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a b s t r a c t 

The nanostructure of an Fe0.65Cr0.35 alloy has been investigated by atom probe tomography after high- 

precision thermal treatments close to the upper limit of the miscibility gap (MG). It is found that the 

wavelength of the decomposed ferrite between Cr- and Fe-rich regions grows exponentially when ap- 

proaching the upper limit of the MG. Furthermore, the nanostructure change is gradual with tempera- 

ture indicating a narrow metastable region and a diffuse transition out of the spinodal regime. Atomistic 

modelling near the limit of instability further supports the experimental observations. The findings are 

discussed in relation to the Cahn-Hilliard theory. 

© 2020 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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Stainless steels are versatile alloys used in, for example, energy

industry [1 , 2] . Their attractive properties include a combination

of high strength and excellent resistance towards corrosion. FeCr

is the base alloy system for stainless steels, where Cr contributes

to the “stainlessness”. However, demixing of Fe and Cr is known

to cause significant degradation of the toughness [3–5] . This is a

potential issue for all FeCr based alloys that contain either the BCC

or the BCT phase. Hence, phase separation when α decompose

into α (Fe-rich) + α′ (Cr-rich) is important to consider in technical

applications [6–9] . The mechanism through which phase sepa-

ration occurs is, at an early kinetic stage, either nucleation and

growth (NG) or spinodal decomposition (SD). Whereas the later

stage of kinetics in both cases can be described by coarsening

theory [10] . The limit of the unstable spinodal regime is often

defined by the concentration ( C ) dependant Gibbs energy ( G ) locus

at: ∂ 2 G/∂ C 2 = 0 . However, it is known from experiments that a

gradual transition zone may better describe the spinodal limit

[11 , 12] . This aspect has also been treated theoretically [13 , 14] . The

Cahn-Hilliard (CH) equation is frequently used to model SD in

FeCr by the temporal evolution of Cr compositional fluctuations

[3 , 15–17] . In the FeCr case, the CH equation can be described

by G and a gradient energy term ( K ), i.e. neglecting the α/ α′ 
coherency strain. The maximum amplification factor in the CH
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heory relates to the maximum velocity wavelength ( λm 

) of the

eveloping structure. λm 

can be related to the critical wavelength

 λc ) by λm 

= 

√ 

2 λc , where the critical wavelength is given by

c = 

√ 

2 K/ ( −∂ 2 G/∂ C 2 ) [18] . In the early stages of phase separa-

ion before α/ α′ equilibrium volume fraction has been established
′ coarsening is here neglected. It is also assumed in this work that

he measured mean wavelength, λ, in the early stages has been

eveloped at maximum velocity (i.e. λm 

). When the spinodal limit

s approached, the wavelength λc is predicted to go towards in-

nity because ∂ 2 G / ∂C 2 → 0 [19] . Therefore, λc of SD varies across

he MG depending on ∂ 2 G / ∂C 2 [11] . However, it is cumbersome

o accurately model SD and its periodic length-scale in the FeCr

ystem using CH, in part due to the complexity of the concentra-

ion dependant gradient energy term K [20 , 21] and the effect of

he initial nanostructure on the kinetics of SD [22 , 23] . To further

xplore the varying nanostructure at different tem peratures within

he MG we here study the nanostructural changes as the critical

pper temperature limit ( T c ) of the MG is approached in an

e 0.65 Cr 0.35 alloy. The experiments are conducted by highly precise

hermal treatments and atom probe tomography (APT) analyses.

o supplement the experimental observations Khachaturyan’s

tomic density function theory is used [24] . Based on this theory,

he temporal evolution of the system is modelled through min-

misation of the free energy given by the difference in chemical

otential without explicitly stating K in the energy function. 

The Fe 0.65 Cr 0.35 alloy was supplied by the company OCAS N.V.

ith the realised composition Fe–34.61Cr–0.04Al–0.0016C in at %.
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Table 1 

The �HV (i.e. HV change after ageing relative to the solution treated state), varia- 

tion V, and wavelength λ (from APT) all after 120 hrs of ageing. 

