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Grain boundary segregation, embrittlement and phase nucleation are interconnected phenomena that
are often treated separately, which is partly due to limitations of the current models to predict grain
boundary segregation in non-ideal solid solutions. Here, a simple model is introduced to predict grain
boundary segregation in solid solutions by coupling available bulk thermodynamic data with a mean-
field description of the grain boundary character. The model is confronted with experimental results
obtained in Fe-Mn alloys analysed by atom probe tomography. This model successfully predicts a first
order transition or a discontinuous jump in the composition of the grain boundary which kinetically
implies the formation of spinodal Mn fluctuations that tend to grow further with time within the
segregated region. The increase in solute concentration at the grain boundary leads to an increase of the
enthalpy of the boundary and to its embrittlement at lower temperatures. Once austenite is formed, the
amount of segregated solute Mn on the grain boundaries is drastically reduced and the toughness of the
grain boundary is increased.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Interfacial segregation or adsorption has been a perennial topic
in materials and surface sciences for over a century. The first
thermodynamic description of the problem dates back to J. W.
Gibbs [1-3], who described interfaces having “phase-like” prop-
erties but with a zero thickness. Based on his model, Gibbs had
proposed a relation between the changes in concentration of a
component, when in contact with an interface, with the changes in
interface energy. Langmuir proposed another model for surface
adsorption [4], later adapted by McLean [5,6] to describe the
segregation of solute elements to grain boundaries. The Langmuir-
McLean adsorption isotherm describes both, bulk and grain
boundaries as ideal solid solutions with non-interacting elements
[7]. Fowler and Guggenheim [8] refined this model by considering
that the interface behaves like a regular solution with interacting
elements, thereby introducing the possibility to account for two-
dimensional phase transitions within the confined volume of
adsorbed layers [8—11]. This refinement appears reasonable when
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considering that the trend of solutes to segregate at interfaces often
scales inversely with their bulk solubility, suggesting that non-ideal
element interactions apply indeed for elements whose equilibrium
segregation trend is high [6,12]. Regarding grain boundaries, the
importance of such transitions was emphasized by e.g. Hart [9,13],
Guttmann [14—17] and Cahn [18]. More recently, the term
“complexion” was introduced in the literature to distinguish be-
tween the interfacial equilibrium state and the bulk equilibrium
state (phase) [19—22]. In this context, complexion transitions (or
interface transitions) are the result of a discontinuity of the first- or
higher-order derivative of the interface energy as a function of one
of the interfacial thermodynamic parameters [22—24].

Interfacial adsorption or segregation transitions strongly influ-
ence the properties of interfaces. Solute segregation to grain
boundaries has been widely associated with grain boundary
embrittlement [9,14,21,22,25—28], phase nucleation [25,29—35],
abnormal grain growth [22,36,37] and stabilization of nano-
crystalline materials [37—48]. In many of these applications that
make use of the adsorption isotherm for microstructure design, the
segregating solutes are assumed to behave as an ideal solution
when decorating grain boundaries, i.e. they follow the McLean
isotherm. In contrast to this picture, we recently reported obser-
vations of confined spinodal fluctuations at crystalline defects [29].
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These spinodal fluctuations, observed in a Fe-9 at.%Mn alloy, grow
in composition and wavelength with time and might be a precursor
pathway for the formation of the first nucleus of austenite. After
austenite is formed and in local equilibrium with the surrounding
bulk BCC matrix phase, the fluctuations and the strong segregation
vanish, clearly indicating that they are metastable precursor fluc-
tuations. After formation of the locally stable phase at the interface,
here austenite, the formerly segregated atoms partition into it,
leaving a less decorated interface behind.

Here, a model is introduced and applied to predict the grain
boundary segregation and phase state behaviour of substitutional
solid solutions by coupling Calphad thermodynamic data originally
derived for bulk phases with a mean-field description of the grain
boundary. The approach is largely inspired by models previously
developed by Guttmann [14—17], Wynblatt [20,49,50] and other
authors [6,12,21,51,68]. The concept is first described for regular
solid solutions and later extended to magnetic solid solutions
which are exemplified here by the Fe-Mn binary alloy. It is shown
that this approach provides the opportunity for a more consistent
thermodynamic description of the spinodal segregation, grain
boundary embrittlement and austenite reversion in this alloy. The
model successfully predicts the existence of a first order transition
of the interface for Fe-Mn BCC grain boundaries which was
experimentally validated by atom probe tomography (APT).

