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The ferritic matrix in the Fe-22Cr-5Ni-3Mo-0.03C ferritic-austenitic duplex stainless steel can
undergo a variety of decomposition processes when aged in the temperature range
650-550°C. One of these processes is the formation of austenite in the shape of a
spearhead. Unlike the one found at high temperature, this austenite is characterized by a
habit plane, which is similar to the midrib of the martensite. This feature suggests that a
diffusionless process as referred to in the literature controls its formation. In the present
investigation, transmission electron microscopy (TEM) and energy dispersive X-ray
spectroscopy (EDS) results indicate that the proposed precipitation mechanism must be
reviewed. Based on the crystallographic results in conjunction with the clear-cut difference
in chemical composition between the matrix and the austenitic second phase, the
equilibrium shape is explained and the ambiguity of precipitation mechanism has been
brought to light. It has been suggested that the latter one goes through the following steps:
(i) enrichment of the (110)-ferritic planes with y-forming elements by diffusion, (ii) double
shear to transform (110)-ferritic planes into (111)-austenitic planes, i.e., to change from BCC
(8) to FCC (y), (iii) twinning of the FCC y structure to reduce local strains and formation of y
bi-crystals and (iv) growth of the twinned y towards the ferritic matrix by volume diffusion.
© 2001 Kluwer Academic Publishers

1. Introduction various identified phases includeACs type carbides,
Duplex stainless steels are being increasingly used aaustenitey), thea’ BCC ferrite [14] being responsible
structural material in oil, chemical and power industriesfor the well-known embrittlement at 476 in Fe-Cr
[1-4]. This is related to the fact that their duplex mi- system [15], the intermetalliG-phase [16], the novel
crostructured + y) allows a beneficial combination of t-phase described elsewhere [17] and the undesirable
austenitic ) and ferritic §) properties: onthe one hand topologically close-packed (TCP) phases. The latter be-
high strength with a desirable toughness [5, 6] and, orng mainly the Frank-Kasper phases: sigmg khi (x)

the other hand, good corrosion resistance, especiallgndR [18].

