strain measured
over the analyzed fields in both D1_W and D2_W microstructures.

IvV.5.2.2.2 Answer

+ Back to the literature

Although the mechanics of the plane strain compression test appears rather simple, the material de-
forms inhomogeneously, the details depending upon external parameters such as the quality of tool
lubrication and the material deformation characteristics themselves. Up to recently and the paper pub-
lished by Loveday et al. [127], there was no standard for carrying out plane strain compression tests.
Mirza et al. [130, 131] wrote a series of papers in an effort to show how parameters such as material
type, specimen geometry (4, and b, in Figure 1V.13.a), strain rate, and friction affect the macroscopic
deformation behaviour. Mirza et al. [130, 131] used extensive finite element modeling to simulate the
plane strain compression test. Two-dimensional models were adopted to reproduce hot compression
of 316L-austenitic stainless steel and aluminium and a heterogeneous strain field was observed. Fig-
ure IV.33 shows this heterogeneity of strain, strain rate and temperature on one half of the deformed
sample (the other half deforms symmetrically). It was also shown that the heterogeneity of deformation
is affected by initial geometry of the specimen but is independent of the type of material and strain
rate. In this scenario, it is essential to validate experimentally the local values of strain obtained
through finite elements modeling.
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Figure IV.33. Finite elements predictions of given parameters at nominal equivalent strain of 1 for
frictionless deformation of a 316L-austenitic stainless steel specimen with 4, =10 mm, ¢= 10s™
and T=1000°C; a) equivalent strain; b) equivalent strain rate; c) temperature distributions [130].
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In order to investigate this aspect for aluminium, Beynon [132] used engraved grids laid on the centre
plane of the specimen which had been previously cut along the centre plane itself. After the grid was
engraved, the specimen was assembled again using two bolts. The samples were then compressed at
300°C and subsequently opened up in order to observe the deformed grid, see Figure IV.34.a. As a
result of this work, Beynon confirmed that the strain distribution is not homogeneous, see Figure
IV.34.b which shows a contour plot of the equivalent strain obtained from the grid analysis after defor-

mation.

miefmlsl |

1 0z 03 04 05 06 10

Strain: 0

b)

Figure 1V.34. Investigation of the strain heterogeneity during plane strain compression test with the
engraved grid technique, nominal strain = 0.33 and w/h, = 2; a) engraved grid before and after de-
formation; b) average equivalent strain distribution [132].
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More recently Boldetti et al. [125] have reported new results on aluminum using a similar method.
Figure IV.35.a shows a comparison between finite element simulations and experimental contour plots
of the three components of the logarithmic plastic strain. The comparison in Figure IV.35.a has been
obtained by considering a model with no misalignment of the tools during the test. In fact, as mis-
alignment is common in a compression test, the same analysis was done in the case where an offset
of about 1mm was measured between the tools and the results shown in Figure IV.35.b demonstrate a
very good match between numerical and experimental plots.

Finite Element E Experimental

a)

Finite Element

ened tool
b)

Figure IV.35. Numerical (left) and experimental (right) contour plots of the components of the loga-
rithmic plastic strain; a) numerical values were obtained assuming perfect alignment between tools;
b) results obtained considering a misalignment of 1mm between tools [125].
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R/

+ Additional proof

Results about the strain heterogeneity in plane strain compression have been briefly reviewed. Litera-
ture data are completed by the results of this work. For example, the D1_W;; specimen was macros-
copically deformed to an equivalent strain of 0.391 and two regions located in different areas in the
centre plane of the specimen were analyzed in terms of strain distribution. The overall strain measured
over each region was different: 0.603 in the map 1 and 0.809 in the map 2. This difference can be
attributed to the macroscopic strain heterogeneity. Indeed, as the areas where the strain is mapped
are relatively small (500x500um), the overall strain depend strongly on the location of the region of
interest in the centre plane of the specimen. Larger areas have to be analyzed so that the overall
strain matches with the applied macroscopic strain.

IV.5.3 Conclusions

X3

*

The modified microgrid method was successfully applied to two different duplex stainless
steels providing the strain maps corresponding to both grades.

% The results showed that the D2 alloy is more affected by strain partitioning compared to the al-
loy D1.

% The austenite of the alloy D1 deforms more than the austenite of the alloy D2 whereas the fer-
rite of the alloy D1 strains less than the ferrite of the D2 alloy. This dual effect is a credible ex-
planation of the difference of strain partitioning between the two investigated grades.

% The dispersion of the results, i.e. the differences between the results obtained from one sam-
ple, can be attributed to the macroscopic strain localization.

% The phase rheology depends strongly on the chemical composition, in particular on the streng-
thening effect of element such as Mo.

IV.6 Factors potentially impacting strain localization

As many results were obtained from the D1 grade, it has been decided to focus on this alloy in order to
study the influence of various factors which could potentially impact the strain partitioning in duplex
stainless steel. As some experiments have been carried out successfully at 850°C and 950°C, the
influence of the temperature can be also discussed. In the previous chapter a particular attention has
been paid to generate model microstructures: equiaxed or Widmanstatten. These results are used to
investigate the influence of the phase morphology on the strain partitioning at a given temperature.

IV.6.1 Influence of the temperature
1IvV.6.1.1 Equiaxed morphology

IvV.6.1.1.1 Macroscopic stress strain curves
D1 specimens with an equiaxed morphology (D1_E) were deformed at 1s™ up to a reduction of 20% at
two different temperatures, 850°C or 950°C.
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The macroscopic equivalent stress strain curves are presented in Figure 1V.36. The flow stress curves
show a typical shape with a plastic regime which can be divided into two parts. The first one is the
work-hardening stage and during this stage the flow stress increases when increasing the strain.
Then, there is the steady state stage; it means that after a critical value of the strain, the flow stress

saturates.
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Figure 1V.36. Comparison between the macroscopic equivalent stress strain curves of the
equiaxed morphology obtained under plane strain compression at 1s™" and different temperatures:
T =850°C and 950°C up to a reduction of 20%.

Considering the strength levels summarized in Table IV.12 as well as observing the stress strain
curves, the material at 950°C deforms plastically much more easily than at 850°C.

T(OC) Sample 8 (8-1) GO (Mpa) Usteady state (Mpa)
850°C D1_E B 1 175 300
950°C D1_E A 1 120 195

Table IV.12. Summary of the plane strain compression experimental conditions and typical stress
values for the equiaxed morphology at T = 850°C and 950°C.

IV.6.1.1.2 Strain maps
The equivalent strain maps of the equiaxed morphology obtained at 850 and 950°C, are shown in

Figure IV.37.a and Figure IV.37.b, respectively. In each plane strain compression specimen, only one
strain map is plotted even if several were determined. This choice was made to be as clear as possi-
ble in the discussion.

The strain map observations lead to the same conclusions as before, i.e.:

« deformation is heterogeneously distributed,;

deformation is accommodated more by the ferrite;

the most deformed regions are always located close to the interphase boundaries and as a
consequence, locally the strain incompatibility between the austenite and the ferrite is huge;

% the development of a few shear bands is clearly visible.

-,

o,
0‘0

KD
°e

However, the effect of an increase of the temperature can hardly be determined by qualitative obser-
vation of the strain maps, hence, a quantitative analysis is needed.
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Figure IV.37. Equivalent strain distribution maps of the equiaxed morphology: D1_E at T = 850 and
950°C for a 20% macroscopic thickness reduction; a) strain map at T = 850°C; b) strain map at T =
950°C. The equivalent strain map is superimposed with the undeformed microstructure to clearly
present where in the microstructure the strains are distributed. The loading direction corresponds to
the vertical axis.
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IV.6.1.1.3 Average deformation per phase

The average strains per phase for the equiaxed morphology are calculated at 850°C as well as at
950°C. The results are summarized in Table 1V.13. Computing the average strain per phase in each
strain map constitutes another way to look at the strain distribution. Although the spatial distribution
effect is lost, it allows quantifying the data. The results demonstrate that the ferrite is always more
deformed than the austenite whatever the temperature.

D1_E <&, > <&, > <&, > <&y > <&, >
Overall T=850°C -0.467 0.397 -0.063 0.070 0.509
T=950°C -0.402 0.342 -0.029 0.060 0.435
Austenite 7 T=850°C -0.404+0.017 0.339+0.013 -0.053+0.004 0.066+0.004  0.438
T=950°C -0.337+0.028 0.269+0.029 -0.022+0.004 0.069 +0.001 0.357
) T=850°C -0.530+0.002 0.449+0.005 -0.072+0.001 0.081+0.003 0.577
Ferrte 9 T=950°C -0.463+0.014 0.402+0.009 -0.035+0.002 0.062+0.006 0.505

Table IV.13. Average logarithmic deformation per phase in the equiaxed morphology: D1_E at T =
850°C and 950°C.

As the overall strain on the analyzed areas is different at 850°C and 950°C, it is not possible to com-
pare the values of the average strain per phase obtained at the two different temperatures. Neverthe-
less, it is possible to compute the results at 850°C and at 950°C by analyzing the ratio between the
average strain in the ferrite over the average strain in the austenite, and get rid of the difference in the
overall strain. The results in Table 1V.14 reveal that the strain partitioning contrast is a little bit larger at
950°C compared to that at 850°C.

D1_E <errs <l >/<el >
T =850°C 0.509 1.32
T =950°C 0.435 1.41

Table IV.14. Calculation of the ratio between the average deformation in the ferrite over the aver-
age deformation in the austenite for the equiaxed morphology at T = 850 and 950°C.

IV.6.1.1.4 Strain distribution functions

The strain distribution functions plotted in Figure 1V.38 constitute an additional proof of the hetero-
geneity of the strain field. For low strain values, the austenite strain distribution function and the overall
strain distribution function coincide confirming that the less deformed areas are in the austenite. For
large strain values, the ferrite strain distribution function and the overall strain distribution function
coincide showing that the most deformed regions involve ferrite.
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Figure IV.38. Strain distribution functions relative to the volume fraction of phase for the equiaxed
morphology: D1_E. a) D1_E, T =850°C. b) D1_E, T = 950°C.

The effect of temperature is also difficult to quantify. Nevertheless, considering the extreme right part
of the ferrite strain distribution functions, it seems that the densities are higher for the largest values of
strain at 950°C compared to at 850°C. This last comment is well-justified by quantifying the ferrite
content in the most deformed regions, see Table 1V.15.

X% the more strained 1% 5% 10% 15% 20% 25% 30%
T=850°C 90+1 84+1 79+1 77+1 77+1 75+1 731
D1 E % 0
T=950°C 100+1 92+1 91+1 86+1 85+1 82+1 78+1

Table IV.15. Ferrite content (%60) in the areas the more deformed in the microstructure with an
equiaxed morphology at T = 850°C and T = 950°C.
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1IV.6.1.2 Widmanstatten morphology

The influence of the temperature has been studied for the Widmanstétten morphology, using exactly
the same procedure as for the equiaxed morphology.

IV.6.1.2.1 Macroscopic stress strain curves

D1 specimens showing a Widmanstétten morphology (D1_W) were deformed at 1s™" up to a reduction
of 20% at two different temperatures, 850°C or 950°C. The macroscopic equivalent stress strain
curves are presented in Figure 1V.39. Typical values of stress are summarized in Table IV.16.
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Figure IV.39. Comparison between the macroscopic equivalent stress strain curves of the Wid-
manstatten morphology obtained under plane strain compression at 1s™ and different tempera-
tures: T = 850°C and 950°C up to a reduction of 20%.

T(OC) Sample g (8_1) O-O (MPa) Usteadystate (MPa)
850°C D1_W ii 1 175 295
950°C D1_W iiii 1 120 205

Table IV.16. Summary of the plane strain compression experimental conditions and typical stress
values for the Widmanstétten morphology at T = 850°C and 950°C.

IV.6.1.2.2 Strain maps

The equivalent strain maps of the Widmanstétten morphology obtained at 850 and 950°C, are shown
in Figure 1V.40.a Figure IV.40.b respectively. In the strain map D1_W at 950°C (Figure 1V.40.b), it is
difficult to recognize the austenite laths. Indeed, in the region of interest, the laths were cut along their
section and not along their length as in the strain map of D1_W at 850°C (Figure 1V.39.a).
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Figure 1V.40. Equivalent strain distribution maps of the Widmanstatten morphology: D1_W at T = 850
and 950°C; a) strain map at T = 850°C; b) strain map at T = 950°C. The equivalent strain map is supe-
rimposed with the undeformed microstructure to clearly present where in the microstructure the strains
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are distributed. The loading direction corresponds to the vertical axis.
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IV.6.1.2.3 Average deformation per phase

The average deformations per phase were computed and the results are presented in Table IV.17. As
the overall strain in the regions of interest are identical: about 0.49 at 850°C and 950°C, the average
strain per phase can be directly compared. At 950°C, the austenite is less deformed compared to at
850°C. On the contrary the ferrite deforms more at 950°C than at 850°C. In addition, the index that
quantifies the strain partitioning allows demonstrating that a 100°C-temperature increasing leads to an
increase of the strain partitioning contrast, see Table 1V.18.

