Article

On the M»3Cs-Carbide in 2205 Duplex Stainless Steel:
An Unexpected (M3C¢/Austenite)—Eutectoid in the
S-Ferritic Matrix

Abdelkrim Redjaimia 1-2*

check for

updates
Citation: Redjaimia, A.; Mateo
Garcia, A.M. On the My3C4-Carbide
in 2205 Duplex Stainless Steel: An
Unexpected (M23Cg/Austenite)—
Eutectoid in the d-Ferritic Matrix.
Metals 2021, 11, 1340. https://
doi.org/10.3390/met11091340

Academic Editor: Francesca Borgioli

Received: 13 July 2021
Accepted: 19 August 2021
Published: 25 August 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Antonio Manuel Mateo Garcia 3

1 Institut Jean Lamour UMR CNRS 7198, Université de Lorraine, F-54011 Nancy, France

2 Laboratory of Excellence “Design of Alloy Metals for Low-Mass Structures” (DAMAS),
Université de Lorraine, F-57070 Metz, France

Department of Materials Science and Metallurgical Engineering, Campus Diagonal Besos-EEBE,
Universitat Politecnica de Catalunya, 08019 Barcelona, Spain; antonio.manuel.mateo@upc.edu

*  Correspondence: Abdelkrim.redjaimia@univ-lorraine.fr; Tel.: +33-03-7274-2722

Abstract: This study is focused on isothermal and anisothermal precipitation of Mp3Cg carbides
from the fully ferritic structure of the (y + 5) austenitic-ferritic duplex stainless steel X2CrNiMo02253,
(2205). During isothermal heat treatments, small particles of K-My3C¢ carbide precipitates at the
5/8 grain-boundaries. Their formation precedes y and o-phases, by acting as highly potential
nucleation sites, confirming the undertaken TEM investigations. Furthermore, anisothermal heat
treatment leads to the formation of very fine islands dispersed throughout the fully o-ferritic matrix.
TEM characterization of these islands reveals a particular eutectoid, reminiscent of the well-known
(y-o)—eutectoid, usually encountered in this kind of steel. TEM and electron microdiffraction
techniques were used to determine the crystal structure of the eutectoid constituents: y-Austenite
and K-Mj3Cg¢ carbides. Based on this characterization, orientation relationships between the two
latter phases and the ferritic matrix were derived: cube-on-cube, on one hand, between K-M3C4 and
v-Austenite and Kurdjumov-Sachs, on the other hand, between y-Austenite and the d-ferritic matrix.
Based on these rational orientation relationships and using group theory (symmetry analysis), the
morphology and the only one variant number of K-M3Cg in y-Austenite have been elucidated and
explained. Thermodynamic calculations, based on the commercial software ThermoCalq® (Thermo-
Calc Software, Stockholm, Sweden), were carried out to explain the K-M;,3Cg precipitation and its
effect on the other decomposition products of the ferritic matrix, namely y-Austenite and o-Sigma
phase. For this purpose, the mole fraction evolution of K-M3C¢ and o-phase and the mass percent
of all components entering in their composition, have been drawn. A geometrical model, based on
the corrugated compact layers instead of lattice planes with the conservation of the site density at the
interface plane, has been proposed to explain the transition d-ferrite = {y-Austenite < K-M3Cq}.

Keywords: duplex stainless steels; M3C¢ carbide; crystal structure; (Mp3Cg/v)-eutectoid; morphol-
ogy; geometrical model; mechanism; thermodynamic calculations

1. Introduction

Duplex stainless steels (DSS) are increasingly used from the eighties of the past century
as structural material in 0il, chemical and power industries [1-4]. This is related to the
fact that their duplex microstructure (y + 8) allows a beneficial mixture of y-austenitic and
d-ferritic properties, leading to, on the one hand, high strength with a desirable tough-
ness [5,6] and, on the other hand, good corrosion resistance, especially to chloride-induced
stress corrosion cracking [7-9]. The X2CrNiMo02253 DSS, with nominal composition (wt.%)
Fe-22Cr-5Ni-3Mo0-0.03C, is a member of this family. This grade is largely used as a standard
material in offshore conditions [10], and it is usually designed as 2205 in reference to its
chromium (22 wt.%) and nickel (5 wt.%) contents. The heat treatment of this DSS leads to a
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series of metallurgical transformations, which take place in ferrite or at its grain bound-
aries, apart from the martensite, which forms in the austenite grains [11-18]. In a detailed
study [19,20], efforts were made to characterize the different products of the d-ferritic
matrix decomposition in the temperature range 400-1050 °C. The characterization of the
phase precipitation was best undertaken by an isothermal heat treatment from the fully
d-ferritic microstructure retained by water-quenching to ambient temperature, from the
solutionising single domain. This isothermal heat treatment induces the decomposition of
the supersaturated d-ferrite. The various identified phases include the M7Cs and M33Cq car-
bides [11-20], the y-Austenite with its different morphologies [19-21], the o/-ferrite [11,22]
being responsible for the well-known embrittlement at 475 °C in Fe-Cr system [23-25],
the intermetallic G-phase [26,27], the T-phase [28-30] and also undesirable secondary pre-
cipitates. The latter are the intermetallic phases: o-sigma [31-35], x-chi [36-39] and R
phase [40-43], the well-known Frank-Kasper phases [44].

Practical crystallographic data of the most commonly encountered phases, in the
2205-DSS, are gathered in Table 1. It can be noticed that:

the lattice parameter of K-M3Cg is three times that of y-austenite,
the capital letter M usually stands for Cr and Fe but it can also include other substitu-
tion elements such as Mo and/or W, elements promoting the carbide formation,

e for typographic simplifications, the M3C¢ carbide, will be labelled, in this study,
K-carbide or K-M»3Cg, as needed. The austenite and the ferrite will be labelled -
austenite and d-ferrite (5-matrix), respectively.

