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Abstract: Oxide dispersion strengthened (ODS) steels are among the most promising candidate 

structural materials for fusion and Generation-IV (Gen-IV) fission reactors, but the ductility of ODS 

steels is inferior to its strength properties. Therefore, we investigate void nucleation, considered as 

the first step of ductile damage in metal, using molecular dynamics simulations. Given that the 

materials are subjected to extremely complex stress states within the reactor, we present the void 

nucleation process of 1-4 nm Y2O3 nanoclusters in bcc iron during uniaxial, biaxial, and triaxial tensile 

deformation. We find that the void nucleation process is divided into two stages depending on 

whether the dislocations are emitted. Void nucleation occurs at smaller strain in biaxial and triaxial 

tensile deformation in comparation to uniaxial tensile deformation. Increasing the size of clusters 

results in a smaller strain for void nucleation. The influence of 1nm clusters on the process of void 

nucleation is slight, and the void nucleation process of 1nm cluster cases is similar to that of pure 

iron. In addition, void nucleation is affected by both stress and strain concentration around the 

clusters, and the voids grow firstly in the areas of high stress triaxiality. 

Keywords: ODS steels; void nucleation; multi-axial tension; molecular dynamics 

 

1. Introduction 

Oxide dispersion strengthened (ODS) steels are considered as one of the promising candidate 

materials for the first wall structural materials in fusion reactors and cladding materials in 

Generation-IV (Gen-IV) reactors [1]. Numerous experiments have been conducted on the mechanical 

properties of ODS steels, revealing their enhanced high temperature strength, improved creep 

resistance, and excellent irradiation resistance [2]. However, ODS steels exhibit lower total 

elongations than the steels that have been manufactured using the same production parameters but 

without the Y2O3 addition during ball milling [3]. Therefore, it is important to investigate the 

mechanism for ductility improvement in ODS steels. 

Void nucleation is the first step of ductile damage in metals during the deformation process. 

Second-phase particles and inclusions are the most commonly observed sites for void nucleation 

during ductile rupture [4]. Recently, Zhao et al. [5] have found that the oxide nanoclusters are inside 

the dimples from the fracture surface of ODS steels. A significant quantity of nanoclusters which are 

distributed homogeneously in ODS steels would provide numerous nucleation sites. Therefore, it is 

very important to study the process of void nucleation induced by oxide nanoclusters in ODS steels, 

as the results are key to understanding the ductility degradation of ODS steels. 

Localized plastic deformation at the interface between the particle and matrix has long been 

recognized as a key driver of void nucleation [4]. Thus, it is crucial to study the variations of localized 
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plastic deformation at the interface during the process of void nucleation. Because of the experimental 

limitations for observing void nucleation process from atomic scales, molecular dynamics (MD) 

simulation is normally used to study the issues of void nucleation. MD approach can simulate the 

void nucleation process at the atomic scale and analyze localized plastic deformation at the interface 

between particle and matrix in detail. Some studies have investigated the process of void nucleation 

by MD simulations for Si particles in a Cu matrix [6], Al2Cu particles in an Al matrix [7], Cu, Ti, Mg 

particles in an Al matrix, and Ni particles in an Fe matrix [8-11]. Their investigations have greatly 

contributed to the understanding of the effects of particle sizes, temperatures, and strain rates on the 

void nucleation. However, the void nucleation issues of the oxide clusters in ODS steels remains 

largely unexplored. Moreover, structural metals are generally subjected to complex stress states in 

engineering applications [12], especially for nuclear materials which are served inside the nuclear 

reactors, but few studies have investigated the effect of different stress states on the void nucleation 

process. 

In this paper, MD simulation is employed to investigate the void nucleation process of Y2O3 

nanoclusters in bcc iron. The simulation setup with the different size of nanoclusters during uniaxial, 

biaxial, and triaxial tensile deformation. Since the size of oxide nanoclusters in current advanced ODS 

steel is less than 5 nm [13-15], so we focused on the void nucleation process of 1-4 nm nanoclusters. 

