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ABSTRACT: Design and development of advanced steel types require establishing an optimal combination of 
mechanical strength, resistance to hydrogen degradation and durability, among others; however, the available 
tools for assessing some of these properties are limited. A novel tool for supporting the design and develop-
ment of steel types was therefore created. This tool, called TriDes, is based on the phenomenon of mechanically 
stimulated gas emission and allows for determining mechanical properties and hydrogen concentration locally, 
with high spatial resolution and during different phases of the service life of construction steel elements. Its 
applicability to the development of pipe steel with improved durability, as well as to steel types used in marine 
environments, has been investigated.
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RESUMEN: TriDes – una nueva herramienta para el diseño, desarrollo y evaluación no destructiva de aceros avan-
zados de construcción. El diseño y desarrollo de acero avanzado requiere establecer una combinación óptima de 
resistencia mecánica, resistencia a la degradación por hidrógeno y la durabilidad, entre otras. Sin embargo, las 
herramientas disponibles para evaluar experimentalmente algunas de estas propiedades son limitadas. Por lo 
tanto se creó una nueva herramienta, llamada TriDes. Esta técnica está basada en un principio físico distinto 
de los que se usan en las técnicas establecidas y combina la caracterización de hidrógeno en el acero en y la car-
acterización mecánica y/o tribológica. La técnica es portatil lo que permite determinar concentración local de 
hidrógeno con alta resolución espacial durante todo el ciclo de vida de elementos fabricados en acero y además 
evaluar la dureza y resistencia al desgaste del acero. Se ha investigado la capacidad de la técnica para el desar-
rollo de aceros para aplicaciones en gasoductos y construcciones marinas.

PALABRAS CLAVE: Acero; Propiedades mecánicas; Propiedades físicas; Caracterización; Microestructura
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1. INTRODUCTION

The accumulation of hydrogen in construction
steel types is of great concern for structural health, 
since hydrogen can harmfully affect the mechanical 

properties of metallic constructions that are in con-
tact with aggressive environments through hydro-
gen embrittlement, stress corrosion cracking and 
corrosion fatigue (1, 2). For high-strength steel 
types used in bridge construction, e.g., wires for the 
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post-tensioning of bridges and the pre-stressing of 
suspension cables, an increase in local hydrogen con-
centration to a threshold level may result in delayed 
cracking at stress levels below the yield strength, 
as well as the loss of ductility (3, 4). In some cases, 
wires can be protected from hydrogen embrittlement 
through the application of zinc coatings, although 
controversial results have also been reported indi-
cating that zinc in contact with alkaline cement can 
enhance hydrogen generation (5, 6). Furthermore, 
the susceptibility of ferritic stainless steel types used 
for metallic construction to hydrogen embrittlement 
– especially in marine environments – is a primary 
drawback that impedes the replacement of aus-
tenitic stainless steel types by cheaper and higher 
strength ferritic types (7). Similar problems exist for 
other metallic alloys (8, 9).

During the past several decades, a number of 
researchers have sought to determine the relation-
ship between the composition (7), microstructure 
(10, 11), residual stress (12), environment (8) and 
susceptibility of  metallic alloys to hydrogen deg-
radation in order to obtain a “critical mass” of 
knowledge, necessary for optimal design and devel-
opment of  advanced construction steel types that 
have specific properties for particular applications. 
Considering that local hydrogen concentration in 
metallic alloys cannot generally be measured dur-
ing experiments due to the lack of  a simple, reli-
able, cheap and non-destructive technique suitable 
for being used in any laboratory, various standard 
procedures have been adopted to normalize experi-
mental conditions, thereby enabling the comparison 
of  results from various studies involving hydrogen 
degradation of  steel types, e.g., the ammonium-
thiocyannate test for checking susceptibility to 
stress-corrosion cracking (13). This significantly 
limits flexibility in the selection of  the most effective 
tools for designing and developing new construc-
tion steel types. Thus, hydrogen absorption and dif-
fusion in stressed metallic alloys generally involves 
a simulation approach or modelling experiments 
(14, 15). Only a few studies have investigated the 
correlation between hydrogen local concentration 
and hydrogen damage of  construction steel types 
using neutron radiographic imaging (16), neutron 
diffraction (17), nuclear resonance reaction analysis 
(17) and secondary ion mass-spectrometry (SIMS) 
(18).

