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a b s t r a c t 

Phase diagrams are the roadmaps for designing bulk phases. Similar to bulk, grain boundaries can possess 

various phases, but their phase diagrams remain largely unknown. Using a recently introduced density- 

based model, here we devise a strategy for computing multi-component grain boundary phase diagrams 

based on available bulk (CALPHAD) thermodynamic data. Fe-Mn-Cr, Fe-Mn-Ni, Fe-Mn-Co, Fe-Cr-Ni and 

Fe-Cr-Co alloy systems, as important ternary bases for several trending steels and high-entropy alloys, 

are studied. We found that despite its solute segregation enrichment, a grain boundary can have lower 

solubility limit than its corresponding bulk, promoting an interfacial chemical decomposition upon solute 

segregation. This is revealed here for the Fe-Mn-base alloy systems. The origins of this counter-intuitive 

feature are traced back to two effects, i.e. , the magnetic ordering effect and the low cohesive energy of Mn 

solute element. Different aspects of interfacial phase stability and GB co-segregation in ternary alloys are 

investigated as well. We show that the concentration gradient energy contributions reduce segregation 

level but increase grain boundary solubility limit, stabilizing the GB against a chemical decomposition. 

Density-based grain boundary phase diagrams offer guidelines for systematic investigation of interfacial 

phase changes with applications to microstructure defects engineering. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

As said by Colin Humphreys, crystals are like people: it is the 

efects in them which tend to make them interesting! ‘Playing 

ith defects’ [1] is being explored as a strategy to tailor materials 

roperties. Grain boundaries (GBs) are one of the playable crystal 

efects with substantial effects on the properties of polycrystalline 

icrostructures [2,3] . When interacting with solute atoms, GBs can 

ediate a whole different sort of interfacial phenomena such as 

ntergranular premelting [4] and phase transformation [5,6] . Recent 

tudies suggest that controlling chemical segregation at GBs can 

pen possibilities for manipulating secondary-phase nucleation [7–

] and tuning the mechanisms of stabilizing nanostructured alloys 

10,11] . Hence, GB engineering can also portray a way of tailoring 

lloy microstructures. 

In material science, phase diagrams are the roadmaps for un- 

erstanding and designing bulk phases. Such diagrams for GBs are 
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ighly desirable to exploit the potentials of GB segregation engi- 

eering for microstructure design. The start point of GB phase dia- 

rams is the GB thermodynamics. The effort s in this direction date 

ack to the Gibbs adsorption model [12] , Langmuir-McLean model 

or ideal solutions [13] , and Fowler-Guggenheim model for regu- 

ar binary solutions [14] . Significant progress was made since then 

n understanding GB phenomena using, for instance, the mean- 

eld geometrical considerations of GB structures and the force- 

alance models for interfacial interactions (see [15–17] and refer- 

nces therein). An advance in developing GB phase diagram is the 

-diagram which enables predicting the trends in GB disordering 

nd premelting in alloys [18,19] . 

To account for the through-thickness inhomogeneities of inter- 

aces, van der Waals [20] and Cahn and Hilliard [21] worked out 

unctional free energy formulations, with nonlocal energy contri- 

utions. Due to this intrinsic feature, GB phases are also termed 

s ‘complexions’ to distinguish them from homogeneous bulk 

hases [22,23] . The significance of nonlocal energy contributions 

n stabilizing interfacial phases was discovered by Cahn [24] in 

tudying critical point wetting. Using a crystallinity order param- 

ter, Tang et al. [25,26] further developed the Cahn’s formulation 

or studying GB premelting. This model predicts a range of phe- 
rticle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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omena from continuous premelting to a first-order wetting tran- 

ition. Mishin et al. [27] developed an alternative phase-filed model 

ith three order parameters for studying premelting in Cu-Ag al- 

oy system. Other phase-field models focusing on solute segrega- 

ion at GBs were developed as well. Inspired by mean-field mod- 

ls [28,29] , Ma et al. [30] used the atomic coordination number 

o describe GB region and investigated the effect of concentra- 

ion gradient energy on solute segregation transition and drag. This 

odel has been further extended by Mishin [31] . Heo et al. [32] in-

estigated the effect of elastic interactions on GB segregation and 

olute drag. Kim et al. [33] discussed the application of an equal 

hemical potential condition as a degree of freedom in a phase- 

eld model for GB segregation. As analyzed by Luo [34] , vari- 

us models of GBs have their advantages and shortcomings. Con- 

erning GB thermodynamics in engineering alloys, a quantitative 

ree energy functional for multi-component alloy systems is yet 

o be explored. Here the difficulty comes with the fact that be- 

ore a compositional description of GB, one needs dealing with five 

acroscopic parameters and three microscopic states to character- 

ze its crystallographic state. On top, the chemical and/or struc- 

ural states of the GB can change under applied thermodynamic 

otentials e.g. pressure and chemical potentials [35] . These com- 

lications make it almost impossible to compute GB phase dia- 

rams in such multi-dimensional space, not to mention GBs can 

lso have meta-stable states [36] . Therefore, one question arises: Is 

t possible to have a parameter that is simple enough to construct 

B phase diagrams in multi-component alloy systems, but sophis- 

icated enough to capture essential GB properties in a general 

anner? 

