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ABSTRACT ARTICLE HISTORY
The crystallography of interfaces in a duplex stainless steel Received 11 August 2017
having an equiaxed microstructure produced through the  Accepted 29 November 2017
ferrite to austenite diffusive phase transformation has been
- ) A KEYWORDS
studied. The five-parameter interface character distribution Interface plane distribution;
revealed a high anisotropy in habit planes for the austenite- habit plane; phase
ferrite and austenite—austenite interfaces for different lattice transformation; duplex
misorientations. The austenite and ferrite habit planes largely stainless steel; texture
terminated on (1 1 1) and (1 1 0) planes, respectively, for the
austenite—ferrite interfaces associated with Kurdjumov-
Sachs (K-S) and Nishiyama-Wasserman (N-W) orientation
relationships.This was mostly attributed to the crystallographic
preference associated with the phase transformation. For the
austenite—ferrite interfaces with orientation relationships
which are neither K-S nor N-W, both austenite and ferrite
habit planes had (1 1 1) orientations. X3 twin boundaries
comprised the majority of austenite-austenite interfaces,
mostly showing a pure twist character and terminating on
(11 1) planes due to the minimum energy configuration. The
second highest populated austenite—austenite boundary
was X9, which tended to have grain boundary planes in the
tilt zone due to the geometrical constraints. Furthermore, the
intervariant crystallographic plane distribution associated
with the K-S orientation relationship displayed a general
tendency for the austenite habit planes to terminate with
the (1 1 1) orientation, mainly due to the crystallographic
preference associated with the phase transformation.

1. Introduction

Duplex stainless steels represent an important class of stainless steels with low-
cost, excellent corrosion resistance, satisfying mechanical properties and good
weldability [1]. These advantages lead to an ongoing quest to use this grade of
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steels in diversified applications. Based on the phase diagram, these steels solidify
as delta-ferrite, which partially transforms to austenite during cooling to room
temperature. The microstructure is complex, as it consists of two distinct phases
with different crystal structures and stacking fault energies. Consequently, there
are different types of boundaries/interfaces in the microstructure, namely ferrite—
ferrite, ferrite—austenite and austenite-austenite boundaries, which may affect a
property of interest (such as precipitation [2], hot working [3] and fracture [4,5]
behaviour) differently due to their distinct characteristics.

The austenite—ferrite interface characteristics significantly influence the mate-
rial’s plasticity. Micro-cracks are mostly initiated at ferrite—austenite interfaces
having irrational crystallographic orientation relationships (OR) [6]. In fact, the
transition of slip from one phase to the other becomes easier at interfaces having
a rational OR (e.g. Kurdjumov-Sachs, K-S) due to the presence of common slip
systems on either side of the interface [7]. This relieves the stress concentration at
the interface, lowering the tendency for crack initiation. Austenite/ferrite interface
sliding has also been reported to depend on the interface character. The rational
interfaces exhibit higher resistance to sliding compared with their irrational
counterparts [8,9]. The propensity for (Fe,Ni)X(Cr,Mo)y o phase precipitation is
also affected by the interface characteristics, as the rational interfaces retard the
precipitation significantly [2,10]. Since the characteristics of interfaces in duplex
stainless steel control a wide range of properties such as precipitation [2,10], hot
working [3] and fracture [4] behaviour, it is necessary to characterise different
interfaces formed during phase transformation.

Past attempts to characterise ferrite-austenite interfaces in duplex stainless
steels have used either transmission electron microscopy (TEM) [11,12] or elec-
tron back-scattered diffraction (EBSD) [13,14]. The former is restricted to a small
number of interfaces due to a limited area of examination, so the statistical sig-
nificance is questionable. The latter mostly characterised the interfaces based on
the lattice misorientation and did not measure the distribution of interface plane
orientations associated with these boundaries. Recently, a stereological analysis of
EBSD data was used to characterise the boundary plane distribution for all of the
interfaces formed in a hot rolled duplex stainless steel subjected to an annealing
process [15]. This study, however, did not separately characterise the habit planes
of austenite and ferrite for austenite—ferrite interfaces with different orientation
relationships.

The aim of the current study was to characterise different types of interfaces
formed through the ferrite to austenite phase transformation (i.e. ferrite—austenite
and austenite—austenite) in a duplex stainless steel. All five independent crystallo-
graphic parameters of each interface, i.e. both the corresponding misorientation
and boundary plane, have been extracted from the EBSD data using an automated
stereological approach. For the ferrite—austenite interfaces, the habit planes of aus-
tenite and ferrite were determined separately for interphase interfaces associated
with different orientation relationships [16]. In addition, a detailed analysis was
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performed on different types of austenite—austenite interfaces formed through
the phase transformation.

2. Experimental procedure

The experimental material was a 2205 duplex stainless steel with the chemical
composition of 0.036 C, 0.321 Si, 1.82 Mn, 0.013 P, 23.2 Cr, 2.90 Mo, 5.6 Nji, 0.034
Co,0.153 Cu, 0.018 Nb, 0.065 V, 0.025 W, 0.245 N (in wt. %) and remainder Fe. The
as-received material was in the form of a slab with a thickness of 20 mm having a
pancaked microstructure consisting of austenite within a 6-ferrite (hereafter called
ferrite) matrix (Figure 1). Samples with a size of 10 mm x 10 mm x 20 mm were
cut from the as-received slab. They were reheated at 1370 °C and held 40 min in
a muffle furnace in an argon atmosphere to revert austenite back into ferrite. One
specimen was immediately water-quenched from 1370 °C. Another specimen was
slowly cooled in the furnace from 1370 °C to 970 °C during a 48-h period (i.e.
an average cooling rate of ~0.002 °C/s). To avoid the formation of precipitates in
the temperature range of 900-950 °C [17], the specimen was immediately water-
quenched from 970 °C. This heat treatment resulted in the diffusional transfor-
mation of ferrite to austenite, forming a microstructure consisting of about 48%
austenite with an equiaxed morphology in a ferritic matrix.

