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The analysis of the structural phase state of Fe-Cr low concentration solid solutions and steel 1X13, associated 

with the formation of short-range order (SRO) of various types in them has been performed at the mesoscopic level. 

A comparison of the SRO and swelling of alloys under irradiation was carried out. It was shown that there is a fairly 

good qualitative correlation between them. 

 

INTRODUCTION 

An iron-chromium alloys and complex alloyed steels 

based on them are one of the most priority structural 

materials for reactors of the next ages [1]. This is 

primarily due to their high radiation and corrosion 

resistance and low vacancy swelling. 

At the same time, these materials are of great 

scientific interest, since the nature of the physical 

processes that determine their indicated properties is not 

fully understood. Among them, the most important is 

the high radiation resistance and, as a consequence, the 

low swelling of low-concentration chromium alloys, 

whose macroscopically single-phase structure, despite 

the expected segregation processes, is maintained up to 

high irradiation fluences. 

Highly concentrated austenitic chromium-helium 

alloys not related to dispersion hardening and some 

others have similar properties. Moreover, it was found 

that in some of these alloys the specific volume not only 

did not increase, but even decreased upon irradiation 

[2]. It can be assumed that the physical nature of the 

processes that causes such an unusual behavior of these 

alloys at irradiation is one and the same. 

There are two fundamentally different approaches 

for explaining the high phase stability andthe small 

vacancy swelling of the considered alloys, which are 

usually observed in a certain temperature range [3]. 

One of them suggests that a change in the structural 

phase state and radiation resistance of alloys is 

associated with the influence of irradiation on the 

energy characteristics and properties of the initial and 

structural defects under irradiation. 

In particular, the possibility of the formation of high-

intensity sinks of point defects in the form of thermally 

stable complexes of impurity atoms and vacancies is 

allowed under irradiation [4]. In the case of a large 

difference in the sizes of impurity atoms and matrix 

atoms in a solid, recombination centers of variable 

polarity [5] and others are formed. 

In another, the high stability of alloys upon 

irradiation is associated with the energy and magnetic 

state of the entire system, which is determined mainly 

by the position of the alloy in the state diagram. In 

particular, it is assumed that a high resistance to 

radiation swelling of steels, including ferritic iron-

chromium, is associated with high thermal and radiation 

stability of finely dispersed precipitates, which are 

present in large quantities in the macrostructure. Their 

appearance is due to ordering, the formation of long-

range and short-range order (SRO), K-state, 

stratification of solid solution, etc. [2, 4, 6]. 

However, the physical nature and features of the 

processes under consideration, including segregation 

processes that affect the stability of these secretions 

during irradiation, were not analyzed. 

It is assumed that the effect of SRO on alloy 

swelling is associated only with an increase in the 

formation energies and activation of vacancy migration, 

which complicates the formation of vacancy pores [2, 7, 

8]. 

The work systematized the results of experimental 

studies of the structural-phase state of low-concentration 

Fe-Cr alloys at the mesoscopic level associated with the 

formation of SRO of various types in them, its change 

under external influences on the alloys, and the effect of 

SRO on the swelling of alloys under irradiation. 

STRUCTURE OF IRON-CHROME ALLOYS 

EXPERIMENTAL RESULTS 

A significant number of experimental and theoretical 

studies are devoted to the study of the structural phase 

state of iron-chromium alloys. However, the results 

obtained by different authors differ significantly [9-13]. 

This is usually associated with the fact that the mobility 

of atoms below 500 °C is extremely small. To obtain an 

equilibrium state at these temperatures, annealing 

lasting hundreds or even thousands of hours is required. 

Therefore, in most cases, the studies were performed in 

alloys characterized by a different metastable state and 

with a different composition of impurities. 

One of the latest phase diagrams of Fe-Cr alloys is 

shown in Fig. 1 [9]. 

It can be seen that chromium, dissolving in iron, 

forms continuous solid solutions with a bcc lattice at 

high temperatures. The assumption of the formation of a 

long-range solid solution was not confirmed [12]. The 

-phase is formed from the α-solid solution at 830 °C 

and a chromium concentration of ~ 45%. The α 

transformation proceeds extremely slowly. The -phase 

was not detected after annealing the alloys in the range 

350…550 °С for tens of hours [14]. 