Through this study, crystallographic, microstructural and thermodynamic aspects will
be addressed to support the formation of this unexpected (M3Cg/austenite)-eutectoid.

Table 1. Crystallographic characteristics of the phases encountered in the 2205-DSS by the decompo-
sition of the fully ferritic matrix, during isothermal heat treatment.

Phase Lattice Space Lattice Atom Number References
Type Group Paremeters (nm) (cell) (*), (***)
5, o BCC Im3m a = 0.2867 2 -
Y, Yp FCC Fm3m a = 0.3539 4 -
MyCe  FCC Fm3m a=10645 116 { hc/lj 295 [11-13] This study
o Tetragonal ~ P4;/mnm a = 0.8800 30 [31,33-35]
c = 0.4583
X BCC [43m a=0.8920 58 [36-38]
G FCC Fm3m a=1.1484 116 [26,27]
{ a = 0.8959 53
— _ © /
R Trigonal R3 o =74 30 (Rhombohedral) [40-43]
a = 1.0903 3 x53 =159
c=1.9342 (Hexagonal)
a = 0.4055
T Orthorhombic Fmmm b = 0.4667 4 [28,29]
c = 0.2867

(*) First identified by and (***) characterised by X-ray, neutron and/or electron diffraction techniques.

2. Materials and Methods

The chemical composition of 2205-DSS used for this investigation is given in Table 2.
The as-received (y + 6) state had a balanced microstructure with 50% vy and 50% &
(Figure 1a). It was solution treated at 1375 °C for 20 min to achieve homogeneity and subse-
quently water-quenched (WQ) to retain a supersaturated and fully &-ferritic microstructure
(Figure 1b). After this fully ferritisation, isothermal and anisothermal heat treatments were
conducted on parallelepipedal strips with dimensions of 30 mm x 20 mm X 2 mm. For
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the former, specimens were heat treated in the temperature range 500-1150 °C for various
times up to 336 h (2 weeks), followed by water-cooling; while for the latter, they were
subjected to a continuous cooling from the single d-ferritic domain (Figure 1b), directly to
the room temperature with a powerful air-jet. It can be underlined here that the cooling
rate was, unfortunately, not quantified, but easily reproducible. In this case, the cooling
rate is slower than that used for water-quenching but much faster than that used for air
cooling. All the heat treatments were carried out in electric muffle furnaces under vacuum
to minimize, as much as possible, the oxidation process.

Table 2. Chemical composition of the as-received material and of the fully ferritic state.

Elements (wt. %) Fe Cr Ni Mo Mn Si C N
As-received balance 22.5 5.1 25 1.6 0.5 0.03 0.08
o—ferrite (1375 °C, WQ)  balance 22.74 5.01 2.55 1.63 0.46 - -

(b)

Figure 1. Light microscopy images of the 2205-DSS: (a) as-received material with a duplex (5-ferrite + y-austenite)
microstructure (50%/50%), (b) supersaturated fully d-ferritic microstructure obtained by ferritisation at 1375 °C during
20 min, subsequently followed by water quenching (WQ). The presence of black parallel streaks can be noticed in d-ferritic
grains (b). These streaks are mechanical twins, called Neumann bands.

Metallographic preparation of the specimens, for the different characterizations, was
performed; that involved standardized metallographic mounting and polishing techniques,
while etching after polishing on diamond pads was performed with electrolytic etching at
4V NaOH in 100 mL distilled water. The mole fractions versus temperature/time of the
decomposition products of the ferritic matrix are given in details elsewhere [19,20].

Thin foils for transmission electron microscopy (TEM) were prepared following con-
ventional TEM specimen preparation methods. The specimens were mechanically ground
down to the lowest possible thickness (20-10 um) and then electro-polished at 40 V in
a solution of 5% perchloric acid in 95% II-butoxy-ethanol, employing a Struers Tenupol
twin-jet unit.

Specimen examination was performed on a Philips CM12 Microscope with an accel-
eration voltage of 120 kV. Diffraction patterns were obtained in the selected area electron
diffraction (SAED) mode with a parallel incident beam and especially in the microdiffrac-
tion mode, using convergent beam electron diffraction (CBED) with a nearly parallel
electron beam focused on a very small area of the thin analysed foils (10 nm).
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An X-ray diffractometer, with Co-K« radiation, was used to determine with accuracy
the lattice parameter of the body-centered cubic (bcc) ferritic matrix. This lattice parameter
was used as a calibration to index the recorded electron diffraction patterns and to deduce
the lattice parameters of the decomposition products of the ferritic matrix, notably carbides.

3. Results
3.1. Isothermal Intergranular Precipitation of K-M3Cg

In the early stage of the o-ferrite decomposition, M,3C¢ particles appear at the 5/0
grain boundaries. Figure 2a shows a bright field TEM image with a chaplet of these carbide
particles growing on one side of the §/6 grain boundaries. This intergranular precipitation
prior to the decomposition of the other intermetallic products is attributed to the great
mobility of the carbon atoms towards the high energy 6/6 grain boundaries enriched in
carbides forming elements, essentially chromium and molybdenum.

Figure 2. Bright field TEM images of the 2205-DSS of the intergranular precipitation of K-M»3Cq: (a) as a particles chaplet
on the 5/8 grain boundary, (b) 5/6 intergranular chaplet embedded in y-phase, (c) 6/6 intergranular chaplet embedded
in o-phase, (d) §/6 intergranular particles chaplet serving as nucleation sites for both vy and o phases, and (e) platelet
of K-Mp3Cy taking place inside the y-phase. The black streaks in (b) are twins in the austenite crossing of the 5/6 grain
boundary. High dislocation density around the austenite island (b) is also noteworthy, as the sequence faults inside the

o-phase (b,c).

