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Aagplisih L ey AR The ferrite-to-austenite phase transformation during water quenching of a

duplex stainless steel was studied, where a duplex stainless steel was heated to

© Springer Science+Business 1370 °C (delta ferrite region) and quenched to room temperature. The
Media, LLC, part of Springer microstructure consisted of coarse ferrite grains and fine needle-like austenite
Nature 2020 particles. The phase transformation mechanism appeared to be “diffusion-lim-

ited” displacive where shear was dominant, but also accompanied by prior or
simultaneous diffusional elemental redistribution. A small fraction of the
interfaces followed Kurdjumov-Sachs and Nishiyama—Wassermann orientation
relationships (ORs) where austenite/ferrite interfaces terminated on {111},//
{110}r planes. The high undercooling associated with the fast cooling rates
resulted in a considerable deviation from rational ORs. This was mostly due to
the formation of intragranular austenite on Cr,N particles, which most likely
caused a random OR with respect to the ferrite matrix. A detailed transmission
electron microscopy (TEM) analysis revealed that the planar interphase
boundaries characterised by the rational ORs typically contained one dominant
set of parallel, regularly spaced dislocations. TEM analysis also showed the
occurrence of small protrusions appearing on the edge/face of some austenite
particles. Some of these did not leave a sub-boundary behind and formed a
finger-like austenite morphology resulting from the instability mechanism. In
some other cases, the protruded austenite possessed a low-angle grain boundary
with the substrate austenite grain, which was the result of sympathetic nucle-
ation of austenite on a pre-existing austenite particle.
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Introduction

The character, population and spatial distribution of
grain boundaries and interfaces is a critical factor
determining the physical and mechanical properties
of polycrystalline materials [1-3]. A detailed and
statistically meaningful description of the structures
of these interfaces, therefore, plays a vital role in
understanding the behaviour of these materials. The
phase transformation path is one of the most com-
mon parameters affecting the character of grain
boundaries and interphase boundaries [4, 5]. This is
particularly important in the case of steels as they
undergo two different solid-state phase transforma-
tions upon cooling including the delta ferrite-to-
austenite and subsequently the austenite—to-ferrite/
bainite/martensite transition. While a considerable
amount of work has been carried out on the austenite
(face-centred cubic, FCC)-to-ferrite/bainite/marten-
site (body-centred cubic, BCC or body-centred
tetragonal, BCT) transformation, the reverse phase
transformation (i.e., BCC to FCC) has received less
attention. Duplex stainless steels are excellent model
alloys to study the ferrite-to-austenite phase trans-
formation due to the considerable expansion of the
delta ferrite region in the phase diagram of this steel.

Duplex stainless steels offer a wide range of
attractive properties such as high strength, good
ductility and excellent corrosion resistance; because
of this, they are extensively used in many industries
including oil, petro-chemical, construction and mar-
ine [6]. In an equilibrium state at room temperature,
these steels consist of a duplex microstructure com-
prising austenite and ferrite. These steels are, in
general, solidified as delta ferrite (BCC), which par-
tially transforms to austenite (FCC) on cooling. It has
been shown that the cooling rate from the fully fer-
ritic region plays a critical role in adjusting the vol-
ume fraction, interphase boundaries characteristics
and morphology of austenite [7]. These differences
affect the properties of duplex stainless steels such as
precipitation tendency [8], impact toughness [9],
corrosion resistance [10], hot deformation [11] and
superplasticity [12].

It has been shown that the phase transformation
during water quenching of delta ferrite exhibits dif-
ferences as compared to the austenite-to-martensite
transformation during water quenching of low car-
bon steels, as well as the BCC-FCC transformations
in Ni-Cr and Cu-Cr alloy systems. In this context,
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Qiu and Zhang [13] and Jiao et al. [14] reported that
neither facets nor the long axis of rod-shaped
austenite precipitates are similar to those of the pre-
cipitates in Ni-Cr and Cu-Cr systems although the
lattice parameter ratio of duplex stainless steels is
similar to those of the Cu-Cr and Ni-Cr systems.
Ameyama et al. [15] have also studied the lath-
shaped austenite precipitates formed during water
quenching of delta ferrite. They reported an interface
with features similar to that of the Ni-Cr system,
while the long axis of the rod-shaped precipitates
significantly deviated from the conjugate plane
associated with the Kurdjumov-Sachs orientation
relationship. While these works have provided a
detailed analysis of the shape and the interface of the
austenite particles formed during quenching of
duplex stainless steel, they are based on TEM anal-
ysis and therefore limited to a few interfaces. A sta-
tistically ~significant study of the interphase
boundaries between the austenite and ferrite in these
microstructures through complementary methods,
e.g. automated electron backscatter diffraction
(EBSD), is, therefore, of particular interest.

In order to comprehensively characterize the
interface between austenite and ferrite, five inde-
pendent parameters are needed: three describing the
lattice misorientation (usually expressed as a
misorientation angle/axis pair) and two parameters
specifying the boundary plane orientation. Conven-
tional EBSD provides four out of five macroscopic
parameters for full representation of a boundary, but
a three-dimensional analysis of the interphase
boundaries is needed to extract the plane orientation.
The plane orientations can be measured by 3D EBSD,
although the complexity and spatial resolution of the
technique present challenges, especially for phases
with small lateral dimensions. In this work, we have
used a relatively new stereological approach that can
determine all five independent interphase boundary
parameters using conventional EBSD data [16]. This
method is coupled with texture and TEM analysis in
the current work to provide new insights into the
accelerated ferrite-to-austenite phase transformation
in duplex stainless steels that have been water
quenched from the ferrite region.



