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A B S T R A C T   

The crystallography and chemistry of interfaces between austenite and ferrite in duplex steels control many 
important materials properties but remain poorly understood. In this study, we experimentally show that in an 
additively manufactured and heat treated duplex stainless steel, the majority of austenite-ferrite interfaces 
terminate on {111}A/{110}F planes, and this behaviour is more pronounced for rational interfaces with the 
Kurdjomov-Sachs orientation relationship. Interface segregation was found to be controlled by not only the 
interface crystallography but also the bonding properties of solute atoms. Solute elements showed higher 
interfacial excess at irrational interfaces. Furthermore, a heterogeneous distribution of selected solute elements 
in austenite-ferrite interfaces planes was observed. Our findings reinforce the importance and, in fact, necessity 
to consider five independent crystallographic parameters and chemical architecture of interphase boundaries for 
advanced control of mechanical and other critical properties in duplex materials.   

The interphase boundary character in duplex materials determines 
many intergranular phenomena such as sensitization [1], pitting [2], 
and cracking [3], and in turn, plays a significant role in controlling the 
mechanical and corrosion properties of engineering parts. The extent to 
which properties are related to the interphase boundary character de-
pends not only on boundary’s crystallography, but also on the solute 
architecture at the boundary versus in either neighbouring grain 
(segregation). This has driven the development of interface engineering 
approaches where advanced properties have been achieved via manip-
ulating the structure, crystallography, and chemistry of interfaces [4–8]. 
The development of advanced techniques to characterize all of these 
characteristics is a critical enabler for interface engineering. However, 
challenges exist in the full characterization of interfaces due to their five 
crystallographic degrees of freedom and the atomic-scale heterogenous 
segregation (non-random distribution) of solute elements at the 
interface. 

The five crystallographic parameters defining an interface include 
parameters describing the misorientation angle/axis and the habit plane 

between the two adjacent grains [9]. These parameters determine the 
free volume at the boundary, the atomic arrangement (coherence), and 
the energy of the interface. Properties such as solute segregation [10], 
interface sliding [11], slip transition [12], and precipitation propensity 
[13] are strongly linked to the crystallography of interfaces. While the 
misorientation angle/axis of interfaces is accessible via straightforward 
2D electron backscatter diffraction (EBSD), the characterization of habit 
planes requires 3D crystallographic analyses from e.g., 3D EBSD, 
high-energy X-ray and transmission electron microscopy (TEM). All of 
those are time-consuming and costly. Alternatively, a stereological 
method, originally developed by Rohrer et al. [14], can be used to 
predict the average expected habit plane across populations of bound-
aries from EBSD data with > 95% accuracy but this does not provide 
crystallographic habit plane information on an individual boundary. 

In addition to the crystallography, the solute architecture at the 
interface can significantly impact various properties of interfaces 
including lattice misfit [15], energy (Gibbs adsorption) [16], local ki-
netics (solute drag) [17], mechanical properties [18], and phase 
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transformations [19]. Therefore, incorporating solute segregation into 
interface characterization is essential. Atom probe tomography (APT) is 
the perhaps most powerful technique capable of revealing such infor-
mation where the position and chemical identity of atoms across an 
interface can be reconstructed in 3D with sub-nm resolution. Although 
some progress in crystallographic/chemical interface characterization 
using APT and correlative techniques has been made in single phase 
alloys [20–23], the current understanding of the segregation at the 
interphase boundaries and its link to the crystallography in duplex 
materials remains poor. 

Duplex stainless steel (DSS) is a common example of an alloy with a 
duplex microstructure that is composed of almost equal fractions of 
austenite and δ−ferrite (ferrite in the following) when in equilibrium. 
DSS offers advanced mechanical and corrosion properties and is a ma-
terial of choice for critical applications in harsh environments such as 
underwater infrastructure and heat exchangers [24]. It has been recently 
shown [25–30], that DSS can be processed by additive manufacturing 
(AM), although a post-AM heat treatment is typically needed to achieve 
a ~50–50 austenite-ferrite microstructure. Further, it has been shown 
that as-built AM DSS suffers from non-equilibrium grain and interphase 
boundary segregation of elements such as Cr, which is readily elimi-
nated via the post-AM heat treatment [25,27]. Notably, this ‘regained 
equilibrium’ microstructure is usually finer than in wrought counter-
parts, and has been reported to have an attractive property profile 
including a great combination of strength/ductility [27] and corrosion 
resistance [26,28], comparable or even superior to its wrought coun-
terpart. Generally, many important properties of DSS are expected to 

strongly depend on the crystallography and chemistry of 
austenite-ferrite interfaces [2,3,11–13]. From a fundamental point of 
view, the post-AM annealed microstructure of DSS is an ideal candidate 
to establish the currently missing link between the austenite-ferrite 
interface crystallography and chemistry. From a technological point of 
view, advanced understanding of the chemical/crystallographic inter-
phase boundary characteristics will pave the way towards engineering 
these microstructural features in AM processed duplex materials to un-
lock advanced properties. 

