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Abstract: A theoretical model was established to investigate the interaction between hydrogen clusters and edge dislocation 
near bifurcation crack tip in deformed nano-metallic materials. The model’s solution was obtained by using the complex method, 
and the influence of hydrogen concentration, temperature, Relative crack length, material constants of nano-metallic materials 
and the dislocation emission angle on the critical stress intensity factor (SIFs) corresponding to the first dislocation emission 
from the crack tip was investigated through numerical analysis. The results show that dislocations are easy to emit from the crack 
tip at high hydrogen concentrations. However, under the influence of hydrogen clusters, the high temperature will make 
dislocation emission more difficult. At the same time, when relative cracks become longer, it becomes more difficult for 
dislocations to emit from the crack tip. As the angle of dislocation increased, the SIF first decreased and then increased. And as 
the angle between the main crack and the bifurcation crack continues to increase, the dislocation emission behavior at the tip of 
the bifurcation crack will be significantly promoted. 
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1. Introduction 
Metals are commonly used materials in industry, and their 

mechanical properties can significantly affect their service 
life, which has received extensive attention from scholars. 
Grain size, as an important internal structural parameter of 
metallic materials, affects the mechanical properties of the 
materials. Especially, when the grain size of metallic 
materials is reduced to the nanometer order of magnitude, the 
mechanical properties of the materials will be significantly 
changed. In general, nano-metallic materials with a grain size 
of 100 nm or less are referred to as nano-metallic materials 
[1-3]. Cracks are very common in nano-metallic materials and 
there are many typical shapes of crack, such as surface semi-
elliptical cracks, cross cracks, interfacial co-linear cracks, and 
elliptical blunt cracks. When the stress near the crack is high 
enough, dislocations are created near the crack tip. The 
internal stresses generated by dislocations emitted from the 
crack tip can harmonize the stress intensity provided by the 
applied load, which in turn produces toughness in the material. 
During the processing and use of metal materials, hydrogen 
gas, known as hydrogen clusters, inevitably enters, which has 
a serious impact on the mechanical properties of the material. 
In many real-life situations, such as petrochemicals and 
aerospace, hydrogen embrittlement is much more common 
and often results in serious accidents. 

After the phenomenon of hydrogen embrittlement was first 
discovered by Johnson [4] in 1874, it has triggered the 
enthusiasm of many scholars to study the phenomenon, and 
then found that the phenomenon of hydrogen-induced 
embrittlement is universal. Robertson [5] proposed more 
detailed hydrogen embrittlement mechanism. On the basis of 
hydrogen embrittlement mechanism, Oriani, Hirth et al [6-13] 
conducted a detailed study of hydrogen embrittlement 
phenomenon in iron, and different high strength metallic 
materials, etc. Tabata and Birnbaum [14] experimentally 
observed the effect of hydrogen on the velocity of dislocation 

motion and proposed a theory of hydrogen-enhanced 
localized plasticity. This theory states that hydrogen increases 
the rate of motion of dislocations under stress, thus affecting 
the plasticity and toughness of the material. Sirois [15] 
proposed the mechanism of hydrogen around dislocations and 
other elastic stress field centers to explain the effect of 
hydrogen on dislocation motion. Song [16-17] and others 
proposed a model of hydrogen clusters consisting of hydrogen 
atoms aggregated near the crack tip and found that hydrogen 
hinders dislocation emission at the microscopic crack tip, 
which in turn hinders blunting and ductile fracture at the crack 
tip, thus promoting crack tip brittle fracture. Yang [18] 
proposed a coupled mechanical diffusion model to describe 
the effect of stress on hydrogen diffusion in titanium. Huynh 
[19] characterized the microscopic features of hydrogen-
induced delayed crack extension in thin plates of single-
crystal Fe-3wt % Si alloys.  