D1_W <&, > <&y, > <&, > <&y > <&, >
T=2850°C -0.441 0.400 -0.045 0.041 0.490
Overall T=950°C -0.432 0.402 -0.069 0.030 0.489
_ T=850°C -0.387£0.015 0.360+0.012 -0.086 +0.013 0.027 £ 0.003 0.444
Austenite y T=950°C -0.381+0.029 0.350+0.026 -0.022 +0.014 0.031 £ 0.004 0.423
T=2850°C -0.480+0.001 0.426 +0.001 -0.014 +0.001 0.054 +0.001 0.526
Ferrite &

T=950°C -0.471+0.008 0.437 +0.003 -0.110 £ 0.004 0.034 +0.005 0.541

Table IV.17. Average logarithmic deformation per phase in the Widmanstétten morphology: D1_W
at T =850°C and 950°C.

D1_W <el>  <el >/<el >
T =850°C 0.490 1.18
T =950°C 0.489 1.28

Table 1V.18. Calculation of the ratio between the average deformation in the ferrite over the aver-
age deformation in the austenite for the Widmanstatten morphology at T = 850 and 950°C.

IV.6.1.2.4 Strain distribution functions

The macroscopic densities (black curves) reveal that the deformation is more heterogeneous at 850°C
than at 950°C. This difference is also obvious considering the strain distribution per phase for both
morphologies. Indeed, at 850°C the peak in the strain distribution function of the austenite is very
close to the peak of the strain distribution function of the ferrite, whereas at 950°C the peaks relative to
each phase are well-distinct. This effect is probably related to the orientation of the austenite laths
which can more or less impact the deformation of the softer phase and limit the development of the
shear bands.
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Figure IV.41. Strain distribution functions relative to the volume fraction of phase for the Wid-
manstéatten morphology: D1_W. a) D1_W, T =850°C. b) D1_W, T = 950°C.

X% the more strained 1% 5% 10% 15% 20% 25% 30%
T=850°C 94+1 98+1 93+1 91+1 86+1 83+1 80+1
T=950°C 76+1 87+1 87+1 87+1 86+1 83+1 80+1

D1 W % 0

Table IV.19. Ferrite content (%60) in the areas the more deformed in the microstructure with a
Widmanstatten morphology at T = 850°C and T = 950°C.

IvV.6.1.3 Conclusion

By analyzing in details the effect of a 100°C-temperature increase on the strain partitioning, it can be
concluded that the temperature impacts the strain localization. The ratio between the average strain in
the ferrite over the average strain in the austenite increases when the temperature rises from 850°C
up to 950°C. In others words, the contrast in rheology between ferrite and austenite rises when the
temperature increases.

IV.6.2 Influence of the phase morphology

Although the results obtained on both morphologies give similar trends regarding the strain hetero-
geneity, two differences can be discussed.

% Firstly, the development of shear bands seems to depend strongly on the distribution of the
austenite phase in the ferrite matrix. In other words, the equiaxed morphology would be more
favorable to the development of the shear bands than the Widmanstatten one, and conse-
quently the ferrite matrix would easily accommodate the strain. In the microstructure with
Widmanstatten morphology, the development of shear bands depends strongly on the orienta-
tion of the austenite lath compared with the loading direction.
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< Secondly, an additional deformation mechanism seems to be activated in the equiaxed mor-
phology: sliding at the interphase boundaries, see Figure IV.42. The microgrid pattern turns
out to be very useful to determine such a deformation mechanism. Sliding at the interphase
boundaries is frequently observed in the microstructure showing an equiaxed morphology
whereas it is very rare to see this mechanism when the austenite presents a Widmanstétten

morphology. These observations are in agreement with literature data since they confirm the
results published by Pinol-Juez et al. [12, 95]. The authors have shown that the activation of
sliding at the interphase boundaries depends on the nature of the interface. In the equiaxed
morphology, the interfaces are incoherent; consequently they are more able to slide. On the
contrary, in the Widmanstatten morphology as the 6/y interphase boundaries are related by a
Kurdjumov-Sachs orientation relationship, the interfaces are semi-coherent and the ability of
the interface to slide is suppressed.

b)

Figure 1V.42. lllustration at different magnifications and different locations of the &/y sliding me-
chanism occurring along the incoherent interface boundaries in the equiaxed microstructure.

All the results obtained for the strain partitioning index are summarized in Table 1V.20. To highlight a
possible influence of the phase morphology, the strain partitioning index relative to each morphology
has to be compared for a given temperature. Whatever the morphology, the strain partitioning tends to
increase when the austenite presents an equiaxed morphology in comparison with a Widmanstétten
austenite. This difference is attributed to an additional deformation mechanism: the sliding at the d/y
interfaces.

<enrl > <en >/<el >
_ DIE 0.509 1.32
T=850°C 4y 0.490 1.18
— DIE 0.435 T41
T=950C iy 0.489 1.28

Table 1V.20. Summary of the results of the strain partitioning index for both morphologies at T =
850°C and T = 950°C.
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IV.6.3 Conclusions
< In the temperature range 850-950°C, increasing the temperature tends to increase the strain
partitioning.

“ At a given temperature, the strain partitioning depends significantly on the distribution of the
austenite: orientation of the austenite laths or morphology.
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IV.7 Limits of the technique

Technical and conceptual limitations of the microgrid technique were found during the present investi-
gation, but could not be addressed due to time constraints. These different limitations of the microgrid
technique are discussed in this section.

IV.7.1 A time consuming technique

Although the modified microgrid method is very well-adapted at high temperature, this technique is
time consuming, see Table 1V.21. The time required to obtain a result on one insert depends signifi-
cantly on the time necessary to match the homologous points (grid intersections) between the de-
formed and the undeformed configurations. Indeed, most of the time, the initial satisfying grey level
contrast is affected by the temperature and the deformation. As a consequence the automatic match-
ing of the grid intersections cannot be used and only a manual matching which takes a lot of time (5h)
provides a result.

) . Time Success
Procedure Aims Equipment Place
needed rate
To generate model microstruc- SIMaP
Heat treatments 9 Furnace 1day 100%
tures (Grenoble)
Speci Toh dified pl trai SIMaP
pe0|.m.en o have r.no ifie .p ane strain Machining 4h 100% a
machining compression specimens (Grenoble)
Polishi T btai flat and d SIMaP
olshing 0 ovain a fiab and good b ishing wheels 1h 100% @
of insert quality surface (Grenoble)
T | th tenite ferrit SIMaP
Electro-etching c_) reveal fhe austentie ferrite DC Power Source 15min 90% @
microstructure (Grenoble)
Resin depositin Rotating stage
! P _I! 9 To process the microgrid ng 589 45min 100% LMS (Paris)
and polymerizing Furnace
Resin irradiating ~ To process the microgrid SEM 15min 80% LMS (Paris)
Microgrid
er:gra?/i:\g To process the microgrid DC Power Source 5min 40% LMS (Paris)
High-resolution To obtain picture in the unde-
"9 piet SEM 30min 100% LMS (Paris)
picture formed conditions
Insert-sample To embed the insert in the University of
mp _ TIG welding device 1h 100% thind
assembling work piece Sheffield
To carry out the plane strain
Compression Y . . P . Thermo-mechanical University of
compression with the specified ) ) 2h 90% )
test - compression machine Sheffield
conditions
Microgrid To see the microgrid after Crosscut saw 1h 90% SIMaP
extraction deformation Polishing wheels (Grenoble)
High-resolution To obtain picture in the de-
"9 pIc SEM 30min 100% LMS (Paris)
picture formed conditions
Analysis To measure and map the CorrelManuV SIMaP
6h 90%
of results deformation software (Grenoble)
TOTAL = 40h

Table IV.21. Summary of the required equipment and estimation of the time needed to perform and
analyze a test with the modified microgrid technique.
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IV.7.2 Effect of sliding at the 6/y boundaries and consequence on
the strain calculation

Since the local strains forming the strain distributions are computed from the displacement of the mi-
crogrid intersections, when an interphase boundary crosses a grid square, it opens the possibility of
inaccurate estimations of the strains around the boundary. In some locations, the shear deformation at
the vicinity of interphase boundaries can be relaxed if sliding takes place at such boundaries, as
shown in Figure IV.43.a. However, if we look only at the positions of the grid intersections after defor-
mation (black dots in Figure 1V.43.b), it will be interpreted by the calculations as a shear strain higher
than the actual one (Figure IV.43.c).

d/y interphase boundary sliding was mainly observed in the deformed microgrids of the specimens
presenting an equiaxed austenite. The extent of the sliding varied from one boundary to another, and
did not seem to have a direct relation with geometrical factors such as the length and shape of the
boundaries. It could change from one place to another along the same boundary, possibly due to the
interaction among grains/phases which varies the constraint at different places along the boundary. It
is considered that high strain values located at the interphase boundaries must be carefully analyzed,
especially in microstructures presenting an equiaxed austenite and which exhibit a high tendency to
interphase boundaries sliding. One solution consists in comparing the strain maps with the deformed
microstructure in order to find out if sliding has not occurred at the interphase boundaries, and confirm
that they are genuine heavily deformed locations.

Grain boundary Grain boundary

c)

Figure IV.43. a) SEM micrograph and b) schematic of sliding at a d/y interphase boundary; and c)
shear deformation as interpreted by the strain calculation method, which only takes into account
the four corners of each microgrid square.

IvV.7.3 A 2-dimensional measurement

Regardless, this method provides only an estimation of the true deformation through a two-
dimensional measurement of the strain fields. The 2-dimensional estimation of the strain can be insuf-
ficient in some situations. As a consequence, the question of the out-of-plane displacement must be
discussed.

The microgrids were engraved on free surfaces but they were restrained by the tight contact against
the flat surface of another sample made of the same material as the microgrid sample (Figure 1V.14).
Evidence of good restraint was provided by the impression of the microgrid on the surface of the pol-
ished plate sample faced to the microgrid sample. However, the SEM micrographs of the deformed
microgrids revealed the occurrence of out-of-plane displacement at some locations (see examples in
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Figure 1V.25, Figure IV.26 and in Appendix C). In the present investigation, the out-of-plane strain was
estimated using the isochoric assumption (no volume variation). In most cases, as the out-of-plane
strain component is insignificant compared to the in plane strain components, this method seems rela-
tively justified.

Several authors have attempted to provide an estimation of the out-of-plane displacement.

Soppa et al. [133] compared the strain distributions measured by the microgrid method in an
Ag/Ni(57%)-particulate composite taking or not into account the out-of-plane displacement. The out-of-
plane displacement was measured on a sample deformed at 8.6% under uniaxial compression at
room temperature by atomic force microscopy. The authors found that the discrepancies between the
two strain distributions were so small, that the corrections could be neglected, at least for the testing
conditions used.

Hernandez-Castillo et al. [50] has measured at the surface of some deformed microgrid samples the
out-of-plane displacement with a laser scanning confocal microscope. Figure IV.44.a and Figure
IV.44.b show an example of an optical micrograph and the corresponding topological image, of a small
area from a deformed microgrid of a laboratory duplex steel sample. Height profiles corresponding to
the vertical and horizontal lines in Figure IV.44.b were plotted in order to quantify out-of-plane dis-
placement. Some enhanced local out-of-plane displacement was observed, see Figure IV.44.c and
Figure 1V.44.d. However, the authors concluded that the displacements were such that they would not
result in significantly different strain values.
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Figure IV.44. a) Optical micrograph of a small area (125x125um) from a deformed microgrid on a
laboratory duplex steel sample; b) grey scale topological image of the same area in a); ¢) and d)
height profiles of the vertical and horizontal lines in b), respectively. The thinner and thicker lines in
c¢) and d) correspond to the original profiles and their smoothed versions respectively.
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IV.7.4 Limitations due to experimental conditions

The temperature range of the industrial hot rolling process is between 1000 and 1280°C and the strain
rate range is between 1-100s™. That is why a few microgrid experiments have been performed at a
temperature of 1050°C and a strain rate of 10s™. These experimental conditions turned out to be so
constraining that no satisfying results could be obtained. It was extremely difficult or impossible to
extract the deformed microgrids from the plane strain compression specimen. Indeed, the two inserts
were welded together by diffusion. Even when it was possible to separate the two inserts, the de-
formed microgrids were strongly damaged or not clearly visible as shown in Figure IV.45. It means that
using the microgrids technique above 1000°C requires additional experimental developments.