All of the above techniques require large or sin-
gular installations with high-energy ion and neutron 
beams. Even when these techniques are available, 
the alloy under study must preferably be subjected 
to stress and aggressive media in situ or immediately 
prior to characterization, due to the high diffusivity 
and fugacity of hydrogen, i.e. in conditions that are 
different from the real ones. All of these issues sig-
nificantly hamper the research and effective use of 
such techniques in the design of materials.

On the other hand, there is a need for the early 
diagnosing of hydrogen damage in metallic con-
structions (19). The problem exists because obtained 
information about the susceptibility of alloys to 
hydrogen degradation consist of general character-
istics that cannot be used for the prediction of the 
behaviour of a specific construction, since many 
parameters that control hydrogen absorption are 
unknown or have not been well-determined in terms 
of service life. It is worth mentioning that investi-
gating different monitoring techniques for hydrogen 
damage effected to construction steel types is among 
the priorities of governmental administrations in 
various countries (20, 21).

The aim of this work is to present a novel tech-
nique for hydrogen characterization in construction 
steel types that is based on the physical principle 
of mechanically stimulated gas emission (22). This 
technique, known as TriDes, has several advantages 
compared to other conventional methods that make 
it a powerful tool in the design and development of 
advanced construction steel, and for use in the mac-
roscopically non-destructive evaluation of real-life 
constructions (23).

2. METHODOLOGY AND EXPERIMENTAL 
APPARATUS

2.1. Mechanically stimulated gas emission as a novel 
phenomenological basis for the technique (TriDes) 
applied to hydrogen characterization in construction 
metallic alloys

Mechanically stimulated gas emission (MSGE) is 
a phenomenon consisting of the emission of gases 
from the surface and bulk of a solid or surface coat-
ing under any type of mechanical action including 
scratching, rubbing, indentation, etc. For metallic 
alloys, hydrogen is generally the primary emitted 
gas, whereas traces of methane, carbon mono- and 
dioxide, as well as water vapours among others can 
also be detected (24, 25). By doping metals with 
deuterium, it was shown that mechanically stimu-
lated hydrogen emission is associated with hydro-
gen being dissolved and occluded in the bulk of 
the metal (26). In addition, hydrogen emission can 
in part be the result of the decomposition of metal 
hydrides (27).

A previous study has shown that under certain 
experimental conditions, the emission of hydrogen 
from the bulk of metallic alloys is a non-thermally 
driven process, associated with plastic deformation 
and fracture rather than with frictional heating (28). 
Though the exact physicochemical mechanisms 
responsible for MSGE are not clear, this phenomenon 
can be associated with transport of H atoms bonded 
to moving dislocations, stimulation of hydrogen dif-
fusion by stress gradients, etc. Therefore, the amount 
of emitted hydrogen is generally a function of two 

http://dx.doi.org/10.3989/mc.2016.09815


TriDes – a new tool for the design, development and non-destructive evaluation of advanced construction steels • 3

Materiales de Construcción 66 (324), October–December 2016, e099. ISSN-L: 0465-2746. doi: http://dx.doi.org/10.3989/mc.2016.09815

parameters: the deformed volume of the metallic 
alloy and the average concentration of hydrogen in 
this volume. This concept has been proven in various 
experiments using nickel, iron, carbon and stainless 
steel (22, 29, 30), and has further been theoretically 
developed by the Nevshupa group (22–24).

According to this concept, the amount of hydro-
gen emitted due to mechanical action, Ntd, can be 
determined from the following expression (28) [1]:

∫ ( )=N k C t
dV
dt

dttd td H
t

t

0

1

,� [1]

where t0 is the time of the beginning of mechani-
cal action, t1 is the time of the end of mechanical 
action, ktd is the calibration coefficient, dV is the vol-
ume of new material involved in the mechanically 
affected zone in the time interval dt and CH is the 
local hydrogen concentration in the volume of the 
material dV.