Duplex stainless steel (DSS 2205) powder with the composition (in 
wt%) of 22.60 Cr, 5.90 Ni, 3.20 Mo, 1.10 Mn, 0.02C, 0.60 Si, 0.18 N, 
0.02 P, 0.01 S, and a balance of Fe was acquired from Sandvik. Cubic 
samples of 5 × 15 × 15 mm3 were printed using laser powder bed fusion 
(LPBF), with details given in [25]. To achieve a ~50/50 austenite-ferrite 
fraction and remove non-equilibrium grain boundary segregation, these 
samples were subsequently heat treated for 10 min at 1000 ◦C as elab-
orated in [25,27]. EBSD and stereological analyses were carried out as 
detailed in [14,25]. APT tips were lifted out from site-specific locations 
using a Thermofisher G4 Hydra Plasma focused ion beam (FIB)-SEM 
from the mid height of the AM samples. APT measurements were carried 
out using a CAMECA Local Electrode Atom Probe (LEAP) 4000X Si with 
details given in [25]. Interfacial excess mapping was carried out using 
the MATLAB® atom probe toolbox [31]. The original interface trian-
gulation method [32] was modified using a coarse Delaunay triangula-
tion to improve counting statistics for each face of the interface and 
mitigate artefacts from APT acquisition. 

The as-built microstructure of DSS 2025 is predominantly ferritic 

Fig. 1. EBSD maps of laser powder bed fusion processed DSS in the (a,b) as-built and (c,d) heat treated (10 min at 1000 ⁰C) conditions. Inverse pole figure maps (a,c) 
are coloured with respect to the build direction (BD). In the phase maps (b,d) red and blue denote ferrite and austenite, respectively. 
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with most of ferrite grains exhibiting a columnar morphology and a 
sharp 〈100〉 fibre texture (Fig. 1). A small phase fraction of austenite 
(~2%) is observed with a predominantly allotriomorphic morphology 
precipitating along ferrite-ferrite grain boundaries. The predominance 
of ferrite, which is due to the high cooling rate during LPBF, necessitated 
a post-AM heat treatment to achieve a more balanced austenite-ferrite 
ratio [25]. During 10 mins heat treatment at 1000 ◦C, austenite forms 
both inter- and intragranularly (Fig. 1). The intragranular austenite 
islands (grains) are ~2 μm in diameter. The microstructure after the heat 

treatment consists of ~ 48 % austenite with a high tendency of indi-
vidual grains to form rational (e.g., Kurdjomov-Sachs (K-S) and 
Nishiyama-Wasserman (N-W)) interfaces with their parent ferrite grains 
[25]. K-S is found to be the most dominant orientation relationship (OR). 
Therefore, for further analysis, interfaces are classified into two groups 
of K-S (rational) i.e., those with ≤10◦ from the ideal K-S OR, and non-K-S 
(irrational). It was found that ~81% of the total length of all interfaces 
are rational. 

The formation and growth of austenite from ferrite at 1000 ◦C occurs 
via diffusion-controlled processes. Nuclei with minimum interfacial 
energy are preferred. Usually, rational interfaces minimize the nucle-
ation activation energy as they contain a high number of atomic bonds 
[33]. The growth, however, occurs along irrational interfaces. This is 
because such interfaces have a limited number of atomic bonds, and the 
transformation is controlled by diffusion rather than structural con-
straints. This is the reason why austenite tends to grow into those ferrite 
grains to which it has an irrational OR [34]. 

Using the stereological analysis method [14], the austenite and 
ferrite habit plane distributions are calculated for both rational and ir-
rational interphase boundaries (Fig. 2). For both types of interfaces, 
ferrite and austenite terminate mostly on {110} and {111} planes, 
respectively. For the rational interfaces, the intensity of {110} ferrite 
planes and {111} austenite planes are 1.7 and 3.0 multiples of random 
distribution (MRD), respectively. As expected, the intensity of the 
interphase boundary plane distributions in both ferrite and austenite is 
lower (1.3 and 2.2 MRD, respectively) for irrational interfaces, 
demonstrating a relatively lower tendency of these interphase bound-
aries to terminate on {110}F//{111}A. The higher tendency of rational 
interfaces to terminate on {110}F//{111}A is because these interfaces 
are the ones formed during initial nucleation to minimize the interfacial 
energy. Interfaces with the lowest energy are formed when the 
closest-packed planes of each phase, i.e., {111} in austenite and {110} in 
ferrite, are parallel to each other [35]. 