 

ISSN 1562-6016. ВАНТ. 2021. №2(132)                         17 

 
 

Fig. 1. The state diagram of Fe-Cr alloys [9] 

The α-solid solution and the -phase become 

unstable and decompose into two bcc solid solutions 

with different chromium contents, thereby forming 

equilibrium state of the immiscibility region at the 

temperature decreases to 440 °С (according to other 

sources, 520…550 °С [10, 11, 13]). The separation 

process begins at a higher temperature at the absence of 

the -phase in the solid solution [10, 11]. The 

delamination process is also slow. The separation 

process is not completed even after 20 h of annealing at 

Т = 90 °С [15]. Thus, this process captures a wide range 

of temperatures and depends on the alloy concentration 

under real conditions. 

Recently, the given state diagram has been criticized 

from the point of view of the boundaries of the 

existence of an α-solid solution, especially at a low 

chromium concentration [13, 16, 17]. This is primarily 

due to the discovery of SRO in alloys [18–20]. The 

theoretical studies haves how that with the for mation of 

SRO the free energy of the α-solid solution decreases 

markedly, that will stimulate its existence. As a result, 

the delamination boundary of low-concentration Fe-Cr 

alloys will shift toward lower concentrations, and its 

temperature dependence will have a large steepness 

[17]. 

For the first time, G. Mirebeau et al. quantitatively 

studied the nature and degree of SRO of alloys in the 

concentration range 0 < x  15% Cr, using the most 

reliable direct method of elastic diffuse scattering of 

thermal neutrons [18, 19].  

The results of studies of three alloys containing 5, 

10, and 15% Cr are presented in [18]. Samples for 

research were thermally processed so that at room 

temperature the stable structure of the alloys 

corresponded to 430 °C. The treatment regime was 

selected by studying the kinetics of alloy ordering by 

the method of residual electrical resistance. The 

intensity of diffuse neutron scattering was measured at 

room temperature in the range of angles 

0  ⌈ ⃗ ⌉  0.25 Å between two adjacent structural 

maxima. 

Using the obtained angular dependences, in the 

usual way [20], the Cowley SRO parameters 1,2 

averaged for the first two nearest coordination spheres 

were calculated, which, as the authors write, can be 

considered with great confidence. These parameters and 

possible measurement errors are shown in Fig. 2. 

 
Fig. 2. The concentration dependence of the SRO 

parameter 1,2 for the state of FeCr alloys  

at Т  430 °С (1); calculation by the  

formula -x/(1-x) (2) [18] 

The studies were repeated by the same authors on 11 

alloys, in nine of which the chromium concentration 

was x  10% in order to clarify the data presented [19]. 

The alloys were cooled in a quartz tube to 520 °C after 

homogenization at 800 °C. Then the temperature was 

slowly lowered to 430 °C, at which they were held for 

several hours. The alloy with 15% Cr was annealed for 

18 and 84 h. 

In addition, the measurement procedure was 

improved the angular dependence of the scattering 

intensity, which increased the ratio of the intensity of 

the useful signal to the background by 12 times in 

comparison with [18]. This allowed calculating the 

parameters of the SRO parameters for five coordination 

spheres with sufficient accuracy. A characteristic 

feature of the angular dependences of the diffuse 

scattering intensity given in [18, 19] is that the 

scattering intensity at ⌈ ⃗ ⌉0 tends to 0 and to a 

maximum for x  10% and x  11% Cr alloys, 

respectively. 

This indicates that in alloys with a concentration of 

less than 10% Cr at 430 °C the resulting SRO is 

negative, and in more concentrated alloys SRO is 

positive. The diffuse scattering intensities coincide with 

the Laue background in alloys with 10 [18] and 11% Cr 

[19]. 

The SRO parameter 1,2 of alloys with x  10% Cr is 

negative, and that of alloys with x  11% Cr is positive 

at Т = 430 ºС, i.e. at x  10…11% Cr, the sign of the 

SRO parameter 1,2 averaged over the volume of the 

alloy is inverted. Does this mean that an inversion of the 

SRO type occurs at a concentration of 10…11% Cr? As 

will be shown in the future, such a conclusion cannot be 

drawn. 

The short range order in Fe-Cr alloys was also 

studied by Mössbauer spectroscopy [21–23]. The results 

of studies of alloys containing 3.8, 8.7, and 16.2% Cr 

are presented in [21]. The alloy samples were deformed 

by rolling ( 85%) and then annealed in an oil-free 

vacuum at 830 °C for 4 h in a quartz tube and then 
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cooled together with the tube in air (initial state). Then 

they were annealed sequentially at 430 °C for 6 h and 

400 °C for 40 h. 

