
����������
�������

Citation: Dai, H.; Yu, M.; Dong, Y.;

Setyawan, W.; Gao, N.; Wang, X.

Effect of Cr and Al on Elastic

Constants of FeCrAl Alloys

Investigated by Molecular Dynamics

Method. Metals 2022, 12, 558.

https://doi.org/10.3390/

met12040558

Academic Editor: Angelo Fernando

Padilha

Received: 18 January 2022

Accepted: 22 March 2022

Published: 25 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metals

Article

Effect of Cr and Al on Elastic Constants of FeCrAl Alloys
Investigated by Molecular Dynamics Method
Hui Dai 1 , Miaosen Yu 1, Yibin Dong 1 , Wahyu Setyawan 2, Ning Gao 1,3,* and Xuelin Wang 1

1 Institute of Frontier and Interdisciplinary Science and Key Laboratory of Particle Physics and Particle
Irradiation (MOE), Shandong University, Qingdao 266237, China; huidai@mail.sdu.edu.cn (H.D.);
202120966@mail.sdu.edu.cn (M.Y.); ybdong@mail.sdu.edu.cn (Y.D.); xuelinwang@sdu.edu.cn (X.W.)

2 Pacific Northwest National Laboratory, Richland, WA 99352, USA; wahyu.setyawan@pnnl.gov
3 Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China
* Correspondence: ning.gao@sdu.edu.cn

Abstract: The FeCrAl alloy system is recognized as one of the candidate materials for accident-
tolerant fuel (ATF) cladding in the nuclear power industry due to its high oxidation resistance under
irradiation and high-temperature environments. The concentrations of Cr and Al have a significant
effect on elastic properties of the FeCrAl alloy. In this work, elastic constants C11, C12, C44, bulk
modulus and shear modulus of FeCrAl alloy were calculated with molecular dynamics methods.
We explored compositions with 1–15 wt.% Cr and 1–5 wt.% Al at temperatures from 0 K to 750 K.
The results show that the concentrations of Al and Cr have different effects on the elastic constants.
When the concentration of Al was fixed, a decrease in bulk modulus and shear modulus with
increasing Cr content was observed, consistent with previous experimental results. The dependence
of elastic constants on temperature was also the same as in the experiments. Investigations into
elastic properties of defect-containing alloys have shown that vacancies, voids, interstitials and
Cr-rich precipitations have different effects on elastic properties of FeCrAl alloys. Investigations of
elastic properties of defect-containing alloys have shown that vacancies, void, interstitials and Cr-rich
precipitations have different effects on elastic properties of FeCrAl alloys. Therefore, the present
results indicate that both the Cr and Al concentrations and radiation defects should be considered to
develop and apply the FeCrAl alloy in ATF design.

Keywords: FeCrAl; elastic properties; temperature effect; molecular dynamics

1. Introduction

After the Fukushima Daiichi nuclear power disaster in 2011, development of accident-
tolerant fuels (ATF) has been in great demand to enhance the safety of nuclear power
plants, especially under accident conditions [1]. In addition to coated claddings, FeCrAl
cladding is one of the possible technologies for use in ATF. In the past few years, based on
this concept, FeCrAl alloys have been extensively studied and the advantages have been
recognized, including improved high-temperature steam oxidation resistance [2], resistance
to radiation damages [3], strength under both normal conditions and high-temperature
accident conditions [4], and enhanced corrosion performance under normal conditions [5].

The roles of Cr and Al elements have been explored to understand the above properties.
For example, Cr is added to improve the water corrosion resistance of these alloys at
normal operating temperatures, and Al is added to improve the high-temperature oxidation
resistance of the alloy through the formation of protective α-Al2O3 [6,7]. However, it
should also be noted that various properties of FeCrAl alloys are strongly affected by
the addition and concentrations of Cr and Al, including the mechanical properties. For
example, the α′ phase in FeCrAl alloy will nucleate and grow at temperatures around
475 ◦C with a concentration of Cr, CCr, around 10~18 at.%, which leads to embrittlement of
the alloy under normal conditions [8,9]. Meanwhile, under irradiation, the α′ phase could
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form even at 320 ◦C, with CCr around 10~18 at.% [10]. Hence, it is necessary to decrease
the concentration of Cr to reduce the α′ phase formation and related embrittlement of
the alloy under irradiation at medium temperatures [11]. For this purpose, Oak Ridge
National Laboratory (ORNL) has prepared a variety of FeCrAl-Y alloys with different Cr
concentrations to develop new low-Cr, high-strength FeCrAl-Y alloys [11]. They found that
a FeCrAl alloy with CCr less than 13 wt.% can effectively avoid the formation of a brittle
phase at 475 ◦C. Gussev et al. found that adding Al to the alloy can improve the oxidation
resistance, but the higher Al concentration, CAl, increases, the greater the difficulty of
welding and manufacturing the FeCrAl alloys [8,12].