One way to simplify GB description is to view it with reference 

o its corresponding bulk phase, as a lesser dense, defected struc- 

ure; using this concept, recently a density-based model has been 

erived to assess GB thermodynamics based on available bulk ther- 

odynamic data [37,38] . In this model, a mesoscale atomic density 

eld (the number of atoms per unit volume) and its spatial varia- 

ions were employed to describe GB region with reference to the 

djacent defect-free bulk. The nonlocal gradient energy terms here 

ave the same application as in previous models in describing in- 

erfacial inhomogeneities. The atomic density field can be related 

o the crystallinity order parameter [26] or phase-field order pa- 

ameters [27,32,33] . Direct use of the atomic density field, however, 

as the advantage that it can be calculated straight from atomistic 

imulations, recently demonstrated in [38] . Such connection across 

he length scales enabled calibration of the model parameters us- 

ng atomistic calculations. The density-based model can be viewed 

s a generalization of the model by Ma et al. [30] , where the dis-

rete coordination number is replaced by the continuum atomic 

ensity field. Similar to the coordination number, the atomic den- 

ity parameter can be incorporated into the CALPHAD thermody- 

amic framework [39,40] . Successful coupling of the density-based 

odel with CALPHAD databases and atomistic simulations has en- 

bled consistent explanation of experimentally observed segrega- 

ion behavior in binary Fe-Mn system [38] and a FeMnNiCrCo high- 

ntropy alloy [41] . 

In this work, we extend the density-based model to multi- 

omponent substitutional solid solutions and devise a strategy for 

uilding ternary GB phase diagrams. We study five Fe-Mn- and 

e-Cr-base alloy systems, i.e. , Fe-Mn-Cr, Fe-Mn-Ni, Fe-Mn-Co, Fe- 

r-Ni and Fe-Cr-Co alloy systems, as important ternary bases for 

rending steels and high-entropy alloys. In the view of our results, 

he origins of segregation–assisted interfacial decomposition in the 

ernary Fe-Mn-base systems are revealed and elaborated. We study 

he interfacial phase stability and GB co-segregation in these alloys. 

he density-based GB phase diagrams offer a simple, pragmatic 

ramework to get the feel for essential GB phase properties, i.e. , 

ts solubility and phase decomposition behavior, based on avail- 
2 
ble bulk thermodynamic data. These open new perspectives for 

anipulating GBs in multi-component engineering alloys. 

. Methods 

.1. Multi-component density-based free energy 

GBs are inhomogeneous structures with lower atomic densities 

ompared to their corresponding bulk phase. Considering small 

tomic density variations in the GB region, the relative atomic den- 

ity ρ can be used as a mean-field parameter to approximate a 

ensity-based Gibbs free energy density for a pure substance 

 i (ρ) = ρ2 E B i + ρ(K 

B 
i + pV 

B 
i − T S B i ) + 

κρ
i 

2 

( ∇ρ) 
2 · (1) 

ere ρ ∈ [ ρGB , 1] is a dimensionless field variable, with ρ = 1 for 

he bulk and ρ = ρGB at the GB-plane. κρ
i 

is the atomic density 

radient coefficient. The dependencies of G i on the temperature 

nd pressure are embodied in E B 
i 
, K 

B 
i 
, pV B 

i 
and T S B 

i 
which are the

otential energy, kinetic energy, mechanical work and entropic en- 

rgy density, respectively. A convention is followed here —the su- 

erscript B is used to index homogeneous bulk phase and the sub- 

cript i indexes the chemical substance. In this picture, we ap- 

roximate the GB’s high-dimensional crystallographic degrees of 

reedom with the mean-field density parameter. On top of that, 

he spatial density gradients, here limited to the second-order, ac- 

ount for the nonlocal energy contributions due to the structural 

nhomogeneity through the GB region. A detailed derivation of the 

ensity-based model can be found in Ref. [37] . 

For a N-component alloy system, we cast the density-based free 

nergy into the conventional thermodynamic formalism for alloy 

ixtures as commonly used in CALPHAD approaches [39] . To ac- 

ount for the chemical inhomogeneity through the GB region, we 

urther consider the Cahn-Hilliard’s concentration gradient energy 

erm [21] . Thus, the density-based Gibbs free energy as a function 

f solute mole fractions X = { X i , X j , ..., X N } and ρ can be written

s 

 (ρ, X ) = 

N ∑ 

i 

X i G i (ρ) + ρ2 �H 

B 
mix (X ) − T �S B mix (X ) 

+ 

N−1 ∑ 

i 

κX i 

2 

(∇X i ) 
2 (2) 

hat approximates the Gibbs free energy density of a substitutional 

B solution with an atomic density ρ < 1 based on the bulk ther- 

odynamic data. The concentration gradient energy coefficients 

X i 
are considered with respect to the solvent atoms. When ρ = 1 

nd all gradient terms vanish, it is clear that the model reduces to 

he homogeneous bulks, G i (ρ = 1) = G 

B 
i 

and G (ρ = 1 , X ) = G 

B (X ) .

he input bulk thermodynamic values can be obtained from CAL- 

HAD databases while the gradient energy coefficients need to be 

alculated, as described in the following. Eq. (2) can be used as a 

asis for thermodynamic assessment of GBs. 

.2. Calculation of equilibrium segregation profiles 

Using Eq. (2) , the variational derivatives of the Gibbs free en- 

rgy functional G = 

∫ 
G (ρ, X ) d V with respect to the concentra-

ion and atomic density fields give the corresponding potentials 

i = 

δG 
δX i 

and μρ = 

δG 
δρ

. For a system at equilibrium, we solve for 

he coupled differential equations 

μi (ρ, X ) − �μi (ρ = 1 , X 

B ) = 0 (3) 

nd 

ρ (ρ, X ) = 0 · (4) 
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Table 1 

List of input parameters. All bulk related input values are taken from 

Thermo-Calc databas TCFE09. 1eV per atom is equal to 96.49 kJ mol −1 . 