On the other hand, Ntd can be experimentally 
determined by integration of the pressure time 
series (26, 31) [2]:

N S p t dt( )td
t

t f

0
∫ D= ,� [2]

where S is the pumping speed that is constant for the 
given experimental system, Dp= p(t)-pb is the pres-
sure increase in a vacuum chamber due to MSGE, 
pb is the equilibrium background pressure and tf is 
the time when pressure returns to pb.

A typical pressure time series obtained in the 
experiments with high-strength, low-alloy carbon 
steel is shown in Figure 1. Graph I was measured for 
an as received steel sample, with a hydrogen mass 
concentration below 1.1 ppm, whereas graph II was 
acquired for a steel sample following corrosion. 
Variables 1 and 2 are explained in the figure.

In many cases, retarded hydrogen emission occurred 
for tens of minutes following the end of mechanical 
action. Retarded emission is evidence of the non-
thermal character of the driving forces of  MSGE 
and can be associated with slow processes of hydro-
gen diffusion, recombination and desorption. Thus, 
analysis of the kinetics of retarded emission can 
provide a deeper understanding of these processes, 
since it can provide additional information about 
gas-solid reactions, which is essential for the effective 
design of advanced steel types. Moreover, the use of 
mass-spectrometry offers the possibility for charac-
terizing the emission of other gases. By examining 
the tribodesorption of methane and other hydrocar-
bons the chemical reactions between hydrogen and 
carbonaceous phases, i.e. graphite, cementite, etc., 
can be better understood (32, 33).

Integration in [2] must include the retarded gas 
emission; therefore, tf is generally much larger than t1.

For simplicity, it can be considered that hydro-
gen concentration does not vary in the tested strata 
of the material. Then, by combining [1] and [2], the 
average concentration of hydrogen can be found 
from the following expression [3]:

∫
∫

D
=C S

p t dt

dV
dt
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t

t

f

0

0
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The integral in the denominator in [3] is the volume 
of the material that contributes to gas emission, i.e., 
MSGE active material that can be assumed as being 
approximately equal to the volume of the mechani-
cally affected zone (MAZ), Vd.

It should be noted that quantification of MSGE 
active material is not an easy task. Measurement 
of the geometry of MAZ allows for estimating the 
“apparent” volume of the MAZ, i.e., the volume of 
displaced or worn material. The zones surrounding 
the MAZ can also contribute to hydrogen emission 
due to diffusion. This is evidenced by retarded emis-
sion tails that can last for thousands of seconds 
following the mechanical action. For the sake of 
simplicity and the applicability of the method in 
practice, it is suggested that the volume of MSGE 
active material be estimated from the “apparent” 
volume of the MAZ, Va, by introducing a calibra-
tion coefficient, ktd [4]:

=V k Vd td a ,� [4]

This suggestion is based on the assumption that for 
the same material and under similar loading and rub-
bing conditions, the ratio of the volume of MSGE 
active material to the “apparent” volume of the 
MAZ is nearly constant. The physical meaning of 
the calibration coefficient is the ratio of the volume 

Figure 1.  Pressure time series during rubbing of high-
strength low-alloy steel grade R4 [47]: I – as received, II – 

following corrosion test. Duration of mechanical action was 
100 s for I and 500 s for II. Shaded areas correspond to the 

integral indicated in (2).
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of MSGE active material to the “apparent” volume 
of the MAZ under given experimental conditions 
and for given material. The calibration coefficient 
can be determined by a comparison of the experi-
mental results found by TriDes and those obtained 
by a reference technique, e.g., SIMS, neutron- and 
ion beam techniques among others, in a reference 
sample, or by using standard samples for which gas 
content is known. Bearing in mind the high fugac-
ity of dissolved hydrogen in metals, quasi-stable 
light metal hydrides such as MgH2 can serve as a 
reference material. The benefits of using quasi-stable 
metal hydrides include a constant and well-defined 
hydrogen concentration that strictly corresponds 
to the compound stoichiometry, fast and complete 
dehydration during MSGE and fast emission of H2 
from the residual α-Mg phase (27). Calibration must 
be carried out under similar loading conditions, test 
duration and using an indenter of the same geometry.