In addition, previous studies have also reported that the concentration of Cr and
Al could significantly affect the mechanical properties of FeCrAl alloys [12]. The elastic
properties have been investigated for evaluating the survivability of cladding materials
under energetic neutron irradiation [13]. In fact, mechanical properties, including the elastic
modulus, yield stress, ultimate tensile stress, and so on, have been generally measured and
estimated for selection of structural materials used in reactors before neutron irradiation
experiments [14,15]. For example, before irradiation, it was reported by Liu et al. that the
increase in Cr concentration will enhance the bulk modulus of the alloy. However, when
the concentration of Al increases from 4.5 wt.% to 6 wt.%, the bulk modulus could also
slightly decrease [14]. From experimental viewpoints, Speich et al. measured the shear
modulus G, the ratio of the bulk modulus to the shear modulus K/G, and the Poisson’s
ratio v [16] using an ultrasonic pulse echo repeat method [17] at 298 K, indicating that
the shear modulus and Poisson’s ratio of the Fe-rich region of the Fe-Cr alloy showed
a linear dependence with the increase of Cr concentration. Harmouche et al. prepared
FeAl-B2 phase samples with Fe atomic fractions from 50.87% to 60.2%, and by measuring its
Young’s modulus at room temperature, the authors found that the dependence of Young’s
modulus on the concentration of Fe shows a quadratic relationship [18]. The dependence of
elastic modulus, Poisson’s ratio, and shear modulus on temperature has also been explored
for FeCrAl alloy and almost no variation has been observed as a function of major alloy
elements [12]. Based on the above literature review, it is clear that although there are many
studies on the mechanical properties of binary alloys, research on the elastic properties of
ternary alloys needs to be enriched, especially on the mutual effect of Cr and Al on the
elastic constants of a ternary FeCrAl alloy. From the viewpoint of fundamental research,
it would be necessary to investigate the Cr and Al concentration effect from the lower to
higher values in order to present the possible dependence of elastic properties on these
alloy elements.

Different from the effect of Cr and Al on mechanical properties before the irradiation,
the effect of radiation-induced defects on the mechanical properties of FeCrAl alloy is
another key factor in evaluating the performance of the selected material. From previous
studies, it is well known that the elastic modulus is one of important parameters to be
dynamically measured in order to estimate the state of structure materials during the
performance of nuclear reactors [13]. Thus, understanding the elastic constant and modulus
before and after the irradiation is important for the development and further optimization
of FeCrAl alloys used in ATF design. Under irradiation, the super-saturated interstitials,
vacancies, voids, and precipitates are generally observed, which are expected to affect
the mechanical properties of FeCrAl alloys. For example, the formation of Cr-rich a′

phases in irradiated FeCrAl alloys has been investigated by small-angle neutron scattering
(SANS) [19,20], atom probe tomography (APT) [21,22], high-efficiency STEM-EDS (energy-
dispersive spectroscopy) [21] and a series of technical studies. Unfortunately, although the
irradiation hardening and embrittlement of FeCrAl after irradiation have been investigated,
the detailed dependence of elastic constants or modulus on irradiation defects in FeCrAl
alloys is not well understood, so research comparing this to the dynamically measured
elastic modulus of materials to increase the safe operation of nuclear reactors would
be valuable.
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Therefore, in order to shed light on above questions, in this work, molecular dynamics
(MD) simulations have been performed to calculate the elastic constants of FeCrAl alloy
with 1~15 wt.% Cr and 1~5 wt.% Al at different temperatures (0 K, 300 K, 450 K, 600 K
and 750 K) to understand the concentration effect of alloy elements on elastic properties
of FeCrAl alloy. The effects of radiation defects, including vacancies, interstitials and Cr
precipitates on the elastic properties, are also simulated. Through these calculations, the
elastic properties of FeCrAl alloy before and after the irradiation can be understood from an
atomic scale. In the rest of this paper, the method of calculations is introduced in Section 2,
results and discussion are provided in Section 3, and conclusion is given in the last section.

