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The influence of hydrogen on the deformation ahead of the crack tip and the crack propagation were ob-
served and studied in situ under transmission electron microscopy with dynamic tensile deformation for
bridge steel. The results show that hydrogen can promote local plastic deformation ahead of the crack tip
and change the mode of crack propagation so that the crack will propagate in a zigzag path.

1. Introduction

The toughness-embrittlement transformation and fracture
of materials is a complex dynamic microprocess, especially if
hydrogen is present in the material. For the fracture process,
plastic deformation ahead of the crack tip is a main factor (Ref
1-3), and the propagation behavior of the crack is the impor-
tant failure form (Ref 4, 5). In the present work, the effect of
the dissolved hydrogen in the materials on the behavior of
plastic deformation and the crack propagation ahead of the
crack tip was studied by means of in situ transmission elec-
tron microscopy (TEM).

2. Experimental Procedure

The test material was 0.15C-1.5Mn-0.17V-0.012N bridge
steel. The specimens were made by rolling to a thickness of 50
µm. They were then heat treated in a manner similar to the treat-
ment of the original bulk material (austenitized at 950 °C for 4
h followed by air cooling, then stress relieved at 650 °C for 4 h).
The original material had a fine pearlite microstructure. An-
nealed thin film specimens were thinned by hand, followed by
jet polishing using a solution of perchloric acid and acetic acid
(1:10) at room temperature until a hole formed in the middle of
the tensile specimens (specimens were 3 by 6 mm). The speci-
mens were divided into two groups: those in the original condi-
tion (hydrogen content equal to 0.8 ppm) and those with
hydrogen content equal to 5.0 ppm. In situ tensile testing and
microstructure observation were carried out with Philips
EM420 TEM. The strain rate of the slow tensile test was ε

.
 = 3

× 10–5s–1.

3. Results and Discussion

3.1 Analysis of the Dislocation Condition Ahead of the
Crack Tip

In the stress field of a type III crack, the crack force (dF1) for
the unit screw dislocation length (dL ) is (Ref 3):

dF1 = (σ ⋅ b) × dL (Eq 1)

where σ is the applied stress and b is Burger’s vector.
The stress tensor of a type III crack tip is:
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(Eq 2)

where

σxz = σzx = KIII (2πr)–1/2 ⋅ cos θ/2

σyz = σzy = KIII (2πr)–1/2 ⋅ sin θ/2 (Eq 3)

and r is the radial length of the crack tip.
For the screw dislocation emitted from a type III crack tip,

then:

b = (0  0  bzk) (Eq 4)

dL  = (0  0  dLzk) (Eq 5)

Now introducing Eq 2 to 5 into Eq 1, the crack driving force
to emit the screw dislocation in the stress field of type III crack
tip is obtained:

F1 = bσyz ⋅ i – bσxz ⋅ j (Eq 6)

The driving force F1 can be written in the following form us-
ing the polar coordinate:
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Fr1 = KIII (2πr)–1/2 cos θ/2 ⋅ (r )

Fθ1 = KIII (2πr)–1/2 sin θ/2 ⋅ (θ) (Eq 7)

The crack force F1 for the unit length screw dislocation in
the stress field of a type III crack tip is the driving force to emit
the dislocation.

The attracting force of the crack interface also affects the
dislocations emitted because the dislocations close to the crack
surface are freed. This attracting force, as image force, is F2.

