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A B S T R A C T   

In fusion reactor environment, helium bubble acts as a crucial inducement to the performance 
degradation of plasma facing tungsten, leading to irradiation hardening and embrittlement. The 
dislocation interacted with helium bubble directly controls the service reliability and safety of 
irradiated materials. However, the fundamental question regarding the mechanism and quanti
tative model of this interaction between dislocation and helium-bubble remains largely unex
plored. Based on systematic molecular dynamics studies, the interaction mechanism phase 
diagram is built as a function of helium bubble characters for different types of dislocations. The 
atomistically-informed mechanism-based models of irradiation hardening and dislocation-helium 
bubble reaction kinetics are developed, which consider the climb behavior of edge dislocation, 
the temperature dependent mobility of screw dislocation, as well as the effects of helium-to- 
vacancy ratio and size of helium bubble. These models can be directly used in micro and meso 
scale simulations, such as discrete dislocation dynamics and crystal plasticity models. Further
more, the models well predict the macroscopic experimental results.   

1. Introduction 

In fusion reactors, the service environment of the first wall material is particularly harsh, which is subjected to neutron irradiation, 
mechanical and thermal conditions (Zinkle and Busby, 2009). In particular, deuterium-tritium fusion reactions produce abundant 
helium (He) atoms, which have extremely low solubility in metallic materials (Xie et al., 2018). With the high mobility of helium 
interstitials and the strong tendency of binding between helium and vacancies, helium is deeply trapped in vacancies, decreasing the 
mobility of vacancies and enhancing the accumulation of additional vacancies and helium atoms (Trinkaus and Singh, 2003). It tends 
to accumulate and agglomerate to form populous nanometric He-filled bubbles in irradiated materials. Nanoscale helium bubbles lead 
to surface erosion, such as fuzz and flake formation (Gao and Ghoniem, 2018; Wang et al., 2021b). The formation of a high density of 
subsurface bubbles drastically deteriorates the mechanical properties of metals, manifested as swelling, blistering, embrittlement, loss 
of ductility, and reduction of thermal conductivity, etc. 

The fundamental scientific problem of dislocation-helium bubble interaction directly controls the service reliability and safety of 
irradiated materials. On the one hand, helium bubbles obstruct dislocation motion, leading to irradiation hardening. On the other 
hand, they may be swept away, absorbed, or destroyed by moving dislocations, causing the formation of defect-free channels (so-called 
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dislocation channels or cleared channels) and the appearance of deformation localization (i.e. micro shear band), which is a primary 
origin of irradiation embrittlement and stress corrosion cracking. The phenomena of dislocation channel formation and strain 
localization are widely observed in irradiation materials containing helium bubbles (Ding et al., 2016; Beck et al., 2017; Das et al., 
2018; Das et al., 2019). However, how to quantitatively describe the effect of helium bubble on the macro and micro mechanical 
performance of irradiated material is far from well understood. Tungsten is one of the most promising candidates for plasma facing 
materials in the International Thermonuclear Experimental Reactor (ITER) and demonstration power plant (DEMO), due to its 
favorable physical properties, such as high melting temperature, high thermal conductivity, low sputtering yield, and near zero tritium 
retention (Hirai et al., 2014; Chen et al., 2018; Das et al., 2020). Therefore, a systematic study is required for helium bubble effect in 
tungsten. Several unresolved questions are listed as follows. 

Firstly, the helium bubble itself has particularity and complexity. The number of helium atoms with respect to the number of 
vacancies, namely the He/V ratio, is a main character involved in helium bubble. It is found that He/V ratio varies with the irradiation 
temperature, rates of atomic displacements and He generation (Osetsky and Stoller, 2015). There is an equilibrium range of He/V in 
the helium bubble. Bubbles with a higher He/V ratio are over-pressured and mechanically unstable. For tungsten, the equilibrium 
He/V ratio mainly falls in 2~4 from previous studies (Faney, 2013; Li et al., 2014; Yi et al., 2017; Hammond et al., 2018; Zhan et al., 
2019). There are mainly three mechanisms keeping He/V below the equilibrium ratio. If there are not enough vacancies available in 
the material, the mobile pure He cluster separates vacancy from the lattice and be trapped by the vacancy created by itself as its 
binding energy with the vacancy is quite large (Gao and Ghoniem, 2018), and this is the self-trapping (also called kick-out) mechanism. 
If one or more vacancies are already trapped inside the He cluster, it can further absorb vacancy or vacancy clusters from the lattice 
through the trap mutation or loop punching mechanism (Boisse et al., 2014; Wang et al., 2015). In addition, if there is edge dislocation 
near the helium bubble with high internal pressure, it has been found that the dislocation climb mechanism is shown to be more 
energetically favorable than the loop punching mechanism for bubble growth. In this way, the bubble absorbs the vacancies from the 
edge dislocation, accompanied with the climb of dislocation (Xie et al., 2018). Therefore, the first aim of this work is to investigate the 
influence of He/V ratio on dislocation-helium bubble interaction within or slightly beyond the stable range of He/V. 

Secondly, how the interaction with dislocation influences the kinetics of helium bubble is unknown. Till now, the fundamental 
studies regarding dislocation-helium bubble interaction in tungsten are very limited. Due to lack of systematic studies, their interaction 
process can only be inferred from the studies on dislocation-void interactions, which is still a matter of debate. Previous work revealed 
that voids lost the outermost vacancies on the compressive glide plane of the edge dislocation during dislocation-void interaction, 
making the void shrink or even get damaged in iron (Osetsky and Bacon, 2003b; Tehranchi et al., 2017; Ji et al., 2022). However, for 
tungsten, Liu et al. (2004) found that the small void does not shrink after being bypassed by an edge dislocation but large void does. A 
recent study (Yu et al., 2022) also claimed that voids lose vacancies and decrease in size after the reaction with dislocations. Osetsky 
(2021) disclosed that after interaction with void, the edge dislocation’s extra half plane expands, indicating that the void absorbs 
vacancies and expands in size, which is different from the previous understanding of various materials such as iron (Osetsky and 
Bacon, 2003b), molybdenum (Dutta et al., 2012), and tungsten (Liu et al., 2004). Therefore, clarifying the mystery why different 
dislocation-void interaction behaviors are observed, and further developing a dislocation-helium bubble interaction model is the 
second aim of the current work. 

Thirdly, there is a lack of systematic research on helium bubble hardening induced by the block effect of helium bubbles on 
dislocation movement. Only a few studies on the interaction between edge dislocations and voids in tungsten (Liu et al., 2004; Osetsky, 
2021; Yu et al., 2022) are available now. Simulation about edge dislocation-void interactions using Green’s function boundary 
relaxation (Liu et al., 2004) found that the strength of tungsten is consistent with that predicted from the Russell and Brown (R&B) 
model, which is initially presented for calculating the strength of a precipitation-hardening system containing attractive obstacles 
(Russell and Brown, 1972). Recently, Osetsky (2021) and Yu et al. (2022) both investigated the interaction between edge dislocations 
and a periodic array of voids in tungsten, and concluded that the Bacon–Kocks–Scattergood (BKS) hardening model well describes void 
hardening in tungsten. Nevertheless, how to extend the model of void hardening to helium bubble hardening is unclear yet. On the 
other hand, previous studies have mostly focused on the interaction between irradiation defects and edge dislocations. Screw dislo
cations in body centered cubic (BCC) metals have non-planar core structures with strong temperature dependence, which dominate 
plastic deformation of BCC material at low and medium temperatures, but the interaction between screw dislocations and irradiation 
defects in BCC metals has been rarely studied. Furthermore, lots of dislocations are mixed in type, but the understanding of its 
interaction with irradiation defects is even more limited. There is no systematic study or hardening model on the interaction between 
different types of dislocations and helium bubbles in tungsten till now. Therefore, how to establish a unified framework for describing 
the hardening results of helium bubbles interacting with different types of dislocations is the third key question to be solved in this 
work. Considering that the first wall material of fusion reactor experiences a wide range of temperatures during its services, such as the 
initial heating stage, the subsequent high heat flux and cooling stage, the further aim of the developed model is being able to consider 
the temperature dependent feature of tungsten plasticity, so as to enhance its prediction capability. 

To achieve the goals discussed above, systematic molecular dynamics (MD) studies are carried out to study the interaction between 
dislocations and helium bubbles. This paper is organized as follows: the simulation schemes are presented in Section 2. Section 3 aims 
to give a basic understanding of interaction between the edge/screw dislocation and helium bubble in tungsten. In Section 4, a kinetics 
model of helium bubbles is proposed. Section 5 is denoted to analyze the hardening effect to build a comprehensive hardening model 
and a yield strength model incorporating helium bubbles. Some applications of the proposed model in multiscale simulations and 
predicting experiments are discussed in Section 6. Finally, conclusions are summed up in Section 7. 
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2. Simulation setup 

The MD calculations are performed utilizing the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) software 
package (Plimpton, 1995). W-W, W-He and He-He interatomic interactions are described by embedded atom method (EAM) (Daw and 
Baskes, 1984) interatomic potential1 provided by Bonny et al. (2014). This potential is based on the interatomic potential for W-W 
interaction developed by (Marinica et al., 2013) and is created aiming at investigating the interaction of H and He with dislocations in 
tungsten (Grigorev et al., 2018). The detailed validation of the potential including point defect properties, binding energy between 
atom pairs, binding energy of various clusters, etc., can be found in Bonny et al. (2014). This potential provides a helium migration 
barrier which agree with the density function theory (DFT) result (Ye et al., 2020; Wang et al., 2021a), and was successfully applied in 
extensive MD studies of helium bubble formation (Hamid et al., 2019; Ye et al., 2020), migration (Wang et al., 2021a), burst (Zhang 
et al., 2022) and its effect on thermal conductivity (Zhang et al., 2020) in tungsten. 

