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ABSTRACT

Spinodal decomposition is a key phase transition in advanced materials and a

significant effort is paid to the quantitative modeling of the phenomenon. The

initial materials condition is often assumed to be random during modeling, but

this may be an oversimplification. In this work, the effect of solution treatment

above the miscibility gap, on spinodal decomposition during subsequent aging,

has been investigated for an Fe-46.5 at.% Cr alloy. By atom probe tomography

(APT), it is found that different extents of quenched-in Cr clustering exist after

solution treatments at different temperatures. The clustering is pronounced at

800 �C but decreases significantly with increasing temperature to 900 �C.
Thermodynamic Monte Carlo simulations show that there is a difference in

atomic short range order between the different solution treatment temperatures.

By APT, it is, furthermore, found that the kinetics of spinodal decomposition at

500 �C, i.e., within the miscibility gap, is enhanced in the initial alloy condition,

where Cr was less randomly distributed. These observations are supported by

kinetic Monte Carlo simulations, predicting a similar but less pronounced

qualitative effect on spinodal decomposition kinetics. Other possible reasons for

the enhanced kinetics could be related to clustering of interstitial elements and/

or sigma phase, but neither was found in the experiments. Nonetheless, the

observations in this work suggest that it is necessary to implement a modeling

strategy, where the initial structure is properly accounted for when simulating

spinodal decomposition.
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Introduction

Stainless steels are desirable in numerous engineer-

ing applications due to their high corrosion resistance

and attractive mechanical properties. However, the

stainless steels containing the body centered cubic or

tetragonal (bcc/bct) phase, i.e., ferrite or martensite,

are susceptible to phase separation and a corre-

sponding embrittlement phenomenon traditionally

called ‘475 �C embrittlement’. This embrittlement,

originating from the Fe–Cr binary system, limits the

service temperature range and restricts the intro-

duction of these alloys in certain applications, where

fracture could lead to catastrophic consequences, e.g.,

within nuclear power generation. The phase separa-

tion induced during low-temperature aging will

cause a demixing of the alloying elements Fe and Cr,

which can occur via two different mechanisms, viz.,

spinodal decomposition or nucleation and growth

[1, 2]. The coherency strains generated between the

Fe-rich (a) and Cr-rich (a’) domains cause hardening

[3], which presumably leads to the embrittlement.

Furthermore, it has been reported that, e.g., solute

clustering [4], C segregation [5], and G-phase for-

mation [6, 7] could also contribute to the embrittle-

ment in Fe–Cr-based multicomponent alloys.

The scientific interest in phase separation in Fe–Cr

alloys has grown in recent years due to the impor-

tance of these alloys in current and future power

generation applications [8]. Much work has been

devoted to the development of models able to predict

spinodal decomposition via, e.g., phase-field model-

ing solving the Cahn–Hilliard equation [9, 10] or via

kinetic Monte Carlo simulations [11, 12]. In most of

these modeling studies, the initial structure is

assumed to be random. However, it is known that the

thermal history of the alloy plays a role for the sub-

sequent aging kinetics. For instance, it has been

shown that the cooling rate after solution treatment is

important [13–16] and a few reports point out the

effect of the solution treatment temperature on the

subsequent phase decomposition [17, 18]. Vintaykin

et al. [17] investigated the kinetics of decomposition

after solution treatments at different temperatures in

the range from 600 to 1300 �C. They showed, using

small-angle neutron scattering, that the rate of

decomposition was higher for lower solution treat-

ment temperatures. They did not present any exper-

imental results for the initial structure, but discussed

that the reason behind the difference could be

concentration fluctuations in the solution-treated

condition. LaSalle and Schwartz [18] investigated two

different solution treatment temperatures of 850 and

1200 �C and also found that the lower temperature

gave faster decomposition upon subsequent aging.

