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A B S T R A C T   

In this work we study the effects of different factors of dislocation loop on its obstacle strength when interacting 
with an edge dislocation. At first, the interaction model for dislocation and dislocation loop is established and the 
full and partial absorption mechanism is obtained. Then, the effect of temperature, size and burgers vector of 
dislocation loop are investigated. The relation between the obstacle strength and irradiation dose has been 
established, which bridges the irradiation source and microscale properties. Except that, the obstacle strength of 
C, Cr, Ni, Mn, Mo and P decorated dislocation loop is studied. Results show that the obstacle strength for 
dislocation loop decorated by alloy element decreases in the sequence of Cr, Ni, Mn, C, P and Mo, which could be 
used to help parameterize and validate crystal plasticity finite element model and therein integrated constitutive 
laws to enable accounting for irradiation-induced chemical segregation effects.   

1. Introduction 

Reactor pressure vessel (RPV) is the most significant equipment in 
the nuclear power plant for the fact that it could not be replaced during 
the whole operating time [1]. Such being the case, the operation life and 
economy of the nuclear power plant is determined by RPV’s service life 
[2]. High temperature, high pressure and strong irradiation are the 
typical characteristic of its harsh service environment. However, under 
irradiation, the deterioration of material properties occurs such as 
hardening, swelling and embrittlement [3,4]. From the physical stand
point, the irradiation-induced hardening and embrittlement is attributed 
to the fact that dislocation line which is related to the plastic deforma
tion in metals are pinned by irradiation defects such as dislocation loops, 
stacking fault tetrahedral, voids and solute clusters [5–7] (see Table 3). 

Numerous atomic simulations were performed to investigate the 
details of the dislocation-irradiation defect interactions. The research 
target is conventionally the BCC-Fe, which is considered as the basis for 
RPV steel. Furthermore, previous studies have suggested that dislocation 
loops are the major irradiation defects in metal materials. Such being the 
case, molecular dynamics method is used to reveal the interaction 

mechanism between dislocation and dislocation loop. Y. N.Osetsky et al. 
[8] focused on the influence of temperature and the number of inter
stitial dislocation loop atoms on their interaction mechanism through 
MD method. The <100> dislocation loops are fixed at low temperatures, 
while at high temperatures (>300 K), they glide freely over dislocation 
loop, resulting in superjog on the dislocation. With the increase of the 
number of interstitial atoms, the unpinning stress increases obviously. 
Jia et al. [9] investigated the effects of interaction geometry on pinning 
strength induced by interstitial dislocation loop in BCC-Fe. Results 
showed that the pinning strength of 1/2<111> dislocation loop was 
0.2–0.8, which is determined by the interaction geometries of disloca
tion loop. Liu et al. [10] used molecular dynamics simulations to 
elucidate the interactions between screw dislocations and 
self-interstitial dislocation loop in BCC-Fe. The junction mechanism and 
helical dislocation mechanism are proposed, respectively. All together, 
these studies have provided fundamental explanations for the interac
tion mechanism between dislocation and dislocation loop [11–13]. 
However, the relation between obstacle strength of dislocation loop and 
irradiation dose is still unclear. Besides that, in RPV steel, dislocation 
loop is referred as the strong sinks according to the associated migrating 
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solutes. Therefore, some MD simulations [14–16] were launched to 
investigate the interaction mechanism of alloy element enriched dislo
cation. Note that there is no systematic study on the effects of alloy el
ements which is of our concern. 

In this work, we study the effects of different factors of dislocation 
loop on its obstacle strength when interacting with an edge dislocation. 
This work is organized as follows. Part 2 shows the methods used for the 
simulation following this introduction. Part 3.1 summarize the interac
tion process between dislocation and dislocation loop. Part 3.2 analyze 
the obstacle strength for 1/2<111> and <100> dislocation loop. Part 
3.3 mainly focuses on the effect of alloy element on the obstacle 
strength. The work is finalized with conclusion in Part 4. 