As schematically shown in Fig. 1, the considered box cell is 41.3 nm × 22.4 nm × 41.5 nm and contains about 2.5 million atoms. A 
dislocation with line direction along z axis and normal direction of the slip plane along y axis is introduced into the system using the 
ATOMSK software package (Hirel, 2015), followed by energy minimization using the conjugate gradient relaxation method. Helium 
bubbles are constructed by removing all atoms in a spherical region whose center is on the glide plane of dislocation in the sample, and 
adding a certain number of helium atoms in the sphere randomly. After the helium bubble is inserted, energy minimization is carried 
out again to relax the system and obtain the initial static equilibrium. Subsequently, with vacuum regions above the top surface and 
below the bottom surface, the isobaric-isothermal (NPT) ensemble is applied to the system for thermal equilibration, and after that, 
vacuum regions are deleted (Jian et al., 2020). 

Periodic boundary conditions are imposed along the x and z axis directions. Therefore, the model actually simulates the interaction 
of a periodic array of infinitely long dislocations along the z direction and an array of helium bubbles in a slab of finite thickness (Yu 
et al., 2022). Atoms in the upper region A are constrained to remain static and control the deformation of the system. Region C contains 
static atoms and is used to anchor the sample to avoid its drift along the direction of the applied strain. Both atoms in regions A and C 
have a speed and acceleration remaining at zero. Atoms in region B move following Newton’s equation based on the simulation 
ensemble. The dislocation interacts with helium bubble in this region. This kind of boundary condition is commonly used for molecular 
dynamics simulation of dislocation-irradiation defect interaction, and proven to be reliable by a large number of previous results 
(Osetsky and Bacon, 2003a; Hafez Haghighat and Schäublin, 2010; Jian et al., 2020; Yu et al., 2022). 

Shear strain loading mode is applied in the simulation. The strain increment adopted is Δε = 1× 10− 5. After each incremental step, 
atoms in region B are relaxed by 1 ps with the Nosé-Hoover thermostat employed to maintain the temperature. Therefore, the cor
responding strain rate is 1 × 107/s in this study, which is found to be reasonable, as discussed in Appendix A. Visualization and analysis 
of the atomic structures and crystal defects are implemented in Open Visualization Tool (OVITO) program (Stukowski, 2010). 

The fundamental behavior of edge dislocation and screw dislocation in BCC tungsten is significantly different. Their interactions 
with helium bubbles are also expected to be different. Therefore, both edge and screw dislocations are considered in the current work. 
For edge dislocation-helium bubble interaction simulation, the x, y and z axes of the simulation crystal are oriented along the [111], 
[110] and [112] directions, respectively. The edge dislocation with the slip direction along x and Burgers vector b = a /2 < 111 > is 
introduced with the method provided by Osetsky and Bacon (2003a), where a is the lattice constant as 3.14 Å (Bonny et al., 2014). 
Rigid displacement increment is applied in the x direction to atoms in the upper region A. The component of applied strain is εxy, and 
atomistic shear stress is calculated as the averaged σxy component over atoms in region B. 

The core structure of edge dislocation is planar while the screw dislocation is non-planar and decomposed on three sides in BCC 
tungsten (Vítek et al., 1970). Therefore, the slip resistance of screw dislocation is prominently higher than that of edge dislocation, and 

Fig. 1. Schematic of the simulation cell containing the dislocation and helium bubble with diameter D. The dislocation lies along the z direction, 
and the length of the box in z direction is Lz. Thus helium bubble spacing is L= Lz -D. The regions A, B and C contain static atoms to control the 
deformation of the system, mobile atoms and static atoms to anchor the sample, respectively. 

1 “EAM2” version as stated in the original paper 
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it is difficult to glide. The constriction and spreading of the dislocation core may be influenced by non-glide stress components, leading 
to non-Schmid effects (Tian and Woo, 2004; Butler et al., 2018). To simulate screw dislocation bypassing helium bubble, the crys
tallographic directions parallel to the x-, y- and z-axes are [112], [110] and [111], respectively. The component of the applied strain is 
εyz, and the atomistic shear stress is calculated as the averaged σyz component over atoms in region B. Instead of applying traditional 
periodic boundary, shifted periodic boundary condition is applied along the x direction by shifting atomic positions by ±b/2 along the 
z direction to ensure the continuity of the {111} planes across the boundary, following the method proposed by Rodney (Rodney, 
2004). 

Most of the simulations are carried out at a temperature of T = 300 K in this study because the majority of experimental mechanical 
testing is performed at room temperature (Osetsky and Stoller, 2015). To understand the temeprature effect, other temperatures 
ranging from 100 K to 900 K are also investigated. 

The range of He/V ratio of the considered helium bubbles is from 0 to 5, which not only covers mechanically stable helium bubbles 
under relevant experimental conditions, but also includes the void case and a few high He/V ratio cases to demonstrate the dramatic 
change in the interaction mechanism due to over-pressurized conditions. Usually, void and helium bubble are collectively referred to 
as cavity. Note that void is also described by helium bubble with the ratio He/V = 0 for the convenience of description in this study. 

The helium bubble sizes of interest are mainly in the range of 1 to 5 nm, which covers experimental helium bubble sizes in bulk 
tungsten (Nishijima et al., 2004; Harrison et al., 2017; Kong et al., 2017; Ipatova et al., 2021), and larger helium bubbles have also been 
briefly investigated. Since helium atoms are much smaller than tungsten atoms, the size of helium bubble is considered to be only 
dependent on the number of vacancies in it. Therefore, He/V ratio has little effect on the size of helium bubble, and mainly influences 
its internal pressure. 

3. Dislocation-helium bubble interaction mechanism 

In this section, the physical process of the edge and screw dislocations interacting with helium bubbles in tungsten are analyzed. 
The influence of He/V ratio and size of helium bubble is investigated, and phase diagrams for the interaction mechanism are given. 

3.1. Interaction process 

A basic physical scenario of the dislocation-helium bubble interaction in tungsten is given here. Firstly, the glide behavior and the 
mechanical response of edge and screw dislocation without helium bubble is studied for comparison purpose. Then, the interaction 
process and the mechanical behavior of edge and screw dislocations interacting with helium bubble is discussed. The size of helium 
bubble is taken to be 5 nm and He/V is set to 2 as an example here. The effect of He/V ratio and bubble size is further discussed in 
Sections 3.2 and 3.3, respectively. 

For both edge and screw dislocations gliding under shear without bubble at 300 K, the stress firstly rises with a slope equal to the 
shear modulus until the stress is large enough to overcome the lattice resistance, as shown in Fig. 2. Then the dislocation moves 
smoothly with an almost stable stress. As a result of the three-dimensional dislocation core structure, the critical resolved shear stress 
(CRSS) for the glide of screw dislocation is very high, close to 760 MPa, while the edge dislocation can glide at a CRSS of about 9 MPa. 
In addition, the edge dislocation keeps straight and glides along the original [111] slip direction. Nevertheless, screw dislocations keep 
changing slip planes through cross slip, causing the trajectories of points on screw dislocation to be not straight, but a combination of 
segments [110], [101] and [011], similar to the previous work of screw dislocation movement under shear in tungsten (Tian and Woo, 
2004). The overall glide direction of the screw dislocation is mainly along the x axis (the glide direction according to the peach-koehler 

Fig. 2. Stress-strain curves of the box cell containing edge or screw dislocation without and with helium bubble. Marked points (a-d) and (e-h) 
correspond to the configurations shown in Fig. 3 (a-d) and Fig. 4 (a-d), respectively. 
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force) and slightly biased to the y direction. The stress fluctuation is also expected to be associated with the cross slip behavior. 
When the helium bubble is considered, the maximum stress value is higher than that without helium bubble, indicating the 

irradiation hardening behavior. There are common features for the interaction process of edge and screw dislocation and helium 
bubble. Marked points (a-d) and (e-h) in Fig. 2 correspond to the snapshots of the microstructures shown in Fig. 3(a-d) and Fig. 4(a-d), 
respectively. With the existence of helium bubble, both edge and screw dislocations initially keep straight, and the shear stress keeps 
increasing until the dislocation starts to glide, as shown in Figs. 3(a) and 4(a). As it moves close to the helium bubble, the middle part of 
the dislocation line is attracted by the bubble, accompanied with the decrease of stress, corresponding to point b and f in Fig. 2. Then 
the dislocation at both ends continues to move forward, making the dislocation straight again (see Figs. 3(c) and 4(c)). Subsequently, 
both ends of the dislocation continue to move forward and bow out, while its middle part is pinned by the bubble, as displayed in 
Figs. 3(d) and 4(d), and the stress increases continuously during this process. As the shear stress reaches the CRSS for depinning, the 
dislocation breaks away, and depinning occurs. Afterwards, the stress decreases to the level of that without bubble. 