TEM investigations show that the intergranular K-M,3Cg particles are, most of the time,
embedded in o-phase (Figure 2¢,d) and remain insoluble over a long period, up to 336 h.
This confirms the fact that carbon is insoluble in o-phase and the in-situ transformation is
highly unlikely, contrary to what is claimed in the literature [39].

The bright field TEM images (Figure 2b,d) show intergranular M3 C¢ particles inserted
in austenite islands. The precipitation of Mp3C¢ particles leads to the impoverishment
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in chromium and enrichment in nickel around the §/6 grain boundaries, promoting the
austenite island formation. The K-M;3Cg carbides may also precipitate as platelets in the
austenite, as shown in Figure 2e.

The precipitation of those carbides, and the corresponding in chromium depletion
around the 6/ grain boundaries, locally reduce the resistance of the d-ferrite matrix to
oxidation, inducing the embrittlement of the steel.

Owing to the fact that the My3Cq particles act as nucleation sites for o-sigma and y-
austenite, it was potentially expected that rational orientation relationships would develop.
Unfortunately, it was very difficult to record any orientation relationships between the very
small §/6-grain boundaries, the M3Cgy particles and the o-sigma or the y-phase, where
they were embedded.

3.2. Anisothermal Intragranular Precipitation of K-Mj3Cs

In addition to the inter and intra-granular austenite formation in ferrite, an aggregate
type, whose microstructure is not well resolved by light microscopy, takes place at the
5/8 and &/ interfaces and within the d-ferritic grains (Figure 3b—d). This aggregate, with
different dimensions, up to 15 um, dispersed inside the ferritic grains and displaying a
like-eutectoid morphology evokes the well-known (o-y)-eutectoid morphology mentioned
in the same DSS [19,20].

Figure 3. Light microscopy images of the 2205-DSS: (a) supersaturated fully d-ferritic structure obtained by ferritisation at
1375 °C during 20 min, subsequently followed by water quenching. One can notice the presence of black parallel streaks in
the fully d-ferritic grains. These streaks are twins, also called Neumann bands, (b) a like-eutectoid morphology (K-M33Cs,
v-austenite) embedded in the -ferritic matrix. Microstructure obtained after a continuous cooling from the fully ferritic
state. Light microscopy images of the nodule with a like-eutectoid morphology. One can notice that some austenite-nodules
are noticeably free of carbide, (c,d) enlarged parts of image (b): (c) (K-y)-eutectoid nodules in a twinned y-austenite, and
(d) one variant of K /7.

Through a detailed study in TEM (Figure 4), it turns out that, in this eutectoid, the
alternated lamellae are different from those found in the (o-y)-eutectoid, as mentioned pre-
viously [19,20]. In addition, bright and dark field TEM images reveal that these aggregates
consist, in fact, on alternating lamellae of carbide and austenite. The carbide-lamellae of an
aggregate are all connected together, forming a continuous network (Figure 4b,c), a unique
variant in the y-austenitic nodule. This particular behaviour will be explained in detail in
the next section. Another important point is concerned with the volume fraction of the
aggregates which stays limited during the anisothermal heat treatment.
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Figure 4. (a) Bright field TEM image of the nodule with a like-eutectoid morphology, embedded in the d-ferritic matrix,
(b) bright and (c) dark field TEM images of K-M,3Cy network in the y-austenitic nodule embedded in the 8-ferritic matrix.
The K-M;3Cg is a unique variant in the y-austenitic nodule.

As far as we are aware, it is the first time such an aggregate has been identified in
DSS during an anisothermal heat treatment. The crystal structure (space group and lattice
parameters) of this constituent will be identified in the following section, using the electron
diffraction technique.

3.3. Identification of the Crystal Structure of the Constituent of the Eutectoid, the K-Carbide

To confirm the nature of the found aggregate, and to decide in favour of one or the
other of the two eutectoids (o0-y) or (K-y), a detailed characterization study was conducted
by electron diffraction, leading to resolve the crystallographic structure. In doing so,
electron microdiffraction was used to identify the crystal structure of the K-carbide lamellae,
the orientation relationship between austenite and the K-carbide and also to know about
its link with the ferritic matrix.
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Due the size of the carbide particles precipitating in the ferritic matrix, the X-ray
diffraction is not relevant. However, Transmission Electron Microscopy (TEM image,
Selected Area Electron Diffraction (SAED) and Microdiffraction modes) is therefore quali-
fied and used to identify the crystal structure and to explain the morphology developed
by the carbides during the isothermal and anisothermal heat treatments, from the fully
ferritic matrix.

A microdiffraction pattern corresponds to the intersection of the Ewald sphere with
the zeroth and first reciprocal lattice layers recorded along (uvw), a zone axis of the phase
to identify. To these zeroth and first layers correspond the Zero (ZOLZ) and the First
(FOLZ) Order Laue Zones, respectively (Figure 5).

Microdiffraction analysis is based on the net and ideal symmetries of the ZOLZ and of
the Whole Pattern, WP = (ZOLZ + FOLZ) [45-52]. The net symmetry is concerned with
the position of reflections while the ideal symmetry is linked to both the position and the
intensity of these reflections. These symmetries, observed along specific zone axes, are
connected to the crystal systems and to the symmetry point groups. The shift between the
ZOLZ and FOLZ reflection nets is related to the Bravais lattice [45-52] (Figure 5), while the
periodicity difference between the ZOLZ and FOLZ reflection nets is in connection with
the presence of glide planes [45-52]. Taking into account both the shift and the difference
periodicity between the ZOLZ and the FOLZ coupled to the Bravais lattice (crystal system)
and to the symmetry point group leads to the individual extinction symbol [53,54]. Addi-
tion of the individual extinction symbols obtained along at least three zone axes gives the
partial extinction symbol [50,55]. To the latter belong one or a few space groups [49-52].