2. The regular solution model of grain boundary segregation

Let us first assume that both, the bulk (b) and the grain
boundary (gb), are binary regular solutions at a given temperature

(T):

GP = Hb — TSP = X80Gh + XBOGp + AHD,, — TASh,, (1)

GE> — Heb — 752> — x20GE | x20GE | Ap® _T4s®  (2)
where G, H and S are, respectively, molar Gibbs free-energy,
enthalpy and entropy of the bulk (b) or grain boundary (gb). X;
and 0Gi are the molar fraction and the Gibbs free-energy of the
bulk (b) or grain-boundary (gb) of the pure component i (A and B),
respectively, with Xa + Xg =1 mol. The only excess term in a reg-
ular solution is the molar enthalpy of mixing (4H,;;x) that is given
by:

AHpix = aapXaXB (3)

where a,p is the regular solution parameter [52]. Assuming steady
state diffusional equilibrium between the bulk and grain boundary,
the (relative) chemical potentials of the components in the bulk
(0uP = u — i) and grain boundary (3us® = u&” — 1) should be
equal:

ouP = <ﬁ) - <@> — dusb
b
ONg/p1ny,  \ONA/p1nN,

gb gb
= (acgb> - (ang> )
aI\JB p,T.Ng aNA p,T,Na

which is equivalent to a parallel tangent construction between the
molar free energy curves of the bulk and the grain boundary [53].
Therefore, we can write:

b
dGe®  doGed  dGElL 5)

dG>  dOGd dGh; B
b b b
X2 dx®  dxg

mix __

dxt dxt = dx}

The above expression (5) can be rearranged into the Fowler-
Guggenheim isotherm [8,48,54]:

b b by gb b yb
Xg __X exp _Acgeg+“§3_“AB_2<“§BX§ _aABXB):|
1-x8 1-Xp RT
(6)
with
4G = 4°6%° — 4°G" (7)

which is equivalent to the diffef)rence %}n graigl boundarg;é energgbof
the pure components with 4°G" = °G, — %Gy and 4°G™" = °G, —
ch . AGy® expresses the difference in the bulk and grain boundary
environments for the pure components. For non-interacting solutes
(a = 0), the above isotherm formulation reduces to the McLean
isotherm [5,7]. Furthermore, the model predicts that segregation
could occur even for negative values of the ideal segregation
Gibbs energy 4Gy®, but it will only occur if the total energy of
segregation AG® is negative, which is equal to
AG™E = AGYE + o — oy — 2(aZ5XE> — obXB) in the Fowler-
Guggenheim model.

3. Mean-field interpretation of segregation in regular
solution alloys

Assuming first-order neighbour interaction among the atoms,
the regular solution parameter in a binary A-B solution is given as
[52]:

EAp T €
0pp = Z[SAB - w] = Zwp, (8)

where z is the coordination number, esg, eap and egp are the A-B, A-
A and B-B interaction energies, respectively, and wag is the average
interaction energy. Positive values of w,p indicate a trend towards
demixing of elements A and B. It is possible to write the enthalpy of
mixing as a function of these parameters for the bulk and for the
grain boundary:

AHDyiy = aRpXRXB = 2°w]pXRXR (9)
b b v gby gb b v gbygb
AHE = aSXEXE” = 22 wRXEXE (10)

If we assume that the average interaction energy wpg is the same
(or better, sufficiently similar) for the bulk and the grain boundary

solutions, wRB = ng%, the only parameter left to express the dif-
ference between the bulk and grain boundary is the coordination
number, z, which describes the local lattice structure in each
environment. Hence, we propose to describe the enthalpy of mix-

ing of the grain boundary solution (AH?;X) with a given composi-
tion as a function of the coordination number and the enthalpy of
mixing of the bulk with the same composition:

z8b
g ~ZTAHgﬁix (11)