2. Methods

In this work, molecular dynamics (MD) simulations have been performed with
LAMMPS software to calculate the elastic constants at different temperatures. The computa-
tional box was built with three directions along [100], [010] and [001]. There are 10 unit cells
along each direction, thus, 2000 atoms in the matrix box. The interactions between atoms in
FeCrAl are described by the F-S potential developed by Liao et al., which has been shown
to be accurate to describe the characteristics of the elements in FeCrAl alloys [22]. The time
step is 1 femtosecond (fs), and the total simulation time is up to 10 ps for each simulation.

The elastic tensor can be written as a 6 × 6 matrix using the Voigt concept, that is, Cij
instead of Cijkl. According to this definition, during calculations, the elastic constants can
be calculated by applying elementary deformations in the six distinct strain components
and measuring the changes in the six stress components accordingly. In this work, the
strain to induce the deformation of the simulation box was set as 10−6. Thus, according to
the dependence of stress on strain, the elastic constants can be calculated. For temperatures
higher than 0 K, thermal motion is included in the calculation of the stress. For the cubic
lattice simulated in this work, the elastic tensor has three independent elastic constants,
namely C11, C12 and C44. With the above method, these elastic constants can be calculated
with or without temperature effect. In fact, this method has been applied by different groups
to investigate the elastic properties of materials. For example, Miller et al. studied the elastic
constants of PbTe, SnTe and Ge0.08Sn0.92Te with this method [23]. In order to understand
the influence of solute atoms on the elastic constants of FeCrAl alloys, 1~15 wt.% Cr and
1~5 wt.% Al atoms were introduced as substitutional solutes to form a solid solution, since
FeCrAl alloys generally form a solid solution, as observed in previous experiments [10,24].
For convivence, the atomic concentration, at.%, is usually applied for atomic simulations.
The conversion between wt.% and at.% can be obtained by including the atomic mass for
Fe, Cr and Al. Examples of this unit conversion are listed in Table 1. It should also be
noted that both Cr and Al atoms were introduced into the computational box in a randomly
substitutional way by keeping the distance between each pair of substitutional atoms at
least one lattice constant. As stated above, simulations at different temperatures (0 K, 300 K,
450 K, 600 K, 750 K) were performed to explore the effect of temperature on the elastic
constants of the alloy. Furthermore, at each temperature, 50 simulations were performed to
get reliable statistics and to estimate uncertainties in the results.

Table 1. Examples of conversion from wt.% to at.% for several FeCrAl alloys.

Solute Fe1Cr1Al Fe2Cr5Al Fe5Cr3Al Fe8Cr5Al Fe13Cr5Al

Element Fe Cr Al Fe Cr Al Fe Cr Al Fe Cr Al Fe Cr Al

wt.% 98 1 1 93 2 5 92 5 3 87 8 5 82 13 5
at.% 97 1 2 88 2 10 89 5 6 82 8 10 77 13 10

In addition, in order to consider the effect of vacancies, interstitials and Cr precipitates
on elastic constants, a big simulation model with 36,000 atoms was built with three direc-
tions in the same orientation as before. The radiation-induced vacancies (and voids) are
included in the computational box by changing, n, the number of vacancies in each vacancy
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cluster or void and, m, the number of vacancy clusters or voids. For convenience, in this
work, the total number of vacancies in the box was kept as 320, and thus nm = 320. The
value of m is defined as 1, 2, 4, 5, 10, 20, 40, 80, 160 and 320, thus n is calculated accordingly.
To investigate the effect of interstitials, different numbers of separated interstitials are were
in the computational box. For a single interstitial, the <110> Fe-Fe or Fe-Cr dumbbell was
built after the construction of FeCrAl alloy since the substitutional Al has lower formation
energy, and thus, only the Fe-Fe and Fe-Cr dumbbells were built in the present work. As to
the effect of Cr-rich α′ on elastic properties, similar to the model of vacancy clusters, the
precipitates containing different numbers of Cr atoms were considered. The number of
precipitates was 1 to 7 and two cases with a total number Cr atoms in the box up to 4300
(CCr ~ 11%) and 4850 (CCr ~ 13%), respectively, were considered. Following above method,
simulations at 0 K were performed to explore the effects of vacancies, interstitials and Cr
precipitates on the elastic constants of the alloys. In each case, 50 simulations were also
performed to obtain reliable statistics and estimate the uncertainty in the results.