The procedure using the electron microdiffraction technique is summarised jointly in
Figure 5 and Table 3.

Table 3. Derivation of space group in relation with the symmetry of diffraction patterns.

Possible

Ideal Possible Possible Crystal . . Possible
i Individual
Symmetry of WP Point Systems Extinction Space
(ZOLZ+FOLZ) Groups ZAP Group
Symbols
422 1422 1422
mmm Tetragonal I mmm? mcm
Amm [001] T I4mm, I4am
{(4mm), 4mm} I41md, I41cd
432 Cubic - Tk
m- m
1 432 p4n2
(001) F—... F432 pi32

Figure 5. Electron microdiffraction pattern exhibiting {(4mm); 4mm} ideal symmetry leading in (Table 3) to three possible

point groups and 9 possible space groups grouped in two possible crystal systems, cubic (3 space groups) or tetragonal

(6 space groups).
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Based on the microdiffraction technique, we now proceed to the crystal identification
of the K-carbide. Indeed, Figure 6a—c exhibits microdiffraction patterns recorded along
three different zones axes (ZAPs). Taking into account both the position and the intensity
of the reflections of these ZAPs, it is clear that the highest ideal symmetries (The notation
for the “net” and “ideal” symmetries of the ZOLZ and of the Whole Pattern (WP) and for
the partial extinction symbols are given in accordance with those used in reference [49].), for
this phase, are {(4mm); 4mm}, {(2mm); 2mm} and {(6mm); 3m}, respectively. Considering

these symmetries, it can be inferred that the K-phase crystallizes in the cubic system and
belongs to the holohedric m3m point group, the highest symmetry point group [53,54]
and the three diffraction patterns are recorded along (001), (111) and (110) ZAPs types,
respectively [49-51].

Figure 6. Electron microdiffraction patterns of K-carbide showing: (a) {(4mm); 4mm}, (b) {(2mm); 2mm} and (c) {(6mm);

3m} ideal symmetries recorded along [001], [011] and [111] zone axes, respectively.

The absence of (ZOLZ)/(FOLZ) a periodicity difference along both [001] and [011] axes
(Figure 6a,b) indicates that there is no glide plane perpendicular to these two directions
and the partial extinction symbol is F— — — [53,54]. Based on the derived m3m point
group and F— — — extinction symbol, it can be concluded, without any ambiguity, that
the K-phase crystallizes in the cubic system with the face centred Bravais lattice (fcc) and
belongs to the space group Fm3m (No. 225) or F£3 2 in its full notation [53,54].

The ferritic matrix parameter, a, = 0.2867 nm, characterised by X-ray diffraction, is
used to calibrate the electron diffraction patterns and to deduce the lattice parameters of
the cubic K-phase, namely, ax = 1.0645 nm.

From the F232 space group and the lattice parameter ag = 1.0645 nm, determined
from electron diffraction patterns recorded along different zone axes, it is confirmed that
the K-phase, together with the y-austenite, is effectively one of the two constituents of the
lamellar eutectoid. The latter is composed with alternated y-austenite and carbide lamellae.
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3.4. Orientation Relationship (OR) between the K-My3Cg and the y-Austenite in the
Eutectoid Nodule

Based on the diffraction patterns recorded along (a) [001]y / /[001],, (b) [112]y //[112],,
and (c) [011]y //[011],, zones axes (Figure 7), it is experimentally obvious that K-Mp;Cs
have a definite orientation relationship with respect to the y-austenite and consequently
with the d-ferritic matrix in which the (K-y)-eutectoid nodules take place. The triperiodi-
cally overlapping of spots arising from the K-M»3C4 and y-austenite indicates that many
lattice planes from the two phases are parallel and have identical three time interplanar
spacing. It can be concluded without ambiguity that the K-M3Cq is a supercell of the
y-austenite; the unit cell of the Mp3Cg carbide is described here as a triperiodic stacking of
(3 X 3 x 3) = 27 unit cells of austenite. This would favor an easy epitaxial nucleation and
growth of the K-M3Cg from the y-austenite.

g [011],//[011],

[001],//[001],

(@) (b) (c)

Figure 7. Series of selected Area Electron Diffraction patterns (SAED) recorded along: (a) [001]y / /[001],, (b) [112] / /[112],,
and (c) [011] //[011],, leading to a cube-on-cube orientation relationship between K-Mp3;Cg and y-austenite.

The derived orientation relationship expressed by exact parallelism between the
corresponding planes and exact parallelism between directions lying in these planes is
labelled a cube-on-cube orientation relationship. Due to the fact that the y-austenite
develops a Kurdjumov-Sachs orientation relationship [56] with the d-ferritic matrix, it can
be established that a triangular orientation relationship (TOR) is developed and can be
quoted and gathered in the following Table 4.

Table 4. Triangular orientation relationship (TOR) between: K-M3Cg, y-austenite and the d-ferritic

matrix.
Phases K—M»3Cq¢ Y—Austenite & —ferrite
Space groups Fm3m (F£32) Fm3m (F£32) 1m3m (1£32)
Lattice parameters ag = 1.062 nm a, = 0.354 nm as = 0.287 nm
Cube — on — cube Kurdjumov — Sachs Kurdjumov — Sachs
rientaton. (001)yc//(001),, (110)5//(111), (110)5//(111)
(o) //(0),  [THy//[M0),  [1M]y//[T0),
(1) //(111),, [M12],//[112],, [112]//[112]
Triangular (111)K//(111)y//(110)5
Orientation [110] // [Tlo]y //[111]

Relationship (TOR) [11ﬂ <!/ [112]y // [le] 5
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The identification of this rational orientation relationships between the matrix and its
decomposition products is an important step in the morphological characterization which
will be displayed in the next paragraph.