A PANalytical X-ray diffractometer was employed to characterise the crys-
tallographic texture of the material. The X-ray diffraction was performed using
Cu Ka radiation under point focus mode. The texture was measured in the plane
containing the rolling direction and normal direction (RD/ND). Due to the pres-
ence of coarse grains, a large area of the material was analysed by the aid of a

Figure 1. (colour online) EBSD map, in the band contrast colouring, showing the microstructure
of the as-received (hot-rolled) duplex stainless steel. The dark grey and light grey areas represent
austenite and ferrite, respectively. The red and blue lines are ¥3 and X9 CSL boundaries,
respectively. RD and ND represent rolling and normal directions, respectively.
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stage oscillation technique with 10 mm of linear movement. This enabled the
measurement of an area of about 14 x 12 mm?, ensuring the presence of enough
grains in the texture analysis. The required inverse pole figures were plotted using
the Lambert azimuthal equal-area projection [18].

The specimen for electron backscatter diffraction (EBSD) was prepared on
the RD/ND plane, using the standard routine described elsewhere [19]. Multiple
EBSD maps were acquired using a FEI FEG Quanta 3-D SEM/FIB under a con-
dition of 20 kV, 8 nA and a working distance of 12 mm. In total, 23 EBSD maps
were collected, covering ~ 63 mm? to achieve enough data for the interface plane
character analysis using the automated stereological approach. The step size was
1 um with a hexagonal grid. The average confidence index was higher than 0.70
for all the EBSD maps. The acquired maps were then cleaned using TSL-OIM soft-
ware. First, an iterative grain dilation routine with a 5 pixels grain size minimum
was applied to the data. Second, a single average orientation was assigned to each
individual grain with a tolerance angle of 5°. The boundaries were then segmented
to straight lines using a boundary deviation limit of 2 pixels (i.e. 2 pm). Due to the
presence of two phases, the reconstructed boundaries were classified into three cat-
egories, namely (i) ferrite/ferrite, (ii) ferrite/austenite and (iii) austenite/austenite
(Table 1). These interfaces were treated separately to analyse the grain boundary
plane distribution using the stereological approach [16], described below.

To characterise the grain boundaries (interfaces) in polycrystals, five independ-
ent macroscopic parameters are required; three parameters specifying the lattice
misorientation and two defining the boundary plane orientation [20]. The former
is defined by Euler angles (¢, @, ¢,) or an angle/axis pair (6/[uvw]), which can
be readily measured through the conventional EBSD analysis. Furthermore, each
boundary segment is the trace for the grain boundary on the surface plane. Having
these measurements, the only remaining parameter to characterise the boundary
is the boundary plane inclination with respect to the surface plane. It has recently
been shown that if a sufficient number of grain boundary traces for a given angle/
axis pair is obtained, the grain boundary plane distribution can be recovered using
a stereological approach [21]. Generally, each line segment must be orthogonal to
its boundary plane normal. Therefore, all possible plane normals for a particular
line segment lie on a great circle, which is perpendicular to that line segment on
a stereographic projection. If many grain boundary segments with a fixed lattice
misorientation are measured, then a distribution of possible grain boundary nor-
mals is defined. In such a case, the most probable planes appear as maxima in the
distribution. The planes that are less probable are observed less frequently and

Table 1. Number of segments for different boundaries. 6 and y represent ferrite and austenite
phases, respectively.

&/8 boundaries 8/y boundaries y/y boundaries

All interfaces number % number % number %
92279 2381 26 66251 71.8 23647 25.6
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assuming they are sampled randomly, this background can be removed [21]. After
collecting enough traces (e.g. 50,000 boundary traces for cubic crystal structures
[21]), it is possible to measure the preferred orientation of an interface plane. The
relative area of different boundaries can then be determined in unit of multiples
of a random distribution (i.e. MRD). Relative areas greater than one show that
the corresponding plane is more frequently observed in the microstructure than
expected in a random distribution. The distributions are discrete and individual
boundaries are classified in intervals with an approximately 10° width.

3. Results
3.1. Microstructure and texture evolution

The as-received microstructure consisted of about half austenite and half ferrite,
with both phases elongated along the rolling direction (Figure 1). The ferrite
showed a relatively strong texture with the (0 0 1) orientation parallel to ND with
an intensity of 4.5 times random (Figure 2(a)). The austenite revealed an inverse
pole figure characterised by a relatively weak texture with a maximum of ~1.7
times random, having a relatively strong (1 0 1) and weak (1 00) and (1 1 1) fibres
oriented along ND (Figure 2(b)).