The average population of chromium atoms of the 

first and second coordination spheres with respect to the 

iron atom was determined. We calculated the SRO 

parameters 1,2, using these data. These parameters of 

Fe3.8Cr and Fe16.2Cr alloys in the initial state turned 

out to be equal to -0.053 and +0.096, respectively, 

which coincides with the previous results [18]. 

Additional annealing of alloys at 430 and 400 °C did not 

change the degree of ordering. SRO was not detected in 

the Fe8.7Cr alloy. 

The ordering of these alloys at lower temperatures 

was also studied. In order to stimulate the ordering 

processes, the alloys after additional annealing were 

irradiated with electrons E = 5.5 MeV and a beam 

density of 7∙10 А/cm
2
 with fluences of 10

18  
cm

–2
 and 

2∙10
18

 cm
–2

 at 100 °C. After Fe3.8Cr alloy irradiation, 

the 1,2 parameter increased to -0.105 and -0.132, 

respectively, which significantly exceeds the maximum 

value for homogeneous ordering. After irradiating the 

Fe16.2Cr alloy with a fluence of 10
19 

cm
–2

, the 1,2 

parameter, remaining positive, increased to +0.127, 

which is lower than the maximum possible value with 

uniform SRO. 

In addition, the mechanism of SRO processes was 

studied. It comes down to the spatial redistribution of 

atoms in several coordination spheres closest to the 

central atom. Therefore, the rate of ordering in the 

processes under consideration is large. 

It was reported in [22] that the Fe15.7Cr alloy 

annealed at 800 °C for 4 h and cooled with the tube was 

irradiated with electrons E = 5.5 MeV with a fluence of 

10
19

 cm
– 2

 at 100, 50, and 0 °C. In the case of an un 

irradiated alloy, 1,2 = +0.024, and after irradiation at 

100 °C, 1,2 = +0.120, which coincides with the 

previous result. The parameters 1,2 after irradiation of 

the alloy at 50 and 0 °C were found to be +0.044 and 

+0.034, respectively. 

The study of the temperature dependence of the 

SRO parameter 1,2 in the temperature range 

400…1050 °C on quenched samples of 1X13 steel are 

presented in [23]. It was shown that with increasing 

temperature in the 400…750 °С region, at which the 

equilibrium state of steel was fixed by quenching, the 

SRO is positive and 1,2 decreases linearly. A similar 

temperature dependence of 1,2  is observed for the 

15.7% Cr alloy. 

The effect of irradiation on the ordering nature of the 

Fe15.7Cr alloy and 1X13 steel was studied under 

irradiation temperatures close to the transformation 

temperature αα+α' [23]. Firstly, the state of the alloy 

is very sensitive to small changes in temperature, and, 

secondly. This change has an anomalous character. So, 

under irradiation of the Fe15.7Cr alloy with electrons 

E = 5.5 MeV with a fluence of 10
18

 cm
–2

 at T = 350 °C 

1,2 = 0.032; T = 450 °C 1,2 = 0.066; Т = 500 °С 

1,2 = 0.008, and Т = 550 °С 1,2 = 0.050. Those 

irradiation at 500 °C leads to a drop in the 1,2 alloy to 

almost zero. 

A similar dip of the α1,2 parameter is also observed 

under irradiation of 1Х13 steel at the same conditions: 

Т = 350 °С α1,2 = 0.125; Т = 450 °С α1,2 = 0.123; 

Т = 500 °С α1,2 = 0.06; T = 550 °С α1,2 = 0.124. Thus, 

the degree of ordering reaches a value close to zero at 

the irradiation of the Fe15.7Cr alloy and 1X13 steel at 

T = 500 °C. In the initial state the alloy and steel after 

annealing for 30 min at 1050 °С.  

Together with the pipe were cooled in water and 

then annealed at 750 °С for 60 min. Note that according 

to Fig. 2, in quasi-thermal equilibrium at T = 430 °C, 

the SRO parameter of this alloy is α1,2 = 0.073 [18], and 

for 1X13 steel, which includes 0.7 at.% C and 1.99 at.% 

of other impurities, α1,2 = 0.152 [23]. 

Thus, impurities almost double the degree of steel 

ordering compared to alloy. It should also be noted that 

a large difference between the SRO parameters of the 

alloy and steel with the same or similar chromium 

content in the initial state and after irradiation remains. 

This indicates that impurities in low-alloy Fe-Cr alloys 

stimulate the formation of SRO not only in the initial 

state, but also after irradiation. 