AHmix =

Such an approach could be described as a “bond cutting model”
because the average bonding energies are here assumed to be the
same, independent of the coordination number. This assumption
has the limitation of ignoring the increase in bond strength with
decreasing coordination number [55], but it is used here as a
first approximation that can be improved in future work. For
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Fig. 1. Effect of the reduction in coordination (Az) of a hypothetical solid solution assuming a regular solution parameter equal to 12500 J/mol and the coordination number of the
bulk equals to 8 (for an assumed BCC phase). In all figures Az = 0 refers to the full lattice coordination that atoms have in the bulk and Az = -2 refers to reduced coordination such as
encountered in the grain boundary. The approach suggested here assumes a “bond cutting” model because the average bonding energies remain unchanged, independent of the
coordination number. This assumption has the limitation of ignoring the increase in bond strength with decreasing coordination number (a) Enthalpy of mixing in function of the
mole fraction of solute B for different coordination shifts. (b) Gibbs energy of mixing at 450K in function of the mole fraction of solute B for different coordination shifts. (c) First
derivative of the Gibbs energy of mixing at 450K in function of the mole fraction of solute B for different coordination shifts. (d) Chemical potential of the bulk and the grain
boundary. For any composition below X?}, adsorption or segregation will occur chemically homogeneously and compositional variations in the segregated area will be due to
topological effects only. For any composition between Xlg and the critical point (spinodal) of the bulk XZ, confined spinodal fluctuations will happen for the here assumed hy-
pothetical regular solution alloy at the interface in addition to the compositional variations due to the structure of the grain boundary. (e) Chemical spinodal for different tem-
peratures, composition and atomic fraction of solute for the hypothetical solid solution. (f) Equilibrium composition of a grain boundary with —2 coordination shift (i.e. z=6) in
metastable local equilibrium with an infinitely large bulk with a coordination number of z = 8 for the BCC lattice case.
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convenience, the average grain boundary coordination shift (Az) is
defined as the difference between the average grain boundary co-
ordination (z8%) and the bulk (z) coordination:

Az =78 _ 2P (12)

Considering the non-coherent atomistic structure of the grain
boundary, the averaged coordination number 28 is expected to be
smaller than the corresponding number in the bulk and, therefore,
A4z < 0. The consequences of this mean-field approximation of the
thermodynamic description of a grain boundary is visualized for a
hypothetical regular solution described by Eqs. (1), (2) and (11) in
Fig. 1. Fig. 1a shows the effect of the reduction in coordination
number on the enthalpy of mixing of a hypothetical solid solution
of A and B atoms with positive enthalpy of mixing. A lower coor-
dination number implies the reduction of the enthalpy of mixing of
the solution and, as a consequence, the reduction of the total
mixing free energy of the solution. Fig. 1b illustrates the effect of the
reduction of coordination number on the Gibbs free-energy of
mixing of the solution at a given temperature. Clearly, regions of
higher coordination will tend to partition solutes to regions of
lower coordination (lower free energy of mixing).

Fig. 1c and d displays the effect of the reduction of coordination
number on the first derivative of the free energy of mixing of the
system (relative chemical potentials). At lower temperatures (e.g.
450 K in this case), the first derivative presents a maximum and
minimum for the chosen hypothetical regular solution (chemical
spinodal points for the strain-free state) where d?G;x/dX? = 0.
The reduction of the coordination number for atoms inside the
grain boundary results in new free energy and chemical potential
curves such that the equilibrium partitioning concentrations are
shifted along the concentration axis (x axis) and towards the centre
between the corresponding bulk values. Furthermore, it is clear
that the magnitude of upper (and lower) chemical potentials for
spinodal decomposition, 6u8$, reduces as z8° decreases, indicating
a lower spinodal barrier inside the grain boundary. Fig. 1e shows
the effect of the reduction of coordination number on the chemical
spinodal of this hypothetical solid solution. Fig. 1f shows the
composition of the hypothetical grain boundary with a —2 coor-
dination shift in metastable local equilibrium with a given bulk
composition. For this hypothetical solution, at 450K, the grain
boundary will display a first order transition or spinodal segrega-
tion. At 600K, the grain boundary will display a second order
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transition. At 1200 K, the grain boundary segregation will exhibit a
close to linear behaviour for this hypothetical regular solution.

When the chemical potential of the bulk (éuPuX) is equal or
higher than that of the spinodal point of the interface (6ugbs ),
spontaneous spinodal fluctuations at the grain boundary become
possible. Therefore, the critical composition of the bulk (XE) for the
spinodal fluctuation to occur in the grain boundary can be obtained
by:

b
_deb

il gb.s dGe
= dXCB =

bulk
oue ~ dXGB
S

(13)

This is schematically represented in Fig. 1d which shows the
chemical potential of the bulk and of the grain boundary. For the
chosen solution any composition below XE, adsorption or segre-
gation will occur homogeneously and compositional variations in
the segregated area will be due to specific topological grain
boundary structure effects only. For any composition between Xg
and the critical point (spinodal) of the bulk XE, confined spinodal
fluctuations occur at the interface in addition to possible compo-
sitional variations due to the structure of the grain boundary. The
final state marks a first order transition of the interface. These
confined spinodal fluctuations at the grain boundary are due to the
new chemical working point that is reached on the interface but not
necessarily in the adjacent bulk. The solute-rich regions of these
confined spinodal fluctuations can act as precursor states to the
nucleation of a new phase when they become strong enough in
composition and wavelength. This is a sequence which is analogous
to spinodal decompositions known from the bulk, such as the Al-Cu
system, where the required random composition fluctuations that
are required to reach the composition of the stable phase become
lower with increasing spinodal precursor amplitude. This effect
sheds new light on the heterogeneous nucleation mechanism
which is usually associated only with the advantage of interface
energy provided by the grain boundary. The new model shows that
heterogeneous nucleation at interfaces can be also promoted by
spinodal composition enrichment, i.e. precursor states at the grain
boundary which do not necessarily occur in the adjacent bulk. This
means that a grain boundary can assist nucleation in a twofold
manner, through its available interface portion and through its
interface-specific chemical working point which may enable phase
precursors not found in the bulk.
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Fig. 2. Free energies (a) and chemical potentials (b) of the grain boundary (z = 6) compared to its corresponding bulk (z = 8 for BCC) assuming 4G*¢ = +1000 — 500X, [J/mole]. The
introduction of 4G enables the possibility of a first order grain boundary transition below the solubility limit of the bulk miscibility gap by shifting the grain boundary Maxwell