ρGB 0.9 dimensionless 

κρ 2 . 0 × 10 −13 J m 

2 mol −1 

κMn 1 . 0 × 10 −16 

κCr 1 . 6 × 10 −17 

κCo 1 . 0 × 10 −16 

κNi 1 . 0 × 10 −16 

E B Fe −77 . 2 ( −0 . 8 ) kJ mol −1 (eV per atom) 

E B Mn −53 . 1 ( −0 . 55 ) 

E B Cr −74 . 3 ( −0 . 77 ) 

E B Co −79 . 12 ( −0 . 82 ) 

E B 
Ni 

−80 . 1 ( −0 . 83 ) 

s
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e
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o

or the Fe-base systems studied here, �μi = μi − μF e is the rela- 

ive diffusion potential for solute species i : 

μi ( ρ, X ) = G i ( ρ) − G Fe ( ρ) + ρ2 
∂�H 

B 
mix ( X ) 

∂X i 

− T 
∂�S B 

mix ( X ) 

∂X i 

− κX i ∇ 

2 X i (5) 

here X F e is eliminated by 
∑ N 

i X i = 1 . The diffusion potential for 

he density parameter is 

ρ (ρ, X ) = 

N ∑ 

i 

X i 

[
2 ρE B i + K 

B 
i + pV 

B 
i − T S B i 

]

−
N ∑ 

i 

X i κ
ρ
i 
∇ 

2 ρi + 2 ρ�H 

B 
mix (X ) · (6) 

To solve Eqs. (3) and (4) , a relaxation scheme is developed and 

mplemented in an OpenMP parallel C++ code. Here we take a fi- 

ite difference approach with dx = 0.1 Å and an adaptive time 

tepping, assuming infinitely large bulk phases, i.e. a constant con- 

entration boundary condition parallel to the GB-plane while other 

oundaries were periodic. 

We use the Thermo-Calc TCFE9 database to extract the bulk 

hermodynamic data. All calculations were done for T = 723 K 

450 ◦C). In order to obtain the potential energies E B 
i 

with refer- 

nce to the bulk materials, we made a linear approximation based 

n the cohesive energy such that the cohesive energy difference 

etween the bulk and a GB with atomic density ρ reads 

 

coh 
i (ρ = 1) − E coh 

i (ρ) = E B i (1 − ρ) · (7) 

or a given interatomic potential, the cohesive energy can be cal- 

ulated as a function of the interatomic distance r. The inter- 

tomic distance can be further related to the atomic density ρ by 

= 

r 3 
0 

r 3 
where r 0 is the value for the bulk phase. Three interatomic 

otentials which give E coh 
F e 

close to the experimental value were 

sed [42] . Here r 0 = 2 . 5 Å that corresponds to the lattice constant

f a 0 = 2 . 88 Å for BCC-Fe at 723 K. We fit the E coh 
F e 

(ρ) − E coh 
F e 

(ρ = 1)

s a function of 1 − ρ (See Fig. S7 for more details.), the slope 

f which gives the potential energy, used in Eqs. (7) and (1) . E B F e 
s determined to be −0 . 8 eV per atom. For other elements, E B 

i 
is

caled with the value of Fe by the cohesive energy ratio, i.e. E B 
i 

=
E coh 

i 

E coh 
Fe 

E B F e , where the cohesive energy values are taken from [43] . 

or a given GB, the κρ
F e 

is then set according to the GB energy 

= 

π
4 V m 

√ 

−2 E B 
F e 

κρ
F e 

(1 − ρGB ) 2 [37,38] . For ρGB = 0 . 9 and GB en- 

rgy γ ∼ 0.2 J m 

−2 , κρ
F e 

= 2 . 0 × 10 −13 J m 

2 mol −1 is set. For the

ake of simplicity, the same value is used for other elements as 

ell. 

The concentration gradient energy coefficient κX i 
for each so- 

ute atom i is assessed based on its corresponding Fe-base binary 

ixture. As shown by Cahn and Hilliard [21] , this can be related to

he phase-separated interfacial energy 

I 
i = 

√ 

2 κX i 

∫ X high 
i 

X low 
i 

√ 

�G (X i ) dX i (8) 

here X low 

i 
and X 

high 
i 

are the limiting compositions on the misci- 

ility gap. �G (X i ) is the molar free energy difference between a 

omogeneous alloy and the phase-separated mixture given by the 

ommon-tangent construction. For simplicity, we assume that κX i 
oes not depend on the concentration. Discretized �G (X i ) values 

ith dX i = 1 × 10 −3 are retrieved from TCFE9 database and γ I 
i 

is 

et to be 0.01 J m 

−2 . For this interfacial energy, we obtain κCr = 

 . 6 × 10 −17 J m 

2 mol −1 and κMn = 1 . 0 × 10 −16 J m 

2 mol −1 . As the 

q. (8) only applies to systems with a miscibility gap. For the 
3 
ake of simplicity, here we use the same gradient energy coeffi- 

ient value as for Mn for Co and Ni in Fe-Co and Fe-Ni alloy sys-

ems that do not have a miscibility gap. The gradient energy co- 

fficients can be also calculated from experiments [44] , atomistic 

imulations [45,46] or coarse-grained bond models [47,48] . The pa- 

ameters used in this work are summarized in Table 1 . 

