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This work investigates the peculiarities of formation of residual hydrogen as a result of plastic strain of
metal, containing diffusible hydrogen. Characteristic of this process is increase of content of hydrogen
trapped by dislocations, [H]def. It is testified by appearance of a peak in thermodesorption spectrum with
maximum rate of removal at 150—170 °C as well as rise of [H]def at increase of plastic strain level. Also,
it was experimentally showed that [H]def reduces after long period of storage of deformed specimens at
room temperature. This confirms reversible nature of dislocations as hydrogen traps. A value of hydrogen
diffusion coefficient in the plastically deformed weld metal is determined by interaction of hydrogen with
dislocations and being 3 orders lower than for the undeformed metal. The experiments showed that rise of
metal strength provides for reduction of value of plastic strain, at which fracture takes place, under effect
of diffusible hydrogen. At that, content of [H]def in the moment of fracture also significantly decreases
with increase of metal strength. 12 Ref., 3 Tables, 5 Figures.
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Behavior of hydrogen in metals is considered as
a rule from point of view of its solubility, diffu-
sion and interaction with structure defects [1,
2]. One of the irregularities of crystalline struc-
ture of metal of welds and steels is the disloca-
tions, representing itself linear defects of crys-
talline structure [3, 4]. Annealed crystals contain
from 104 to 106 dislocations per 1 cm2. Plastic
strain of crystalline materials is carried out by
nucleation and movement of the dislocations, at
that their density rises to 1010—1012 cm—2 [5].
Fixing and redistribution of the interstitial atoms
(hydrogen, carbon and nitrogen), among which
hydrogen has the lowest bonding energy and the
highest diffusion coefficient [3, 6—8], take place
in iron and steels under effect of the stress dis-
location fields. Therefore, hydrogen is fixed first
on the «fresh» dislocations [8] formed as a result
of plastic strain.

Absorption of hydrogen by weld pool metal
takes place in arc welding of steels. Prevention
of cold crack formation [9] is a relevant problem

for high-strength steels. A mechanism of crack
formation in many respects is related to interac-
tion of hydrogen with dislocation structure of
weld metal and near-weld zone, caused by
thermo-deformation welding cycle. At the same
time, level of experimental data, indicating typi-
cal peculiarities of the interaction of hydrogen
with dislocations in steels and welds, is not
enough, regardless the presence of theoretical
backgrounds of interaction of hydrogen with dis-
location and its role in formation of the cold
cracks. Therefore, present work is dedicated to
investigation of the interaction of hydrogen with
plastically deformed weld metal.

VSt3sp (killed) steel as well as weld metal,
produced by single-pass welding using low-hy-
drogen electrodes UONI-13/55 and pilot elec-
trodes IP (Table 1), were used as material for
investigations.

Determination of effect of the cold plastic
strain on behavior of hydrogen in metal of sin-
gle-pass weld was carried out by means of com-
parison of its condition in relation to residual
hydrogen after removal of [H]dif in deformed and
undeformed specimens. Deforming of the speci-

Table 1. Chemical composition of investigated materials, wt.%

Material С Si Mn S P Cr Ni Ti Mo V Al

Steel VSt3sp 0.12 0.139 0.37 0.022 0.012 0.12 0.10 — — — —

Weld metal (UONI-13/55)* 0.062 0.274 0.96 0.008 0.0019 — — 0.024 — — —

Weld metal (IP)* 0.04 0.270 0.98 0.007 0.015 0.88 2.36 0.005 0.45 0.18 0.007

*Chemical composition was determined by spectral analysis on multilayer deposit.
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mens in clamps with water-cooled jaws was car-
ried out using bending in mandrel for 2—5 min
after cooling in water. The specimens represent
themselves a weld bead deposited on workpiece
of 10 × 15 × 45 mm size. A value of plastic strain
in central part of the weld was set by mandrel
curvature radius. Specimens of 15 × 4 × 1 mm
size were cut out from upper part of the deposited
metal after holding during 5 days at room tem-
perature. Measurement of content of the residual
hydrogen was carried out with the help of ther-
modesorption analysis (TDA) [10]. It was im-
proved for measurement of content of fractions
of hydrogen in metal, emitted in process of heat-
ing to 900 °C with regulated speed, which made
5 °C/min during analysis.

