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A B S T R A C T

The study of chromium alloys, including the low-alloyed BX-2 K alloy and Cr-Fe alloys alloyed with Zr, Y, Al, Mn, 
Mo additions, after irradiation at temperatures ranging from 400 to 1000 ◦C and neutron fluences of (2.0 − 9.3) 
× 1026 m− 2 (E > 0.1 MeV), corresponding to damage doses of 10–46 dpa, revealed a significant tendency for 
radiation embrittlement in all studied alloys. The tensile ductile-to-brittle transition temperature (DBTT) for 
these alloys increased to 250–700 ◦C after irradiation, while the initial DBTT was lower than room temperature. 
To enhance radiation embrittlement resistance, the Cr10FeZrY alloy, which exhibits a minimum DBTT of 250 ◦C, 
is recommended as a basis for further improvement of mechanical properties of Cr-Fe alloys under neutron 
irradiation.

1. Introduction

An important task in the nuclear and fusion reactors development is 
the search for advanced structural materials that can effectively with
stand the effects of neutron irradiation at high operation parameters 
both temperature and damage dose. For example, increasing the oper
ating temperature of the fuel element cladding of fast nuclear reactors is 
one of the main possibilities to increase the efficiency of the reactor 
[1,2].

Chromium alloys are considered as promising structural materials 
for nuclear reactors with higher operating temperatures compared to 
stainless steels [3,4]. Currently, Cr-Fe alloys (see the Cr-Fe phase dia
gram in Fig. 1 [5,6]) with a chromium content of up to 35 wt% have 
been considered for nuclear and fusion applications due to their lower 
swelling and activation properties compared to austenitic steels [7–9]. 
However, using these materials will not allow to reach a significant in
crease in the operating temperature.

Until now, alloys with chromium content ranging from 50 to 90 wt% 
have remained largely unexplored. The goal of this study is to examine 
how the mechanical properties of the low-alloy chromium alloy BX-2 K, 
and Cr-Fe alloys with 60 to 10 wt% iron, change after being exposed to 
high neutron doses at elevated temperatures, with a focus on the effects 
of irradiation on their mechanical properties. The present study com
piles irradiation data on nine different chromium-based alloys over a 

wide temperature and irradiation dose range. The work began back in 
1980-s, but the results have never been published before in a scientific 
paper, and they are valuable for understanding the general behavior of 
chromium alloys under extreme conditions.

2. Experimental

2.1. Materials, samples, heat treatments

The chemical composition of the chromium alloys is shown in 
Table 1 (the accuracy of the measurements is ± (20–30) %). These alloys 
were fabricated using an arc-melter in argon atmosphere with a non- 
consumable tungsten electrode. After melting, the BX-2 K alloy was 
hot pressed at 1000–1200 ◦C with a final deformation of 80–88 %, fol
lowed by polygonization annealing of the rods at 1050 ◦C for 0.5 h. In 
this case, a fine-grained structure is formed with a grain size of 5–7 µm 
with sub-grains measuring 0.75 µm. The Cr-Fe alloys, after melting, were 
hot-pressed at 1000 ◦C with a final deformation of about 90 %. The 
irradiation of all Cr-Fe alloys was performed in the deformed state. The 
Cr-Fe alloy specimens were cut from the rods in the direction of defor
mation. A characteristic feature of the deformed state is the so-called 
fibrous structure in the cross-section of the rod, which is characterized 
by the presence of fibers from 20 to 90 mm long and from 5 to 25 mm 
wide.
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Long-term and short-term annealing of chromium alloy specimens, 
in place of irradiation, was conducted in a furnace under an argon at
mosphere at temperatures of 750, 900, and 1200 ◦C.

2.2. Irradiation

Irradiation of the chromium alloy specimens was conducted in the H- 
1 to H-6 rigs located in 5th row of the BOR-60 research fast reactor with 
a sodium coolant. The specimens were placed in an inner sealed capsule 
made of Nb-1.1Zr-0.1C alloy, immersed in a liquid sodium environment. 
The irradiation temperature of the specimens was regulated by a helium- 
filled gap between coaxial outer and inner cylindrical capsules. The 
outer capsule, located in the flow of primary sodium, was made of 
stainless steel. Irradiation temperature and neutron fluence (the corre
sponding duration of irradiation t is also presented) (see Table 2) were 
calculated based on known values of energy release in the irradiated 
materials and the neutron flux in the reactor channel as well as the in
tensity of gamma radiation. The accuracy of the irradiation temperature 
calculation is ± 10 %, and for the neutron flux about 20 %. The damage 
dose calculation was performed according to the NRT standard for the 
specific placement of the specimens within the reactor channels. During 
irradiation, the H-4 rig was relocated to a channel further from the 
reactor core, resulting in a temperature drop of 100–160 ◦C in the 
specimens (see Table 2).