Mag= 800X Detector = SE1
EHT = 20.00 kV Date :15 Jul 2010

Figure IV.45. SEM micrograph showing the deformed microgrids after plane strain compression at
1050°C and 10s™.
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IV.8 Perspective: derivation of per-phase flow properties

1V.8.1 Introduction

The published literature indicates that the accommodation of macroscopic deformation of DSS de-
pends on the plastic characteristics of both phases [25, 29, 48] and the interface [9, 12, 95], as well as
the morphology of the two phases [11]. The results of this work confirm and complete the published
results. However, lack of accurate information of flow properties of individual phases makes it chal-
lenging to clearly understand the damage mechanisms taking place at the interface. As a conse-
quence, deformation models should be developed based on the microstructures analyzed experimen-
tally by the microgrid technique in order to determine the flow properties of the individual phase. This
modelling effort is currently undertaken by co-workers: Sampath Kumar-Yerra et al. [134, 135] at the
University of Louvain-la-Neuve in Belgium. The objective of this section is to briefly present the strat-
egy used to derive the flow properties of the individual phases, and to give some results based on one
example. The purpose is to show that this strategy allows a systematic approach to determine the
contrast in terms of plastic properties between both phases. The finite element (FE) analysis has been
used to study the macroscopic mechanical behaviour of DSS in rolling process and in hot plane strain
compression [16, 125]. In this work, the technique is used to compute the flow properties of the indi-
vidual phases. The adopted approach mainly relies on reproducing through FE modeling the experi-
mentally determined micro-scale strain distribution in the two phases of a DSS sample subjected to
hot plane strain compression test. Two levels of information can be extracted from the microgrid expe-
riments: average strain per phase and strain maps showing complete strain distribution i.e., with in-
formation of the strain tensor at every microgrid intersection.

IV.8.2 Microstructure modelling

The principle involved in the modeling strategy is schematically shown in Figure IV.46. The various
aspects of it are explained and illustrated with an example below. The chosen duplex stainless steel
sample is the D2 alloy with a Widmanstatten morphology. This sample was deformed at 850°C and 1s’
! applying a 30% thickness reduction.

i=1
Image Processing » Make next guess |«
(MATLAB) » for parameter P;
Mesh Discretisation Simulation of
(GMSH) mechanical test
l (ABAQUS)
Propose two guesses
per each flow
parameter P;

Is Residual
l decreasing?
64 simulations of No

mechanical test
(ABAQUS)

|

Extract Strains and
choose optimal guess
for all P; corresponding
to the least Residual

Yes

DONE!

Figure 1V.46. Schematic of the modelling strategy for identification of the phase properties.
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The derivation of flow properties consists of four steps: (i) image processing of a SEM micrograph; (ii)
discretization of the representative microstructure; (iii) simulating the experimental hot plane strain
compression test; and (iiii) iteratively tuning the parameters describing the constitutive behaviour of
individual phases in the FE model until a good agreement is found between the experimental and si-
mulated strain distribution.

1Iv.8.2.1 Image processing of the SEM micrograph

A high-resolution SEM micrograph of the undeformed sample (for instance, see Figure 1V.47.a), taken
prior to testing the specimen is first chosen and subjected to the image processing in MATLAB [136],
see Figure IV.47.b. Black and white images of high contrast are desirable for this procedure so that
the two phases are clearly distinguishable. In the shown example, white colour represents ferrite and
black colour represents austenite. The image analysis algorithm reads the grey value of each pixel of
the micrograph, stores its coordinates, and computes the profile of the entire image, see Figure
IV.47.c.

QU‘

c) d)
Figure 1V.47. lllustration of the microstructure modelling using sample D2_W, map2; a) SEM mi-
crograph of undeformed sample; b) micrograph after image processing in MATLAB [136] (black =
austenite, white = ferrite); c) geometric profile (green boundary lines computed by image analysis
algorithm; d) FE mesh, as discretized by GSMH [137].
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1V.8.2.2 Discretization of the microstructure

The geometric profile of the microstructure that results from the image analysis algorithm is then input
into GMSH [137], a 2D/3D mesh generator, which discretizes it into a finite element mesh, see Figure
IV.47.d. In this example, about 32000 first-order triangular elements (element type: CPE3) are gener-
ated during mesh discretization. The volume fractions of austenite and ferrite in this example are found
to be 52% and 48% respectively.

1vV.8.2.3 Optimization of flow properties

The constitutive behaviour of the two phases is described using rate-independent Kocks-Mecking
hardening law:

‘90 -pe
0=00+E(1—e ) eq IV-12

where gy is the yield stress, 6, (in MPa) and £ are parameters that describe the rate of hardening. The
effects of strain rate and temperature are not considered in the constitutive law at this stage. Hence
the objective now is to optimize six parameters (7,07, ', ol, 67, ﬁ"s) i.e., 3 per phase. The optimi-

zation is then carried out in 6 steps, each step is described in details.

» Step1.
As a starting point to have a first guess of phase properties, the parameters of Kocks-Mecking harden-
ing law for the overall composite material are first identified based on the response of the hot plane
strain compression test. These are determined by fitting the measured true stress — true strain curve
using non-linear least square fitting procedure. A very good fit, with a regression coefficient as high as
0.97, is used in the subsequent analysis, see Figure IV.48.

400 . .
D2 alloy, Widmanstatten morphology
(850°C, 30% reduction, 1s-")
300 © =
L)
C 200 L 1
(MPa)
Fitted Curve: o'm0= 155.8, 9'“0: 1626.5, "= 17.8
® Experimental data
100 | 1
D 1 I
0 0.1 0.2 0.3 0.4

Figure 1V.48. Macroscopic equivalent true stress-strain curve of D2 alloy presenting a Widmanstat-
ten morphology measured during plane strain compression test at 850°C and 1s™". Thick curve is
the fit to Kocks-Mecking hardening law, see eq IV-12. The superscript ‘m’ means macroscopic.
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The macroscopic flow properties are denoted ass",4,", and " and their corresponding numerical

values obtained via the non-linear least square fitting procedure are given in Table IV.22. The elastic
modulus is estimated from the slope of the tangent drawn at 0.2% strain on the flow curve. This value
is approximated as 70 GPa and the Poisson’s ratio is taken as 0.3.

o) (MPa) 6, (MPa) B

155.8 1626.5 17.8

Table 1V.22. Numerical values for the three parameters of the Kocks-Mecking hardening law de-
scribing the macroscopic flow properties of the specimen D2_W deformed at 850°C; ;' macro-

scopic yield stress, ;" and /)’m are parameters that describe the macroscopic rate of hardening.

» Step2.
Using the macroscopic flow properties, now for each phase, two initial guesses for every flow parame-
ter are considered such that a mismatch of 20%-50%, as anticipated from the literature, is maintained
between the flow parameters of the two phases, see Table IV.23.

ol =110, 1.20 r=1.16)", 1.26) "=1.18", 1.28"
0 0 0 0 0 0

ol =0.8a), 090 07 =0.96,, 0.80 B =0.98" 0.88"

Table 1V.23. Initial guesses for every flow parameter.

The elastic properties of both phases are considered the same as that of the macroscopic material.

» Step3.

A two-dimensional FE simulation of the plane strain compression-test is performed in
Abaqus/Standard that uses implicit-integration scheme [138] choosing the first of the above 64 combi-
nations of the flow parameters for the two phases. As mentioned in the previous section, it was difficult
to achieve truly plane strain deformation conditions in the experiments. It is also clear from Figure
IV.49.a that the observed shear strains are quite significant. In order to closely reproduce the experi-
mental conditions, the displacements observed along the four edges of each micrograph are imposed
in the finite element analysis. Many points are considered along each edge in order to capture the
local strain fields with sufficient accuracy. Furthermore, to overcome numerical singularities and also
to improve the rate of convergence in FE analyses, the displacement profile on these edges is slightly
smoothened in highly distorted regions along the edges.
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Figure IV.49. Equivalent strain distribution; a) experimental; b) computed by FE model for the best
solution. The displacement profile on the edges is in good agreement with the experimental.
Clearly, the strain localization is more in ferrite than in austenite. The compression is applied verti-
cally.

155
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The computation time per simulation is typically observed as 6min in general. At the end of the simula-
tion, the following Residual, R, is computed:

— —y.mod \? =5 —5,mod \? . \ d )
R — W(EU}./’CXP _gij%/,mo ) +W(€i]- ,exp _gij ,mo ) +W(6;j;/,cxp _ (c’;iy,mo ) +

N 2 2
W(\gﬁ,exp _ ‘gjo,mod) + Z (O_m,exp _ O_m,mod)

i

eq IV-13

where indices i,j = 1,2; exp denotes experimental and mod denotes model and W is a weight factor
equal to 1000 in this procedure introduced in order to make all the terms in the Residual comparable.

All strain measures used in eq 1V-13 are logarithmic. EU denotes average strain components. In FE

analysis for a given phase, these are computed by volume-averaging scheme:

K
k. k
D&Y
— k=1
&=k eq IV-14
2V
k=1

where V' is the volume of an element & in the FE mesh. K denotes total number of finite elements in

the given phase. ‘gj denotes the spread or dispersion in the strain components and is calculated as:

eq IV-15

 mod

"’ and ¢ respectively denote the experimental and simulated macroscopic stress. The latter is

computed by volume-averaging of the Von Mises equivalent stress:

K

k |k
2.0

m,mod __ k=]

o K ’ eq IV-16
k=

2V

1
where ¢! is the von Mises equivalent stress in an element k. K denotes the total number of finite

elements (of both phases) in FE mesh. The experimental macroscopic stress at a given strain is com-
puted using eq IV-12 and the Kocks-Mecking law parameters given in Table 1V.22. The last term in the
Residual is calculated by computing the difference between ¢ and ¢ at 8 points along the
curve.

» Step4.
The simulation of the mechanical test is conducted another 63 times, each time with one of the 64
combinations of flow parameters and the Residual is computed at the end of every simulation. The set
of parameters that yields the least Residual of all is chosen as the starting point for the subsequent
analyses. Figure 1V.50.a shows the plot of Residual for the 64 simulations.
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» Stepb.
Starting with the optimal starting point found above, a line search procedure is then carried. It involves
iterative minimisation of the Residual by tuning one flow parameter at a time with a predefined step in
the direction of descent. When Residual is no longer decreasing further for that parameter, the direc-
tion of descent for the next flow parameter is found and the tuning of it is continued. The procedure is
terminated when all parameters are considered for the optimization. The iteration at which Residual is
the least is considered as the optimal solution for the final step.

» Stepb.
To ensure the stability of the solution, the line search procedure is repeated one more time starting
with the optimal solution found in Step 5 but with a different ordering of the optimization of the flow
parameters. The evolution of Residual during line search procedure is shown in Figure IV.50.b. It is
clear that the Residual does not decrease significantly further assuring the uniqueness of the solution.
The iteration that yields the least Residual by the end of this last run is taken as the best solution.

2400 — i = 80 -

starting point
1800 | for 70
next step
= -
= s
T T
w 1200 w» 60 best solution
Q Q
4 14
start of last run
600 | 50
0 40 I
0 8 16 24 32 40 48 56 64 70 80 90 100
#simulation #simulation
a) b)

Figure IV.50. Evolution of the residual as a function of simulation number a) during the set of 64
simulations and b) during the line search procedure. The last run assures that the residual does not
decrease further. It is observed in general that the best solution is achieved within 100 simulations.

The simulated strain distribution for the best solution is shown in Figure 1V.49.b. The displacement
profile on the edges of the micrograph is very well reproduced. Like in experiments, the simulation also
shows that the strain localization is predominant in ferrite, see Figure 1V.49 and Figure IV.51.
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More quantitative prediction of strain partitioning is given in Figure IV.51. The comparison between
experimental and simulated average strain components is shown in Figure 1V.51.a, while the compari-
son of dispersion in strain components is shown in Figure 1V.51.b. It is clear from Figure IV.49 and
Figure 1V.51 that the strain partitioning computed by FE model is in quite good agreement with that of
the experiment. The best Kocks-Mecking flow properties for the two phases are given in Table IV.24.

o (MPa) 07 (MPa) Vit o (MPa) 62 (MPa) '3
187.0 1789.2.0 20.16 136.2 1301.2 15.52

Table 1V.24. Numerical values of the best Kocks-Mecking parameters for the two phases.

2 2
M aus_mod M aus_mod
aus_exp 7 | aus_exp
fer_exp [ fer_exp
15 . fer_mod | 15 | I fer_mod
g 1 P 5
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1" 22 12 11 22 12
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Figure IV.51. Comparison of experimental (denoted as exp) and finite element predictions (denoted
as mod); a) average strain per phase; b) dispersion for strain components 11, 22 and 12. The
strains and dispersions are expressed relative to the respective totals in the map. aus stands for
austenite, and fer stands for ferrite.

The yield stress of austenite is found to be at least 1.3 times the yield stress of ferrite. Figure 1V.52
compares the flow curves of the two phases with that of macroscopic material. The remarkable over-
lap of the experimental and simulated macroscopic flow curves comforts us in the belief that we have
found as the best possible solution. The degree of mismatch in the flow parameters of the two phases
clearly emphasizes the difference in rheological behaviour of the two phases. It can be inferred that
the strategy presented here is able to identify the phase properties quite well and indeed helps in un-
derstanding the strain partitioning in duplex stainless steels.
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Figure 1IV.52. Flow curves for the macroscopic material and the two phases. The measured data is
indicated by solid squares. The simulated macroscopic stress-strain curve is rather well in agree-
ment with the experimental one.
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IV.9 Conclusions
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The modified microgrid technique compared to the classical microgrid method, presents the
advantage to be applicable at high temperature.

The modified microgrid technique was successfully used to determine the high temperature
micro-scale strain distribution in duplex stainless steels.

The characteristics of the deformation mechanisms and partitioning in duplex stainless steels
have been determined. The most deformed zones are very often located in the vicinity of the
interface between ferrite and austenite and almost always on the ferrite side. The develop-
ment of shear bands and the possible sliding at the d/y interphase boundaries are also me-
chanisms involved in the deformation of duplex steels.