As technology advances, computer simulations are used to 
conduct research, which can provide microscopic resolution 
that cannot be achieved by experiments at the current 
techniques. Wang and Nowak [20-21] investigated the effect 
of hydrogen on the dislocation motion of surface single-
crystal Fe by nanoindentation experiments and discrete 
dislocation dynamics simulations. There are several papers 
[22-25] that investigated the effect of hydrogen on the 
emission mechanism of α-Fe dislocations using methods such 
as molecular dynamics simulations and atom modeling. Zhao 
[26] utilized a molecular dynamics simulation method to 
investigate the emission of crack tip dislocations in Ni single 
and crystalline samples in a hydrogen environment. Chen [27] 
systematically investigated the quantitative characterization 
of hydrogen-influenced interactions between dislocations and 
grain boundaries through molecular dynamics simulations. 
On this basis, Charles [28] predicted hydrogen concentration 
for various boundary value problems through finite element 
simulation modeling. 

Liu [29] developed a theoretical method for calculating the 
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stress intensity factors (SIFs) of branching cracks. An 
asymptotic approximation of the conformal mapping was 
proposed by employing the Schwarz-Christoffel mapping and 
Muskhelishvili's method, which was able to derive the critical 
stress intensity factors for arbitrary branching cracks. Also, 
the convenience of this analytical method in obtaining SIFs 
for bifurcated cracks and four-branch cracks is further 
demonstrated. The interaction between dislocations and 
cracks and hydrogen clusters has been studied 
overwhelmingly as a separate study of dislocations and cracks 
or dislocations and hydrogen clusters. But in reality, all three 
phenomena often co-exist and interact with each other. 
Therefore, it is particularly important to investigate the 
mechanism of hydrogen clusters’ effects on dislocation 
emission from crack tips in nano-metallic bi-materials and 
explore their impact on the toughness of nanometallic 
materials. 

So this paper is dedicated to study the effect of hydrogen 
clusters on dislocation emission from interfacial co-linear 
crack tips in nanometallic materials. Based on the observed 
results, a theoretical mechanical model to describe the 
interaction between dislocations emission and hydrogen 
clusters near an interfacial co-linear crack tip in nano-metallic 
materials is established and the analytical solution of the 
model can be obtained through the complex variable method 
of elasticity. Finally, the effects of hydrogen concentration, 
temperature, and crack length on the intensity factor of 
dislocation emission stress at the tip of interfacial co-linear 
linear cracks are discussed. These discussions contribute to a 
deeper understanding of the toughening mechanism of 
nanometallic materials and inform the design and application 
of this material. 

2. Establishment of the Theoretical 
Model 

When hydrogen seeps into metals, it causes a variety of 
reactions that make the material more vulnerable to failure. In 

metallic systems such as high-strength steels and nickel, the 
presence of hydrogen often embrittles the material by causing 
a sharp transition from ductile fracture (i.e. micro-void 
coalescence) to brittle intergranular fracture, accompanied by 
a drastic loss in toughness and ductility. At the microscopic 
level, when the temperature and strain rate are kept in a 
certain range, the presence of hydrogen in the solid solution 
decreases the barrier of dislocation emission, which leads to 
greater deformation in the local area near the fracture surface. 
In addition, hydrogen embrittlement occurs mainly at the 
atomic level, and to investigate the properties of hydrogen 
embrittlement more easily, we introduced a hydrogen cluster. 

As shown in Fig.1, he nanometallic material is a 
homogeneous and isotropic elastic medium. Under this 
assumption, the mechanical properties of the material can be 
described by its shear modulus μ and Poisson's ratio ν. The 
nano-metallic material contains an internal crack consisting 
of the main crack and its finite-length branch cracks, with the 
length of the main crack set to be a, the length of the branch 
cracks set to be b, and the angle between the two cracks set to 
be (1-m)×π. The material is subjected to far-field type I and 
type II loads. For the sake of generality, the branch crack 
length is assumed to be equal to or less than the main crack 
length, i.e., b≤a. Then, introduce a polar coordinate system 

 ,dr  , where right endpoint of crack L0 is set as the origin. 

An edge dislocation with Burgers vector 1 x yb b ib    is 

emitted from the co-linear crack interface to the point Z0. At 
the same time, a circular hydrogen cluster with a dislocation 
as the center is generated near the tip of the interface crack, 
with a radius of R = 20br. Another polar coordinate system (r1,
  ) is established based on the position of the dislocation, i.e. 

the center of the circle, as the coordinate origin. In order to 
study the effect of hydrogen clusters on dislocations, a micro-
element area dS is taken from the circular hydrogen cluster at 
any point. 