Figure 1 represents the results of TDA of un-
deformed weld metal and 6 % bending deformed
weld metal, which were deposited using IP elec-
trodes (see Table 1). Given data show that the
residual hydrogen, which starts to remove at
reaching of temperature around 500 °C, is present
in TDA spectrum of the both specimens. Presence
of [H]def peak with maximum temperature of
150—170 °C is typical for the deformed specimen.
The reason of its appearance is connection of hy-
drogen with dislocation structure of the deformed
metal, from which it is removed by heating. The
same peak of hydrogen was received in work [11]
in TDA of pure iron after thermal saturation,

cold plastic strain and removal of diffusible hy-
drogen.

Figure 2 shows effect of the level of plastic
strain of single-pass weld metal, produced by
UONI-13/55 electrodes, on redistribution of hy-
drogen. It can be seen on presented data that
reduction of the level of plastic strain decreases
hydrogen concentration in the deformed metal
[H]def.

Dislocations are referred to the reversible hy-
drogen traps due to low bonding energy [3, 6,
7]. In this case desorption of the diffusible hy-
drogen from specimen should promote transfer
of hydrogen, kept by the dislocations, into crys-
talline lattice and, thus, reduction of [H]def con-
centration. For verification of reduction of [H]def
concentration a series of welded specimens, pro-
duced by UONI-13/55 electrodes, was deformed
by 6 % and kept in laboratory at T = 16—25 °C.
Specimens for performance of TDA and determi-
nation of [H]def concentration were cut out from
the welded joints within time intervals, indicated
in Figure 3. Reduction of hydrogen concentration
from 1.4 to 0.2 cm3/100 g is observed in the
deformed welds after long period of time. The
peculiarity of such decrease is shifting of the
maximum of [H]def removal peak from 120 to
170 °C. Thus, removal of hydrogen from dislo-
cation structure of the deformed metal takes place
at room temperature.

Investigations of effect of plastic strain on
hydrogen diffusion at room temperature were car-
ried out using cylinder specimens, received by
sampling of metal from the weld pool into quartz
tube during welding by 5 mm diameter UONI-
13/55 electrodes. Initial specimen of 4.8 mm
diameter and 15 mm length was deformed by
flatting (deformation around 30 %) and turned
to cylinder shape. The experiments were per-
formed with the help of chamber allowing col-
lection of emitted hydrogen from the specimen
approximately during 16 h for one measurement
cycle. This permitted to increase measurement
sensitivity. Figure 4 shows the kinetics of re-
moval of hydrogen at room temperature for the
deformed and undeformed metal.

Figure 1. Thermodesorption of residual hydrogen from deformed and undeformed weld metal: 1 – specimen without
deformation; 2 – specimen with 6 % deformation

Figure 2. Effect of level of plastic strain on [H]def content
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TDA of the specimens after end of the stage
of measurement of hydrogen removal kinetics
showed presence of [H]def in the deformed speci-
men in the amount of 0.6 ml/100 g with maxi-
mum removal rate at T = 150 °C, and absent of
[H]def in the undeformed specimen. Virtually all
hydrogen in plastically deformed metal is trapped
with the dislocation structure. In order that the
hydrogen atom can escape from the metal, it
firstly should break the energy barrier and detach
from the dislocation holding it. Therefore, value
of diffusion coefficient in the deformed metal is
determined by interaction of hydrogen with dis-
locations and makes 3.2⋅10—8 cm2/s. Value of
effective diffusion coefficient for the undeformed met-
al in the beginning of degassing makes 10—5 cm2/s,
and this value gradually decreases to 3⋅10—8 cm2/s
after removal of 90 % of diffusible hydrogen.

Effect of hydrogen on fracture of steel VSt3sp
and weld metal, produced by relemting of pilot
electrode IP in copper water-cooled mould, was
determined by uniaxial tensile tests of prelimi-
nary hydrogen-charged specimens using servohy-
draulic machine INSTRON-1251 at deformation
rate 10—3 s—1. Hydrogen saturation of the speci-
mens was electrolytic in 5 % solution of sulfuric
acid with 0.05 % addition of sodium thiosulfate
at current density of 10 mA/cm2 during 4 h.
Table 2 shows the results of mechanical tests.
[H]dif was removed from the fractured specimens
at room temperature during 5 days after mechani-
cal tests, and then TDA was carried out (Fi-
gure 5). It can be seen based on given data that

fracture of metal of high-strength weld, contain-
ing hydrogen, takes place at significantly lower
value of the plastic strain than that of steel
VSt3sp. At that, content of [H]def at the moment
of fracture for high-strength weld metal is noticeably
lower than for steel VSt3sp. Fracture of VSt3sp
steel specimen provokes formation of hydrogen
trapped by plastic strain and its content makes
[H]def = 1.2 cm3/100 g. At that, 0.65 cm3/100 g
of hydrogen is contained in the dislocations (peak
at 150 °C) and 0.55 cm3/100 g is present in mo-
lecular form in the microvoids (peak at
250 °C) [12].