.3. Calculation of miscibility gaps 

We use a robust convex hull algorithm with a public package 

hull wrapped by Python [49] to calculate the phase diagrams. The 

ethod is similar to those in [50,51] . For a ternary system, first 

e discretize the composition space into small equilateral trian- 

les and make an approximation of the free energy function, which 

an be achieved using available bulk thermodynamic databases. 

e construct the convex hull of the discretized free energy func- 

ion and then project it back onto the composition space. Three 

ifferent types of the projected triangles appear: triangles with 

hree short sides, triangles with two elongated sides, and trian- 

les with three elongated sides can be identified. As explained by 

olff et al. [51] , the three different types of triangles correspond to 

 single phase regions, two-phase regions, and three-phase regions, 

espectively. For two-phase regions, the two long sides of the pro- 

ected triangle are approximations for the tie-lines. In practice, we 

roject the elongated triangles into straight lines by reducing the 

hortest sides into a point. An example map of such triangles and 

he resulting miscibility gaps are shown in Figure S8 and S9, re- 

pectively. The application of the multicomponent density-based 

odel to several Fe-base ternary systems are presented and dis- 

ussed in the following. 

. Results 

.1. GB phase diagram construction: Fe-Mn-Cr system 

A GB only exists together with its abutting bulk phase. For an 

nfinitely large bulk phase, the equilibrium state of the GB is then 

etermined through its equilibrium with the bulk phase. This is 

ulfilled by the equal diffusion potential condition �μGB 
i 

= �μB 
i 
, 

.e. the parallel tangent construction, with �μi = μi − μ0 where 

0 is the potential of the solvent element, here Fe. Similarly, we 

olve for the equilibrium condition with respect to the atomic den- 

ity ρ, μρ = 0 for a GB in contact with an infinitely large bulk 

hase. In this study, we assume a general high-angle GB so that 

he elastic interactions due to the dislocations can be neglected 

nd a uniform average atomic density can be considered within the 

B-plane. An average representative GB density ρGB = 0 . 9 is used. 

his value, however, can be determined from atomistic simulations 

or any given GB. We study this GB in five ternary Fe-Mn- and 

e-Cr-base systems at a T = 723 . 15 K (450 ◦C). Unless mentioned

therwise, only the ferritic phase will be discussed in this study. 
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Fig. 1. 1-D Equilibrium profiles across GB region. Equilibrium (a) solute concentra- 

tions and (b) density profiles are shown for a GB with ρGB = 0 . 9 (at the GB-plane) 

in Fe-5Mn-3Cr (at.%) alloy at 450 ◦C. Mn and Cr co-segregate to the GB. The density 

parameter is dimensionless and normalized with the bulk density. 

T

T

s

p

G

i

c

G

t

t

(

b  

4

F

p

E

G

w

G

a

G

T

i

w

s

a

g

d

c

p

T

i

m

c

t  

T

b

T

p

Fig. 2. Building GB phase diagram for Fe-Mn-Cr. (a) The miscibility gaps are com- 

puted for bulk ( ρ = 1 ) and GB ( ρ = 0 . 9 ). The orange dash lines are the tielines 

for the GB two-phase region. (b) The solute concentration profile across the GB, 

( X Mn (x ) , X Cr (x ) ) for three alloy compositions are mapped on the composition space. 

The lower-left point is the bulk composition, inside the single-phase region, while 

the upper-right point is the GB composition. Depending on the relative position of 

GB composition with respect to the GB miscibility gap, three different classes are 

identified and highlighted in different colors as left (dark-green), inside (orange) 

and right (dark-blue) to the GB spinodal region. (c) Using above scheme, the full 

GB phase diagram can be built by screening all compositions inside the bulk single- 

phase region. The legends left/GB spinodal/right refer to the position of GB compo- 

sition with respect to GB two-phase region in composition space. 
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he bulk thermodynamic data are retrieved from the Thermo-Calc 

CFE9 database via the TQ-interface. For more details see Methods 

ection. 

Here we first study the Fe-Mn-Cr system as our main exam- 

le. Fig. 1 depicts exemplar 1-D equilibrium profiles through the 

B in a bulk Fe-5Mn-3Cr (at.%) alloy. More examples are presented 

n the Supplementary Information, Fig. S1. Under the equilibrium 

ondition, the model reveals that both Mn and Cr segregate to the 

B. The atomic density profile slightly extends upon the segrega- 

ion which reflects coupled compositional/structural evolution in 

he GB region (later discussed in the following for Fig. 4 (c) and 

d)). As the GB-plane at x = 0 is approached, the concentrations of 

oth Mn and Cr increase up to ∼25 and ∼12 at.%, i.e. ∼ 5 × and

 × their corresponding values in the abutting bulk, respectively, 

ig. 1 (a). The composition at the GB-plane is taken as the ‘GB com- 

osition’. 

We can divide the density-based Gibbs free energy density, 

q. (2) , into the local and nonlocal energy contributions: 

 (ρ, X ) = G 

local + G 

nonlocal (9) 

ith 

 

local = 

N ∑ 

i 

X i 

[
ρ2 E B i + ρ(K 

B 
i + pV 

B 
i − T S B i ) 

]

+ ρ2 �H 

B 
mix (X ) − T �S B mix (X ) (10) 

nd 

 

nonlocal = 

N ∑ 

i 

X i 

κρ
i 

2 

(∇ρi ) 
2 + 

N−1 ∑ 

i 

κX i 

2 

(∇X i ) 
2 · (11) 

he local part of the free energy density G 

local allows an approx- 

mation of a homogeneous solid solution with a given density ρ, 

hile the nonlocal free energy density G 

nonlocal accounts for the 

tructural and chemical inhomogeneities across a GB. 