2. Methods 

Molecular dynamics (MD) simulations were performed using the 
large-scale atomic/molecular massively parallel simulator (LAMMPS) 
[17]. In this work, the dislocation loop size ranging from 1.5 nm to 9.0 
nm was considered. We have considered non-decorated dislocation 
loops, dislocation loops decorated by 5, 11, 22, 30 and 40 C, Cr, Mn, Mo, 
Ni and P atoms. Fe atoms on dislocation loop are replaced by alloy 
element atoms randomly. Forces and energetics were computed using 
the interatomic potentials by Mendelev et al. (EAM-type) for FeFe [18], 
Hepburn et al. (EAM-type) for FeC [19], Eich et al. (EAM-type) for FeCr 
[20], Young-Min et al. (MEAM-type) for FeMn [21], Wang et al. 
(MEAM-type) for FeMo [22], Wu et al. (MEAM-type) for FeNi [23] and 
Liem et al. (EAM-type) for FeP [24]. Thus, a total of 200 different con
ditions were studied. In addition, to obtain statistically meaningful re
sults, each condition was simulated 5 times with different seeds for the 
temperature and solute distributions. As such, a total of 1000 different 
MD simulations were performed. 

The model described by Osetsky and Bacon [25] are employed to 
investigated the 1/2<111> dislocation - dislocation loop interaction. An 
example of the box model is provided in Fig. 1. The x, y and z axes of the 
BCC-Fe simulation box are oriented along [111], [− 1− 12] and [1–10] 
directions, respectively. Periodic boundary conditions are applied along 
x and y directions. Along z, the box could be divided into 3 parts: The top 
and bottom parts are rigidly fixed which contains several atomic planes. 
The atoms in the inner region could move freely to realize the simula
tion. The MD simulations started by initializing the velocity of the 
relaxed atoms according to the Maxwell-Boltzmann distribution at the 
desired simulation temperature T under NPT ensemble. And then 
simulated under NVT ensemble with a shear load applied to the top part 
at a fixed strain rate 7 × 107 s− 1. More details could be seen in Ref. [26]. 
The box size was considered with volumes 24.7 × 14.0 × 14.8 nm3 

containing about 440,000 atoms. The box is large enough to investigate 
the interaction mechanism. The straight dislocation was created along 

the y direction, parallel to the x axis. The dislocation loop was inserted in 
the center of box such that the glide plane of the dislocation cuts the 
dislocation loop at its center. 

The open visualization tool (OVITO) [27,28] is used for all visuali
zations and dislocation analyses. 

3. Results and discussion 

3.1. Interaction process between dislocation and dislocation loop 

1)The analysis of stress-strain curve 

Fig. 2 presents the applied stress as function of the applied strain for 
[010] dislocation loop with 2.5 nm diameter at the temperature of 20 ◦C. 
Below is listed the interaction process briefly. The dislocation begun 
gliding along its glide plane when applied gilde force. Once the dislo
cation was near the dislocation, indicating their stress field interacted 
each other, the stress decreased to negative, which could be attributed to 
the fact that the dislocation movement induced plastic strain is larger 
than the imposed strain [29]. With the increase of strain, the dislocation 
loop could be seen as obstacle which pinned the dislocation and resist 
glide. So more shear stress is required for the dislocation to overcome 
obstruction interaction. Here, the shear stress for the dislocation to 
break away from dislocation is called the critical resolved shear stress 
(CRSS). Subsequently, the stress decreased rapidly. Except for the value 
of CRSS, the shape of stress curves are similar for varied dislocation loop 
at different temperature. Based on previous study [30], the value of 
CRSS is related to the size of simulation box, as a consequence of which, 
it could not make a comparison without the same box size. So in this 
study, obstacle strength is the main research target for it is independent 
for box size which is listed in next section.  

2) Partial and full absorption reaction 
Prior to describing the obstacle strength, we recall the interaction 

mechanism under the loading conditions applied here. Basically, the 
mechanism could be divided into two types: full and partial ab
sorption reaction. 