This paper provides significant insights into the effect of size and void nucleation process under 

complex stress states, which would help us to qualitatively explain the ductility degradation in ODS 

steels. 

2. Computational Method 

The MD simulations are performed using the parallel MD code large-scale atomic/molecular 

massively parallel simulator (LAMMPS) [16]. The pairwise potentials developed by Hammond et al. 

[17] are employed to describe the interaction of Y-Y, Y-O, Y-Fe, O-O and O-Fe. The Fe-Fe interaction 

is described by an EAM potential developed by Malerba et al. [18]. This potential set effectively 

describes the properties of yttria nanoclusters in bcc iron and has been validated by numerous 

published studies [15,19-21]. 

Figure 1 shows the snapshots of MD simulation system and the schematic of multi-axial tensile 

deformation. As shown in Figure 1(a), the simulation box is built with bcc iron, with the center 

replaced by a spherical Y2O3 cluster, which is constructed by a custom lattice based on the structure 

of Y2O3 [15]. The coordinate axes of the simulation box (x, y, z) and the lattice directions of Y2O3 are 

oriented along [100], [010], [001] direction, respectively. Multi-axial tensile deformation is applied 

after the model relaxation and the schematic of multi-axial tensile deformation is shown in Figure 

1(b). The deformation is applied in the x-direction for uniaxial deformation, in the x-direction and y-

direction for biaxial deformation, in all three directions for triaxial deformation, so we use stress-

strain relationships in the x-direction for analysis. 

 

Figure 1. The snapshots of MD simulation system. (a) The snapshot of simulation box with a 2 nm Y2O3 cluster. 

(b) The schematic of multi-axial tensile deformation. (c) The configurations of 1-4 nm spherical Y2O3 clusters. 
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As the number density of Y2O3 clusters is in the range of 1×1022 m-3 ~1×1024 m-3 for the sizes less 

than 5 nm [22-30], we consider a number density about 3×1023 m-3 for the 1-4 nm clusters when 

building the model. The configurations of 1-4 nm spherical oxide clusters are shown in Figure 1(c). 

Thus, the MD block consists with 56×56×56 unit cells of iron, containing 350 000 atoms. The lattice 

parameter of iron is a=2.85528 Å. Periodic boundary conditions are imposed in all Cartesian 

directions. The whole system is relaxed using the conjugant gradient method for static relaxation to 

attain the minimum energy configuration. Then the temperature of system is raised to 300K and 

equilibrated for 30 ps with the NPT ensemble, using the time step with 0.001 ps. The structure of Y2O3 

clusters after equilibration in 300K is consistent with the results of other authors [15,19]. The multi-

axial tensile deformation is then applied on the relaxed configuration, and the NVT ensemble is kept 

for the system during tension. We have tested the different strain rates during tensile deformation 

and consider that a strain rates of 5×108 s-1 is reasonable to investigate the void nucleation issues, and 

this strain rates is in the in the range of 1×108 s-1 ~ 1×1010 s-1, which has been investigated by other 

authors for the effect of strain rates on void nucleation [6,8,9]. Analysis and visualization of the atomic 

configurations are performed using the dislocation extraction analysis (DXA), construct surface 

mesh, atomic strain and common neighbor analysis as implemented in OVITO [31]. 

3. Results 

Figure 2 shows the stress-strain curves for bcc iron with or without 1-4 nm Y2O3 nanoclusters 

during tensile deformation under three different stress states. Figure 2(a), (b), and (c) represent 

uniaxial, biaxial and triaxial tension respectively, along with the snapshots of phase transition 

configurations without atoms in bcc structures. The dashed lines denote the strain at void nucleation. 

There is a peak stress when voids penetrate simulation box, and the strain of peak stress is called the 

failure strain. It can be seen that the failure strains decrease as increasing cluster size. The failure 

strains are the smallest in triaxial tension among the three stress states in the cases of same cluster 

size. If the stress-strain curves have a distinct peak before the peak stress, the curves represent 

bimodal distribution, and the curves represent unimodal distribution if there is only one peak. 