3. Results and Discussion
3.1. Dependence of Elastic Constants on Concentration of Cr and Al

The calculated elastic constants, C11, C12, C44 and related bulk modulus and shear
modulus, of FeCrAl alloy as a function of concentration of Cr and Al at 0 K are shown
in Figure 1. The statistical uncertainties of these elastic constants and modulus were also
calculated, which showed a similar dependence on concentration of Cr and Al, and thus just
one example is presented in Figure 1f. Each panel in Figure 1 has five curves, corresponding
to the five different concentrations of Al from 1 wt.% to 5 wt.%. For each curve, the data
are plotted as a function Cr concentration from 1 wt.% to 15 wt.%. Some curves show an
increasing trend, while others exhibit an opposite trend, indicating different dependencies
of elastic constants on the concentrations of Al and Cr.
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As shown in Figure 1a, for the lowest concentration of Al at 1 wt.%, C11 increases
slightly with Cr concentration up to 15 wt.%. While for 2 to 5 wt.% Al, C11 decreases
accordingly. Furthermore, from Figure 1a, when CCr is in the range of 1–3 wt.%, C11
increases with the increase of CAl, while the opposite is true for CCr in the range of
5–15 wt.%. Interestingly, all curves intersect at a common point at 4 wt.% Cr, indicat-
ing that at this Cr concentration, C11 does not depend on CAl.

For C12, as shown in Figure 1b, when CAl is 1 wt.% or 2 wt.%, C12 increases with CCr
from 1 to 15 wt.%. When CAl is 3 wt.%, C12 decreases firstly and then increases with CCr.
When CAl is 4 wt.% or 5 wt.%, C12 decreases with CCr. Furthermore, when CCr is fixed and
CCr is lower than 5 wt.%, C12 increases with the increase of CAl. When CCr is in the range
of 5–13 wt.%, there is no clear dependence on CAl with a fixed CCr. For C44, as shown in
Figure 1c, when CAl is fixed from 1 to 5 wt.%, C44 increases firstly to a peak value and then
decreases with the increase of CCr. It should also be noted that the peak is a function of CAl,
that is, the higher CAl the higher the peak, and that the peak occurs at a smaller CCr. When
CCr is fixed, C44 increases with the increase of CAl.

In addition, the bulk modulus (K) and the shear modulus (G) have also been calcu-
lated according to the relationship between the elastic constants and K and G, derived by
Voigt [25], as shown in Figure 1d,e. It is clear that when CAl is 1 wt.%, the bulk modulus
increases with CCr, which is consistent with the results of previous studies [26], that is, the
bulk modulus of the alloy increases with the increase of Cr content. When CAl is 2 wt.%, the
bulk modulus decreases firstly and then increases with CCr. When CAl is higher than 2 wt.%,
the bulk modulus decreases with the increase of CCr. When the concentration of Cr is fixed,
the bulk modulus increases with the increase of CAl for CCr < 4 wt.%. For CCr in the range
of 4–8 wt.%, the dependence of the bulk modulus on CAl is not linear. For CCr > 8 wt.%, the
bulk modulus decreases with the increase of CAl. Regarding the shear modulus G, at 1 wt.%
Al, the shear modulus is almost a constant with CCr. When the concentration of Al is higher
than 1 wt.%, the shear modulus decreases with the increase of CCr. From this figure, there
is also a common intersection of the shear modulus curves at a critical Cr concentration
(8 wt.%), similar to the case of C11 (at 4 wt.%). Thus, for CCr < 8 wt.%, the shear modulus
increases with Al content, while the opposite is true for CCr > 8 wt.%.