Temperature �HV V λ[nm] 

as-quenched 0.0 ± 3.5 0.02 –

550 °C 147.9 ± 12.1 1.05 10.8 

560 °C 138.8 ± 19.9 1.00 11.0 

563 °C 39.3 ± 12.4 0.49 13.2 

565 °C 56.8 ± 6.9 – –

567 °C 29.3 ± 4.0 – –

568 °C 35.4 ± 7.5 0.43 20.4 

569 °C −1.3 ± 7.5 – –

570 °C −22.8 ± 8.2 0.19 –

580 °C −16.8 ± 9.0 – –

T  

c  

q  

t  

i  

l  

C  

2  

o  

T  

h  

t  

t  

i  

M  

b  

m  

f  

(  

~  

e  

c  

t  

w  

a

 

o  

c  

p  

t  

d  

5  

i  

1

 

d  

w  

r  

V  

w  

m  

h  

w  

c  

t

 

e  

l  

t  

d  

b  

s  

o  

c  

t  

c  

a  

a  

s  

s  

q  

V  

n  

a  

t  

a  

s  

w  

T  

a  

s

 

w  

L  

I  

s  

a  

p  

r  

v  

ρ  

a  

c  

o  

a  

a  

m  

H

T  

t  

a  

B  

fi  

t  

l  

p  

c  

[  

m  

i  

t  

F  

e

 

c  

fi  

f  

ρ  

t  

n  

(  

ρ  

t

e  
he following solution treatment of 0.3 ×10 ×15 mm sheets was

onducted: 2 h at 1100 °C before water quenching and subse-

uent thermal ageing in a JOFRA 601 calibration furnace, with a

emperature accuracy of ±0.9 °C. APT needles were prepared us-

ng the classical two-step electro-polishing method using a micro-

oop [25] . A local electrode APT system LEAP 40 0 0HR from CAME-

A® was used, with the operating parameters: 50 K, pulse fraction

0% and detection rate 0.2%. The reconstruction parameters were

ptimised in IVAS 3.6.8 using spatial distribution maps [26 , 27] .

he LEAP system allows for a large field-of-view which means a

igher probability of detecting crystallographic features such as

he < 011 > -Fe pole with low impact density [28] . Using such crys-

allographic features the interatomic plane distance was corrected

n accordance with the reconstruction procedure as suggested by

oody et al. [26] . Quantification of the mean wavelength was

ased on autocorrelation function along the analysis axis for opti-

al resolution. The autocorrelation analysis in this work allowed

or a maximum λ of 120 nm. Statistical frequency distribution

Freq. Dist.) analyses were performed in representative volumes of

1million ions excluding the low index pole regions, as in Moody

t al. [29] . In this work, the Freq.Dist. bin volume was 50 ions

ollected at a detection efficiency of 36%. In addition, the varia-

ion parameter (V) defined by Blavette et al. [30] utilising Freq.Dist.

as used to quantify the extent of demixing based on relative Cr

mplitudes. 

The results from Vickers micro-hardness (HV 0.2 ) measurements

f these samples are presented in Table 1 . 15 measurements were

onducted in accordance with the ISO 6507-1 standard. The re-

orted value is the mean out of 11 measurements after excluding

he four extreme values, the uncertainty is given by the standard

eviation. The samples were aged 120 h at temperatures from

50 °C and higher. The 120 h was selected after prior kinetic HV

nvestigation at 525 °C that showed a steady HV evolution after

20 h [31] . 

Table 1 shows larger �HV at lower temperatures, i.e. at greater

riving force by deeper undercooling from the limit of the MG

hich favour SD. It should be noted that �HV is known to be

elated to the amplitude of Cr fluctuations in the sample through

 [32] . In the range 563–568 °C, �HV is lower but fairly constant,

hile at higher temperatures �HV is negative. The negative values

ay be an effect of some recovery of the alloys. Based on these

ardness results, samples aged at 550, 560, 563, 568 and 570 °C
ere selected for further APT analyses. APT 2D Cr composition

ross sections obtained with the gpm3Dsoft software developed at

he University of Rouen, are displayed in Fig. 1 [33] . 

Considering the minor temperature difference (i.e. negligible

ffects on Cr diffusion), the evolution of nanostructure is most

ikely a thermodynamic effect of approaching the spinodal and/or

he limit of the MG. Since the driving force of α′ formation should

ecrease at higher temperature, this can be seen quantitatively

y the decrease of V. The Cr composition distribution maps are

hown in volumes of 10 ×30 ×90 nm, for direct visual comparison
f λ. Furthermore, the influence of temperature on nanostructure

an be observed in 3D by evaluating α/ α′ Cr composition fluctua-

ions based on proxigrams in the normal direction of the nominal

omposition iso -surface [34] . An interconnected SD structure

ssociated with Fe/Cr phase separation can easily be detected

t 560 °C, 563 °C and 568 °C. But there is no interconnected SD

tructure nor α′ precipitates at 570 °C. Nevertheless, there exist

mall Cr fluctuations around the nominal composition which are

uantitatively significant relative to the as-quenched state (i.e.

