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Abstract: The use of ferritic-martensitic steels, for example, Fe-Cr and Fe-Cr-Al alloys as structural material for fast neutron 

reactors has been advocated due to their relatively low rate of swelling at elevated temperatures. Because of the high Cr-

content, the Fe-Cr alloys are not suitable for use at temperatures around 500°С due to the miscibility gap in the Fe-Cr system. 

Phase separation in such alloys can also be prevented by doping with elements that impede the segregation of chromium. In 

solid state physics for calculating phase separation in similar metal systems are used physicochemical and phase-field 

modeling. The aim of the work is the physicochemical modeling of diffusion phase transformation and determination of the 

long-term microstructural stability of the Fe-21.4 Cr-1.16 Mo. A conventional Fe-21.4 Cr alloy is used as a reference material. 

The article proposes an integral approach to modeling phase separation in chromium alloys, combining the determination of 

diffusion coefficients and fluxes of elements, taking into account their dependences on the concentration and an assessment of 

the mutual diffusion of elements, using the provisions of nonequilibrium thermodynamics. The calculated values of diffusion 

fluxes are used to calculate the current concentrations of carbon and chromium in the alloy and the size of chromium 

formations. They show that the thermal stability of the Fe - 21.4% Cr alloy with 1.16% Mo is much higher than without 

molybdenum. In alloy Fe – 21,4% Cr – 1,16% Mo at a temperature of 973°K, the chromium concentration during the same 

operation time decreases three times slower with the formation of inclusions of the σ-phase about 6 microns in size. 

Keywords: Physicochemical Modeling, Phase Transformation, Fluxes, Chromium Alloys, Nonequilibrium, 

Thermodynamics, Diffusion Coefficients 

 

1. Introduction 

The use of ferritic-martensitic steels as structural material 

for fast neutron reactors has been advocated due to their 

relatively low rate of swelling at elevated temperatures, for 

example, Fe-Cr and Fe-Cr-Al alloys [1-12]. Fe-Cr-Al alloys 

have lately been proposed as candidate materials for use in 

various reactor systems, such as the lead cooled fast reactor 

(LFR) and light water rectors (LWR), due to the ability to 

form thin, slow growing and corrosion resistant alumina 

layers on their surfaces [4-12]. Historically, the same alloys 

have mainly been used as resistance heating elements at 

temperatures up to about 1300°С [13]. The composition is 

typically around 20 wt.% Cr and 5 wt.% Al, with a base of Fe. 

Because of the high Cr-content, the alloys are not suitable for 

use at temperatures around 500°С as the microstructure 

decomposes into a Fe-rich (α) phase and a Cr-rich (α') phase 

due to the miscibility gap in the Fe-Cr system [14-19]. This 

type of phase separation is commonly known as 475°С 

embrittlement or α-α' phase separation. Because of the 

embrittlement, such alloys are impracticable for use as 

structural components. The aforementioned power systems 

all need alloys that can operate in the temperature interval 

between 300°С and 700°С (or higher). However, due to the 

phase separation issue, conventional Fe-Cr-Al alloys are not 

realistic alternatives. By lowering the Cr-content of the alloy, 

the phase separation issue could theoretically be avoided as 

the phenomenon is governed by the total Cr-content in the 
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ferritic matrix. In literature, phase separation in Fe-Cr-Al has 

been experimentally studied for a wide range of compositions. 

During the 1960's, Fe-Cr-Al alloys were extensively studied 

for use in nuclear applications. Based on hardness 

measurements, it was proposed that the Cr limit to avoid α-α' 

phase separation was somewhere in the interval of 10 to 15 

wt.%, for a Fe-Cr-4Al alloy [19]. In a more recent study, 

Kobayashi et al. [20] studied various Fe-Cr-Al alloys, aged at 

475°С for 1000 h. The study resulted in a ternary phase 

diagram, indicating compositional limits for α-α' phase 

separation. 

In article [21], Fe-10Cr-XAl (X=4, 6 and 8) alloys and a 

Fe-21Cr-5Al were thermally aged in the temperature interval 

of 450-550 шC for times up to 10,000 h, and the 

microstructures were evaluated mainly using atom probe 

tomography. In addition, a kinetic Monte Carlo (KMC) 

model of the Fe-Cr-Al system was developed. No phase 

separation was observed in the Fe-10Cr-XAl alloys, and the 

developed KMC model yielded results in good agreement 

with the experimental data. 