3.2. Dependence of Elastic Constants on Temperature

The elastic constants and modulus calculated at 300 K are shown in Figure 2. As
shown in Figure 2a, the dependence of C11 on CCr and CAl is similar to the results obtained
at 0 K, as shown in Figure 1a. For C12, comparing to the results shown in Figure 1b, for
CAl < 4 wt.%, a similar dependence of C12 on CCr can be observed, that is, C12 increases
with CCr. However, for CAl equal to 4 wt.% and 5 wt.%, different trends were obtained.
C12 is almost a constant as a function of CCr for CAl = 4 wt.%. While for CAl = 5 wt.%, C12
decreases firstly with CCr up to around 7 wt.% and then remains almost constant, as shown
in the Figure 2 b. Furthermore, for a fixed CCr, C12 always increases with the increase of
CAl. For C44, C44 increases with the increase of both CCr and CAl, a behavior that is different
from the C44 at 0 K, as previously shown in Figure 1c. Compared to the results at 0 K, the
bulk modulus shows a similar dependence on the concentration of Cr and Al, as shown
in Figures 1d and 2d. The shear modulus also shows a similar trend, but the critical CCr
concentration for G (the intersection point) has changed from ~8 to ~15 wt.%. From these
results, especially from the bulk modulus and shear modulus, it can be estimated that from
the mutual effects of Cr and Al concentration on elastic properties, the concentration of Al
should be not higher than 3% and the related Cr concentration should be higher than 10%
in the bulk FeCrAl alloys. However, it should also be noted that the above results were
obtained only according to the effect of concentration of Cr and Al on elastic properties
but without considering the other defects and related defect interactions. Furthermore,
since the formation of Al2O3 on the material surface is the main reason to increase the
high-temperature oxidation resistance of FeCrAl alloy and addition of Cr is necessary to
increase the corrosion resistance, the Cr and Al concentrations are expected to be higher
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to satisfy this requirement. In fact, many researchers have suggested to add the other
elements to increase the performance of FeCrAl alloy. Therefore, the optimization of Cr
and Al concentration needs to consider various conditions, which is beyond the topic of
the present paper. The optimization of FeCrAl alloy can be found elsewhere [26,27].

Metals 2022, 11, x FOR PEER REVIEW 6 of 13 
 

 

obtained only according to the effect of concentration of Cr and Al on elastic properties 
but without considering the other defects and related defect interactions. Furthermore, 
since the formation of Al2O3 on the material surface is the main reason to increase the high-
temperature oxidation resistance of FeCrAl alloy and addition of Cr is necessary to in-
crease the corrosion resistance, the Cr and Al concentrations are expected to be higher to 
satisfy this requirement. In fact, many researchers have suggested to add the other ele-
ments to increase the performance of FeCrAl alloy. Therefore, the optimization of Cr and 
Al concentration needs to consider various conditions, which is beyond the topic of the 
present paper. The optimization of FeCrAl alloy can be found elsewhere [26,27].  

 
Figure 2. (a)–(e) Dependence of elastic constants, C11, C12, C44, bulk modulus and shear modulus on 
Cr and Al concentration at 300 k. (f) Example of statistical uncertainty for these elastic constants 
based on 50 simulations. 

In this work, as stated in the Methods section, the elastic constants and modulus at 
450 K, 600 K and 750 K were also calculated. Detailed analysis indicates that the results 
obtained at different temperatures, including 0 K, 300 K, 450 K, 600 K and 750 K, show a 
similar dependence on the concentration of Cr and Al. One example for CAl = 1 wt.% is 
shown in Figure 3, which clearly indicates the same dependence of elastic constants on Cr 
and Al concentration at different temperatures. Therefore, based on these results, the de-
pendence of elastic constants and modulus on temperature can be explored.  
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In this work, as stated in the Methods section, the elastic constants and modulus at
450 K, 600 K and 750 K were also calculated. Detailed analysis indicates that the results
obtained at different temperatures, including 0 K, 300 K, 450 K, 600 K and 750 K, show a
similar dependence on the concentration of Cr and Al. One example for CAl = 1 wt.% is
shown in Figure 3, which clearly indicates the same dependence of elastic constants on
Cr and Al concentration at different temperatures. Therefore, based on these results, the
dependence of elastic constants and modulus on temperature can be explored.

