Journal Pre-proof  MATERIALS

EANAEAERIZATON

Three-dimensional analysis of the delta-ferrite to austenite phase
transformation in an additively manufactured duplex stainless
steel

X.Y. He, Z.P. Xu, G.S. Rohrer, C. Kong, S. Primig, N. Haghdadi

PII: S1044-5803(25)00034-8

DOI: https://doi.org/10.1016/j.matchar.2025.114745
Reference: MTL 114745

To appear in: Materials Characterization

Received date: 10 November 2024

Revised date: 19 December 2024

Accepted date: 11 January 2025

Please cite this article as: X.Y. He, Z.P. Xu, G.S. Rohrer, et al., Three-dimensional analysis
of the delta-ferrite to austenite phase transformation in an additively manufactured duplex
stainless  steel, Materials  Characterization  (2024),  https://doi.org/10.1016/
j.matchar.2025.114745

This is a PDF file of an article that has undergone enhancements after acceptance, such
as the addition of a cover page and metadata, and formatting for readability, but it is
not yet the definitive version of record. This version will undergo additional copyediting,
typesetting and review before it is published in its final form, but we are providing this
version to give early visibility of the article. Please note that, during the production
process, errors may be discovered which could affect the content, and all legal disclaimers
that apply to the journal pertain.

© 2025 Published by Elsevier Inc.


https://doi.org/10.1016/j.matchar.2025.114745
https://doi.org/10.1016/j.matchar.2025.114745
https://doi.org/10.1016/j.matchar.2025.114745

Three-dimensional analysis of the delta-ferrite to austenite phase
transformation in an additively manufactured duplex stainless steel

X.Y. He', Z.P. Xu?, G.S. Rohrer?, C. Kong’, S. Primig'*, N. Haghdadi'*
1. School of Materials Science & Engineering, UNSW Sydney, Sydney, NSW 2052,
Australia
2. Department of Materials Science and Engineering, Carnegie Mellon University,
Pittsburgh, PA 15213-3890, USA
3. Electron Microscope Unit, Mark Wainwright Analytical Centre, UNSW, Sydney, NSW
2052, Australia
*Corresponding authors:
s.primig@unsw.edu.au (S. Primig)

nima.haghdadi@unsw.edu.au (N. Haghdadi)



Abstract

A fundamental understanding of the O-ferrite to austenite phase transformation and
characteristics of the interfaces formed is currently lacking due to challenges in achieving
fully ferritic starting microstructure during conventional processing. Here, a 2205 duplex
stainless steel manufactured by laser powder bed fusion (LPBF) is used as a model system to
reveal the fundamentals of the o-ferrite to austenite phase transformation with the aid of
three-dimensional electron backscattered diffraction (EBSD). A predominantly d-ferritic non-
equilibrium microstructure is obtained through the high cooling rate during LPBF. During a
short thermal treatment of this starting microstructure, four distinct types of austenite
(intergranular, instability-induced, sympathetic, and intragranular) are formed. The
sympathetic and intragranular austenite present significantly higher area fractions of
interfaces following the Kurdjumov-Sachs (K-S) or Nishiyama-Wassermann (N-W)
orientation relationships (ORs) compared to intergranular austenite, owing to their different
nucleation and growth mechanisms. The habit plane distributions of various interfaces reveal
that ferrite and austenite terminate on (110) and (111) planes, respectively. Interestingly, the
plane and curvature distributions do not always exhibit an inverse correlation in the
sympathetic and intragranular transformation paths, while the non-K-S/N-W interfaces
exhibit lower grain boundary curvatures compared to the K-S/N-W ones. This could be
because the total energy minimization associated with phase transformation involves
contributions from both the surface energy at grain boundaries and the elastic bulk energy.
These new insights into the o-ferrite to austenite transformation enable duplex microstructure
design via additive manufacturing and subsequent post-processing to achieve superior
properties.

Keywords: Additive manufacturing; Duplex stainless steels; Phase transformation; 3D-
EBSD; Crystallography

1 Introduction

Additive manufacturing (AM) provides unparalleled opportunities to produce net-shaped or
near net-shaped components with complex geometries [1,2]. However, the cyclic rapid
heating and cooling as well as the highly localized melting and solidification during laser
powder bed fusion (LPBF) lead to each material voxel experiencing complex thermal
histories and steep thermal gradients [1,3]. This encourages the development of highly non-
equilibrium as-LPBF microstructures with high dislocation densities [4,5]. The complexity of
non-equilibrium microstructures increases in alloy grades that undergo subsequent solid-state
phase transformations during and/or after AM, for example, steels that experience o-ferrite to
austenite and/or austenite to martensite/bainite/ferrite transformations [6-8] or titanium alloys
that undergo B to o/a' transformations [9-11]. The formation of fine and complex
morphologies such as Widmanstitten in steels and acicular laths in titanium alloys often



involves protrusions inclined and/or interconnected in three dimensions (3D). While the
morphology and crystallography of the fine o phase in a Ti-6Al-4V has been extensively
studied in 3D to infer phase transformation mechanisms [9-11], available 3D investigations
of multi-phase steels remain limited to reports on their morphology only, without orientation
data [12]. Studies on the crystallography and grain boundary characteristics in multi-phase
steels have so far been conducted using two-dimensional (2D) microscopy [6,13-15]. Despite
valuable insights drawn from 2D analyses, a lack of 3D orientation data captured on multi-
phase microstructures hinders the unambiguous categorization of different phase
transformation mechanisms and, hence, there remain knowledge gaps in the understanding of
the driving forces of the different phase transformation pathways. The microstructural
features of complex dual-phase materials cannot be comprehensively analysed from any
single 2D slice, but requires a 3D approach providing information on not only the
microstructural morphology but also the crystallographic information of grains and
interfaces.

In recent years, 3D microstructural characterization techniques have been frequently applied
to single phase metallic and ceramic polycrystals [9-11,16-19] to quantitatively measure the
microstructural characteristics that could not be fully understood from 2D characterization
alone. In particular, grain boundary plane and curvature distributions have been quantified
using 3D orientation data [17,20]. Grain boundary microstructures are recognized to vastly
affect materials properties including strength [21], corrosion behaviour [22], and electrical
resistance [23]. Recent advancements in serial sectioning using a Xe™ plasma focused ion
beam (PFIB) scanning electron microscope enables a relatively fast acquisition of electron
backscattered diffraction (EBSD) maps on parallel layers with high spatial resolution (~50
nm) [24] and relatively large volumes (~40,000 pm’ in Ref. [25] and ~690,000 um’ in the
current study). This 3D characterization technique is capable of collecting significantly larger
volumes than its Ga-ion counterpart in the same time [17], while achieving finer step sizes
(higher resolution) than its tri-beam counterpart [26]. These unique features make it suitable
for capturing fine and complex microstructural features such as the Widmanstitten austenite
in stainless steels and acicular a/a' laths in titanium alloys.

Duplex stainless steels (DSSs) possess remarkable mechanical (strength, toughness) and
corrosion properties achieved via the synergy of the properties of o-ferrite (referred to as
ferrite in the following) and austenite [27]. They are therefore broadly used in harsh
conditions, including in desalination plants, oil & gas infrastructures, paper & pulp industries,
and marine applications [28]. In addition to their technological significance, DSS can be
considered as a model system [13] for research concerning the ferrite to austenite phase
transformation to reveal the mechanisms driving the various transformation pathways and
interface characteristics. This is important as ferrite-austenite interface characteristics, that
are controlled by the phase transformation route, are the dominating factors in the



superplasticity [29], micro-deformation [30], precipitation behaviour [15], and restoration
[14] of these classes of steels. The significant grain refinement and multiple austenite
deformation mechanisms achieved in the post-LPBF thermally treated DSS 2205 that
contribute to its optimal mechanical properties have also been associated with the ferrite to
austenite phase transformation [27]. The extent of elemental segregation at the interphase
boundaries, cell structures and grain boundaries in DSS 2205 processed via LPBF have been
studied using transmission electron microscope and atom probe tomography [6,31,32].
Compared to the as-built austenite content of >20% in DSSs fabricated using directed energy
deposition [33-36], austenite bypassing leading to nearly no austenite formation in the as-
built DSSs processed by LPBF [6,7,27,37]. There is a lack of knowledge regarding the
subsequent solid-state phase transformation from ferrite to austenite in LPBF manufactured
DSSs, which is mainly achieved via post-process thermal treatment.