3.5. Symmetry Analysis and Morphology, the Equilibrium Shape

It is well established, through group theory, that the morphology of phases, taking
place in any medium (solid, liquid or gas) is of great importance in materials science.

Both the morphology and the variant number of the precipitate, which adopts orien-
tation relationships with the matrix, can be understood in terms of group theory [57,58].
This symmetry concept has been successfully applied to determine the number of vari-
ants and to characterize the morphology of precipitates in different alloy systems, and
is widely investigated [59-66]. This approach, based on the shared symmetry elements
of the two point groups can be applied to explain the habitus and especially the variant
number developed by the K-M»3Cq in the eutectoid nodule. It is well known that the
shape of a crystallographic precipitate developing in a solid matrix is dictated by the point
group, labelled Hy,, whose elements are common to the precipitate and to the matrix point
groups [57,58]. The Hy, point group is one of the 32 crystallographic point groups and & is
its group order [57,58].

Based on the electron diffraction patterns (Figure 7a—c) and the derived cube-on-
cube orientation relationship, the 4, 3 and 2-fold rotation axes and the inversion centres,
common to the K-M,3C¢ phase and to the y-austenite, survive to the intersection point
group (Table 5a). It is therefore clear that the shared symmetry elements lead to the
intersection point group Hy:

4.2 4.2 4.2
—cK Y _ 32 2342 _ T34
Hy,=GiNGjg=—-3—-—N=3 3
The resulting point group Hyg = %5% is the cubic point group, whose order is

48 [53,54]. It dictates the shape of K-M»3Cgy carbide. For this point group, the gen-
eral forms developed are (hkl)-hexoctahedra and the special ones are (100)-cubic, (110)-
rhombic dodecahedron, (hk0)-tetrahexahedra, (111)-octahedra, (hll)-icositetrahedra, and
(hhl)-trisoctahedra [53,54]. All these shapes correspond to an absolute extremum [57].

Whatever the shape developed by the K-M»3C¢ phase, it corresponds to an absolute
extremum [57]. The equilibrium shape, which is consistent with the one experimentally, ob-
served, elongated along [110] || [111] 4 direction (Figure 8) is energetically favourable,
i.e., it is a stable carbide.

Table 5. Derivation of the intersection point group H, whose symmetry elements are common
to: (a)The y-austenite and the K-carbide related by a cube-on-cube orientation relationship. The
K-carbide developed 1 variant in the y-austenite. (b) The y-austenite and the d-ferrite related by a
Kurdjumov-Sachs orientation relationship. The y-austenite developed 24 variants in the d-ferritic

matrix.
. . . Superimposition Variant
Point Groups Orientation Shared Symmetry
(3 Relationships of Symmetry Elements Numbers
Elements n=m/h
Cube — on — cube HE/V =
K _ 4732
. =1%o, A/E=i (dhncy)  n=8
Gig = m3m (111)//(111),  3//3=3 H= %32 n=1
m- m
(110)//(110), Z//Z =% h =48
Kurdjumov — Sachs H)/® =
_ 4732 JEp—
y  SkTadn (10),//011), 2//3=1 (6% nGi) n=%
Gig = m3m (1T1),//(110), 3//%=1 HoT n =24
(112)//(112),  1//1=1 h=2
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Figure 8. Bright field TEM image, recorded along [111] . || [110];, displaying the development of (K-M53Cs /y-austenite)-
eutectoid in the d-ferritic matrix. The K-Mp3Cq takes place at the interface 5,y and grows inside the y-austenite nodule
along the [110] || [111] directions.

Defined as the index of Hyg in GZS, the number of variants n is the ratio of the order of
GZS to that of Hyg, i.e., n = 48/48 =1 [57,58]. This means that for the K-Mp3Cg, there is only
1 variant that could take place in every grain of austenite. The derivation procedure of the
point group Hy, sharing the symmetry elements between both K-M3Cg/y-austenite and
y-austenite/d-ferrite, is summarised in Table 5a.

Based on the triangular orientation relationship (TOR) between the three phases,
symmetry analysis asserts that, in every ferritic grain, 24 austenite variants (nodule) are
developed and in each one, one K-M»3Cg variant takes place in the y-austenite (Table 5b).

This result is the answer to the raised question in Section 3.2 about the origin of the
carbide lamellae connected together, forming a continuous network (Figure 4b,c) in the
(My3Cg /y-austenite)-eutectoid.

3.6. Passage: 6-Ferrite = -y-Austenite = K-Mj3Cg: Geometrical Model

The M33Cg, as the y-austenite, crystallises in the fcc structure and belongs to the space
group Fm3m, with a lattice parameter gy = 1.062 nm (a; = 3a, = 3 x 0.354 nm).

The My3C¢ carbide (M = atomic metals, Cr, Fe, etc.) is described by a conventional
unit cell with four inequivalent metal sites, namely, the 4a, 8c, 32f, and 48h sites, according
to Wyckoff notation [55]. The carbon atoms (C) are located at the 24e sites [55] (Table 6).

Table 6. Position of atoms in the unit cell of the M»3Cq carbide.