The level of strain partitioning seems to play a crucial role in the edge cracking phenomenon
and it was identified as a key factor to improve the hot workability of duplex stainless steels.

The strain incompatibility between ferrite and austenite is higher in the D2 alloy than in the D1
alloy. This difference was attributed to a difference in chemical elements such as Mo or N. In-
deed these two elements have a strong solute strengthening effect. Addition of different
amounts of Molybdenum or Nitrogen can change the rheology of the phases, and as a result,
change also the strain partitioning and the edge cracking resistance.

Increasing the temperature from 850°C to 950°C increases the strain partitioning between fer-
rite and austenite.

The geometric features of the austenite: orientation of the Widmanstétten laths or change in
morphology can affect strain localization.

The coupled experimental-numerical strategy developed in collaboration with colleagues from
the University of Louvain-la-Neuve in Belgium will permit a systematic approach to determine
the plastic properties of the individual phases.
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Chapter V. Conclusions and perspectives

Generally, duplex stainless steels exhibit a poor hot workability which results in the occurrence of
edge-cracks during the hot rolling processing of flat products. The immediate consequence of the poor
hot workability of duplex steels is a dramatic increase of the manufacturing costs because additional
operations like grinding or scraping are often required. Two different duplex grades were investigated:
D1 and D2. The first one, D1, was known to show a reasonable level of hot workability (edge crack
length does not exceed 5mm) whereas D2 is affected by 50mm-long edge-cracks. Both grades consti-
tute good examples to address hot workability issues such as the edge-cracking phenomenon.
Starting from a concrete industrial problem, subjacent scientific issues were identified through this
work. Thus, fundamentals aspects about the origin of the edge-cracking problem were addressed and
industrial recommendations were formulated.

The literature data about the hot working of duplex steels is very rich. In the literature review (Chapter
), all the factors affecting the hot workability of duplex stainless steels were summarized, and two
missing pieces of the “puzzle” to understand completely the hot workability of duplex steels were iden-
tified.

First of all, the lack of a method that quantifies properly the high temperature resistance to crack prop-
agation was pointed out as a key parameter to better understand the edge-cracking issue. Secondly,
although several authors have suggested the occurrence of strain partitioning between ferrite and
austenite in duplex steels, there was clearly a lack of quantitative data about the high temperature
micro-scale strain distribution. As a consequence, experimental developments were done to provide
quantitative information about high temperature strain partitioning between ferrite and austenite.

These two identified missing pieces of the duplex steels hot workability puzzle were discussed in
depth in chapter Il and IV, respectively. After having summarized the chapters describing the results
obtained throughout these investigations, we give a few recommendations in order to design a “better
microstructure”. Finally, as perspectives, several tasks are suggested to complement the work.
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V.1 Summary of the chapters Ill and IV

An overview of the results of this work is given. The main results from chapters Ill and IV are summa-
rized separately.

V.1.1 Chapter Il

The interest in using the essential work of fracture (EWF) concept as a reliable and discriminating tool
for quantifying the high temperature tearing resistance and to generate a physically relevant fracture
index to guide the optimization of microstructures towards successful forming operations has been
demonstrated. Before listing the main results of chapter Ill, we call that two duplex grades were inves-
tigated: D1 and D2, D1 showing a relatively good hot workability compared to D2.

v"In the as-cast conditions, D1 was two times more resistant to hot tearing than D2 at 1050°C.
The effect of temperature was also pointed out: the higher temperature in the 1000-1250°C
range, the better hot workability. However, the as-cast microstructures exhibit a high degree of
heterogeneity. The direct consequence of these heterogeneities was a significant dispersion
of the results that induced inaccurate results.

v' To improve the accuracy of the results and to investigate the influence of other parameters
(phase morphology, inclusion content...), model microstructures were required. Proper control
of the 6 — y phase transformation mechanisms allowed the generation of a variety of micro-
structures with different phase morphologies. By controlling temperature, duration of annealing
sequences and cooling rate, alloys with a desired phase proportion, and desired size and
shape of the microstructural constituents were produced.

v" The EWF applied to model microstructures confirmed that D1 was two times more resistant to
hot tearing than D2 and the accuracy of the results were significantly improved. It was sug-
gested that this difference was probably related to a higher mismatch of the plastic properties
of the two phases in D2 when comparing with D1. This assumption was checked and dis-
cussed in depth in chapter IV.

v' At constant volume fraction, the austenite morphology impacts significantly the high tempera-
ture fracture resistance: for a given alloy, to break a sample showing an equiaxed austenite
required two times more energy than to break a sample presenting a Widmanstétten auste-
nite.

v" The inclusions content has to be very well-controlled because high densities of inclusions lead
to a significant decrease of hot tearing resistance.
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V.1.2 Chapter IV

The modified microgrid technique was successfully applied to duplex stainless steels. This technique
provided quantitative data about the high temperature micro-scale strain distribution. The main results
are summarized below.

v" The modified microgrid technique has the powerful combination of allowing direct observation
and measurement of micro-scale deformation together with the capability to be performed at
high temperature.

v' This technique revealed some deformation features. The most deformed regions are very of-
ten located in the vicinity of the interphase boundaries, especially on the ferrite side. The de-
velopment of shear bands and the possible sliding at the interphases boundaries are also me-
chanisms involved in the deformation of duplex stainless steels at high temperature.

v' The results showed that the D2 alloy exhibits a higher strain partitioning contrast between fer-
rite and austenite compared to the alloy D1.

v" The phase rheology depends strongly on the chemical composition, in particular on the streng-
thening effect of element such as N or Mo.

v" Increasing the temperature from 850°C to 950°C results in increasing the strain partitioning
contrast.

v' At a given temperature, the strain partitioning depends significantly on the distribution of the
austenite: orientation of the austenite laths compared with the loading direction or changes in
austenite morphology.

v" The model developed in collaboration with colleagues from the University of Louvain-la-Neuve
in Belgium will permit a systematic approach to determine the plastic properties of the individ-
ual phases.
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V.2 Recommendations for an optimized microstructure

The results provided by the present work lead to formulating several recommendations to design a
duplex microstructure highly resistant to edge-cracking. Only some of the recommendations can be
industrially applied, that is why the recommendations are divided into two different categories. The first
category involves the recommendations which can be relatively easily applied industrially; this catego-
ry is called “realistic recommendations”. The second category gives the solutions which cannot be
changed on the industrial process: “unrealistic recommendations”. For example generate an equiaxed
morphology before the hot rolling process constitutes an unrealistic solution to improve the hot worka-
bility of duplex steels. The main recommendations are summarized in Table I.1.

Realistic reccommendations Unrealistic recommendations

e A well-controlled temperature of the ma-
terial during the hot rolling operations,
especially for the edge parts.

e A high quality refining stage to maintain
the sulphur and the oxygen contents as
low as possible.

e Addition of alloying elements in order to
reduce as much as possible the rheo-
logical contrast between ferrite and aus-
tenite.

Table V.1. Summary of the recommendations for a perfect microstructure, i.e. a high-resistant
edge-crack microstructure.

e Generation of an equiaxed austenite
morphology.

e Generation of very fine Widmanstatten
austenite.

V.3 Perspectives

Technical and conceptual limitations were found during the present investigation, but could not be
addressed due to time constraints. Therefore, some future tasks are suggested to complement the
work presented in this report.

V.3.1 Essential work of fracture concept

Some perspectives for the EWF concept are given below.

v' The Cotterell test turns out to be an interesting tool to mechanically characterize materials ex-
hibiting some defects. Indeed, performing tensile tests on specimens with defects do not give
quantitative data due to a strong dispersion of the results: the tensile specimen breaks where
the more critical defect is located. In other words, the initial defects of the specimen govern
the final fracture. When the EWF is applied, DENT specimens are used, that permits to local-
ize the deformation and the fracture along the ligament. The DENT specimen is broken taking
into account the plasticity in the total specific work of fracture.

v" The essential work of fracture concept applied at high temperature with different specimen
thicknesses would allow determining the high-temperature toughness of the materials.
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v

The high temperature Cotterell test opens the path to systematically investigate the influence
of temperature on the mechanical properties controlling ductile fracture.

Modelling effort developing a micromechanical approach of the high temperature ductile frac-
ture in order to relate microstructure and damage could be very interesting. The purpose
would be to predict quantitatively the hot ductility of the different model microstructures. Such
task is one of the objectives that my co-workers Sampath Kumar-Yerra et al. [134, 135] are
pursuing at the University of Louvain-la-Neuve in Belgium. It is currently under progress, mak-
ing use of the experimental findings of this PhD.

V.3.2 Modified microgrid technique

The microgrid technique offers numerous perspectives. In this section a short overview of these per-
spectives is given.

v

In order to continue exploring the deformation of microgrid at high temperature under harsh
conditions applying larger deformation and increasing the testing temperature, new experi-
mental developments are required.

The strain distribution should be determined over large areas within the microgrids, in order to
study the macroscopic strain distribution patterns, and to possibly carry out a statistically more
relevant analysis over a large number of grains. For instance, in the Widmanstatten morphol-
ogy, the primary ferrite grain size is very large, about several millimeters but in this work only
areas about 500x500um were analyzed. In addition, as the strain map was plotted on one or
two primary ferrite grain, the effect of grain orientation which can play a crucial role was not
taken into account.

The strengthening effect of Molybdenum and Nitrogen should be accurately quantified in order
to confirm the results of this work. For example, hot mechanical tests could be performed us-
ing different alloys with the same composition except for different Molybdenum or Nitrogen
content.

A three dimensional characterization would provide more accurate and realistic determination
of the strain components. For instance, pictures obtained via X-ray tomography combined with
three dimensional digital image correlation would permit an estimation of the complete strain
tensor.

The microstructure should be analyzed by electron back-scattered diffraction (EBSD) before
microgrid engraving, deformation, and strain calculation procedures, in order to allow the
study of the relationship between the original crystallographic orientation and the subsequent
deformation.

The application of this microgrid technique opens new paths in the investigation of multiphase
microstructures deformed at high temperature, such as duplex stainless steels, low-alloy C-Mn
steels or a-f titanium alloys during the hot rolling processes.
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Appendix A: Post processing-analysis of the raw data of
the plane strain compression tests

A.1 Specimens measurements

The undeformed and deformed specimens were measured as described in Figure A. 1.

hpx xhg
M
Bgs  khyg
—\-/—
- A4
h = average of five readings
b =average of three readings b, b, b

a) b)

Figure A. 1. Schematic diagram of a testpiece; a) before and b) after testing, and approximate dimen-
sional measurement positions.

For the thickness, the measurements were averaged over five readings. In the breadth direction the
average was weighted towards the central measurement, with this being counted twice during the
calculation. The cold final measurements were then used to calculate the hot final measurements of
the specimen using eq A.1:

hh :hf+ahf(T—T0) eq A1

where 4, is the hot thickness, /,is the deformed cold thickness, a is the thermal expansion coefficient,

T the deformation temperature and T is room temperature.

A.2 Breadth spread, origin and machine compliance corrections

It was impractical to use a specimen geometry for which the tool width was not a significant factor of
the specimen breadth. This led to lateral spread of the specimen and uncertainty in the contact area
when the stress was applied. An ‘instantaneous’ breadth was empirically defined following the test, to
take into account the changing contact area between the tools and the specimen.
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A satisfactory empirical relationship, which defined a ‘spread coefficient’ C, from the specimen dimen-
sions before and after the test can be defined, see eq A.2.

o (b b=
b 1—(h//h0)05 eq A.2

where b, and /i, are the average breadth and height post deformation, with b, and 4, the equivalent
dimensions pre deformation.

The breadth b, at an intermediate time, can therefore be estimated from:

b=b|l+C, —C,(h/h)"] eqA3

The first origin correction, shown by the red line in Figure A.2 was applied for errors that arise from the
maximum displacement recorded by the displacement transducers on the ram. This was done by
measuring the mean thickness of the specimen after the deformation. The value was then corrected
for the thermal expansion of the specimen, which was always accounted for when determining the
initial hot thickness from cold measurements.

The second origin correction was applied to the raw data for errors in the zero position. This is shown
in Figure A.2 where the red data has been corrected from the black line. The illustrated data was taken
from one of the test discussed in this work. The aim of this was to correct for slight drift in the machine
and align the slope which arises from machine compliance with the origin, as shown in Figure A.2.
From the initial and final hot thickness, the maximum displacement of the upper tool 5™ was

measured

derived. This figure was then compared to the maximum value recorded by the displacement trans-
ducer o™ Any discrepancy between the values was corrected for by shifting the load displacement

nominal *
curve in such a way that the maximum actuator displacement was equal to the maximum measured
displacement.