to chloride-induced stress corrosion cracking [7-9]. As part of the continuing investigation, an isothermal
The Z3CND-22-05, of nominal composition (wt%) Fe- heat treatment, in the temperature range 6502650
22Cr-5Ni-3M0-0.03C is a member of this family. It has for various durations up to 336 hours, leads to very
an excellent potential for application in offshore con-fine precipitates throughout tlienatrix. These precip-
ditions [10]. The heat treatment of this duplex stain-itates, completely identified by convergent beam elec-
less steel leads to a series of metallurgical transfortron_diffraction (CBED) as austenite, belong to the
mations which take place in the ferrite or at its grain Fm3m space group [13]. This austenite, morpholog-
boundaries, apart from the martensite which forms incally different from the one found at high temperature,
the austenite [11, 12]. In a detailed study [13], effortstakes place in addition to the intermetallic compounds
were made to characterize the different products of thdR and r. Due to its spearhead-like morphology, this
S ferrite matrix decomposition in the temperature rangeaustenite is labellegs. The s particles are character-
1050-400C. The characterization of the phase precipi-ized by a habit plane, which is similar to the midrib
tation was best undertaken by isothermal heat treatmeiof the martensitic austenite referred to in a previous
from the fully § ferrite microstructure retained by water study [19], which suggested that the precipitation is
guenching at ambient temperature from the solutioniz€ontrolled by a diffusionless transformation. In du-
ing single domain. This isothermal treatment inducelex steel with a close chemical composition, South-
the decomposition of the supersaturasefdrrite. The  wick and Honeycombe [20] have identified a very
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fine precipitation with heavily faulted particles, whose mode with a nearly parallel electron beam focussed on
transformation mechanism is also a martensitic onea very small area of the thin foil. High-resolution elec-
However, our crystallographic results and the signifi-tron microscopy (HREM) was performed on a Philips
cant difference in chemical composition betweendthe EM 430 ST electron microscope operated at 300 kV.
matrix andys indicate that the proposed precipitation The optimum point-to-point resolution was better than
mechanism of this second phase must be reviewed. Iti8.2 nm. This instrument was equipped with a Tracor-
intended through this study to characterize this austeriNorthern energy-dispersive X-ray spectroscopy (EDS)
ite to explain its equilibrium shape and to overcomeanalysis system. The EDS spectrometer is interfaced
the ambiguity of the formation mechanism, by usingwith a minicomputer to log the spectra and to conduct
transmission electron microscopy (TEM) coupled withqualitative or quantitative analyses. Quantitative anal-
energy-dispersive X-ray spectroscopy (EDS). ysis of EDS spectra without standards was performed
assuming the thin film approximation of no absorption.
The Cliff-Lorimer expression for concentration ratios
2. Material and experimental procedure was used, relying ok values calculated fak spectral
The as-received Fe-22Cr-5Ni-3Mo-0.03C (wt%) du-lines.
plex austenitic-ferritic{ + y) specimens were solution
treated at 1378 for 20 min to achieve homogeneity
and subsequently water quenched to retain a supers@: Experimental results
urated and fully ferritic §) microstructure. Specimens 3.1. Structure of ys—phase
were then treated in the temperature range 6502650 The result of the isothermal heat treatment, in the
for various durations up to 336 hours, followed by temperature range 650-5%0 originates in very fine
water-cooling. All the heat treatments were carried ouprecipitates (less than 0/om) throughout theéd ma-
in electric muffle furnaces under vacuum to minimizetrix (Fig. 1). These precipitates, identified by Conver-
oxidation. gent Beam Electron Diffraction (CBED), belong to
Thin foils were prepared for transmission electronthe Fm3m space group [13]. Characterised by X-ray
microscopy (TEM) by grinding the metallographic diffraction, thes matrix parametergs = 0.2867 nm, is
samples to 2Qum thickness and by double jet elec- used as a calibration to find that the lattice constant of
tropolishing in a solution of 5% perchloric acid in 95% the austenite is, =0.359 nm [13]. Particles adopt a
II-butoxyethanol at 40 V potential. They were inves- spearhead-like morphology (Fig. 1) with a habit plane
tigated in two transmission electron microscopes. Thesimilar to the midrib of the martensite. This habit plane
Philips CM 12 operated at 120 kV and the Jeol 200 CXand the growth direction of the, particles were deter-
operated at 200 kV. They employed double-tilt go-mined by trace analysis. Such analyses, involving sev-
niometer stages, which could be tiltei§0°) for two  eral orientations of matrix grains, established that the
orthogonal directions. The diffraction patterns were ob-median plane and the growth direction of the particles
tained in convergent beam electron diffraction (CBED)are{110}6 and(112§, respectively. Thus the deduced

0.15 um

Figure 1 Bright field TEM micrograph showing twin-related particles embedded in the surroundihgatrix. The median line, exhibited by every
ys particle, is the trace of the twinning plane.
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number of the particle variants developed in a given Both the morphology and the variant number of the

grain, is equal to twelven(=12). precipitate, which adopts orientation relationships with
the matrix, can be understood in terms of the group
theory [24, 25]. This approach, based on the shared
symmetry elements of the two point groups of product

3.2. Orientation relationshipand and parent phases, is applied here to explgiphase
morphology analysis: The equilibrium precipitation features.
shape First of all, let us conside®® andG?s to be the sym-

The ys-phase crystal lattice is oriented with respect tometry point groups of the ferritic matrix and the de-
the Surroundin@ matrix aCCOfding to the well-known Composition product’ th@,s_phas_e’ respective]y__The
Kurdjumov-Sachs (K-S) orientation relationship as de-intersection point group d&® = m3m andG?- = m3m
duced from the recorded electron diffraction patternss represented by their common symmetry elements
(Fig. 2). This orientation relationship, which consists inwhen the precipitate adopts an orientation relationship
making the close-packed planes parallel, may be speggith the matrix [24, 25]. This intersection point group,

ified by one of the 24 possible variants as: labelled H (H = G® N G:), is one of the 32 crystal-
lographic point groups and a subgroup of the matrix
(111)s//(012) and of the precipitate point groups. Cahn and Kalonji