Phase separation in such alloys can also be prevented by 

doping with elements that impede the segregation of 

chromium. To quantify the effect of elements on phase 

separation, multi-scale modeling is required. The numerical 

tools that are applied include ab initio solutions to the 

Schroodinger equation, fitting of effective many-body 

interaction potentials, molecular dynamics simulation of 

recoil cascades, Monte Carlo simulation of defect evolution 

and quasicontinuum rate theory [22, 23]. The formation 

energy and other thermodynamic properties of 

monocrystalline Fe-Cr in the ferromagnetic phase is difficult 

to measure, and hence one has to rely on theoretical 

approaches. In [22] was described from first principle 

calculations of thermodynamic and magnetic properties. 

Special attention is devoted to Cr concentrations below 15%, 

being of relevance for materials actually used in reactors. 

In solid state physics, other methods for calculating phase 

separation in similar metal systems — physicochemical and 

phase-field modeling [24–27] are well known and described 

in detail. Of considerable interest is the use of these methods 

for the analysis of promising alloys and steels in nuclear 

energy. 

The aim of the work presented here is the physicochemical 

modeling of diffusion phase transformation and 

determination of the long-term microstructural stability of the 

Fe-21.4 Cr-1.16 Mo alloy. As a reference material, the usual 

alloy Fe-21.4 Cr is used. It should be noted, that 

experimental data describing the main diffusion parameters 

of Fe-Cr alloys for potential calculations, are not always 

available. In our case, there are experimental data for the 

diffusion coefficients of Fe-Cr alloys with different Cr 

contents. However, these data were practically not used to 

calculate phase separation in such alloys. Therefore, our 

modeling approach combines the determination of diffusion 

coefficients and fluxes taking into account their concentration 

dependences, estimation of the mutual diffusion of elements 

using the provisions of nonequilibrium thermodynamics, and 

the use of diffusion flux values to calculate the current 

concentration of chromium in the alloy and the sizes of 

chromium formations. 

2. Materials and Research Methods 

As materials for research in this work, we used alloys with 

the composition Fe - 21.4% Cr and Fe - 21.4% Cr - 1.16% 

Mo and known diffusion coefficients at different 

temperatures [27]. In accordance with the phase diagram [28] 

and the results of [22, 23], in the Fe - 21.4% Cr alloy at 

elevated temperatures, a chromium-rich σ-phase is formed, 

the composition of which was considered constant and equal 

to FeCr. For the Fe - 21.4% Cr - 1.16% Mo alloy, the 

composition of the resulting phase FeCr - 1.16% Mo was 

adopted, i.e. assumed that molybdenum is distributed 

uniformly in this alloy without forming segregations. For the 

σ-phase, the diffusion mechanism of its formation was 

adopted in this work. Consequently, during the diffusion of 

chromium, its concentration in the solid solution of the alloy 

changes and the diffusion coefficients of chromium and iron 

change. To take into account the change in the values of the 

diffusion coefficients from the chromium content, two 

reference alloys with a low chromium content were used - Fe 

- 16.1% Cr and Fe - 16.1% Cr - 1.16% Mo, also with known 

diffusion coefficients at different temperatures [27]. The 

equations for the change in the diffusion parameters with a 

decrease in the chromium concentration in the solid solution 

at each time point were found from the linear equations 1 and 

2, respectively: 

D
i
Cr=D

0
Cr + αCr * (0.214 - C

i
Cr),                (1) 

D
i
Fe=D

0
Fe + αFe * (0.214 - C

i
Cr),               (2) 

where αCr and αFe - corresponding calculated coefficients. 

To find the parameters of the equation for the diffusion 

coefficient: 

D=A0 exp (-U0/RT)                        (3) 

used the values of the diffusion coefficients D1 and D2 for 

chromium (and iron) at two boundary temperatures T1 and T2: 

U0= 1 2

1 1
2 1

( )R LnD LnD

Т Т
− −

−
−

,                      (4) 

A0=exp (-LnD1 + U0 / RT1).             (5) 

The fluxes of chromium and iron in our system were found 

from the equations of nonequilibrium thermodynamics [29]: 

JCr=L11ХСr + L12ХFe                              (6) 

JFe=L21ХСr + L22ХFe                             (7) 

where L11=(C
i
Cr * D

i
Cr)/RT, L22=(C

i
Fe * D

i
Fe)/RT [29], 

L12=sqrt(L11 * L22) [30], C
i
Cr and C

i
Fe - current concentrations 

of chromium and iron in the alloy. 