Thus:

Sy =0 O al — O

corr nomin al ( nomin al measured eq A4

5corr = 5n0min al — 50" eq A5

c
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= Corrected for measured thickness
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Figure A.2. Origin corrections, taken from a single deformation carried out at 850°C and 157,

The TMC machine has a machine stiffness of approximately 410 kNmm™ which implies that at maxi-
mum load, the machine frame and tooling will deform elastically by more than 1mm. The machine
compliance (slope of the load/displacement curve) was measured for each test. The technique was
used to correct the displacement data at the beginning of the deformation. This is shown in Figure A.3,
with the twice corrected data from Figure A.2. This method produced a corrected data set of load and
displacement values. When combined with the temperature, time and velocity data, the equivalent
stress and strain and strain rate could be determined.

200 |
150 |
2 -
=
® 100 |
o
-
50
- Corrected forzero error
Corrected for machine compliance
0 I 1 1 1 1 1 1 1
-1 0 1 2 3 4

Displacement (mm)

Figure A.3. Machine compliance corrections.
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A.3 Calculation of pressure and equivalent strain &,

To determine the flow stress of the material, the load exerted by the ram L was converted into an

average pressure p using the instantaneous breadth » and the platen width w, such that

_ L
whb

eq A.7 presented the equation for equivalent tensile strain ., and eq A.8 was for the ideal plane strain

p eq A.6

conditions, i.e. g3 =0 and ¢; = -¢,.

V2

/
geq :T[(Sl _82)2+(€2 —51)2+(83 —81)2]1 2 eq A7

2 hf]
86 = —]_n e A.8
q \/g (ho eq

However accounting for the lateral spread, &; = In(b/by), ¢; = In(h/hy) and therefore ¢, = -¢;-¢5. Then by

substitution, &, is given through eq A.9.

2 2 2q1/2
g, =—=l& +é&& +&;] eq A9

eq \/g

From eq A.9, ¢, may be determined from the instantaneous width and thickness measurements. As

shown, ¢, is related to ¢; by eq A.3 and a factor f'can be defined as:

£,y =—JE eq A.10

For example, in the limit of zero spread, then f = 2/4/3=1.155. However, as there is a clear lateral

spread for all these tests, the equivalent strain was determined using eq A.9, then f may be deter-
mined from eq A.11.

Eeq

f=_

A11
& eq

With f determined this factor was then used to determine the equivalent stress and strain rate for the
deformation.

A.4 Determination of equivalent flow stress o,

The equivalent flow stress o., was calculated from the maximum shear stress k. This was deduced
from the instantaneous pressure using the method described in Ref. [127] where the friction conditions
were determined to be either predominantly sliding, sticking or a combination of the two. Sliding friction
assumed that contact stress at the tool/specimen interface was equal to the material flow stress in
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pure shear. An intermediate situation during deformation existed when the sticking friction conditions
were found in the central region and sliding friction conditions occurred towards the outer edges. The
position, z, where the friction conditions changed was found by from eq A.12, see Ref. [127] for more

I |
e
w (MJ (2ﬂj eqA12

where / is the instantaneous thickness and yu is the friction coefficient. The methods reported by the

details.

good practice guide [127] summarized the conditions for friction found during a PSC test. These are
shown through eq A.13-eq A.15.

» If 2z)> w (sliding friction)
p 1|2r* (b—w)h W 2h
et || /|-l eq A.13
2k bw| u Y7, h ub

> Ifw > 2z > 0 (partial sticking friction)

p h [ 1 _1j+(w/2)—zo +[(w/2)—zo]

2% vl 2u pow 7w
A.14
1 (222 2hz, h 2Rt 1, 4z w o
—| ==z, - t——ht+——— |+ — |z ————
ub\ w o 2u wu uw ) hb 3w 12
> If 0 > zy (sticking friction)
p woow
— =1+ eq A.15

2k 4h  12hb

These correction factors were applied to the test data through a computer programme, with z, cali-
brated at each data point throughout the deformation for the instantaneous thickness. This value was
used to determine the appropriate friction conditions. The values of instantaneous thickness and
breadth were then used according to the equations above and the shear stress, & was determined

from the recorded values of p. The equivalent flow stress was then calculated from:

2k
O, = 7 eqA.16

where " is the correction factor discussed previously.
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Appendix B: Strain computations

The calculations presented in this section can also be found in Refs. [98] and [128]. The objective is to
understand how the strains are computed in the software CorrelManuV.

B.1 Definition of the local strain

Let X be the position in a reference orthonormal coordinate system of a material point in the initial
configuration of a three dimensional continuous medium and x its position in the same reference

system in the current configuration. The gradient of the mechanical transformation at X is then:

= 0x
F= 8)_( eq B.1
X X
where X =|Y et x=|y.
Z z
The Green-Lagrange strain tensor a is defined as:
—_— 1 =t = B
Eq == (F -F-=1), eqB.2

where [ is the unit tensor and 'denotes the transposition. &, depends non-linearly on ', but for

small strains it may be approximated by its linearized counterpart:

‘c"lin =

1 = = =
E'(F +F)—1. eqB.3

B.2 Average strain over a domain

Let{) be a given regular domain of the initial configuration, which might be multiply connected. Let

0Q be its regular edge, with outer normalz, and V, its volume. The average transformation gradient

over Q) is given by:

1 —
Q_V_ (.[F eqB.4
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This volume integral may be transformed into a surface integral according to Green’s formula:

—_ 1
Q o V ,L H eqB.5
The global Green-Lagrange strain tensor over Q is:
E— 1 t = =
5GLQ=5' <F>Q.<F>Q_[ ' eq B.6

When Q is a domain representative of the microstructure, Es1 o I8 the macroscopic Green-Lagrange

strain tensor. When () is the domain occupied by a given phase in such a representative domain,

then &, , is the average Green-Lagrange strain over this phase.

B.3 Computation of local strains

The relations described previously cannot be used to compute the local strains due to the following

reasons:
e The coordinates are given in pixels along the orthogonal directions X and Y of the micrograph
on the analyzer which has an hexagonal frame with a principal direction parallel to the hori-
zontal direction of the micrograph (considered as the X-direction): this is not an orthonormal

coordinate system.
e The magnification of the SEM may vary and the micrograph may be slightly distorted.

e The displacement is only known in a discrete way through the grid intersections, so that its lo-

cal derivatives cannot be computed exactly.

e |tis a two-dimensional measurement, only two coordinates are available, the Z-coordinate, or-

thogonal to the observation plane, cannot be measured directly.

In order to deal with these limitations, several corrections or assumptions have to be made.
v The pixel coordinates are changed into orthonormal coordinates by correcting the Y-
coordinate with a constant factor, which is experimentally determined by comparing the length
of a given detail on a micrograph, measured in pixels along direction X, and the length of the

same detail after a 90° rotation, measured in pixels along direction X.

v" The magnification of the SEM after deformation must be the same as before or a whole num-

ber multiple for all the micrographs. The distortions of the micrographs are neglected.
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v" The local transformation gradient at a given grid intersection p is computed as the average of

the true local gradient over a small volume Qp around the grid intersection. The chosen vo-

lume is a cylinder with its axis orthogonal to the surface of the sample, height e arbitrarily

small, and a polygonal upper surface Zp whose vertices are neighbours of the considered
grid intersection (see Figure B.1). Let 6Zp be the boundary onP, SEP its area and ns, its

normal. Zp_ is the lower surface of the cylinder.

@ Considered micro-grid intersection

O Neighbour micro-grid intersection

Surface of the sample

Figure B.1. Averaging volume for local strain computation [98].

Then, eq B.5 gives:

= = 1
F,= <F> =—- |x®n ds,

P o VQp aip_ o eq B.7

dee _[ xds — J‘)_cds
= 1 B _
Fp=—:|[*“—®ndl+*—*—@n,,| eq BA
Sy, |a& € e '
With e tending to 0, one gets then:
8_[)_CdS

= 1 s
Fp=—-~:1|x®ndl+—+—®n,, |,

r Szp a_!p_ L aﬁzp Lyp eq B.9

since x is continuous.
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Now, we assume that the surface of the unstrained sample is perpendicular to the observation axis Z.

The components of F',in the Cartesian coordinate system XYZ are then:

6'[xids
J 1 S
ij =—. .[xinjdl+P8—Z(eZ)j , eq B.10
p zp

where e, is the unit vector along direction Z. 6J.xids/82wou|d need a non-available three-
Ip

dimensional information to be computed. Nevertheless the second part of expression vanishes for

components Fljjwithj;tZ, since (ez)jvanishes. Xx,is not available either, so the components
Fij cannot be computed. Finally, one gets the two-dimensional counterpart of equation for the in-

plane components F;j with i # Zand j # Z of the transformation gradient:

7'p :L' .[E@Edl,

Ip  0%p

eq B.11

ndl is constant on a segment of GZP and x is assumed to vary linearly from one extremal point of
the segment to the other. Let N be the number of grid intersection on OZP, x? the coordinates of the

q’h one, n’the outer normal to the segment between grid intersection ¢ and grid intersection g +1,

dl’ the length of this segment. Equation can be rewritten as:

1
28,,

N
'Z[’—‘q +’—Cq+l]®l’qdlq’ eq B.12

q=1

Fp=

where superscript *is assumed equivalent to superscript ', Since the segments 6Zp have been
assumed to belong to the XY plane, so does n? . In fact, if the vertices of ZP are numbered counter-

clockwise, the array of components of n’dlis:

Yq+1 —_Yy?
[n'dl"]=| - X"+ X |. eqB.13
0
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Finally, one gets:

N
Fy = 1 DET Y =Y,
2SZP )
1 S q q+1 g+l q
Fyy = XX =X
2’S2p q=1
1 u q g+l g+1 q
Fy = Z()_’ +y )Y =YY,
ZSzp p
1 u q q+1 g+l q
Fyy = Z_(J_’ Ty X —=XT) .
2S2p p

The area Szp of the polygon may be computed as:

There are several possible choices for Zp,

187

eq B.14

eq B.15

eq B.16

eq B.17

eq B.18

see Figure B.2. “Scheme a” has the smallest possible

averaging surface, but it is not centered on the considered grid intersection. “Scheme b’ has the smal-

lest centered averaging surface. “Schemes ¢ and d” have larger averaging surfaces, so that they may

smooth out local strain heterogeneities but their accuracy is better. Note that when the considered grid

intersection is close to the edge of the region of interest, these schemes must be truncated to the

available neighbor grid intersections.

] ; o] o]
A .
o O o] O
Scheme a Scheme b

@ Considered micro-grid intersection

O Neighbour micro-grid intersection

Scheme d

Figure B.2. Several possible integration schemes [98].

o]

O

@]

O
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@]
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The knowledge of the in-plane components of Fp allows computing the same components of the

linearized strain tensor ¢, b according to eq B.3, without any approximation. However, the computa-
tion of the same components of the Green-Lagrange tensor needs the value of components F,, and

F,,of F,which are unknown. So one has to assume these may be neglected. This assumption is

satisfied if the surface of the deformed specimen is still plane and parallel to the surface before defor-
mation; in particular, out-of-plane rotations are forbidden. This condition is locally not ensured because
of the triaxiality of the strain state. Thus, the local Green-Lagrange tensor can only be computed in an
approximate way.

It is also possible to calculate an equivalent strain, which is a measure of the distortions, but it re-

quires the value of the unknown third out-of-plane value of the tensors.
Finally, one may decompose the strain gradient into rigid-body rotation tensor Eand symmetric

stretch tensor U as followed:

I_7 = E . l_] eq B.19
E gives the in-plane rotation angle of the transformation. The principal axes of the symmetric stretch

tensor 17 are those off. Let A, be the eigenvalues ofl?; they permit to compute the principal

stretches in any other deformation scale. The logarithmic deformation tensor has for instance the

same principal axes as U , and its eigenvalues are In(4,) .

B.4 Computation of average strains

The procedure used to compute local gradients as averages over a small domain around a considered
grid intersection can be used to calculate an average gradient over any polygonal domain. eq B.14-18
are still valid. In particular, the overall gradient is obtained when X is the entire representative domain.
The average gradient over a given phase may also be computed: 0 is then a polygonal line separat-
ing the grid intersections from a phase from the gird intersections of the other. The problem is that a
such line is not exactly the interface between the phases and thus the obtained average is not exactly
the average over the considered phase. In order to quantify the error related to this effect, two different
separating polygonal lines are constructed: the first one has vertices that belong to the considered
phase and will be called “without interface”; the second one’s vertices do not belong to the considered
phase, except for grid intersections which are at the edge of the image and it will be referred as “with
interface”. The sides of these polygonal lines belong to the octagonal graph associated to the square

network of the grid intersections. Figure B. 3 shows an example of such lines.
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Figure B. 3. Integration scheme for the average gradient over a phase; two different polygonal
lines are constructed: one called “without interface” and the other referred as “with interface”.

The average gradient components allow to compute the in-plane components of the average strain

tensors &, and¢g,, . For &, , one has still to assume that the unknown components vanish. Howev-

er, for isotropy reasons, the average rotation of the phases should equal the global rotation of the spe-
cimen and the principal direction of the strain tensors should be parallel. If there is no global out-of-
plane rotation, the average ZX and ZY components actually vanish and there is no approximation.
When the Y direction is slightly shifted from the actual tensile direction, the XY component does not
vanish; in such a case one has just to diagonalize the in-plane tensors to get the actual principal val-
ues. Average equivalent strains or strain tensors in any deformation scale can of course be computed

as described previously without approximation.
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Appendix C: lllustration of the microgrids

In the report, there are not a lot of SEM micrographs illustrating the microgrids. As a consequence it
has been decided to show more micrographs of the microgrids before and after deformation.