Common neighbor analysis is thus carried out and we find that the first peak in stress-strain curves 

corresponds to the phase transition. The initial bcc structures transform into fcc structures and hcp 

structures. The bimodal pattern due to phase transition has also been observed in the tensile MD 

simulations of pure iron [32]. We present the diagrams of phase transition configurations at the first 

peak for stress-strain curves exhibiting a distinct bimodal pattern. It can be seen that sheet-like of 

phase transition regions have been generated at the first peak of the bimodal pattern during uniaxial 

and biaxial tension. The phase transition regions in pure iron are distributed all over the system, but 

the phase transition regions are concentrated around the clusters in the systems with oxide cluster. 

There is no bimodal pattern in triaxial tensile deformation, indicating that it is difficult to form a large 

number of phase transition regions before void nucleation under triaxial tensile stress state. Our 

results show that there are two ways of releasing stress at the same time, one is the phase transition, 

and the other is the void nucleation. With increasing clusters size, void nucleation becomes the 

dominant way to influence stress reduction, so the stress-strain curves do not show the bimodal 

pattern for the 4 nm cluster cases during uniaxial tension and for the 3 nm and 4 nm clusters cases 

during biaxial tension. 
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Figure 2. The stress-strain curves for bcc iron and 1-4 nm oxide clusters during uniaxial, biaxial and triaxial 

tensile deformation. The snapshots of phase transition configurations are showed along with stress-strain curves. 

Green atoms represent fcc atoms, red atoms represent hcp atoms, white atoms represent other atoms which 

cannot be recognized by common neighbor analysis. The dashed lines mark the strain at void nucleation. (a) 

Uniaxial tensile deformation, (b) biaxial tensile deformation, and (c) triaxial tensile deformation. 

In order to gain deeper insight into the process of void nucleation under different stress states, 

the construct surface mesh method was used to analyze the variation of void volume fraction in the 

whole system with increaing strain. Figure 3 illustrates the variation of the void volume fraction with 

strain, along with snapshots of voids configurations for pure iron and the 1-4 nm oxide clusters cases. 

Void volume fraction curves after voids penetrating simulation box are not shown. It can be seen 

from the curves that the dislocation emission always occur after the appearance of voids and the void 

volume fraction increases rapidly once the dislocation is emitted. Thus, the process of void nucleation 

is divided into two stages depending on whether dislocations are emitted. In the first stage of void 

nucleation, the atoms debond at the interface between cluster and matrix. In the second stage of void 

nucleation, voids grow rapidly after dislocation emission. This result aligns with the findings of void 

nucleation processes in other materials [6,7]. The snapshots of voids configuration in the Figure 3 are 

labelled as (ⅰ), (ⅲ) and (ⅴ) for void nucleation and (ⅱ), (ⅳ) and (ⅵ) for dislocation emission during 

uniaxial, biaxial and triaxial tensile deformation, respectively. The void identification method from 

reference [7] is used to identify the voids in the system, where the red atoms, whose atom volume is 

greater than 30 Å3 according to Voronoi analysis, represent the voids. The volume of a bcc iron atom 

in perfect system is calculated by us to be 11.6 Å3 at 300K. 
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Figure 3. Variation of the void volume fraction with strain, together with snapshots of voids configuration. Blue 

atoms represent Y atoms, yellow atoms represent O atoms, red atoms represent atoms of which atom volumes 

> 30 Å3, and green lines represent 1/2<111> dislocation lines. (a)-(e) represent pure iron and 1-4 nm oxide clusters 

cases, respectively. 

The snapshots of voids configration show that void nucleation does not occur at the same 

location in pure iron cases, but voids nucleate around the clusters in 1-4 nm cases. The location of the 

dislocation emission is consistently around the voids. In most cases, the voids around clusters grow 

with increasing strain. It is noteworthy that during uniaxial and biaxial tensile deformation of 1 nm 

oxide clusters, as shown in Figure 3(b), the voids which nucleate around the clusters do not grow. 