In the following, more details about the depinning mechanisms of the edge and screw dislocation-helium bubble interaction are 
analyzed, respectively. 

The interaction process between edge dislocation and the 5 nm and He/V = 2 helium bubble is found to be similar to the interaction 
between edge dislocation and void in previous work of tungsten (Liu et al., 2004; Osetsky, 2021; Yu et al., 2022). During pinning, 

Fig. 3. (a-d) Interaction process of an edge dislocation and a 5 nm helium bubble whose He/V is 2. (e) Screw-like diploe during pinning. (f) Other 
view of the microstructure configuration corresponds to (e), showing dislocation climb on the bubble surface. (g) Edge dislocation and helium 
bubble after interaction, with the climbed dislocation configuration underlined by the green line and the initial dislocation configuration underlined 
by the orange dashed line. 

Fig. 4. (a-d) Interaction process of screw dislocation and a 5 nm bubble whose He/V is 2. (e) Curved dislocation line induced by cross slip, as other 
view of the state of (c). 
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dislocation arms are dragged to form a screw-like dipole near the bubble, as shown in Fig. 3(e). Dislocation climbs on the bubble 
surface and forms super jogs during interaction, as displayed in Fig. 3(f). As a result of climb, a small segment of the edge dislocation 
leaves its glide plane and dislocation configuration changes. The dislocation and bubble after the reaction are shown in Fig. 3(g), with 
the climbed dislocation configuration underlined by the green line and its initial configuration underlined by the orange dashed line. 
This suggests that the climb-assisted glide is the dominant unpinning mechanism for edge dislocation interacting with a 5 nm bubble 
whose He/V is 2. 

For screw dislocation interacting with the helium bubble, Fig. 4(e) gives the snapshots of the microstructure configuration with the 
view angle perpendicular to the slip plane, which shows that the screw dislocation leaves its original slip plane and cross slip during the 
interaction. With the assistance of cross slip, screw dislocation easily passes through the helium bubble. The detachment angle φ 
(marked in Fig. 4(d)) appears to be higher than 90◦, suggesting that the bubble does not provide a very strong obstacle against screw 
dislocation motion, and the hardening stress is lower compared to that of edge dislocation. After bypassing the bubble, screw dislo
cation returns to its original glide plane, leaving small loops or debris inside the sample. The cross slip assisted depinning mechanism is 
also observed in prior experiments of BCC materials (Tougou et al., 2022). 

Based on the above pinning-depinning process of both edge and screw dislocation interacting with helium bubble, the hardening 
stress is related to the two common characteristic lengths, namely, the helium bubble size and helium bubble spacing (i.e., the distance 
between two pinning points of dislocation). Edge dislocation climb hardly affects the characteristic length of interaction but the screw 
dislocation cross slip affects it. Cross slip behavior is related to several lengths. For example, the screw part of the dislocation line must 
be long enough and the probability of cross slip occurring in the model is usually screw dislocation length dependent. Moreover, cross 
kink and double cross slip produce glissile junctions whose length is changeable, thus introducing new characteristic lengths into the 
screw dislocation-helium bubble interaction. We coarsen these physical processes into an effective characteristic length associated 
with cross slip depinning behavior. Accordingly, for screw dislocation, the characteristic length affecting hardening stress is not only 
related to helium bubble diameter and spacing, but also related to the dislocation characteristic length. Note that although the dis
cussion above on the characteristic length is based on the interaction between a 5 nm helium bubble whose He/V = 2 and an edge or 
screw dislocation, it is applicable to a wide range of helium bubble size, spacing and temperature studied in this paper and for He/V 
inside the stable range, which will be explained in detail in the following sections 

3.2. Effect of He/V ratio 

Helium bubble may lead to different interaction behaviors when the ratio of helium atom to vacancy is varied. To understand this 
problem, we first carefully investigate the characteristics of the helium bubble itself for different He/V ratios. The configuration of 
helium bubbles with diameter of 3 nm and 5 nm and He/V from 0 to 5 are shown in Fig. 5, where tungsten atoms on the outer surface of 

Fig. 5. Helium bubble configuration for helium-to-vacancy ratio ranging from 0 to 5 and diameter of 5 nm and 3 nm. Tungsten atoms on the outer 
surface of the helium bubble are colored blue and helium atoms inside are red. 

Fig. 6. (a) The normalized CRSS of edge dislocation interacting with helium bubble with diameter of 3 nm and 5 nm and varied He/V ratios. τ0 for 
5 nm and 3 nm helium bubbles are 594 MPa and 480 MPa, respectively. (b) Climbed dislocation after interacting with a 5 nm helium bubble with 
He/V = 5. 
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the helium bubble are colored as blue and helium atoms are red. It is found that as the proportion of helium atoms to vacancies in
creases from 0 to 3, the shape of the helium bubble remains spherical and is nearly unchanged. When He/V = 5, the helium bubble is 
strongly over-pressurized due to the existence of a large number of helium atoms. Its shape changes from a highly symmetric sphere to 
some irregular shape that expands locally during the equilibration process, and the bubble volume expands. The result of He/V = 4 is 
between the above two cases. The helium bubble is basically spherical, but the surface shape is slightly different from that of helium 
bubble with low He/V. These results agree with the previous study of helium bubble’s He/V ratio in tungsten (Faney, 2013; Li et al., 
2014; Yi et al., 2017; Hammond et al., 2018; Zhan et al., 2019). For the inner helium pressure, it is about 28 GPa for a 5 nm helium 
when He/V = 5 and 5 GPa when He/V = 4, which is on the same order of magnitude as the data obtained from previous studies of 
pressured helium bubbles in tungsten (Ito et al., 2014; Cui et al., 2015; Huang et al., 2021), and lower than the critical pressure (0.2μ 
according to Wolfer, 1988) for helium bubbles to punch out a dislocation loop. 

The influence of He/V ratio is reflected in two aspects, namely, the interaction mechanism and mechanical response. The CRSS of 
an edge dislocation overcoming helium bubbles with different He/V ratios is normalized by the case of He/V = 0 in Fig. 6(a). When He/ 

Fig. 7. (a) Normalized CRSS of screw dislocation interacting with helium bubbles of 3 nm and 5 nm with varied He/V ratios. τ0 for 5 nm and 3 nm 
helium bubbles are 1067 MPa and 965 MPa, respectively. (b, c) Typical results show screw dislocation interacting with a helium bubble with He/V 
= 2 and 5, respectively. 

Fig. 8. (a) Phase diagram of the interaction mechanism between edge dislocation and helium bubble in the space of bubble size and He/V ratio. The 
colored dots denote the simulated cases. (b) The proportion of changed number of vacancies n to total vacancies nt in 1~10 nm helium bubble. D is 
the diameter of helium bubble. The three regimes in (b) and the bottom half of (a) divided by the purple dotted line indicate that the interaction 
mechanism is shear, the interaction mechanism is Orowan-like and the changed vacancy complies with the square law, and the interaction 
mechanism is Orowan-like and the changed vacancy takes a small proportion, respectively. 
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V<4, the interaction process is the same as that exhibited in Fig. 3, implying that the interaction mechanism is not sensitive to He/V 
ratio. As for the mechanical response, He/V ratio has almost no effect on CRSS as shown in Fig. 6(a). The absence of He/V sensitivity in 
this range may be a result of their similar bubble surface configuration. When He/V ≥ 4, CRSS decreases obviously with the increase of 
the He/V ratio. In this case, the helium bubble is over-pressured and lacks vacancy. It tends to absorb a lot of vacancies from the semi 
atomic plane of the edge dislocation, leading to a large degree of dislocation climb, as shown in Fig. 6(b). After climb, the heavily 
jogged dislocations no longer interact with the bubble in its equatorial plane, but near the periphery of the helium bubble. Thereby, the 
corresponding CRSS is much smaller. In the case of high He/V, the phenomenon that helium bubble absorbs vacancies from edge 
dislocation inducing a large degree of dislocation climb and a decrease in CRSS is also observed in BCC Fe (Hafez Haghighat and 
Schäublin, 2010; Osetsky and Stoller, 2015). 

Similar to the case of edge dislocation, when He/V ≤ 4, the interaction of the screw dislocation and helium bubble is not sensitive to 
the He/V ratio, and CRSS is nearly unchanged, as shown in Fig. 7(a). Since the screw dislocation has high lattice resistance and the 
helium bubble hardening stress is relatively low, the overall CRSS exhibits a weak stochastic feature due to the randomness of the 
cross-slip and dislocation glide path. When He/V = 5, the CRSS increased sharply, which is different from the corresponding case of 
edge dislocation. For He/V ≤ 4, the degree of cross slip is small, and it is easy for screw dislocation to return to its original slip plane. 
However, in the situation of He/V = 5, cross kink easily appears, and the degree of cross slip is substantial, as shown in Fig. 7(c). High 
stress is required to drive the dislocation to return to its original slip plane and continue to glide. 