C.1 Undeformed configuration

Figure C. 1-Figure C. 8 show large areas with engraved microgrids on both alloys D1 and D2 with
different microstructures: Widmanstatten or equiaxed in their undeformed configuration.

Figure C. 1. High resolution SEM micrograph of the D1_W microstructure (map1) in the unde-
formed configuration; sample iii. The compression will be applied vertically.
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Figure C. 2. High resolution SEM micrograph of the D1_W microstructure (map2) in the unde-
formed configuration; sample iii. The compression will be applied vertically.



194 Appendices



Appendices 195

Figure C. 3. High resolution SEM micrograph of the D2_W microstructure (map1) in the unde-
formed configuration; sample Ill. The compression will be applied vertically.
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Figure C. 4. High resolution SEM micrograph of the D2_W microstructure (map2) in the unde-
formed configuration; sample Ill. The compression will be applied vertically.



198 Appendices



Appendices 199

RrAfad 4 r 13 v
- ERVEEEEe u 1L
L R
et B
bbb bt
I

AANEEEEARERRE RS

qugn

Figure C. 5. High resolution SEM micrograph of the D1_E microstructure in the undeformed con-
figuration; sample B. The compression will be applied vertically.
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Figure C. 6. High resolution SEM micrograph of the D1_E microstructure in the undeformed con-
figuration; sample A. The compression will be applied vertically.
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Figure C. 7. High resolution SEM micrograph of the D1_W microstructure in the undeformed con-
figuration; sample ii. The compression will be applied vertically.
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Figure C. 8. High resolution SEM micrograph of the D1_W microstructure in the undeformed con-
figuration; sample iiii. The compression will be applied vertically.
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C.2 Deformed configuration

In this section, several SEM micrographs illustrating microgrids after high temperature deformation
from different samples are given. Small areas (see examples in Figure C. 9-Figure C. 12) as well as
large areas (see examples in Figure C. 13-Figure C. 15) are shown in order to see the deformed mi-
crogrids at different scales.

Figure C. 9. Small area from the deformed microgrid on sample Ill, D2_W microstructure, map1.
The arrows indicate the loading direction.
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Figure C. 10. Small area from the deformed microgrid on sample lll, D2_W microstructure, map1.
The arrows indicate the loading direction.
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Figure C. 11. Small area from the deformed microgrid on sample Ill, D2_W microstructure, map2.
The arrows indicate the loading direction.
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Undeformed state of the map2 of the D2_W microstructure and zoom of a part of the

Figure C. 12

corresponding deformed microgrid. The arrows indicate the loading direction.



214 Appendices



Appendices 215

Figure C. 13. Large part of the deformed microgrid from sample Ill, D2_W microstructure. The ar-
rows indicate the loading direction.
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Chapitre I. Introduction : Motivations scientifiques et industrielles.
p11-20

Contexte

Nous proposons tout d’abord de décrire le contexte dans lequel s’inscrit ce travail. Les aciers
inoxydables se distinguent de leurs cousins les aciers « carbone » par une teneur en chrome supé-
rieure a 11% qui leur confere d’excellentes propriétés de résistance a la corrosion. Parmi les aciers
inoxydables, il est possible de distinguer différentes familles :

» les aciers inoxydables ferritiques (=0% Ni) ;

» les aciers inoxydables austéno-ferritiques ou dits « duplex » (=5% Ni) ;

» les aciers inoxydables austénitiques (=10% Ni). Les aciers austénitiques standards, a savoir le
304L et le 316L représentent a eux deux plus de 65% de part de marché.

Les aciers inoxydables austéno-ferritiques présentent par rapport aux nuances austénitiques stan-
dards de nombreux avantages :
(1) un colt matiére premiére moins élevé en relation directe avec la quantité de nickel : entre 8-10
%Ni pour les austénitiques contre 2-5 %Ni pour les duplex, élément qui a vu son prix énormément
fluctuer et augmenter au cours de ces derniéres années ;
(2) une bonne tenue a la corrosion, au moins aussi bonne que les nuances austénitiques 304L et
316L;
(3) des caractéristiques mécaniques élevées, meilleures que les nuances austénitiques standards.

L’ensemble de ces caractéristiques rendent les aciers inoxydables austéno-ferritiques compétitifs vis-
a-vis des nuances austénitiques standards et se posent en candidats sérieux pour, a court terme,
remplacer les nuances 304L et 316L dans un certain nombre d’applications. Néanmoins, la situation
n'est pas aussi idéale car les colts de production de tdles en aciers inoxydables austéno-ferritiques
demeurent, a ce jour, trés élevés notamment a cause des problémes de forgeabilité qui surviennent
lors du procédé de laminage a chaud. Cette forgeabilité médiocre rend la fabrication de toles particu-
lierement critique. En effet, le phénoméne de criques de rive se produit fréquemment, il consiste en
une fissuration des bords des téles, voir illustrations Fig 1. Par conséquent, il est souvent nécessaire
d’ajouter une étape au procédé qui consiste a venir cisailler les parties endommagées des tdles. Une
telle opération a bien entendu un colt non négligeable, ceci explique en partie pourquoi les aciers
inoxydables austéno-ferritiques peinent a se développer et a gagner des parts de marché malgré leurs
nombreux atouts.

Criques de rive

Criques de rive

Fig 1. lllustrations du phénoméne de criques de rives.
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D’un point de vue industriel, s’'intéresser a la forgeabilité des aciers inoxydables austéno-ferritiques
doit permettre de répondre a des questions d’ordre plus général comme 'endommagement des maté-
riaux ductiles biphasés. L’objectif est d’abord de développer de nouveaux outils afin de mieux appré-
hender les relations entre le procédé, la microstructure et les propriétés mécaniques. In fine, le but est
de formuler quelques recommandations concernant le procédé (élaboration, affinage, réchauffage,
laminage a chaud), ou la composition chimique des nuances (fractions volumiques des phases et
rhéologies des phases) afin d’éliminer ou au moins de limiter la formation de criques de rive.

Matériaux et microstructures

Aprés avoir exposé le contexte de cette étude, les matériaux et les microstructures sont brieve-
ment présentés. Nous nous sommes intéressés a deux nuances différentes d’acier inoxydable austé-
no-ferritiques qui different par leur composition chimique, notamment en Ni et Mo (Tableau 1) : I'acier
que nous appellerons D1 et qui correspond a I'acier commercial EN. 1.4462 ; et I'acier que nous dé-
nommerons D2 qui est issue d’essais industriels.

%Cr  %Ni %Mo  %Mn  %Si  %Cu %C %N
D1 2290 559 311 175 055 0.19 0.02 0.17
D2 2196 299 091 288 039 0.67 0.03 0.18

Tableau 1. Composition chimique en pds% des deux nuances d’aciers duplex étudiées.

Notre choix s’est porté sur ces deux aciers car ils présentent une sensibilité trés différente vis-a-vis
du phénoméne de criques de rive. En effet, 'acier D1 est considéré comme un cas « quasi-idéal » car
il n’est pas systématiquement affecté par les criques de rives et lorsqu’il I'est, les criques se propagent
seulement sur des distances inférieures a 5 mm, voir Fig 2a. A contrario, I'acier D2 représente le cas
critique puisque les criques peuvent affecter les tdles sur des distances pouvant atteindre plusieurs
centimétres, voir Fig 2b. La comparaison de ces deux aciers doit permettre de mettre en évidence
certains parameétres clés impliqués dans le phénoméne de criques de rive.

b)

Fig 2. Bobines a l'issue des étapes de laminage a chaud montrant différents degrés de sensibilité
aux criques de rives ; a) bobine de I'acier D1 avec des criques dont la profondeur ne dépasse pas
5 mm ; b) bobine de I'acier D2 sur laquelle les criques peuvent atteindre plusieurs centimétres.

Nous présentons ensuite des observations micrographiques effectuées a l'issue de chaque étape
du procédé d’élaboration de produits plats en acier duplex, voir Fig 3: microstructures typiques des
brames brutes de solidification et microstructures typiques pendant le laminage a chaud ; dans la par-
tie centrale des tbles et aussi proche des rives, régions au niveau desquelles les premiers signes
d’endommagement apparaissent.
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S-ferrite y-austenite 0
= —— ‘!A Brame brute de
= z === solidification
p—— = " N - _,'N
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oN e <«—  Transversal strain —
Ol 5_

Tole laminée a chaud

-
Criques de rive

Criques de rive

Surface de la tole

Fig 3. lllustration avec I'acier D2 des microstructures présentes aux différentes étapes du procédé
de laminage a chaud industriel ; a) microstructure typique de la brame brute de coulée ; b) micros-
tructure typique au centre de la tole laminée a chaud avec un alignement des flots d’austénite dans
la direction de laminage ; c) microstructure de la tole laminée proche des rives (zone endomma-
gée) les cavités sont pointées par des fleches.

Stratégie adoptée

Nous proposons d’expliciter la stratégie qui a été adoptée pour répondre a la problématique des
criques de rive. En premier lieu, nous avons effectué une large revue bibliographique, pour cibler
'ensemble des facteurs affectant la forgeabilité des aciers inoxydables austéno-ferritiques. Cet état de
I'art sur la déformation a chaud des aciers duplex est exposé dans le Chapitre Il. Cette revue de la
littérature doit permettre d’identifier des « zones d’ombres » c'est-a-dire les points qui nécessitent des
compléments ou des approfondissements. Nous avons notamment relevé deux « zones d’'ombres ».

(1) Si dans la littérature il existe différents essais pour évaluer I'aptitude a la mise en forme a
chaud, les techniques existantes ne permettent en aucun cas de discriminer le comportement des
différentes nuances ou microstructures vis a vis du phénomene de criques de rive. Nous suggé-
rons d'utiliser le concept de travail essentiel de rupture et de I'adapter a haute température pour
discriminer les différents alliages en termes de sensibilité a la crique, cela fait I'objet du Chapitre IlI.

(2) Par ailleurs, il est souvent mentionné que la mauvaise forgeabilité de ces aciers provient de la
différence de comportement mécanique entre la ferrite et I'austénite lors des traitements thermo-
mécaniques. Néanmoins, il y a peu de preuves qualitatives, et aucune données quantitatives au
sujet de la partition des déformations entre la ferrite et 'austénite dans des conditions représenta-
tives des opérations de mise en forme a chaud. Nous avons ainsi adapté une technique de micro-
grille dans le but d’apporter de nouvelles informations a propos de la distribution des déformations
a I'échelle de la microstructure, les résultats et les discussions qui en découlent sont présentés au
Chapitre IV.

Les outils présentés et utilisés dans les chapitres Il et IV pour comparer I'acier D1 a l'acier D2
permettent de donner quelques remedes pour supprimer ou au moins réduire la formation de criques
de rive (Chapitre V).
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Chapitre Il. Etat de l'art sur la déformation a chaud des aciers
inoxydables austéno-ferritiques. p21-44

L’objectif de ce chapitre est d’établir I'état de I'art touchant au formage a chaud des aciers inoxy-
dables austéno-ferritiques. Il se décline en trois grandes parties : la premiéere traite des évolutions
microstructurales observées lors des traitements thermomécaniques, la seconde se focalise sur le
comportement mécanique des aciers inoxydables austéno-ferritiques lors de la mise en forme a chaud
et enfin la troisiéme s’intéresse plus particulierement aux aspects « endommagement ».

Evolution microstructurale au cours du formage a chaud

La premiere partie de ce chapitre retrace I'évolution des microstructures a partir de I'état brut de
solidification jusqu’au stade de téle laminée. Les différents micro-mécanismes impliqués dans
I’évolution des microstructures sous I'effet des traitements thermomécaniques sont recensés : glisse-
ment au niveau des joints d’interphase d/y, rotation des grains d’austénite, développement de bandes
de cisaillement etc. Certains de ces phénomeénes sont illustrés a la Fig 4. L'importance du caractére
incohérent ou cohérent des joints d’interphase d&/y est également soulignée. Du point de vue de la
déformation plastique, les deux phases montrent un comportement trés différent : la phase ferritique
s’adoucit via le phénomeéne dit de « recristallisation dynamique continue » pendant que l'austénite
s’écrouit, les traces de recristallisation dynamique étant plutét rares.

Fig 4. lllustrations de plusieurs micro-mécanismes affectant la déformation a chaud des aciers
inoxydables austéno-ferritiques ; a) glissement aux joints d’interphase [14]; b) développement de
bandes de cisaillement [16]; c) rotation de grains austénitiques [25].
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Comportement mécanique lors du formage a chaud

La seconde partie de ce chapitre traite du comportement mécanique des aciers inoxydables austé-
no-ferritiques lors des opérations de mise en forme a chaud. Le comportement viscoplastique de plu-
sieurs alliages est présenté ainsi que I'influence de la composition chimique, en particulier I'effet de la
proportion des phases sur la loi de comportement a diverses vitesses de déformation. Il est souligné
que la distribution des déformations semble hétérogene a I'échelle de la microstructure, cela motivera
une part importante de la recherche, voir Chapitre IV notamment. L’influence de la morphologie des
phases est aussi discutée tout comme l'influence du mode de chargement sur la loi de comportement
mesurée, avec des différences notables entre les résultats de compression en état de déformation
plane et les résultats obtenus en torsion.