Furthermore, it has been found, both theoretically

and experimentally, that there is a positive atomic

short range order (SRO), i.e., clustering, above the

miscibility gap in concentrated Fe–Cr alloys above

about 10 at.% Cr [19–23]. Recently, Zhou et al. [24]

have reported atom probe tomography (APT) obser-

vations of the clustering of Cr in the bcc phase of

ferritic and duplex stainless steels after solution

treatment. Zhou et al. [25] further showed that the

clustering of Cr in a binary Fe-46.5 at.% Cr alloy

decreases with increasing solution treatment tem-

perature above the miscibility gap from 800 to 900 �C.
These experimental results were corroborated by the

Monte Carlo simulations of the SRO above the mis-

cibility gap. However, no results have been presented

linking the SRO above the miscibility gap, clustering

of Cr in solution-treated alloys, and the effect on

spinodal decomposition. The above directly moti-

vates the present research using an integrated

approach of designed key experiments and structure

modeling. An Fe-46.5 at.% Cr alloy is solution-treated

at 800 and 900 �C and quenched. Thereafter, aging at

500 �C for up to 1000 h is conducted and the behavior

is evaluated using hardness measurements and APT.

Furthermore, thermodynamic and kinetic Monte

Carlo is performed.

Methodology

Experiments

The chemical composition of the investigated alloy

was Fe-46.5Cr-0.53Si-0.08Mn-0.03Ni-0.001C (at.%).

Small specimens of 4 9 4930 mm3 were cut to try

and preserve the high-temperature structure after

solution treatment and to avoid phase decomposition

during the quenching. Since the critical temperature

of the bcc miscibility gap in the Fe–Cr system is about

700 �C, according to [26], the specimens were solu-

tion-treated at 800 and 900 �C for 24 h and subse-

quently quenched in brine. These treatments were

performed to ‘‘homogenize’’ the ferrite and it should

be mentioned that ferrite may be metastable at these

temperatures, especially at 800 �C, where sigma
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phase may be the equilibrium phase. However, the

formation of the sigma phase has been reported to be

very sluggish and the few small sigma particles that

may form were believed to have a minor effect.

The aging was conducted at 500 �C for 1, 10, 100,

and 1000 h. Thereafter, all specimens were investi-

gated using micro-Vickers hardness measurements

and a load of 100 g. Ten measurements per condition

were taken.

The specimens for the APT analysis were first cut

into blanks with the size of 0.3 9 0.3 9 20 mm3.

Thereafter, final-tip sharpening was performed by

the standard two-step electro-polishing method. The

analysis was conducted using a local electrode atom

probe (LEAP 3000X HRTM, Imago Scientific Instru-

ments). The voltage-pulsing mode was used, and the

measurement parameters were: temperature 50 K,

pulse fraction 20 %, pulse frequency 200 kHz, and

evaporation rate 1.5 %. The reconstructions were

performed using the software IVAS 3.4.3 with a

geometrical field factor of 3.8 and an image com-

pression factor of 1.80. With these parameters, the

decomposed microstructures became isotropic, in

accordance with the expectations [27].

The statistical evaluation of the data was per-

formed by the frequency diagram (FD) analysis [28],

using a sampling bin size of 50 ions, and by the radial

distribution function (RDF) analysis, which has been

proven to be very sensitivity to clustering and the

early stages of phase separation. The normalized RDF

was constructed from the APT data according to the

following equation [29].

RDF rð Þ ¼
XCE rð Þ

C0
¼

XNEðrÞ=NðrÞ
C0

: ð1Þ

Here, CE(r) is the atomic composition of element E

at a distance of r, C0 is the average composition of

element E in the analyzed volume, NE(r) is the total

number of atoms of element E at r, and N(r) is the

total number of atoms of all elements at r. Further-

more, the standard errors (s) for the concentration of

element E were estimated according to the following

equation [28] and normalized.

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
NEðrÞ

p
=NðrÞ: ð2Þ

After constructing the normalized RDFs, the

amplitude of phase decomposition could be esti-

mated using the following equation [29].

2A ¼ 2C0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðRDF 0ð Þ � 1Þ

p
: ð3Þ

Here, 2A is the peak-to-trough amplitude and

RDF(0) is the extrapolated value at 0 nm distance

from the RDF curve, herein the Cr–Cr RDF curve.