Besides, at high He/V, spherical helium bubbles are largely distorted and their geometry symmetry is broken (Rigelesaiyin et al., 
2018). The stress of atoms near the helium bubble is high and asymmetric. The complex local stress field in this scenario may also lead 
to their abnormal interaction mechanism and mechanical response. 

3.3. Phase diagram of the interaction mechanism 

In addition to He/V ratio discussed in Section 3.2, the size of helium bubble also influences the interaction mechanism between 
dislocation and helium bubble. To demonstrate their coupled effect, phase diagrams are given in this section for the case of edge and 
screw dislocation, respectively. 

3.3.1. Edge dislocation-helium bubble interaction 
The phase diagram is established in Fig. 8(a) to clarify the interaction mechanism between edge dislocation and helium bubble 

depending on the bubble size and He/V ratio. 
As discussed previously, at a high He/V, dislocation-bubble interaction is pressured bubble dominated (see Fig. 6(b)), similar to the 

dislocation climb mechanism for helium bubble growth found by Xie et al. (2018). When He/V is not high (<4), the interaction 
mechanism and mechanical response do not change with He/V ratio variation. Bubble size dominates the interaction mechanism in 

Fig. 9. (a) Phase diagram of the interaction mechanism between screw dislocation and helium bubble in the space of bubble size and He/V ratio. 
The colored dots denote the simulated cases. Three small insets in (a) are the configurations from the view perpendicular to the slip plane when the 
screw dislocation interacts with the helium bubble, reflecting the degree of cross slip of the screw dislocation. (b) The proportion of changed number 
of vacancies n to total vacancies nt in 1~5 nm helium bubble. 
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this range. If the size of helium bubble is smaller than 2 nm, two ends of the dislocation leave the helium bubble when the angle 
between them is still large and the line curvature is small. The interaction between dislocation and bubble is weak and no climb occurs. 
The interaction mechanism is shear, as helium bubble is simply sheared (Xu et al., 2019). The top half of the helium bubble is sheared 
with a distance equal to the magnitude of the Burgers vector along the dislocation glide direction, but the bottom half is unchanged, 
leaving surface steps on the “entry” and “exit” sides of the bubble. If the helium bubble is larger, dislocation bows out and is strongly 
pined to have a screw-like dipole in the vicinity of the bubble. In such a case, dislocation climb assists dislocation glide and depinning 
as described in Section 3.1. This mechanism is called Orowan-like because it is similar to the dipole configuration that occurs for the 
Orowan mechanism which involves impenetrable obstacles (Osetsky et al., 2003; Osetsky and Stoller, 2015; Yu et al., 2022). Similar 
transition from shear to Orowan-like is also observed for the interaction between edge dislocation and cavity in metals like molyb
denum (Dutta et al., 2012), tungsten (Liu et al., 2004) etc. 

3.3.2. Screw dislocation-helium bubble interaction 
For the interaction between screw dislocation and helium bubble, a phase diagram similar to that for edge dislocation is sum

marized in Fig. 9(a). When He/V is high, screw dislocation has obvious kinks, the degree of cross slip is very large, and the interaction 
process is dominated by helium bubbles with high internal pressure. When He/V is in the stable range, if the helium bubble is very 
small, the screw dislocation directly cuts through the helium bubble and the interaction mechanism is shear. There is nearly no 
dislocation pinning and its motion is almost the same as that without bubble. With the increase of helium bubble size, screw dislocation 
is pinned and then released by the cross slip mechanism. 

In summary, to obtain the mechanism of dislocation-helium bubble interaction, it is necessary to see whether the He/V ratio is 
greater than the stable range firstly. For high He/V, the interaction mechanism is dominated by over-pressured helium bubbles. 
Otherwise, the size of the helium bubble determines whether it is the shear or the Orowan-like mechanism for edge dislocation- helium 
bubble interaction, and the shear or cross slip mechanism for screw dislocation-helium bubble interaction. 

As discussed above, He/V ratio of helium bubble in the stable range does not affect the interaction mechanism and mechanical 
response for both edge and screw dislocation interacting with the bubble, but high He/V does. However, at high helium-to-vacancy 
ratios (as the “pressured bubble dominated” area in phase diagrams), the helium bubble is mechanically unstable and its volume 
tries to expand, resulting in the actual He/V being smaller than the value set initially. Considering that the equilibrium ratio of He/V is 
smaller than 4, this situation is ignored during the following establishment of the kinetics and hardening models of helium bubbles. 

4. Helium bubble kinetics model 

The damage and destruction of irradiation defects caused by the interaction with dislocations are crucial inducements for the 
formation of defect-free channels and further irradiation embrittlement. Therefore, the kinetics of helium bubble due to their inter
action with moving dislocation is a key problem to be investigated. 

4.1. Bubble kinetics due to the interaction with edge dislocation 

4.1.1. Mechanism dependent evolution behavior 
The climb behavior of dislocations reflects the interaction mechanism between edge dislocations and helium bubbles. During 

climb, edge dislocations exchange vacancies with helium bubbles. Correspondingly, the number of vacancies in the helium bubble is 
changed, and the helium bubble shrinks or grows. It is not trivial to directly show the vacancy change of bubble after interaction, 
because a 3 nm helium bubble in tungsten contains nearly a thousand vacancies, and the variation number of the vacancies is so small 
relative to the total number of vacancies that it is difficult to be identified accurately. Therefore, the vacancy number change of bubble 
is measured by the shape of climbed dislocation line after interaction. We have verified that the error of changed vacancies number 
between that from climbed dislocation line and bubble configuration is tiny. Similar treatment is also used to investigate the change of 
vacancies in cavity, by studying the shape of climbed dislocation line after interaction (Osetsky and Bacon, 2003b; Hafez Haghighat 
and Schaeublin, 2008; Terentyev et al., 2008; Grammatikopoulos et al., 2011; Osetsky and Stoller, 2015; Osetsky, 2021). 

Firstly the effect of He/V ratio on helium bubble evolution is evaluated, and climbed dislocation configurations after interacting 

Fig. 10. Snapshots of the shape of climbed dislocation after interacting with helium bubble with He/V ratios ranging from 0 to 5 and size of (a) 5 
nm and (b) 3 nm. 
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with bubbles of different He/V ratios are presented in Fig. 10. It shows for He/V<4, the number of helium atoms has almost no effect on 
the climbed dislocation configuration feature. By contrast, for He/V ≥ 4, the high-pressured helium bubble absorbs a lot of vacancies 
and expands in volume. This phenomenon is similar to the dislocation climb mechanism of helium bubble growth (Xie et al., 2018). As 
helium bubbles with high He/V ratio are unstable and thus be ignored, it can be concluded that in the considered range of He/V ratio, 
the change of vacancy number inside helium bubble before and after the interaction is insensitive to He/V, which indicates that He/V 
in the stable range does not affect the kinetics of helium bubbles. 

For the influence of helium bubble size, when the helium bubble size is small (such as 1 nm) and the interaction mechanism is shear, 
the dislocation does not climb. There is no vacancy exchange between the dislocation and the helium bubble, and the helium bubble 
volume remains unchanged. With the increase of helium bubble size, the dislocation is released by climb, and the helium bubble 
evolves. As shown in Fig. 11(a), when the size of the helium bubble ranges from 2 nm to 5 nm, the dislocation overall climbs up. Its 
upper semi atomic plane becomes smaller, indicating the edge dislocation absorbing vacancies. Correspondingly, the helium bubble 
loses vacancies and shrinks. When the size of the helium bubble is greater than 5 nm, the climb direction of the dislocation becomes 
uncertain, indicating that the helium bubble may shrink or grow after interaction. 

4.1.2. Quantitative model 
Based on the physical process of edge dislocation-helium bubble interaction, a quantitative model for bubble evolution is estab

lished here. 
Helium bubble is not perfectly spherical due to its lattice structure, and it is made up of facets with hexagons and quadrilaterals on 

the surface, which is similar to void whose surface after relaxation is composed of polygonal {110} planes with edges along <112>
directions and {100} planes to minimize the surface energy (Huang et al., 2021; Yu et al., 2022). When the dislocation interacts with 
these helium bubbles of different sizes, dislocation tends to climb along the same path, as marked by the dotted yellow line in Fig. 11 
(b). It is found that the climbed configurations of dislocations after interacting with helium bubbles of different sizes are self-similar for 
helium bubble with size among 2~5 nm. Typical results are marked by the red box in Fig. 11(a). As the size of helium bubble increases, 
both climb length and height increase, as shown in Fig. 11(b). Hence the number of vacancies change in helium bubble is proportional 
to the square of the bubble size. The vacancy change of bubble from MD is counted, and it is found that the square law is indeed 
satisfied, as shown in Fig. 11(d). On the other hand, because of the shear mechanism of the small helium bubble and edge dislocation 
interaction, the small bubble does not change in volume, and the vacancy change should be zero. Since the value of quadratic function 
is very close to zero when the bubble diameter is close to zero, it is acceptable to use the same relation. Therefore, for convenience, it 
can be considered that the quadratic function can describe the kinetics of helium bubbles with sizes from 0 to 5 nm. 