F2 = –µb/4πr (Eq 8)

The blunting of the crack tip is achieved by emitting dislo-
cations and this leads to the surface free energy increase. The
change of energy produces a force for the dislocations emission
at the crack tip, F3:

F3 = –2γα sin θ/π(r2 + α2) (Eq 9)

where α = r0e
3/2, r0 is the half width of the dislocation core, and

γ is the surface free energy of the crack tip. When the type III
crack tip emits the dislocations, the dislocations are in an iden-
tical plane with the crack tip; therefore, all the forces acting on
the dislocations can be described:

F1 = KIIIb ⋅ (2πr)–1/2 ⋅ cos θ/2

F2 = –µb/4πr

F3 = 0 (Eq 10)

When dissolved hydrogen exists in steel, hydrogen atoms
react with the screw dislocations emitted from the crack tip,
leading to a new force, F4:

F4 = N ⋅ dW/dr (Eq 11)

where N is the number of hydrogen atoms carried by the emit-
ted dislocation (Ref 6) and W is the elastic action energy be-
tween the shear strain field of the type III crack and the
hydrogen atom strain field of nonspherical symmetry:

W = KIII  
α3

4
 

ε33

√2πr
 cos 

θ
2

(Eq 12)

Therefore:

F4 = –B ⋅ KIII  ⋅ (2π)–1/2r–3/2 (Eq 13)

where

B = (N ⋅ a3 ⋅ ε33 ⋅ cos θ/2)/8

Obviously, hydrogen atoms can produce the additional attrac-
tive force for the screw dislocation emitted. The more hydrogen
atoms carried by the dislocation, the greater F4 is.

In the common condition (no hydrogen), the critical stress
strength factor (KIIIe) for emitting dislocations from the crack
tip and the length of the dislocation-free zone (DFZ) ahead of
the crack tip can be represented as:

KIIIe = 
µb

√8πr0

 + √2πr0σf (Eq 14)

XDFZ = KIIIe
2 /(√8πσf)2 (Eq 15)

where σf is the lattice resistance to the dislocation movement.
According to Eq 13 and 14, KIIIe and σf not only possess a

strict relationship, but also affect the plastic deformation of the
crack tip by combining action. Without hydrogen:

σf = F1 + F2 = KIII (2πr)–1/2 – µb(4πr)–1 (Eq 16)

With hydrogen:

σf,H = F1 + F2 + F4 = KIII (2πr)–1/2 – µb(4πr)–1 – KIII

     (2π)–1/2r–3/2B (Eq 17)

Therefore:

σf > σf,H (Eq 18)

KIIIe > KIIIe,H (Eq 19)

3.2 Observation and Analysis

3.2.1 Effects of Hydrogen on Emission of Dislocations and
Plastic Deformation Ahead of the Crack Tip

When a film sample was loaded with tension, the crack was
initiated at the edge of the center thinner area, with the crack
growing into the thicker part of the sample. A plastic deforma-
tion zone (PDZ) was formed ahead of the crack tip, along the
direction of the crack propagation. There was a DFZ in the PDZ
on the side of the crack tip, then a submicrostructure of pile-up
of dislocations caused by the emission of the dislocations from

Fig. 1 The microstructure of the plastic zone ahead of the
crack tip for the sample without hydrogen
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the crack tip. The dislocations became arranged regularly and
were higher density near the DFZ.

The microstructure of the crack tip for a sample without hy-
drogen charged is the common micrograph. The length of the
PDZ is about 1400 nm and that of the DFZ is about 340 mm
(Fig. 1).

In the case of a dead load, the tip still emitted dislocations
for a period of time; then a relative equilibrium was reached.
When the load was increased, with the crack propagation, the
crack tip emitted the dislocations again and the dislocations
moved forward continuously, resulting in movement of the
PDZ.

For the samples with hydrogen charged, both the PDZ and
the submicrostructure changed. The rate of dislocation emis-
sion at the crack tip accelerated obviously and the dislocations
moved into the PDZ rapidly so that the size of the DFZ ahead of
the crack tip was reduced to about 160 nm. However, the phe-
nomenon of DFZ disappearance reported by Robertson (Ref 7)
was not observed during our experiment. The PDZ turned nar-
rower and longer, with a length about 3 µm. The dislocation’s
density in the center of the PDZ was lower than that on the two

sides of the PDZ, and cross sliding occurred on one side of the
PDZ far away from the crack tip (Fig. 2).