Endommagement lors des étapes de mise en forme a chaud

Ce chapitre bibliographique se termine en passant en revue 'endommagement durant le laminage
a chaud. Le paramétre conventionnellement utilisé pour caractériser la susceptibilité a
'endommagement est la déformation a rupture. La proportion des phases semble jouer un réle pré-
pondérant, puisque une fraction volumique de ferrite comprise entre 10 et 50% conduit @ un minimum
de ductilité, voir Fig 5.

14
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Fig 5. Influence de la fraction volumique de ferrite sur la deformation équivalente a rupture de diffé-
rents aciers duplex [20].

Entre deux alliages ou deux microstructures présentant des proportions de phases voisines et dans la
gamme 10-50% de ferrite, il semble trés délicat de pouvoir discriminer leur comportement vis-a-vis de
'endommagement en utilisant comme critére la déformation a rupture. |l apparait ainsi nécessaire de
développer un nouvel essai permettant de discriminer ces microstructures. L'influence de la teneur en
N est également pointée du doigt, puisque plus la teneur en azote est élevée, plus le risque de former
des criques est important. Les températures plus élevées tendent par contre a les réduire voir méme
les supprimer. Les zones critiques sur lesquelles nous devons nous focaliser semblent étre les inter-
faces d/y, car c’est ici que les déformations semblent se localiser et c’est aussi au voisinage de ces
zones que les premiéeres cavités germent.
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Conclusion

Lorsque nous avons décris la stratégie proposée pour répondre a la problématique des criques de
rives, nous avons précisé les deux points que nous avions identifié€s comme étant cruciaux pour bien
comprendre l'origine de la formation des criques. Ce travail de synthése bibliographique a permis de
mettre en avant ces deux points que nous rappelons rapidement ici.

(1) Si la littérature fait état de I'existence de plusieurs techniques pour déterminer la forgeabilité
des matériaux métalliques, les essais disponibles ne permettent pas de discriminer le comporte-
ment des différentes microstructures en terme de résistance a la propagation de fissure, méca-
nisme qui gouverne pourtant la formation des criques. Il est donc nécessaire de développer un
nouvel essai qui serait discriminant en termes de sensibilité aux criques, c’est I'objet du chapitre IlI.

(2) A ce jour, s’il est souvent mentionné que la mauvaise forgeabilité de ces aciers provient au
moins partiellement de la différence de comportement mécanique entre la ferrite et 'austénite lors
des traitements thermomécaniques, aucune preuve irréfutable et aucune donnée quantitative ne
sont disponibles dans la littérature au sujet de la partition des déformations entre la ferrite et
I'austénite. Nous avons ainsi utilisé une technique de micro-grille modifiée dans le but de fournir
des informations qualitatives et quantitatives a propos de la distribution des déformations a
I’échelle de la microstructure, le chapitre IV se focalise sur ces aspects.
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Chapitre lll. Résistance au déchirement ductile a haute température.
p45-96

Présentation du concept de travail essentiel de rupture (ou méthode EWF)

La revue bibliographique a mis en évidence que les essais de forgeabilité standards ne permet-
taient pas de discriminer le comportement des différents aciers austéno-ferritiques vis a vis de
'endommagement. Par exemple, nous ne voyons pas de différence entre les aciers D1 et D2 sur les
courbes de forgeabilité, voir Fig 6. De plus, dans la gamme de température qui correspond au lami-
nage a chaud industriel (1000-1250°C), nous nous trouvons au-dela du critére de forgeabilité, nous ne
devrions donc pas rencontrer de problemes de ductilité lors de la mise en forme. Les observations
montrent pourtant la formation de criques, ceci conforte I'idée que les essais standards ne convien-
nent pas dans le cas présent.
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Fig 6. Principe de I'essai de forgeabilité standard et résultat d’un tel essai sur nos deux alliages D1
et D2.

Nous avons alors utilisé le concept du travail essentiel de rupture (Essential Work of Fracture :
EWF) afin de caractériser la résistance a la propagation de fissure. Ce chapitre s’ouvre sur la présen-
tation du concept de travail essentiel de rupture et sur la méthode expérimentale de mesure au moyen
d’éprouvettes planes de traction avec entailles doubles. L'énergie totale pour rompre une éprouvette
pré-entaillée peut se diviser en deux contributions, une contribution « plastique » qui permet de dé-
former plastiquement notre matériau et une contribution « endommagement » qui sert a faire germer,
croitre et coalescer des cavités conduisant a la rupture totale de I'éprouvette, voir Fig 7.
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Fig 7. Principe du concept de travail essential de rupture

Ce qui nous intéresse, c’est de déterminer la contribution « endommagement » afin de quantifier la
résistance a la propagation de fissures. Cette contribution porte le nom de travail essentiel de rupture.
Le travail essentiel de rupture fournit un critére énergétique qui quantifie la résistance au déchirement
ductile. Les détails concernant la détermination du travail essentiel de rupture sont donnés dans le
manuscrit (p45-47). Si cette méthode a été largement utilisée a température ambiante pour déterminer
la ténacité de toles minces métalliques ou de films polyméres, de nombreuses adaptations, également
décrites dans ce manuscrit (p49-50), ont été nécessaires pour pouvoir appliquer cette technique a
haute température.

Application du concept de travail essentiel de rupture aux materiaux bruts de coulée
Le concept de travail essentiel de rupture a été d’abord appliqué a haute température aux aciers
D1 et D2, en prélevant des éprouvettes pré-entaillées directement dans les brames brutes de solidifi-
cation. Les résultats ont montré que cette méthode est un outil discriminant pour caractériser la résis-
tance au déchirement ductile a haute température des aciers inoxydables austéno-ferritiques. Les
essais menés a 1050°C ont montré que l'acier D1 était deux fois plus résistant a la propagation de
fissure a haute température que I'acier D2 (le travail essentiel de rupture de I'acier D1 étant deux fois
plus grand que celui de I'acier D2). A 1200°C, la nuance D1 reste plus ductile que la nuance D2 mais
la différence au niveau des travaux essentiels de rupture n’est pas significative. Des observations
fractographiques ont également été réalisées pour compléter I'étude. Des observations microgra-
phiques effectuées proche des surfaces de rupture des éprouvettes pré-entaillées et proche des rives

ont révélé que les cavités germaient systématiquement au niveau des interfaces d/y et que les fis-
sures ne se propageaient jamais dans la phase austénitique, voir Fig 8.
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b)

Fig 8. Micrographies optiques qui montrent que les cavités germent par décohésion partielle au ni-
veau des interfaces &/y et que les fissures ne se propagent jamais dans la phase austénitique; a)
micrographie proche de la rupture d'une éprouvette pré-entaillée ; b) micrographie proche des
rives, c'est-a-dire des zones endommageées sur une tble industrielle. Les sites dendommagement
sont entourés en rouge.

Toutes nos observations et caractérisations nous ont conduis a proposer un mécanisme de rupture
qui s’opére par germination, croissance puis coalescence des cavités, conduisant a la rupture com-
pléte de I'éprouvette. Ce mécanisme s’applique aussi bien pour D1 que pour D2. Des essais de micro-
dureté ont mis en évidence les mécanismes d’adoucissement impliqués dans chacune des deux
phases, et suggerent une partition des déformations entre la ferrite et 'austénite a haute température
avec un effet plus significatif pour I'acier D2, cela sera étudié en détails dans le chapitre IV. Cepen-
dant, il faut noter que les résultats étaient entachés d’'une forte dispersion. Cette dispersion a été attri-
buée aux gradients de microstructure observés dans I'épaisseur des brames brutes de solidification
(variation de la proportion des phases et de la taille des lattes d’austénite en fonction de la position
dans I'épaisseur des brames). Ce dernier commentaire suggere que des résultats plus précis sont
probablement accessibles a condition de tester des microstructures plus homogenes. Nous avons
alors fabriqué des microstructures modeles et appliqué la méme technique.

Génération de microstructures modeles

Dans cette partie, nous nous sommes attachés a fabriquer des microstructures modeéles, plus ho-
mogenes que celles présentes dans les brames brutes de coulée, et dans lesquelles nous contrélions
trés bien :

(1) la morphologie de I'austénite (équiaxe ‘E’ ou Widmanstatten ‘W’),
(i) la fraction volumique des phases ;
(iii) les tailles caractéristiques des microstructures (taille des lattes d’austénite de Wid-

manstatten ou taille des grains équiaxes d’austénite).

Cela nécessite de suivre des chemins thermiques appropriés, deux exemples sont donnés a la Fig 9
ainsi que les microstructures qui en résultent.
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Fig 9. Chemins thermiques permettant de générer des microstructures modeles, exemple avec
I'acier D2; a) chemin thermique pour fabriquer une morphologie d’austénite de Widmanstatten; b)
chemin thermique pour générer une austénite équiaxe.

Le but est d’avoir, a notre disposition, un ensemble de microstructures modeéles a tester a I'aide du
concept de travail essentiel de rupture pour mettre en évidence l'influence de certains parameétres tel
que la morphologie de la phase austénitique.

Application du concept de travail essentiel de rupture aux microstructures modeles
Nous avons testé I'ensemble de ces différentes microstructures modéles a I'aide du concept de
travail essentiel de rupture a 1050°C.

Nous avons d’abord comparé les microstructures modeles des aciers D1 et D2 présentant une
morphologie d’austénite de Widmanstéatten : D1_W et D2_W. Les résultats ont montré qu’a 1050°C, la
microstructure D1_W était deux fois plus résistante au déchirement ductile que la microstructure
D2_W. Cela est bien en accord avec ce que nous avions trouvé lorsque nous avions analysé les mi-
crostructures des brames brutes de solidification, le facteur deux entre I'acier D1 et D2 est respecté.
Nous insisterons ici sur le fait que la précision des résultats, en utilisant des microstructures modéles,
s’est considérablement améliorée du fait d’'une réduction significative de la dispersion par rapport a
celle constatée lors de la caractérisation des microstructures brutes de solidification.

Afin d’étudier la morphologie des phases, nous avons ensuite comparé deux morphologies
d’austénite différentes pour l'alliage D2 : une morphologie dite de Widmanstétten D2_W et une autre
équiaxe D2_E. Ces microstructures contiennent la méme fraction volumique d’austénite ce qui permet
de s’affranchir de l'effet proportion des phases. Les résultats ont montré que la morphologie des
phases a une influence significative sur la résistance a la propagation de fissure a haute température :
en effet, il faut dépenser deux fois plus d’énergie pour rompre une éprouvette présentant une austé-
nite équiaxe que pour rompre une éprouvette présentant une morphologie d’austénite de Widmanstat-
ten.

Pour finir, nous avons étudié l'influence de la propreté inclusionnaire sur la résistance au déchire-
ment ductile. Pour se faire, nous avons introduis un troisieme alliage, I'acier D1bis. Cet acier D1bis
posseéde la méme composition chimique en élément majeurs que I'acier D1 (méme nuance indus-
trielle) avec néanmoins une quantité d’inclusions bien supérieure a celle mesurée dans D1 (environ 10
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fois plus). Il s’aveére que la propreté inclusionnaire est un parametre clé. Il est en effet nécessaire de
bien la contrdler dans le but de limiter la propagation des criques : I'acier D1 est quatre fois plus résis-
tant que I'acier D1bis. Des caractérisations plus fines de I'état inclusionnaire ont aussi montré que les
inclusions les plus critiques étaient celles qui se situaient au voisinage des joints d’interphase &/y,
régions d’ores et déja identifiées comme critiques car c’est au niveau de ces zones que germent les
premieres cavités.

L’ensemble de ces résultats ont été interprétés a I'aide de modéles micromécaniques simples dans
le soucis d’établir le mieux possible les liens entre la microstructure et les propriétés
d’endommagement.

Conclusion

Le concept de travail essentiel de rupture s’avére un outil trés discriminant en termes de sensibilité
a la crique pour les différentes microstructures d’alliages austéno-ferritiques étudiées. Il demeure
néanmoins une interrogation sur l'origine de la différence en termes de résistance au déchirement
ductile entre les microstructures D1_W et D2_W. Sur la base des résultats du concept de travail es-
sentiel de rupture appliqué a D1_W et a D2_W, et de la littérature, nous avons émis I'hypothése que la
différence de comportement entre les deux aciers proviendrait d’'un plus grand contraste de compor-
tement mécanique entre ferrite et austénite dans le cas D2_W que dans le cas D1_W. Ce dernier
commentaire justifie pourquoi nous nous sommes intéressés aux mesures de partition des déforma-
tions a haute température entre ferrite et austénite dans chacun des matériaux étudiés.
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Chapitre IV. Distribution des déformations entre ferrite et austénite
a haute température. p97-160

Introduction : les techniques disponibles pour mesurer les champs de déformation
Ce chapitre commence par une description des différentes techniques disponibles pour mesurer

des champs de déformation. Ces techniques sont classées en deux grandes catégories : les tech-
niques de grilles et les techniques de corrélation en mettant en avant respectivement, leurs avantages
et leurs inconvénients. De nombreuses références sont données afin d’illustrer chacune des deux
techniques a travers divers exemples. Ensuite, le champ de recherche est restreint aux techniques
qu’il est possible d’utiliser pour mesurer les déformations a I'échelle de la microstructure dans des
conditions sévéres : haute température et grandes déformations. Parmi les techniques ayant données
des résultats, nous avons sélectionnée une méthode de micro-grille développée récemment a
I'université de Sheffield que nous avons adaptée et développée par rapport a notre problématique.