Atom Number (Site) Local Site Atom Fractional Atom Coordinates
(Wyckoff Notation) Symmetry Nature X y 2
4(a) m3m Cr 0.00000 0.00000 0.00000
8(c) 43m Cr 0.25000 0.25000 0.25000
32(f) .3m Cr 0.38500 0.38500 0.38500
48(h) m.m2 Cr 0.00000 0.16500 0.16500

24(e) 4m.m C 0.00000 0.00000 0.25600
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The M;3Cq carbide structure can also be described as a packing of polyhedra: cubo-
octahedral and cubic groups [67-71]. These atomic groups, labelled P and Q (Polyhedral
and Stick Modes, CrystalMaker®) (CrystalMaker Software Ltd., Oxford, UK) constitute the
motif of the fcc structure and are located at {0, 0, 0} and {1/2, 0, 0} site types of the unit
cell [67-71], respectively. The cuboctahedron is a polyhedron with 8 triangular faces and 6
square faces parallel to {111} and {001} planes of the unit cell, respectively. Each square face
shares its sides with 4 triangular faces. The sites are parallel to <110> unit cell directions.
The faces of the cubic groups are orthogonal to the <001> directions of the carbide unit cell
(Figure 9).

(a) Polyhedral mode (CrystalMaker®

(b) Stick mode (CrystalMaker®)

Figure 9. Crystal structure of the fcc Mp3Cq carbide observed along [001] showing packing of atoms organised in poly-
hedra: cubo-octahedra and cubes, located at (0, 0, 0) and (1/2, 0, 0) sites, labelled P and Q, respectively (CrystalMaker®,
(a) polyhedral and (b) stick modes).

In the case of carbides with simple structures, such as the fcc-VC or hep-Mo,C (hexag-
onal close packed), the atomistic mechanism underlying the ORs with the austenite is
easily explained by their lattice correspondence relationship [68]. These are discussed in
with respect of matching of individual atoms on the interface between the engaged two
phases, the carbide and the austenite. However, in the case of the My3Cq and MgC complex
carbides, matching between individual metal atoms on the interface is not so obvious and
must be examined in detail, in order to obtain a plausible explanation of the respective OR.

In the present study, the possible pairing of metal atoms through the interface devel-
oped by the K-Mj3Cg with both the austenite and the ferrite, will be tackled by setting up a
geometric model.

Based on the triangular orientation relationship and the trace analysis, let us draw
crystallographic planes of the three phases namely, (111), //(111),,//(110) and propose
an ad-hoc geometrical model explaining the passage from the 6-ferrite to the y-austenite
and finally to the K-M3Cs.

This geometrical model, based on the corrugated layers [38,72-74], was developed to
explain, among others things, the passage from the close-packed structures to the topo-
logically close-packed (TCP) structures [44]. This approach emphasizes the necessity to
consider corrugated compact layers instead of less dense lattice planes with the conser-
vation of the site density at the interface plane [36,72-74]. This geometrical approach is
especially proposed to account for the y-austenite = K-Mj3Cg transition.

To best understand the passage from one phase to the other one, the atomic distribution
of the two phases is plotted using the CrystalMaker® software according to the cube-on-
cube rational OR developed between the two phases. The atomic projection is recorded
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along the common crystallographic direction [110]. Along this projection, the atomic
planes parallel to (111) are edge-on and depicted by the straight parallel oblique lines
(Figure 10a).

KO S ; K _'ayp?
P(112) - 3><1)(112) @ P(112) - 3><P(112)

Figure 10. (a) Superimposition of the projection of the atomic structures of the austenite and of the K-carbide; the projection
is recorded along [110], (b) schematic representation showing how the 9 atomic planar layers (i — &) are grouped to
form the 3 corrugated layers (A, y, v) of the K-carbide. The latter are grouped, respectively, around the 3 atomic planes
(A, B, C) of the y-austenite. Both (A, y, v) and (A, B, C) are observed edge-on. One can notice how the metallic atoms of
the K-carbide are located on either side of the red zigzagged or grey corrugated layers. The black small atoms belong to the
dashed lattice of the y-austenite while the coloured ones belong to the K-lattice.
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The black small atoms belong to the dashed lattice of the austenite while the coloured
ones belong to the K-lattice. The nodes surrounded by blue empty circles correspond
to coincident site lattices (CSL) dictated by the peculiarity of the lattice parameters and
the cube-on-cube OR. For the sake of clarity, the carbon atoms (4 x6 = 24 carbon atoms
related to the 4 x 23 = 92 metallic atoms entering in the constitution of the K-M»3C¢) were
deliberately removed from these simulations. Only the Cr-metallic atoms are therefore
taken into account (K-Crp3Cg) in the representation of the atomic layers (Figures 10-13).
The different colours refer to the 4 sites (a, ¢, f and h) occupied by the chromium atoms

according to the Wyckoff notation [55,71].

a
127 atoms 123 atoms 111 atoms 361 atoms
Layer a Layer b Layer c Layerd Layere
103 dtoms 12 atoms 12 al;*oms 39 atoms 36 atoms
b
Layer f Layer g Layer h Layeri Stacking:K=a - i
36 aioms 39 aioms 12 atoms 12 atoms
A=i+a+b p=c+d+e v=f+g+h K=A+pu+v
) ‘ e R o TS ~so”
............ olles-veaine * ? t Iyl
L 2
S0l o 2y 5 . s s
$ . . g | sl : . I N I K o=
s 5 o2 ~ + 4 o & %
127 atoms 87 a-toms 87 aiams 301 atoms

Figure 11. Projections along the [111] crystallographic direction showing the atomic distribution in (a) the 3 (4, B, C)

and (b) the 9 (a2 — i) atomic layers parallel to the (111) plane, describing the y-austenite and the K-carbide, respectively.