The SRO-parameters α1,2 after irradiation below and 

above 500 °С in both cases practically coincide. The 

indicated feature of the structural state of such Fe-Cr 

alloys obtained under irradiation at T = 500 °C is also 

observed for neutron scattering. 

The character of short-range ordering during 

prolonged annealing in the temperature range 

400…600 °C was studied in x = 10…25% Cr alloys by 

the neutron diffraction method near ⌈ ⃗ ⌉=0 in [14, 15]. 

The alloys were annealed at 900…950 °C for 1…2 h 

and quenched in water. Then, they were annealed at 

temperatures from 400 to 600 °C from 4 to 200 h. The 

diffuse maximum was typical in the neutron diffraction 

patterns at ⌈ ⃗ ⌉ = 0, which is typical for alloys that are 

closely ordered by type 1,2  0 for all alloys, regardless 

of heat treatment.  

In the case of Fe9.75Cr, its size and shape during 

four-hour annealing in the temperature range 

400…600 °C remained unchanged and coincided with 

the results obtained in the initial state upon quenching. 

The small-angle scattering due to the formation of 

small clusters was superimposed on this maximum for 

alloys with a high chromium content upon annealing. 

Thus, upon annealing at T = 450 °C of the Fe19.7Cr 

alloy, a slight increase in the maximum occurs, similar 

to that observed during annealing at T = 430 °C of the 

Fe15Cr alloy [19]. The diffuse maximum substantially 

increased at T = 500 °C, and at the same time, its shape 

changes. 

The latter effects significantly increased during 

annealing for 24 h. At the same time, annealing the 

alloy at temperatures of 400, 550, and 600 °C for 4 h 

does not change the scattering intensity observed for the 

alloy quenched in the initial state. 

So, low-concentration Fe-Cr solid solutions are 

heterogeneous at the mesoscopic level. The short-range 

order is formed in them, the structure of which is 

different in different concentration and temperature 

regions. 
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DISCUSSION 

a). Alloys containing 1…5% Cr. 

In these alloys, the SRO is negative and the 

parameter α1,2 in absolute value increases with the 

concentration of chromium. This dependence is close to 

the straight line α1,2 = -х/(1-х), characteristic of the 

maximum degree of uniform ordering of a solid solution 

(see Fig. 2, curve 2). 

Consequently, the attractive forces between the 

nearest heterogeneous alloy atoms are greater than those 

with single-sort atoms. Apparently, this nature of the 

interaction is also characteristic of atoms more distant 

from each other, since in the alloys, regardless of 

concentration, in the third coordination sphere, the 

distribution of atoms is also ordered by the 3  0 type. 

At the same time, the averaged SRO 4,5 parameter 

equal zero for the fourth coordination sphere, whose 

radius is R4 = 1.66 a and for the fifth R5 = 1.73 a, where 

a is the lattice parameter [19]. 

Consequently, the size of closely ordered alloy 

clusters will be less than 1–2 lattice parameters. The 

SRO becomes local upon prolonged annealing or at 

irradiation. Cluster sizes increase significantly and they 

can already be observed by probe methods [13, 25]. 

As far as we know, there is no reliable information 

about the structure of closely ordered clusters. In fact, 

the solid solution, in which local SRO was observed, is 

heterogeneous at the mesoscopic level. It contains 

microregions (clusters) not only enriched with atoms of 

the alloying element, but also with a different spatial 

arrangement of atoms than that of the matrix. 

In the case of a negative SRO, the structure of these 

configurations will be similar to the distorted atomic 

configuration of the superstructure, since with its 

development, the local SRO turns into a distant one or 

the solid solution decomposes with the formation of an 

intermetallic phase adjacent to the solid solution. Not 

that, not another in these alloys was not observed. The  

phase in terms of chromium concentration is very far 

from the alloys under consideration. Therefore, the 

resulting clusters are likely to have a distorted symmetry 

of the superstructure, the Curie temperature of 

formation of which is very low. 

b). Alloys with 5…11% Cr. 

The negative SRO in the alloys is preserved in this 

concentration range at T = 430 °C. But it is surprising 

that with an increase in the chromium concentration in 

the alloy, α1,2 decreases, and α1,2 is equal to zero at 

х  10…11% Cr. The latter indicates that near the 

concentration of 10% Cr, atoms are randomly 

distributed over the lattice sites of the alloy. However, 

as was shown earlier [14, 15] and in experiments using 

probe methods [13, 26], it was shown that with 

prolonged annealing or upon irradiation at 430 °C in 

alloys, including those with x = 9…11% Cr, precipitates 

are enriched in chromium. That is, in these alloys a local 

SRO is observed, which is in clear contradiction with 

the previous experimental result. 