 

 

 
Figure 1. Mechanical model for the interference between hydrogen clusters and dislocation emissions at the tip of a bifurcated 

crack 
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3. Derivation of Theoretical Solutions 
For plane strain problems, the stress field can be expressed 

using two of Muskhelishvili’s complex potential functions 
[30]: 
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Assuming the crack face is free, the boundary conditions 

for the crack face can be denoted as: 
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To solve the problem more easily, the following mapping 

function is introduced [31]: 
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Where, ζ= + ζi . 
Using Eq. (3), the surrounding domain of the crack in the 

z-plane is mapped to the plane. In addition, 
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sin = sinm   (0≤m≤1). The parameters α and β can be 
determined by assigning values to the factor m and the length 
b/a. 

Derivation of equation (3) gives: 
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The elastic stress field generated by the emission of 

dislocations from the bifurcation crack tip can be accurately 
expressed by the complex potential function and as: 
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The complex potential function can be derived as follows: 
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where, 0 0 0[ ( ) ( )] / ( )W '       . 

The force acting on the dislocation at the crack tip consists 
of three main components: firstly, the dislocation's own like 
force, which is an internal force generated by the dislocation's 
own structure; secondly, the force induced by the hydrogen 
cluster, which is a force exerted on the dislocation by some 
mechanism due to the presence of hydrogen clusters in the 
vicinity of the crack tip; and lastly, the force generated by the 
applied load, which is a force generated by the externally 
applied mechanical loads transferred through the crack tip to 
the dislocations. 

Firstly, the image force df  acting on the dislocation itself 

is calculated. The image force acting on the dislocation is 
obtained according to the Peach-Koehler formula while 
considering Eq. (6)-(9): 
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where, ˆ xy  ,  ˆ yy   and  ˆ xx  are the perturbation stress 
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Then, the force hf   induced by the hydrogen cluster is 

calculated. As a result of this elastic interaction, the 
concentration of hydrogen is described by [32]: 
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where hc  is the hydrogen concentration near the 

dislocation core, 0c   is the hydrogen concentration in the 
absence of applied stress; k is the Pozierman constant, and T 
is the absolute temperature. intW   is the interaction energy 
between the hydrogen cluster and the dislocation in a semi-
infinite plane, which can be expressed as [32]: 
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where rb  is the Burgers vector,   is the angle between 

the coordinate axis 2x  and the position vector, and 1r  is the 
distance from the center of the dislocation to the center of the 
micro-element dS . 

Therefore, in polar coordinates, the stress induced by a 
hydrogen cluster is given by the following equation: 
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where    is the partial molar volume and 2  r  is the 

dislocation core radius of the dislocation. During the analysis, 
it is assumed that the dislocation core radius is equal to the 
Burgers vector rb , R  is the radius of the hydrogen cluster 
with the dislocation as the center of the circle. 

Finally, the force acting on the edge dislocations due to the 
applied loads is: 
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where N
ΙCK  and N

ΠCK  correspond to model I and model 

II critical stress intensity factors. 
Thus, combining Eqs. (13), (16), and (17), the combined 

force acting on the dislocation emitted from the tip of the 
colinear linear crack can be obtained as: 
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4. Discussion and Analysis 
We adopt the generally accepted criterion for dislocation 

emission. The condition for dislocation emission from crack 
tips is that the sum of all forces acting on dislocations is zero, 
and the distance between dislocations and cracks should be 
greater than the dislocation core radius [38]: 

Combining Eq. (15) and the dislocation emission condition 

0emitf  , the critical stress intensity factor for dislocation 

emission can be calculated as: 
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Eqs. (16-17) can be used to analyze the effect of hydrogen 

clusters on the critical stress intensity factor for dislocation 
emission from the colinear crack tip. To facilitate the analysis, 

we dimensionless the stress intensity factors N
ΙCK  and N

ΠCK  

as 0 N
ΙC ΙC / rK K b   and 0 N

ΠC ΠC / rK K b  , 

respectively. The material parameters of the nanometallic 
material Ni are used for the lower half plane of the crack, with 
relative shear modulus 2 73Gpa   , poisson's ratio 

ν2=0.31. In addition, the Burgers vector rb  =0.25nm is 

assumed for edge dislocation. The hydrogen-related 

parameters are set as 3Ω 3.39 Å , 2 rr b  and R=20 rb . 