To comprehensively study the interfaces between two neighbouring crystals, in addition to
the lattice disorientation, the grain boundary plane and curvature distributions are required.
Recent developments in integrating 3D-EBSD data with interface characteristics analysis
have enabled the measurement of all parameters of the interfaces in various polycrystalline
materials. This approach has been successfully implemented for a wide variety of single-
phase microstructures [9-11,16-19]. However, a comprehensive 3D analysis of the interfaces
developed during a body centred cubic (BCC) to face centred cubic (FCC) transformation is
still lacking in the literature. In particular, there has been no study correlating such analysis
with the microstructural evolution during AM and post-AM thermal treatments. Therefore,
the goal of the current work is to unravel the influence of the phase transformation
mechanisms on the austenite morphology and the characteristics of the interfaces developed
during the ferrite to austenite phase transformation. We study an LPBF manufactured duplex
stainless steel using a 3D orientation dataset collected via serial sectioning and EBSD. The
main motivation is to provide new insights into how the non-equilibrium as-built
microstructures obtained from AM impact the subsequent solid-state phase transformation
and how the phase transformation pathway dictates the austenite morphology and ferrite-
austenite interface characteristics. Considering the formerly established effects of austenite
morphology and ferrite-austenite character on properties, such as deformation mechanisms
[30], hot working process [14], and precipitation [15] in these types of steels, this
investigation would ultimately guide the design of AM processing and thermal treatment
towards engineering microstructure for superior properties.

2 Experimental

The DSS 2205 powder used was acquired from Sandvik Osprey Ltd, with an elemental
composition of 22.60 Cr, 5.90 Ni, 1.10 Mn, 3.20 Mo, 0.60 Si, 0.02 C, 0.02P, 0.01 S, 0.18 N
(in wt%), and a balance of Fe. The powder particles were of mainly globular morphology and



had particle diameters between 15 and 53 pum (measured by sieve and laser diffraction
analyses). An SLM Solution 125" machine furnished with a 400 W continuous wavelength
fibre laser was employed to print the samples, where an Ar shielding gas was applied to keep
the O, content below 200 ppm. The printing parameters were 200 W laser power, 700 mm/s
scanning speed, 30 um layer thickness, 500 total layers, 60 um hatch spacing, and a 67°
incremental rotation between consecutive layers with a raster scan strategy (Figure 1(a)). A
316L stainless steel plate pre-heated to 200 °C served as the substrate. Cubic samples with a
15 mm edge length were printed (Figure 1(b)). Based on our previous studies [6,37], a post-
LPBF thermal treatment was implemented on selected samples at 1000 °C for 10 minutes in a
tube furnace filled with Ar shielding gas, followed by water quenching to form a fine
equilibrium microstructure.

The as-built DSS samples were investigated by 2D-EBSD on the x-z surface (Figure 1(b))
within the central areas along the build direction (BD). The 2D-EBSD specimens were
subjected to fine polishing with 0.04 um OPU colloidal silica as the finishing step. Scanning
transmission electron microscopy (STEM) specimens were extracted from the 2D-EBSD
specimens using a standard plasma focused ion beam (FIB) lift-out method [38] on a Thermo
Fisher Helios G4 Xe plasma FIB system. A JEOL 7001F scanning electron microscope
equipped with a Hikari 31 Super EBSD Camera was used to conduct 2D-EBSD analysis,
operating at 20 kV, 13 nA probe current, 6 X 6 binning configuration, and a step size of 1 pm.
The TSL-OIM software was used for data acquisition and post-processing. STEM
characterization of the as-built DSS specimens were conducted on a JEOL JEM-F200
(S)TEM, with a cold field emission gun operating at 200 kV.

Block-face serial sectioning was performed in a ThermoFisher Helios G4 PFIB Xe"
DualBeam system to collect the 3D-EBSD dataset for the post-LPBF thermally treated DSS
2205. The sample was prepared and set up as described in Ref. [26]. The Aztec4.0 EBSD
collection software and the Auto Slice and View software were used for operational control.
Rocking milling was used to minimize curtaining effects. The slice thickness was 100 nm and
the EBSD data was collected on every other slice with a step size of 200 nm. The 3D
orientation map was developed from stacks of parallel 2D EBSD orientation maps. The
volume of the collected dataset was ~100 x 75 x 92 um3 (Figure 1(c)).
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Figure 1 Schematic view of (a) printing strategy with bi-directional scan and a 67° incremental
rotation between consecutive layers, (b) cubic sample with dimensions and orientation, and (c) 3D-

EBSD collection geometry and orientation.

3D reconstruction and data analysis were conducted using the DREAM.3D software package
[39] and the MTEX toolbox in Matlab [40]. Visualizations were realized using the ParaView
software [41]. In general, the reconstruction process involved alignment, clean-up,
segmentation, and meshing. After importing the data, voxels with too low (<20) or too high
(>160) band contrast or non-zero error were cleaned up. Assigned by the Aztec4.0 EBSD
collection software, band contrast is a metric that measures the quality of the Kikuchi
patterns, and a non-zero error indicates that a voxel is unindexable. Next, sub-pixel
misalignment between 2D slices was corrected by using centroid and misorientation based
algorithms [42], where the misorientation tolerance was set to 0.5°. For grain segmentation
within the 3D volume, each voxel orientation was compared to its neighbours and a unique
grain identification (ID) number was assigned to each collection of voxels with an orientation
difference < 1°. In addition, grains were required to have at least 10 voxels and two
neighbouring grains. Implementing these conditions introduced gaps in the microstructure
volume by groups with no more than 10 voxels and un-indexed voxels. These gaps were then
removed by uniformly dilating neighbouring grains in DREAM.3D [39,43]. In the final step,
the average orientation of all voxels in each grain was assigned to each voxel within the
grain. Due to the cubic voxel geometry, stair-stepped boundaries and triple lines were created
which had to be smoothed to properly extract grain boundary plane distributions and grain
boundary curvature distributions. Since local curvatures are of interest in this study, the
boundary must be represented as a surface comprised of discrete triangles. A quick surface
meshing algorithm in DREAM.3D was employed to map the grain boundaries as triangular
nets followed by a restricted Laplacian smoothing that generated smoothly curved grain
boundaries. In total, the processed dataset contained around 69.6 million voxels and was
segmented into 65,146 unique grains with 297,075 grain boundaries and 57,343,510
triangles.

Using the meshed 3D-EBSD data, the grain boundary (mean) curvature was measured locally
for all triangles by applying the previously developed cubic-order algorithm detailed in Ref.
[44] and implemented in DREAM.3D [39,45]. In this algorithm, a patch of contiguous



triangles encompassing the triangle of interest is fit to a parabola. The crystallographic
properties of the neighbourhood triangle patch which includes 2" and 3™ nearest neighbours
of the targeted triangle are known. The Weingarten matrix of this triangle patch can be
obtained after applying a least-squares method to fit the parabola. The eigenvalues of the
Weingarten matrix are the principal curvatures k; and k,, and the triangle mean curvature is
then (k; + k;)/2, where a convex interface has a positive curvature and a concave one has a
negative curvature. Here, only the absolute values of the triangle mean curvatures were
considered for measurements of the grain boundary curvature distributions [20].