2.3. Mechanical tests

Radiation embrittlement of chromium alloys was assessed through 
tensile tests, conducted on 1236R and 1931U testing machines located 
in hot cells. The maximum load during tests was 1000 kg. The tests were 
conducted in a vacuum of up to 5 × 10− 5 Torr, at temperatures ranging 
from room temperature to 1000 ◦C, with a strain rate of 8.3 × 10− 4 s− 1. 
The load is measured using a strain gauge, the deformation is measured 

using a displacement sensor and a pair of selsyns. The margin of error for 
determining strength characteristics was ± 5 %, and for relative elon
gation, ±10 %. Microhardness was measured using the PMT-4D device 
(an indentation force of 0.1 kg, 5 indentations was made per specimen) 
with remote control, an error margin was ± 5 %. The microhardness test 
includes three stages: the first stage is the process of loading with a 
diamond pyramid lasting 20 s, the second stage is holding in the final 
position for 20 s, the third stage is the unloading stage lasting 20 s.

Cylindrical tensile specimens, with working part dimensions of Ø3 ×
15 mm, were fabricated from the chromium alloy rods. After fabrication, 
the specimens were electropolished in a 50 % HNO3 acid solution at a 
voltage of 15 V.

The abbreviations in Figures in Section 3 are as follows: 

“init.” in Figs. 2 and 3 means an initial state of BX-2 K alloy, i.e. a 
state before irradiation;
“ann.” in Figs. 2, 3 and 8 means a state of alloys after annealing;
“init. deform.” in Figs. 6-13 means an initial deformed state of alloys;
“irr.” in Figs. 6-13 means a state of material after irradiation.

3. Results

3.1. Low-alloyed BX-2 K chromium alloy

The BX-2 K chromium alloy in its initial state before irradiation ex
hibits excellent tensile properties (see Fig. 2), with a favorable combi
nation of strength (yield stress σ0.2, Fig. 2a) and ductility (total relative 
elongation δ0, Fig. 2b) across a temperature range from room tempera
ture to 1000 ◦C. However, after annealing at 750 ◦C for 3500 h, the alloy 
shows embrittlement at temperatures up to 300 ◦C. Increasing the 
annealing temperature to 900 ◦C also embrittles the alloy. Only 
annealing at 1200 ◦C for 1 h results in significant softening and an in
crease in total relative elongation δ0 beyond the initial state. The 
embrittling effect of high-temperature, long-term annealing is further 
intensified by neutron irradiation.

Fig. 3 shows the dependence of yield stress (σ0.2) (Fig. 3a) and total 
relative elongation (δ0) (Fig. 3b) of the BX-2 K alloy on testing tem
perature after irradiation at 600 ◦C to a neutron fluence of F = 2.8 × 102⁶ 
m− 2. Absolutely brittle fracture is observed up to 600 ◦C, with the first 
signs of ductility appearing at 700 ◦C. For consistency, we will define the 
tensile ductile–brittle transition temperature (DBTT) as the average 
temperature between these two points (i.e., the last brittle and the first 
ductile failures); thus, in this case, DBTT = 650 ◦C. A pronounced 

Fig. 1. The binary Fe-Cr phase diagram.

Table 1 
Chemical composition of chromium alloys in wt.%.

Alloy Cr Fe Al Mn Mo Zr Y La Ta V C O N H

BX-2 K base ​ ​ ​ ​ ​ ​ 0.32 0.26 0.4 0.006 0.05 0.01 <0.001
Cr Fe10ZrY − 10 ​ ​ ​ 0.2 0.2 ​ ​ ​ 0.002 0.02 0.01 −