_ a [25] assert that it is an error to relate the morphology
[-101ps//1-1— 11 of the precipitate to the symmetry of the matrix or of
[-12—1]ys//[-21—-1]5 the precipitate. They suggest that the precipitate crys-
tal adopts a form consistent with the symmetry of the
It is well established that the morphology of trans-subgroupH. Another important concept of the crys-
formation products, taking place in a solid matrix by tallographic symmetry is the index of the subgrouping
diffusion-controlled mechanism or diffusionless mech-which provides the number of precipitate variants of
anism (martensitic transformation), is of great impor-a given orientation relationship. Defined as the index
tance in materials science. Understanding of both thef H in G?, the number of variants is the ratio of the
equilibrium shape and the habit plane adopted andrder ofG? to the order ofH. The order of each point
developed between the transformation products angroup represents its symmetry element number [26].
the parent phase has been widely investigated. In th&his symmetry concept has been successfully applied
martensitic transformation, the optimum shape predicto determine the number of variants and to characterize
tion has successful. For diffusion-controlled mecha-the morphology of precipitates in different alloy sys-
nism, several models [21-23] have been proposed arig¢ms [27, 28].
the morphology prediction, in the centre of the present According to the K-S orientation relationship devel-
study, has been of limited success. oped by the/s—phase with thé matrix, both belonging
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Figure 2 Composite diffraction pattern recorded alonglf~11]5//[—101}y zone axis compound of three patterns: one of them corresponds to
[—1-11]5 and the others to two twin related patterns alorg@1}y. Notice the K-S orientation relationship between the two varianig ahd the
3 matrix.
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TABLE | Determination of the intersection point grotip the sym-  of the matrix. This variant number deduced from the K-
metry elements of which are common to fheustenite and thematrix S orientation relationship analysis is not in agreement
with the one determined by trace analysis. To overcome

K-S Orientation Superimposed Shared

relationship symmetries symmetries this ambiguity, the diffraction pattern (Fig. 3), recorded
only from ys particle, is considered. This diffraction
Ellllo)ﬁ/ //(?[1115 " g/;”oi‘g . pattern, obtained along{101}ys, is compound of two
—101s//[—1— . . .
[—12-1]ys//[-21-1]5 loni patterns. The analysis of the reflections indicates that

the latter are twinned austenite diffraction patterns.
These results, sustained by different bright field and
dark field experiments, clearly indicate that parti-
to the same point groum§m, the results of the sym- cles are compqund of two twin—.related variant;, i_.e.,
metry analysis are summarized in Table . two particles with the same hablt_ plane: the twinning
For the K-S orientation relationship, 3 anarvota- ~ Plane (111)//(011). The two variants develop sym-
tion axes are lost and the only surviving symmetries arénétrically from the twinning plane. Thus, the variant
superimposed inversion centres. Itis therefore clear thdtumber 12, obtained in Section 3.1, by trace analysis,

the shared symmetry elements lead to the intersectiofventually becomes (122) 24, and agrees with the
point groupH: one deduced from the K-S orientation relationship in

conjunction with the group theory. This result is cor-
4-2 4 B roborated by the fact that particles were also found
H=G’NnG»=_-"32n-132=-1 with only one variant (Fig. 4), whose shape is a pina-
mm mm coid belonging tol point group [29]. However, this
_ morphology is rarely observed. It is interesting to no-
The resulting intersection point groud =1, the tice that the particles with one untwinned variant are
triclinic point group the order of which is 2, dictates much more developed than the ones compound with
the shape ofss particles. For this point group, there is twin-related particles.
no special form and the equilibrium shape is a pina- The shape ofys—phase is dictated by the triclinic
coid [29]. This predicted form is consistent with the intersection point groupgH =1 which is character-
one experimentally observed. ized by no symmetry-dictated extremum [24, 25].
Defined as the index dfl in G%, the number of vari- This is not surprising because the exact K-S rela-
ants is the ratio of the order @° to that of H, i.e.,  tionship is never observed. Indeed, a deviation from
48/2=24 [24, 25]. This means that for the-phase, K-S has been observed in different systems. Its oc-
there are 24 variants that could take place in every graicurrence corresponds to symmetry-dictated extrema
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Figure 3 The composite diffraction pattern, recorded alord@Q1}ys corresponds to the patterns of two twin-related varianig pérticle. The dashed