The microstructure of the sample subjected to reheating to 1370 °C and hold-
ing for 40 min followed by rapid water quenching revealed very coarse ferrite
grains (~900 pm) along with ~ 12% fine austenite particles scattered throughout
the microstructure (Figure 3). The austenite was observed as both continuous
films on the ferrite grain boundaries and dispersed fine lath-shaped particles in
the ferrite grain interiors. The characteristics of the lath-like austenite formed in
such a microstructure have been thoroughly studied by Ameyama et al. [22,23].
In the presence of both austenite and ferrite, very limited grain growth would be
expected during annealing of duplex stainless steel due to the mutual restriction
of growth exerted by one phase on the other [24]. In this context, the evidence for
significant ferrite grain growth in Figure 3 suggests that the initial austenite was

111 (b) 111
42
L 38
34
3.0 1.7
26 1.6
T 22 1.5
1.7 1.4
1.2 12
1.0 1.0
Min=0.392 Min=0.621
Max=4.471 Max=1.708
101 001 101

Figure 2. (colour online) Inverse pole figure of the (a) ferrite and (b) austenite phases in the as-
received condition.
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Figure 3. EBSD map, in the band contrast colouring, showing the microstructure of the duplex
stainless steel after holding at 1370 °C for 40 min followed by water quenching. The dark grey
and light grey areas represent austenite and ferrite, respectively. RD and ND represent rolling and
normal directions, respectively.

mostly dissolved during the reheating treatment and the austenite particles were
largely formed during water quenching. The formation of austenite at such a high
cooling rate is not surprising as the presence of nitrogen promotes the formation
of austenite in this grade of duplex steel even at a very fast quenching rate [25].

The sample which was reheated to 1370 °C, held for 40 min and then slowly
cooled in the furnace to 970 °C, followed by water quenching, displayed an equi-
axed austenite and ferrite microstructure (Figure 4). The austenite grains were
observed in both the ferrite grain interiors and on the ferrite—ferrite grain bound-
aries. No sigma phase was found in the microstructure, suggesting that the sample
was quenched well above the ferrite to sigma phase transformation temperature.
The equiaxed austenite grains mostly contained X3 twin boundaries with a 60°/[1 1
1] disorientation along with some £9 boundaries with a 39°/[1 1 0] disorientation.
The 29 boundaries mostly appeared at the intersection of two X3 boundaries (as
highlighted by the dash circles in Figures 1 and 4).

The ferrite in the heat-treated microstructure qualitatively displayed a similar
crystallographic texture to the as-received condition, with the (001) orientation
parallel to ND and an intensity of ~4.4 times random (Figure 5(a)). Interestingly,
the equiaxed austenite also displayed a very similar texture to the as-received
condition. The inverse pole figure was characterised by a maximum of ~1.9 times
random with strong (1 0 1) and (0 0 1) fibres oriented along ND (Figure 5(b)).

There are two possible reasons for the similarity of austenite texture in the trans-
formed and as-received conditions. First, it may imply that the austenite has not
been fully dissolved during reheating to 1370 °C, so it has, to some extent, retained
its rolling texture, as it re-grows during cooling from 1370 °C. A second possible
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Figure 4. (colour online) EBSD map, in the band contrast colouring, showing the microstructure
of the experimental material after the heat treatment at 1370 °C followed by slow cooling to
970 °C.The dark grey and light grey areas represent austenite and ferrite, respectively. The red and
blue lines are 23 and 29 CLS boundaries, respectively. RD and ND represent rolling and normal
directions, respectively.
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Figure 5. (colour online) Inverse pole figure of the (a) ferrite and (b) austenite phases obtained
after heat treatment at 1370 °C followed by slow cooling to 970 °C.

reason for the texture conservation may be the ‘texture memory eftect’ [26-28].
It can be expected that an austenite grain transformed into a ferrite grain holds a
particular crystallographic orientation relationship during reheating. During the
back transformation of the ferrite structure, the same crystallographic austenite
variant/s would be preferred to form on cooling, which leads to the same aus-
tenite orientation/s resulting in an overall texture similar to the initial one. This
is the so-called texture memory phenomenon. A strong texture memory effect
has also been observed during the ferrite to austenite and then reverse austenite
to ferrite transformation [29]. These observations also strengthen the idea that
the transformation texture is dictated by nucleation, i.e. variant selection, and it
rarely changes during growth [30].
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3.2. Interfaces formed during the ferrite to austenite transformation

The misorientation angle distribution for all of the boundaries in the microstruc-
ture showed two main peaks at ~43° and 60° (Figure 6(a)). Because there are two
phases, the distribution contains ferrite—ferrite, ferrite—austenite and austenite—
austenite interfaces. To better understand the phase boundaries, the interfaces
were classified by type and their characteristics were studied separately. Most of
the boundaries were ferrite—austenite interfaces followed by austenite—austenite
and ferrite-ferrite interfaces (Table 1). The ferrite-ferrite interface misorientation
angle distribution did not follow any specific trend and was noisy. A number of
local maxima had intensities of ~ 2%, but the significance is questionable without
additional data (Figure 6(b)). Due to a limited number of ferrite—ferrite segments,
no further analysis was carried out on these boundaries.

3.3. Ferrite-austenite interfaces

The misorientation angle distribution of ferrite—austenite interfaces revealed a
wide misorientation angle range, spreading from ~10° to 62.8° (Figure 6(c)). A
single peak appeared at the position of ~43°. For all misorientations, the distri-
bution of interface planes in austenite had a maximum at the (1 1 1) orientation.
The distribution of interface planes in ferrite revealed two local maxima centred
atthe (11 1) and (1 0 1) orientations (Figure 7).