Cr Fe35ZrY − 35 ​ ​ ​ 0.2 0.2 ​ ​ ​ 0.005 0.025 0.025 −

Cr Fe35AlZrY − 35 3 ​ ​ 0.2 0.5 ​ ​ ​ 0.004 0.03 0.016 −

Cr Fe35AlMnY − 35 0.9 0.05 ​ ​ <0.1 ​ ​ ​ 0.008 0.03 0.016 −

Cr Fe35MoY − 35 ​ ​ 0.5 ​ 0.5 ​ ​ ​ 0.011 0.021 0.021 −

Cr Fe50 − 50 ​ ​ ​ ​ ​ ​ ​ ​ 0.012 0.01 0.01 −

Cr Fe60ZrY − 60 ​ ​ ​ 0.1 0.15 ​ ​ ​ 0.015 0.02 0.02 −

Cr Fe60AlZrY − 60 4.7 ​ ​ 0.2 0.06 ​ ​ ​ 0.02 0.02 0.018 −

Table 2 
Irradiation parameters of chromium alloys.

Rig Tirr, ◦C F, ×1026 m− 2, E > 0.1 MeV t, h D, dpa

H-1 400–830 4.0 7400 20
H-2 400–780 2.0 3700 10
H-3 560–800 2.4 4450 12
H-4 500–1000 6.9 12,800 35
H-5 630–750 3.8 7050 19
H-6 470–670 9.3 17,200 46
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increase in yield strength (σ0.2) is also observed at temperatures above 
the DBTT.

A summary of the irradiation effects on the tensile properties of the 
BX-2 K alloy is shown in Fig. 4. Here, radiation hardening is defined as 
Δσ0.2 = σ0.2irr − σ0.2init (Fig. 4a), where σ0.2irr is the yield stress after 
irradiation and σ0.2init is the yield stress in the initial state before irra
diation. For microhardness, radiation hardening is represented by ΔHµ 
= Hµirr − Hµinit (Fig. 4b), where Hµirr is the microhardness after irradi
ation and Hµinit is the microhardness in the initial state before irradia
tion. Fig. 4c shows the temperature dependence of the DBTT. All three 
parameters show a sharp decrease up to 700 ◦C. At temperatures above 
700 ◦C, there is an increase in these parameters, followed by a decrease 
for both Δσ0.2 and DBTT.

A dependence of radiation hardening (Δσ0.2, above), microhardness 
(ΔHµ, middle), and DBTT (below) of the BX-2 K alloy on neutron fluence 
(F) for irradiation temperatures of 650–750 ◦C is presented in Fig. 5. A 
monotonic increase in both radiation hardening Δσ0.2 (Fig. 5a) and 

DBTT (Fig. 5c) occurs with increasing neutron fluence, although the 
growth rate slows as the maximum neutron fluence value is approached. 
The radiation hardening ΔHµ (Fig. 5b) demonstrates a linear increase on 
increasing neutron fluence.

The Δσ0.2 on F dependence can be fitted by an exponential 
relationship: 

Δσ0.2 = (539 ± 80) − (1666 ± 1182) × exp ((− 0.8 ± 0.4) × F), (1) 

The ΔHµ on F dependence can be fitted by a linear relationship: 

ΔHμ = (1579 ± 55) × (65 ± 11) × F, (2) 

The DBTT on F dependence can be fitted by an exponential 
relationship: 

DBTT = (450 ± 19) − (661 ± 159) × exp (( − 0.6 ± 0.1) × F), (3) 

Fig. 2. Yield stress σ0.2 (a) and total relative elongation δ0 (b) of BX-2 K alloy 
on testing temperature Ttest after annealing at 750, 900 and 1200 ◦C.

Fig. 3. Yield stress σ0.2 (a) and total relative elongation δ0 (b) of BX-2 K alloy 
on testing temperature Ttest after irradiation at Tirr = 600 ◦C up to neutron 
fluence F = 2.8 × 1026m− 2.
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Fig. 4. Radiation hardening Δσ0.2 (a), ΔHµ (b) and DBTT (c) of BX-2 K alloy on 
irradiation temperature Tirr, normalized to neutron fluence F= (2.8–3.2) × 1026 

m− 2, Ttest = Tirr.