(c) Projection along the crystallographic [111] || [111], showing the atomic distribution in the corrugated layers (A, u, v)

of the K-carbide to be compared to that of the (A, B, C) of the austenite. The compactness of the layers is given by the

atomic number included in the external hexagonal surface. One observes that the atomic plane a is the densest one, followed

by the atomic planes d, e, f and g, while the less dense are b, ¢, hand i (b = i).
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Figure 12. Flat and edge-on atomic projections of K-Mp3Cg, y-austenite and d-ferrite phases, related by the TOR: (a,b) corru-
gated layer A = (i, a, b), and y = (111) along [111] ., and [110] , (c) 8-ferrite along [110]5 and [111] ; directions.
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Figure 13. Superimposition of the densest parallel layers (110); (small black dots), (111),, and (111) ,, (color dots) of
d-ferrite, y-austenite and K-M3Cg, respectively, obeying the triangular orientation relationship (TOR). The blue, red and
green lattices correspond to the d-ferrite, the y-austenite and the K-Mj3Cg, respectively.

Based on these simulations (Figure 10), and as it is expected, the y-austenite can be de-
scribed by 3 (A, B, C) periodic close-packed planes stacked in the sequence v = (A, B, C)
parallel to (111), . However, the K-carbide can be described by 9 periodic atomic planes
stacked in the sequence K = (i,a, b,c,d,e, f,g, h) = (i — h), parallel to (111). The simu-
lations recorded along [111],, || [111]k (Figure 11) show the planes parallel to the sequences
7= (A, B, C)and K = (i — h) parallel to (111),, and (111)y, respectively.

The interplanar spacing and the compactness of the atomic planes of the y-austenite
and of the K = (i — h) sequences are clearly displayed in Figures 10 and 11 and can thus
be compared structurally. The compactness of a layer is given here by the atomic number
included in the external hexagonal surface. The sequence v = (A, B, C) is characterised by
constant interplanar spacing (Figure 10a) and by highest and constant atomic compactness
of its planes (Figure 11a). As it is expected, one can point out 1 [112] shifts between the
stacked (A, B, C) atomic layers, leading to a low compactness differential (Figure 10b).

Contrary to this ¥ = (A, B, C) packing, the sequence K = (i — h) is distinguished by
both atomic compactness and interplanar spacing whose values change from layer to layer
(Figures 10 and 11). One observes, in the K = (i — h) sequence, that the atomic plane 4 is
the densest one followed by the atomic planes d, ¢, f and g, while the less dense are b, ¢, h
and 7 (b = i). The atomic organisation and atomic density of the plane a are similar to that
of (111),, (Figures 11 and 12) and (110),, (Figure 13).

To meet the requirement dictated by the geometrical model [38,72-74], (dense cor-
rugated layers instead of less dense atomic planes, interface with high site density), the
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9 (i — h) stacked atomic planes are gathered in 3 consecutive groups of atomic planes
to form 3 periodic corrugated layers K = (A = iab, y = cde, v = fgh), in relation with
the 3 atomic planes (A, B, C) of the y-austenite. Both (A, y, v) and (A, B, C) are ob-
served edge-on (Figure 10a,b). The straight oblique lines (Figure 10) are the traces of
the (111) planes while the ziggzaged or wavy lines correspond to the traces of the corru-
gated layers parallel to the traces of the (111) planes (Figure 10b). One observes how the
metallic atoms of the K-carbide are located on either side of the zigzagged or corrugated

li}ig's. The corrugated layers K = (A, y, v) are at the same mean inter-layer spacing, d¥;

(al; = %dlﬁl = %d}/ll = 0.68 A) and have more or less the same mean atomic density.
These mean inter-layer spacings and mean atomic densities tend towards to that of the
austenite as highlighted in Figure 11a,c.

Instead of describing the K-M»3Cg by a stacking of planar layers like those for ferrite
or austenite, we propose to describe it by a stacking of corrugated layers and not having the
same atomic density. The stacking of the 3 atomic planes (A4, B, C) and the 3 corrugated
layers (A, p, v) involve 361 atoms and 301 atoms, respectively. The difference of the site
density between the two stacking is less than 17%. This compactness departure is to be
linked to the carbon atoms which were not taken into account.

However, it is remarkable that the corrugated layer A (i 4+a + b) has exactly the
same atomic density (Figure 11) as that of its corresponding A(111) atomic plane of the
austenite, which moreover is close to that of the (110) plane of the ferrite. Then, the K/v/o
potential interface implying the dense (111),, || (110); planes parallel to the corrugated
layer A (i 4+ a + b), realizes the conservation of the atomic sites density.

Such an approach, developed elsewhere [38,73,74], has already allowed the interpreta-
tion of interfaces developed between the topologically close packed (TCP) phases, o and x,
taking place in the ferritic matrix.

When the corrugated layers concept is taken into account, the superimposition of
the atomic projection along [111],, || [111]x points out the similarity between the atomic
distribution in the y-austenite and in the K-carbide, allowing to explain the transition from
one phase to the other one (Figure 13).

The triangular orientation relationship (TOR) developed between the three phases is best
illustrated in Figure 13 by the superimposition of their densest planes (111),//(111), //
(110) 5 and maintaining the parallelism between the corresponding directions, namely:

[110], //[110],//[111]

[112], //[112],//[112] 4

This schematic representation points out the similarity of the atomic distributions in the
parallel densest planes dictated by the TOR, obeyed by the three phases. The passage from
the ferrite network to that of the austenite/carbide would take place by atomic displace-
ments whose amplitudes are smaller than the interatomic distances. One observes a lattice

coherency for the three phases, with a misfit smaller than 1% (misfit: Agi?]g' Vs <1

along the common direction [110] !/ [110] v //[111] s+ This crystallographic direction
corresponds to the growth direction of the K-carbide in the ferritic matrix as indicated by
the TEM observation (Figure 8).

3.7. Thermodynamic Analysis and Comments

The TCFE5 data base version of the thermodynamic ThermoCalq® software was used
to calculate the stable phase equilibria for the 2205-DSS.