Instead, other new voids nucleate in the matrix, which continue to grow and the dislocations are 
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emitted around the new voids. It shows that the results for 1 nm clusters are similar with the results 

for pure iron, indicating that the influence of clusters below than 1 nm on the process of void 

nucleation is slight. Comparing the differences in void nucleation of the same size of clusters under 

different stress states, it can be seen that void nucleation occurs at smallest strain during triaxial 

tension. The strain required for void nucleation during biaxial and triaxial tension is evidently smaller 

than that during uniaxial tension. These results suggest that the biaxial and triaxial tensile stress state 

is beneficial to the void nucleation, and the process of void nucleation is strongly influenced by the 

stress states. 

There are two different outcomes for the shape of clusters during tensile deformation [9,10]: if 

the cluster is softer than matrix, it will gradually deform; otherwise, if the cluster is stiffer than matrix, 

it will retain its original shape. To explore this further, we investigate the modulus of Y2O3 

nanoclusters and the iron matrix. The bulk modulus of Y2O3 is 148.9 GPa, as determined by ultrasonic 

measurements [33], while that of single crystal bcc Fe is 173 GPa [34]. It indicates that the Y2O3 

nanoclusters are softer than the Fe matrix. Figure 4 shows the snapshots of voids and oxide clusters 

configuration in detail after the void nucleation for clusters of different size. It can be seen that the 

Y2O3 nanoclusters gradually deform as voids grow, rather than maintaining their original shape. The 

deformations of the clusters are similar across different sizes and stress states. Therefore, some 

representative cases are selected as examples in Figure 4. The deformation of the 1 nm clusters during 

uniaxial and biaxial tension cases is not very significant due to the voids around the clusters do not 

grow continuously, as shown in Figure 4(a) and (b). 

 

Figure 4. The snapshots of voids and oxide clusters configuration after the void nucleation, along with the top 

and side views of the oxide clusters. Blue atoms represent Y atoms, yellow atoms represent O atoms, and red 

atoms represent atoms of which atom volume > 30 Å3. (a) 1 nm cluster during uniaxial tension, (b) 1 nm cluster 

during biaxial tension, (c) 1 nm cluster during triaxial tension, (d) 2 nm cluster during uniaxial tension, (e) 3 nm 

cluster during biaxial tension and (f) 4 nm cluster during triaxial tension. 

4. Discussion 

In order to further investigate the mechanism of the void nucleation, we analyze the stress and 

strain distribution of the system before nucleation. According to the GTN model, the rate of void 

nucleation is affected by both stress and strain [35]. Figure 5 shows the distribution of hydrostatic 

stress, von Mises stress, volumetric strain, and shear strain of the Fe atoms in the system before void 
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nucleation using 2 nm during triaxial tension as an example. The stress and strain values for different 

types of atoms are too disparate for direct comparison, only the stress and strain distribution for Fe 

atoms is presented. The hydrostatic stress is calculated by three normal stresses: 

𝜎𝐻=
1

3V
(σ11+σ22+σ33) (1) 

where 𝜎𝐻 is the hydrostatic stress of each atom, V is the volume of each atom, σ11, σ22 and σ33 refer 

to the normal stresses of each atom at x, y and z direction, respectively. The von Mises stress is 

calculated by the expression of six stress tensors: 

σM=√
1

2V2 [(σ11-σ22)2+(σ22-σ33)2+(σ33-σ11)2]+
3

V2 (σ12
2+σ13

2+σ23
2) (2) 

where σM is the von Mises stress of each atom, σ12, σ13 and σ23 refer to the shear components of 

the stress tensors of each atom. The volumetric strain is calculated by three normal strains: 

εV=
1

3
(ε11+ε22+ε33) (3) 

where εV is the volumetric strain of each atom, ε11, ε22 and ε33 refer to the normal strains of each 

atom at x, y and z direction, respectively. The shear strain is calculated by the expression of six strain 

tensors: 

εS=√
1

6
[(ε11-ε22)2+(ε22-ε33)2+(ε33-ε11)2]+ε12

2+ε13
2+ε23

2 (4) 

where εS is the shear strain of each atom, ε12, ε13 and ε23 refer to the shear components of the strain 

tensors of each atom. 