 = 0.19 versus V = 0.02 in Table 1 ). For the Fe 0.65 Cr 0.35 alloys

o distinction could be made between the metastable binodal

nd the unstable spinodal regimes within the MG. This supports

he view of a very narrow metastable region near T c (if it exists),

nd consequently the transition zone over T c appears “diffuse”. It

hould be emphasised that whether the spinodal curve coexists

ith the limits of the MG at Fe 0.65 Cr 0.35 is not concluded here.

he abrupt change in morphology is thus an effect of driving force

nd hence indicative of approaching the MG limit. The result is

hown in Fig. 3 and presented in Table 1 . 

To supplement the experimental results, atomistic modelling

as performed using a quasiparticle approach proposed by

avrskyi et al. [36] , which is based on Khachaturyan’s theory [24] .

n the quasiparticle approach, the size of the simulation grid is

maller than the interatomic distance. Thus, atoms will occupy

 spherical volume containing some number of simulation grid

oints. Hence, simulation grid points inside of atomic spheres are

egarded as atomic fragments and referred to as Fratons. The main

ariable of the simulation is the occupation probability function

A ( 
⇀ 

r ) which is the probability that a Fraton of the sort A, situated

t point r , is inside of any atomic sphere at moment t . The proper

hoice of a model Hamiltonian requires describing the interaction

f Fratons that should result in both their “condensation” into

tomic spheres and the movement of the spheres into the desired

tomic equilibrium configuration, all driven by the spontaneous

inimisation of the free energy. The model potential of this

amiltonian contains short-range and long-range interactions. 

he short-range interaction is chosen as a step function where

he negative part defines the atomic radius, and the positive part

ssures the repulsion of atomic spheres at short distance. For the

CC structure, the long-range AA and BB Fraton interactions are

tted by a one mode potential chosen as a Gaussian function with

he minima centred at the first neighbour distance of the BCC

attice. The width of the Gaussian functions defines the elastic

roperties of the system, and in this case, the BCC-Fe elastic

onstants were fitted to the DFT calculations by Mendelev et al.

35] . The Helmholtz energy of the system F = U -TS is written in

ean-field approximation, where the first term describes the

nternal energy of the system and the second term is related

o entropy. The temporal evolution of the density function of

ratons ρA ( 
⇀ 

r ) can be written using the kinetic Landau-Khalatnikov

quation [31] governed by the minimisation of Helmoltz energy: 

d ρA ( � r , t) 

dt 
= 

∑ 

r ′ 

B = m ∑ 

B =1 

L AB ( � r − �
 r ′ ) 

k B T 

δF 

δρB ( � r ′ , t) 

Where, m is the number of components, k B is the Boltzmann

onstant, T is temperature and L AB ( r ) is a matrix of kinetic coef-

cients related to the probabilities of elemental diffusional jumps

rom lattice site r to r ′ on a Bravais lattice during a time unit. The

A ( 
⇀ 

r ) is a conserved variable and in the case of a binary system

o describe the atomic configuration only one ρA ( 
⇀ 

r ) function is

eeded. In this work, we simulate the BCC-Fe equilibrium structure

i.e. ρ̄A ) and then introduce a second substitutional component

¯B . To describe phase separation kinetics, the long-range AB poten-

ial is chosen as a Gaussian function centred at k = 0 : V AB = −μ ·
xp ( −k 2 / 2 σ 2 ) . Here, a dimension coefficient μ defines the strength
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Fig. 1. APT results of the nanostructure at increasing temperatures close to the limit of the MG, 2D Cr composition maps from 10 ×30 ×90 nm, wavelengths from autocorre- 

lation. 1.) 560 °C, λ = 11 nm, 2.) 563 °C, λ = 12 nm, 3.) 568 °C, λ = 20 nm, 4.) 570 °C no λ can be evaluated. The suggested limit of the MG (i.e. T c ) lies in-between 3. and 4. 

indicated by the dotted red line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 2. Simulated microstructure at different temperatures in the A(blue) −35B(green) system using the quasiparticle approach at t ∗ = 2 ·10 6 . Temperatures: a) 565 °C, 

b) 567 °C, c) 568 °C, d) 572 °C. The parameters of these simulations are: volume 256 �x 3 , lattice parameter a 0 = 8 �x, ρ̄A = 0.1232, ρ̄B = 0.0017. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this article.) 
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of the interaction A / B . Thus, μ impacts the driving force of separa-

tion kinetics, and, consequently, the simulation time to observe the

wavelength λ. In this work, a good compromise between simula-

tion and real-time was found with μ= 0.08, SD has been modelled

by quasiparticles using the same reduced system variables as by

Lavrskyi et al. [36] . Spinodal decomposition is simulated as isother-

mal “ageing” below the spinodal line with an initially homoge-

neous but disordered solid solution. The driving force of phase sep-

aration, i.e. temperature is adjusted by the negative depth of the

long-range potential. Thus, zero driving force (i.e. ∂ 2 G/∂ C 2 = 0) is

set as equivalent to T c to serve as a reference point for the exper-

imental comparison [31 , 36] .The as-quenched state of the system is

determined by an initial condition: ρi ( r, t = 0 ) = ρ̄i + δρi (r) ( i = A

or B) where ρ̄i is the average density of the component i and δρ i ( r )

are small perturbations generated by a random number generator.