unit cells, in the reciprocal lattice, defined witgh-20—2], [0—20], [-202]} and{2/3[-1—-4—1], 2/3[2—1-2], [-202]} vectors, correspond to the

two twin-related variants. The dashed unit cells, defined §&R2], [-24— 2], [-202]} and{1/3[111], 1/3[—24—2], [-202]} vectors correspond,
respectively, to the cells of the coincidence-site lattice (CSL) and the displacement shift complet (DSC) lattice of the reciprocal lattiose of the t
twin-related variants. Spots the intensity of which is weak are due to double diffraction.
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the apcc/ascc parameters ratio and are localised, as
established by Dahmen [23], between the exact N-W
and K-S orientations. Referring to the lattice parame-
ters of the two phasésandy, the parameters ratio is in
agreement with the results indicated by Dahmen [23].
It has been established that the orientation, between
the ferrite and the austenite in duplex stainless steels,
is related to the alloy purity [31]. In high purity alloys,
N-W orientation is the most frequently observed one.
However, the addition of carbon and/or sulphur [31]
modifies the interface structure by locally accommodat-
ing the structure and thus favouring the K-S orientation
relationship to the detriment of the more stable N-W
OR, which corresponds to a partial extremum dictated

Figure 4 Bright field TEM micrograph showing two particles of by the symmetry. Moreover, Luet al [34] pointed out

austenite: one of them is untwinned and the other one exhibits twin—that the phosphorus |mpu.r|t|es and ageing heat treat-
related variants. One can notice that the untwinned particle is mucHment also have a marked influence on the morphology

more developed than the one compound with the twin-related variantsand on the crystallography of Cr precipitates in dilute
Cu-Cr alloys.

such as Nishiyama-Wasserman (N-W) and Bain ori-
entation relationships. The latter leado=2/mand 3 4 Twin-related variants of ys-austenite in
H =4/m2/m2/mrespectively, both corresponding to § matrix s

symmetry-dictated extrema[24, 25]. Induplex stainless ¢ s treat briefly the twinning in the FCC structure

steels whose compositions are close to the one considy, 4 tocus on the electron diffraction of theaustenite
ered in this study, Southwick [30] and El Hajjaji [31] i the s matrix.
have reported 2:8and 4 deviations to K-S relation-  qyinning, a phenomenon usually observed in ferrous

ship. However, Penisscet al. [32] have pointed out g0y and steels, is of great importance in controlling
that the orientation relationships betweenéheatrix 1 ochanical properties. It occurs as a consequence of

and the austenite precipitating at high temperature arg|astic deformation, recrystallisation or growth stress
not constant and are varying in the domain contained,..ommodation. From a geometrical point of view, a

between K-S and N-W relationships. twin is a composite crystal (bi-crystals) the individuals

The symmetry-dictated extremum and the deviationys yhich are of the same species and are joined together
to the exact K-S relationship will be dealt with in the ;, some definite symmetry operation.

next section. In real space, the twin-related individuals (variants)
of FCC structure are simply mirrored across (111)
. plane, i.e., the twin boundary. An alternative descrip-

3.3. The ys/d interface , _tion of twinning is a 180rotation about [111] direction,
In the metallurgic systems, the FCC/BCC interface isyne twin plane normal. Consequently, the reciprocal lat-
one of the most important heterophase interfaces anfies of the twin-related variants are related by a°180
the most widely investigated in detail [21, 22]. Their yotation about the [111] direction. Numerous methods
interestis intimately linked to the crucial role played in 4re ayailable for directly indexing the twin-related spot
the control of the physical and mechanical properties ofjifraction patterns [36]. The diffracting planes indices

alloys. The equilibrium of these interfaces is assumeg the twinned crystals can be readily related by the
to be linked to the presence of intrinsic defects suchg|iowing transformation matrix [37]:

as dislocations and ledges [33]. In order to prove ev-

idence of thed deviation from the K-S relationship, 1 2 2
high-resolution electron microscopy observations have
been undertaken in this study. HREM images have been Tiu=12 -1 2

recorded alongf1—11]8//[—110]ys, showing the het- 2 2 -1

erophase interface betwegnphase and matrix. Un-

fortunately, these images are of insufficient quality toTy11 is the transformation matrix when the twinning
be presented in this paper. However, when the imageccurs on (111) plane of the FCC structure.