We worked out a two-step strategy for computing GB phase di- 

gram. In the first step, we use G 

local and obtain the two-phase re- 

ion for a hypothetically (standalone) homogeneous GB of a given 

ensity ρ —to construct the Gibbs free energy of such hypotheti- 

al GB is extremely useful in understanding the GB thermodynamic 

roperties, especially its solubility and phase separation behavior. 

he bulk Fe-Mn-Cr alloy system has a large miscibility gap that 

s reflected as a large two-phase region in its phase diagram. The 

iscibility gap and tie-lines are obtained based on the convex hull 

onstruction as detailed in the Methods section. The isotherm sec- 

ions of the bulk and GB, ρ = 1 and ρ = 0 . 9 , are shown in Fig. 2 (a).

he region surrounded by gray lines is the two-phase region of the 

ulk and the black lines define the two-phase region for the GB. 

he tie-lines are plotted for the GB two-phase region and the inset 

anel shows the tie-lines in the bulk phase diagram. 
4 
The shape and size of the two-phase region change with the 

tomic density, showing interesting features. On the Fe-Cr side (the 

-axis in Fig. 2 (a)), as the atomic density decreases, i.e. for the GB, 

he two-phase region shrinks on both ends and thus the solubility 

imits of both Fe and Cr in the GB increases relative to the bulk. 

owever, on the Fe-Mn side this is different; The two-phase region 

s smaller for the GB, but it also shifts to the Fe-rich side. This shift

n the two-phase region (miscibility gap) leads to a lower solubility 

imit of Mn in the GB phase than that in the corresponding bulk. 

n the Mn-Cr side (not shown here) a new miscibility gap appears 

y decreasing the atomic density. 

In the second step of our two-step strategy for computing GB 

hase diagram, the full GB phase diagram can be generated by 

dding the information on the coexistence of the GB and bulk 

hases at equilibrium. Here the equilibrium profiles, as exemplified 

n Figs. 1 and S1, are required for which we need to consider both 

ocal ( G 

local ) and nonlocal ( G 

nonlocal ) energy contributions. The pro- 

edure is as follows: For any composition in the single-phase re- 

ion of the bulk phase diagram (the lower left corner in Fig. 2 (a)),

e run a 1-D simulation to obtain the equilibrium profiles. Then 

he solute segregation profiles across the GB are mapped in the 

omposition space, superposed with the miscibility gaps of the 

ulk and GB phases. Depending on the position of the GB com- 

osition, we can index the corresponding bulk compositions for 

ifferent GB states. This idea is illustrated in Fig. 2 (b): For three 

ulk compositions Fe-1Mn-3Cr, Fe-3Mn-3Cr and Fe-5Mn-3Cr (at.%) 
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nside the bulk single-phase region, equilibrium concentration pro- 

les are plotted in the composition space, three colored lines in 

ig. 2 (b). On each line, the lower-left end is the bulk compositions 

hile the upper-right end is the composition at GB center plane, 

s labeled as X 

GB in Fig. 2 (b). Here the GB compositions ( X 

GB ) lie in

hree different phase regions, namely, in the left side (for the Fe- 

Mn-3Cr alloy), inside (for the Fe-3Mn-3Cr alloy) and in the right 

ide (for the Fe-5Mn-3Cr alloy) of the GB two-phase region, as la- 

eled in Fig. 2 (c). 

By screening the bulk compositions inside the single-phase re- 

ion (with 0.2 at.% spacing), a full GB phase diagram can be con- 

tructed. The GB phase diagram for Fe-Mn-Cr system is shown 

n Figure 2 (c). The dark-green area in the left corner indicates 

 single-phase bulk which will be in equilibrium with a low- 

egregation single-phase GB. For bulk compositions in the orange 

rea (middle), the GB composition is stabilized into its correspond- 

ng two-phase region. This is a result of through-thickness gradient 

nergy terms, as discussed in the following for Fig. 4 . By decreasing 

X i 
s, the orange area shrinks, see Fig. S2 in the Supplementary In- 

ormation. For higher bulk compositions (the dark-blue area), the 

ingle-phase bulk will be in equilibrium with a single-phase but 

igh-segregation GB. Here a critical line is the interface between 

he orange and dark-blue areas which marks the low to high seg- 

egation transition accompanied with the interfacial spinodal de- 

omposition, see Fig. 4 and Fig. S3 in the Supplementary Informa- 

ion. 

.2. GB phase diagrams for Fe-Mn-Ni, Fe-Mn-Co, Fe-Cr-Ni and 

e-Cr-Co alloy systems 

We further compute the GB phase diagrams for the Fe-Mn-Ni, 

e-Mn-Co, Fe-Cr-Ni and Fe-Cr-Co systems. The results are summa- 

ized in Fig. 3 . All these ternary systems show miscibility gaps in 

heir bulk phase diagrams which are found to be extended for GBs 

s well. Different features of GB miscibility gaps are spotted in dif- 

erent systems. Unlike the Fe-Mn-Cr, the bulk miscibility gaps in 

hese systems only exist either on the Fe-Mn or Fe-Cr side. One 

eneral observation is that the GB two-phase region in the Fe-Mn- 

ase systems shrink and shift to the Fe-rich corner, while it rather 

hrinks on all three sides in the Fe-Cr-base systems. These mean 

hat the solubility limits in Fe-Mn-base GBs are reduced on the 

e-rich corner, while the solubility limits for all binary pairs in the 

e-Cr-base GBs are increased, relative to their corresponding bulk 

olid solutions. For the single-phase bulks in the Fe-Mn-base sys- 

ems, the GB can easily undergo the low to high segregation tran- 

ition. This is indicated by the large dark-blue regions in the GB 

hase diagrams, Fig. 3 (a) and (b). In contrast, the dark-blue areas 

ends to vanish for the Fe-Cr-base systems ( Fig. 3 (c) and (d)) indi-

ating a small or no compositional window to complete a GB seg- 

egation transition in the presence of a single-phase bulk material. 