Once the 3D orientation data reconstruction is completed, the microstructure is comprised of
discrete grains with unique ID numbers wrapped by a triangular mesh. Each triangle in the
mesh is associated with information including the grain ID numbers on both sides, the grain
orientations on both sides, the disorientation across the triangle, the triangle area, the surface
normal, and the curvature. This facilitates the local mapping of these quantities and the
definition of their distributions over volumetric, morphological, and crystallographic
parameters. Since the microstructure in this study contains two different phases, the
reconstructed boundaries/triangles were classified into three categories: ferrite-austenite,
ferrite-ferrite, and austenite-austenite interfaces. Based on austenite morphology, the ferrite-
austenite interfaces can be further categorized into interfaces corresponding to ferrite
boundaries with intergranular austenite, sympathetic austenite, and intragranular austenite,
respectively. Further analysis was then performed on each of these groups of interfaces to
determine the grain boundary plane and curvature distributions using the methodology
described in detail in Ref. [20]. The ferrite-austenite interfaces were processed differently
owing to the existence of two distinct phases on each side of the interface. In the current
work, the interphase plane character distribution for distinct phases was computed separately,
representing the ferrite and austenite habit planes.

3 Results

3.1 Overall microstructures

Figure 2 demonstrates 2D views of the typical as-built microstructures of the LPBF DSS
2205, exhibiting non-equilibrium characteristics including an unbalanced phase fraction
(Figure 2(a)), columnar grain structures (Figure 2(b)), and strong texture in BD (Figure 2(c)).
From the EBSD phase map in Figure 2(a), ferrite is observed to be the main constituent
coloured in red, occupying more than 98% of the map area, with small austenite particles
shown in green colour. The EBSD inverse pole figure (IPF) map along the Y-direction (out-
of-page) in Figure 2(b) shows columnar grain structures extending towards the BD. From the
IPF map along the BD in Figure 2(c), the mostly red colour indicates a strong <001>//BD
texture in ferrite formed due to the epitaxial growth and preferential grain growth orientation



of <001> in BCC microstructures manufactured by LPBF [6]. The STEM micrograph along
the ferrite [001] zone axis in Figure 2(d) indicates high density of dislocations and spherical
inclusions in the as-built ferrite grain. These spherical inclusions as pointed out by red arrows
have been shown to be amorphous Si-O via STEM and energy-dispersive X-ray spectroscopy
in our previous reports on the same DSS [6,27].

£

. Ferrite
B Austenite

Figure 2. Overall 2D views of the microstructure of the as-built LPBF DSS 2205. (a) EBSD phase
map showing >98% ferrite, BD is along the vertical direction. (b) EBSD IPF map along the Y-
direction (out-of-page) displaying columnar grains of ferrite. (c) EBSD IPF map along the BD
indicating a strong <001>//BD texture. (d) STEM micrograph along the ferrite [001] zone axis
showing high density of dislocations and Si-O inclusions in the ferrite grain, red arrows point at

examples of Si-O inclusions.

The as-built LPBF DSS 2205 was then subjected to a 1000 °C thermal treatment for
10 minutes. A volumetric view of the microstructure of the thermally treated LPBF DSS 2205
is presented as an EBSD phase map (Figure 3(a)), IPF map along the Y direction (Figure
3(b)), and IPF map along the BD (Figure 3(c)), respectively. An equilibrium (~40%/60%)
austenite/ferrite fraction is retrieved by the post-AM thermal treatment as seen in Figure 3(a).
In Figure 3(c), ferrite displays a strong <001> texture along the BD, with austenite primarily
seen to possess a <101> texture along the BD, implying potential existence of specific
orientation relationships (ORs) between the two phases. Observing from the three outer
surfaces of the collected data volume in Figure 3(a) and (b), austenite can be seen to reside
mainly along the ferrite-ferrite GBs with limited intragranular austenite islands detected at
the ferrite grain interiors. It should be noted that some of these observed intragranular
austenite might have nucleated on the GBs beneath the three outer surfaces, therefore, a 2D
characterisation might not be sufficient to correctly identify different types of austenite
growth. This highlights the importance of studying the 3D orientation dataset in enabling the
complete and unambiguous categorisation of different types of austenite formed via different
ferrite-to-austenite phase transformation pathways.
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Figure 3. Overall volumetric views of the microstructure of the thermally treated LPBF DSS 2205. (a)
EBSD phase map showing a balanced fraction of ferrite and austenite, BD is along the vertical
direction. (b) EBSD IPF map (along Y-direction as shown in coordinate in (a)) displaying columnar
grains in the prior ferrite grains alongside fine austenite grains formed during annealing. (c) EBSD
IPF map (along BD) indicating a <001>//BD texture in ferrite with austenite mainly showing
<101>//BD texture.

A complete categorisation of ferrite-to-austenite phase transformation pathways is presented
in Figure 4. Austenite grains in EBSD IPF colours along the Y direction are shown for each
overall microstructure in Figure 4(al) — (d1). Here, different austenite nucleation and growth
mechanisms can be observed. Austenite grains nucleated at ferrite-ferrite GBs are identified
as intergranular (Figure 4(a)). Austenite protrusions with no detectable GBs between
protrusions and allotriomorphs are further classified as being driven by the instability
mechanism (Figure 4(b)). In contrast, the austenite protrusions that form a low-angle grain
boundary (LAGB) with an intergranular austenite grain are categorised as being formed by
sympathetic nucleation (Figure 4(c)). Lastly, austenite grains that are isolated from any
ferrite-ferrite GB and do not form LAGBs with any intergranular austenite are labelled as
intragranular (Figure 4(d)). In this context, it should be noted that EBSD may not be capable
of resolving all LAGBs, and the reconstruction process applied to the data excludes all
boundaries with disorientations less than 1°. Further, some austenite protrusions may form
LAGBs with more than one intergranular austenite grain due to impingement from another
austenite grain. This is because the presence of a strong ferrite texture leads to similar
orientations among ferrite grains that might translate into similar orientations among
austenite grains due to variant selection, similar to what has been reported for titanium alloys
undergoing 3 to o transformation [46]. In this case, when two or more austenite gains grow
into each other and impinge, LAGBs may form between them. A sympathetic austenite-
austenite interface is therefore defined as the lowest possible misorientation among all
LAGBs formed between this protrusion and all neighbouring intergranular austenite grains.
Quantitative definitions and criteria of the different austenite types are shown in Figure 1S(a)
in supplementary materials, along with a schematic demonstrating examples for each
austenite type with annotations in Figure 1S(b).



It can be observed that intergranular austenite (Figure 4(al)) occupies the greatest volume
fraction of all austenite categories, followed by instability-induced austenite (Figure 4(b1))
which is a sub-category of intergranular austenite. Both sympathetic (Figure 4(cl)) and
intragranular (Figure 4(d1)) austenite occupy relatively low volume fractions due to their
smaller grain sizes. Among all austenite particles, intergranular, sympathetic, and
intragranular austenite have a volume fraction of 89%, 5%, and 6%, respectively. Despite
their relatively low volume fractions, sympathetic and intragranular austenite are associated
with the significant grain refinement in this microstructure after thermal treatment, and play
an important role in achieving the optimal combination of mechanical properties as detailed
in [27]. Examples of typical grain structures for each austenite category are presented in
Figure 4(a2) — (d2).