To study the difference between rational and irrational interfaces in 
terms of their solute segregation behaviour, various typical interfaces 

Fig. 2. Habit plane distributions for rational and irrational interfaces in the 
ferrite and austenite crystal frames. Colour keys show multiples of random 
distribution (MRD). 

Fig. 3. Correlative SEM-EBSD-FIB assisted site-specific APT analysis of typical (a) rational and (b) irrational interphase boundaries in the heat-treated DSS. The blue 
and red lines in the EBSD maps correspond to the rational and irrational GBs, respectively. 
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were site-specifically lifted-out and studied via APT. As can be seen in 
Fig. 3a, Fe, Ni, Mn, and N partition into austenite, while Cr, Mo and Si 
partition into ferrite. A similar trend of solute partitioning between 
austenite and ferrite is observed for the irrational interface (Fig. 3b). As 
can be seen in the concentration profiles, the interface region spans 
across a ~ 5 nm wide region. Based on the Cahn-Hilliard model [36,37], 
the ‘equilibrium’ interface width and energy are determined by two 
competing contributions, i.e., the gradient energy and the barrier en-
ergy. Increases in either or both will result in a higher interface energy. A 
higher gradient energy alone will increase the width as steeper con-
centration gradients are higher energy propositions, while a higher 
barrier energy alone will decrease the width to reduce the amount of 
material contained in the higher energy interface. Further, any changes 
of the width from the equilibrium state will result in higher interfacial 
energy. However, it is to be noted that the diffuseness of the interfaces 

here may be observed as they may not be perfectly planar over the 
intercepted surface [38]. 

Although the partitioning of elements between the two phases is 
similar for the two types of interfaces studied, the interfacial segregation 
behaviour is significantly different as a function of interface coherence. 
This is important as the solute decoration of interfaces controls their 
cohesion. C and P usually have an embrittling effect while Cr is known to 
be strengthening element [39]. Other elements such as Al, Si and Fe may 
provide either cohesion or embrittlement as reported for various mate-
rials and interfaces, although to a minor extent [39]. In the current 
study, there are only minor peaks of C and N, and an obvious depletion 
in Fe in the concentration profiles of the rational interface (Fig. 3a). The 
overall segregation of solute elements is more pronounced at the irra-
tional interface. As can be seen in Fig. 3b, significant peaks of Cr, Mo, Si, 
N, C and P can be observed in the concentration profiles of the irrational 

Fig. 4. Interfacial excess maps revealing heterogeneous solute distribution in the interface plane for rational versus irrational DSS interphase boundaries. Spatial 
dimensions are in nm, all excess is shown in nm−2.The average interfacial excess across the boundary for each element is shown above each map. 
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interphase boundary, indicative of pronounced segregation of these el-
ements to the interface. Also, Fe shows a pronounced depletion at the 
interphase boundary. The observed limited interfacial segregation of 
elements at the rational interface is due in part to the high interfacial 
coherency and, therefore, low capacity to accommodate solute atoms 
[40]. It is also known that an irrational interface has a higher bonding 
energy and site density for segregation [41,42]. 

The extent to which elements segregate at individual interfaces is a 
function of the interface energy as well as the mixing tendency between 
the solute and the solvent atoms. To minimize their energy, interfaces 
adsorb solutes and impurity atoms [43]. Generally, a higher positive (or 
unfavourable) mixing enthalpy in the bulk and a larger negative value of 
enthalpy of segregation leads to a stronger driving force for phase sep-
aration and segregation to grain boundary [10]. Significant segregation 
of Mo to the ferrite/austenite boundary is due to its relatively high 
negative enthalpy of segregation to the ferrite/austenite interface [44]. 
C and P show similar segregation patterns, and this may be related to 
their almost similar enthalpies for segregation at grain boundaries in Fe 
[45]. There are reports showing that C segregation is mainly driven by 
the presence of Mn, whereby Mn segregation induces co-segregation of C 
[45]. This is, however, not significant in the present work as the extent 
of Mn segregation is much lower than that of C. The behaviour of Ni also 
deserves comment as only limited segregation is observed (Fig. 3). This 
is in line with previous studies on austenite-ferrite interfaces discussing 
that Mo, Mn and Si atoms have higher negative interfacial bonding 
energies than Cr and Ni [46]. Another interesting observation is the 
simultaneous segregation of Ni and Cr at the irrational interface. This 
contradicts a previous report [42] that these elements usually repel each 
other at interfaces i.e., Cr depletes where Ni segregates. 