 

Figure 5. The stress and strain distribution of Fe atoms in cross-section for 2 nm cluster in triaxial tensile 

deformation before void nucleation. (a) Hydrostatic stress distribution, (b) von Mises stress distribution, (c) 

volumetric strain distribution and (d) shear strain distribution. 

The distribution of hydrostatic stress and von Mises stress are illustrated in Figure 5(a) and (b). 

Positive hydrostatic stress represents atoms under tensile forces, while negative hydrostatic stress 

represents atoms under compressive forces. Iron atoms experiencing hydrostatic stress greater than 
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26 GPa and von Mises stress greater than 50 GPa are highlighted. The iron atoms with the largest 

hydrostatic stress and von Mises stress are located around the cluster, indicating there is a large stress 

concentration around the cluster before void nucleation. Stress concentration may be one of the 

primary reasons for the occurrence of void nucleation. The distribution of volumetric strain and shear 

strain are illustrated in Figure 5(c) and (d). Positive volumetric strain indicates that the atomic volume 

is increasing, and negative volumetric strain indicates that the atomic volume is decreasing. We 

highlight the iron atoms larger than 0.2 volumetric strain and larger than 0.3 shear strain. It can be 

seen that the iron atoms with the largest stress are uniformly distributed around the cluster, while 

the iron atoms with the largest strain are concentrated in one corner of the cluster, where the void 

nucleation ultimately occurs. This suggests that strain concentration also contributes to void 

nucleation, and it is more straightforward and accurate to use volumetric strain and shear strain to 

identify the location of void nucleation. 

The variation of nucleation strain, nucleation strength, failure strain, failure strength and the 

void volume fraction at penetration with oxide cluster size during multi-axial tensile deformation are 

shown in Figure 6(a)-(e) respectively. The strain at which void nucleation occurs is called nucleation 

strain, and the strength at this point is called nucleation strength. The strength of peak stress is called 

failure strength. It can be seen that the nucleation strain and failure strain decrease with increasing 

cluster size, as shown in Figure 6(a) and (c), indicating that larger clusters nucleate and failure at 

smaller strain, which is in agreement with both experimental and theoretical studies about void 

nucleation in other materials [36,37]. In addition, it can be seen that the variation of the nucleation 

strain and failure strain with cluster size tends to flatten from uniaxial to biaxial and then to triaxial 

tension, indicating that the effect of cluster size on nucleation strain and failure strain is small during 

biaxial and triaxial tension. From Figure 6(b) and (d), we can see that the addition of the oxide clusters 

reduces the nucleation strength and failure strength, and the reduction in strength has also been 

observed in other type of clusters during the process of void nucleation [8,9]. The nucleation strength 

and failure strength decrease with increasing cluster size in most of the cases. The unusual increase 

in nucleation strength and failure strength in relatively large clusters during uniaxial and biaxial 

tension is due to the change in the stress-strain curve from bimodal pattern to unimodal pattern, with 

fewer phase transitions to release the stress, resulting in higher nucleation and failure strength. Figure 

6(e) shows that the void volume fraction at penetration decreases with increasing cluster size, and 

the volume fractions for 1 nm cluster and pure iron cases are similar. The void volume fractions at 

penetration under different stress states for the same cluster size are almost the same. 