is observed at a glancing angle, one can note, at the The composite electron diffraction pattern (Fig. 3),
level of the interface, a weak misorientation betweernobtained along{101], is compound of two diffrac-
(111)s and (011y, the measure of which is assessedtion lattices corresponding to the twin-related vari-
to be smaller than°l The compact planes of the two ants of austenite. A 18Qotation along [111], of the
phases are not exactly parallel. The swerving, at the infF—101] spots pattern of one variant, will position the
terface, is assumed to be due to intrinsic dislocationsspots of the other one. The dashed unit cells defined
In different TEM images orientations, a regular arraywith the two following triplets of reciprocal vectors:
of dislocations is pointed out at thg/s interface. The {[-20— 2], [0 — 20], [-202]} and{[2/3[-1—4—1],

A6 misorientation reported elsewhere [31, 32] and thg2/3[2— 1 — 2], [—202]} correspond to two twin-
one found in this study, are related to the variation ofrelated variants. The row of spots through the origin and
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perpendicular to the twin plane (i.e. parallelto [111] re-TABLE Il Elemental partitioning of ferrite and austenite phases
ciprocal direction) and every third row are common to
both twin-related variants. The fact that the third row is
common to the two twin-related lattices, indicates thatPhases Fe Mo Cr Mn Ni Si
the studied twin isX3 grain boundary characterised

Elements (wt%)

by a 7_0.5?_> rotation ground—[lO;] zone axi_s, as indi- ‘;S(?) gg:g ;:g ig:g 431:‘31 13'.2 g:i
cated in Fig. 3. The indeX = 3 is the multiplicity of ) 626 14 147 53 159 01
the coincidence-site lattice (CSL) [38] in the real spaces(r) 62.7 19 198 46 105 05
and is the ratio between the volume of the CSL unit celb(r) 656 16 245 36 42 05
and the volume of the crystal unit cell. ys(untwinned 659 2.1 225 3.6 52 07

In interpenetrating twins, the twin variants develop
an interface, the twin boundary, and lead to the
coincidence-site lattice and related lattices [38]. It is

well known that most materials of technological interest o )

are used in their polycrystalline state. Their mechanidards for a least-squares fitting anfactor calculation.

cal and chemical properties are controlled to a greafr the statistical analysis, all the spectra for which the
extent by the interface between crystallites. Since the~ Of the fit was<4 were kept and even in this case
energy of polycrystal is higher than that of monocrystalthe deviation of calculated concentration was always
with the same mass, the excess energy is stored in tH@SS than 3-5%. This uncertainty can be considered as
interface and is related to the orientation of the neigh& hormal error inherent to the method used for quantifi-
bouring grains. The best properties of these material§ation. Under these circumstances, the obtained results
are connected to the optimisation of the grain size anghow that the chemical composition of the austenite is
the quality of the interfaces. The latter is based on thdyomogeneous from particle to partlt_:le. T_he different
properties of coincidence-site lattice (CSL) and related®Sults of the chemical analysis are listed in Table II.
lattices, i.e., the displacement shift complete (DSC) lat- Concentrations of the alloying elements were
tice [38]. Based on the geometry of the latter latticesecorded with the electron beam located, as indicated

itis possible to have access to the possible dislocation Fig- 1, on the leftl(, on the right ) and on the habit
Burger vectors of the interface. (h) plane ofys particles. The results are compared with
For this purpose, the composite diffraction patternthose of the surrounding, ) § matrix and of the un-
recorded along£101] (Fig. 3) shows the CSL and twinnedy particles (Fig. 5). _ '
DSC reciprocal lattices of the two twin-related vari- Microanalysis of thes phase was carried outwith the
ants. The dashed unit cells of these two lattices are déwinning plane approximately parallel to the electron
fined by the following two triplets of reciprocal vectors: b&am in order to maximize the volume of twin-related
{[222], [-242], [-202]} and{1/3[111], 1/3[-24—2], Variants within the interaction volume. Since the ele(_:-
[—202]). Itis well established [39] that the CSL (DSC) tron beam had a spot size higher than 35 nm, the in-
of the reciprocal lattices is the reciprocal lattice of theteraction volume defined by the beam clearly extended