During cooling, the current steel transforms from ferrite (body centred cubic,
BCC) to austenite (face centred cubic, FCC). Several orientation relationship
models have been proposed between the parent phase and transformed phase in
BCC-FCC transformations. These include Bain [31], Kurdjumov-Sachs (K-S)
[32], Nishiyama-Wassermann (N-W) [33], Pitsch [34] and Greninger-Troiano
(G-T) [35] (Table 2). These ORs are relatively close with a maximum deviation of
5.26°, which exists between the K-S and N-W ORs. Therefore, the ferrite/austenite
interfaces were only examined for the K-S and N-W ORs in the present study.

Here, a 2° tolerance angle was used to differentiate the K-S from the N-W OR.
Based on that, the ferrite—austenite interfaces were categorised to three groups,
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Figure 6. Misorientation angle distribution for (a) all interfaces (including ferrite—ferrite,
austenite—ferrite and austenite—austenite), (b) ferrite—ferrite boundaries and (c) ferrite/austenite
interfaces after the heat treatment at 1370 °C and slow cooling to 970 °C.
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Figure 7. (colour online) Grain boundary plane character distribution at the ferrite—austenite
interfaces independent of misorientations: (a) austenite planes and (b) ferrite planes. The colour
scale values are in multiples of a random distribution (i.e. MRD).

Table 2. Plane and direction parallelism conditions and misorientation angle-axis pairs between
FCC and BCC phases under different orientation relationships. The reference lattice is austenite.

Orientation relationship Parallelism Minimum angle-axis pairs Refs.

Kurdjumov-Sachs (K-5) {111y /AT 10, 42.85° [32]
10> /K11 1), (0.968 0.178 0.178)

Greninger—Troiano (G-T) {111y /A1 0, 44.23° [35]
(123)  J133),. (0.9730.1890.133)

Bain (B) {100} /A100}, 45° [31]
(100, /110), (100)

Pitsch (P) {100} /A110}, 45.98° [34]
10 1T, (0.08 0.2 0.98)

Nishiyama-Wassermann (N-W) {11y /A0, 45.98° [33]
(112) /110), (0.976 0.083 0.201)

namely K-S, N-W and ‘other’ interfaces. The latter refers to the interfaces which
did not fulfil the K-S and N-W ORs criteria (i.e. relevant misorientation angle/
axis pairs, Table 2). Considering a 2° tolerance angle, only about 12 and 4% of
interfaces were characterised as having the K-S and N-W ORs, respectively. In
other words, ~84% of the interfaces were considered as having ‘other’ OR as they
did not follow any of the two main orientation relationships (i.e. K-S and N-W)
within a 2° tolerance.

The habit plane distributions for both austenite and ferrite were separately
calculated for different orientation relationships (i.e. K-S, N-W and other ORs,
Figure 8). For austenite, the peak appeared close to (1 1 1) planes for all orientation
relationships. However, the peak intensity was not the same for all ORs, show-
ing a maximum of 3.3 MRD for the K-S OR, 2.5 for N-W OR and 2.1 for other
ORs. Moreover, the relative areas of (110) austenite planes was moderate (i.e. ~
1.3 MRD), while (0 0 1) austenite planes were rarely observed (i.e. ~ 0.6 MRD).
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Figure 8. (colour online) The two-parameter grain boundary plane distribution calculated from
line segments with a specific orientation relationship and combination of phases. (a) austenite
(K=9S), (b) austenite (N-W), (c) austenite (other), (d) ferrite (K-5), (e) ferrite (N-W), () ferrite (other).
The colour scale values are in MRD.

By contrast, ferrite showed distinct habit plane character distributions for dif-
ferent orientation relationships. The ferrite habit plane distributions associated
with the K-S and N-W ORs were qualitatively similar, having a peak at the (1 0
1) orientation, spreading towards (1 1 1) planes. The peak at (1 0 1) ferrite was
greater for the K-S OR (~ 2.2 MRD) compared with the N-W OR (~ 2.0 MRD).
The other interfaces displayed a significantly different distribution, showing a
maximum at the (1 1 1) orientation (~ 1.5 MRD), spreading towards the (10 1)
orientation (~ 1.2 MRD). For all ORs, the ferrite habit planes were rarely termi-
nated by the (0 0 1) orientation.

3.4. Austenite-austenite interfaces

The misorientation angle distribution for the austenite—austenite interfaces dis-
played a strong peak at 60° and a small peak in the range of 38-40° (Figure 9). The
misorientation axis distribution associated with these peaks revealed a maxima
at the position of [1 0 1] and [1 1 1] for the misorientation angles of 39° and 60°,
respectively (Figure 10). These misorientation angle/axis characteristics represent
the 3 (i.e. 60°/[1 1 1]) and X9 (i.e. 38.9°/[1 1 0]) boundaries, which are con-
sistent with the observations in Figure 4. The corresponding plane distributions
for X3 and X9 boundaries were measured using the stereological approach. For
23 boundaries, there was a single sharp peak centred at the orientation of the
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Figure 9. Misorientation angle distribution for the austenite/austenite boundaries. The colour
scale values are in MRD.
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Figure 10. (colour online) Misorientation axis distribution for the 23 and X9 austenite/austenite
CSL boundaries. The colour scale values are in MRD.

(111) twist boundary, showing a significant population of ~ 3200 MRD (Figure
11(a)). For X9, the most common boundaries were located on the zone of tilt
boundary positions. There were local maxima centred on the (113), (332) and (11
4) tilt boundary orientations with a value of ~ 5.5 MRD (Figure 11(b)). Moreover,
a relatively weak intensity was also observed at the (2 2 1)[|(2 2 1) symmetric
tilt boundary position. The plane distribution for all of the austenite-austenite
boundaries, irrespective of misorientation, showed a sharp peak at the (1 1 1)
orientation, with an intensity of ~ 6.8 MRD (Figure 11(c)).