In our opinion the nature of this contradiction is 

associated with a change in the nature of the interaction 

forces between atoms, and consequently, in the ordering 

of alloys, the chromium concentration of which is above 

5%. First, with an increase in chromium concentration, 

the band structure of the alloy changes. In particular, the 

formation of SRO in the alloy is accompanied by a 

noticeable decrease in the density of electronic states at 

the Fermi level [27]. The forces of electronic interaction 

between atoms, determined by the position of the Fermi 

level in the electron band, will change not only in 

magnitude but also in sign [18, 19, 28]. 

Secondly, a decrease in the distance between 

chromium atoms increases the magnetic interaction 

between the magnetic moments of chromium and iron 

atoms, as a result of which attractive forces arise 

between chromium atoms [13]. Therefore, in alloys with 

х  5% Cr, the negative SRO caused by the attractive 

forces between different types of atoms, reaching a 

maximum value at х  5% Cr, becomes unstable and 

begins to collapse. At the same time, clusters are formed 

whose structure corresponds to a positive SRO. Thus, in 

these alloys, as in a number of others (Ni-Fe, Ni-Mn, 

Fe-Al, Pt-Co), clusters coordinated by different types 

coexist simultaneously. 

The established degree of order will come when the 

rate of disordering of some clusters and the rate of 

ordering of others are equal. Its value is determined by 

the temperature and concentration of the alloy. The 

average degree of SRO equal to zero is observed in the 

alloy with х  10% C rat T = 430 °C.  

Since the temperature regions of existence of SROs 

of different types differ, at other temperatures this 

concentration will be different. Undoubtedly, this 

process will be affected by radiation. 

c). Alloys containing morthan 11% Cr. 

The SRO parameter α1,2 is positive eat Т = 430 ºС in 

these alloys and in the Fe11.8Cr alloy α1,2  is +0.012. 

With an increase in the concentration of chromium in 

the alloy, it increases and at 15% it reaches +0.064. 

Unlike alloys with x = 1…5% Cr, in which the SRO was 

uniform at 430 °C and the parameter α1,2 is close to the 

maximum possible value, in the considered alloys it is 

much less than this value (α1,2)max = 0.176. Moreover, as 

was shown earlier, with other treatments, including after 

irradiation, the situation was similar. So, upon 

irradiation of the Fe15.7Cr alloy at Т = 100 ºС with 

electrons with a fluence of 10
19

 сm
–2

 1,2 = +0.120, 

and of the Fe16.2Cr alloy with a fluence of 10
19

  сm
–2 

α1,2 = +0.127. Consequently, these alloys, like the 

Fe15Cr alloy, seemingly are ordered uniformly. 

However, studies by probe methods of annealed for a 

relatively long time or irradiated alloys revealed the 

presence of chromium-enriched precipitates of unknown 

structure [13, 26, 29, 30]. Those SRO is local in them. 

Thus, precipitates with an average radius of 1.16 nm 

and a total volume of 5.5 and 49.3% chromium 

concentration are observed in the Fe15Cr alloy 

irradiated at 300 ºС with electrons E = 1 MeV and 

0.012 dpa (displacements per atom). The average 

precipitate radius is 2.9 nm, the total volume is 6.7%, 

the chromium concentration in them is 96%, and in the 

matrix it is 8.8 at.% a fluence of 0.7 dpa [30]. 

It can be assumed that a negative SRO remains in 

the alloys under consideration, which compensates for a 

partially positive SRO. Indeed, as can be seen from the 

above example of the Fe15Cr alloy, only 6.7% of the 
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total volume after chromium irradiation with 0.7 dpa is 

enriched in precipitates. The remaining 93.3% of the 

volume is a solid solution depleted to 8.8% Cr, which is 

most likely ordered by negative type. 

The formation of SRO in Fe-Cr alloys is carried out 

by two mechanisms. As indicated earlier, the formation 

of SRO is due to the redistribution of atoms in the 

nearest coordination spheres upon short-term annealing. 

In this case, the SRO formation rate is rather large, since 

in this case atom migration over large distances is not 

required. Apparently, this mechanism transforms one 

type of SRO into another in clusters. The second 

mechanism is associated with the migration of atoms 

over long distances. It takes place upon prolonged 

annealing and especially upon irradiation. 