. Discussion 

Traditionally, atomistic simulations were found to be useful in 

tudying individual GB structures. Today, these are augmenting 

ith the help of computational advancements that enable screen- 

ng a larger range of descriptors for GBs [52,53] . A remaining chal- 

enge, however, that impedes development of GB phase diagrams 

s to describe GBs of various chemistry and crystallography in a 

eneral thermodynamic framework. Mesoscale models were some- 

hat successful in this direction providing means to predict a 

pectrum of interfacial phenomena [15,23,34,54] . In the density- 

ase concept, a mean-field philosophy is adopted into a mesoscale 

hase-field framework [37] . Here we benefit from the strengths of 

oth mean-field and phase-field approaches: the mean-field pa- 

ameter, ρ, enables an approximation picture of the GB as a lesser 
5 
ense bulk-like homogeneous material, while its spatial variations 

gradients) account for GB’s through-thickness structural inhomo- 

eneity. This is then cast into the conventional CALPHAD thermo- 

ynamic model for multi-component mixtures, Eq. (2) , further 

quipped with by concentration gradient energies. 

One of the advantages of this model is that it allows us to as- 

ess GB phase diagrams based on available bulk thermodynamic 

ata. It is obvious that one cannot reconstruct all the information 

ith regard to the crystallographic aspects of GB phenomena based 

n the atomic density parameter. The combination of the GB den- 

ity and the gradient energy coefficients, however, gives enough 

ontrol over the GB energy and segregation behavior, which man- 

fests itself in the equilibrium concentration/density profiles and 

egregation isotherms, as demonstrated recently [38] . 

.1. Origins of GB solubility limits 

Despite its simple nature, the results from the density-based GB 

hase diagrams turn to be nontrivial. This is directly reflected in 

oth the shape and position of the two-phase region in the GB 

hase diagram. A common feature in all ternary systems studied 

ere is that the miscibility gap, which is the result of competitive 

ixing enthalpy and entropy terms, tend to shrink for the GBs, i.e. 

hen ρ < 1 . This effect is due to the reduced coordination number 

nd weakened atomic bonds in the lesser dense GB, which reduce 

he GB mixing enthalpy by (1 − ρ2 )�H 

B 
mix 

. For a lower GB den- 

ity, a larger deviation from the bulk mixture behavior is expected. 

n addition to this shrink, the two-phase region in the GB phase 

iagram can also shift in the composition space. This is promi- 

ent in the Fe-Mn-base systems (Fe-Mn-Cr, Fe-Mn-Ni and Fe-Mn- 

o) for which the GB two-phase regions shift to the Fe-rich corner, 

igs. 2 (c), 3 (a) and (b). For the GB, this means a lower solubility

imit, which can be an amplifying factor in activating interfacial 

hase decomposition. In contrast, the GBs in Fe-Cr-base alloys (Fe- 

r-Ni and Fe-Mn-Co) show higher solubility limits than the bulk, 

igs. 3 (c) and (d). This means that in these system the GB capac- 

ty to accommodate solute atoms is higher than bulk and thus an 

nterfacial chemical decomposition can only occur for segregation 

evels exceeding the single-phase bulk compositions. 

The shrink and shift of the interfacial miscibility gaps in the Fe- 

n-base systems are mainly due to the magnetic ordering effect in 

he Fe-Mn side [55,56] . With no or little contribution from mag- 

etic ordering, the bulk would have regular, more symmetric mix- 

ng enthalpy (and two-phase region) over the composition space. 

his will be then inherited by the GB, taking a similar symmetric 

iscibility gap, only with different dimensions. The Fe-Cr-Ni and 

e-Cr-Co systems here show this trend, where the GB two-phase 

egion shrinks rather uniformly inside the bulk two-phase region. 

n the presence of the magnetic ordering, however, the symmetry 

f the mixing curves and two-phase region in the phase diagram 

reaks [57] . These are shown for Fe-Mn solid solution in Figs. S4 

nd S5 in the Supplementary Information. As a result, the GB two- 

hase regions for the Fe-Mn-Cr, Fe-Mn-Ni and Fe-Mn-Co systems 

hrink and shift in an asymmetric manner, Fig. 2 (c) and Fig. 3 (a)

nd (b). 

These observations predict that a system with asymmetric mix- 

ng enthalpy and thus asymmetric miscibility gap could be po- 

entially prone to an interfacial spinodal decomposition. An in- 

tance of interfacial phase decomposition is experimentally evi- 

enced when studying binary Fe-Mn alloys with 3 to 9 %Mn con- 

ent [8,38] . Based on the asymmetry argument, the binary Co-Mn 

an be proposed for potential interfacial phase decomposition. The 

inary Fe-Mn, Fe-Cr and Co-Mn bulk phase diagrams are compared 

n the Supplementary Information, Fig. S5. As the asymmetry effect 

omes from the magnetic ordering, it can open an avenue for con- 

rolling GB segregation engineering by applying an external mag- 



L. Wang and R. Darvishi Kamachali Acta Materialia 207 (2021) 116668 

Fig. 3. GB phase diagrams for Fe-Mn- and Fe-Cr-base alloys. For a GB with ρGB = 0 . 9 at 450 ◦C the GB phase diagram for (a) Fe-Mn-Co, (b) Fe-Mn-Ni, (c) Fe-Cr-Co and 

(d) Fe-Cr-Ni systems are obtained. The gray and black lines show the bulk and GB two-phase regions, respectively. The left/GB spinodal/right refer to the position of GB 

composition with respect to GB two-phase region in composition space. For the Fe-Mn-base systems the GB miscibility gaps shift to the left, lowering the GB solubility 

limits. In contrast, the GB solubility limits in the Fe-Cr-base systems increase. 
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etic field. These observations can be considered along recent dis- 

ussions around the role of external magnetic fields on the evo- 

ution of defect structures [58] . It is worth noting that here the 

lastic interactions between GB and solute atoms are not consid- 

red. Such elastic interactions, that can be important in studying 

nterstitial solute atoms and/or low-angle GBs, are left for a future 

tudy. 