Fig. 5. Radiation hardening Δσ0.2 (a), ΔHµ (b) and DBTT (c) of BX-2 K alloy on 
neutron fluence F for irradiation temperatures Tirr = 650–750 ◦C (Ttest = Tirr).
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3.2. Cr-Fe alloys with Zr and Y additions

Figs. 6, 7, and 9 display the yield stress (σ0.2) and total relative 
elongation (δ0) values of Cr-Fe alloys with small additions of Zr and Y, as 
a function of testing temperature after irradiation across a wide range of 
temperatures and neutron fluences. Fig. 8 presents the same mechanical 
characteristics for the Cr Fe50 alloy. These chromium alloys exhibit 
varying degrees of radiation hardening and embrittlement effects 
depending on the irradiation parameters. The most severe embrittle
ment was observed in the Cr Fe50 alloy without additional alloying with 
Zr and Y. In this alloy, embrittlement occurs even without irradiation, 
after annealing at 700 ◦C for 1000 h, leading to an increase in DBTT to 
450 ◦C (see Fig. 6b).

Table 3 summarizes data from Figs. 6-9 regarding the radiation- 
induced evolution of the ductile–brittle transition temperature (DBTT) 
in Cr-Fe alloys (with Zr and Y). The lowest DBTT values are observed for 

the Cr Fe10ZrY alloy after irradiation at temperatures between 640 and 
920 ◦C.

3.3. Cr Fe35 and Cr Fe60 alloys with Al, Mn, Mo additions

Figs. 10 and 11 display the yield stress (σ0.2) and total relative 
elongation (δ0) of two Cr FeZrY alloys with Al additions as a function of 
testing temperature after irradiation at high temperatures. The Cr 
Fe35AlZrY and Cr Fe60AlZrY alloys exhibit radiation-induced embrit
tlement at temperatures up to 400 ◦C (Fig. 10b) and 200 ◦C (Fig. 11b) 
and softening, beginning at 500◦C (Fig. 10a) and 400 ◦C (Fig. 11a), 
respectively.

Replacing Zr with Mn (see Fig. 12) in the Cr Fe35AlZrY alloy (Fig. 10) 
results in reduced brittleness, with DBTT values ranging from 450 to 
350 ◦C (Fig. 12b), and leads to radiation hardening instead of softening 
(Fig. 12a). Conversely, replacing Zr with Mo (see Fig. 13) in the Cr 
Fe35ZrY alloy (Fig. 7) results in increased brittleness (Fig. 13b), with 

Fig. 6. Yield stress σ0.2 (a) and total relative elongation δ0 (b) of Cr Fe10ZrY 
alloy on testing temperature Ttest after irradiation at Tirr = 540–920 ◦C up to 
neutron fluence F= (2.2–6.7) × 1026 m− 2.

Fig. 7. Yield stress σ0.2 (a) and total relative elongation δ0 (b) of Cr Fe35ZrY 
alloy on testing temperature Ttest after irradiation at Tirr = 500–910 ◦C up to 
neutron fluence F= (1.2–5.8) × 1026 m− 2.

V. Chakin et al.                                                                                                                                                                                                                                 Nuclear Materials and Energy 42 (2025) 101871 

5 



DBTT values ranging from 450 to 700 ◦C, while maintaining the soft
ening effect (Fig. 13a).

Table 4 summarizes data from Figs. 10-13 regarding the DBTT values 
of Cr-Fe alloys (with Al, Mn, and Mo). The lowest DBTT is observed for 
Cr Fe60AlZrY at 250 ◦C, while the highest DBTT is found in Cr Fe35MoY 
at 700 ◦C.

4. Discussion

As indicated by the results of the mechanical tests presented in 
Section 3, all the investigated chromium alloys exhibited a tendency 
toward significant embrittlement after irradiation. However, a closer 
examination of the results reveals certain chromium alloys that 
embrittled to a comparatively lesser extent. Therefore, it is worthwhile 
to explore the reasons behind the differences in the susceptibility of 
chromium alloys to radiation embrittlement, particularly in relation to 

variations in alloying elements.
Neutron irradiation can influence the degree of embrittlement in 

chromium alloys in two primary ways: by creating radiation defects in 
the structure, such as clusters, dislocation loops, and vacancy voids [10], 
or, specifically for alloys in the binary Cr-Fe system, by forming and 
evolving the σ-phase, which is known for its high brittleness and low so- 
called brittle strength [11–13]. The presence of brittle σ-phase particles 
in the microstructure of irradiated Cr-Fe alloys significantly contributes 
to the embrittlement of these materials [13].