Irradiation, depending on its conditions, will both 

destroy order in alloys due to displacements of atoms 

from lattice sites and uncorrelated recombination of 

vacancies and interstitial atoms, and contribute to their 

ordering due to radiation-enhanced diffusion. The 

contribution of each of these processes to ordering is 

determined by the temperature, the rate of formation of 

radiation defects, and the fluence of irradiation of the 

alloy. In addition the structural-phase state of solid 

solutions will be affected by noequilibrium segregations 

formed upon irradiation, the driving force of which is 

kinetic processes. 

When studying segregation processes in low-

concentration Fe-Cr alloys, results were obtained that 

are difficult to explain in the framework of the 

mechanisms proposed in the literature. Thus, upon 

irradiation of Fe2.8Cr alloys T = 600 °C [25], Fe9Cr, 

T = 450 °C [32], and Fe13Cr, T = 525 °C [33], the grain 

boundaries are enriched with chromium. The grain 

boundaries of chromium are depleted at irradiation 

temperature of 400 °C of Fe13Cr and Fe5Cr alloys [33]. 

When Fe-Cr alloys are irradiated at temperatures above 

and below the transformation temperature αα+α', the 

direction of fluxes of chromium atoms with respect to 

the grain boundary has different signs. Since the 

difference in irradiation temperature is small, it is 

impossible to explain the above results by a change in 

the transport mechanism. The main reason for the 

observed results, in our opinion, is the influence on the 

segregation processes of the forces of thermodynamic 

interaction between the atoms of the alloy, which is the 

cause of SRO [20]. This interaction upon irradiation 

will determine the direction of atomic fluxes that will 

stimulate the ordering processes – disordering of the 

alloy characteristic of these irradiation conditions. Upon 

low-temperature irradiation, the direction of flow of 

chromium atoms will be such that, along with 

accelerated diffusion, it stimulates the formation of a 

SRO existing in the alloy, i.e. from borders to the 

volume of grains. This result was obtained at irradiating 

by electrons with fluence of 10
18

 and 10
19

 cm
–2

 at 100 

and 150 °С iron alloys containing 3.8, 16.2% Cr [21] 

and an alloy with 15.7% Cr irradiated at 100 °С with a 

fluence of 10
18

 cm
–2

 [22]. Apparently, this also explains 

the enrichment of intragranular so-called preferential 

effluents with chromium observed by many authors 

upon irradiation of alloys [1]. 

In alloys with a chromium concentration of less than 

5%, the negative SRO, and in alloys with a high 

chromium content, a positive SRO become 

thermodynamically unstable at irradiation temperatures 

above the transition temperature αα+α'. The decay of 

chromium-rich clusters in one and the other case will 

cause the escape of chromium atoms from the volume 

of grains of the alloy to extended sinks. It is possible 

that the low-temperature radiation embrittlement 

observed in Fe-Cr alloys is also associated with these 

processes. 

Irradiation of Fe-Cr alloys, like other alloys in which 

different types of SROs are observed [20, 34], does not 

affect the nature of ordering. However, in this case, the 

steady state degree of order, including the inversion of 

1,2, will be determined not only by the concentration 

and temperature of the solid solution, but also by the 

intensity and fluence of the irradiation. 

It follows from the considered results that in the 

state of the so-called stratification, low-concentration 

Fe-Cr alloys consist of a depleted bcc solid solution 

ordered by type α1,2 < 0, in which clusters enriched in 

chromium formed on the basis of the matrix are 

interspersed and ordered by type α1,2 > 0. The volumes 

ratio of differently ordered regions, the sizes of ordered 

clusters, the degree of their enrichment and ordering in a 

quasiequilibrium state is determined by the 

concentration, temperature, and type of processing of 

the alloy. Naturally, in this case, on the state diagram, a 

clear boundary of the existence of one and the other 

types of ordering, as well as the boundaries of the 

separation of Fe-Cr alloys, will not be observed. 
 