The dependence of elastic properties on temperature is shown in Figure 4. The results
for alloys with 1 wt.% Al and 4 wt.%, 8 wt.% and 14 wt.% Cr, are shown to illustrate the
temperature effect. From this figure, it is evident that all elastic constants investigated in
this work, C11, C12, C44, bulk modulus and shear modulus of these three alloys, decrease
with increasing temperature from 300 K to 750 K, which is also consistent with the results of
a previous study [27]. It is worth noting that in a previous experiment [28], the decrease of
elastic constants with the increase of temperature has also been observed, in which the bulk
modulus decreased from about 200 GPa at 300 K to about 150 GPa at 750 K, and the shear
modulus decreased from about 77 GPa at 300 K to about 65 GPa at 750 K, both of which
decreased by about 15% [28]. In the present work, the bulk and shear moduli decrease
by about 6% and 9%, respectively, less than in the experiment. The main reason is that in
the experiment, the sample was polycrystalline, while a single crystal is employed in our
calculations. In a polycrystalline material, the effect of grain boundaries could contribute
to the decrease of the elastic properties.
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As shown in Figure 4, the dependence of each elastic constant on temperature follows
the same trend for different concentration of Cr and Al, which, thus, can be described by
the same equation but with different parameter values. For C11, this dependence can be
described as:

C11(T) = A− BT (1)

where A and B are parameters that depend on the concentration Cr and Al. For example,
for 4Cr1Al (wt.%), 8Cr1Al (wt.%) and 14Cr1Al (wt.%), A is 236.23, 235.63 and 236.65 GPa,
respectively, and B is 0.045, 0.045 and 0.047 GPa/K, respectively. The dependence of
the other elastic constants, C12, C44, K and G, on temperature can be described by the
following equation:

C(T) = A + BT − CT2 (2)

The fitted values for A, B and C for different concentrations of Cr and Al are listed
in Table 2. In Figure 4, the fitted equations for FeCrAl alloy with CCr ~ 4%(wt.%) and
CAl ~ 1%(wt.%) are also included.

Table 2. Fitted parameter values in the models of elastic constants and modulus as a function of
temperature for Fe4Cr1Al (wt.%), Fe8Cr1Al (wt.%) and Fe14Cr1Al (wt.%). The models are given in
Equations (1) and (2).

Solute Fe4Cr1Al(wt.%) Fe8Cr1Al(wt.%) Fe14Cr1Al(wt.%)

Constants A(GPa) B(GPa/K) C(GPa/K2) A(GPa) B(GPa/K) C(GPa/K2) A(GPa) B(GPa/K) C(GPa/K2)

C11 236.23 0.045 / 235.63 0.045 / 236.65 0.047 /

C12 140.81 2.39 × 10−5 0.036 139.61 1.64 × 10−5 0.027 141.60 1.49 × 10−5 0.024

C44 112 2.67 × 10−5 0.047 112.25 2.67 × 10−5 0.046 112.11 2.37 × 10−5 0.042

K 174.07 2.18 × 10−5 0.045 172.68 1.52 × 10−5 0.038 174.18 1.35 × 10−5 0.035

G 87.16 1.48 × 10−5 0.033 87.20 1.54 × 10−5 0.034 86.90 1.26 × 10−5 0.031

The nature of the decrease in the elastic constant after the temperature rises is due to
the change in the lattice constant caused by thermal expansion [13]. This phenomenon can
also be understood from the elastic constant temperature dependence formula derived by
Leibfried and Ludwig in 1961 [29].

3.3. Influence of Radiation Defects on Elastic Properties

The effects of different vacancy types on elastic properties are shown in Figure 5.
According to experimental results, the concentrations of Cr and Al in FeCrAl are generally
from 12 wt.% and 5% respectively. In this work, the Fe8Cr5Al and Fe13Cr5Al alloys were
selected as examples to show the effects of radiation defects on elastic constants. From
these figures, it is clear that after the formation of radiation-induced vacancies, the C11,
C12, C44, bulk modulus and shear modulus of these two alloys decrease in comparison to
the perfect state. It should also be noted that when the vacancy clusters are formed, these
elastic constants decrease slightly or are kept constants and then increase with an increase
of vacancy cluster size but decrease of the number of vacancy clusters. The K/G value
remains around 2.30, larger than 1.75, which is still a ductility alloy according to Pugh’s
rule [30].