DSC (CSL) of the two lattices, in the real space. TheWell into the twin-related variants. In fact, the focused

rically possible Burgers vectors of dislocations in thefwin-related variants and the recorded results represent
interfaces. A mathematical derivation leads to the fol-& Weighted average of compositions.

lowing DSC lattice vectors: /B[111], 1/6[—12— 1] Compared with the chemical composition obtained
and 1/2[—101] or their combination. The most likely fromthe adjaceri-ferrite, the twin-related variants and

The composite electron diffraction pattern recordedCr- The evolution of minor elements (Mo, Mn and Si)
along the zone axis{1 — 11]8//[—101}y (Fig. 2) puts the levels of which are relatively small and outside ex-
in prominent position the relationship between the twin-Perimental error, is also in the right way. However, itis
related variants, from the one hand, and the K-S orienlnteresting to note the opposite fluxes of BCC (Cr, Mo,

tation between the twgs variants and thé matrix on ~ Si) and FCC (Ni, Mn) stabilising elements in thgpar-
the other hand. ticles. These fluxes are symmetrical when one moves

from the median zone towards the borderggfarticle.

This median zone which is parallel to (111) twin plane

is more deficient in Cr and enriched in FCC stabilising
3.5. X-ray spectroscopy microanalysis elements (Ni, Mn) than the other regions of fag@arti-
In an attempt to assess the compositionygphase, cle. One may point out in passing that the median zone
to establish the distribution of the alloying elementscould also be a precipitation site for thephase stud-
and to compare it to that of the ferritic matrix, micro- ied in detail elsewhere [17]. In this connection, bright
analysis was performed using energy dispersive X-rayield TEM image (Fig. 5) shows a particle efphase
spectroscopy (EDS). Analyses were carried out in theéaking place at the twin plane of the particle. The
thinnest areas of the sample, very close to the electrcelear-cut difference in chemical composition between
chemical hole. For the quantitative analysis,khedge the austenite (twin-related and untwinned austenite par-
of the various elements (Fe, Cr, Ni, Mo, Mn and Si) wasticles) and the ferritic matrix implies without any doubt
used. The quantification of the EDS spectra used for théhat the austenite formation does not occur by a diffu-
Fe, Cr, Mo and Mn peak shapes was acquired from starsionless process.
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0.05 um

Figure 5 Bright field TEM micrograph showing a particle efphase taking place at the twin plane of fagarticle.

4. Discussion
Chemical analysis points out that the twin-related

particles are richer in FCC stabilising Ni and Mn el-
ements with a shape less developed than that of the
untwinned ones (Fig. 4). This attribute is related to the
fact that the chemical composition of the untwinned

particle is closer to that of th& matrix making its de-

velopment easier than the twin-related variants. It is
also of interest to notice that the untwinned particles
are less present than the twinned ones. This is basi-
cally due to the fact that the twin-related austenite has a
lower activation energy barrier for nucleation. All this
goes to indicate that the untwinned particle precipita-
tion occurs by a nucleation and growth process while
the twin-related particles take place in the matrix by a

different and more complex mechanism.

In the light of TEM and EDS experimental results, it

may be inferred that thg; formation operates through
the following steps: i) enrichment of110}-planes
in ferrite with y-forming elements by diffusion,
i) double shear to change from BCG) (o FCC {)
lattice, iii) twinning of the FCC ¢) structure to reduce
local strains and formation gf bi-crystals, iv) growth
of the twinnedys towards the ferritic matrix by volume

diffusion. These different steps will be discussed

briefly in turn:

e Enrichment of (110)-planes in ferrite with

y-forming elements by diffusion: The median zone
which is parallel to (111) twin plane is more defi-
cientin Crand enriched in FCC stabilising element
(Ni, Mn) than the other regions of the particle.
This feature strongly supports the assumption that
the median zone of the particle has been formed
beforehand. This brings us to assume that in the

early stage ofys precipitation, the (110)-ferritic
planes are enriched with-forming elements by
diffusion. This segregation of FCC stabilising ele-
ment in (110)-planes is to be considered as a nu-
cleation site, which will transform in (11%)by
double shear mechanism.