The thermodynamic forces of chromium and iron for our 

discontinuous system were found by the formulas [28, 30]: 
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ХСr=RTln(C
i
Cr/CkCr),                        (8) 

ХFe=RTln(C
i
Fe/CkFe),                        (9) 

where CkCr=0.06 – concentration of chromium in an alloy 

at which phase separation does not occur [22], CkFe=1 - 

CkCr. 

As can be seen from formulas (8), (9), the 

thermodynamic force for chromium has a positive sign, 

and for iron it has a negative sign, i.e. directed in the 

direction opposite to the iron flow. Therefore, the 

diffusion of chromium in the alloy is leading, and the 

diffusion of iron is forced, i.e. slave. In accordance with 

equation (4.1), the thermodynamic force of iron decreases 

the magnitude of the diffusion flux of chromium. To 

assess the mutual influence of the elements, we also 

calculated the comparative fluxes of chromium and iron 

without cross-linking, J
0

Cr=L11XСr J
0

Fe=L22XFe, and the 

corresponding current concentrations of chromium and 

iron C
0i

Cr and C
0i

Fe. 

Changes in the concentrations of chromium and iron over 

time were found by numerically integrating the system of 

continuity equations [29]: 

/Cr
m Cr

С
K J x

t

∂
= ∆

∂
,                        (10) 

/Fe
m Fe

С
K J x

t

∂
= ∆

∂
,                          (11) 

the concentration values were recalculated from mol/cm
3
 

units to atomic fractions through constant conversion 

coefficients Km. 

The system of differential equations (10, 11) allows us to 

find changes in concentrations and fluxes over time. 

The average radius of the formed particles of the σ-phase 

was estimated by the expression given in [30]: 

2

0

i

Cr CrR K J dt= ∫ ,                       (12) 

where K – coefficient equal to the ratio of the mass of the 

formed particles to the mass of the diffused element, in this 

case chromium. 

Substituting equation (10) into expression (12) and 

expanding the integral, we find the formula for calculating 

the average size (diameter) of the formed particles of the σ-

phase at time ti: 

0( )
2

i
i Cr Cr
Cr

m

K C C
d x

K

−
= ∆ .                   (13) 

where С
0

Cr – initial concentration of chromium in the alloy; 

С
i
Cr – the current concentration of chromium in the solid 

solution at time i; 

∆x – the minimum distance of diffusion of chromium in 

the alloy. 

3. Research Results 

Iron-chromium-aluminum (Fe-Cr-Al) alloys have been 

widely studied as candidate materials for various nuclear 

applications [4-21]. Despite their excellent corrosion 

resistance, Fe-Cr-Al alloys suffer from phase separation and 

embrittlement when exposed to temperatures up to 500°C 

due to their high Cr content. It can be assumed that alloys 

with a low Cr content but containing Al are also unstable to 

phase separation and brittleness. As the double diagram of 

the Fe-Al system shows, in such alloys, even with an 

insignificant Al content, a brittle phase of the Fe3Al 

composition is formed, which has the same effect as the σ-

phase in high-chromium alloys (Figure 1). 

 

а 

 

b 

Figure 1. System state diagrams Fe-Al and Fe-Mo [27]. 
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In addition, the diffusion of aluminum in iron occurs faster 

than chromium [27], which means that aluminum can 

significantly accelerate the embrittlement process in time. 

To increase corrosion resistance, you can use alloys with a 

higher concentration of chromium, but containing elements 

that prevent its segregation. Molybdenum can be considered 

as a candidate for alloying. Molybdenum not only 

strengthens the α-solid solution, but also contributes to an 

increase in its viscosity, preventing high-temperature 

embrittlement of alloys of the Fe-Cr system [31]. When its 

concentration in an alloy with Fe is less than 3.0 percent, it 

does not form any embrittlement phases with iron (Figure 1 

b). Moreover, with chromium, molybdenum forms a solid 

solution without forming brittle phases [32]. 

In this work, the object of research is Fe - (16.1-21.4)% Cr 

alloys with 1.16% Mo in comparison with Fe - (16.1-21.4)% 

Cr alloys. The chromium content in the alloys exceeds 15%, 

ensuring their high corrosion and heat resistance [24]. The 

diffusion coefficients for these alloys at different 

temperatures are known in the literature [27]. The parameters 

of the Arrhenius equation for the diffusion of iron and 

chromium in the studied alloys calculated by formulas (3.1, 

3.2) are given in Table 1. 