The full absorption reaction of a dislocation loop with b = 1/ 
2<111> is reported in Refs. [8,31,32]. We take b = 1/2[− 111] 
dislocation loop as an example. Fig. 3 shows the configuration evo
lution between 1/2[111] dislocation and 1/2[− 111] dislocation 
loop with 5.0 nm diameter at 600 K. Note that dislocation loop is 
centered on the dislocation glide plane. At first, the formation of 

Fig. 1. The box model to simulate the dislocation-dislocation loop interaction. 
The green line represents the 1/2<111> edge dislocation while the pink lines 
shows the <100> loop. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) Fig. 2. Stress-strain curves for [010] dislocation loop.  
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[100] reaction segment which pins the dislocation could be clearly 
found in Fig. 3(b) by the reaction of: 

1
2
[111] −

1
2
[− 111] = [100] (1.1)   

With increasing stress, the [100] segment then glides across the loop 
surface and converts b of dislocation loop to 1/2[111] as shown in Fig. 3 
(c) and the dislocation bows out until a screw dipole is formed as shown 
in Fig. 3(d), after which the dislocation loop is absorbed as a superjog on 
the dislocation. As have been noted above, the interaction mechanism 
requires the formation and propagation of a reaction segment of <100>
type. It could be attributed to the fact that the migration energy of 1/ 
2<111> dislocation loops is very small (about 0.05 eV) resulting in an 
athermal glide [31]. 

As for the <100> dislocation loop, several mechanisms occur which 
is based on their structure and orientation [33]. Here the case for partial 
absorption with b = [010] is considered where the dislocation loop is 
centered on the dislocation glide plane. Fig. 4 shows the different stages 
of partial absorption where the b of dislocation and dislocation loop is 
1/2[111] and [010] respectively and loop diameter is 5.0 nm at 293 K 
The absorption reaction proceeds as follows. Due to the attraction of 
dislocation loop, the dislocation moves towards it and interacts with 
loop at Point A and B, respectively. Then it undergoes reaction to form 

1/2 [1–11] dislocation segment immediately as show in Fig. 4(b). Then 
the latter propagates across the loop surface below dislocation slip 
plane, converting b to 1/2 [1–11] by the reaction as shown in Fig. 4(c) 
and (d): 

1
2
[111] − [010] =

1
2
[1 − 11] (1.2) 

Under increasing stress, dislocation line bows forward to create a 
screw dipole. Then the 1/2[111] segment glides across the loop surface 
left. Finally, the loop is absorbed as superjog on the 1/2[111] dislocation 
and a 1/2 [1–11] dislocation loop is formed in place of the original [010] 
loop. Note that the classification method of full- and partial-absorption 
dislocation loop at microscale is applied to the revision of the crystal 
plasticity finite element method (CPFEM) at mesoscale, which could be 
seen in our previous work [34]. 

3.2. Obstacle strength analysis 

The aim of this section is to investigate the effect of temperature and 
diameter of dislocation loop on obstacle strength α. Its range is from 0 to 
1.0 represents no additional stress required to break through the 
obstacle while 1 represents the obstacle by-passed by the dislocation. 
Generally, the definition of α reads: 

α= sin(φc) (1.3) 

This method calculates the obstacle strength by measuring the 

Fig. 3. Visualization of different stages of full absorption.  

Fig. 4. Visualization of different stages of partial absorption.  
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critical Angle of the dislocation when the dislocation interacts with the 
dislocation loop, which is the most basic method of calculating the 
obstacle strength. When interacting with dislocation loop, dislocation 
would bow due to the force exerted by the dislocation loop. Such being 
the case, φc is the critical bowing angle at which the dislocation breaks 
away from dislocation loop. However, the critical bowing angle is hard 
to calculate accurately for the fact that the curvature of dislocation 
segments varies strongly surrounding the dislocation loop. So the 
obstacle strength could be analyzed qualitatively but not quantitatively 
through configuration pictures. 

But based on the obstacle stress, the obstacle strength α could be 
obtained by the line tension model [35] which is equivalent to Eq (1.3): 

α=
τobs(L − d)

μb
(1.4)  

where L is the box size along y axis, d is the diameter of dislocation loop, 
μ is the shear modulus of Fe and assumed to be 60 GPa, τobs is the 
obstacle stress which is defined as: 

τobs = τC − τf (1.5)  

where τc is the maximum shear stress when the dislocation interacts with 
dislocation, which is also named as critical resolved shearing stress and 
τf is the maximum shear stress when dislocation moving without dislo
cation loop. According to Bonny’s research [30], When temperature is in 
the range of 300–750 K, τf is increases linearly with temperature. It 
could be read as: 

τf = 0.018⋅T + 6.59 (1.6) 

Note that obstacle strength is independent of box [30]. So it can be 
used as an inherent parameter to characterize the properties of dislo
cation loops. It is well known that irradiation could produce dislocation 

loop in Fe-based alloy and the average diameter of dislocation loop 
increasing with irradiation dose (dpa). According to our pervious study, 
the diameter of dislocation loop is in the power function relation with 
dpa for A508-III steel where the irradiation source is Fe ion. 