The investigation of the void nucleation process reveals that the voids initially nucleate within 

the iron matrix around the oxide clusters, followed by the debonding of clusters from the matrix, 

which aligns well with the theory of void nucleation [4]. However, in the case of 1 nm cluster during 

uniaxial and biaxial tensile deformation, the voids around the oxide clusters do not grow. Instead, 

new voids nucleate elsewhere, and these new voids are able to grow, as shown in Figure 3. Therefore, 

we analyze the stress triaxiality of the two voids in the system after the appearance of the second 

voids, as shown in Figure 7. The stress triaxiality is based on hydrostatic stress and von Mises stress: 

T=
σH

σM
 (5) 

where T is the stress triaxiality of each atom. The locations of the two voids are illustrated in Figure 

7(a) and (b) for uniaxial and biaxial tension respectively, and the stress triaxiality of these atoms is 

calculated by averaging the stress triaxiality of each atom with its neighboring atoms. It can be seen 

that the stress triaxiality of the voids around the cluster is relatively low, whereas the stress triaxiality 

of the second void is much higher. These results are in agreement with the experimental results in 

other materials that the voids grow firstly at high stress triaxiality regions [38,39], and the low stress 

triaxiality around the first voids may be one of the reasons for its lack of grow. 
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Figure 6. The variation of nucleation strain (StrainN), nucleation strength (StrengthN), failure strain (StrainF), 

failure strength (StrengthF) and the void volume fraction at penetration (Fv-Penetration) with oxide cluster size 

during multi-axial tensile deformation: (a) nucleation strain, (b) nucleation strength, (c) failure strain, (d) failure 

strength and (e) void volume fraction at penetration. 

 

Figure 7. The stress triaxiality distribution of the two voids in the system for 1 nm oxide cluster cases during: (a) 

uniaxial tension, (b) biaxial tension. 

With respect to the influence of the oxide clusters on the ductility degradation of ODS steels, the 

void nucleation is considered as the first step of ductile damage in metals during the deformation 

process and the second-phase particles promote void nucleation has already been used to account for 

the degradation of ductility [40]. According to our results, the addition of oxide clusters reduces the 

nucleation strain, nucleation strength, failure strain and failure strength in comparison to pure iron. 

The influence of 1 nm cluster on void nucleation is slight, and this influence of clusters increase with 

increasing cluster size, indicating that increasing cluster size would be more susceptible to ductile 

damage during tensile deformation. Therefore, increasing the size of oxide clusters will enhance the 
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strength through obstacle dislocations slip [20,41,42], but it also increases the risk of void nucleation 

which lead ductile degradation, and the number density and size distribution of the oxide clusters in 

ODS steels should be chosen by considering both aspects. 

5. Conclusion 

The void nucleation process in a bcc iron matrix with 1-4 nm Y2O3 nanoclusters during multi-

axial tensile deformation has been investigated using MD simulations. The effects of different stress 

states and cluster sizes on the void nucleation process have been analyzed in detail. The main 

outcomes of this study are as follows: 

Similar to other clusters, the process of void nucleation for bcc iron matrix with Y2O3 

nanoclusters is divided into two stages depending on whether the dislocations are emitted: (ⅰ) atoms 

debonding at the interface between the cluster and matrix, (ⅱ) rapid void growth after dislocation 

emission. The Y2O3 nanoclusters gradually deform during tension due to the fact that Y2O3 

nanoclusters are softer than the bcc iron matrix. The void nucleation is affected by both stress and 

strain concentration around the clusters. 

Void nucleation occurs at smaller strain in biaxial and triaxial tensile deformation compared to 

uniaxial tensile deformation for Y2O3 nanoclusters system. Increasing cluster size leads to a smaller 

strain for void nucleation, indicating that larger clusters make the material more susceptible to ductile 

damage during tensile deformation. 

The influence of 1 nm clusters on void nucleation is slight and the void nucleation process for a 

bcc iron matrix with 1 nm cluster is similar to that of pure iron. In addition, voids grow firstly in the 

areas of high stress triaxiality instead of growing around the clusters in uniaxial and biaxial tensile 

deformation for 1 nm cluster cases. 
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