Experimental

The experimental material was a duplex stainless
steel (~ 50-50% ferrite/austenite in the hot-rolled
condition) with a chemical composition of 0.036 C,
0.321 Si, 1.82 Mn, 0.013 P, 23.2 Cr, 2.90 Mo, 5.6 Nj,
0.034 Co, 0.153 Cu, 0.245 N and remainder Fe (in
wt%). The initial hot-rolled plate of the steel was
20 mm in thickness and the microstructure consisted
of pancaked austenite and ferrite grains. Small pieces
with a size of ~ 10 x 10 x 10 mm® were cut and
reheated to 1370 °C in a muffle furnace, which was
purged with argon gas. The samples were isother-
mally held for 40 min at this temperature to allow the
transformation of austenite to ferrite, ending up in a
fully ferritic microstructure. The specimens were then
water quenched immediately. This heat treatment
did not retain the fully ferritic microstructure; fine
austenite particles appeared at both the ferrite—ferrite
boundaries and inside the ferrite grains.

The overall crystallographic textures of the hot-
rolled and heat-treated materials were measured
under a field emission gun Quanta 3-D FEI scanning
electron microscope (SEM) equipped with a TSL
(TexSEM Laboratories, Inc.) detector. The EBSD scans
were performed using an accelerating voltage of
20 kV and a working distance of ~ 12 mm. To
ensure unbiased and statistically reliable texture
analysis, the EBSD measurements were carried out
on more than 15 different sample sections for both
microstructures. The inverse pole figures for both
phases (ferrite and austenite) were then plotted for
each microstructure in TSL software, considering an
orthorhombic sample symmetry. Transmission elec-
tron microscopy (TEM) analysis of thin foils was
carried out using a JEOL JEM 2100F microscope at
200 kV. Convergent-beam Kikuchi patterns were
used to obtain local crystallographic orientations and
misorientations. Energy-dispersive X-ray spec-
troscopy (EDS) was used to measure the austenite
and ferrite chemical compositions for different
microstructures in the scanning-transmission electron
microscopy (STEM) mode.

Extensive EBSD analysis was carried out to char-
acterize the interfaces/boundaries within the
microstructure. The EBSD measurements were per-
formed on the rolling direction-normal direction
(RD-ND) section of the specimens with respect to the
initial hot-rolled plate. The details about the method
used for the specimen preparation for EBSD have

been given elsewhere [17]. A hexagonal grid was
used for the data acquisition with a step size of
0.15 um. To avoid texture-biased results, the EBSD
measurements were carried out on several ferrite
grains. The average confidence index for each EBSD
map was higher than 0.70. For the grain boundary
plane analysis, following post-processing routines
were carried out on the collected EBSD maps: (1) an
iterative grain dilation cleaning with a minimum of 5
pixels grain size, (2) assignment of a single average
orientation to each individual grain using 5° of tol-
erance angle and (3) dividing curved grain bound-
aries connecting two triple points into linear
segments with a boundary deviation limit of 2 pixels
(i.e., 0.3 pm). The details of the latter procedure have
been given in [18].

In a 2D EBSD, the intersection of a boundary plane
with the sample surface appears as a boundary trace.
Knowing the crystal orientation on either side of the
boundary, the trace can be imported to the bicrystal
stereographic projection. For any trace, the corre-
sponding plane would be one of the infinite number
of the planes whose normals lie perpendicular to the
trace line segment. Such plane normals would com-
prise a great circle perpendicular to the trace line
segment in the stereographic projection. Once these
great circles are constructed for multiple segments,
e.g. with the same misorientations, they will coincide
for a specific plane if there is a unique correct habit
plane for that misorientation. Concurrently, the ran-
dom (incorrect) planes are observed less frequently
and can therefore be eradicated with a background
subtraction. The boundary character distribution is
then fully characterized by a lattice misorientation
and a boundary plane orientation. The quantity of the
latter is usually measured in multiples of a random
distribution (MRD), where an MRD higher than one
means such plane is observed more frequently than
expected in a random distribution.

In this study, due to the duplex nature of the
microstructure, the reconstructed boundaries were
classified into three categories, including delta fer-
rite/delta ferrite interface, delta ferrite/austenite
interphase boundaries and austenite/austenite
interface. The numbers of segments collected for
these interfaces were 6394, 42457 and 6069, respec-
tively. Plane character distribution analysis was car-
ried out for each of these categories separately,
although the focus of the current study is on the
ferrite/austenite interphase boundaries.
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Results
Initial microstructure