The relationship between the diameter of dislocation loop and irra
diation dose at 20 ◦C reads: 

d(nm)= 3.23⋅Φ0.48 (1.7) 

The relationship between the diameter of dislocation loop and irra
diation dose at 100 ◦C reads: 

d(nm)= 5.27⋅Φ0.28 (1.8) 

The relationship between the diameter of dislocation loop and irra
diation dose at 300 ◦C reads: 

d(nm)= 8.70⋅Φ0.23 (1.9) 

According to Eqs (1.7)-(1.9), the diameter of dislocation loop is 
converted into the irradiation dose dpa at the corresponding tempera
ture, so as to facilitate the subsequent establishment of the relationship 
between the obstacle strength and irradiation dose dpa. There are 1/ 
2<111> and <100> dislocation loop in BCC metals. Based on the study 
[36], the 1/2<111> dislocation loop accounted for 66 % while the 
number fraction of <100> dislocation loop is about 34 % in A508-III 
steel.  

1) 1/2<111> dislocation loop 

When it comes to 1/2<111> dislocation loop, the relationship be
tween obstacle strength and the diameter of dislocation loop whose b =
1/2[− 111] and which is centered in the dislocation glide plane could be 
obtained in Fig. 5. It could be seen that the obstacle strength tends to 

Fig. 5. (a)The relationship between α and diameter of dislocation loop with b = 1/2[− 111] (b–d) The fitting curve of 1/2<111> dislocation loop obstacle strength 
and irradiation dose. 
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decrease systematically with the temperature. Depending on the dislo
cation loop size, the larger dislocation loop gives a higher strength. 
Based on this, obstacle strength could be in a power function relation 
with irradiation dose. 

In order to facilitate the calculation of the average obstacle strength 
of 1/2<111> dislocation loops in A508-III steel at different irradiation 
doses dpa, the relationship between the defect strength and the irradi
ation dose dpa at three temperatures (20 ◦C, 100 ◦C, and 300 ◦C) were 
established. 

The relationship between the obstacle strength and irradiation dose 
at 20 ◦C reads: 

α1
2 〈111〉 = 0.19⋅Φ0.31 (1.10) 

The relationship between the obstacle strength and irradiation dose 
at 100 ◦C reads: 

α1
2 〈111〉 = 0.21⋅Φ0.13 (1.11) 

The relationship between the obstacle strength and irradiation dose 
at 300 ◦C reads: 

α1
2 〈111〉 = 0.20⋅Φ0.13 (1.12) 

The fitting curve of 1/2<111> dislocation loop obstacle strength and 
irradiation dose dpa is shown in Fig. 5 (b)–(d).  

2) <100> dislocation loop 
When it comes to <100> dislocation loop, the relationship be

tween obstacle strength and the diameter of dislocation loop whose 
b = [010] is shown in Fig. 6. It could be seen: (1) Temperature has 
negligible effect on defect strength. (2) The relation between α and 
dislocation loop diameter could be fitted to two straight lines. The 
obstacle strength decrease with the increasing loop diameter when 
diameter is less than 3 nm. Then the obstacle strength decreases with 
loop diameter. 

During the interaction, the 1/2<111> dislocation segment will 
sweep the relevant <100> dislocation loop. The critical resolved shear 
stress is related to the sweep length of <100> dislocation segment. The 
longer the sweep length is, the higher critical resolved shear stress is. 
Fig. 6 (b) shows the process of dislocation-2nm < 0.100> dislocation 
loop interaction and dislocation-8nm < 0.100> dislocation loop inter
action at 100 ◦C, when the diameter of dislocation loop is less than 3 nm, 
the 1/2<111> dislocation can sweep the entire <100> dislocation loop. 
Therefore, the increasing diameter leads to the longer sweep length and 
larger defect strength. When the diameter of dislocation loop is larger 
than 3 nm, 1/2<111> dislocation only sweeps the top half of <100>
dislocation loop, forming a BI loop, it is unable to sweep the entire 
<100> dislocation loop. According to the definition of defect strength, 
the value of critical resolved shear stress remains unchanged, but the 
size of dislocation loop increases; such being the case, the defect strength 
decreases. 