Refractory body-centered cubic (BCC) metals such as molybdenum 
and tungsten in the Group VIA family, which includes chromium, as well 
as alloys based on these metals, exhibit a pronounced tendency toward 
low-temperature radiation embrittlement (LTRE) after irradiation 
[14–17]. The ferritic-martensitic low-activation steel EUROFER97 (an 
RAFM-type steel), which also has a BCC lattice structure, shows a similar 
tendency toward LTRE following irradiation [18–20]. In irradiated 

Fig. 8. Yield stress σ0.2 (a) and total relative elongation δ0 (b) of Cr Fe50 alloy 
on testing temperature Ttest after annealing at 700 ◦C for 1000 h and irradiation 
at Tirr = 730 ◦C up to neutron fluence F = 2.1 × 1026 m− 2.

Fig. 9. Yield stress σ0.2 (a) and total relative elongation δ0 (b) of Cr Fe60ZrY 
alloy on testing temperature Ttest after irradiation at Tirr = 600–790 ◦C up to 
neutron fluence F= (1.8–2.4) × 1026 m− 2.
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tungsten, high-density dislocation loops and voids develop within the 
microstructure. Additionally, the segregation of transmuted Re and Os 
atoms at dislocation loops eventually leads to the formation of χ-phase 
precipitates on these loops [21,22]. This radiation-induced evolution of 
the tungsten microstructure results in significant radiation hardening, 
accompanied by a shift of the ductile-to-brittle transition temperature 
(DBTT) to higher temperatures. For EUROFER97 steel irradiated at 
300–335 ◦C up to 70 dpa, nearly homogeneous dislocation loops form 
throughout the steel matrix. These radiation-induced dislocation loops 
are considered the primary contributors to irradiation hardening and 
embrittlement [23,24].

Let us consider the radiation-induced changes in the microstructure 
of the low-alloyed BX-2 K chromium alloy [10]. The initial state of the 
alloy is characterized by a structure with a sub-grain size of 0.75 µm, a 
density of free dislocations of 1015 m− 2, and second phases with particle 
sizes of 100 nm. At an irradiation temperature of 670 ◦C and a neutron 

fluence of 1.8 × 1026 m− 2, vacancy pores form with sizes ranging from 6 
to 8 nm and a density of 2.5 × 1022 m− 3. The average cell size increases 
to 1.4 µm, accompanied by the formation of denuded zones free of any 
radiation defects, dislocations and precipitates along the grain bound
aries and sub-grain boundaries, measuring 10 to 15 nm in width. 
Additionally, dislocations with a density of 1010 to 1011 m− 2 are present 
in the structure of the irradiated BX-2 K alloy. The results of micro
structural studies by TEM are not included in Section 3, but they are 
partly present in the references [10–13] therefore, they are presented 
here for the discussion of the results of mechanical tests.

The presence of voids contributes to an increase in the strength of the 
alloy, resulting in radiation hardening, as the voids serve as effective 
barriers to dislocation motion during deformation. Estimates indicate 
that the DBTT of the BX-2 K chromium alloy after irradiation increases 
proportionally with the increase in radiation hardening (Δσ0.2) (see 
Fig. 14).

The DBTT on Δσ0.2 dependence can be fitted by a linear relationship: 

Fig. 10. Yield stress σ0.2 (a) and total relative elongation δ0 (b) of Cr Fe35AlZrY 
alloy on testing temperature Ttest after irradiation at Tirr = 740 ◦C up to neutron 
fluence F = 2.2 × 1026m− 2.

Fig. 11. Yield stress σ0.2 (a) and total relative elongation δ0 (b) of Cr Fe60AlZrY 
alloy on testing temperature Ttest after irradiation at Tirr= (790–950) ◦C up to 
neutron fluence F = 6.4 × 1026m− 2.
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DBTT = (312 ± 76) × (1 ± 0.3) × Δσ0.2, (4) 

Enrichment of structural sinks with iron has been observed in the Cr 
Fe35ZrY alloy [12,13]. After irradiation at 750 ◦C to a neutron fluence of 
3.8 × 1026 m− 2, the enrichment reached 40 % of the initial content of Fe 
atoms. This phenomenon occurs due to the radiation-induced segrega
tion [25,26] of Fe atoms to the outer surface, grain boundaries, and 
other structural sinks of point defects in Cr-Fe alloys under irradiation. 
The enrichment effect of these sinks leads to the formation of the σ-phase 
even in Cr-Fe alloys where, according to the Cr-Fe phase diagram (see 
Fig. 1), the σ-phase should not be present or should occur only in smaller 
quantities at a given alloy composition or temperature [11].