The initial microstructure of the material consisted of
both ferrite and austenite grains pancaked along the
rolling direction (Fig. 1a). A large number of
austenite-austenite boundaries were of a 60°/<111>
misorientation angle/axis character representing X3
boundaries (Fig. 1a). At the intersection of two X3
boundaries, a £9 boundary is formed with a 38.9°/
<110> misorientation character. These features are
confirmed by the misorientation angle distribution
(Fig. 1c), which has a very sharp maximum at 60°
with a <111> corresponding axis and a secondary
local maximum at 39° with a <110> axis (the distri-
butions of these axes are shown in Fig. 3a and b
later). Inverse pole figure analysis (Fig. 1b) revealed
that the ferrite has a relatively strong <001>//ND
texture (intensity ~ 3.0), while the austenite shows a
weak <110>//ND texture (intensity ~ 1.4). Both the
ferrite and austenite textures are similar to the tex-
tures previously reported for ferrite and austenite
subjected to hot rolling [19, 20].
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For the austenite—ferrite interfaces, a misorienta-
tion peak was noticed around 42°—46° (Fig. 1d),
which fell into the same range of misorientations as
for the well-known orientation relationships (ORs)
between FCC and BCC phases, e.g. Kurdjumov-
Sachs (K-S) [21], Nishiyama-Wassermann (N-W)
[22], Greninger-Troiano (G-T) [23], Bain [24] and
Pitsch [25], see Table 1. However, it was found that
only about 2% of the interfaces were of the K-S type,
and only about 1% were N-W. The misorientation
angle distribution of the ferrite—ferrite boundaries did
not show apparent specific peaks and was relatively
uniform, except for a local maximum at small
misorientation angles (Fig. 1e).

Microstructure characteristics after heat
treatment

EBSD analysis

The microstructure of the alloy after heat treatment
consisted of coarse ferrite grains and fine needle-like
austenite particles (Fig. 2a), suggesting that the
austenite particles were most likely precipitated on
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Figure 1 Characteristics of the starting hot-rolled steel obtained
by EBSD: a EBSD band contrast map in which dark grey and light
grey areas are austenite and ferrite, the green and purple are K-S
and N-W interfaces and the red and blue lines are 23 and 9 CSL
boundaries, respectively. Dashed yellow circles show examples of
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the formation of X9 boundaries at the intersection of X3 s.
b Inverse pole figures constructed for the normal direction of the
hot-rolled plate, showing the starting crystallographic texture. c—
e Misorientation angle histograms for the austenite—austenite (c),
austenite—ferrite (d) and ferrite—ferrite (e) boundaries.



Table 1 Plane and direction

parallelism conditions and Orientation relationship Parallelism Minimum angle-axis pair
ggﬁi‘:ﬁ?g‘éﬁﬁf;%ifii Kurdjumov-—Sachs (K-S) {111} e/ {110} pee 42.85°
under different orientation <110>g//<111>pc <0.968 0.178 0.178>
relationships [21-25] Greninger—Troiano (G-T) {111} e/ {110} e 44.23°
<123> of/<133>pec <0.973 0.189 0.133>
Bain (B) {100} e/ {100} pee 45°
<100>4.o//<110>p¢ <10 0>
Pitsch (P) {100} oe// {110} pee 45.98°
<110>g//[<111>c <0.08 0.2 0.98>
Nishiyama—Wassermann (N—W) {111} g o//{110}pee 45.98°
<112>¢//<110>pec <0.976 0.083 0.201>
cooling rather than being debris of pre-existing <110>)  austenite-austenite = boundaries = were

austenite not fully dissolved during the isothermal
holding at 1370 °C. Such a lath- or needle-like mor-
phology offers a minimum surface to volume energy
ratio [26]. Most of the ferrite—ferrite boundaries were
covered with allotriomorphic austenite particles. In
addition, intragranular austenite particles with a
variety of orientations were dispersed within the
ferrite grains. Some X3 (60°/<111>) and X9 (38.9°/

IS mr——

24

observed in the microstructure, though the popula-
tion of these boundaries (X9 in particular) was much
lower than that under the rolled condition. The ferrite
texture (Fig. 2b) in the heat-treated microstructure
was similar to that in the hot-rolled condition,
although it was slightly strengthened. Surprisingly,
the austenite formed after heat treatment also dis-
played similar texture to that of the hot-rolled
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Figure 2 Characteristics of the steel after holding at 1370 °C for
40 min followed by water quenching obtained by EBSD: a EBSD
band contrast map in which dark grey and light grey areas are
austenite and ferrite; the green, purple and aqua lines are K-S, N—
W and 54°/<9 4 12> interfaces, and the red and blue lines are X3
and X9 CSL boundaries, respectively. The dashed yellow circle
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shows an example of formation of £9 boundary at the intersection
of X3 boundaries. b Inverse pole figures constructed for the
normal direction of the original hot-rolled plate, showing the
crystallographic texture after heat treatment. c—e Misorientation
angle histograms for the austenite—austenite (c), austenite—ferrite
(d) and ferrite—ferrite (e) boundaries.
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material, showing a peak at <110>//ND (see Figs. 1b
and 2b).

The misorientation angle distribution (Fig. 2c) for
the austenite-austenite interfaces revealed peaks at
the location of low-angle grain boundaries (~ 5°)
and at 60°. The misorientation angle distribution for
austenite—ferrite interfaces, again, showed a pro-
nounced peak at 42° to 46°, but with a secondary
peak at ~ 62° (Fig. 2d). The misorientation angle
distribution of the ferrite—ferrite boundaries (Fig. 2e)
showed peaks at ~ 30°, 55° and 60°.