The dependence of elastic properties on different numbers of dumbbell interstitials
are shown in Figure 6 for Fe8Cr5Al and Fe13Cr5Al alloys. It is also clear that C11, C44 and
shear modulus decrease when the interstitials are formed in these two alloys. However,
C12 and bulk modulus increase when the number of interstitials increases, different from
the results of C11, C44 and shear modulus. Therefore, according to the definitions of bulk
and shear modulus, it can be understood from the present results that the formation of
interstitials could increase the ability of the alloys to resist the volume change under the
effect of pressure but decrease the ability to resist the torsion applied on alloys. When
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the materials are applied in a nuclear reactor, the interaction between dislocations and
these interstitials could further affect the mechanical properties. Thus, the present results
indicate that the formation of an interstitial should be included, even if these interstitials
are distributed separately and before their interaction with dislocations.
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Figure 5. (a–e) The effects of vacancy and void on C11, C12, C44, bulk modulus and shear modulus,
(f) shows the value of K/G as a function of vacancy type. In these figures, n is the number of vacancies
in each vacancy cluster or void and m is the number of vacancy clusters or voids.

When the Cr-rich precipitates are formed, the dependence of elastic properties on
numbers of Cr precipitates are shown in Figure 7 for Fe8Cr5Al and Fe13Cr5Al alloys. From
these results, it can be seen that after the Cr-rich precipitates are formed, these elastic
properties of alloys increase but are kept as almost a constant, thus they are independent
of the number and volume of precipitates. From previous studies, it is known that the
precipitates would affect the mechanical properties. According to the present results, it
can be understood that the effect of α′ precipitates on the mechanical properties of FeCrAl
should be mainly due to their interaction with dislocations, different from the effects
of vacancies, voids and interstitials, as shown in Figures 5 and 6. All results shown in
Figures 5 and 6 indicate that an increase of Cr concentration would result in the decrease
of elastic properties under the irradiation environment. Thus, the concentration of Cr in
alloys should also be limited as indicated experimentally [3,9]. These results also indicate
the radiation defects could result in larger decreases or increases of elastic properties than
the Cr and Al concentrations. Furthermore, comparing the effects from vacancies, voids,
interstitials and Cr-rich precipitates, it is clear that the interstitials have stronger effects on
bulk and shear modulus than vacancies, voids and Cr-rich precipitates. It should also be
noted the present results only consider the effects from radiation defects. The effect from
the interaction between dislocations and radiation defects on mechanical properties should
be investigated in future work.
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4. Conclusions

In this work, the elastic constants, C11, C12, C44, bulk modulus and shear modulus of
FeCrAl alloys were calculated with molecular dynamics methods for compositions with
1~15 wt.% Cr and 1~5 wt.% Al at temperatures from 0 K to 750 K. The effects of Cr and
Al concentrations and temperature on elastic constants have been explored. The results
indicate that C11, C12, C44, bulk modulus and shear modulus show different dependencies
on the concentrations of Cr and Al. In particular, for alloys with Al concentration >3 wt.%,
the bulk modulus decreases with the increase of Cr concentration. However, for Al con-
centration of 1–5 wt.%, the shear modulus decreases with the increase of Cr concentration.
Both results are consistent with experimental results. An decrease of elastic constants with
increasing temperature was also observed in the present work, which is consistent with
experimental results. Investigation on elastic properties of defect-containing alloys have
shown that vacancies, voids, interstitials and Cr-rich precipitations have different effects
on elastic properties of FeCrAl alloys. Vacancies and voids result in the decrease of elastic
properties, while interstitials could result in the increase of bulk modulus but decrease of
shear modulus. The formation of Cr-rich precipitates increases the elastic properties, which
is independent of the number and volume of precipitates. Therefore, the present results
indicate that compared to the concentration effect, the radiation defects show different
effects on elastic properties. Furthermore, when the radiation effects are predicted, e.g.,
radiation hardening, not only the contribution from the interaction between dislocation and
radiation defects, but also the radiation defects before the interactions with dislocations,
should be considered. All these results provide a new understanding to develop and apply
the FeCrAl alloy in AFT design.
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