There were also some boundaries with misorientation angles other than 39°
and 60° (Figure 9). These boundaries may have been formed once two distinctly
orientated growing austenite grains intersected. For simplicity, it is assumed that
these austenite grains were formed through the K-S OR from the parent ferrite
during the phase transformation on cooling. Therefore, 24 equivalent crystallo-
graphic K-S-orientated austenite grains (i.e. variants) can be theoretically formed
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Figure 11. (colour online) Grain boundary character distribution at a fixed misorientation of (a)
60°/[1 1 1], and (b) 38.9°/[1 1 0] plotted in the [0 0 1] stereographic projection. The circle in (a)
represents the position of pure twist boundary. (c) The grain boundary character distribution for
the austenite—austenite boundaries irrespective of misorientations. The colour scale values are
in MRD.

based on the symmetry of the cubic system from a particular ferrite parent grain.
The misorientation angle/axis pairs associated with the intersection of two distinct
grain orientations/variants are given in Table 3, taking austenite as the reference
lattice. Due to the crystal symmetry, the number of angle/axis pairs can be reduced
from 23 to 16 [36].

The grain boundary plane distribution of austenite was plotted for all misorien-
tations related to the K-S OR (i.e. K-S inter-variant boundaries, Figures 11(a), 12,
Table 3. Possible 24 variants generated through phase transformation having the K-S orientation

relationship. 6 and y represent ferrite and austenite phases, respectively. The reference lattice
is austenite.

Variant Plane parallel Direction parallel Rotation angle/axis from V1
V1 a1, llo1n, [o1ly||(171118 -

V2 [1011y]| (11716 60°/[111]
V3 011y [17118 60°/[011]
V4 [017y]| (11716 10.5%/[071]
V5 1oy (17116 60°/[011]
G N0y 11716 49.5°/[011]
V7 1,011, [10Tly||[17116 49.5°/111]
V8 [nolyl|11118 10.5%/[111]
V9 [ oly|[[17116 50.5°/[103 13]
V10 70y (11718 50.5°/[755]
V11 01171116 14.9°/[1351]
V12 [011y[[[11718 57.2°/35 6]
V13 GRRNICARIA 11y (17116 14.9°/[5131]
V14 [011y||1171186 50.5%/[557]
V15 o1y (17118 57.2°/[625]
V16 o1y (11118 20.6°/[111186]
V17 10Ny ||[17116 51.7°/[11611]
V18 10Ny [T1718 47.1°/241021]
V19 (117,111, (10| (77116 50.5%/(313 10]
V20 (10| 11118 57.2°/[365]
V21 07 Ty|| (17116 20.6°/[301]
V22 0T Ty || (117118 47.1°/[10 21 24]
V23 Moty||[17116 57.2°/[256]
V24 oy 11118 21.1°/[940]
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and 13). For the misorientation axis of (1 1 1), the distribution of planes depended
on the misorientation angle (Figures 11(a) and 12). At a misorientation of 10.53°
(Figure 12(a)), there were multiple peaks with low intensities at positions of {1 1
1} and {1 1 0} planes. The most intense peak appeared at the position of the (1 1
1) twist boundary plane. The diffuse peaks at positions of {1 1 0} correspond to
symmetric tilt boundaries (Figure 12(a)). At the misorientation of 49.47°, a single
sharp peak was observed at the (1 1 1) orientation with 5 MRD, which is a twist
boundary (Figure 12(b)). At 60°, the distribution is the same, though the intensity
significantly increased to ~ 3200 MRD, representing £3 boundaries (Figure 11(a)).

It should be emphasised here that the very high concentration of 3 boundaries
in the austenite, together with the way the data are discretely binned, can distort
the distribution at nearby disorientations. For example, the distribution of grain
boundary planes for disorientations at 49.5°/[1 1 1] and 60°/[1 1 0] is 10.5° from
the X3 disorientation that has equivalent representations at 60°/[1 1 1] and 70.5°/
[110]. In these cases, all grain boundary traces within Brandon’ criterion of X3
were first removed from the data-set before computing the distribution.

For the misorientation axis of (1 1 0), the grain boundary plane distribution
varies significantly with the misorientation angle (Figure 13). At the misorienta-
tion of 10.53°, the planes were distributed mostly at {1 1 1} and {1 1 0} positions,
having a very weak intensity of 0.7 MRD (Figure 13(a)). The distribution of planes
at the misorientation of 49.47° revealed a peak at the (3 1 3) orientation with an
intensity of 2.3 MRD, extending toward the (10 0) and (11 1) orientations. At
the misorientation angle of 60°, the distribution showed multiple peaks with an
intensity of ~ 2.4 MRD at the (1 1 0) and (1 1 1) orientations. The distribution
of grain boundary planes for all of the other inter-variant boundaries with high

(a) (b)
B 2

0.00 0.15 0.30 045 060 0.75 0.90 1.05 1.20 05 10 15 20 25 30 35 40 45 5.0

Figure 12 (colour online) Distribution of boundary planes character for austenite—austenite
boundaries with different misorientations around [1 1 1] axis: (a) 10.53°/[1 1 1], (b) 49.47°/[1 1 1].
The squares represent the positions of {1 1 0} symmetric tilt boundaries. The circle and triangle
mark the location for {1 1 1} twist and mixed boundaries, respectively. The colour scale values are
in MRD.
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Figure 13. (colour online) Distribution of boundary planes character for austenite—austenite
boundaries with different misorientations around [0 1 1] axis: (a) 10.53°/[0 1 1], (b) 49.47°/[0 1 1],
(c) 60°/[0 1 1]. The colour scale values are in MRD.

index axes corresponding to the K-S OR was examined. However, the maxima
did not exceed 0.8 MRD and were, therefore, considered insignificant.