The plane character distribution for the main
austenite—austenite boundaries (i.e., X3 and X9)
exhibited a sharp anisotropy (Fig. 3). £3 boundaries
mostly had the (111) plane orientation. Thus, such
boundaries were of a pure twist character as the axis,
<111>, was parallel to the plane normal, [111]. The
above characteristics of FCC X3 boundaries have
been largely reported in different single-phase and
multi-phase materials under different phase trans-
formations [7, 27] and thermomechanical conditions
[28-31]. In the case of £9 boundaries, multiple peaks
appeared though they were all located in the tilt
boundaries zone planes, where the misorientation
axis, [110], and the plane normal are perpendicular.

More specifically, there were peaks at the (2 21)//(2
21) and (11 4)//(11 4) symmetric tilt boundaries.

In order to obtain insight into the orientation rela-
tionships of the austenite grains with respect to the
ferrite (parent phase), the measured austenite orien-
tations were plotted in pole figure form and super-
imposed onto the variants of the theoretical Bain, K-
S, N-W and Pitsch ORs (Fig. 4). Although the mea-
sured austenite orientations were distributed almost
everywhere on the pole figure, there was also a sig-
nificant concentration of these orientations on the
Bain circles of the common ORs (K-S, N-W and
Pitsch), meaning that for some of the grains, the exact
ORs were followed. It is well known that the common
ORs observed in FCC/BCC transformations can be
grouped around the three Bain circles with only a few
degrees (2.41°-5.27°) of deviation from each other in
orientation space [32]. During the FCC-to-BCC phase
transformation, the K-S and N-W relationships are
very frequently observed [32-34], while during pre-
cipitation, the K-S, N-W and Pitsch, as well as those
in between these ORs, e.g. G-T and inverse G-T [32],
are often observed. It is noted that, in this work, even
the Bain relationship (centres of the Bain circles),
which was rarely observed in austenite-to-

Figure 3 a, b Misorientation (a) (b)
axis distribution for the 38.9° - 3 ! _ . ;
and 60° austenite/austenite 0.15 020 025 0.30 035 040 045 0.50 8 16 24 32 40 48 56 64 72

boundaries. Grain boundary
character distribution at a fixed
misorientation of ¢ 38.9°/[110]
and d 60°/[111] plotted in the
[001] stereographic projection.
The colour scale values are in
MRD. The squares and circle
represent the position of
symmetric tilt and pure twist
boundaries, respectively.
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Figure 4 a Theoretical
stereographic plot of {100} o
poles for the Bain, K-S, N-W
and Pitsch OR variants
projected onto the (111)g
plane. b Experimental {001}
pole figure of the austenite
phase in the ferrite region.

martensite/bainite/ Widmanstatten ferrite transfor-
mations [32-34], was also observed. However, it
should be emphasized that, still a large amount of the
austenite orientations did not follow any of the
common orientation relationships between FCC and
BCC.

Using a 2° tolerance for misorientation calculations,
it was found that 8% and 7% of the austenite particles
follow the K-S and N-W ORs, respectively. A more
detailed microstructural observation revealed that
there were some needle-like austenite particles with
quite flat and almost parallel interfaces with ferrite
(Fig. 2a), which did not correspond to any of the ORs
summarized in Table 1. An individual analysis of
their misorientation relative to the parent ferrite
revealed that some of them followed a 54° misori-
entation angle along a <9 4 12> axis. To the best of
our knowledge, this is the first time this OR between
austenite and ferrite in a duplex stainless steel has
been reported. It is to be noted that the population of
these boundaries is not high enough to develop a
distinctive peak around 54° in Fig. 2d.

Irrespective of lattice misorientation, the plane
analysis of the austenite—ferrite interfaces showed
peaks at (111)4//(110)r (Fig. 5). A detailed analysis,
however, revealed that for the austenite—ferrite
interfaces, these phases tended to terminate on dif-
ferent habit planes at different lattice misorientations
(Fig. 6). Austenite showed a peak at (111) plane for
both K-S and N-W ORs, although the intensity of the
peak in (111) was higher for the K-S than the N-W.
For the 54°<9 4 12> misorientation, the peak, how-
ever, appeared at the (322) orientation spreading

Perfect Bain Circles

*K-S
*N-W
= Pitsch

towards (111). On the other hand, ferrite terminated
on the (110) plane for both the K-S and N-W lattice
misorientations. Nevertheless, two separate peaks
were observed at the (311) and (320) orientations for
the 54°/[9 4 12] misorientation.

TEM analysis

Due to the small size of austenite particles, further
investigation of the microstructures was conducted
through TEM. As illustrated in Fig. 7a, the “edge-on”
tilting of the ferrite/austenite interfaces revealed that
they were mostly flat and devoid of steps. The TEM
crystallographic analysis showed that these flat
interfaces were generally aligned close to {110}g//
{111}o planes and the associated misorientations
between the phases were typically closer to K-S than
N-W, which is in line with the findings obtained
through EBSD. This was also demonstrated by the
oriented stereographic projections corresponding to
ferrite and austenite, as shown in Fig. 7b, ¢, respec-
tively. For the specific interphase boundaries shown
in Fig. 7a, the orientation relationship between the
phases deviated by about 3.9° and 8.2° from the K-S
and N-W ORs, respectively. It is also seen from the
above figure that there were frequent pile-ups of
dislocations observed within austenite that, as
expected, were located in {111} slip planes. STEM
EDS analysis demonstrated that the chemical com-
positions of the ferrite and austenite were somewhat
different, mainly showing partitioning of Ni and Mn
towards austenite and Cr and Mo towards ferrite
(Fig. 8).
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Figure 5 Distributions of the (a) (b)
austenite—ferrite interface A : T '.!\ - -
boundary planes expressed in 0.0 02 0.4 06 08 10 12 1.4 16 1.8 03 06 09 12 15 18 21 24
the a ferrite and b austenite
crystal lattice frames. The 111 111
colour scale represents MRD.
001 101
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Figure 6 a—c Misorientation axis distribution for the a 43, b 46
and ¢ 54° austenite—ferrite boundaries. d—i Distribution of the
austenite—ferrite interface boundary planes, expressed in the d—
f austenite and g—i ferrite crystal lattice frames, for different