As shown in Fig. 2: when θ = 0.5 rad, T = 200 °C, b/a = 0.3, 
m = 1/3, and C0 = 0.01 mol, the graphs depicting the changing 
patterns of the two SIFs with the relative position of the 
hydrogen cluster to the crack tip are shown. From the figure, 
it can be seen that as the relative position of the hydrogen 

cluster to the crack tip increases, 0
ΙCK  and 0

ΠCK  then 

decreases, so that the hydrogen cluster relatively closer to the 
bifurcation crack tip hinders the emission of dislocations. 

When the relative position is certain, 0
ΙCK ＞

0
ΠCK  , 

indicating that the type II applied load is more likely to emit 
dislocations from the crack tip than type I. The relative 
position of the hydrogen cluster to the crack tip increases with 
the increase of the relative position of the hydrogen cluster to 
the crack tip. 

As shown in Fig.3, the two dimensionless critical SIFs 
corresponding to the blade-type dislocation emission vary 
with the temperature T when θ = 0.5 rad, b/a = 0.3, and C0 = 
0.01 mol. As can be seen from the figure, the critical stress 
intensity factor increases with increasing temperature under 
the influence of the hydrogen mass, so that the increase in 
temperature hinders the emission of cleavage-tip dislocations, 
which leads to a decrease in the toughness of the material 
induced by the dislocation emission. When the temperature 
takes a certain value, with the increase of m, the critical stress 
intensity factor decreases, that is, when the angle between the 
main crack and the bifurcation crack increases, the tendency 
of dislocations to be launched from the tip of the bifurcation 
crack will be more obviously and easily, and the selection of 
a suitable angle helps the launch of dislocations at the tip of 
the crack, which improves the toughness of the material due 
to the launch of dislocations. 

As shown in Fig. 4, the variation of the dimensionless 
critical SIF corresponding to the edge dislocation emission 
with the hydrogen concentration C0 is plotted when θ=0.5 rad, 
T=200°C, and b/a=0.3. From the figure, it can be seen that 
when different values of m are taken, the critical SIF 
decreases with the increase of hydrogen concentration, i.e., 
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the relatively high hydrogen concentration can promote the 
emission of dislocations at the crack tip. The critical SIF 
decreases with the increase of m when the hydrogen 
concentration takes a certain value, that is, the larger the angle 
between the main crack and the bifurcation crack, the easier 
the dislocations at the tip of the bifurcation crack will be 
emitted. 
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Figure 2. Dependence of normalized critical SIFs with 

different hydrogen cluster relative position to the fracture tip 
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Figure 3. Dependence of normalized critical SIFs on the 

temperatures T with different m values 
 

As shown in Fig. 5: a plot of the dimensionless SIF of the 
edge dislocation emission as a function of temperature T 
when C0 = 0.01 mol, θ = 0.5 rad, and m = 1/3. increases with 
increasing temperature. This implies that the emission of 
cleavage-tip dislocations is hindered in a high temperature 
environment. When the temperature takes a certain value, the 
dislocation emission from the bifurcated crack tip becomes 
progressively more difficult as the relative crack length 
continues to increase, making it more difficult. 

As shown in Fig. 6, when C0 = 0.01 mol, T = 200 °C, and 
m = 1/3, the dimensionless two SIFs of the edge dislocation 
emission vary with the dislocation emission angle θ. As can 
be seen from Fig. (a), with the increase of the blade 
dislocation emission angle, it decreases and then increases, 
and there is a very small value (i.e., the easiest dislocation 
emission angle θmin). When the relative crack length is taken 
as b/a=0.2, 0.3, 0.5, 0.7 and 0.9, the corresponding dislocation 
easiest firing angle is θmin =1.1 rad; and when the dislocation 
firing angle is taken as a certain value, it increases with the 
increase of temperature, which leads to more difficult 
emitting of crack tip dislocations, and thus reduces the 

toughness of the material due to dislocation emitting. 
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Figure 4. Dependence of normalized critical SIFs on the 

hydrogen concentrations C0 with different m values 
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Figure 5. Dependence of normalized critical SIFs on the 
temperatures T with Different relative crack lengths b/a 