Larger bubble size allows for smaller and multilevel facets of {110} and {100} planes. For example, as shown in Fig. 11(c), for a 
helium bubble with size larger than 5 nm, there are small polygonal facets between the large facets on the surface of the helium bubble, 
which is similar to the fractal structure. Consequently, the climbed dislocation configuration is no longer self-similar to that of 2~5 nm, 
and the number of changed vacancies no longer satisfies the quadratic function. This implies that the change of bubble surface 
characteristics alters the climb path of the dislocation on bubble surface and thus changes the kinetics of helium bubble. 

As the total number of vacancies in the helium bubble increases rapidly with increasing of the size, the proportion of changed 
vacancies in the helium bubble larger than 5 nm is very small (<0.2%), as shown in Fig. 8(b), which can be almost ignored. In addition, 
most of the helium bubbles produced in bulk tungsten from experiments are less than 5 nm in size (Nishijima et al., 2004; Harrison 
et al., 2017; Kong et al., 2017; Ipatova et al., 2021), and the probability of more giant helium bubbles is very low. Consequently, a 
helium bubble kinetics model for the edge dislocation and helium bubble interaction is established as follows, 

Fig. 11. (a) Snapshots of the climbed configuration of the dislocation after interaction with He/V = 2 helium bubble of size 1~10 nm. (b) The 
surface of a 5 nm helium bubble. Typical facets on it are highlighted by red lines and the dislocation path by dotted yellow lines. (c) The surface of a 
10 nm helium bubble, and typical facets on it are highlighted by red lines. (d) Reduced vacancies of bubbles of size 1~5 nm and the fitted results by 
the square relationship. 
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− 1, if D ≤ Dcrit

0, if D > Dcrit

(1)  

where D =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
6ntΩ/π3

√
is the current bubble size. nt is the total vacancy number in bubble and Ω is the vacancy volume. ΔD is the change 

of bubble diameter after interaction with dislocation. d is the vacancy diameter and d =
̅̅̅̅̅̅̅̅̅̅̅̅
6Ω/π3

√
. Dcrit is the critical size as 5 nm and β is 

fitted as 0.086 according to the curve in Fig. 11(d). For the influence of temperature on helium bubble kinetics, temperatures ranging 
from 10 to 900 K are simulated. It is found that helium bubble kinetics caused by the edge dislocation-helium bubble interaction is 
weakly temperature-dependent, and a detailed evaluation of the temperature effects will be studied further. 

This model can be degenerated to the evolution of voids in tungsten. Our MD results demonstrate that the fundamental process of 
dislocation-bubble interaction is consistent with that of dislocation-void interaction (Osetsky, 2021; Yu et al., 2022). Based on the 
analysis above, we try to answer the controversial question of void kinetics during the dislocation-void interaction mentioned in the 
introduction. After interaction with 5 nm and 6 nm bubbles, edge dislocations are overall upward and downward climbed as shown in 
Fig. 11(a), indicating a slight shrinkage and expansion of helium bubble, respectively. These results are consistent with previous 
simulations at the corresponding size (Osetsky, 2021; Yu et al., 2022) that 5 nm voids lose vacancy but 6 nm voids gain vacancy after 
interacting with edge dislocations. We conjecture that the different directions of dislocation climb after interaction with different sizes 
of helium bubbles are due to the change in bubble surface facets described above. 

4.2. Bubble kinetics due to interaction with screw dislocation 

As screw dislocation does not climb, there is no vacancy exchange between screw dislocation and the helium bubble, and the 
volume of helium bubble remains unchanged. In addition, even though the cross slip behavior of screw dislocations may leave defect 
clusters (Cui et al., 2016), the probability of leaving interstitial debris or vacancy debris is the same, so the cross slip does not affect the 
volume of the helium bubble from a macroscopic perspective. Therefore, the interaction between screw dislocation and helium bubble 
does not lead to the evolution of helium bubble. Fig. 9(b) shows the ratio of vacancy change of the helium bubble to the total vacancy it 
contains before and after the interaction with the screw dislocation, which also verifies the conclusion that the screw dislocation does 
not affect the kinetics of helium bubble. 

5. Hardening and yield strength model incorporating helium bubble 

Hardening is one of the most crucial irradiation effects of helium bubble as it blocks dislocation movement. In this section, 
considering the dislocation-bubble interaction mechanism, a unified hardening model for edge, screw and mixed dislocation is pro
posed. The yield strength model of irradiated tungsten is further developed to consider the thermal activated mechanism of dislocation 
activities. As discussed in Section 3.2, He/V ratio in the stable range does not affect mechanical response of dislocation-bubble 
interaction, thus the hardening and yield strength model is independent of He/V. 

5.1. Unified hardening model 

To the best of our knowledge, there is no hardening model yet that is carefully verified to be able to simultaneously predict the 
hardening of edge, screw, and mixed dislocations hindered by helium bubble. Here, a hardening model for arbitrary dislocation types is 
developed. 

Based on the analysis in Section 3.1, the hardening stress is correlated with several characteristic lengths including the bubble 
diameter D and spacing L, as well as the dislocation characteristic length LD corresponding to the cross slip depinning mechanism for 
screw dislocation. The two characteristic lengths of helium bubble diameter and spacing can be integrated into one effective char
acteristic length of bubble as LB, which appropriately represents the outer cut-off or screening distance for dislocation stress field 
during the dislocation interacting with the bubble (Bacon et al., 1973). When L is small compared to D, the dislocation segments 
separated by helium bubbles are far away from each other during interaction, thus the dislocation between two adjacent bubbles 
should behave as an isolated line, and LB≈L. When D is small compared to L, on the other hand, the dislocation segments near a bubble 
should interact strongly with the segments on the other side of the obstacle, and it seems reasonable to suppose LB≈D. The most 
straightforward average of D and L with the proper limiting behavior is a harmonic mean, thus LB = 1/(D− 1 + L− 1). Accordingly, the 
comprehensive characteristic length for hardening LH is defined as the norm of bubble characteristic length LB and dislocation 

characteristic length LD, namely 
(

1
LH

)n
=
(

1
LB

)n
+
(

1
LD

)n
= (D− 1 + L− 1)

n
+ (L− 1

D )
n with n = 1/2. In this way, based on the form of 

Orowan stress, helium bubble hardening is expressed as 

τH =
μb

2πL

[

ln
(

LH

r0

)

+Δ
]

(2)  

where τH represents the hardening stress (increase of the CRSS with respect to the case without irradiation defect) necessary to unlock a 
dislocation from a bubble. L is the bubble spacing taken as the bubble center’s distance minus the bubble diameter, representing the 
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distance between two pinning points of a dislocation line in MD simulation. μ is the shear modulus and b is the Burgers vector 
magnitude. r0 is the cut-off distance or dislocation core radius, which is determined by b here (Osetsky and Bacon, 2003b; Xu et al., 
2019; Yu et al., 2022). Δ is the dimensionless coefficient related to bubble surface energy (Scattergood and Bacon, 1982; Osetsky, 
2021), and it reflects the defect strength. 

For edge dislocation, it does not cross slip thus LD is set as ∞. In this way, LH = LE = 1/(D− 1 + L− 1). Here, LE is the comprehensive 
characteristic length LH in the case of edge dislocation-helium bubble interaction. Eq. (2) degenerates to the Bacon–Kocks–Scattergood 
(BKS) hardening model (Bacon et al., 1973; Scattergood and Bacon, 1982; Osetsky and Bacon, 2010), which is preferred for describing 
spherical defects like voids and precipitations (Osetsky and Bacon, 2003b; Bacon and Osetsky 2005), 

τH Edge =
μb

2πL

[

ln
(

LE

r0

)

+Δ
]

=
μb

2πL

[

ln

(
1

r0
(
D− 1 + L− 1

)

)

+Δ

]

(3) 

Using the current MD results of edge dislocation interacting with helium bubbles of He/V = 2 and different diameters D, the 
parameter Δ is fitted as 0.0, which is close to 0.006 from Yu et al. (2022), and higher than − 0.7 obtained by Osetsky (2021). 

For screw dislocation, LH = LS =

(
1

(D− 1+L− 1)n+(L− 1
D )

n

)1
n

. Here, LS is the comprehensive characteristic length LH in the case of screw 

dislocation-helium bubble interaction. Eq. (2) becomes 

τH Screw =
μb

2πL
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ln
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LS
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)

+Δ
]

=
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2πL

[
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r0
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D
)n)1/n

)

+Δ

]

(4)  

where LD is fitted as 4.32 nm for tungsten using our MD results. 
For a dislocation with an angle θ between the Burgers vector and the line direction, it can be decomposed into the combination of 

edge and screw dislocations, and the corresponding hardening stress can be expressed as 

τH = cos2θτH screw + sin2θτH edge (5)  

which can be further derived and simplified as 

τH =
μb

2πL

(

ln
(

LE

r0

)

+ cos2θln
(

LS

LE

)

+Δ
)

(6)  

where LE and LS are LH = 1
((D− 1+L− 1)n+(L− 1

D )
n
)
1/nwith LD set as ∞ and 4.32 nm, respectively. The dimensionless parameter Δ is 0.0. This 

method of decomposing the mixed dislocation into the combination of edge type and screw type components by using the square 
relation of trigonometric function through the angle between the dislocation line and the Burgers vector is also widely used to obtain 
other characters of mixed dislocations, such as dislocation velocity (Po et al., 2016). Eq. (6) can be degenerated to the extreme cases of 
screw and edge dislocations with θ equal to 0◦ and 90◦, and is therefore a unified model applicable to various types of dislocations. 