Structure and properties of the plastically de-
formed steels are recovered by heating at (0.4—
0.5)Tmelt (recrystallization annealing). Heat
treatment to indicated temperatures effects the
dislocation structure [8] and can influence its
interaction with the dissolved hydrogen. In this
connection the investigations were carried out on
effect of treatment temperature of the deformed
weld metal on its interaction with dissolved hy-
drogen.

Single-run welds on steel VSt3sp, deposited
by UONI-13/55 electrodes, which were stored
after welding at T = 20—25 °C during one month,
and then bending deformed by approximately
16 %, were used as metal specimens. Specimens
of 15 × 5 × 1 mm size were cut out from weld
metal upper layer. They were heat treated at
20—950 °C temperature range in argon media and
then electrolytic hydrogenation was carried out

Figure 3. Thermodesorption of hydrogen from welded speci-
mens: 1 – after 5; 2 – 64; 3 – 95; 4 – 124 days Figure 4. Kinetics of hydrogen removal from deformed (1)

and undeformed (2) specimens

Table 2. Mechanical properties of materials studied

Material σ0.2, MPa σt, MPa δ, % ψ, % [H]dif, cm
3/100 g [H]def, cm

3/100 g

Steel VSt3sp 270 420 33.4 54 0 0

250 420 15.6 15 8.5 1.2

Weld metal (IP) 670 930 15.3 55 0 0

720 830 0.7 1 8.0 0.15
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based on procedure mentioned above. Content of
[H]dif at T = 20—25 °C was measured using chro-
matographic method after hydrogenation. TDA
of [H]res was carried out after [H]dif desorption
ending. Table 3 gives the experiment results. It
can be seen from presented data that heat treat-
ment of the specimens at T > A3 (950 °C) and
below A1 including 550 °C, removes the disloca-
tion structure, capable to interact with the dis-
solved hydrogen due to reduction of the disloca-
tion density, and, probably, formation of Cottrell
clouds by nitrogen and carbon atoms, having
stronger bonding energy than hydrogen. Capa-
bility of the dislocation structure to interact with
hydrogen in the process of electrolytic saturation
is still preserved in treatment at 400 °C and be-
low. Thus, the heat treatment temperature,
which provides change of effect of the dislocation
structure on hydrogen absorption, agrees with
the temperature of crystallization treatment of
the deformed steel.

Conclusions

Interaction of the dissolved hydrogen with the
dislocation structure, forming as a result of plas-
tic strain of steels and welds, was determined in
experimental way. Typical temperature of re-
moval of the hydrogen fraction, bonded with dis-
location fracture, is 100—200 °C with maximum
rate of removal at 150—170 °C.

Content of dislocation-trapped hydrogen in
the metal is unsteady and reduce in dwell time
at room temperature, that indicates reversible
nature of dislocations as hydrogen traps.

Removal of hydrogen from crystalline lattice
and dislocations is general process, characterizing
by variable value of diffusion coefficient. The

diffusion coefficient, which is determined by
trapping of hydrogen with dislocation, is 3 orders
lower than the coefficient of hydrogen diffusion
in the crystalline lattice.

Value of plastic strain, which provides for
fracture, reduces under effect of diffusible hy-
drogen with the increase of metal strength. At
that, content of hydrogen trapped by dislocations
at the moment of fracture also significantly re-
duces with rise of metal strength.
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Figure 5. Spectrum of thermodesorption of residual hydro-
gen from specimens after fracture: 1 – steel VSt3sp,
[H]def = 1.2 cm3/100 g; 2 – IP weld metal, [H]def =
= 0.15 cm3/100 g

Table 3. Effect of heat treatment of deformed weld metal
(UONI-13/55) on electrolytic hydrogen saturation

Number
of expe-
riment

Condition of
specimen

Heat
treatment*, °C

[H]dif,
ml/100 g

[H]dis,
ml/100 g

1 Deformation-
free

Without
HT

2.2—3.0 0

2 16 %
deformed

20 7.4—7.7 0.2

3 Same 950 4.2 0

4 » 850 2.3 0

5 » 700 4.3 0

6 » 550 8.4 0

7 » 400 7.0 0.2

*Duration of heat treatment 0.5 h.
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