As mentioned in the obstacle strength analysis of 1/2<111> dislo
cation loop, obstacle strength could be in a power function relation with 
irradiation dose. 

The critical irradiation dose for obstacle strength at 20 ◦C is 0.8574 
dpa, and the relationship between the obstacle strength and irradiation 
dose at 20 ◦C reads: 

α〈100〉 =

{
0.50⋅Φ0.80 Φ ≤ 0.8574

0.36⋅Φ− 0.35 Φ > 0.8574 (1.13) 

The critical irradiation dose for obstacle strength at 100 ◦C is 0.1337 
dpa, and the relationship between the obstacle strength and irradiation 
dose at 100 ◦C reads: 

α〈100〉 =

{
0.96⋅Φ0.46 Φ ≤ 0.1337

0.27⋅Φ− 0.19 Φ > 0.1337 (1.14) 

The critical irradiation dose for obstacle strength at 300 ◦C is 0.0900 
dpa, and the relationship between the obstacle strength and irradiation 
dose at 300 ◦C reads: 

α〈100〉 =

{
0.69⋅Φ0.29 Φ ≤ 0.0900
0.21⋅Φ− 0.18 Φ > 0.0900 (1.15) 

The fitting curve of <100> dislocation loop obstacle strength and 
irradiation dose dpa is shown in Fig. 6(c). 

The relation between the obstacle strength and irradiation dose has 
been established, which bridges the irradiation source and microscale 
properties. The dislocation loop investigated by molecular dynamics 
method is in BCC-Fe. However, many alloy elements are considered in 
A508-III steel which can also affect the results. Generally, the alloy el
ements in solution state are mainly related to σf, while alloy elements 
segregated at loop may affect the interaction between dislocation and 
dislocation loop. For example, Cr segregation could increase difficulty 
for dislocation to break away from loop. It is necessary to further study 
the effect of alloy elements on the obstacle strength. 

Fig. 6. (a) The relationship between α and diameter of dislocation loop with b 
= [010]. (b) The process of dislocation-2nm [010] dislocation loop interaction 
and dislocation-8nm [010] dislocation loop interaction at 100 ◦C. (c)–(h) The 
fitting curve of 1/2<111> dislocation loop obstacle strength and irradia
tion dose. 
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3.3. The effect of alloy elements on obstacle strength 

The main conclusions of this work are that depending on the specific 
Burgers vector, loop size and temperature, many different reactions 
occur leading to different levels of absorption and obstacle strength. In 
addition, due to statistical fluctuations, the same configuration may lead 
to different levels of absorption and different reconstruction of the 
remaining loops. Clearly, addressing all possible configurations in the 
scope of the effect of alloy elements is not manageable. So in this part, 
we mainly focus on the effects of alloy elements on obstacle strength and 
absorption type. Apart from that, we have considered non-decorated 
loops, loops decorated by 5, 11, 22, 30 and 40 atoms for C, Cr, Mn, 
Ni, Mo and P element, respectively. For specific number of decorated 
atoms, three different configurations are considered. 

Fig. 7(a) and (b) shows the effect of alloy elements on obstacle 
strength. It could be concluded that: (1) The elements of C, Cr, Mn and 
Ni increases the obstacle strength. As for the case of C and Ni, the 
obstacle strength is positive to the number of decorated alloy atoms. In 
contrast, obstacle strength decreases with increasing decorated alloy 
atoms for case Mn. The effect of the number of decorated alloy atoms is 
negligible for case Cr. (2) In terms of case Mo, the obstacle strength for 
the dislocation loop decorated by Mo is smaller than that without Mo 
element. (3) When it comes to the case of P, alloy element P whose 
number is 5 and 11 decreases the obstacle strength and strengthens α 
whose number is 22, 30 and 40. (4) Generally, the obstacle strength for 
dislocation loop decorated by alloy element decreases in the sequence of 
Cr, Ni, Mn, C, P and Mo. (5) Changes in the number of Ni, Cr, Mn, Mo 
atoms have little influence on α, α hardly varies with the number of these 
four atoms, but it increases significantly with the increase of C, P atoms. 