Intergranular Instability-induced Sympathetic Intragranular

(a1) (b1) (c1) (d1)

(d2)

Figure 4. Austenite categories formed following various ferrite-to-austenite phase transformation
pathways presented in 3D EBSD IPF maps along the Y direction. (a) Intergranular, (b) Instability-
induced, (c) Sympathetic, and (d) Intragranular austenite shown as (al) — (dl) overall
microstructures in the entire 3D dataset, and (a2) — (d2) typical grain morphologies. (a2) — (b2) are
shown in IPF colouring, (c2) sympathetic protrusions are shown in IPF colour, the connecting
allotriomorph is shown in semi-transparent light grey, (d2) intragranular particles residing inside the

same ferrite grain are shown in IPF colours, the ferrite grain is shown in semi-transparent light grey.

3.2 The characteristics of austenite-ferrite interfaces

The overall misorientation angle distribution across different types of interfaces is presented
in Figure 5(a). To analyse the interfaces in more depth, they were categorized into two sets,



namely austenite-ferrite, and austenite-austenite interfaces. As most of the initial ferrite-
ferrite boundaries were consumed by the nucleation and growth of austenite, no further
detailed study is carried out on the ferrite-ferrite interfaces due to the limited interface area
available, that does not allow for a meaningful conclusion. The misorientation profiles for all
boundaries and austenite-ferrite boundaries in Figure 5(a) and (b) both display a broad peak
between 42° and 46° with the entire range spanning from 1° to 62.8°. This points to the
potential existence of an OR between austenite and ferrite. It can be determined that the
overall misorientation profile of the thermally treated LPBF DSS 2205 is dominated by the
austenite-ferrite interfaces, implying that most of the interfaces here are between austenite
and ferrite. The misorientation profile for austenite-austenite GBs displayed in Figure 5(c)
exhibits a strong peak at 60°, suggesting the dominance of X3 boundaries within austenite

grains.
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Figure 5. Misorientation angle distributions for (a) all interfaces (including ferrite-ferrite, austenite-
ferrite, and austenite-austenite), (b) austenite-ferrite, and (c) austenite-austenite boundaries in the

thermally treated condition.

The peak between 42° and 46° in the misorientation angle distributions for the austenite-
ferrite interfaces (Figure 5(b)) matches well with the misorientation angles anticipated for the
established orientation relationship (OR) models that describe the BCC to FCC (and reverse)
phase transformations. These include Kurdjumov-Sachs (K-S) [47], Nishiyama-Wasserman
(N-W) [48], Pitsch (P) [49], Greninger—Troiano (G-T) [50], and Bain [51] as summarized in
Table 1. Among them, the K-S and N-W ORs are the most versatile models for this phase
transformation [13]. For our further study, these interfaces were categorized into three
groups, K-S, N-W, and Others, based on misorientation angle and axis pairs. To be eligible
for the K-S or N-W classification, the angular deviation from the ideal misorientation angle
and axis must be within 5° of that OR. Since the K-S and N-W ORs are only 5.26° apart, the
OR with smaller deviation is assigned when the deviation is within 5° for both ORs. All other
interfaces are categorized as Others.

Table 1. Common orientation relationships between FCC austenite and BCC ferrite defined by
plane/direction parallelisms and interphase misorientation angle-axis pairs.
Orientation relationship Parallelism Angle-axis pair




Pitsch (P) [49] {100} o/ {110} pee  45.98°
<110>ge//<111>hee  <0.08 0.2 0.98>

Kurdjumov-Sachs (K-S) [47] {111} geo//{110}pee  42.85°
<I10>go//<111>pe  <0.968 0.178 0.178>

Nishiyama-Wassermann (N-W) [48]  {111}¢c//{110}pec  45.98°
<112>4//<110>pe.  <0.976 0.083 0.201>

Bain (B) [51] 100} 1c//{100}pee ~ 45°
<100>e//<110>p,c <1 00>

Greninger-Troiano (G-T) [50] {111} geo//{110}pee ~ 44.23°
<123> 4//<133>pec  <0.973 0.189 0.133>

Figure 6 presents the overall statistics (Figure 6(a)) and visualizations (Figure 6(b) — (d)) of

austenite-ferrite interfacial ORs with respect to austenite types including intergranular,
sympathetic, and intragranular. From Figure 6(a), it is obvious that the majority of interphase
boundaries are with intergranular austenite, occupying more than 80% of the total austenite-
ferrite boundary area, while sympathetic and intragranular each account for less than 10% of
all interphase boundaries. Despite their relatively low area fractions, the refined sympathetic
and intragranular interphase boundaries contribute considerably towards strengthening, by
providing extra barriers to dislocation motions during deformation [27]. The K-S OR
dominates in all austenite categories. For both sympathetic and intragranular austenite, the
interfacial area characterised as having a N-W OR is higher than the one with the Others OR.
For intergranular austenite-ferrite interfaces, a significant area fraction belongs to the Others
OR while only a small one is assigned the N-W OR. Intergranular austenite possesses 49%
and 10% of K-S and N-W interfaces, while sympathetic austenite comprises 58% and 24% of
K-S and N-W interfaces, respectively. Intragranular austenite consists of 53% and 26% of K-
S and N-W interfaces, respectively. From Figure 6(b), a high fraction of K-S and Others
interfaces are visible alongside a lower fraction of N-W interfaces associated with
intergranular austenite. They are seen to be compact and inter-penetrated. Sympathetic
(Figure 6(c)) and intragranular (Figure 6(d)) austenite share a similar austenite-ferrite
interface morphology, involving high fractions of needle shape surfaces with fewer inter-
penetration and a less compact distribution where K-S is the dominant OR, followed by N-W
and Others. K-S and N-W interfaces are known to benefit interphase slip transition between
austenite and ferrite during tensile deformation, which contributes to better work-hardening
rate for improved mechanical properties [27].
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Figure 6. OR statistics and visualizations. (a) Austenite-ferrite interface area fraction in terms of
austenite types and ORs. Visualizations of austenite-ferrite interfaces for (b) intergranular austenite,
(¢) sympathetic austenite, and (d) intragranular austenite. Colours refer to the type of interface in
terms of OR.

Using the 3D-EBSD data and the method developed in Ref. [17], the interphase habit plane
distributions are calculated for the interfaces belonging to intergranular, sympathetic, and
intragranular austenite in the reference frames of ferrite (Figure 7(a) — (c)) and austenite
(Figure 7(d) — (f)). Irrespective of the phase transformation pathway, ferrite and austenite
tend to terminate on (110) and (111) planes, respectively. In the case of intergranular, the
intensities of (110) ferrite plane and (111) austenite plane are ~1.33 and ~1.67 multiple
random distribution (MRD), respectively. For sympathetic and intragranular, the interphase



habit plane distributions for ferrite and austenite both exhibit higher intensity than those for
the intergranular, with the (110) ferrite plane showing an intensity of ~1.80 RMD and the
(111) austenite exhibiting a peak of ~2.10 MRD, respectively.
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Figure 7. Grain boundary plane distributions for (a, d) intergranular, (b, e) sympathetic, and (c, f)
intragranular austenite-ferrite interfaces in the crystal lattice frames of (a) — (c) ferrite and (d) — (f)

austenite. The colour scale represents multiples of random distribution (MRD).