For samples without hydrogen charged, during the process
of crack propagation, the piled-up dislocations moved forward,
overcoming both the lattice friction σf (Ref 1) and the effect
shield (Ref 8, 9), which limited movement to only a short dis-
tance. Addition of the discontinuous blunting effect of the
crack tip resulted in reduction of the PDZ but with higher dislo-
cation density that coincided with the microplastic deformation
state at the crack tip during cracking for low-alloy steels with
medium strength.

After hydrogen charging, when dissolved hydrogen segre-
gated at a crack tip, the σf was reduced effectively (Ref 10) (as
seen in Eq 17) and mobility of the screw dislocation was pro-
moted at the same time, which caused the dislocation move-
ment in a way of crossing slip (Ref 11). Then the resistance was
smaller, causing a narrower and longer shape of PDZ ahead of
the crack tip (Ref 1). Dissolved hydrogen promoted the move-
ment of screw dislocations and plastic deformation of a crack
tip; however, it brought about a strong localized tendency for
plastic deformation, concentrating the plastic deformation
ahead of the crack tip within a narrower area. This phenomenon
indicated that the existence of hydrogen decreased the stress re-
quired for plastic deformation and promoted localized plastic
deformation. Compared with the condition without hydrogen
charged, the longer and narrower microplastic deformation
state appeared to have a brittle fracture character macroscopi-
cally.

3.2.2 Effect of Hydrogen on Mode of Crack Propagation

Under tension, the crack in the film sample without hydro-
gen charged propagated in a discontinuous way, propagating a
little, blunting the crack tip, then propagating again. The crack
grew straighter along the direction normal to the main stresses
until critical fracture. During the propagation of the crack,
when the plastic deformation reached a certain level (a certain
amount of dislocations ahead of the crack tip were piled up), the
crack propagation was resisted, together with the effect of the
dislocation emission. The crack tip was blunt and the crack
growth would stop. The continuous loading supported a force

Fig. 2 The microstructure of the plastic zone ahead of the crack tip for the sample with hydrogen

Fig. 3 The microcrack formed during the tensile test for the
sample with hydrogen
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for the moving of the piled-up dislocation and the propagating
of the crack, starting a new process of crack growth. The
growth path of the crack can be seen in Fig. 2.

For the film samples with hydrogen charging, the micro-
structure state ahead of a crack tip would change due to the ex-
istence of the dissolved hydrogen, which caused the brittleness
of the steel and influenced the growth process of the crack. The
plastic deformation was resisted in front of a crack in the film
propagated to a certain degree. Increasing load promoted the
crack growth; however, it was different for the sample without
hydrogen charged. The microcracks were initiated at a higher
dislocation density area near the DFZ in the PDZ. The initial
microcracks were at 45° and along the direction of main stress
(seen in Fig. 3). With the growth of the microcracks, they also
propagated when the main crack grew under loading. The main
crack would meet these microcracks at a certain angle, which
changed the crack growth direction, resulting in a “zigzag”
shape until final fracture. It was a continuous crack growth
process, as shown in Fig. 4.

4. Conclusions

• The existence of dissolved hydrogen in 0.15C-1.5Mn-
0.17V-0.012N steel decreases the critical stress field
strength factor (KIIIe) effectively for the dislocation emis-
sion and reduces the lattice friction (σf) for dislocation
movement and critical stress for the plastic deformation at
the crack tip.

• Dissolved hydrogen can reduce the size of the DFZ and in-
crease the size of the PDZ ahead of the crack tip. However,
it causes a localized tendency for plastic deformation.

• Dissolved hydrogen promotes the initiation of microcracks
in the PDZ, which affects the crack growth process in the
steel. The microcracks in the PDZ grow and intersect with
the main crack, resulting in a zigzag growth of the main
crack.
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Fig. 4 The zigzag crack propagation for the sample with hydrogen. (a) 10 s. (b) 20 s. (c) 35 s
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