When the calibration coefficient is not known, 
tests can be used for the semi-quantitative study of 
the relative increase of gas concentration after vari-
ous treatments or on different parts of the sample, 
while always maintaining the same loading condi-
tions. For a true quantitative measurement of the 
gas concentration, TriDes should be calibrated 
against an established method that can provide a 
reliable reference.

The “apparent” volume of the MAZ can be 
experimentally measured using stylus profilometry, 
optical confocal microscopy or another technique 
suitable for the determination of the 3D geometry 
of the mechanically affected zone.

Figure 2a shows the reconstructed 3D geometry 
of the MAZ on the surface of an as received high-
strength low-alloy steel sample. Three cross-section 
profiles of the mechanically affected zone measured 
at various y coordinates are shown in Figure 2b. For 
mechanical action, the material was scratched by a 
hard conical tip made of tungsten carbide.

Once cross-section profiles of MAZ z=f(x) have 
been measured, Va can be found by integration of z 
in the space domain [5]:

∫ ( )=V l f x dxa
x

x

0

1

,� [5]

where l is the length of the MAZ and x0 and x1 are 
the coordinates of the sides of the mechanically 
affected zone (Figure 2b).

To reduce measurement uncertainty, x0 and x1 
can be defined as the coordinates of the intersection 
of the profile, with the horizontal line correspond-
ing to the initial surface.

For the example shown in Figure 2b, the shaded 
cross-section area is 160 μm2, which yields the aver-
age volume of the MAZ as approximately 10−3 mm3 
(with l=7 mm). The depth of the analysis ranged 
from 4 μm to 6.7 μm. For deeper penetration into 

material, a higher load or larger number of rubbing 
cycles can be used.

These results evidence the significant benefits of 
the developed method compared to conventional 
approaches. These advantages are especially notable 
when compared with the widely used hot-extraction 
technique (HET). Although the ultimate detec-
tion limit of TriDes is not yet as high as for HET, 
TriDes offers excellent depth and lateral resolution 
that is unachievable by HET. Additionally, TriDes 
is relatively simple, does not require strong electric 
and magnetic fields or high-energy ion and neutron 
beams; therefore, it can be employed as a habitual 
laboratory technique. Table 1 summarizes the main 
characteristics of TriDes and other methods.

Another important advantage of TriDes is that 
it is naturally combined with mechanical and/or 
tribological characterization, e.g., indentation and 
scratch test among others, which can provide valu-
able complimentary information pertaining to hard-
ness, plastic properties, etc. Combination these two 
techniques shows promise for the future development 
of a complex and macroscopically non-destructive 
evaluation method for construction steels (35).

2.2. Apparatus for hydrogen characterization in 
the construction of metallic alloys using the TriDes 
method

Figure 3 shows a schematic drawing of the exper-
imental apparatus developed for the characteriza-
tion of construction materials using the TriDes 
method (36).

Figure 2.  Geometry of the mechanically affected zone 
following the MSGE test for the as received high-strength low-
alloy sample; a) portion of a reconstructed image obtained by 
confocal optical microscopy; b) three cross-section profiles of 

the mechanically affected zone. Shaded area corresponds to the 
integral of the MAZ cross-section profile.
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The apparatus consists of vacuum cham-
ber 1, pumped by corresponding vacuum pumps 
through a diaphragm 3. The diaphragm – with well-
determined gas conductance – is necessary to con-
trol pumping speed S of  the system, which is one of 
the parameters required for the determination of CH 
(3). The composition of the emitted gases is mea-
sured by quadrupole mass-spectrometer 5. Sample 
6, mounted on motorized vacuum-tight x-y linear 
stage 10, is rubbed by hard indenter 7. The indenter 
can perform reciprocating motion using linear 
motor 9. The applied normal load and the resulting 
friction force are measured by force gauges 8. The 
motion of the linear motor and the x-y stage is con-
trolled by drives 11 and 12 and computer 13, which 

is also used for the acquisition of signals from the 
ion gauge, QMS and force gauges.