SHORT ORDER AND SWELLING  

OF ALLOYS 
 

The influence mechanism of SRO on the swelling of 

alloys at irradiation, proposed by the authors, was 

described earlier in [35, 36]. Briefly it comes down to 

the following. The formation of SRO in a solid solution 

is accompanied by the appearance of elastic correlated 

atomic displacements from the sites of the crystal 

lattice, determined by linear and quadratic parameters of 

the size effect. The magnitude and sign of the 

dimensional effect obtained from the analysis of the 

experimentally measured angular dependence of the 

intensity of diffuse scattering of X-rays or neutrons are 

determined by the signs and magnitude of the SRO 

parameters and the difference in the sizes of the atoms 

of the solvent and the doping element (dimensional 

factor). In the formation of the local order, which is 

observed in the vast majority of solid solutions upon 

irradiation, displacements are superimposed on these 

displacements due to the difference in the specific 

volumes formed on the basis of the lattice of the cluster 

matrix and the matrix itself. Naturally, the resulting 

fields of elastic displacements will interact with 

radiation defects, thereby creating alternative centers for 

the capture of radiation defects in solid solutions, at 

which they will annihilate by mutual recombination. 

Depending on the sign of stress, they will capture either 

vacancies or internodes. These centers are not 

associated with any lattice defects and, therefore, they 

are homogeneously distributed in the alloy bulk with a 
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high density. Therefore, even in the case of a small 

difference between the sizes of the atoms of the legant 

and the matrix, their contribution to the annihilation of 

radiation defects will be large, and in the case of a low 

density in alloys of extended sinks, it will be decisive. 

In addition, clusters formed in the SRO will make it 

difficult to crawl dislocations, preventing a decrease in 

the concentration of interstitials in alloys. 

The results of studies of the swelling of iron-

chromium steels and alloys upon irradiation are 

presented in much literature. However, there is no 

systematic information about swelling, as well as 

ordering upon irradiation. There is no data on the effect 

of reactor irradiation on sequencing. Therefore, it is 

necessary to compare the results obtained in spot studies 

on samples, possibly of different composition and 

undergoing various processing. 

As an example in Fig. 3 [37], generalized 

concentration dependences of swelling (neutron 

irradiation up to doses of 30 dpa) at different 

temperatures are shown. It can be seen that in the 

400…600 °C temperature range and 2…15% Cr 

concentrations, the swelling of the alloys is small in the 

range of 0.01…0.25%. The increase of the irradiation 

fluence to 148 dpa  of alloys with 12 and 17% Cr in the 

same temperature range does not change the indicated 

swelling limits [3]. Note that this is the temperature 

range at which SRO is observed in alloys. 

 
Fig. 3. Concentration dependences of Fe-Cr alloys 

swelling at different temperatures [37]:  

1 – 380; 2 – 400; 3 – 460; 4 – 615 °C,  

the swelling value for pure iron at T = 615 °C [4] 
 

The addition of chromium to iron in the 1…6% 

range sharply reduces the alloys swelling at all 

irradiation temperatures. The smallest swelling is 

observed in the Fe6Cr alloy at 400 ºC. As was shown 

earlier (see Fig. 2), a negative SRO forms in these 

alloys, the maximum degree of which is observed in the 

Fe5Cr alloy at T = 430 ºC (close to 400 ºC). 

With a further increase in the chromium 

concentration in the alloy, the swelling increases and 

reaches the maximum value at x = 10…13% Cr at 400 

and 460, close to 430 ºC. The SRO parameter 1,2 

decreases and becomes equal to zero at x = 10…11% Cr 

at T = 430 °C and chromium concentration above 6%. 

With the chromium content in the alloy above the 

inversion point, a positive SRO will prevail, the value of 

which increases with increasing chromium 

concentration (see Fig. 2). Therefore, the alloy swelling 

at irradiation decreases. 

Thus, a comparison of the SRO 1,2 parameter (see 

Fig. 2) and the swelling (see Fig. 3) of the alloys 

measured at close temperatures shows that they 

qualitatively correlate quite well with each other. It 

follows that the sharp increase in the resistance to 

swelling of iron with the addition of chromium in the 

0…6% range is unambiguously due to the formation of 

a negative SRO in Fe-Cr alloys. The last was observed 

by many authors and could not be explained. 

There may be doubt about the correctness of the 

comparison of these data, since at the final stage the 

alloys in different studies were subjected to different 

processing. Such a qualitative comparison is quite 

acceptable, since irradiation, as was shown earlier, does 

not change the nature of the ordering of iron-chromium 

alloys. The results of the swelling of Fe-Cr alloys near 

500 °C, at which a deep minimum is experimentally 

observed upon irradiation at a temperature dependence 

of 1,2 are of considerable interest. 