Using the 3D-EBSD data and the method developed in Ref. [20], the interphase boundary
curvature distributions were plotted for the interfaces belonging to intergranular, sympathetic,
and intragranular austenite in the reference frames of ferrite (Figure 8(a) — (c)) and austenite
(Figure 8(d) — (f)). Phase interfaces belonging to intergranular austenite (Figure 8(a, d))
exhibit much lower curvatures compared to those belonging to sympathetic (Figure 8(b, ¢))
and intragranular austenite (Figure 8(d, f)). An inverse correlation is seen for both ferrite and
austenite between the curvature distribution (Figure 8(a, d)) and the habit plane distribution
(Figure 7(a, d)) for the intergranular transformation path. In the intergranular ferrite lattice
frame(Figure 8(a)), the highest curvatures are located at the (111) plane, corresponding to the
planes with the lowest MRD (Figure 7(a)), while the lowest curvatures on the (110) plane
correlate to the highest MRD. Similarly, the highest curvatures in the intergranular austenite
lattice frame (Figure 8(d)) are mostly on the (100) plane, corresponding to the highest MRD
(Figure 7(d)), while the lowest curvatures on the (111) plane correlate to the highest MRD.
Although the habit plane distribution and curvature distribution on phase interfaces belonging
to sympathetic and intragranular austenite are generally inversely correlated, minor
deviations exist. In the sympathetic category, the highest curvatures are located at the (111)
plane in the ferrite lattice frame (Figure 8(b)), whereas the lowest MRD is on the (100) plane



(Figure 7(b)). In the austenite lattice frame, the lowest curvatures on the (110) plane (Figure
8(e)) also do not match the location of the highest MRD on the (111) plane (Figure 7(e)).
Similar observations in both lattice frames can be made on the intragranular category.
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Figure 8 Grain boundary curvature distributions for (a, d) intergranular, (b, e) sympathetic, and (c, f)
intragranular austenite-ferrite interfaces in the crystal lattice frames of (a) — (c) ferrite and (d) — (f)

. . -1
austenite. The colour scale represents curvature in pum’.

3.2.1 Intergranular austenite-ferrite interfaces

Figure 9 shows the interfaces between intergranular austenite and ferrite coloured by unique
interface colours. These interfaces are grouped into three categories depending on the
austenite-ferrite ORs including K-S (Figure 9(a) — (b)), N-W (Figure 9(c) — (d)), and Others
(Figure 9(e) — (f)), and are displayed from two perspectives (Figure 9(a, c, €) and Figure 9(b,
d, f)) for better visual representation. Interfaces with a K-S OR between the intergranular
austenite and ferrite as seen in Figure 9(a) — (b) mostly present large boundary areas with a
mix of relatively flat, undulating, and needle shaped morphologies. Interfaces with an N-W
OR (Figure 9(c) — (d)) generally exhibit a smaller boundary area compared to that with a K-S
OR. They mainly present relatively flat or needle shaped morphologies, with only a few
interfaces showing an undulating morphology. Observation of interfaces with an Others OR
(Figure 9(e) — (f)) is similar to what has been described for the ones with a K-S OR, where a
mix of relatively flat, undulating, and needle shaped morphologies are seen, primarily with a
large boundary area. The undulating morphology is noted less frequently compared to that in
the K-S category. Abundant intersections among interfaces are observed in the K-S category,
while limited intersections are present in the N-W and Others categories.
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Figure 9. Visualizations of interfaces between intergranular austenite and ferrite grouped into
different ORs including (a) — (b) K-S, (c¢) — (d) N-W, and (e) — (f) Others, from two different

perspectives, (a, ¢, d), and (b, d, f), respectively. Colours represent unique interface IDs.

The interphase habit plane distributions for the intergranular interfaces classified as K-S, N-
W, and Others are shown in the reference frame of ferrite and austenite, respectively in
Figure 10. The ferrite (Figure 10(a) — (c)) and austenite ((Figure 10(d) — (f))) habit planes
terminate on (110) and (111) orientations respectively. The K-S (49% area fraction) and N-W
(10% area fraction) interfaces present stronger intensity in their plane distributions in both
lattice frames compared to the Others interfaces (41% area fraction). The ferrite plane
distributions of the K-S and N-W interfaces have maximum intensities of ~1.52 and ~1.58
MRD, respectively, compared to only ~1.10 MRD for that of the Others interfaces. Similarly,
the austenite plane distributions of the K-S and N-W interfaces exhibit maximum intensities
of ~1.80 and ~1.98 MRD, respectively, compared to ~1.43 MRD for that of the Others
interfaces.
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Figure 10. Grain boundary plane distributions for intergranular austenite-ferrite interfaces in the
crystal lattice frames of (a) — (c) ferrite and (d) — (f) austenite, for different ORs of (a, d) K-S, (b, e)
N-W and (c, f) Others. The colour scale represents multiples of random distribution (MRD).

The interphase boundary curvature distributions for the intergranular interfaces classified as
K-S, N-W, and Others are measured and plotted in the reference frames of ferrite (Figure
11(a) — (c)) and austenite (Figure 11(d) — (f)). Generally, an inverse correlation is seen for
both ferrite and austenite between the curvature distribution (Figure 11) and the habit plane
distribution (Figure 10) irrespective of OR. For ferrite, the highest curvatures are at the (100)
plane on the K-S interfaces (Figure 11(a)), associating with the minimal MRDs on the (100)
plane (Figure 10(a)). The highest curvatures are at the (111) ferrite plane for both N-W
(Figure 11(b)) and Others (Figure 11(c)) categories, corresponding to their minimal MRDs on
the (111) ferrite plane (Figure 10(b, c)). The lowest curvatures in the ferrite and austenite
lattice frames locate at the (110) and (111) planes, respectively, irrespective of OR,
corresponding to the planes with the highest MRDs in their respective plane distributions.
The highest austenite curvatures are also positioned on planes with the minimal MRDs,
which are at the (100) austenite plane regardless of OR. In both ferrite and austenite reference
frames, the intergranular transformation route consistently exhibits the highest curvature
(1.19 — 1.46 pm™) of interfaces with the N-W OR, followed by the K-S OR (1.10 — 1.28 um’
1, with the lowest curvature (0.85 — 0.93 pm™") observed for interfaces with the Others OR.
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Figure 11. Grain boundary curvature distributions for intergranular austenite-ferrite interfaces in the
crystal lattice frames of (a) — (c) ferrite and (d) — (f) austenite for different ORs of (a, d) K-S, (b, ) N-

W and (c, f) Others. The colour scale represents curvature in ym’”.

3.2.2 Sympathetic and intragranular austenite-ferrite interfaces

Figure 12 demonstrate the visualizations of austenite-ferrite interfaces of sympathetic (Figure
12(a) — (¢)) and intragranular austenite (Figure 12(d) — (f)) respectively, coloured by unique
interface colours. These interfaces are grouped into three categories depending on the
austenite-ferrite ORs including K-S (Figure 12(a, d)), N-W (Figure 12(b, €)), and Others
(Figure 12(c, f)). The needle shaped interfaces are mainly categorized as K-S/N-W (Figure
12(a, b, d, e)), while the more faceted interfaces mostly belong to Others category (Figure
12(c, f)). Note that a small number of needle shaped interfaces can be overserved in the
Others category for both the sympathetic and the intragranular routes near the sample edge,
mostly at the upper right corner. These could be the interfaces of the protrusions that are
connected to an allotriomorph that is located just beyond the sample edge. Such protrusions
that penetrate a ferrite grain located at the sample edges without neighbouring any other
ferrite or intergranular austenite are, therefore, falsely classified as intragranular austenite and
show their needle shaped interfaces near the sample edge as in Figure 12(f). On the other
hand, these protrusions could coincidently form LAGBs with the intergranular austenite
within the sample volume. They are then falsely identified as sympathetic austenite and show
their needle shaped interfaces near the sample edge in Figure 12(c).
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Figure 12. (a) — (c) Visualizations of austenite-ferrite interfaces of (a) — (c) sympathetic and (d) — (f)
intragranular austenite grouped into different ORs including (a, d) K-S, (b, ¢) N-W, and (c, f) Others.

Colours represent unique interface IDs.