A more detailed analysis of the distribution of individual species 
across interfaces reveals that segregation and depletion of various ele-
ments does not occur evenly along the entire interface. To study this in 
detail, the Gibbsian excess is determined across individual segments of 
the interfaces using a method previously proposed in [32]. The tendency 
of a solute to segregate at an interface can be quantified using Gibbs 
adsorption isotherm through the so-called relative Gibbsian excess (or 
deficiency) [47]. The results show that all elements except C and P have 
a heterogeneous distribution in the interface plane across the reference 
mesh within the interface plane (Fig. 4). Interestingly, the coherency of 
the interface itself seems to have no impact on the degree of heteroge-
neity. There is a general similarity between the two types of interfaces 

where N, Si, Cr, Ni, and Mo seem to show a higher level of heterogeneity 
compared to C, P and Mn. Note that the average Gibbsian excess for C 
and P was negligible regardless of the type of interface. Similarly, N and 
Fe, versus Si and Cr exhibit repulsive versus attractive interactions at 
both types of interfaces, respectively. Ni and Mo exhibit strongly 
repulsive interaction across the rational interface, which is diminished 
across the irrational interface. These findings are important as they can 
significantly affect the precipitation, corrosion, and cracking properties 
of interfaces. 

Analysis of crystallographic information directly from the APT 
datasets combined with correlative EBSD data acquired prior to lift-out 
of the APT specimens allows spatial calibration of the APT re-
constructions and subsequent crystallographic characterisation of the 
interfaces collected. Fig. 5 shows the correlation between the 3D atom- 
by-atom chemical information of APT with crystallographic character-
isation of captured phases and interfaces. The rational interface dataset, 
previously shown in Fig. 3a, has been further studied here. Fig. 5a shows 
a reconstruction where only Ni and Mo atoms have been included for 
clarity. Compositional variation enables the austenite and ferrite to be 
segmented with isoconcentration surfaces (Fig. 5b). The crystallo-
graphic orientation of each austenite and ferrite grain is also determined 
through a combination of crystallographic information contained 
directly within the APT data and the correlative EBSD data in the 
interfacial region acquired prior to lift-out of the specimen. The details 
of the methodology used is detailed in the supplementary materials. This 
methodology employs sophisticated APT detector mapping approaches 
as developed in [48]. Fig. 5c shows the resulting inverse pole figure map 
of the reconstruction. Further, the interface surface is defined through a 
Delaunay triangulated mesh using a similar approach to that described 
in [32] and is shown in Fig. 5d. The normal for each mesh component 
can then be calculated (Fig. 5e), and an average surface (n) determined. 
The average surface normal, as defined in the specimen frame of refer-
ence (Cs), and the corresponding austenite and ferrite crystal frames of 
reference (Cc) are provided in Fig. 5f. Both these values show deviation 
from the {111}A/{110}F habit planes measured from thousands of in-
terfaces in the bulk of the samples (see Fig. 2). This highlights the 
importance of statistically significant analyses of interfaces, as the 
atomic resolution analysis of limited segments of only individual 
boundaries may not be representative of the bulk behaviour. However, 
our workflow enables an atomic-resolution and complete ’5+
(n-1)-parameter’ characterization of the rational ferrite-austenite 

Fig. 5. (a) APT reconstruction of a rational interface showing Ni and Mo atoms. (b) Phase map showing austenite (γ) and ferrite (δ) grains. (c) Inverse pole figure map 
and corresponding colour key. (d) Isosurface mesh of austenite-ferrite interface. (e) Normal vectors of each isosurface mesh component from which an average 
surface normal was calculated. (f) Calculated average surface normal (n) of the austenite-ferrite interface in the specimen frame of reference (Cs), austenite crystal 
frame (Cc_ γ) and ferrite crystal frame (Cc_ δ). 
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boundary – three parameters to define the 3D disorientation of the 
grains, two to define the boundary normal direction, and n-1 to define 
the interfacial elemental excess of a chosen element of interest out of n 
elements existing within the material. 

In summary, this study of the crystallography and composition of 
austenite-ferrite interphase boundaries finds that they tend to terminate 
on {111}A/{110}F planes, and this tendency increases for rational in-
terfaces with the K-S orientation relationship. We show that solute 
segregation is a function of the interface crystallography and the 
bonding properties of the various solute atoms. While both rational and 
irrational interfaces show significant segregation of C and N, substitu-
tional elements show a much stronger tendency to segregate to irrational 
boundaries. A heterogeneous distribution of solute elements in the 
austenite-ferrite interphase boundary plane is shown, underpinning the 
complexities associated with correlating properties of interfaces to their 
crystallography and chemistry. Our findings highlight that a knowledge 
of misorientation and habit planes (five crystallographic parameters) 
alone is not sufficient to make meaningful connections to many 
interface-controlled materials properties in alloys such as duplex stain-
less steel, and that for an alloy containing n elements, an integrated set 
of five crystallographic parameters and n-1 chemistry parameters, is 
crucial for further advancing the microstructure design. 
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