To perform the simulations a semi-implicit Fourier spectral method

was used to solve the kinetic equation in reciprocal space [37] .

Thus, the matrix of kinetic coefficients in reciprocal space can be

written as: L AB (k ) = −L 0 
AB 

k 2 where L 0 
AB 

is the jump probability be-

tween A and B Fratons at nearest-neighbour sites at a time unit. In

particular, we chose L 0 
AA 

= L 0 
BB 

= 1 and L 0 
BA 

= L 0 
AB 

= −0 . 5 . 

Fig. 2 shows the simulated microstructure of the A-35B alloy at

time t ∗= 2 ·10 6 , aged at different temperatures. In our simulations,

the critical temperature of instability was defined as the limit ob-

served in the experiments as T c . Hence, at temperatures T / T c < 1

the decomposed microstructure is observed. 

To evaluate the spinodal structure from modelling results at

different tem peratures, the structure factor S ( k ) was calculated

directly from the atomic distributions in reciprocal space. The

evolution of the calculated S ( k ) as a function of temperature is

presented in Fig. 3 b). In the simulations S ( k ) decrease rapidly ap-

proaching the limit of instability, as S ( k ) is calculated in reciprocal
pace, the inverse trend is true for λ in real space. Thus, this trend

grees well with our APT observations. 

Our experiments and simulations suggest a rapid increase of λ
s T c and the spinodal is approached. The decrease in the extent

f Cr compositional fluctuations given by V suggests that there

s no distinct difference in mechanism of phase separation and

hat the spinodal limit is close to the limit of the MG. However,

uantitatively at 570 °C, the Fe–35Cr sample is far from homoge-

eous. Short-range clustering due to the high Cr–Cr affinity has

reviously been seen to be temperature-dependant even at high

emperature in Fe–Cr [23] , with increasing intensity closer to the

imit of the MG [22] . 

The point to highlight from the APT analyses in Fig. 3 a) is

hat even though it is not possible to measure a characteristic

avelength at 570 °C, the decreasing trend of the V parameter con-

inues. However, the value V = 0.19 obtained at 570 °C is almost

0 times greater than in the solution treated state (see Table 1 ).

his might be a short-range clustering effect due to the proximity

o the MG. It is possible to observe an exponential increase of

in FeCr when the driving force goes towards zero, this rapid

volution of the structure is in agreement with CH, but it should

e kept in mind that the theory only considers SD. In this work,

he rapidly increasing trend starts very close to the suggested T c 
t approximately T / T c = 0.98 (i.e. ~560 °C), which is why the high

recision thermal treatments have been key to this study. 

The periodicity of the spinodal structure is highly temperature-

ependant within the MG, where λ classically decreases linearly

ith increasing driving force [13] . Prior works have questioned the

ormation of a λc near the spinodal curve, and thus the existence

f an exact boundary near the instability locus [11 , 14] . Further-

ore, the SD regime is more accurately defined as a region where

he activation energy for phase separation becomes smaller than
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Fig. 3. a) The V-parameter from APT Freq.Dist analysis and λ from autocorrelation. When T c is approached λ increase exponentially, the opposite trend is observed for V. b) 

The maximum of the calculated structure factor S ( k ) from simulation results showing a rapid decrease in reciprocal space. 
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or thermal fluctuations [11] . Cr–Cr clustering may also exist to

uantifiable extent due to short-range order effects outside of the

G in α without forming α′ [38] . Considering low temperature

omposition dependant transition from SD to NG, a percolated
′ structure makes discrimination between NG/SD experimentally

umbersome [39] . In addition during long-term heat treatment,

inear approximation is generally deemed non-sufficient to de-

cribe later stages of low-temperature phase separation [40] .

nstead, the LBM method which considers nonlinear diffusion is

ften used to describe the later stages of SD near-equilibrium [41] .

his is all in support of a gradual/diffuse transition out of the SD

egime where we can experimentally measure an exponential in-

rease of λ in the range 0.98–0.998 T / T c (i.e. up until 1 °C below T c ).

In summary, these direct observations of the λ evolution

lose to the limit of the Fe–35Cr MG in 3D by APT, confirmed

y simulation results, are novel of their kind. Considering the

ncremental temperature differences, this effect is most likely due

o the difference in driving force when undercooling below the

imit of the MG. 
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