The interphase habit plane distributions for sympathetic and intragranular interfaces
classified as K-S, N-W, and Others are shown in the reference frame of ferrite (Figure 13)
and austenite (Figure 14). For both sympathetic and intragranular routes, ferrite terminates on
the (110) plane in all OR groups of K-S, N-W, and Others (Figure 13), where the minimal
MRDs are at the (100) plane for the K-S and N-W categories (Figure 13(a, b)) and (111)
plane for the Others category (Figure 13(c)). The sympathetic category exhibits stronger
peaks (~1.98 MRD) for the N-W OR (Figure 13(b)) compared to those (Figure 13(¢e)) of the
intragranular route (~1.80 MRD). In contrast, both sympathetic and intragranular groups
present similar intensities at ~1.85 and ~1.17 MRD, respectively, for the K-S (Figure 13(a,
d)) and Others ORs (Figure 13(c, f)). The austenite habit plane distributions (Figure 14) for
the sympathetic and intragranular routes all terminate on the (111) plane. The sympathetic
and intragranular transformation routes exhibit similar austenite habit plane distribution
intensities for the K-S (Figure 14(a, d)) and N-W OR (Figure 14(b, ¢)) categories, where peak
intensities around 2.20 MRD are present. The habit plane distribution intensities for the
Others OR (Figure 14(c, f)) in both the sympathetic and intragranular routes (~1.35 MRD)
are much lower than those for the K-S/N-W ORs (Figure 14(a, b, d, e)).
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Figure 13. Grain boundary plane distribution for (a) — (c) sympathetic and (d) — (f) intragranular
austenite-ferrite interfaces in the crystal lattice frame of ferrite for different ORs of (a, d) K-S, (b, e)
N-W and (c, f) Others. The colour scale represents multiples of random distribution (MRD).
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Figure 14. Grain boundary plane distributions for (a) — (c) sympathetic and (d) — (f) intragranular
austenite-ferrite interfaces in the crystal lattice frame of austenite for different ORs of (a, d) K-S, (b,
e) N-W and (c, f) Others. The colour scale represents multiples of random distribution (MRD).



The interphase boundary curvature distributions for sympathetic and intragranular interfaces
classified as K-S, N-W, and Others are plotted in the reference frames of ferrite (Figure 15)
and austenite (Figure 16). In the ferrite lattice frame, an inverse correlation is seen for the K-
S category between the curvature distribution (Figure 15(a, d)) and the habit plane
distribution (Figure 13(a, d)), where the highest curvatures are located at the (100) plane for
both sympathetic and intragranular routes, corresponding to the observation that the plane
distributions have minimal MRDs on the (100) plane. The lowest ferrite curvatures are also
positioned on the (110) plane with maximum MRDs. Overall, the maxima and minima in the
curvature (Figure 15(b, e)) and habit plane distributions (Figure 13(b, e)) exhibit weaker
correlation in the N-W category in the ferrite lattice frame, where the minimal ferrite
curvatures deviate from the (110) ferrite plane with maximal MRDs, despite the maximal
curvatures are observed on the (100) plane with the minimal MRDs. In the Others category,
the ferrite curvature (Figure 15(f)) and habit plane distributions (Figure 13(f)) for the
intragranular interfaces are inversely correlated, with the maximum and minimum curvatures
at the (111) and (110) planes, respectively, matching the minimum and maximum MRDs at
the same planes, respectively. In contrast, the ferrite curvature distribution (Figure 15(c)) for
the sympathetic interfaces deviates significantly from an inverse correlation with the habit
plane distribution (Figure 13(c)). The minimum curvatures are at the (100) plane, whereas the
maximum MRD is at the (110) plane. Similarly, the location of the maximum curvatures
deviates from the (111) plane with the minimum MRD.

In the austenite lattice frame, only the K-S interfaces in the sympathetic route and the Others
interfaces in the intragranular route exhibit an inverse correlation between their curvature
(Figure 16(a, f)) and habit plane distributions (Figure 14(a, f)). Their minimum and
maximum curvatures are on the (111) and (100) planes, respectively, corresponding to the
maximum and minimum MRDs on the same planes, respectively. For the sympathetic N-W,
intragranular K-S, and intragranular N-W interfaces, the minimum curvatures at the (110)
austenite plane (Figure 16(b, d, €)) is not correlated to their maximum MRDs on the (111)
plane (Figure 14(b, d, e)). Similarly, the minimum curvatures of the sympathetic Others
interfaces (Figure 16(c)) also deviate slightly from the (111) plane with the maximum MRD
(Figure 14(c)). In both ferrite and austenite reference frames, both sympathetic and
intragranular transformation routes consistently exhibit the highest curvatures (2.33 — 2.56
um™") of interfaces with the N-W OR, followed by ones with the K-S OR (2.26 — 2.38 um™),
with the lowest curvatures (~1.4 pm™) observed for interfaces with the Others OR.
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Figure 15. Grain boundary curvature distributions for (a) — (c) sympathetic and (d) — (f)
intragranular austenite-ferrite interfaces in the crystal lattice frame of ferrite for different ORs (a, d)
K-S, (b, ¢) N-W and (c, f) Others. The colour scale represents curvature in pm’™.
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Figure 16. Grain boundary curvature distributions for (a) — (c) sympathetic and (d) — (f)
intragranular austenite-ferrite interfaces in the crystal lattice frame of austenite for different ORs of

(a, d) K-S, (b, e) N-W and (c, f) Others. The colour scale represents curvature in m’”.



4 Discussion

The current work presents a comprehensive study of the effect of phase transformation
pathways on the characteristics of microstructure and interfaces developed during the ferrite-
to-austenite phase transformation in a LPBF-processed duplex stainless steel. Building on the
detailed characterisation enabled by 3D-EBSD, a complete categorization of austenite types
based on the transformation path is performed. The results indicate that austenite formed
through various phase transformation routes shows different grain structures, interface
morphologies, and interface plane and curvature distributions. Considering the impact of
austenite morphology and austenite-ferrite interface character on various properties of this
class of steels such as deformation mechanisms [27,30], hot working processes [14], and
precipitation [15], the current work highlights the significance of phase transformation
pathway on the properties of LPBF DSSs. While the focus of this study is on LPBF DSSs, the
transformation mechanisms unravelled in 3D can be applied to other AM steels and
conventionally manufactured steels that undergo ferrite-to-austenite phase transformations.

4.1 Microstructure characteristics

The phase transformation pathways significantly influence the formation mechanisms of the
various types of austenite formed. An ultrafine morphology of austenite is achieved in the
LPBF DSS 2205 upon thermal treatment followed by water quenching. The microstructure
mainly consists of allotriomorphic, instability-induced, sympathetic, and intragranular
austenite. During the ferrite-to-austenite phase transformation, elastic strain is introduced
once the lattice change occurs. The phase transformation can only proceed further if the
elastic strain is relaxed. Being held at 1000 °C for 10 minutes, the phase transformation is
assumed to progress through a diffusional process [13].

The intragranular austenite may be formed by heterogeneous nucleation on inclusions [13],
dislocations, or at the intersection of sub-structures (e.g., sub-boundaries) [52]. Different
mechanisms have been suggested to explain the formation of austenite protrusions from the
allotriomorphic morphology, including preferential growth of austenite along the ferrite sub-
structures [52], sympathetic nucleation [53,54], and the instability mechanism [52,55]. Here,
the first mechanism is possible due to the high density of dislocations in the as-built
microstructure induced by LPBF thermal cycles as shown in Figure 2(d). The categorization
of sympathetic protrusions (Figure 4(c)) with a low-angle austenite-austenite boundary where
the misorientation is between 1° and 15° suggest abundant sympathetic nucleation of
austenite. On the other hand, the observation of many protrusions without austenite-austenite
boundary (Figure 4(b)) is consistent with the instability mechanism. This advocates the
contribution of both sympathetic nucleation and instability mechanisms to producing the
abundant protrusions.