Table 1. The parameters of the Arrhenius equation for the diffusion of iron and chromium in the studied alloys. 

Alloy composition 
Parameters of the diffusion of chromium Parameters of the iron diffusion 

A0, m
2/s U0, J A0, m

2/s U0, J 

Fe – 16,1% Cr 2,1 1ˑ0-5 204232 10,6 1ˑ0-5 234517 

Fe – 21,4% Cr 1,2 1ˑ0-5 201008 14,0 1ˑ0-5 238309 

Fe – 16,1% Cr – 1,16% Mo 20,9 1ˑ0-5 232825 5,7 1ˑ0-5 226905 

Fe – 21,4% Cr – 1,16% Mo 22,1 1ˑ0-5 235484 12,6 1ˑ0-5 237344 

 

It is already clear from these data that the diffusion of 

chromium has a high activation energy in alloys with 

molybdenum, i.e. diffusion of chromium occurs more slowly in 

the complex alloy. Direct calculations, of course, fully confirm 

this position. In this work, the current concentrations of 

chromium and iron in a solid solution were found by numerical 

integration of differential equations (10) and (11) at two 

temperatures - working 700°K and increased - 973°K. The 

calculation results are shown in Figures 2 and 3 respectively. 

They show that the thermal stability of the Fe - 21.4% Cr 

alloy with 1.16% Mo is much higher than without 

molybdenum. At an operating temperature of 700°K, the 

concentration of chromium in the solid solution of the Fe - 

21.4% Cr alloy decreases from 21.4% to 16.1% in about 70 

years of operation, with the formation of σ-phase inclusions 

about 7 microns in size. In the Fe - 21.4% Cr - 1.16% Mo 

alloy, the chromium concentration changes insignificantly 

during the same operating time. 

 
а 

 
b 

Figure 2. Change in chromium concentration in solid solution of steels Fe – 

21,4% Cr and Fe – 21,4% Cr – 1,16% Mo at a temperature 700 К (а) and 

973°К (b), lines a, c - without cross-links, lines b, d - with cross-links. 

At an elevated operating temperature of 973°K, phase 

separation is observed in both alloys. The concentration of 

chromium in the solid solution of the Fe - 21.4% Cr alloy 

decreases from 21.4% to 16.1% in about 120 hours of 

operation, while inclusions of the σ-phase with a size of 

about 12 microns are formed. 

In alloy Fe – 21,4% Cr – 1,16% Mo at a temperature of 

973°K, the chromium concentration during the same 

operation time decreases three times slower with the 

formation of inclusions of the σ-phase about 6 microns in 

size. 
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а 

 
b 

Figure 3. Changing the size of inclusions in steels Fe – 21,4% Cr and Fe – 

21,4% Cr – 1,16% Mo at a temperature 700°К (а) и 973 К (b). 

4. Conclusion 

Thus, in this work, it was assumed that alloys with a low 

Cr content but containing Al are unstable to phase separation 

and are prone to brittleness due to the formation of the Fe3Al 

phase and a high rate of aluminum diffusion in iron. The 

possibility of using alloys with an increased chromium 

content, but alloyed with molybdenum, in an amount of 

about 1.0%, as a corrosion-resistant material for nuclear 

reactors is shown. Non-equilibrium thermodynamic modeling 

of diffusion phase transformation and determination of long-

term microstructural stability of Fe-21.4 Cr alloy with 1.16 

Mo have been carried out. A conventional Fe-21.4 Cr alloy 

was used as a reference material. 

The article proposes an integral approach to modeling 

phase separation in chromium alloys, combining the 

determination of diffusion coefficients and fluxes of elements, 

taking into account their dependences on the concentration 

and an assessment of the mutual diffusion of elements, using 

the provisions of nonequilibrium thermodynamics. The 

calculated values of diffusion fluxes are used to determine 

the current concentrations of iron and chromium in the alloy 

and the size of chromium formations. 

If we compare the results obtained by the Monte Carlo 

method and nonequilibrium thermodynamic modeling, then 

the general estimate of the phase separation at different 

temperatures is similar. However, the approach using 

diffusion equations for elements in specific alloys, taking 

into account the dependences of the diffusion coefficients on 

concentration and their mutual influence, is more accurate 

and not just estimated. This approach allows us to calculate 

the change in the concentration of chromium in the solid 

solution and the size of the resulting inclusions of the σ-

phase. 
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