Fig. 7 (c) shows the interaction process of 3 nm < 100> dislocation 
loop containing 22 C atoms with dislocation at 300 ◦C. (i) Before the 
interaction, C atoms are randomly distributed around the dislocation 
loop. (ii) During the interaction, enrichment of C atoms occurs at both 
pinning points of the dislocation loop on the dislocation, indicating that 
C atoms act as pinning points to make the dislocation pinned. (iii) After 

the interaction, some C atoms are also sporadically distributed above the 
dislocation loop. This phenomenon is also observed in other elements. 

As for 3 nm non-decorated 1/2<111> dislocation loop, the absorp
tion process is a thermally activated process with an obstacle strength of 
0.21 at 300 K. Below is listed the simplified interaction mechanism 
(Besides, all details could be seen in Ref. [37].). (i) At the moment of 
initial interaction, a reaction segment is created and the dislocation 
starts to bow out. (ii) In a second step, the reaction segment glides via 
thermal activation across the dislocation loop habit plane. (iii) Finally, it 
could be divided into two cases. If the propagation of the reaction 
segment is hindered, a screw dipole is drawn and when it closes a bypass 
reaction is realized leaving a (partial/restructured) dislocation loop 
behind. In the other case, the dislocation loop is fully absorbed as a 
(double) super jog on the dislocation loop line. In this study, 3 nm 
non-decorated 1/2<111> dislocation loop is fully absorbed. However, 
the change of absorption type indeed occurs with the effects of alloy 
elements. The dislocation length of the dislocation before and after 
interaction with the dislocation loop is different. The difference could be 
compared to the reference cases where full absorption occurs with the 
aim of determining the level absorption. The absorption ratio for partial 
absorption is defined as the dislocation length of the dislocation before 
and after interaction divided by the dislocation length for full absorption 
cases for the fact that the loop reconstruction after interaction with 
dislocation hinders direct observation of the remaining dislocation 
length of the dislocation loop. Table 1 shows the effects of type and 
number of decorated alloy atoms at 3 nm dislocation loop on the reac
tion type and absorption ratio. Further, we observe that the interaction 

Fig. 7. (a) The effect of alloy elements on obstacle strength. (b) The relationship between obstacle strength and the number of alloy atoms. (c) The interaction 
process of dislocation and <100> dislocation loop decorated by 22 C atoms. 

Table 1 
CRSS of the dislocation-1/2[− 111] dislocation loop interaction.  

(MPa) 1.5 nm 2.5 nm 3 nm 5 nm 7 nm 

20 ◦C 123.70 210.35 305.97 496.72 659.21 
100 ◦C 124.11 160.45 269.45 444.45 518.22 
300 ◦C 81.71 92.69 198.72 246.11 464.66  
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mechanism between dislocation and dislocation does change by solute 
enrichment to some extent. When the 3 nm < 100> dislocation loops are 
not decorated, dislocation loops are fully absorbed, but when the 
dislocation loops are decorated, the absorption of dislocation loops 
changes significantly. The solutes of C, Cr Mn, Ni and P hinder the 
mobility of the reaction segment leading to partial absorption with 
increasing obstacle strength compared with non-decorated dislocation 
loop. Among them, two non-metallic elements, C and P, have significant 
effects compared to three metallic elements, Cr Mn Ni. In contrast, it 
could be seen that the cloud of solutes significantly decreases the 
resistance for dislocation to break away from dislocation loop. Hence, 
the full absorption is observed for all investigated Mo cases regardless of 
the number of decorated atoms (see Table 2). 