4.2 Interface characteristics

The phase transformation pathways significantly affect the characteristics of austenite-ferrite
interfaces as underpinned by our experimental data. This is associated with the thermal
history during and post-LPBF, as well as the distinct phase transformation mechanisms for
different types of austenite.

The phase transformation pathway (i.e., austenite category) drastically affects the population
of K-S and N-W austenite-ferrite interfaces. For instance, sympathetic and intragranular
austenite present a significantly higher fraction of K-S/N-W (82% and 79%, respectively)
interfaces compared to intergranular austenite (58%). Austenite preferentially nucleates and
grows along the prior ferrite-ferrite grain boundaries, forming intergranular austenite, where
different interface configurations could potentially form on different sides of the boundaries
depending on the thermal condition. The possible austenite nuclei interfaces can be
summarised into three configurations, including: (i) rational interfaces with all neighbouring
ferrite grains; (i1) rational interface(s) with only one or two ferrite grains, and (iii) irrational
interfaces with all neighbouring ferrite grains. The high undercooling (due to high cooling
rate) during LPBF [1,3,4] mainly encourages the development of austenite nuclei with
rational interfaces (type (i) and (ii)), while the type (iii) interfaces are primarily formed
during lower undercooling (lower cooling rate) and/or isothermal holding [56,57]. During the
post-LPBF thermal treatment, the phase transformation occurs at 1000 °C. In such a high
temperature regime, the energy barrier for austenite nucleation with an irrational or rational
interface is not significantly different compared to that at lower temperatures. Hence, the
formation of both interfaces is possible, leading to interfaces that do not fulfill the K-S/N-W
ORs. This may assist the development of austenite nuclei with Others (non-KS/NW) interface
characteristics on intergranular austenite. Nevertheless, most of the intergranular austenite
nuclei are formed during LPBF, which leads to the majority of allotriomorphic austenite still
obeying configuration (i) or (ii). In addition, when austenite forms at a prior ferrite-ferrite
GB, it may not hold K-S/N-W ORs with different ferrite grains on different sides, unless the
orientation of theses ferrite grains are very similar. This then leads to a high fraction of
intergranular austenite nuclei that formed during LPBF with configuration (i1), adding to the
area fraction of the Others OR to a value that is close to that of the K-S OR (Figure 6(a)).

The austenite-ferrite interface characteristics as well as the austenite morphology are
determined by the phase transformation pathway. Ferrite-ferrite GBs could be the most
desirable nucleation and growth sites for austenite [58], where the allotriomorphic austenite
initially nucleates during LPBF at high undercooling. Subsequently, the allotriomorphic
austenite nuclei continue to grow while new nuclei start to form along other ferrite-ferrite
boundaries during post-LPBF isothermal annealing, enabling formation of large
allotriomorphic grains. The resulting phase boundary could be partially coherent with both



the rationally and irrationally orientated neighbouring ferrite grains and, hence, contain
misfit-compensating defects [59,60]. These defects could encourage the sympathetic
nucleation of austenite on existing austenite allotriomorphs. Concomitantly, austenite-ferrite
interface perturbation could occur, leading to the development of instability-induced
austenite. On the other hand, the diffusivity of substitutional and/or interstitial atoms could be
influenced by lattice defects such as dislocations since the planar density of atoms may be
lowered by the defects and generate additional free volumes that could become desirable
pathways for atomic diffusion [61].

In other words, the strain and the high dislocation density resulted from LPBF accelerates
elemental diffusion and, thus, phase transformations [61,62]. This leads to preferential
transformation on ferrite dislocation structures, and ultimately, substantial directional growth
of austenite along the K-S/N-W interfaces. This enables the nucleation and growth of
intragranular austenite protrusions and contributes to the further directional growth of
sympathetic austenite protrusions that had already nucleated on austenite allotriomorphs. In
addition, incoherent inclusion such as Si-O also assist austenite nucleation and growth,
resulting in dispersed non-directional growth without any specific ferrite-austenite OR [58].
This leads to the non-KS/NW interfaces of intragranular austenite as well as the non-KS/NW
growth of sympathetic austenite that had already nucleated on austenite allotriomorphs. Such
energetically unfavourable OR decelerates austenite growth and leads to the relatively small
interfacial areas (Figure 12(c, f)). Hence, most interphase interfaces on the sympathetic (82%
area fraction) and intragranular austenite (79% area fraction) obey the K-S/N-W ORs, as
opposed to the relatively large area fraction of non-KS/NW interfaces on the intergranular
austenite, including allotriomorph and instability categories. However, most K-S/N-W
interfaces are still on intergranular austenite as shown in Figure 6(a), owing to the usually
larger austenite-ferrite interface area on the allotriomorphic austenite.

Among the interfaces examined, K-S is a more prevalent OR compared to N-W in all
austenite categories. One reason could be that the K-S OR preserves the original KS
misorientation when austenite goes through twinning during growth [13]. In contrast, this is
not feasible following the N-W OR [63]. It should be noted that the existence of local
chemical heterogeneities is unavoidable during a phase transformation, which may induce a
local deviation of the interface from its ideal OR. It has also been shown that minor
misalignment with the ideal rational OR may yield a better balance between the energy
minimization in the interface and the overall atom matching [64].

The current study demonstrates that habit planes for ferrite and austenite mostly terminate on
(110) and (111) planes, respectively (Figure 7, Figure 10, Figure 13, Figure 14). Termination
of ferrite and austenite on (110) and (111) planes, respectively, is crystallographically
favoured based on the interfacial parallelism developed during the phase transformation.



These planes also have the highest coordination numbers, and closely match the prediction
made according to Near-Coincidence Site geometrical matching of FCC-BCC lattices [65-
67]. The peak at these planes can also be explained by the first nearest neighbour broken
bond model, inferring a minimum plane energy at (110) and (111) planes for BCC and FCC
crystal structures, respectively [68].

It should be noted that a lower curvature (i.e., flatter interface) is correlated with a lower
grain boundary energy when a constant mean field chemical potential is assumed following
[20]. Meanwhile, in a microstructure where grain growth is driven by interfacial grain
boundary energy minimization, the grain boundary energy distribution is frequently reported
to have an inverse correlation with the grain boundary plane distribution [69-71]. This is the
case so that lower-energy boundaries are more populated than higher-energy boundaries to
minimize the system energy. This leads to the expectation that an inverse correlation between
plane and curvature distributions will exist if grain growth is primarily motivated by
interfacial energy minimization.

For intergranular austenite, curvature distributions (Figure 11) are correlated with the habit
plane distributions (Figure 10) in both ferrite and austenite, where minimal curvatures are
generally observed in the planes with maximum relative areas. This observation suggests that
austenite nucleation and growth on parent ferrite-ferrite GBs are predominantly controlled by
grain boundary energy minimization. The lower curvatures observed in the Others category
compared to those of K-S/N-W may be attributed to the formation of type (ii) interface
configuration on the intergranular austenite-ferrite interfaces. This often involves a relatively
large and flat interface on the austenite allotriomorph that does not fulfill the K-S/N-W ORs.
Hence, those flat non-KS/NW interfaces on the allotriomorph leads to a lower curvature in
the Others category.