For instance, in the Cr Fe10ZrY alloy, after irradiation at tempera
tures between 640 and 760 ◦C to a neutron fluence of 4.7 × 1026 m− 2, 
small amounts of σ-phase were detected (about 0.1 % relative to the Cr 
Fe50 alloy, which exhibited approximately 90 % σ-phase content). This 
alloy also showed voids measuring 10–15 nm in size with a density of 

7.9 × 1021 m− 3 and dislocation loops measuring 15–120 nm with a 
density of 1.06 × 1022 m− 3 [11].

In [12], a relationship was proposed for determining the shift of the 
tensile DBTT of chromium alloys under neutron irradiation: 

Fig. 12. Yield stress σ0.2 (a) and total relative elongation δ0 (b) of Cr 
Fe35AlMnY alloy on testing temperature Ttest after irradiation at Tirr = 720 ◦C 
up to neutron fluence F = 3.4 × 1026m− 2.

Fig. 13. Yield stress σ0.2 (a) and total relative elongation δ0 (b) of Cr Fe35MoY 
alloy on testing temperature Ttest after irradiation at Tirr = 740 ◦C up to neutron 
fluence F = 3.7 × 1026m− 2.

Table 3 
Influence of neutron irradiation to the DBTT of Cr FeZrY alloys.

Alloy Tirr, C◦ F,×1026 m− 2 DBTT, ◦C

Cr Fe10ZrY 540–650 2.2 450
640–760 4.7 250
820–920 6.7 250

Cr Fe35ZrY 500–590 1.2 300
770–910 5.8 450

Cr Fe50 500 2.0 700
730 2.1 550

Cr Fe60ZrY 600 1.8 450
790 2.4 450
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ΔDBTT = ΔDBTTrd +ΔDBTTσ = A × (Nd)1/2
+ B × Mσ, (5) 

where ΔDBTTrd is the shift due to the radiation defects formation; 

ΔDBTTσ is the shift due to the σ-phase formation;
N, cm− 3 is the density of the radiation defects (voids, dislocation 
loops);
d, nm is the diameter of the radiation defects;
Mσ, is the amount of σ-phase according to the results of the X-ray 
phase analysis;
A, B are constants.

The relationship (5) can only provide a qualitative explanation for 
the observed radiation embrittlement of chromium alloys. However, 
low-alloyed chromium alloys lack the second term, meaning the 
contribution to the shift value is solely due to radiation hardening 
resulting from the formation of radiation defects, such as voids or 
dislocation loops, and lack of the σ-phase impact.

In Cr-Fe alloys, the primary factor influencing embrittlement is the 
amount of σ-phase present in the alloy; that is, as more σ-phase is 

formed, the degree of embrittlement increases. Table 5 shows the results 
of σ-phase amount measurements in the irradiated Cr-Fe alloys [11–13].

Among the studied Cr-Fe alloys, only the Cr Fe10ZrY alloy exhibited 
both factors—radiation defects and small σ-phase particles [11]. This 
alloy demonstrated the least susceptibility to radiation embrittlement, 
with a DBTT of 250 ◦C (see Table 3). This is attributed to the minimal 
contribution of σ-phase particles to embrittlement (see Table 5) and, 
consequently, the limited effect of voids and dislocation loops on radi
ation hardening (see Figs. 6 and 14).

Similarly, the Cr Fe60AlZrY alloy also exhibited minimal embrittle
ment, with a DBTT of 250 ◦C (see Table 4). In this alloy, no σ-phase 
particles were detected after irradiation, in contrast to the Cr Fe60ZrY 
alloy, where σ-phase particles were identified (see Table 5), ranging in 
size from 0.1 to 25 µm with a density of not more than 5 × 109 m− 3 [11]. 
This observation suggests that alloying with aluminum suppresses the 
formation of σ-phase in Cr-Fe alloys. Also, according to [27], the Cr-Fe- 
Al ternary phase diagram shows the absence of the σ-phase in the Cr 
Fe60AlZrY alloy at the given temperatures.