The TEM investigation also revealed the presence
of misfit dislocations within the austenite/ferrite
interfaces. The planar interphase boundaries charac-
terised by the rational ORs, illustrated in Fig. 7, were
typically observed to contain one dominant set of
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111 111
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orientation relationships of d, g 42.85° <0.968 0.178 0.178> (K-
S), e, h 45.98° <0.976 0.083 0.201> (N-W) and £, i 54°/<9 4
12>. The colour scale represents multiples of random distribution.

parallel, regularly spaced dislocations. In order to
obtain an insight into the possible Burgers vector of
these dislocations, foil tilting to several two-beam
Bragg conditions around the [001]f zone axis was
performed for a segment of the interphase boundary



Figure 7 a TEM bright-field
micrograph of several
austenite particles separated
from the ferrite matrix by a
planar interphase boundary in
an “edge-on” orientation.
Austenite and ferrite are
labelled A and F, respectively.
The arrows indicate
dislocation pile-ups formed
within austenite. b and

¢ oriented stereographic
projections corresponding to
ferrite and austenite,
respectively, documenting the
near K-S OR between the two
phases.
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Figure 8 Variations in the content of the main alloying elements
measured (from left to right) at the locations indicated by the red
dots in Fig. 7a.

shown in Fig. 7a, and the g.b = 0 invisibility criterion
[35] was applied, in which g and b are a reciprocal
lattice vector corresponding to a strong Bragg
reflection and a dislocation Burgers vector, respec-
tively. It is seen from Fig. 9a—d that the set of dislo-
cations was out of contrast when imaged using the
(110)r and in contrast when imaged using (200)g,
(110)g and (020) reflections. From the above, it fol-
lows that the Burgers vector of the misfit dislocations
could be either a/2[111]g or a/2[111]f that can be
related through the Bain correspondence [35] to a/
2[101]4 and a/2[101],, respectively. Unfortunately,
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the limited tilting capacity of the holder did not allow
the possibility of reaching other prominent g vectors
that would facilitate an unambiguous Burgers vector
determination. In order to determine the true mean
spacing of the misfit dislocations within the inter-
phase boundary region shown in Fig. 10a, a corre-
sponding oriented stereographic projection of ferrite
was employed (Fig. 10b). The projection shows the
inclination angle of 43.5° of a vector located in the
interphase boundary plane and perpendicular to the
dislocation lines. Through dividing a mean projected
dislocation spacing of about 12.7 nm by the cosine of
the above angle, a true dislocation spacing of about
17.5 nm was obtained.

Another interesting observation made through
TEM was the occurrence of small protrusions
appearing on the edge/face of some austenite parti-
cles. Some of these did not leave a sub-boundary
behind and formed a finger-like austenite morphol-
ogy (Fig. 11a), mostly resembling the protrusions that
result from the instability mechanism [36]. In some
other cases, the protruded austenite possessed a low-
angle grain boundary with the substrate austenite
grain (Fig. 11b). These were most likely the result of
sympathetic nucleation of austenite on an existing
austenite particle [37].

@ Springer



Figure 9 TEM two-beam
bright-field micrographs of the
ferrite/austenite interface
section indicated by the small
rectangle in the top-left corner
of Fig. 7a. The diffraction g
vectors used to generate these
micrographs are (110) in a,
(200)g in b, (110)g in ¢ and
(020)g in d. Austenite and
ferrite are labelled A and F,
respectively.

Discussion
Texture

The strengthening of the texture in ferrite during
reheating and water-quenching can be ascribed to the
dominance of the rotated cube component. It has
been shown that this texture component possesses a
strong tendency to recover rather than to recrystallize
and it would be strengthened during high-tempera-
ture annealing [38]. Hutchinson et al. [39] also
observed a texture sharpening in ferrite once it
undergoes normal grain growth. In fact, annealing
prior to transformation leads to pronounced recovery
due to the high stacking fault energy of the ferrite.
The similarity of austenite textures between the
hot-rolled and heat-treated conditions can be inter-
preted in different ways. This might be due to the
incomplete dissolution of austenite at 1370 °C, where
the austenite particles in the quenched conditions are
the remnants of those present before the reheating or
the result of the coarsening of the remnant austenite
particles. This, however, does not seem to be very
likely, considering the coarse size of the ferrite grains
after heat treatment. According to Ref. [40], grain
growth during annealing of duplex stainless steel is
restricted due to the mutual constraint of ferrite and
austenite on each other. The significant grain growth
seen in Fig. 2a therefore suggests that the initial
austenite was mostly dissolved during the reheating
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treatment and the austenite particles were largely
formed during quenching. Note that because of the
relatively high nitrogen content of the experimental
alloy, the formation of austenite at such high cooling
rates is not very surprising [41].