Figure 1 Micro-hardness evolution with aging time at 500 �C for

two different initial conditions, i.e., different solution treatment

temperatures of 800 and 900 �C.

Figure 2 Experimental distribution of Cr and binomial distribution after solution treatment at 800 �C (a) and 900 �C (b).
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Atomic-scale simulations

Thermodynamic and kinetic Monte Carlo simulations

for an Fe53.5Cr46.5 bcc alloy were performed. Theo-

retical effective interactions from [21] were used,

except for in the first two interactions at the nearest

neighbor and next nearest coordination shell. These

interactions were instead taken from an experimental

study by Reinhard et al. [30] to be as close as possible

to the experimentally observed configurational ther-

modynamics. To reduce the effect of the periodic

boundary conditions, the size of the simulation box

was chosen to be 100 9 100 9 100 for the cubic (2-

atom) unit cell, i.e., containing 2 9 106 atoms.

Results and discussion

Experimental analysis

The hardness after solution treatment and aging at

500 �C is presented in Fig. 1. The hardening evolu-

tion of the two initial alloy conditions, i.e., solution-

treated at 800 and 900 �C, is rather similar initially,

but after 1000 h of aging at 500 �C, there is a distin-

guishable higher hardness of the alloy that was ini-

tially solution-treated at 800 �C. This indicates that

the kinetics of spinodal decomposition is faster for

that alloy condition. Sigma-phase formation could be

another reason for increasing hardness upon aging,

but the aging temperature is below the stability

region for the sigma phase according to thermody-

namic calculations and no sigma phase could be

observed in the experimental analysis.

Figure 2a, b shows the experimental FDs after the

initial solution treatment in comparison with the

binomial distribution. The reduced v2 and variation

values (V values) [31] are listed in Table 1. It is clear

that the difference between the experimental FD and

the binomial distribution is very small.

The Cr–Cr RDFs for the two solution-treated con-

ditions are presented in Fig. 3, and it is seen that the

specimen solution-treated at 800 �C has a stronger

positive interaction of Cr at short distances compared

with the specimen solution-treated at 900 �C. The

positive interaction of Cr was discussed in Zhou et al.

[25] and the conclusion was that the clustering of Cr

is more pronounced in the specimen solution-treated

at the lower temperature. The origin of the clustering

of Cr was explained as an effect of the positive SRO,

i.e., clustering, above the miscibility gap, as deter-

mined by APT and supported by the Monte Carlo

simulations. The positive SRO has also been deter-

mined earlier by Mössbauer spectroscopy [32], but it

could be noted that in that work, the experimental

SRO parameter for the first coordination shell was

positive, whereas for the second coordination shell, it

was negative initially, this is different from the the-

oretical predictions in [25].

For the aged samples, the difference is already

distinguishable by visual inspection of the APT data.

Figure 4 shows Cr atom maps for the samples aged

for 100 and 1000 h and it is clear that the sample

initially solution-treated at 800 �C has a more pro-

nounced decomposition after aging than the sample

solution-treated at 900 �C.
This interpretation is further strengthened by the

corresponding FDs and RDFs that are shown in

Fig. 5a and b, respectively. The statistical data eval-

uated from the FDs and RDFs are included in

Table 1 Reduced v2,
V values, and amplitudes

obtained by Eq. (2)

Solution temperatures (�C) 800 900

Aging time at 500 �C (h) 0 100 1000 0 100 1000

Reduced v2 8.41 1.2e4 2.8e6 3.69 3.2e3 2.5e5

V 0.022 0.52 1.18 0.013 0.21 0.77

Peak-to-trough amplitude (at.%) – 42.3 73.3 – 25.1 53.2

Figure 3 Cr–Cr RDF curves for unaged specimens of different

conditions.
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Table 1. From these figures and the statistical data, it

is clear that the decomposition after aging is much

more pronounced for the sample solution-treated at

800 �C compared with the sample initially solution-

treated at 900 �C.
The results presented above indicate that the Cr

clustering found after solution treatment increases

the kinetics of spinodal decomposition during sub-

sequent aging. However, it should be kept in mind

that the effect of other factors, such as interstitial

atom clustering and/or sigma-phase formation, can-

not be ruled out.