Sympathetic and intragranular transformation routes demonstrate partially non-correlating
grain boundary plane and curvature distributions both in general (Figure 7(b, c, e, f), Figure
8(b, c, e, f)) and under different ORs (Figure 13(b, c, e), Figure 14(b, c, d, e), Figure 15(b, c,
e), Figure 16(b, c, d, e)). Furthermore, they also present similar interface morphologies under
the K-S, N-W, and Others categories respectively (Figure 12), along with their similar area
fractions of K-S/N-W interfaces. Additionally, they also present similar grain structures
(Figure 4(cl, dl)). The heterogeneous nucleation theory has been reported for both
sympathetic [72] and intragranular austenite [13]. The heterogeneous nucleation and growth
of austenite is reported to occur on ferrite sub-structures such as sub-boundaries [52]. In a
proeutectoid ferrite transformation, precipitates or inclusions dispersed in the parent austenite
grains are recognised to be the heterogeneous nucleation sites for intragranular ferrite
[58,73]. Although the effects of ferrite sub-boundaries can mostly be ruled out here since the
grain boundary criteria is set to 1° in the current dataset, hence, most of the sub-boundaries



(1°~15°) are identified as grain boundaries. In turn, the presence of non-equilibrium
microstructures including dislocations and inclusions in ferrite due to the rapid cooling rate
and thermal cycling during LPBF could play an important role in influencing the nucleation
and growth of the sympathetic and intragranular austenite here. For heterogeneous nucleation
on dislocations, transformation strain is effectively accommodated by the strain field of
dislocations [58].

In a titanium alloy, autocatalytic nucleation, a similar phenomenon to sympathetic nucleation,
was reported to be motivated by strain energy instead of interfacial energy [74]. Here, for
sympathetic and intragranular transformation routes, the majority of curvature distributions
(Figure 15, Figure 16) show only partially inverse correlation with the habit plane
distributions (Figure 13, Figure 14) as minimal curvatures are in most cases not observed on
the planes with maximal MRDs. In addition, both ferrite and austenite habit planes
experience higher curvature on the K-S and N-W interfaces (Figure 15(a, b, d, e), Figure
16(a, b, d, e)) compared to that on the non-KS/NW interfaces (Figure 15(c, f), Figure 16(c,
)). K-S and N-W ORs are generally associated with lower interfacial energy [75] and lower
grain boundary energy is usually correlated with lower curvature (i.e., flatter interface) [20].
The unexpected trend observed in the sympathetic and intragranular austenite here indicates
that interfacial energy minimization may not be the only driving force for the ferrite-austenite
interfaces in the current microstructure with substantial protrusion growth. Strain energy
minimization by nucleation on existing dislocations and inclusions could also be an important
factor controlling the phase transformation pathways for sympathetic and intragranular
austenite. This strain accommodation dictated by the existing ferrite sub-structures ultimately
leads to the diffuse ferrite habit plane distribution and the non-correlating grain boundary
plane and curvature distributions in both the ferrite and austenite lattice frames.

In iron-carbon steels, where the solid-state phase transformation proceeds from austenite to
a-ferrite, sympathetic nucleation was recognized to occur when an o-ferrite nucleus develops
at the interface between a pre-existing a-ferrite grain and the parent y-austenite phase
[54,72]. Similarly, the sympathetic austenite in the current study could have first nucleated on
a pre-existing austenite, at the interface between this austenite and the parent ferrite phase,
and the subsequent growth of the sympathetic austenite could be assisted by the existing
ferrite sub-structure, as also supported by the heterogenous nucleation theory [72].
Sympathetic growth involves the formation of a LAGB between the pre-existing austenite
and the sympathetic austenite, which inevitably increases the interfacial energy between the
two austenite grains. Therefore, a higher fraction of K-S/N-W interfaces in the sympathetic
transformation route (82%) compared to that in the intragranular one (79%), which also
undergoes heterogeneous nucleation and growth on ferrite sub-structures, could be attributed
to the need to minimize the interfacial energy via obeying the rational K-S/N-W ORs, so that
the combined strain and interfacial energy can be minimized.



5 Conclusions

In the current work, the effects of the phase transformation pathways on the characteristics of

microstructure and interfaces developed during the d-ferrite to austenite phase transformation
were systematically studied using 3D orientation data. New insights provided can facilitate

duplex microstructure design using additive manufacturing and post-processing to unlock

superior properties. In addition, the transformation mechanisms revealed in 3D can also be

applied to other AM steels and conventionally fabricated steels that experience ferrite-to-

austenite phase transformation. The main findings are summarised below:

1.

The o-ferrite-to-austenite solid-state phase transformation in a LPBF DSS 2205 leads
to development of different types of austenite classified based on formation
mechanisms, namely intergranular, instability-induced, intragranular, and sympathetic
austenite.

Intergranular austenite occupies the highest grain volume and ferrite-austenite
interfacial area among all types of austenite due to the typically large grain size of
allotriomorph austenite. Intergranular austenite also accounts for most non-KS/NW
interfaces since allotriomorph austenite tends to obey K-S/N-W ORs with only one of
the neighbouring ferrite grains, and instability-induced growth due to interface
perturbation may not necessarily obey any specific OR.

Regardless of phase transformation route and OR, ferrite and austenite terminate on
the expected (110) and (111) planes, respectively. These planes are both
crystallographically and energetically favourable.

The ferrite and austenite on the intergranular ferrite-austenite interfaces tends to obey
the expected inverse correlation between the plane and curvature distributions. In
contrast, the ferrite and austenite on the sympathetic and intragranular ferrite-austenite
interfaces exhibits partially non-correlating plane and curvature distributions under
different ORs, as minimal curvatures are in most cases not observed on the planes
with maximal MRDs.

Sympathetic and intragranular austenite display a much higher fraction of K-S/N-W
interfaces compared to intergranular austenite. This is because their subsequent
growth along existing ferrite dislocations favours the formation of rational phase
interfaces.

Sympathetic and intragranular austenite exhibit similar grain structures, interface
morphologies, K-S/N-W interface fractions, and grain boundary plane distributions.
This is associated to their formation via heterogeneous nucleation on existing
austenite and dislocation structures, respectively.



7. The formation of an LAGB between sympathetic austenite and intergranular austenite
is associated with a slightly higher K-S/N-W interface area fraction in the sympathetic
route compared to the intragranular route, even though both transformation routes
possess similar grain and interface characteristics. This is driven by systematic energy
minimization considering both strain energy and interfacial energy. Hence, there is a
greater need to minimize the interfacial energy during further sympathetic growth by
obeying the K-S/N-W ORs. This is because the formation of an LAGB at the time of
nucleation already increases the interfacial energy compared to the absence of LAGB
in intragranular formation.

8. Observation of lower curvature values for non-KS/NW interfaces in sympathetic and
intragranular austenite supports the argument that the driving force for their
microstructure development during phase transformation is a combination of strain
energy and interfacial energy minimization.

Using 3D-EBSD coupled with grain boundary crystallography, the different austenite types
and interfaces formed in a DSS 2205 during post-LPBF thermal treatment were
unambiguously classified. This clarifies various ferrite-to-austenite phase transformation
pathways driven by different mechanisms, controlling the characteristics of austenite grains
and phase interfaces. These are linked to the non-equilibrium microstructures in the
predominantly ferritic as-LPBF condition. Since grain structure and interface characteristics
substantially influence materials properties, these new insights help inform microstructure
design using AM.
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Graphical Abstract

3D analysis of the delta-ferrite to austenite phase transformation in an additively manufactured duplex stainless steel
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Highlights

Austenite and ferrite terminate on (111)//((110) in the majority of transformation
paths

Higher fraction of K-S/N-W interfaces associated with heterogeneous nucleation
Austenite heterogeneously nucleates on existing austenite and dislocation structures
Low curvatures on high-energy interfaces in sympathetic and intragranular austenite
Strain energy minimization dominates sympathetic and intragranular austenite growth