construction vertically relative to the bulk Maxwell construction.
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Fig. 1d reveals that, although XE is strongly lowered by reducing
the average coordination, the coexistence region (given by the
Maxwell construction) remains the same and is hence independent
of the coordination number. This results implies, that under such
constraints, the spinodal fluctuations at the grain boundary can be
obtained only for compositions inside the two-phase region of the
bulk phase diagram (although for compositions outside the grain
boundary spinodal region). These confined spinodal fluctuations
might act as a pathway for the nucleation of the o’ (B-rich) phase,

-4000

but they will not occur below the solubility limit and evolve to a
stable segregation composition. In order to introduce such possi-
bility and to resolve the full picture of the grain boundary segre-
gation problem, we now discuss a hypothetical grain boundary
characterized by a reduced coordination number 4z = —2 relative
to the adjacent BCC bulk matrix in the presence of the intrinsic
(ideal) segregation energy assumed to be 4Gy = +1000 — 500X,
[J/mole]. Fig. 2a and b shows the free energies and chemical po-
tentials of the grain boundary (z=6) compared to its

2100
1264
428.0
-408.0
-1244
-2080
-2916
-3752
-4588
-5424

-6260

-6000 -

-8000 -

-10000 ~

-12000 -

du (J/mol)

-14000 -

-16000 -

-18000 -

-20000 -

0.00 005 010 0.15

020 025

Mole fraction Mn

Fig. 3. (a) Gibbs energy of mixing (including magnetism) of Fe and Mn for the BCC phase with a coordination number of z = 8. (b) Dependence of the first derivative of the Gibbs
energy of mixing at 450 °C (including magnetism) of Fe and Mn for the BCC phase (z = 8) in function of the coordination number shift, indicating the reduced number of nearest

neighbour bonds characteristic of grain boundaries.
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corresponding bulk (z=8 for the BCC lattice), respectively.
Comparing to Fig. 1b and c shows that an asymmetric change in the
free energy and a vertical shift in the chemical potential result from
a nonzero ideal segregation energy (4Gy®+0). The equilibrium
concentrations (Maxwell construction) are shown in Fig. 2b. At
point 1, a first order transition in the grain boundary occurs, in
which a two-phase grain boundary state (z=6) is in equilibrium
with the single-phase (homogeneous) bulk state (z=8). While
below this point segregation in the grain boundary occurs homo-
geneously, at this point a sharp jump in the grain boundary con-
centration is expected. However, for a regular solution with a
symmetric miscibility gap, a very high absolute value of 4G} is

A. Kwiatkowski da Silva et al. / Acta Materialia 168 (2019) 109—120

necessary in order to obtain a first order transition, i.e. a transition
from low to high segregation and spinodal segregation (XE) of the
grain boundary at compositions significantly below the solubility
limit of the bulk. In the following, we will show that such a situa-
tion is different for asymmetric miscibility gaps that can arise due
to other energy contributions such as for instance caused by
magnetic energy terms.

4. Solid solutions with magnetic contributions

Similar to the mixing enthalpy, a magnetic energy contribution
can also strongly depend on the coordination number z. The Inden-
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Fig. 4. Segregation isotherms assuming metastable local diffusional equilibrium between the BCC bulk phase (coordination number z = 8) and the grain boundary (reduced co-
ordination number z = 6). (a) Segregation isotherms at 450 °C assuming different coordination shifts for the grain boundary. (b) Segregation isotherms at different temperatures
assuming a grain boundary with a coordination shift of —2.0.
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Hillert-Jarl formalism [56—61] is the basis for most of the functions
that incorporate magnetic ordering contributions in Calphad da-
tabases. From the heat capacity, the magnetic contribution ™G;, to
the Gibbs free energy can be obtained:

MEGY = —RTIn(B + 1)f(7) (14)
where ( is the mean magnetic moment per mole of formula unit,
f(7) is a function of 7 = T/T¢ and T¢ is the Curie temperature. The
values of magnetic enthalpy and entropy can be obtained by ex-
pressions available in the literature or directly from a Calphad
database. While Equation (14) decomposes in complex forms of
enthalpy and entropic contributions, the dependency of the molar
magnetic enthalpy, Hmag, on the coordination number can be
demonstrated using a pairwise interactions model (Bragg-Wil-
liams-Gorsky approximation) [58]:

1
Hmag — EZZ(’C)](IC)O-Z (15)
k

where the summation goes over the different neighbouring shells
(k,=1, 2, ...), 2% is the coordination number, J(k) describes the
molar interaction energy, and ¢ is the mean spin value per atom.

Following this model, a similar mean-field approximation to the
magnetic excess enthalpy 4Hmag is proposed here as it was
adopted above for the enthalpy of mixing. In this context, we as-
sume that the magnetic excess enthalpy of the grain boundary
AHIgr',’ag can be approximated from the magnetic excess enthalpy of
the bulk AHPnag with a linear dependency on the coordination
number that results. Therefore, the excess enthalpy of the grain
boundary AH,g('S’ can be approximated from the excess enthalpy of
the bulk 4HE:

AHE = AH®®

gb
gh _Z b
Thix T AHmag=Z_bAH

L T
mix T Z_bAHmag = Z_bAHxs

(16)

Due to the asymmetry of the 4Hmag in compositional space, the
vertical shifts in chemical potentials (and corresponding Maxwell
constructions) can be achieved even if AG® = 0.

5. Binary Fe-Mn alloys

Using these mean-field approximations we are now able to
describe grain boundary segregation using available bulk thermo-
dynamics. The free energies and enthalpies of mixing (including
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Fig. 5. Graphical representation of the calculation of equilibrium composition of the grain boundary, characterized by reduced coordination of z = 6, (segregation/adsorption) by the
parallel tangent construction: (a) Equilibrium composition of the grain boundary before the formation of austenite represented using Gibbs Free-energies. (b) Equilibrium
composition of the grain boundary after the formation of austenite represented using Gibbs free-energies. (c) Equilibrium composition of the grain boundary after the formation of
austenite represented using chemical potentials. (d) Grain boundary energy of mixing at 15°C (including magnetism) before and after segregation at 450 °C. The spinodal
segregation drastically increases the grain boundary energy at lower temperatures and the formation of austenite leads to a decrease of this energy. GB: grain boundary; LE: local
equilibrium. Grain boundary coordination z = 6; BCC matrix coordination z = 8.
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magnetic effect) for the FeMn system (bulk phases) are extracted
from ThermoCalc using the TCFE9 database. Details of the models
and data used in this database can be found in Refs. [62,63]. For
simplicity, the intrinsic (ideal) segregation Gibbs energy will be
assumed to be zero ( AGy’® = 0). Fig. 3a shows the Gibbs energy of
mixing (including magnetism) of Fe and Mn for the BCC phase with
a coordination of z=8 as a function of temperature. In this alloy
system, the asymmetric dependence of the magnetic enthalpy with
Mn composition leads to the asymmetry in the Gibbs free energy.
Fig. 3b shows the dependence of the chemical potentials at 450 °C
(including magnetism) of Fe and Mn for the BCC phase as a function
of the coordination number shift (Az). At a given temperature,
segregation (diffusion) will take place from the bulk (z=8) to re-
gions of lower coordination such as grain boundaries (z < 8). Fig. 4a
and b shows segregation isotherms obtained assuming metastable

local equilibrium between the BCC bulk phase and the grain
boundary. The isotherms show the grain boundary composition
(XgB) in local equilibrium with a given bulk composition (Xpyk). The
grain boundary composition at which the first order transition
takes place marks the spinodal point of the grain boundary (XEB).
Fig. 4a shows segregation isotherms at 450 °C assuming different
coordination shifts for the grain boundary. The critical bulk
composition at which the first order transition takes place is
decreased by decreasing the average coordination number. Above
the critical composition, the interaction between the solutes starts
to be stronger than the energy difference between sites with
different coordination. Fig. 4b shows segregation isotherms at
different temperatures assuming a grain boundary with a coordi-
nation shift of Az = -2 relative to the BCC lattice (z = 8). The total
amount of segregation (grain boundary composition) is
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Fig. 6. (a) The Fe-Mn phase diagram (calculated using the Thermocalc software in conjunction with the TCFE7 database) including the metastable magnetic miscibility gap (dashed
blue lines) and magnetic spinodal (dashed black lines) of the BCC phase. The blue points indicate the composition of the alloys probed during this study. APT analysis: Fe-3Mn (at.%)
solid solution bulk alloy, 50% cold-rolled and subsequently annealed at 450 °C for 2 months. (b) APT reconstruction: 5 at% Mn isosurface revealing a grain boundary. (c) Proxigram
obtained from the isosurfaces displayed in (b). (d) In-plane 2D compositional map of Mn (atomic fraction) as a view into the grain boundary plane of a region of the grain boundary