The apparatus allows for controlling the follow-
ing experimental parameters: normal load, sliding 
velocity, pass length of the indenter and the number 
of rubbing cycles. In a previous study, the pumping 
speed for hydrogen S=27.4 l/s was experimentally 
determined (37).

To establish optimal experimental parameters, 
one must consider various aspects including mate-
rial hardness, expected hydrogen concentration, the 
presence of surface layers (23), etc. For example, a 
larger number of rubbing cycles must be used for 
metals with higher hydrogen content and for sam-
ples with surface oxide layers. For softer materials, 
a smaller number of rubbing cycles and rounded-
shape indenters is recommended.

3. CASE STUDIES

3.1. Application of the TriDes method for the design 
and development of steel types for gas main pipes

Low carbon ferrite-perlite steel types are widely 
used for primary gas and oil pipes due to the com-
bination of high strength, high toughness and 
deformability that are critically important in severe 
environments, seismic regions, etc. However, during 
their service life, these steel types suffer from grad-
ual deterioration that is characterized by a decrease 
in brittle-fracture resistance, impact strength and 
hardness and relative elongation, but an increase in 
uniform elongation (38). Steel degradation is usu-
ally attributed to microstructural changes resulting 
from non-stationary loading conditions and hydro-
gen absorption from the corrosive environment and 
transported oil and gas. Comparative studies have 
shown that steel from pipes in service had higher 
efficiency for hydrogen trapping, as well as a larger 
number and depth of hydrogen traps than steel from 
buffer stock pipes. This was manifested by decreasing 

Table 1.  Typical characteristics of various techniques for the analysis of hydrogen content in solids

Technique Detection limit

Resolution

depth lateral

Elastic recoil detection analysis 0.1 at.% 2–5 nm 20 μm

Dynamic secondary ion mass-spectrometry ppb – ppm 2–30 nm 50 nm–30 μm

Neutron reflectometry 1 at.% 1 nm 10 μm

Small angle neutron scattering <10 nm 1–300 nm

Glowing discharge optical emission spectrometry ppm 10 nm 4 mm

Electron energy loss spectrometry < 2 at.% 1 nm

Nuclear resonance reaction analysis 0.5 at.% < 1 nm 1 mm

Hot extraction technique (HET) ppb – –1)

TriDes < 1 ppm < 40 nm < 100 μm

1) For ppb resolution, the required amount of material is roughly 100 g (34).

Figure 3.  Schematic drawing of the experimental apparatus 
developed for the characterization of construction materials 
using the TriDes method: 1 – vacuum chamber; 2 – pumping 

line; 3 –diaphragm; 4 –ion gauge for gas pressure measurement; 
5 – quadrupole mass-spectrometer; 6 – sample of the material; 
7 –hard indenter; 8 – force gauges; 9 –motor for reciprocating 

motion of the indenter; 10 – x-y stage for sample displacement; 
11, 12 – motors drives; 13 –computer for motion control and 

data acquisition.
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the apparent hydrogen diffusivity and permeability 
in steel during the course of service life (39).

These requirements, which are low cost and 
have good weldability and manufacturability, are 
generally met by the following two steel types: 
API5L-X52 and 17G1S (GOST 19282 analogous to 
DIN 1.0570). These steel types belong to the same 
class and have very similar chemical compositions 
(Table 2). However, little is known about the rela-
tionship between their microstructure, mechanical 
properties and resistance to hydrogen degradation. 
To study these relationships, we applied the TriDes 
technique.

Microstructure analysis (Figure 4) was carried out 
following standard metallographic procedures. The 
polished specimens were etched with a 4% nital solu-
tion. The microstructure of X52 steel was generally 
uniform with equiaxial polygonal grains, although 
certain band elongation was observed. Steel 17G1S 
had a more dispersed acicular ferrite-perlite struc-
ture with massive ferrite regions, as well as granular 
ferrite and bainitic ferrite with high density disloca-
tion and second phases in the matrix (40).