Apart from the mixing enthalpy, the bonding energies of the 

ure elements can have a profound effect on the coexistence of 

he GB and bulk phases. The energy difference between the (pure) 

olvent and solute regulates the constant value G i (ρ) − G F e (ρ) in 

he chemical potential, Eq. (5) , which directly affects equilibrium 

ompositions of the coexisting GB and bulk phases. Figure S6 in 

he Supplementary Information compares the bulk and GB chemi- 

al potential curves for Mn and Cr in the Fe-Mn-Cr system. In the 

resence of an interfacial phase separation, the corresponding dif- 

erence between the bulk and GB chemical potential curves, i.e. , 

he vertical shift as much as G i (ρ) + G 

B 
F e 

− G F e (ρ) − G 

B 
i 
, increases

he possibility for have single-phase bulk alloys in equilibrium 

ith two-phase GBs. In a pure substance, the energy variation 

cross the GB builds into the GB energy, γi = 

∫ 
(G i (ρ) − G 

B 
i 
) d V,

nd the ideal segregation isotherm discussed by Langmuir-McLean 

13] . The main contribution to the ideal segregation energy comes 

rom the term (1 − ρ2 )�E B 
i 
, that is, the difference in the solute 

nd solvent potential energies. 

It has been shown that the GB energies of BCC metals often 

cales with their cohesive energy ratio [59] . The cohesive ener- 

ies of Fe, Mn and Cr are 4.28, 2.92 and 4.10 eV/atom, respec- 

s

6 
ively [43] . The cohesive energy difference between the Fe and Mn 

1.36 eV/atom) is therefore much greater than that between the 

e and Cr (0.18 eV/atom). This means that a given GB structure is 

ikely to have much less GB energy when, instead of the Fe atoms, 

t could be ‘made of’ Mn atoms, γMn << γF e . The difference be- 

ween γCr and γF e , however, can be rather small, resulting in lower 

riving forces for segregation. The small cohesive energy of Mn to- 

ether with its increasingly limited solubility in GBs (due to the 

agnetic ordering effect) make the Fe-Mn-Cr, Fe-Mn-Ni and Fe- 

n-Co alloy systems exceptionally susceptible to solute segrega- 

ion and interfacial phase decomposition. Accordingly, a supervised 

creening of the relative cohesive energies and mixing enthalpies 

f mixtures can guide a search for similar systems. 

.2. GB spinodal and effects of gradient energies 

Segregation–assisted GB phase decomposition is considered as 

 means for tailoring the properties of a microstructure by boost- 

ng and/or controlling the potential intergranular phase transfor- 

ations. Fig. 4 (a) and (b) show examples of Mn and Cr segre- 

ation isotherms in the Fe-Mn-Cr systems with the other species 

n the bulk being fixed at 3 at.%, respectively. The jumps in the 

sotherms indicate the segregation–assisted interfacial phase sepa- 

ation at the GB. This is accompanied with a change in the atomic 

ensity variation that is due to the coupled evolution of the atomic 

ensity and concentration fields. The corresponding atomic density 

ariations in the GB region are shown in Fig. 4 (c) and (d). Our re-

ults show that the jumps in the segregation isotherms correspond 
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Fig. 4. GB segregation isotherms and segregation-related density variations in Fe- 

Mn-Cr alloys. (a)(c)(e), the left column, summarize the the results when the bulk 

composition of Mn is varied while Cr is fixed at 3.0 at.%. (b)(d)(f), the right column, 

correspond to the case where Cr is varied while Mn is fixed at 3.0 at.%. (a), GB 

segregation isotherm of Mn. (b), GB segregation isotherm of Cr. (c), maximal density 

variation (relative to the density profile with no segregation) in GB regions as a 

function of bulk composition of Mn. (d), maximal density variation in GB regions as 

a function of bulk composition of Cr. (e), the composition of Cr at GBs as a function 

of the bulk composition of Mn. (f), the composition of Mn at GBs as a function 

of the bulk composition of Cr. The background colors correspond to three colored 

regions in the phase diagram, Fig. 2(c). 
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Fig. 5. Ni Segregation in Fe-Cr-Ni alloys. (a) Ni segregation map and (b) typical seg- 

regation profiles showing Ni enrichment, marked by ∇ and depletion, marked by o . 

For high-Cr Fe-Cr-Ni bulk, Ni depletes from GB region. 
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o the interface between the orange and dark-blue areas in the 

B phase diagram, Figs. 2 (c), at which the GB decomposes spin- 

dally while the bulk remains a single-phase solid solution. We 

lso found that the stretch in the segregation isotherm over the 

ump composition originates in the gradient energy contributions 

o the chemical potential, 
∑ 

κX i 
∇ 

2 X i , which resist compositional 

iscontinuity through the GB region. 