displayed in (b).
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consistently reduced when the temperature is increased. The crit-
ical composition is shifted to lower Mn values at higher tempera-
tures due to the asymmetry of the Gibbs energy as a function of the
Mn composition and the miscibility gap. Such behaviour has
important consequences for the role of Mn segregation during the
nucleation of austenite.

6. Segregation in equilibrium with a second stable phase

The calculated values of segregation displayed in Fig. 4 assumed
no formation of a second phase. They reasonably describe the
segregation behaviour in Fe-Mn alloys prior to and independent of
the formation of austenite. Further, they indicate that a high
amount of Mn will be available for the formation of austenite via
segregation especially above the critical composition of the bulk at
which the grain boundary first order transition takes place. Kinet-
ically, the first order grain boundary transition translates into a
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spinodal-type of segregation which enables formation of the first
nucleus of austenite once the fluctuations become strong enough in
composition and wavelength. The critical composition of the
austenite nucleus will have the same chemical potential as the
grain boundary composition and the surrounding bulk composition
[64,65]. The austenite nucleus will further grow depleting both the
matrix and the grain boundary in solute Mn. Concomitantly, the
composition of the austenite decreases until the point where the
chemical potential of the austenite is equal to the chemical po-
tential of the BCC bulk phase according to the lever rule (or the
composition given by the solvus lines in the phase diagram). The
equilibrium amount of segregation in the grain boundary will be
the composition at the same chemical potential as the austenite
and the BCC bulk phase. Fig. 5 schematically describes the evolution
of the composition of the grain boundary using the parallel tangent
construction. Fig. 5a shows the metastable equilibrium composi-
tion of the grain boundary if austenite would not exist (i.e., the
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Fig. 7. Fe-4Mn (wt.%) solid solution bulk alloy, 50% cold-rolled and subsequently annealed at 450 °C for 2 months (a) APT reconstruction: 6 at% Mn isosurface revealing a grain
boundary at an in-plane view. (b) In-plane 2D compositional map of Mn (atomic fraction) as a view into the grain boundary plane of a region of the grain boundary displayed in (a).
(c) and (d) 1D-compositional profile across the grain boundary obtained from different regions of the grain boundary displayed in (a). This composition spread between 25 at% Mn
(c) and 14 at% Mn (d) matches the expected segregation state above the critical composition for a first order transition or spinodal segregation.
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composition at which oufy, = 6,u§,’mGB). Fig. 5b and c¢ shows the

equilibrium composition of the grain boundary when austenite
already exists with the equilibrium composition (i.e., the compo-
sition at which ouj;, = ou%y, = (3,LLK,‘“$’B).

The segregation of Mn to grain boundaries is a well-known
cause of embrittlement in Fe-Mn steels. The cause for the Mn
embrittlement can be inferred from the Gibbs energy of mixing of
Fe and Mn for the BCC phase showed in Fig. 3a. At a given
tempering temperature, Mn will segregate to the grain boundary
due to the lower enthalpy of mixing of this element with Fe at the
grain boundary. Nevertheless, the mixing enthalpy of Mn and Fe is
still positive and the total enthalpy of the boundary is increased by
segregating Mn. As a result, when the alloy is cooled down and the
atomic mobility is reduced, the grain boundary is ‘quenched’ into a
higher energy state compared to its state before the segregation
took place. For compositions above the critical composition for
spinodal segregation, the amount of segregation will be remarkably
higher than the compositions below this critical composition.
Therefore, the increase of the enthalpy of the boundary and the
associated embrittlement due to the reduced cohesive energy of
the boundary is much higher above the critical composition. This
sharp transition is demonstrated schematically in Fig. 5d which
shows the mixing energy of the boundary before and after the
segregation. The segregation values were calculated using the data
shown in Fig. 4. The spinodal segregation at 450 °C leads to an
abrupt increase in the energy of the grain boundary at lower
temperatures (e.g. 15°C). When austenite is formed, the total
amount of Mn segregated to the grain boundaries as well as the
energy of the grain boundary are reduced. The existence of this
sharp transition and the increase of toughness due to the formation
of austenite were already reported before, e.g. by Kuzmina et al.
[26] who revealed this effect in terms of a detailed experimental
study combining APT analysis of grain boundary segregation and
impact testing.