4. Discussion
4.1. Ferrite—austenite interfaces

Among different interfaces in the heat-treated duplex stainless steel, the high-
est interface fraction/population belongs to the ferrite—austenite interfaces (i.e.
~71.8%), which are mostly formed through the ferrite to austenite transformation
on cooling from 1370 °C. The distribution of misorientation angles across the
ferrite—austenite interfaces shows a wide range between 10 and 62.8° with a con-
siderable amount of interfaces having misorientations lying between 42 and 46°
(Figure 6(c)). According to the theoretical ORs [31-35], the misorientation angle
distribution of ferrite-austenite interfaces theoretically lies between 42 and 46°
(Table 2). There are two possible reasons that some misorientations are not within
this ideal range. One has to do with the characteristics of the austenite nuclei that
form at the parent ferrite—ferrite boundaries at relatively high temperatures. The
austenite nuclei interface can be classified into three types, having: (i) K-S/N-W
interfaces with both ferrite grains at either side of the boundarys; (ii) a K-S/N-W
interface with only one grain and (iii) non-KS/NW interfaces with both ferrite
grains. The former is less likely to take place in the current study as it requires
very high undercooling (e.g. martensitic transformation) and has been rarely
reported during the diffusional transformation [37-39]. In the current study, the
ferrite—austenite phase transformation occurs in a relatively high temperature
range (i.e. during slow cooling from ~1370 °C). At these high temperatures, the
difference in the barrier for the nucleation of austenite with a K-S/N-W or other
orientation interface is not as large as at low temperature, and both processes are
competitive. As long as both processes occur, not all ferrite—austenite interfaces
will fully fulfil K-S/N-W orientation relationship requirements.
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A second reason that misorientations are found outside of the ideal range is
suggested by the presence of a similar austenite overall texture in the as-received
and heat-treated conditions (Figures 2 and 5). One possible reason for the simi-
larity of the texture is that the initial microstructure may not fully be transformed
to ferrite at 1370 °C and some residual austenite would still remain at such a
high temperature. The microstructure of the as-received material reveals that it
was subjected to a hot rolling process (Figure 1). Therefore, the ferrite—austenite
interfaces in the as-received condition are expected to significantly deviate from
the original K-S/N-W OR characteristics due to the hot deformation. In other
words, the residual austenite most likely has the other OR with the adjacent fer-
rite, which would be preserved during further growth on cooling. As a result, the
overall misorientation angle distribution of austenite and ferrite is spread beyond
the range one expects for the ideal ORs (Figure 6(c)).

For the misorientation angle range of 40-50°, the interphase plane distribution
of austenite reveals a strong anisotropy, exhibiting a peak at the (1 1 1) orientation
with an intensity of ~ 2.2 MRD (Figure 7(a)). This is consistent with the crys-
tallographic preference associated with the K-S and N-W ORs and low energy
configuration of closed packed planes in the FCC structure, as reported for sin-
gle-phase FCC materials [40-42]. However, the interphase plane distributions of
ferrite display two main peaks at the positions of (1 1 0) and (1 1 1) planes (Figure
7(b)). The former is consistent with the crystallographic preference associated with
rational ORs and because it is the close packed plane in the BCC structure (i.e. it
is a low energy interface) [43]. A high relative area of (1 1 1) planes was recently
reported in a single phase ferritic structure, and this was attributed to the presence
of a strong gamma fibre ((1 1 1)//ND) texture [44]. However, this cannot be linked
to the ferrite texture in the current study, where the ferrite displays a strong (0 0
1) fibre texture (see Figure 5(a)). In addition, the ferrite—austenite interfaces form
by a phase transformation rather than other processes, such as grain growth and
recrystallisation, that create grain boundaries in single-phase materials. To explore
further, the ferrite-austenite interfaces can be classified into three categories based
on the main rational ORs, namely K-S, N-W and other ORs.

A further analysis of the ferrite—austenite interfaces reveals that 12 and 4% of the
ferrite—austenite interfaces were consistent with the K-S and N-W ORs (with a 2°
tolerance angle), respectively. For both the K-S and N-W ORs, austenite and fer-
rite grains terminate on (1 1 1) and (1 1 0) planes, respectively (Figure 8(a,b,d,e)).
This is not surprising as these planes are the crystallographically favoured parallel
planes (i.e. close packed planes) in the theoretical ORs during the BCC to FCC
transformation. In the equilibrium condition, these interfaces are flat at an atomic
level and mostly free of steps having misfit dislocations characterised by in-plane
Burgers vectors [45]. Even for a non-flat interface, it has been suggested that the
degree of coherency could be enhanced and the energy would be minimised by

creating a stepped (11 1),..//(110), .. configuration [46].