To verify the ability of this model to predict the hardening stress of dislocations interacting with helium bubbles, MD results of 
hardening stress of edge, screw and mixed dislocation interacting with helium bubbles at different sizes are compared with the pre
diction results from Eq. (6), as shown in Fig. 12. The simulation set up for the mixed dislocation is similar to the description in Section 
2, with its slip plane being [110], Burgers vector being [111] and line direction being [001]. It is clear that MD and the predicted results 
are in good agreement for different types of dislocations, which confirms the ability of the proposed model to predict helium bubble 
hardening. The applicability of the developed hardening model to different helium bubble spacings is verified in Appendix B, 

Fig. 12. Hardening stress τH of screw, edge and mixed dislocation from bubble of He/V = 2 as a function of bubble diameter D from MD simulation 
(points) and predicted by the proposed model (lines). 
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indicating that it performs well. It is worth pointing out that the hardening model established here can also be directly applied to voids 
hardening in tungsten or other materials with other irradiation defects such as precipitates by re-adjusting the parameters. 

5.2. Temperature dependent yield strength model 

In order to make the helium bubble hardening model be able to directly predict the mechanical response of irradiated tungsten, a 
temperature dependent yield strength model is further developed. 

The first question is whether the bubble hardening is sensitive to temperature. We studied the edge and screw dislocations 
interacting with a 5 nm helium bubble at different temperatures ranging from 100 K to 900 K, and the hardening stress is shown as blue 
marks in Fig. 13(a) and (b), which shows that the hardening stress for both edge and screw dislocation has almost no temperature 
dependence. Therefore, it can be regarded that helium bubble hardening is not sensitive to temperature in the considered temperature 
range, and the proposed hardening model in Section 5.1 can be applied to temperatures ranging from 100 K to 900 K. 

The second question is how to incorporate the inherent strong temperature dependent plasticity of tungsten. The hardening stress 
caused by the interaction with the helium bubble plus the inherent lattice resistance of dislocation is the CRSS of dislocation-bubble 
interaction, which also can be considered as the yield stress of irradiated material with the existence of irradiation-induced helium 
bubble. As previously discussed, hardening stress is not sensitive to temperature, but the lattice resistance of screw dislocation de
creases with increasing temperature due to its thermally activated glide behavior. Generally, the lower the temperature is, the more 
difficult it is to move the screw dislocation and the slower the glide speed is. Relatively speaking, the influence of temperature on edge 
dislocation motion is much weaker than that of screw dislocation. 

Based on previous MD and theoretical studies (Li et al., 2021; Lu et al., 2021), a thermally activated model is built to predict the 
release stress of interaction between bubble with edge and screw dislocation, as 

τY E/S =
μb

2πL

[

ln
(

LE/S

r0

)

+Δ
]

+

[

1 − exp
(

−
ΔG

2kBT

)]

μCE/S (7)  

where the subsript E/S corresponds to edge or screw dislocations. The first term on the right side of Eq. (7) is the hardening stress τH 
and the second term denotes temperature dependent lattice resistance. LE and LS are expressed in Eq. (3) and Eq. (4), respectively. ΔG 
represents the free enthalpy of kink-pair nucleation (Po et al., 2016), which is fitted as 0.04 eV from MD data. CE and CS are 
dimensionless parameters set as 0.0 and 0.005 for edge and screw dislocation, respectively. kB is the Boltzmann constant. T is tem
perature in Kelvin and μ is the shear modulus. 

In order to verify the effectiveness of the proposed model, the prediction results are directly compared with MD results. As shown in 
Fig. 13, the temperature-dependent model performs well for both edge and screw dislocation cases. In addition to irradiation hard
ening, this model can also be degenerated to predict the yield strength of unirradiated tungsten. 

6. Application of the proposed models 

The atomistic mechanism informed bubble kinetics and hardening models proposed in Sections 4 and 5 can be directly used in 
micro and mesoscopic scale simulations such as discrete dislocation dynamics (DDD) and crystal plasticity (CP). In addition, the 
hardening model can directly predict the macroscopic experimental results at different temperatures. 

Fig. 13. Lattice resistanceτL, hardening stressτH , and yield stress τY of (a) screw and (b) edge dislocation depinning from 5 nm bubble of He/V = 2 
as a function of temperature T from MD simulation and the proposed thermal-activated models, respectively. 
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6.1. Application to multiscale simulation 

The kinetics and hardening model developed in Sections 4 and 5 can be directly applied to DDD and CP models if the irradiation 
defects are described using continuum barrier field characterized by their density and mean size (Cui et al., 2018b). This kind of 
method can overcome the difficulty of the excessive number of equations to be solved (several hundred thousands) when the irra
diation defects are described in a discrete manner, and it significantly improves computational efficiency. It performs well in inves
tigating the irradiation hardening and plastic deformation localization behaviors of irradiated materials (Cui et al., 2018a; Li et al., 
2021; Ji et al., 2022). 

The essential idea of the method is schematically shown in Fig. 14. The interactions and evolution between dislocations are handled 
in DDD or CP. DDD directly considers the discrete dislocation segments and CP deals with the continuous dislocation density fields. The 
evolution of helium bubbles is calculated by the finite element method (FEM) based on their kinetics model described using density N 
and average size D. FEM transmits the spatially-dependent density and size of helium bubble to DDD or CP, and calculates the 
hardening stress caused by the helium bubble, as a resistance term of dislocation glide. DDD or CP transfers the plastic strain increment 
generated by dislocation slip to FEM, so as to calculate the damage and evolution of helium bubble during plastic deformation. 

In the following, we will further discuss how to use the developed models in DDD and CP based methods, respectively. 

6.1.1. Application to dislocation dynamics method 
DDD is a tool to calculate and track the motion of dislocations, consider the short-range and long-range interactions between 

dislocations, and evaluate the plastic deformation induced by the collective motion of dislocations (Cui et al., 2017; Ghoniem and Cui, 
2020; Cui et al., 2021; Guo et al., 2021; Dong et al., 2022; Lu et al., 2022). It can capture the interaction mechanism between dis
locations and irradiation defects, get the collective interaction of dislocations, and obtain the macroscopic mechanical response of 
irradiated materials., thus is an effective tool to study irradiation effects. 

In DDD, dislocation lines are discretized into a succession of parametrized segments. Dislocation segments may be screw, edge or 
mixed type, with a specific angle between the line direction and the Burgers vector. Therefore, the developed bubble hardening model 
applicable to different types of dislocation can be directly used to describe the barrier effect of helium bubble on dislocation motion, 
which can be used as follows, 

Fig. 14. Diagram of irradiation material mechanical response and the application strategy of established hardening and bubble kinetics model into 
DDD and CP irradiation simulation. ρd is the dislocation density. N and D are helium bubble density and average diameter, respectively. τHis 
hardening stress from bubble expressed in Eq. (6) . Δγ p and ΔD are increment of plastic strain and bubble diameter, respectively. 

Fig. 15. Helium bubble damage graphic. The red line is a dislocation whose slip plane is plane on points A, B, B’ and A’. The color of bubbles 
represents if they can interact (blue) or not (gray) with the dislocation. D is the average diameter of bubbles in this volume. 
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(8)  

where bs and n are the unit vectors of the Burgers vector and slip plane normal vector of the dislocation segment, respectively. ⊗
represents tensor product. τglide is proportional to peach-koehler (PK) force in the absence of irradiation defects. Here τH is hardening 
from irradiation-induced helium bubble expressed in Eq. (6). 

The helium bubble damage caused by the edge part of the dislocation passing the helium bubble once is shown in Eq. (1). Plastic 
strain increment from dislocation glide is transferred from DDD to the continuous irradiation defect field. To consider the damage of 
bubble field as a function of plastic strain, it is assumed that only bubbles with a distance less than D/2 from the slip plane of the 
moving dislocation can be cut through (Ji et al., 2022), as shown in Fig. 15. For a time increment of Δt, if the slip area increment of the 
dislocation is ΔA, then the proportion of bypassed bubbles during the interaction is DΔA/V, which is equal to DΔγ p/b according to 
Orowan relation. Thus, for the specific control volume V, the evolution of bubble diameter can be expressed as 
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D

= 0, if D > Dcrit

(9) 

In order to avoid the situation that the helium bubble size is negative after the reaction, if the helium bubble size is less than Deff =

βd, the corresponding void diameter after one time of interaction is D′

= (D3 − βD2d)1/3
= 0 in actual calculation. It is considered that 

the dislocation will absorb it and the corresponding helium bubble density will decrease. In this case, ΔD = 0 and ΔN = − NDΔγp /b. It 
means that bubbles smaller than Deff are entirely destroyed after one interaction process and thus causing bubble density to deduce. 
The corresponding physical process is similar to that of dislocation absorbing a single vacancy (Chen et al., 2011; Li et al., 2019). While 
for the medium size ones, interaction only decreases their size, as expressed in Eq. (9). Therefore, the comprehensive bubble kinetics 
model is 
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(10)  

6.1.2. Application to crystal plasticity model 
For CP, dislocations are characterized by dislocation density fields in different slip systems (Das et al., 2020; Wang et al., 2020; 

Wen et al., 2020; Liu et al., 2022). The coupling operation and parameter transformation are consistent with the consideration of DDD 
coupling helium bubble field, as shown in Fig. 14. The main difference is that the mixed dislocation needs to be directly treated in DDD, 
while in CP one generally does not need to calculate the exact angle between the Burgers vector and line direction of dislocation lines, 
and only cares about the total dislocation density, or the edge or screw dislocation density. 