Figure 14 shows the predicted equilibrium mole fraction of K-M3C¢ and o-phase
versus temperature. The mass percentage of all components entering in the composition of
each of the two phases are superimposed. In Figure 14, the attention is only focused on
K-M3C¢ and o-phase.
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Figure 14. ThermoCalc® calculation plotted using the TCFE5 database for 2205-DSS, giving the mole fraction of phases and
the mass percent of their alloying elements vs. temperature in the K-M3Cg and o-phase, under equilibrium conditions.

Dotted lines are concerned with the mole percent of alloying element in K-Mj3C¢ while the continued lines are for those in

the o-phase.

According to this diagram, the appearance domains of o-phase and of the K-M»3Cg ex-
tend up to 904 and 936 °C, respectively. The two temperature domains almost overlap, this
explains the concomitant presence of the two phases as indicated by the TEM investigation.
In the temperature range 904-936 °C, the K-M3Cg appears in the d-ferrite (essentially at
the grain boundary) without accompanying the o-phase, while they may be in the presence
of austenitic islands.

At 500 °C, the temperature at which the mass fractions of the two phases are maximum,
the K-M3Cq (0.7%) represents only 1% of the sigma phase (25%).

According to the diagram, it is quite clear that K-M»3C¢ mobilizes more Cr and
Mo than o — phase could do. Carbon, being insoluble in o — phase, has the same level
in the K-M3C¢ throughout all the studied temperature range. On the other hand, o —
phase is richer in Ni and especially in Fe. This alloying element’s distribution favours
(promotes) the kinetics of the carbide at the expense of that of the 0 — phase. In return, the
K-My3Cg particles act as nucleation sites for 0 — phase and even, of course, for the austenite.
Therefore, the thermodynamic calculations developed previously are in agreement with
the TEM observations.

4. Discussion

Through this study, a geometrical model, based on the corrugated compact layers
instead of lattice planes with the conservation of the site density at the interface plane, has
been proposed to explain the transition 8-ferrite = {y-austenite < K-M3Cq}.

To implement this geometrical model, the following balance sheet can be drawn to
highlight the different steps:

¢ Identification of the potential interface shared by the engaged phases with respect to
the OR: the densest planes dictated by the OR and with the conserved site density,

¢  Flat and edge-on representations of the atomic planes parallel the potential interface,

¢ Gathering atomic planes to form periodic corrugated layers based on the crystal
structure, the compactness of the engaged atomic planes,

¢  Correspondence between the inter-layer spacing of the corrugated layer and the
inter-reticular spacing of the corresponding atomic planes,
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¢ Selection of the potential interface: The distance separating the corrugated carbide
layers are the same as that of the inter-reticular spacing of the densest austenitic atomic
planes. Selection of the corrugated layer distinguished by the close compactness as
that of the densest austenitic atomic plane which is close to that of the densest atomic
plane of the ferrite,

¢ Equilibrium shape: the coherency (CSL), potential growth direction (misfit),

¢  Passage: d-ferrite = {y-austenite & K-M»3Cq}.

This geometrical model can be generalised to explain the transitions from com-
pact phases (fcc, bec, hep) to the topologically compact phases (TCP: sigma, G, R, chi,
etc. phases).

Thermodynamic calculations, based on the commercial software ThermoCa1q®, were
carried out to explain the K-My3C¢ precipitation and its effect on the other decomposition
products of the ferritic matrix, namely y-austenite and o-phase. For this purpose, the mole
fraction evolution of K-M;3C¢ and the o-phase, and the mass percent of all components
entering in their composition, have been drawn.

The mechanism involved in the formation of the lamellar (K-M»3Cg¢/v-austenite)-
aggregate is similar to that of the well-known lamellar pearlite, where the K-M3Cg carbide
plays the role of Fe;C-carbide, the cementite [75,76]. A M»3Cq or y-austenite nucleus takes
place on the §/6 grain boundary and its development modifies the chemical composition
of the surrounding 6-ferritic matrix, which is depleted in ferrite and carbide stabilising
elements (Cr, Mo, etc.) and enriched in austenite stabilising elements (Ni, Mn, etc.). This
evolution of the chemical composition of the ferrite then promotes the formation of the
austenite. This sequence reproduces along the §/6 grain boundary leading to the lamellar
K-M3Cg/v-austenite aggregate formation (Figure 9).

Since C the atoms necessary to form My3C¢ are supplied from the area surrounding
the native (K-M3Cg /v-austenite)-eutectoid, the amount of C atoms supplied will decrease
with the progress of aging time and the reaction will finally stop.

5. Conclusions

Through this study, it was shown that depending on the heat treatments, isothermal
or anisothermal, the K-Mjy3C¢ precipitates as particles at the §/6 grain boundaries or as
lamellae in (K-Mp3Cg/v)-eutectoid, respectively. Whatever the holding temperature, the
K-Mp3Cg formation points ahead those of y-austenite and o-phase, by acting as highly
potential nucleation sites. This result is supported by TEM observation and thermodynamic
calculations. However, during the anisothermal heat treatment, the K-M»3C¢ precipitates
as alternated lamellae with the austenite, forming an eutectoid. The crystal structure of
the K-M»3C¢ was determined by microdiffraction. The Fm3m space group and the lattice
parameter (ax = 1.0645 nm) are in accordance with those reported in the literature. The
K-M33C¢ adopts a cube-on-cube orientation relationship with the austenitic lamellae, which
adopts a Kurdjumov-Sachs relation with the ferritic matrix. The K-M3C¢ develops only
one variant inside each eutectoid island among the 24 developed in the ferrite. This result
is supported by symmetry analysis.
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