 
As can be seen from Fig. 6(b), the dislocation emission 

angle of a finite positive value starts to increase rapidly until 
it tends to infinity, and then becomes negative. When negative 
dislocations are considered, the absolute value of negative 
SIF shows a tendency to decrease and then increase with the 
increase of the dislocation emitting angle, and there also 
exists an easiest emitting angle for negative dislocations. 
When the relative crack lengths are taken as b/a=0.3, 0.5, 0.7 
and 0.9, the most probable emitting angles of the most 
corresponding dislocations are θmin =2.0 rad; and when 
b/a=0.2, θmin =1.8 rad. 

As shown in Fig. 7, when C0=0.01mol, T=200℃, b/a=0.3, 
the dimensionless two SIFs of the edge dislocation emission 
are plotted with the change of the dislocation emission angle 
θ. The SIFs of the edge dislocation emission are shown in Fig. 
7. From Fig. 7(a), it can be seen that with the increase of the 
blade dislocation emission angle, followed by the first 
decrease and then increase, so there exists an easiest 
dislocation emission angle. When taking m=1/5, 1/3, and 2/3 
respectively, the corresponding easiest dislocation launch 
angle is θmin=1.4 rad; and when the dislocation launch angle 
is certain, it decreases with the increase of m, i.e., the larger 
the angle between the main crack and the bifurcation crack, 
the easier it is to emission dislocations from the tip of the 
bifurcation crack, which improves the toughness of the 
material induced by the dislocation emission. 

From Fig. 7(b), it can be seen that the increase of the 
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dislocation emission angle starts from some finite positive 
value, then increases rapidly until it tends to infinity, and then 
becomes negative. Therefore, the most probable dislocation 
emission angle for a positive edge dislocation is θmin=0 rad. 
Considering the negative dislocations, the most probable 
emission angle for the negative dislocations is θmin=1.6 rad for 
m=1/5, 1/3, and 2/3. For a certain dislocation emission angle, 
the emission angle decreases with the increase of m. The 
dislocation emission angle of a positive edge dislocation is 
θmin=1.6 rad. 

 

0.0 0.5 1.0 1.5 2.0 2.5
0

20

40

60

80

 (rad)

 b/a=0.2
 b/a=0.3
 b/a=0.5
 b/a=0.7
 b/a=0.9

0
ΙCK

 

(a) 
0
ΙCK  

0.0 0.5 1.0 1.5 2.0 2.5
-20

-10

0

10

20

30

 b/a=0.2
 b/a=0.3
 b/a=0.5
 b/a=0.7
 b/a=0.9

 (rad)

0
ΠCK

 

(b) 
0
ΠCK  

Figure 6. Dependence of normalized critical SIFs on the 
emission angle θ with different relative crack lengths b/a for 
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5. Conclusion 
A theoretical model is established to investigate the 

interaction between the hydrogen clusters and edge 
dislocation near an bifurcation crack tip in nano-metallic bi-
materials. The analytic expression of critical SIFs 
corresponding to dislocation emission is deduced by the 
complex potential method in elasticity, and the effect of the 
hydrogen concentration, temperature, relative crack length, 
the angle between the main crack and the bifurcation crack 
and emission angle on the critical SIFs are discussed. The 
conclusions are summarized as follows:  

(1) With the concentration of the applied hydrogen cluster 
changes, the SIFs under applied loading all decrease with 
increasing hydrogen concentration. Therefore, dislocations at 
high hydrogen concentrations are more likely to emit from 
crack tips. 

(2) As the relative crack length increases, dislocation 
emission from the crack tip is hindered. At the same time, the 
increase in temperature is also unfavorable to the edge 
dislocation emission, i.e., high temperatures inhibit the 
emission of dislocations from the bifurcation crack tip under 
the influence of hydrogen gas clusters. 

(3) The critical SIF under both applied loads decreases 
with the increase of the angle between the main crack and the 
bifurcation crack, so the larger the angle is the more favorable 
for the dislocations to be emitted from the bifurcation crack 
tip.  
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