The rotated cube component, which is the main
texture component of ferrite [9], can result in Brass
({011}<211>) component in austenite if a K-S or N-W
OR is dominant. This might be the reason why the
<110>//ND fibre comprised the sharpest peak in the
inverse pole figure of the transformed austenite. It
should be noted, though, that austenite also showed
other (non-<110>) texture components, which actu-
ally resembled the initial austenite texture. In fact, the
austenite texture was qualitatively reproduced after
an austenite-to-ferrite-to-austenite transformation
cycle. This could be mostly attributed to a “texture
memory effect”, implying that the final austenite
texture following the austenite — ferrite — austenite
transformation was inherited from the texture of the
primary austenite through a preferential orientation
transformation. Such phenomenon has been previ-
ously reported for austenite — ferrite — austenite as
well as ferrite — austenite — ferrite transformations
[7, 42, 43].

Microstructure

The ferrite-to-austenite phase transformation in this
study occurs in a very short time period, and the
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Figure 10 a Enlarged part of the interphase boundary segment
from Fig. 9b, obtained using the diffraction vector g = (200)g,
used for the determination of the corresponding dislocation
spacing. Austenite and ferrite are labelled A and F, respectively.
b Oriented stereographic projection of ferrite, showing the
inclination angle of 43.5° of a vector located in the interphase
boundary plane and being perpendicular to the dislocation lines.
The above angle has been used to calculate the actual interphase
boundary dislocation spacing. See the text for details.

intragranular austenite particles exhibit a lath-like
morphology, similar to the products of displacive
transformations. The detailed STEM/EDS analysis of
the microstructures, however, shows that the chemi-
cal compositions of ferrite and austenite are different,
mainly showing partitioning of Ni and Mn towards
austenite and Cr and Mo towards ferrite (Fig. 8). This
appears to be consistent with the “diffusion-limited”
displacive mechanism [44], where the phase trans-
formation leads to the (1) formation of regions enri-
ched in Ni and Mn and depleted of Cr and Mo inside
ferrite grains, and (2) displacive transformation of
ferrite to austenite at these locations. This is also in
line with the mechanism of lath austenite formation
suggested in [45], where shear was considered

dominant, but also accompanied by prior or simul-
taneous diffusional elemental redistribution. The
presence of dislocations in austenite might, therefore,
originate from the shear component of transforma-
tion as well as from the residual stresses induced by
fast cooling.

The size of the austenite particles formed in this
work is significantly smaller than those formed dur-
ing furnace or air cooling of ferrite in the same alloy
[7]. This is due to a higher density of nuclei formed
under stronger undercooling and limited growth due
to suppressed diffusion of substitutional atoms.
Another factor impacting the size of austenite parti-
cles might be related to the kinetics of dislocation
displacement that occurs during lattice change (dis-
tortion). At low transformation temperatures, these
dislocations will rarely be annihilated. These dislo-
cations produce a back-stress field at the front of the
austenite laths that, in turn, impedes the transfor-
mation (growth) [44].

Austenite—ferrite boundaries

Many austenite particles had a random orientation
relationship with the parent ferrite grain (outside the
Bain region). The reason behind this phenomenon
could be different for intergranular and intragranular
austenite particles. Adachi et al. [46] have demon-
strated that during the austenite-to-ferrite transfor-
mation, a daughter ferrite crystal can simultaneously
fulfil the KS OR with respect to both the adjacent
parent austenite grains (i.e., it can hold a dual KS OR)
only for specific orientation relationships between the
parent grains. This will not occur at boundaries that
do not have this special orientation relationship.
Because the majority of the parent ferrite-ferrite
boundaries in the current work do not have a special
orientation relationship, not all the austenite particles
will have the KS or NW OR. Even if the daughter
austenite particles nucleated at the grain boundaries
or triple junctions hold the K-S OR or N-W OR with
one of the grains, they will have a high-energy
incoherent interface having no special OR with the
other grain. It has also been reported that the chances
of obtaining dual ORs are even more limited when
transformations take place at high undercooling (fast
cooling rates) [47]. Such a deviation from rational
ORs has also been reported by King and Bell [48],
where it was ascribed to the selective growth of
austenite. It has been proposed that, although a
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Figure 11 a TEM bright-field
micrograph of an austenite
particle surrounded by the
ferrite matrix. The arrows
indicate dislocation pile-ups
formed within austenite.

b TEM bright-field
micrograph showing an
austenite particle, indicated by
the arrow, likely formed
through sympathetic
nucleation on the
austenite/ferrite interface.
Numbers 1 and 2 denote the
locations used for the
orientation determination. See
the text for details. In a and b,
austenite and ferrite are
labelled A and F, respectively.

rational OR might minimize the activation energy,
the growth will be favoured along the irrational
interfaces [48]. Therefore, even for the austenite par-
ticles that have experienced homogenous nucleation,
a large fraction of interfaces with ferrite have a ran-
dom misorientation.