Double shear to change BC (o FCC): It is
suggested that the precipitation gf austenite is
produced via a double shear nucleation mechanism
in the early stage of the transformation. The double
shear allows the BCG)— FCC (y) lattice trans-
formation and leads to the stacking of the compact
austenitic (111) planes. This double shear is car-
ried out with the help of dislocations, the nature of
which could be related to Shockley dislocations on
the close packed planes of BCC and FCC lattices of
the ferrite and austenite, respectively. The double
shear nucleation mechanism based on the appli-
cation of matrix theory to point lattices has been
developed and will be detailed in a forthcoming
paper [40].

Twinning of the FCCy structure to reduce local
strains and formation of bi-crystals: The dou-
ble shear is subsequently followed by a twinning,
which develops an interface, the twin boundary,
i.e. the median (111) plane. However, the twin is
produced by the passage of a Shockley partial dis-
location over every one of the (111) close packed
austenitic planes. The fact that every precipi-
tate is twinned supports the idea that the twinning
mechanism is an intrinsic part of the structure and
plays an important role in the self accommodation
of the transformation strains as rightly emphasized
by Xiao and Dahmen fow-TiO, precipitates in
sapphire matrix [35].
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The interest of both the double shear and thefor the chemical analysis by EDS and for the HREM
twinning is to explain the reduction of the activa- observations.

tion energy barrier, thereby favouring the nucle-
ation of the austenitic bi-crystals to the detriment
of the untwined particles.

trix by volume diffusion: Analysis of the elemental

partitioning (Table 1I) of ferrite and austenite in- 2

dicates clearly that the growth of the developed
twin-related variants, i.e. thes particle, takes 4
place in the ferritic matrix by volume diffusion
process.

5. Conclusion

TEM observation and electron diffraction experiments
indicate that the very fings particles, throughout the
matrix grains, are austenite and different from the one

found at high temperature. The particles adopting .

spearhead-like morphology are, in point of fact, formed

with two plates in twin-related configuration. The twin- /-

ning plane separating the two variants is, in fact, not a
midrib of the martensitic austenite as referred to in a

previous study, suggesting that the precipitation is con-g.

trolled by a diffusionless transformation [19]. The fact
that everyys precipitate is twinned suggests that the
twinning mechanism is an intrinsic part of the structure
and plays an important role in the self-accommodation
of the transformation strains.

The crystallographic results, in conjunction with the

group theory and the clear-cut difference in chemi-11-

cal composition between the matrix and the second
ys-phase imply, with certainty, thg precipitation does
not occur by a diffusionless process. Itis suggested that
the formation ofys particles occurs via an enrichment
of (110)-planes in ferrite withy-forming elements in

the early stage of the transformation followed by a dou-
ble shear mechanism, which transforms (110)-ferritic

planes to (111)-austenitic planes. The twinning of theis.
16.

FCC structure leads to the formation yaf bi-crystals
the growth of which involves a volume diffusion of the
alloying elements.

The ys—phase obeys Kurdjumov—Sachs orientationl&
relationship (K-S) with the ferritic matrix. A deviation 19.

from the exact K-S relationship is brought to light. It
is related to the studied duplex stainless steel purity.
The morphology adopted by the-phase does not cor-

respond to symmetry-dictated extremum. However the;
absence of the symmetry—dictated extremum should bgp.

related to the chemical composition equilibrium of the
two phases: austenite and ferrite.

A continuing investigation is to be started by charac-2
terizing the orientation relationships against the chem-
ical composition equilibrium, i.e. the kinetic of the
austenite formation in a duplex stainless steel whose
composition must be controlled.
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