FCC BCC
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The predominance of (11 1) interfaces is also in line with the

roc//(11 0)gee
minimum energy plane considerations. Using the first nearest neighbour broken
bond model, the relative surface free energies of FCC and BCC phases on either
side of interphase were determined to have minima at the (11 1) and (1 1 0) plane
orientations, respectively [47]. The relative areas of these planes are inversely cor-
related to the surface energies, as these orientations correspond to maxima in the
austenite and ferrite interface plane distributions for those interfaces that meet
the K-S and N-W ORs criteria (Figure 8(a,b,d,e)). These planes are also close to,
though not exactly the same as, the estimates made based on Near-Coincidence
Site geometrical matching of BCC-FCC lattices [48-50]. Note that interfaces con-
sisting of (11 1),,..//(110),.. planes have been recently reported in a nanobainitic
steel formed through shear transformation at a relatively low temperature [16].

For the interfaces which do not correspond to the K-S and N-W orienta-
tion relationships, both ferrite and austenite tend to terminate on (1 1 1) planes
(Figure 8(c) and (f)). The difference in ferrite planes for K-S/N-W and other
ferrite—austenite interfaces may stem from the nucleation behaviour of austenite
at an early stage of transformation. The two most important factors controlling
the phase transformation are interfacial and strain energies accompanying the
transformation [51]. A shear transformation is accompanied by a shape defor-
mation, which plays the most important role in the nucleation behaviour. In the
diffusional transformation, however, there is a limited shape deformation, which is
expected to be relaxed in a relatively high transformation temperature regime (e.g.
upon slowly cooling from 1370 °C). In such a case, the interfacial energy is more
influential in the nucleation process than the strain energy. During the austenite
to ferrite transformation, it was demonstrated that the OR between ferrite nuclei
and parent austenite strongly depends on the austenite—austenite grain boundary
character (i.e. low energy boundaries promote the rational ORs) [38]. Therefore, it
would be expected that ferrite boundaries terminated by (1 1 0) planes trigger the
formation of austenite nuclei with the favoured crystallography and low energy
interfaces (i.e. K-S and N-W ORs), at least with one of the parent ferrite grains
during the ferrite to austenite transformation. In other words, the nucleation of
austenite on ferrite/ferrite boundaries with non-(1 1 0) planes may promote the
other ORs. Finally, it is to be noted that the predominance of (1 1 1) ferrite planes
for non-KS/NW interfaces formed during phase transformation contrasts with the
findings of Watanabe [52] for irrational interfaces formed by recrystallisation in
a single-phase ferritic steel. During the diffusional recrystallisation of a Fe-3%Si
alloy, a {1 1 0} plane-matching OR was found to be the more widespread as it
ensures high boundary mobility during grain growth [52].

Another interesting aspect of the current results is the preference of the K-S
orientation relationship over N-W in duplex stainless steels, which is also evident
in their interface plane distributions (Figure 8(a,b,d,e)). It is generally known that
twinned austenite grains show a 180° rotation around the (1 1 2) direction (equiv-
alent to 60°/(1 1 1)). One rotation angle-axis representation associated with the
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K-S OR is 90°/(1 1 2), as proposed by Jonas et al. [53]. This shows that multiple
twinning of a K-S related austenite would conserve its OR with respect to the
parent ferrite grain. However, such a conservation of OR would not work for the
N-W as perfectly as it does for the K-S since the angle/axis for N-W is 90.12°/
(—0.348, 0.841, 0.413) . This has a deviation from 90°/(—1 2 1)[53]. Moreover, it
has been reported that the atomic mismatch in the case of the K-S OR is less
than for the N-W OR [54]. This, together with the fact that the invariant line lies
close to the common close-packed directions for the K-S (i.e. (11 1).//(0 1 1),),
which is different from the ones associated with the N-W OR (i.e. (1 0 0).//{0
1 1),) in the BCC-FCC interfaces [55], may be another possible reason for the
predominance of the K-S OR. El Hajjaji [56] studied the prevalence of the K-S
and N-W ORs in different duplex stainless steels and found that the N-W OR
is more frequently observed in high-purity duplex stainless steels. The addition
of carbon and/or sulphur, however, locally changed the structure of the interface
towards the K-S OR.

4.2. Austenite—austenite interfaces

The misorientation angle distribution for austenite—austenite boundaries shows
a sharp peak at 60° (Figure 9). The corresponding axes reveal that X3 (i.e. 60°/[1
1 1]) boundaries comprised the highest population of austenite-austenite bound-
aries (Figures 9 and 10). This is typical for FCC materials with low SFEs that are
known to develop a high fraction of twins. An analysis of the boundaries shows
that the number (length) fraction of X3 austenite—austenite boundaries is 49%
(77%). This is comparable to previous studies reporting that 63% (58%) of bound-
aries in nickel (copper) have the X3 disorientation [42]. This difference may be
attributed to different factors such as the chemical composition, which dictates the
SEE value, overall texture, grain size and thermomechanical processing history.
The second significant peak in the misorientation angle distribution is at 38.9°
and is associated with a [1 1 0] misorientation axis (i.e. 29). It is well known that
the X9 misorientation is a geometric consequence of two intersecting X3s [40]. In
this context, one would expect a relatively high population of £9s due to the high
fraction of X3s. This is not, however, the case in the present duplex stainless steel
because very few X3s meet at the triple junctions, and most of them terminate at
ferrite—austenite interfaces (Figure 4).