7. Experimental validation of the existence of a first-order
transition of the interface

Extensive APT analysis has been performed for the Fe-9at.%Mn
alloy, 50% cold-rolled and subsequently annealed at 450°C for
6h, 2 weeks and 2 months, respectively in part as reported in a
previous publication [29]. A systematic spatially-confined, i.e.
coordination-reduced spinodal-like decomposition behaviour for
this alloy was observed both along dislocations and at grain
boundaries. The existence of such spinodal fluctuations indicates
that the Fe-9at.%Mn alloy composition is above the critical
composition for the first order transition shown in the isotherms in
Fig. 4. Besides, a large difference has not been observed between
the fluctuations at the grain boundaries and at the dislocations.
Such behaviour is again consistent with the calculations shown in
Fig. 4, since above the critical composition, the interaction between
the solutes is stronger than the interaction with sites of different
coordination. Consistently, the formation of austenite after
extended heat treatments has been reported [26,29]. The austenite
at the beginning (6 h and 2 weeks, respectively) of the trans-
formation contains more Mn (around 32 at% Mn) than the austenite
in local equilibrium (around 25.5at% Mn) observed after longer
heat treatments. At the same time, after a high volume fraction of
austenite is formed, the spinodal segregation is no longer observed
which implies that the spinodal segregation and the first order
transition of the grain boundary is a metastable state prior to the
formation of austenite at the interface. Therefore, the first order
transition and the spinodal segregation should not be expected for
bulk compositions below the solvus line (single phase region in the
phase diagram).

In order to validate the existence of a first order transition of the
grain boundary before the austenite nucleation, two additional
alloy compositions with 3 and 4 at.% of Mn were studied by APT.
Fig. 6a shows the position of these compositions in the binary Fe-
Mn phase diagram. This phase diagram includes the metastable
miscibility gap and magnetic spinodal of the BCC phase. The
Fe9at.%Mn and Fe4at.%Mn alloys are in the two phase field of the
phase diagram (ferrite and austenite are stable phases). The
Fe3at.%Mn alloy is located in the single phase field of the phase
diagram (solid solution ferrite is the only stable phase). Fig. 6b
shows an APT reconstruction obtained from an Fe3at.%Mn alloy,
50% cold-rolled and subsequently annealed at 450 °C for 2 months.
A grain boundary is highlighted by using a 5 at% Mn isosurface.
Fig. 6¢ shows a composition profile obtained as a function of the
distance to the iso-composition surface displayed in Fig. 6b. The
average composition of the grain boundary shows a maximum
around 8—9at% Mn, which is consistently below the critical
composition for the first order transition shown in Fig. 4a. Small
fluctuations are observed at the grain boundary that can be
attributed to preferential segregation sites like dislocations
(Fig. 6d), but the low magnitude of the fluctuations cannot be
considered to be of a spinodal origin. Furthermore, in agreement
with the Fe-Mn phase diagram, the formation of austenite was not
observed for this alloy.

A combination of APT (for near-atomic scale chemical charac-
terization) and high-resolution electron back scattered diffraction
(HR-EBSD, for structural characterization) measurements was
performed in an Fe-4at.%Mn alloy, 50% cold-rolled and subse-
quently annealed at 450 °C for 2 months. This alloy composition is
slightly above the solvus line (two phase-region in the phase
diagram shown in Fig. 6a). Fig. 7a shows an APT reconstruction
revealing a grain boundary. Fig. 7b shows an in-plane 2D compo-
sitional map of Mn (atomic fraction) as a view into the grain
boundary plane of a region of the grain boundary displayed in 7a.
Fig. 7c and d shows the composition of the grain boundary from
two different regions: one around 25 at% Mn (Fig. 7c) and the other
around 14 at% Mn (Fig. 7d). Such behaviour is again consistent with
the expected segregation state above the critical composition for
the first order transition or spinodal segregation. More important, it
reveals a remarkable non-linear change of the segregation

‘ Austenite y Q Ferritea —— 0>15° 0<15°

Fig. 8. Fe-4Mn (wt.%) solid solution bulk alloy, 50% cold-rolled and subsequently
annealed at 450 °C for 2 months. EBSD map (Image Quality) showing the presence of
austenite (in red) in the microstructure after annealing. The green lines indicate low-
angle grain boundaries (3—15° of misorientation) and the black lines indicates high-
angle grain boundaries (>15° of misorientation).
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Table 1