In Fig. 3 there is no data on the swelling of Fe-Cr 

alloys at this irradiation temperature. Meanwhile, in the 

temperature dependence of the swelling of alloys near 

500 °C, a rather broad maximum is observed. The 

maximum value significantly exceeds the limit given in 

Fig. 3. The maximum position on the temperature scale 

and its value depend on the composition of the alloy and 

the irradiation conditions [1]. Fig. 3 shows that even at 

T = 460 °C the Fe10Cr alloy swelling is much greater 

than at other temperatures. And the maximum swelling 

of the Fe12Cr alloy of 1.2%, irradiated with Cr
+
 ions at 

a dose of 100 dpa, is observed at T = 500 °C [1]. 

It is easy to see that in this case there is a fairly good 

correlation between the swelling value and the degree of 

SRO of the alloys under consideration. 

In addition, the mechanism of the influence of small 

additives of impurities, including carbon, on the 

increase in the resistance to swelling of steels based on 

iron and iron-chromium alloys becomes clear. It has 

been repeatedly noted in the literature that impurities 

affect swelling only when they are in solid solution and 

in a certain temperature range. 

The reason for this is that impurities, as can be seen 

in the example of 1X13 steel, can significantly increase 

the degree of BP established during irradiation and 

change the temperature range of its existence. Naturally, 

at an irradiation temperature above the disordering 

temperature of the alloy, the effect of impurities on the 

swelling will not be observed. 
 

CONCLUSION 

The low-concentration macroscopically single-phase 

-solid solutions of iron-chromium at the mesoscopic 

level are stratified with the formation on the basis of a 

matrix lattice ordered by a negative local type of short-

range order, enriched with chromium microregions 

(clusters) ordered by the type of positive SRO. The 

Cowley SRO 1,2 parameter averaged over the volume 

of the alloy is determined by the ratio between the 
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sizes, degree of ordering and clusters volumes ordered 

by different types and depends on the concentration 

and temperature of the alloy. The transformation of one 

type of order into another, caused by the disordering of 

one type of cluster and the ordering of others, occupies 

a wide concentration and temperature region. The 

inversion of the SRO parameter of the alloy during 

such transformation will occur when the rates of the 

indicated transformations become equal. Thus, the 

inversion of the sign of the SRO 1,2 parameter does 

not mean that this is due to the inversion at this point of 

the SRO type. 

A comparison of the SRO 1,2 parameter with the 

swelling value of the iron-chromium alloys and 1X13 

steel shows that a fairly good qualitative correlation is 

observed between them. With an increase in the degree 

of ordering, regardless of its type, the swelling 

decreases. A sharp decrease in swelling upon doping of 

iron with chromium (x < 6%), which could not be 

unambiguously explained, is due to the formation of a 

negative SRO in the alloy. A significant decrease in the 

1X13 steel swelling compared with an alloy of the 

same composition is due to the fact that impurities in 

the steel double the degree of ordering. 
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БЛИЖНИЙ ПОРЯДОК И ЕГО ВЛИЯНИЕ НА РАДИАЦИОННУЮ СТОЙКОСТЬ 

НИЗКОКОНЦЕНТРАЦИОННЫХ СПЛАВОВ Fe-Cr 

П.В. Петренко, Н.П. Кулиш, Н.А. Мельникова, Ю.Е. Грабовский, Т.О. Буско 

Проанализировано на мезоскопическом уровне структурно-фазовое состояние низкоконцентрационных 

твердых растворов Fe-Cr и стали 1Х13 в связи с образованием в них ближнего порядка различных типов. 

Проведено сравнение степени ближнего порядка и величины распухания сплавов при облучении. Показано, 

что между ними наблюдается довольно хорошая качественная корреляция. 

 

 

БЛИЗЬКИЙ ПОРЯДОК ТА ЙОГО ВПЛИВ НА РАДІАЦІЙНУ СТІЙКІСТЬ  

НИЗЬКОКОНЦЕНТРАЦІЙНИХ СПЛАВІВ Fe-Cr 

П.В. Петренко, Н.П. Куліш, Н.А. Мельникова, Ю.Є. Грабовський, Т.О. Буско 

Проаналізовано на мезоскопічному рівні структурно-фазовий стан низькоконцентраційних твердих 

розчинів Fe-Cr та сталі 1Х13 у зв’язку з утворенням у них близького порядку різних типів. Проведено 

порівняння ступеня близького порядку та величини розпухання сплавів при опроміненні. Показано, що між 

ними має місце досить добра якісна кореляція. 
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