Theoretical analysis

First, we consider an alloy configuration in the ran-

dom state above the decomposition temperature. In

thermodynamic Monte Carlo simulations, the tran-

sition temperature is about 840 K (567�C). The

behavior of the SRO parameter at the first coordina-

tion shell as a function of temperature, a1(T), is pre-

sented in Fig. 6. At the point of the phase transition,

the function a1(T) has an inflection point, where its

second derivative changes sign. Above the transition,

the phase is a random solution with some degree of

Figure 4 Atom maps (slice

thickness 5 nm) for the sample

solution-treated at 800 �C and

aged at 500 �C for 100 h (a),

solution-treated at 800 �C and

aged at 500 �C for 1000 h (b),

solution-treated at 900 �C and

aged at 500 �C for 100 h (c),

and solution-treated at 900 �C
and aged at 500 �C for 1000 h

(d).
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SRO, and in particular, a1 at 800 and 900 �C are 0.189

and 0.164, respectively. This means that the structure

at both temperatures differs substantially from that of

a completely random alloy (a1 equal to zero), but the

difference between the two conditions is rather small,

as witnessed in the RDFs presented in Fig. 7.

Kinetic Monte Carlo (KMC) simulations at 500 �C
were, furthermore, performed using four different

atomic configurations obtained either from a random

number generator, which correspond to a completely

random alloy, or from the results (snapshots) of the

thermodynamic MC simulations performed at 900,

800, and 700 �C, two of which correspond to the

solution-treated samples in the experimental work.

The KMC simulations were performed using Kawa-

zaki dynamics (exchange between nearest neighbor

atoms) assuming that the kinetics of Fe and Cr is the

same and that the diffusion coefficient is about

10-17 cm2/s. Although this is a fairly coarse estimate

and a simple model for the kinetic process in real

samples, it is considered to be appropriate to gener-

ate a qualitative view.

Figure 8 shows the atomic SRO parameter as a

function of distance for the samples aged for 100 and

1000 h in the KMC simulations. The difference after

aging between the four different initial conditions is

very small, but a slight difference could be noticed,

especially after 100 h. The SRO parameter curves are

slightly offset from each other with the random initial

condition being the bottom-most curve and the

700 �C initial condition being the top-most curve.

Furthermore, the point where the SRO parameter

changes sign from positive to negative gives an

indication of the effective size of the decomposed

domains. It can be seen that the 700 �C initial condi-

tion has the largest domains and that the domain size

after aging decrease with increasing randomness in

the initial atomic configuration. Although the differ-

ences are noticeable, it is far from obvious. For the

time being, we do not know the reason for this rather

large difference between the experiments and the

KMC simulations. There is a wide range of possibil-

ities, starting from the simplified model of atomic

diffusion in the KMC simulations and the difficulty

in comparing the sharp atomistic simulations and the

experimentally 3D reconstructed data, where the

Figure 5 APT representations of specimens with different initial solution treatments subsequently aged at 500 �C for 100 h and 1000 h.

a Frequency diagrams with binomial distribution and experimental distributions b normalized Cr–Cr RDF curves.

Figure 6 Atomic short range order parameter on the first

coordination shell for Fe53.5Cr46.5 at different temperatures. Red

arrow shows an inflection point at the critical temperature of the

miscibility gap 840 K.
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atoms are somewhat displaced from their exact

positions in the lattice, and where about 63 % of the

atoms are missing due to the limited detection effi-

ciency. We would, however, like to point out a slight

difference in the morphology of the KMC results.