The orientation of intragranular austenite with
respect to the parent ferrite is determined by the
cooling rate, which affects both the transformation
driving force and the availability of nitrides that
might serve as heterogeneous nucleation sites for
austenite [49]. Karlsson and Borjesson [50] have
suggested that any change in the cooling rate and
composition that lowers the transformation temper-
ature would make the OR between austenite and
ferrite more random. This is, however, in contrast to
our previous work where it was shown that the
population of rational boundaries rose as the trans-
formation rate increased [7]. This makes the role of
nitrides more important in the current work. Due to
the supersaturation of nitrogen in ferrite, there is a
high chance of the formation of intragranular
austenite on nitrides having a random OR with the
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ferrite matrix. Hexagonal Cr,N particles can form
during water quenching due to supersaturation of
nitrogen in ferrite. The existence of these particles in
the microstructure has been verified through high-
resolution EBSD and detailed TEM analysis of the
microstructure (Fig. 12). The above arguments might
explain why the population of rational interfaces in
this study was lower than those reported in a previ-
ous study on air-cooled duplex stainless steel [7].

It is to be noted that there are two possible reasons
for the formation of austenite adjacent to Cr,N par-
ticles. It could be a result of the well-known mini-
mization of interface energy once nucleation occurs
on an existing interface [51]. Another possible
mechanism would be the formation of austenite in
regions very close to CroN particles due to some
possible solute depletion therein. In order to investi-
gate this, the formation of Cr,N inside ferrite upon
cooling and the solute distribution near the Cr,N-
ferrite interface was simulated using the DICTRA
software with the MOBFE4 mobility database. The
cooling process started from 1350 to 600 °C with a
constant cooling rate of 250 °C/s. A local equilibrium



Figure 12 a EBSD image indicating regions containing small
particles. b TEM bright-field micrograph of a Cr,N particle
embedded within the ferrite matrix. ¢ SAD pattern corresponding

condition was assumed at the moving interface. The
simulations were performed considering a cylindrical
geometry, with the CroN particle embedded in the
centre of ferrite whose grain size being assumed to be
100 pm. Five main chemical elements (Fe, C, N, Cr,
Ni) were considered to simplify the simulation. The
results show a depletion of N and Cr near the inter-
face. The degree of such depletion increases during
cooling (Fig. 13a, b). The local driving force of the
ferrite-to-austenite transformation was evaluated for
regions just adjacent to the interface (depletion zones)
and regions far away from the interface, using the
Thermo-Calc software with the TCFE9 database. It
was observed that the austenite formation driving
force is actually reduced in areas near the interface
(Fig. 13c), which is due to the depletion of N. This

-
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to the [001] ferrite zone axis and containing Cr,N reflections
consistent with the Burgers orientation relationship.

suggests the solute depletion is unlikely to be the
reason for the observed austenite formation adjacent
to the CrpN particles.

The dominance of the K-S over the N-W OR is
another interesting observation for the current rehe-
ated and rapidly quenched duplex stainless steel.
There might by several reasons behind this phe-
nomenon. It has been reported that the coherent
elastic energy of the austenite—ferrite interface
increases with increasing the interatomic distance for
the two phases in a parallel direction [52]. As shown
in Table 1, the direction parallelism between these
phases is <110>,//<111>p and <112>,/ /<110>F for
K-S and N-W ORs, respectively, which means the

interatomic distances for the K-S (% %—’;) is lower than
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Figure 13 The simulated chemical composition at the interface of

ferrite and Cr2N showing a depletion of a N and b Cr near the
interface using the DICTRA software with the MOBFE4 mobility
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transformation for regions just adjacent to the interface
(depletion zones) and regions far away from the interface, using

the Thermo-Calc software with the TCFE9 database.
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that in the N-W (\/Tg %—’;). This can also justify the more

pronounced dominance of the K-S over the N-W at
lower cooling rates reported in Ref. [7] compared to

this work, as %—’; increases with an increase in the

transformation temperature. It has also been revealed
by Nagano and Enomoto [53] that during the
homogeneous nucleation of ferrite in austenite, a K-S
orientation will minimize the interphase boundary
energy compared to an N-W orientation. Moreover,
the preference of the K-S over the N-W can be
attributed to the enhanced atom matching along or
near the invariant line direction for the former OR
[26].

For both the K-S and N-W ORs, austenite and
ferrite tend to terminate on (111) and (110) planes,
respectively. This is in line with the theoretical plane
parallelism suggested for these lattice correspon-
dences (Table 1). The above planes have been repor-
ted to have the minimum energy using both atomistic
models [54] and experimental measurements [28]. In
the case of the new OR suggested in the present work
(54°/<9 4 12>), interestingly, austenite tends to ter-
minate on (322) planes and ferrite on (311) and (320)
planes. A detailed study of the reasons behind this
remains to be clarified and requires further work. The
observed largely planar character of the austenite—
ferrite interfaces (Fig.7) appears to imply that the
transformation is most likely interface controlled
rather than diffusion controlled, as the majority of the
free energy attending the transformation has been
dissipated by interfacial processes (BCC to FCC
rearrangement) rather than by bulk solute diffusion.
It has been widely accepted that the transformation
strain is generally accommodated by interfacial dis-
locations, which causes a loss in the coherency of the
interface [51]. Indeed, there has been one set of par-
allel, equally spaced dislocations observed within the
planar interfaces following the KS OR characteristics
(see Figs. 9, 10).

Austenite—austenite boundaries

The austenite-austenite boundaries within the intra-
granular austenite particles might have been formed
for three main reasons. They might be the result of (1)
(multiple) twinning of grains (£3 and X9), (2)
impingement of grains with distinct orientations
during growth, developing an intervariant boundary
and (3) sympathetic nucleation where one grain
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forms on the edge or face of another grain leaving
behind a low-angle grain boundary.