Chemical composition of the Fe4at.%Mn and Fe3at.%Mn alloys in wt.% according to wet-chemical analysis.
Alloy Mn C Ni Al S P 0 N Fe
Fe4Mn 3.92 0.0081 0.0172 <0.002 0.0036 <0.002 0.0096 0.0071 balance
Fe3Mn 2.95 0.0079 0.0214 <0.001 0.0028 <0.002 0.0196 0.0024 balance

behaviour by increasing the Mn content in the alloy from 3 at% to
4 at% of Mn. This non-linear change of the composition of the grain
boundaries with the bulk composition indicates the existence of a
first order transition of the grain boundary, as predicted by our
model. Fig. 8 displays a phase map obtained by EBSD which con-
firms that austenite can be formed at this temperature (450 °C)
after extended heat treatment (2 months).

8. Conclusions

Grain boundary segregation plays a critical role for a wide range
of materials properties and interfacial phase transitions. Limited
access to grain boundary thermodynamics, however, has up to now
restricted the ability for conducting predictive studies of interfacial
segregation and associated decomposition and/or phase states.
Here a mean-field model is proposed that links grain boundary
thermodynamics to existing thermodynamics data of the corre-
sponding bulk material. The application of the model was exem-
plified for Fe-Mn binary alloys. The model successfully predicts the
existence of a first order transition (or spinodal segregation) of the
grain boundary, as experimentally observed by APT. Compositions
above a critical value (e.g. Fe9at.%Mn and Fe4at.%Mn) will display
spinodal segregation, while compositions below a critical value
(e.g. Fe3at%Mn) will display regular segregation. The spinodal
segregation leads to a drastic increase in the enthalpy of the grain
boundary and, therefore, to interfacial embrittlement at lower
temperatures. Another important consequence of the model is that
spinodal segregation provides a non-classical, i.e. chemistry-driven
pathway for the heterogeneous nucleation of a second phase (e.g.,
austenite) and, after growth of this second phase, to the toughening
of the grain boundary. Through the change of the local composi-
tional working point via grain boundary segregation, specific spi-
nodal decomposition and chemical precursor states become
possible at interfaces that do not occur in the adjacent bulk. Hence,
heterogeneous nucleation can proceed both, through providing
interfacial energy and by enabling formation of compositional
precursors that bring the grain boundary region closer to the
composition of stable phases.

9. Materials and methods
9.1. Materials

Two binary Fe-Mn alloys, identified as Fe3at.%Mn and Fe4at.%
Mn, were cast into a rectangular billet in a vacuum induction
furnace. The slabs were hot-rolled at 1100 °C from 60 to 6 mm
thickness and then water quenched. Subsequently, highly segre-
gated edges of the slab were cut off. The billets were reheated to
1100 °C for 1 h and water quenched to room temperature to mini-
mize Mn banding. Table 1 summarizes the chemical composition
after homogenization according to wet chemical analysis. After
water quenching from the homogenizing temperature the alloys
had a fully massive ferrite microstructure. The alloys were subse-
quently annealed up to 2 months at 450 °C in order to characterize
the equilibrium amount of segregation at the grain boundaries. The
Fe4at.%Mn alloy is situated in the two phase field of the phase di-
agram (ferrite and austenite are stable phases). The Fe3at.%Mn alloy

is situated in the single phase field of the phase diagram (ferrite is
the only stable phase).

9.2. Methods

Atom Probe Tomography (APT) specimens with end radii below
100 nm were prepared using a FEI Helios NanoLab600i dual-beam
Focused Ion Beam (FIB)/Scanning Electron Microscopy (SEM) in-
strument. APT was performed using a LEAP 5000 XS device by
Cameca Scientific Instruments, with approx. 80% detection effi-
ciency, at a set-point temperature of 50 K in laser-pulsing mode at a
wavelength of 355nm, 500 kHz pulse repetition rate and 30 pJ
pulse energy. For reconstructing 3D atom maps, visualization and
quantification of segregation the commercial software IVAS® by
Cameca was employed following the protocol introduced by Geiser
et al. [66] and detailed in Gault et al. [67]. The 3D-mapping was
obtained by the Voltage-based reconstruction of the detected ions.
The detector reveals elements of the local crystallography of the
sample, allowing for atom probe crystallography analysis of the
dataset. The reconstructions were calibrated by the interplanar
distance of the crystallographic planes associated with the low-hit
density poles. High-resolution electron back-scattered diffraction
(HR-EBSD) measurements were performed at a step size of 50 nm
using a JEOL JSM-6500F field emission gun scanning electron mi-
croscope equipped with a high-speed CCD camera for pattern
recording, and analysed using the TSL-OIM software.
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