Figure 9 shows snapshots of the different initial alloy

conditions after aging for 1000 h at 500 �C and a

qualitative difference between the initial conditions is

indicated. The more random initial conditions (from

Fig. 9a to d) appear to have more interconnected and

‘‘dense’’ Cr-rich regions (blue). The interconnectivity

was, therefore, quantified using iso-concentration

surfaces, but no clear tendency could be observed,

partially because of the slight difference in wave-

length and amplitude between the conditions, which

complicates the analyses. Though no conclusion

about the difference in nanostructure morphology

can be drawn, what is clear is that, at present, the

simplified modeling presented here is not able to

capture the pronounced effect of solution treatment

temperature on decomposition kinetics that has been

found in the experiments in this work and also in

prior experimental work [17, 18]. The modeling,

however, qualitatively shows that the atomic SRO

accumulated during the solution treatment can lead

to different phase decomposition behaviors during

subsequent aging inside the miscibility gap. More

investigations on this matter are needed.

Implications of findings on structural
modeling and embrittlement

The observed large effect of solution treatment on the

phase decomposition kinetics, and its possible rela-

tion to the initial Cr clustering and the different

nanostructure morphology, implies that this must be

considered in structural modeling of this phe-

nomenon. Furthermore, a proper control of the initial

structure could improve structural integrity of com-

ponents that are exposed to service conditions, where

Figure 8 Atomic short range order parameter with radial distance

for Fe53.5Cr46.5. a 100 h aging at 500 �C for different initial

conditions b 1000 h aging at 500 �C for different initial

conditions.

Figure 7 Radial distribution functions (RDFs) from thermodynamic Monte Carlo simulations a sharp RDFs b RDFs after Gaussian

smearing, to be compared with the experimental RDFs in Fig. 3.
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the 475 �C embrittlement would occur. The under-

standing of the initial structure and its effect on the

subsequent aging is, however, hampered by the dif-

ficulty in studying the initial concentration fluctua-

tions. So far, only a limited number of techniques,

such as Mössbauer spectroscopy [32, 33], diffuse

neutron scattering [22, 23] and atom probe tomogra-

phy in this work and in Zhou et al. [24, 25], have been

applied successfully for the investigation of the initial

structure. Theoretically, there are a few viable meth-

ods to simulate the subsequent phase decomposition.

KMC has been demonstrated in this work and the

other main approach is phase-field modeling (see

[25]). These two techniques are fundamentally dif-

ferent, being either atomistic (KMC) or continuum

(phase-field) approaches. This implies, for instance,

that clustering cannot be handled by the continuum

approach, whereas it is difficult to treat large sys-

tems and multicomponent alloys in the atomistic

approach. Hence, possibly, the best solution may be

a multi-scale approach, where the different aspects

of phase decomposition can be considered in a

hierarchic modeling scheme.

Conclusions

• Cr clustering after solution treatments above the

miscibility gap is found by atom probe tomogra-

phy in an Fe-46.5 at.% Cr alloy. The clustering is

pronounced at 800 �C, but decreases significantly

with increasing temperature to 900 �C.

Figure 9 Kinetic Monte

Carlo simulations of alloy

Fe53.5Cr46.5 aged 1000 h at

500 �C, starting from different

initial conditions; from,

random atomic configuration,

to atomic SRO as calculated

by thermodynamic Monte

Carlo at 900, 800 and 700 �C.
Blue represents Cr and white

represents Fe atoms. a random

initial condition, b 900 �C
initial condition, c 800 �C
initial condition, and d 700 �C
initial condition. Simulation

box is 100 9 100 9 100 for

the cubic (2-atom) unit cell,

which equals to a 25.6 nm

cube.
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• The solution treatment plays a critical role for the

kinetics of spinodal decomposition during subse-

quent aging at 500 �C; the amplitude of decom-

position is about 20 at.% larger after 1000 h aging

for the 800 �C initial condition compared with the

900 �C initial condition.

• Thermodynamic Monte Carlo simulations

showed that there is a difference in atomic short

range order between the different solution treat-

ment temperatures. Furthermore, kinetic Monte

Carlo simulations of the aging process demon-

strated that the initial difference in atomic config-

urations gives a difference in aging kinetics,

although the effect was much less pronounced

compared with the experiments.

• For predictive modeling of spinodal decomposi-

tion kinetics, it is necessary to implement a

modeling strategy that properly accounts for a

non-random initial structure. However, first of all,

the different physical effects contributing to the

effect of the initial structure on phase decompo-

sition must be disentangled.
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