Fig. 8 shows the effect of temperature on obstacle strength for 3 nm 
1/2<111> dislocation loop decorated by C atoms (see Table 4). The 
decoration of the dislocation loop by C has a large impact on α with 
strong temperature dependence: the increasing temperature leads to 
decreasing obstacle strength. The temperature behavior associated to α 
for C enriched dislocation loops is consistent with its behavior associated 
to the absorbed fraction of the dislocation loop. As shown in Table 5, the 
cases for full absorption occurs more frequently with increasing tem
perature, which is consistent with previous work [15,30] (see Table 6). 

4. Conclusions 

We have studied the effects of the specific Burgers vector, loop size 
alloy element and temperature on obstacle strength of dislocation loop 
when interacting with 1/2 <111> edge dislocation by molecular dy
namics method. The interaction model for dislocation and dislocation 
loop is established and the full and partial absorption mechanism is 
obtained.  

➢ As for 1/2 <111> dislocation loop, the obstacle strength tends to 
decrease systematically with the temperature. Depending on the 
dislocation loop size, the larger dislocation loop gives a higher 
strength. Furthermore, obstacle strength could be in a power func
tion relation with irradiation dose. 

Table 2 
CRSS of the dislocation [010] dislocation loop interaction.  

(MPa) 1 nm 2 nm 3 nm 5 nm 7 nm 8 nm 9 nm 

20 ◦C 84.00 385.62 503.64 467.69 460.45 581.47 426.29 
100 ◦C 80.34 282.11 486.28 552.35 578.78 544.76 464.76 
300 ◦C 75.13 91.79 399.07 529.58 560.14 631.79 567.91  

Table 3 
CRSS for different segregation fracture.  

(MPa) 3.88 % (5/ 
129 atoms) 

8.53 % 
(11/129 
atoms) 

17.05 % 
(22/129 
atoms) 

23.26 % 
(30/129 
atoms) 

31.01 % 
(40/129 
atoms) 

Fe–C 301.84 314.92 454.35 440.91 449.35 
Fe–Cr 545.45 548.39 569.91 537.18 507.25 
Fe–Mn 410.49 368.68 368.77 339.92 314.24 
Fe–Mo 94.52 90.76 114.66 83.46 105.22 
Fe–Ni 470.92 527.14 500.94 527.74 537.06 
Fe–P 128.95 151.72 306.30 368.32 432.81  

Fig. 8. The effect of temperature on obstacle strength.  

Table 4 
Summary of the obtained results for varied alloy elements.   

5 atoms 11 atoms 22 atoms 30 atoms 40 atoms 

C 3/3 Full 
absorption 

2/3 Full 
absorption 

1/3 Full 
absorption 

1/3 Full 
absorption 

1/3 Full 
absorption 

Absorption 
Ratio: 

Absorption 
Ratio: 

Absorption 
Ratio: 

Absorption 
Ratio: 

18 % 6 %/14 % 20 %/15 % 54 %/2 % 

Cr 1/3 Full 
absorption 

3/3 Full 
absorption 

2/3 Full 
absorption 

3/3 Full 
absorption 

2/3 Full 
absorption 

Absorption 
Ratio: 

Absorption 
Ratio: 

Absorption 
Ratio: 

50 %/85 % 10 % 80 % 

Mn 2/3 Full 
absorption 

2/3 Full 
absorption 

3/3 Full 
absorption 

3/3 Full 
absorption 

3/3 Full 
absorption 

Absorption 
Ratio: 

Absorption 
Ratio: 

64 % 49 % 

Mo 3/3 Full 
absorption 

3/3 Full 
absorption 

3/3 Full 
absorption 

3/3 Full 
absorption 

3/3 Full 
absorption 

Ni 1/3 Full 
absorption 

2/3 Full 
absorption 

2/3 Full 
absorption 

0/3 Full 
absorption 

1/3 Full 
absorption 

Absorption 
Ratio: 

Absorption 
Ratio: 

Absorption 
Ratio: 

Absorption 
Ratio: 

Absorption 
Ratio: 

47 %/92 % 74 % 70 % 66 %/72 
%/58 % 

66 %/46 % 

P 3/3 Full 
absorption 

3/3 Full 
absorption 

2/3 Full 
absorption 

1/3 Full 
absorption 

1/3 Full 
absorption 

Absorption 
Ratio: 

Absorption 
Ratio: 

Absorption 
Ratio: 

10 % 71 %/24 % 16 %/16 %  

Table 5 
CRSS for different temperature.  