It has been reported that minimization of the
overall grain boundary energy is the main driving
force for the formation of X3 s [7]. In the case of
austenite forming inside ferrite, the twin boundaries
also help the growth of austenite by providing an
easy growth mechanism, similar to the spiral growth
mechanism [51]. The population of CSL boundaries
(in particular 29 s) in the studied microstructure
(water-quenched) is considerably lower than the air-
cooled and furnace-cooled microstructures reported
in previous studies [7]. This is mostly due to a kinetic
effect. As shown in another investigation [7], the
population of twins decreases as the transformation
period decreases. The lower population of X9
boundaries is, therefore, due to the limited growth of
austenite particles during transformation, as the for-
mation of X9 boundaries is mainly the result of the
impingement of two X3 s. There are several ideas
about how and why annealing twins are formed.
Based on one of these models suggested by Fullman
and Fisher [55], which has been recently verified
through a 3D EBSD analysis [56], a decrease in the
free energy of the grain boundaries is the main
driving force for the formation of X3 s. In particular, a
coherent twin boundary would decrease the energy
of the boundary most significantly. This is the reason
why most of the X3 s are of (111) twist boundaries,
which are the minimum energy X3 boundaries. The
twist character of the X3 boundaries places a geo-
metric constraint on the limited number of observed
X9 boundaries, forcing them to have a tilt character,
as described in [29].

Some of the austenite/austenite boundaries in the
microstructure form as a result of the impingement of
different grains while they grow. Nolze [57] has cal-
culated the misorientation angle/axis resulting from
impingement of different K-S and N-W variants
during the ferrite-to-austenite transformation. The
volume fraction of these boundaries in the present
study was, however, very limited due to restricted
growth of different austenite particles. It has been
previously shown that if austenite particles impinge,
irrespective of their misorientation, they tend to ter-
minate on (111) planes [7].

The low-angle austenite-austenite boundaries
(mostly seen only through TEM because they have
misorientation angles less than the typical resolution
of EBSD—see Fig. 11b) are the results of sympathetic



nucleation. It has been reported [58] that the activa-
tion energy for sympathetic nucleation is comparable
to homogenous and heterogeneous second phase-on-
matrix nucleation because this causes the matrix-
second phase boundary to be replaced by a low-en-
ergy second phase-second phase interface. As
reported in [59], the formed boundaries always have
a low angle. It is, however, to be noted that the
nucleation energy would be minimized if the sym-
pathetically nucleated austenite had exactly the same
orientation with its parent grain [60]. The formation
of low-angle boundaries during sympathetic nucle-
ation is rationalized as follows. The sympathetic
nucleation frequently takes place at semi-coherent
interphase boundaries between growth ledges. These
interfaces are of low energy and mobility. New grains
that are sympathetically nucleated at the misfit dis-
locations in semi-coherent facets tend to show some
distance from the misfit dislocations to increase the
nuclei coherency [60]. The shear strain associated
with the transformation may also play an important
role in sympathetic nucleation. It has been reported
that sympathetic nucleation will be encouraged when
a strain component parallel to a plate face can neu-
tralize the strain generated by the adjacent plate [61].

Conclusions

In the current work, the ferrite-to-austenite phase
transformation during water quenching of a duplex
stainless steel from the ferritic region was studied.
The main findings are as follows.

1. The microstructure of the studied duplex stain-
less steel after heating to 1370 °C followed by
water quenching consisted of coarse ferrite grains
and fine needle-like austenite particles. The most
likely phase transformation mechanism is a “dif-
fusion-limited” displacive mechanism where
shear is dominant, but also accompanied by prior
or simultaneous diffusional elemental
redistribution.

2. The ferrite texture in the heat-treated microstruc-
ture was similar to that in the as-received condi-
tion; it was only slightly strengthened. Austenite
formed after heat treatment displayed a similar
texture to that of the as-received material, which
was mainly attributed to the “texture memory
effect”. The misorientation angle distribution for

austenite—ferrite showed a pronounced peak at
the misorientation angle range of 42° to 46°
corresponding to main theoretical FCC-BCC ori-
entation relationships (Bain, K-5, N-W and
Pitsch).

3. Interphase boundaries of K-S and N-W ORs
terminated on (111),//(110)r planes which are
the preferred planes based on both energy and
crystallography considerations. The 54°/<9 4 12>
interfaces terminated on (322)4, and (311)g and
(320)r planes.

4. The high undercooling associated with the fast
cooling rate resulted in a considerable deviation
from the rational ORs. This could be mostly due
to the formation of intragranular austenite parti-
cles on Cry,N, which will make them have a
random OR with the ferrite matrix.

5. The planar interphase boundaries characterised
by the rational ORs were typically observed to
contain one dominant set of parallel, regularly
spaced dislocations. A true dislocation spacing of
about 17.5 nm was obtained for one of the
interphase boundaries.

6. TEM analysis indicted the occurrence of small
protrusions appearing on edges/faces of some
austenite particles. Some of these did not leave a
sub-boundary behind and formed a finger-like
austenite morphology presumably resulting from
the instability mechanism. In some other cases,
the protruded austenite possessed a low-angle
grain boundary with a substrate austenite grain,
most likely being the result of sympathetic
nucleation of austenite on an existing austenite
particle.
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