To test this idea, we studied the Fe-Mn-Cr system with several 

ombinations of κX Mn 
and κX Cr 

values. Figure S2 in the Supplemen- 

ary Information shows that as the concentration gradient energy 

oefficients decrease, the orange intermediate area in the GB phase 

iagram sharpens and shifts to the left. The corresponding segre- 

ation isotherms are presented in Fig. S3. When the concentration 

radient energy coefficient increases, the level of GB segregation 

ecreases, reducing gradient energies by lowering concentration 

radients across the GB. At the same time, a higher gradient energy 

oefficient shifts the GB solubility to higher values. This is because 

f the gradient energies producible by an interfacial phase decom- 

osition that can be prevented by stabilizing the single-phase GB 
7 
o a higher concentration level, i.e. higher GB solubility. These find- 

ngs confirm Cahn’s original discovery of the conditional extended 

tability of a wetting layer [24] and further emphasize the signifi- 

ance of nonlocal gradient energy terms and their role in control- 

ing interfacial segregation and solubility. 

For bulk alloy compositions laying in the dark-blue area of 

he GB phase diagram, an unsegregated GB can undergo a tran- 

ient segregation–assisted phase separation (for a finite period of 

ime) [38] . During this process, the GB enriches to the unsta- 

le two-phase region and spontaneously decompose into low- and 

igh-segregation islands. The segregation then proceeds until the 

quilibrium GB segregation is achieved. Using Eq. (2) , the tempo- 

al aspects of the transient spinodal phenomenon can be assessed 

ow in multi-component systems that gives insights for designing 

ptimal heat treatments. The dynamics of segregation and interfa- 

ial phase decomposition in multi-component alloy systems there- 

ore desires further studies left for a future work. 

.3. Co-segregation in ternary alloys 

Guttmann noted that depending on the nature of solute-solute 

nteractions, a range of GB co-segregation behavior can be ex- 

ected in multi-component alloy systems [60] ; an attractive 

hemical interaction results in enhanced co-segregation whereas 

 repulsive interaction may suppress co-segregation or cause de- 

egregation of one (or more) solute species. Such co-segregation 

ehavior can extend beyond the GBs as well, e.g. for staking 

aults [61] . The co-segregation isotherms for Cr and Mn in the Fe- 

n-3Cr and Fe-3Mn-Cr systems are shown in Fig. 4 (e) and (d), re- 

pectively. These results show that the Mn and Cr drag each other 

nto the GB region, even showing co-segregation jumps. The effects 

f Mn and Cr on each other appear to be asymmetric —the Mn 

ontent in the bulk influences Cr segregation much stronger than 

ice versa. Another instance of enhanced co-segregation is Ni seg- 

egation in Fe-Mn-3Ni systems which rises higher when the Mn 

ontent in the bulk increases. The results are shown in the Sup- 

lementary Information, Fig. S1. In contrast, higher amounts of Mn 

nd Cr in the Fe-Mn-3Co and Fe-Cr-3Co amplify the depletion (de- 

egregation) of Co at the GB. An interesting co-segregation behav- 

or was found in the Fe-Cr-Ni system: While Cr is always enriched 

t the GB, Ni atoms can show both depletion and enrichment de- 

ending on the Cr content in the alloys. Alloy compositions with 

i-depleted and Ni-enriched GBs are mapped on the GB phase di- 

gram, Fig. 5 (a). Examples of equilibrium Ni concentration pro- 

le are shown in Fig. 5 (b). Experimental evidences of GB segrega- 

ion in 304SS stainless steel shows that in the presence of Cr, GBs 

an be depleted from Ni [62] . The repulsive segregation of Ni and 

r atoms is also observed in high-entropy alloys [41] , suggesting 
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he segregation competition between Cr and Ni beyond the body- 

entered cubic structure as well. 

. Summary 

In this study, we devise a density-based approach for comput- 

ng ternary GB phase diagrams based on available bulk thermo- 

ynamic data. Using the GB phase diagrams, a range of interfa- 

ial phenomena in Fe-Mn- and Fe-Cr-base alloy systems were pre- 

icted. For Fe-Mn-Cr, Fe-Mn-Ni and Fe-Mn-Co systems, we found 

hat, despite the GB segregation enrichment, GB can attain a lower 

olubility limit than that of the corresponding bulk phase while 

he opposite case is observed in the Fe-Cr-Ni and Fe-Cr-Co sys- 

ems ( Figs. 2 and 3 ). We show that (i) the magnetic ordering effect,

ausing an asymmetric shift in the GB miscibility gap, and (ii) the 

ow cohesive energy of Mn compared to Fe, resulting in a vertical 

hift in its chemical potential surface, govern the extended interfa- 

ial phase decomposition and limited interfacial solubility revealed 

n the Fe-Mn-base systems. We also found that higher gradient 

nergy contributions increase GB’s solubility limit, in accord with 

ahn’s prediction [24] , but suppresses GB’s segregation level stabi- 

izing it against interfacial chemical decomposition. The GB phase 

iagrams here provide a perspective on how to screen for potential 

ystems prone to segregation and consequent interfacial spinodal. 

n this study, we focused on the general high-angle GBs and sub- 

titutional solid solutions. Further consideration of elastic interac- 

ions is required to enable studying low-angle GBs and interstitial 

olute atoms. Despite its limitations, density-based GB phase di- 

gram offers a simple, pragmatic framework for understating GB 

hase equilibria which is crucial to facilitate defects engineering in 

eterogeneous microstructures. A further development of GB phase 

iagram to more complex alloys is viable, for instance, by coupling 

he density-based thermodynamic concept with the tensor com- 

letion techniques [63] . 
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