Understanding the temperature-dependent plastic behavior of tungsten is essential for studying its mechanical response with 
helium bubbles and then compare with experiments. At low temperatures, screw dislocation is difficult to slip in BCC metals, but the 
edge dislocation is easy to glide with a much faster speed. Therefore, many screw dislocations are left inside the crystals, and the plastic 
deformation of tungsten is dominated by screw dislocations at low temperatures. With the increase of temperature, the remark dif
ference in mobility between screw dislocation and edge dislocation gradually disappears, then there is no need to distinguish edge and 
screw dislocation. 

In order to develop a unified model, one needs to describe the temperature dependent screw and edge dislocation density. Based on 

Fig. 16. Schematic showing the evolution process of screw and edge parts during the expansion of a dislocation loop (Li et al., 2021).  
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the analysis of dislocation loop evolution process shown in Fig. 16 (Li et al., 2021), the multiplication ratio ϑ between the edge and 
screw dislocation can be approximately expressed as ϑ = vS/vE ≈ LE/LS, where vS and vE are velocity of screw and edge dislocation, 
respectively. The length of screw dislocations and edge dislocations is 2LE and 2LS. In this way, the density of edge dislocation ρE with 
respect to that of screw dislocation ρS is approximately vS/vE. Dislocation velocity is theoretically calculated by its thermal-activated 
mobility law, which is a function of stress state and temperature. Using the phenomenological dislocation mobility law for tungsten 
described in detail in (Po et al., 2016) and the Orowan relationship, the required shear stress for a sample of dislocation density 5.5 
×109/m2 to achieve a plastic strain rate of 8.5 × 10− 4/s at different temperatures is gained, as shown in Fig. 17(a). The predicted yield 
stress matches well with the experimental data using the same parameters (Brunner, 2010). Based on these results and using the 
dislocation mobility law again, the ratio of screw dislocation velocity to edge dislocation velocity under temperature-dependent yield 
stress is obtained, as shown in Fig. 17(b). vS/vE is small at low temperatures, and vice versa at high temperatures. In CP, the evolution 
equation of screw and edge dislocation density is expressed as ρ̇S = (k1

̅̅̅̅̅ρS
√

/b − k2ρS)γ̇
p and ρ̇E = (ϑk1

̅̅̅̅̅ρE
√

/b − k2ρE)γ̇
p, respectively, 

where k1 and k2 are parameters associated with the generation and annihilation process of dislocations, respectively. As a multipli
cation ratio, ϑ controls the evolution of dislocation density and ultimately the equilibrium density of edge and screw dislocations. 

If edge and screw dislocations are not distinguished in CP model, the ratio of their velocity can be simply evaluated by the method 
getting Fig. 17(b), then the ratio of dislocation density can be estimated by ϑ = vS/vE ≈ LE/LS. If the density of edge and screw dis
locations is distinguished and calculated, following the coupling strategy of CP and FEM shown in Fig. 14, the hardening and bubble 
kinetics models of edge and screw dislocations are applied to them, respectively. Specifically, the resistance stress of helium bubbles on 
dislocation motion can be obtained by Eqs. (3) and (4), respectively. The effect of the edge dislocation motion on the helium bubble is 
gained using Eq. (10), while screw dislocation does not lead to bubble evolution. 

6.2. Application to predict experimental results 

Furthermore, the hardening model proposed in this work can be directly employed to predict the hardening behavior of irradiated 
materials. The complexity of predicting experimental results lies in the possibility of coexistence of multiple types of irradiation de
fects. For tungsten, typical irradiation defects include interstitial loops and helium bubbles (or voids) (Koyanagi et al., 2017; Huang 
et al., 2021; Shi et al., 2022). Therefore, it is necessary to establish a model which takes into account the effect of different defects 
collectively hindering dislocation motion. 

The combined effect of interstitial loop and helium bubble on hardening can be expressed asΔτ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

τ2
IL + τ2

H

√

, namely the 1/2 power 
of the sum of squares of the hardening stress from interstitial loops and helium bubbles (Sobie et al., 2015; Weaver et al., 2017). 

Since most of the existing mechanical response of irradiated tungsten is obtained based on indentation experiments, the formula to 
predict the defect induced hardness can be expressed as 

ΔH = kΔσ =
k
m

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

τ2
IL + τ2

H

√

(11)  

where the increase of hardness is proportional to the increase of yield stress with a scale factor k = 3.20 for tungsten (Hu et al., 2016), 
close to the parameter for Vickers hardness in previous works (Yan 2006; Pavlina and Van Tyne 2008; Zhang et al., 2011). This 
parameter is not only applicable to Vickers hardness measurement, but can also be used to the experiment of spherical nanoindentation 
(Weaver et al., 2017), covering all experimental methods in the following comparison. m is the Schmid factor. τIL is hardening stress 
induced by interstitial loops expressed as τIL = αDBHμb

̅̅̅̅̅̅̅̅̅̅̅̅̅
NILDIL

√
with the parameter αDBH set as 0.3 (Cui et al., 2018b; Cui et al., 2021). 

NIL and DIL are density and diameter of interstitial loops, respectively. τH is hardening stress from helium bubble proposed in Section 5. 

Fig. 17. (a) Comparison of theory results and experimental data (Brunner, 2010) on the flow shear stress as a function of temperature of tungsten at 
an applied strain rate of 8.5× 10− 4/s. The dislocation density is 5.5× 109/m2, and loading orientation is [124]. (b) Ratio of screw dislocation 
velocity vS to edge dislocation velocity vEwith the change of temperature. 

C. Ji et al.                                                                                                                                                                                                               



International Journal of Plasticity 165 (2023) 103620

17

Here the helium bubble spacing L in τH is 1/
̅̅̅̅̅̅̅
ND

√
, where N are D the density and diameter of helium bubbles, respectively. 

When predicting helium bubble hardening, the proportional model of screw and edge dislocations established in Section 6.1.2 can 
be used. One can also simplify the prediction by considering the difference of the dominant dislocations in BCC tungsten at different 
temperatures as follows. Firstly, a critical temperature Tc is defined according to the ratio of screw dislocation velocity to edge 
dislocation velocity. Tc is set as 800 K here for tungsten according to Fig. 17(b), beyond which the screw dislocation velocity rises to a 
non-negligible degree. It means the edge dislocation density increases and plastic deformation transform from screw dislocation 

Table 1 
Experimental irradiation defect data and hardness increase from indentation experiments and prediction from Eq. (11) of tungsten and relevant 
alloys.  

Material Irradiation T /K Dose 
/dpa 

Irradiation loop Bubble(void) Hardness increase ΔH /GPa Relative 
error 

Ref.     

NIL /m3 DIL 

/nm 
N /m3 D 

/nm 
Experiments Predicted   

W He +W 298 1 3.00 ×
1022 

3.0 9.10 ×
1023 

1.1 1.9,2.7, 
5.5,7.3 

4.4 – (Weaver et al., 
2017) 

W neutron 298 0.15 7.00 ×
1020 

14.8 3.40 ×
1022 

2.8 1.5 1.4 7% (Shi et al., 2022) 

W neutron 298 0.18 5.80 ×
1020 

5.3 1.90 ×
1022 

4.0 1.1 1.4 27% (Shi et al., 2022) 

W neutron 298 0.42 1.10 ×
1021 

5.6 1.22 ×
1023 

2.45 2.2 2.3 5% (Shi et al., 2022) 

W neutron 298 1.54 6.00 ×
1021 

20.0 1.20 ×
1023 

4.7 3.3 4.2 27% (Shi et al., 2022) 

W neutron 673 0.17 2.00 ×
1022 

2.8 1.95 ×
1023 

1.8 2.1 2.3 10% (Hu et al., 2016) 

W neutron 804 0.44 1.10 ×
1022 

5.4 2.53 ×
1023 

1.3 1.7 1.9 12% (Hu et al., 2016) 

W neutron 804 0.44 1.30 ×
1022 

7.5 1.90 ×
1023 

1.1 1.7 1.7 0% (Fukuda et al., 
2012) 

W neutron 811 0.96 4.70 ×
1022 

4.7 4.90 ×
1023 

2.1 3.6 4.3 19% (Hu et al., 2016) 

W neutron 856 0.47 2.00 ×
1021 

5.4 1.38 ×
1023 

2.4 3.0 2.4 20% (Hu et al., 2016) 