The boundaries with the X3 misorientation within Brandon’s criterion [57]
were compared with the coherent twin orientation. 3 boundaries with grain
boundary plane orientations within +10° of the ideal twin orientation were clas-
sified as coherent, while the rest were classified as incoherent. These boundaries
are expected to invert the regular A-B-C stacking sequence of close packed {11 1}
layers at the boundary plane. Because the nearest and the next-nearest-neighbour
atom positions are unchanged, these grain boundaries have the minimum energy
[58]. This study finds that the number (length) fraction of all austenite—austenite
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coherent X3 boundaries is 42% (71%). This is mostly higher than the correspond-
ing values specified in previous reports for TWIP steel (9.7% number fraction and
14.6% length fraction) [40], high-purity Ni (28.6% length fraction) [59] and grain
boundary engineered brass (~ 57% number fraction and ~ 38% length fraction)
[60]. It has been documented that the properties of X3 grain boundaries depend
upon whether they are coherent or incoherent. In this context, the abundance of
coherent £3s in austenite in this duplex stainless steel compared to other low SFE
metals is a very interesting observation. This may be because twins are formed
in the present steel at high temperature, during the slow cooling from ~1370 °C.

The grain boundary plane distribution is consistent with the finding that 71% of
the £3 boundary area is made up of coherent twins; this results in a maximum at
the (1 1 1) orientation (Figure 11(a)). In this representation, these coherent twin
boundaries have twist character, as the grain boundary normal is parallel to the
misorientation axis. As noted above, large relative areas of (1 1 1) planes for X3
boundaries has been also shown for different FCC materials [39-41,58], and it
is also known to be a boundary configuration with minimum energy [38]. Grain
boundary plane distributions for £9 boundaries exhibit maxima along the zone
of tilt boundaries (Figure 11(b)) due to the geometrical constraints linked to the
intersection of two £3 boundaries [40]. This is also in a good agreement with the
previous reports revealing a maximum population for X9 boundaries with tilt
character, where the misorientation axis is perpendicular to the grain boundary
plane normal. It was demonstrated that these plane positions have the minimum
energy at this misorientation [40].

The intervariant boundary plane distributions exhibit {1 1 1} normals more fre-
quently than other planes in most of the misorientation angle/axis pairs associated
with the K-S OR. In general, the intervariant boundaries with the misorientation
axesof [11 0] and [1 1 1] exhibit higher relative areas compared to the boundaries
with higher index axes associated with K-S OR (Figures 10(a), 12, and 13). It is
interesting to note that for the misorientation axis of (1 1 1), the inter-variant
planes for austenite mainly have twist character centred at {1 1 1} orientations
(Figures 11(a) and 12). This is different from the result obtained for the product
of FCC to BCC transformations (e.g. martensite [61] and bainite [62]), where the
most common boundaries have {1 1 0} symmetric tilt orientations.

The current results on austenite-austenite boundaries show that X3 and
inter-variant boundaries tend to terminate on {1 1 1} while X9 boundaries ter-
minate on planes perpendicular to [1 1 0] (they have tilt character). However,
the formation of these boundaries is associated with different mechanisms/con-
straints. X3 twin boundaries were largely formed during the growth of austenite
nuclei [63]. This is evident from the presence of £3 boundaries in most austenite
grains (Figure 4). It should be noted that the X3 disorientation may also form as
a result of the impingement of two K-S variants (Table 3); however, the expected
frequency is low [36]. The termination of X3 boundaries on {1 1 1} twist planes is
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predominantly associated with the minimum energy boundary plane configura-
tion (Figure 11(a)) [40]. In the case of X9 boundaries, the geometrical constraints
linked to the intersection of two X3 boundaries dictate the tilt character of grain
boundary plane (Figure 11(b)) [40]. The austenite—austenite intervariant bounda-
ries are formed through the ferrite to austenite transformation. Therefore, it would
be expected that their boundary planes are governed by the crystallographic
preference associated with the ferrite to austenite transformation. Considering
a K-S crystallographic OR (i.e. {1 10}1 1 1).// {1 1 1)0 1 1),) during the phase
transformation, two growing austenite variants will, most likely, impinge on {1
1 1} planes. This is in good agreement with the current results demonstrating a
considerable fraction of inter-variant boundaries terminated at {1 1 1} planes
(Figures 10(a), 12 and 13).

5. Conclusions

In the current study, the crystallographic texture and characteristics of interfaces
were studied for a duplex stainless steel, produced through the ferrite to austenite
phase transformation occurring during slow furnace cooling from 1370 °C. The
main findings are:

(1) Only about 12 and 4% of ferrite—austenite interfaces displayed the K-S
and N-W ORs, respectively. The high population of other interfaces
was attributed to the nucleation of austenite at high temperatures and/
or remnants of some undissolved austenite grains during reheating to
1370 °C.

(2) Ferrite—austenite interfaces with K-S or N-W ORs were largely termi-
nated on (11 1);..and (110),..
attributed to the crystallographic preference associated with the phase

planes, respectively, which was mostly

transformation.

(3) For ferrite—austenite interfaces with other ORs, both austenite and fer-
rite habit planes had (1 1 1) orientations.

(4) 23 twin boundaries comprised the majority of austenite—austenite inter-
faces and mostly showed a twist character, terminating on (1 1 1) planes
because this is the minimum energy configuration. The second highest
populated austenite-austenite boundary misorientation was £9, which
tended to terminate on tilt grain boundary planes perpendicular to [1 1
0]. This is a low energy configuration, but geometric constraints might
also play a role.

(5) The intervariant crystallographic plane distribution associated with the
K-S OR displayed a general tendency for the austenite habit planes to
terminate on the (1 1 1) orientation, mainly because of the crystallo-
graphic preference associated with the phase transformation.
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