(MPa) 3.88 % (5/ 
129 atoms) 

8.53 % 
(11/129 
atoms) 

17.05 % 
(22/129 
atoms) 

23.26 % 
(30/129 
atoms) 

31.01 % 
(40/129 
atoms) 

300 K 293.30 301.84 314.92 454.35 449.35 
400 K 185.22 245.22 320.99 259.48 318.41 
500 K 142.06 152.06 181.22 234.73 302.40 
600 K 135.07 136.19 169.80 206.54 199.44 
700 K 121.14 122.21 171.15 158.06 186.73  
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➢ In terms of <100> dislocation loop, temperature has negligible ef
fect on defect strength. The obstacle strength decrease with the 
increasing loop diameter when diameter is less than 3 nm. Then the 
obstacle strength decreases with loop diameter.  

➢ As for the effect of alloy elements on obstacle strength, the elements 
of C, Cr, Mn and Ni increases the obstacle strength. Furthermore, the 
obstacle strength for the dislocation loop decorated by Mo is smaller 
than that without Mo element. When it comes to the case of P, alloy 
element P whose number is 5 and 11 decreases the obstacle strength 
and strengthens α whose number is 22, 30 and 40.  

➢ The interaction mechanism between dislocation and dislocation does 
change by solute enrichment. The solutes of C, Cr Mn, Ni and P 
hinder the mobility of the reaction segment leading to partial ab
sorption with increasing obstacle strength compared with non- 
decorated dislocation loop. In contrast, the full absorption is 

observed for all investigated Mo cases regardless of the number of 
decorated atoms. 
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Appendix A. Comparison of effect of strain rate and potential 

For the effect of strain rate on simulation results, the strain rate in the manuscript is 7 × 107 s− 1, and two strain rates of 3.5 × 107 s− 1 and 7× 106 

s− 1 are selected as supplementary simulations. As shown in Fig. 9, changing the strain rate has little effect on the CRSS, and the error in the CRSS 
calculated using the three strain rates is 16.37 MPa, proving that our simulation is strain rate independent. The effect of strain rate is consistent with 
the work of Ref. [38]. For the effect of potentials on simulation results, the potential used for interaction simulation in pure Fe in the manuscript was 
developed by Mendelev [18] (Potential 1), and now we selected other 2 potentials developed by Byggmästar [39] (Potential 2) and Malerba [40] 
(Potential 3) for supplementary simulations. As shown in Fig. 10, changing potentials also has little effect on the CRSS, the error in the CRSS calculated 
using the three strain rates is 19.34 MPa. Overall, our simulation results are reliable.

Fig. 9. Stress-strain curve of different strain rates (interaction with 3 nm [010] dislocation loop at 300K). 

Table 6 
Summary of the obtained results for varied temperature.   

5 atoms 11 atoms 22 atoms 30 atoms 40 atoms 

300 
K 

3/3 Full 
absorption 

2/3 Full 
absorption 

1/3 Full 
absorption 

1/3 Full 
absorption 

1/3 Full 
absorption 

Absorption 
Ratio: 

Absorption 
Ratio: 

Absorption 
Ratio: 

Absorption 
Ratio: 

18 % 6 %/14 % 20 %/15 % 54 %/2 % 

400 
K 

3/3 Full 
absorption 

2/3 Full 
absorption 

2/3 Full 
absorption 

3/3 Full 
absorption 

3/3 Full 
absorption 

Absorption 
Ratio: 

Absorption 
Ratio: 

9 % 9 % 
500 

K 
3/3 Full 
absorption 

3/3 Full 
absorption 

3/3 Full 
absorption 

3/3 Full 
absorption 

3/3 Full 
absorption 

600 
K 

3/3 Full 
absorption 

3/3 Full 
absorption 

3/3 Full 
absorption 

3/3 Full 
absorption 

3/3 Full 
absorption 

700 
K 

3/3 Full 
absorption 

3/3 Full 
absorption 

3/3 Full 
absorption 

3/3 Full 
absorption 

3/3 Full 
absorption  
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Fig. 10. Stress-strain curve of different potentials (interaction with 3 nm [010] dislocation loop at 300K).  
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