W neutron 856 0.47 2.0 ×
1021 

3.0 1.28 ×
1023 

3.1 3.0 2.9 3% (Fukuda et al., 
2012) 

W neutron 873 0.15 4.60 ×
1021 

7.9 6.40 ×
1022 

1.3 2.1 2.4 14% (Hu et al., 2016) 

W neutron 873 0.15 4.60 ×
1022 

7.9 6.40 ×
1022 

1.3 2.1 2.4 14% (He et al., 2006) 

W neutron 973 0.15 7.00 ×
1021 

7.4 3.40 ×
1022 

1.4 1.7 1.1 35% (He et al., 2006) 

W neutron 983 0.70 2.40 ×
1022 

2.2 3.00 ×
1021 

4.1 3.1 1.0 68% (Fukuda et al., 
2016) 

W neutron 1013 0.40 3.00 ×
1021 

12.2 1.27 ×
1023 

2.9 2.1 2.8 33% (Hu et al., 2016) 

W neutron 1029 0.42 1.00 ×
1021 

5.6 1.21 ×
1023 

2.5 1.7 2.4 41% (Hu et al., 2016) 

W neutron 1073 0.15 1.10 ×
1021 

8.5 4.20 ×
1022 

1.9 1.7 1.6 5.8% (Hu et al., 2016) 

W neutron 1073 0.15 4.80 ×
1022 

2.0 2.00 ×
1021 

3.9 1.2 1.2 0% (Fukuda et al., 
2016) 

W neutron 1073 0.15 1.10 ×
1022 

8.5 4.20 ×
1022 

1.9 1.5 1.6 7% (He et al., 2006) 

W-3%Re neutron 804 0.44 4.60 ×
1022 

3.7 3.00 ×
1020 

1.4 0.7 1.5 114% (Fukuda et al., 
2012) 

W-3%Re neutron 856 0.47 1.2 ×
1022 

2.1 2.00 ×
1021 

1.9 1.0 0.6 40% (Fukuda et al., 
2012) 

W-3%Re neutron 873 0.15 1.40 ×
1022 

3.6 3.40 ×
1022 

1.1 0.7 1.0 43% (He et al., 2006) 

W-3%Re neutron 1073 0.15 1.10 ×
1022 

2.8 9.00 ×
1021 

1.3 0.6 0.7 17% (He et al., 2006) 

W-5%Re neutron 804 0.44 1.40 ×
1022 

2.9 2.00 ×
1021 

1.7 0.8 0.8 0% (Fukuda et al., 
2012) 

W-5%Re neutron 856 0.47 1.3 ×
1022 

2.2 3.00 ×
1021 

1.6 1.1 0.7 36% (Fukuda et al., 
2012) 

W-10% 
Re 

neutron 804 0.44 3.0 ×
1021 

7.1 1.00 ×
1021 

3.4 1.0 0.6 40% (Fukuda et al., 
2012) 

W-10% 
Re 

neutron 856 0.47 6.0 ×
1021 

4.5 5.00 ×
1020 

3.9 1.1 0.7 36% (Fukuda et al., 
2012)  
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Fig. A1. Stress-strain curves of a straight edge dislocation interacting with a 5 nm void simulated by strain rate 1 × 106/s, 2 × 106/s, 5 × 106/s and 
1 × 107/s, respectively. 

Fig. A2. Stress-strain curve of a straight edge dislocation interacting with a 5 nm void from literature (Yu et al., 2022), velocity load simulation of 
applied strain rate 1× 107/s, displacement load of strain rate 1× 107/s. 

Fig. B1. Comparation of hardening stress of edge and screw dislocation interacting with a 5 nm or 1 nm helium bubble with He/V = 2 from 
hardening model prediction and MD simulation. 
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dominated to edge or edge-like dislocation dominated as temperature reaches Tc. When the temperature is lower than the critical 
temperature Tc, it can be simply considered that all the dislocations in tungsten are screw, and when the temperature is higher than Tc, 
all of them are edge or similar to edge dislocations for its mobility behavior. For T< Tc, the hardening model for interaction between 
helium bubbles and screw dislocations expressed as Eq. (4) is used here, and for elevated temperatures that for edge dislocations 
expressed as Eq. (3) is used. 

The comparison between the predicted and experimental results is shown in Table 1. The predicted hardness increment are close to 
those from experiments for all these available cases, which further demonstrates the reliability of the developed model. 

7. Summary and conclusions 

Helium bubbles produced in fusion reactor environments strongly impact the performance of plasma-facing components. However, 
the interaction between helium bubbles and dislocations is a complex physical process, which is influenced by the external temper
ature, and the internal features of dislocations and helium bubbles, such as dislocation type, helium bubble size and the He/V ratio etc. 
Till now, there is lack of systematic studies disclosing the interaction mechanism between dislocation and helium bubble. Therefore, it 
is highly required to propose quantitative theoretical and numerical models. 

This work reveals the interaction mechanism between dislocations and helium bubbles in tungsten, establishes the mechanism 
phase diagrams in the space of helium bubble size and He/V ratio, and proposes the atomistic mechanism-based helium bubble kinetics 
and hardening models. The established model can be directly applied to multiscale simulations, such as DDD and CP, providing a 
bridge between atomic-scale insights and micro-scale behaviors. Additionally, the proposed hardening model well predicts the irra
diation hardening behavior in the available macroscopic experiments at different temperatures. In addition, the following conclusions 
are gained. 

The equilibrium He/V ratio of helium bubble varies with the material property and irradiation environment. When He/V ratio is 
higher than the equilibrium ratio, helium bubble is mechanically unstable, and interaction between dislocations and helium bubbles is 
the over-pressured bubble dominated. On the other hand, in the stable range of He/V ratio, the He/V ratio has little effect on the 
interaction mechanism and mechanical response. 

Increasing helium bubble size will lead to the transition from shear to Orowan-like or cross slip mechanism for the interaction 
between helium bubble and edge or screw dislocation, respectively. In the Orowan-like mechanism region, depinning of edge dislo
cation is climb assisted, while depinning is cross slip assisted for screw dislocation. 

Mechanism-based reaction kinetics model for helium bubble is proposed. When the helium bubble size is less than 5 nm, the 
geometry of climbed edge dislocation after the interaction shows self-similarity. Based on this insight, the size variation of the helium 
bubble after interacting with edge dislocation is found to satisfy the uniform quadratic function relationship. On the other hand, 
interaction of the screw dislocation with the helium bubble does not change the size of the helium bubble. 

The characteristic length of helium bubbles interacting with different types of dislocations is revealed, and a unified helium bubble 
hardening model applicable to edge, screw and mixed dislocations is established. Additionally, a yield strength model for irradiated 
tungsten is developed, which considers the temperature dependent plasticity of BCC materials, and the temperature independent 
irradiation hardening of helium bubbles. The predicted results of the model are in good agreement with the simulation results of MD 
for various dislocation types and helium bubble sizes, as well as the macroscopic experimental results. 
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Appendix A 

Verification of molecular dynamics models 
The MD model built in Section 2 is verified in this section by checking the influence of simulation box size and strain rate, and 

comparing simulation results with existing literature. 
Firstly, for the effect of simulation box size, the lengths of simulation box in x (dislocation glide direction) and y (normal direction 

of slip plane) directions used in this study are expanded to about 1.5 times their initial value to study the interaction of an edge 
dislocation and a 5 nm void, respectively. It shows that changes of CRSS before and after modifying the simulation size are within 
1.5%, indicating the value of Lx and Ly chosen in this study is reasonable. 

Secondly, in order to test the strain rate effect, the stress-strain curves of edge dislocation-void interaction in displacement load 
under strain rates of 1 × 106/s, 2 × 106/s, 5 × 106/s and 1 × 107/s are compared in Fig. A1. It is clear that the difference in stress-strain 
curve gained from strain rates above is small compared to the value of CRSS, which implies that the strain rate of 1 × 107/s used in this 
study is reasonable. 

Furthermore, the shear modulus of the perfect tungsten single crystal at 300 K from simulation is 181.8 GPa, which is close to the 
results of 178 GPa in previous work (Osetsky, 2021). The calculated result of edge dislocation interacting with a 5 nm void at 300 K is 
compared with the existing literature (Yu et al., 2022), as shown in Fig. A2. It is found that the hardening stress was close to the 
previous work and within the allowable range of molecular dynamics simulation. Besides displacement loading used in this study, 
velocity loading mode, in which flexible boundary condition is used in the upper and lower layer to reduce stress oscillation (Jian et al., 
2020), is also simulated, and its results are basically consistent with that from displacement loading, which further illustrates the 
effectiveness of the model. 

Appendix B 

Influence of helium bubble spacing on hardening 
According to the helium bubble hardening model expressed as Eq. (3) and (4), helium bubble spacing L has a significant effect on 

hardening stress. To verify the effectiveness of proposed unfiled hardening model, interaction of 1 nm and 5 nm helium bubbles with 
edge and screw dislocations with different L are calculated. As shown in Fig. B1, simulation results are in good agreement with the 
predicted data by proposed hardening model under the wide range of helium bubble spacings we studied, indicating the reliability of 
the proposed hardening model. 
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