The greatest susceptibility to radiation embrittlement, aside from the 
low-alloyed BX-2 K alloy, was exhibited by the Cr Fe50 alloy, which has 
a DBTT of 700 ◦C (see Table 3). The microstructure of this alloy contains 
large σ-phase particles, and it is nearly single-phase in composition 
[12,13] (see Table 5). Additionally, the Cr Fe35MoY alloy, which also 
features large σ-phase particles in its microstructure [11] (see Table 5), 
demonstrated significant radiation embrittlement. This indicates that 
the addition of molybdenum to Cr-Fe alloys promotes the formation of 
σ-phase under irradiation. Moreover, according to [28], the Cr-Fe-Mo 
ternary phase diagram shows the presence of the σ-phase in this alloy 
at these irradiation temperatures.

The role of manganese in suppressing σ-phase formation is less clear, 
as aluminum is also present in the Cr Fe35AlMnY alloy (see Fig. 12, 
Table 4). However, according to [29], the Cr-Fe-Mn ternary phase dia
gram indicates the absence of σ-phase in this alloy at the given tem
peratures. This suggests that the combined individual effects of 
aluminum and manganese, which both reduce the tendency of Cr-Fe 
alloys to form σ-phase (see Table 5), contribute to increased resistance 
to radiation embrittlement.

A detailed analysis of previous studies on the radiation damage in 
chromium alloys has revealed behavior similar to that of other re
fractory metals and alloys, particularly their susceptibility to severe 
radiation embrittlement. However, there remains potential to enhance 
the radiation embrittlement resistance of chromium alloys through 
further alloy optimization, beginning with Cr-Fe alloys containing 
approximately 10 % Fe. Additionally, given chromium’s excellent 
combination of physical and mechanical properties—especially its 
inherent heat resistance and high corrosion resistance in aggressive 
environments—the development of chromium alloys for use in aircraft 
engine turbines and other industrial applications is currently under 
consideration [30].

5. Conclusions

A study was conducted on the susceptibility of the low-alloyed BX-2 
K chromium alloy and chromium-iron alloys alloyed with Zr, Y, Al, Mn, 
and Mo to radiation embrittlement after irradiation at temperatures 
ranging from 400 to 1000 ◦C to neutron fluences of (2.0 − 9.3) × 1026 

m− 2 (E > 0.1 MeV), corresponding to damage doses of 10–46 dpa.
All chromium alloys exhibited a tendency toward radiation embrit

tlement, with the tensile ductile-to-brittle transition temperature 
(DBTT) shift ranging from 250 to 700 ◦C. The smallest DBTT shift 
(250 ◦C) was observed in the Cr Fe10ZrY and Cr Fe60AlZrY alloys, while 
the largest DBTT shift (700 ◦C) was found in the Cr50Fe and Cr Fe35MoY 
alloys. The remaining alloys displayed intermediate susceptibility to 
radiation embrittlement.

In the Cr-Fe alloys, a positive effect of alloying with aluminum and 
manganese, was observed regarding their tendency to embrittlement 

Table 4 
Influence of neutron irradiation to the DBTT of Cr FeY alloys with additions of 
Al, Mn, Mo.

Alloy Tirr, C◦ F,×1026 m− 2 DBTT, ◦C

Cr Fe35AlZrY 740 2.2 450
Cr Fe60AlZrY 790–950 6.4 250
Cr Fe35AlMnY 720 3.4 350
Cr Mo35Y 740 3.7 700

Fig. 14. Dependence of DBTT of BX-2 K chromium alloy on radiation hard
ening Δσ0.2 = σ0.2 irr − σ0.2 init for irradiation temperatures of Tirr = 500–800C 
and neutron fluences of F = (1–4) × 1026 m− 2.

Table 5 
Influence of neutron irradiation on σ-phase formation measured by X-ray phase 
analysis in Cr-Fe alloys.

Alloy Tirr, C◦ F,×1026 m− 2 σ-phase amount, relative unit

Cr Fe10lZrY 640–760 4.7 0.001
Cr Fe35lZrY 770–910 5.8 0.07
Cr Fe35AlZrY 740 2.2 0
Cr Fe35AlMnY 750 3.8 0
Cr Fe35MoY 740 3.7 0.08
Cr Fe50 730 2.1 0.9
Cr Fe60ZrY 790 2.4 0.07
Cr Fe60AlZrY 790–950 6.4 0
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under irradiation. In contrast, alloying with molybdenum had a negative 
effect, leading to increased embrittlement.

Further improvement in the radiation embrittlement resistance of Cr- 
Fe alloys may be achieved by refining and optimizing additional alloying 
strategies for chromium alloys with an iron content of 5 to 15 wt%.
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