Méthode des micro-grilles modifiée

La technique permettant de fabriquer des micro-grilles résistante a haute température est ensuite
décrite en détails, voir Fig 10. Il s’agit d’utiliser le procédé de micro-lithographie. Ce procédé nous
vient directement de la micro-électronique, cependant, a la place de déposer notre matériau consti-
tuant la grille, classiquement de l'or qui ne résiste pas aux températures visées, nous avons effectué
une gravure a l'aide d’'une attaque électrochimique, Fig 10e. Nous avons ainsi obtenu des micro-grilles

gravées a la surface de nos échantillons, la microstructure biphasée sous-jacente étant visible.

Faisceau d’électrons
du MEB

d) e) f)

Fig 10. Les différentes étapes de la fabrication de micro-grilles résistantes aux hautes tempéra-
tures ; a) polissage et attaque préalable pour révéler la microstructure biphasée ; b) dépot d’'une
résine électro-sensible a la surface de I'échantillon ; c) irradiation de la résine avec le faisceau
d’électrons du MEB ; d) dissolution avec un solvant spécifique des chaines de polymére irradiées ;
e) gravure par attaque électrochimique des micro-grilles ; f) dissolution de la résine restante, des
micro-grilles avec un pas de 5 ym gravées a la surface de I'échantillon sont obtenues.
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Modification de I’échantillon de compression plane

Nous sommes capables maintenant de fabriquer des micro-grilles résistantes aux hautes tempéra-
tures, nous devons ensuite imaginer un systéme qui va nous permettre de solliciter notre micro-grille
dans des conditions représentatives de celles qui existent lors du procédé industriel de laminage a
chaud. Nous avons, pour se faire, opter pour I'essai de compression plane, essai qui se rapproche le
plus du laminage. L’astuce consiste a usiner un trou au centre d’'une éprouvette de compression
plane, puis a y insérer I'’échantillon sur lequel est gravé la micro-grille. Finalement, une étape de sou-
dure permet de ne former plus qu’un seul échantillon. Il faut tout de méme veiller a ce que la soudure
n’affecte pas thermiquement la microstructure au niveau de la micro-grille. Toutes ces étapes sont
résumées a la Fig 11.

soudure soudure
Echantillon de
compression plane

f) Outil de compression

P ‘ ' 10mm 15mm
v f R
"y - ‘ - tomm  |«— Echantillon de
2 - 'I 1 compression plane
£ . 5. 3 Micro-grille
NN il soudure
Outil de compression

L,

2

Fig 11. Modification de I'échantillon de compression plane; a) échantillon sur lequel est gravé la
micro-grille ; b) mise en regard de I'échantillon sur lequel est gravé la micro-grille d’'un insert métal-
lique poli présentant strictement les mémes dimensions ; c) soudure des deux inserts ; d) & e) as-
semblage des inserts et de I'échantillon de compression plane par soudure ; f) sollicitation méca-
nigue en compression plane avec vue schématique de la localisation de la micro-grille par rapport
aux deux outils de compression.

Conditions expérimentales

Dans ces travaux, nous avons effectué diverses expérimentations sur les microstructures modéles
des alliages D1 et D2, a différentes températures : 850, 950 et 1050°C et a des vitesses de déforma-
tion de 1 et 10s™. Si les essais menés a 1050°C et 10s™ n'ont rien donné, les essais pratiqués a 850
et 950°C et a 1s™' ont donné des résultats intéressants.
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Calcul des déformations

Nous disposons d'images MEB des mémes régions avant et aprés déformation, cela nous permet
en repérant les points homologues, c'est-a-dire les intersections de micro-grilles appartenant aux

mémes points physiques avant et aprés déformation, de remonter au champ de déplacement et en-
suite au champ de déformation, voir Fig 12.
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Fig 12. Principe de determination des champs de déformation.

Résultats

L’application de cette technique des micro-grilles a permis de mettre en évidence les micro-
mécanismes impliqués dans la déformation a chaud des aciers inoxydables austéno-ferritiques : hété-
rogénéité des déformations, localisation des déformations au niveau des interfaces d/y, signature
d’'une déformation hors plan, développement de bandes de cisaillement (voir une illustration Fig 13)...
Elle fournit aussi des données quantitatives au sujet de la partition des déformations a I'échelle de la
microstructure : déformations moyennes par phase, fonction de distribution de la déformation, pour-
centage de ferrite dans les régions les plus déformées (voir manuscrit pour plus de détails)...
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Fig 13. Exemple d’'un champ de déformation obtenu avec 'acier D2 et dans lequel I'austénite pré-
sente une morphologie dite de Widmanstétten aprés une réduction de 30% a 850°C et 1s™". Les
traits en pointillés mettent en lumiére le développement des bandes de cisaillement.

La comparaison entre D1_W et D2_W dans les mémes conditions expérimentales (850°C, réduc-
tion = 30% et vitesse de déformation de 13'1), a révélé que les déformations se répartissent de ma-
niére plus hétérogéne dans le matériau D2 que dans le matériau D1. La ferrite se déforme environ
30% fois plus que l'austénite dans I'acier D1 alors que dans I'acier D2, la ferrite se déforme 60% fois
plus que l'austénite.

La dispersion des résultats, c'est-a-dire les différences entre les champs de déformation détermi-
nés dans un méme échantillon s’explique par une localisation macroscopique des déformations dans
I’échantillon de compression plane.

La rhéologie des phases semble dépendante de la composition chimique, notamment du pouvoir
de durcissement en solution solide d’élément tel que le Molybdéne.

D’autres facteurs ont également été identifiés dans les sens ou ils peuvent modifier la distribution
des déformations : il a en particulier été étudié l'influence de la température et de la morphologie des
phases sur la partition des déformations dans notre acier D1.

Limites de la technique des micro-grilles modifiée

Dans cette partie sont mises en évidence les nombreuses limitations de cette technique. Nous in-
sistons sur les principales. La technique est trés colteuse en termes de temps, il faut compter environ
50h de travail pour déterminer un seul champ de déformation. La mesure des déformations s’effectue
en deux dimensions, il n'y a donc pas de prise en compte de I'aspect tridimensionnel du probléme.
Enfin, nous pouvons également rappeler que cette technique n’est pas viable au dessus de 1050°C,

voir Fig 14 qui montre I'état d’'une micro-grille aprés déformation a 1050°C et 10s™.
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Fig 14. Image MEB qui montre I’état des micro-grilles aprés déformation a 1050°C et 10s-1, les mi-
cro-grilles s’averent inexploitables pour déterminer des champs de déformation.

Utilisation des données expérimentales dans un modele pour déterminer les rhéolo-

gies de la ferrite et de l'austénite au sein de notre matériau biphasé
Ce travail a été le fruit d’'une collaboration avec des partenaires de l'université Catholique de Lou-

vain en Belgique. L’objectif est de décrire brievement la stratégie utilisée pour déterminer les lois de
comportement de la ferrite et de I'austénite au sein de nos alliages austéno-ferritiques et de donner
des résultats issus d’'un exemple. Le but est de montrer que cette stratégie permet une approche sys-
tématique pour déterminer le contraste de propriétés plastiques entre les deux phases. Une analyse
par éléments finis a été utilisée pour étudier le comportement mécanique macroscopique des aciers
inoxydables austéno-ferritiques lors d’un essai de compression plane. Nous avons tout d’abord modé-
lisé la loi de comportement macroscopique de notre acier par une loi de Kocks-Mecking. Ceci nous
fourni un jeu de parameétres pour notre loi de comportement macroscopique. Nous savons par ailleurs
que la matrice ferritique s’apparente a la phase molle et que l'austénite correspond plutdt a la phase
dure. Nous avons donc entré un jeu de parameétres initiaux pour chacune des deux phases de ma-
niére a ce que nous ayons bien une phase (austénite) plus dure que l'autre (ferrite). Ensuite, la tech-
nique adoptée consiste a reproduire par un modele d’éléments finis les champs de déformation dé-
terminés expérimentalement. Pour se faire, nous procédons par itération, c'est-a-dire que nous modi-
fions le jeu de paramétres de la loi de comportement de chacune des phases jusqu’a minimisation de
I'écart entre le champ de déformation expérimental et le champ de déformation simulé (méthode in-
verse). Lorsque le minimum est atteint, nous retenons le jeu de paramétres de notre loi de comporte-
ment pour chacune des phases ce qui permet de remonter a la rhéologie de la ferrite et de l'austénite
au sein du matériau biphasé a haute température. Quelques résultats obtenus via cette approche sont
présentés a la Fig 15 et montrent une bonne adéquation entre ce que nous avons mesuré expérimen-
talement et ce que nous avons déterminé par notre méthode inverse.
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Fig 15. Quelques résultats obtenus sur I'acier D2 avec la stratégie développée en collaboration
avec I'Université catholique de Louvain (échantillon déformé a 850°C et 1s™'); a) courbe contrainte-
déformation macroscopique de I'acier D2 et rhéologies de la ferrite et de I'austénite déterminées
via I'approche développée ; b) champ de déformation expérimental ; ¢) champ de déformation si-
mulé.
Conclusions

La technique des micro-grilles modifiée présente I'avantage par rapport a la méthode des micro-
grilles classique d’étre applicable a haute température. Cette technique a été utilisée avec succes
pour déterminer des champs de déformation a haute température (=850°C) dans les aciers inoxy-
dables austéno-ferritiques. Des caractéristiques intéressantes de la déformation a chaud de ces al-
liages ont été identifiées : régions les plus déformées situés trés souvent au voisinage des interfaces
0/y et presque toujours du coté ferritique (Fig 13), développement de bandes de cisaillement, et aussi
possible glissement au niveau des joints d’interphase d/y. Le niveau de partition des déformations
semble jouer un rble considérable dans le phénoméne de criques de rive et a été identifi€ comme un
parametre clé pour améliorer la forgeabilité des aciers inoxydables austéno-ferritiques.
L’incompatibilité des déformations entre la ferrite et 'austénite est plus importante dans I'alliage D2
que dans l'alliage D1. Cette différence a été attribuée a des différences de compositions chimiques en
éléments tels que Mo ou N, éléments notoirement connus pour avoir un fort pouvoir de durcissement
en solution solide. Des additions d’éléments comme Mo ou N peuvent changer le comportement mé-
canique des phases, et donc par conséquent modifier la distribution des déformations a I'échelle de la
microstructure. Une augmentation de 100°C pour passer de 850°C a 950°C augmente la partition des
déformations entre la ferrite et I'austénite. La distribution de la phase austénitique dans la matrice
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ferritique : l'orientation des lattes d’austénite ou un changement de morphologie peut aussi jouer sur la
localisation des déformations. Enfin, la stratégie développée en collaboration avec des chercheurs de
I'Université Catholique de Louvain en Belgique permettra une approche systématique pour déterminer
les lois de comportement de la ferrite et de 'austénite au sein de nos microstructures biphasées.
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Chapitre V. Conclusions et perspectives. p161-166

Le dernier chapitre reprend les principales conclusions de ces travaux et propose un certain
nombre de recommandations pour supprimer ou du moins réduire le phénomeéne de criques de rive. Il
est possible de classer ces recommandations en deux catégories :

» les recommandations « procédeé »;
» les recommandations « métallurgiques ».

Les recommandations « procédé » sont celles qui peuvent étre obtenues en jouant sur
I'élaboration et la fabrication des téles. Elles sont au nombre de trois :

(1) Il faudra bien contréler la température au niveau de rives car nous avons bien vu qu’une dimi-

nution de la température, ne serait-ce que d’une centaine de degrés, conduit a chute brutale de la

forgeabilité;

(2) Il est également nécessaire de bien veiller lors des étapes d’affinage de maintenir le soufre et
'oxygéne le plus bas possible afin d’obtenir une propreté inclusionnaire satisfaisante;

(3) Il semble enfin que favoriser des tailles de lattes d’austénite de Widmanstatten fines en jouant
sur les vitesses de refroidissement soit bénéfique du point de vue de la propagation des criques.

La recommandation métallurgique consiste a ajuster les éléments d’alliages, notamment en jouant
sur Mo et N, de maniére a réduire au maximum le contraste de comportement mécanique entre la
ferrite et 'austénite lors des opérations de mise en forme a chaud.

Le manuscrit se termine en évoquant brievement certaines perspectives qu’il serait possible de
donner a un tel travail. La principale serait a étudier dans les détails les effets liés a la plasticité cristal-
line, c'est-a-dire l'influence de l'orientation des grains de ferrite ou des lattes d’austénite de Widmans-
tatten sur la localisation des déformations.
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