Mechanical characteristics of the samples: 
Vickers hardness, HV, tensile strength, σ, area reduc-
tion, ψ, relative elongation, δ and Charpy impact 
energy, KCV, are summarized in Table 3. In addition, 
tribological characterization was carried out in a 
normal atmosphere and in lubricated conditions in 
two modes using the procedure previously described 
(41). A hard steel ball 8 mm in diameter was used 

as indenter. The frequency of reciprocating motion 
was 0.5 Hz, friction stroke 8 mm and sliding veloc-
ity 0.013 m/s. In the first mode, a constant normal 
load 30 N was applied, while in the second dynamic 
mode, in addition to a constant load, a sinusoidal 
component with amplitude 3 N was applied in the 
normal direction.

The comparison of friction forces FI and FII 
and the wear characteristics obtained for these two 
modes provide insight into the capability of the 
material to dissipate supplied mechanical energy 
via plastic deformation and fracture (35, 42). Steel 
17G1S had slightly higher strength, plasticity and 
impact toughness, than steel X52. Additionally, 
it showed a higher capacity to resist wear under 
dynamic loading.

TriDes experiments were carried out under recip-
rocating rubbing of steel samples by a spherical 
indenter made of alumina and 3 mm in diameter. 
The applied normal load was 1.7 N, mean sliding 
speed was 0.2 m/s, motion frequency was 1 back-and-
forth stroke per second and stroke length was 7 mm. 
The tests were repeated for each sample, varying the 
number of rubbing cycles, n. After the tests were 
completed, the geometry of the MAZs was studied 
using an optical confocal microscope. The apparent 
volume of the deformed material as a function of n 
was determined as a product of mean cross-section 
area and stroke length, and is shown in Figure 5.

X52 steel suffered significantly more severe dam-
age than 17G1S. Figure 6 shows the cross-section 

Table 2.  Nominal chemical composition of X52 and 17G1S steel types

C Mn Si S P Cu Ni Cr Mo

X52 0.16 1.60 0.15–0.50 0.007 0.025 0.30 0.30 0.25 0.08

17G1S 0.15–0.2 1.15–1.6 0.15–0.2 <0.04 <0.035 <0.3 <0.03 <0.03

V Nb Ti Sn B As N Al
X52 0.06 0.04 0.02 0.02 0.0005 0.014 <0.06 

17G1S <0.08 0.008

Figure 4.  Microstructures of steel types: a) 17G1S; b) X52.White zones = ferrite; grey zones = perlite.
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profiles for these two steel types after 800 rubbing 
cycles. For 17G1S, the deformed zone could hardly 
be distinguished from surface roughness, whereas 
for X52, a deep and regular mark, which conformed 
with the spherical indenter, was found. In both cases, 
deformation was plastic, which can be inferred from 
edging on the sides of the MAZ; however, for 17G1S, 
this was much less intensive than for X52.

It should be noted that the volume of MSGE 
active material, schematically shown by the hatched 
area in Figure 6b, is larger than the “apparent” 
volume represented by the grey shaded area. Since 
under similar experimental conditions and for simi-
lar materials the ratio of the “apparent” volume of 
the MAZ to the volume of MSGE active material is 
nearly constant, relative variations of hydrogen con-
centrations in these two very similar steels can be 
assessed by considering only the “apparent” volume 
of the MAZ [6]:

∫
∫

D

D

( )

( )
=C

C

p t dt

p t dt

V
V

H

H

t

t

t

t
a

a

,1

,2

1

2

,2

,1

f

f

01

1

02

2 ,� [6]

where subscripts 1 and 2 correspond to the first and 
the second steel, respectively.

The amount of hydrogen emitted from these steel 
types under rubbing as a function of the rubbing 
cycles are shown in Figure 7. It should be noted that 

each dot corresponds to a different test. Generally, 
the amount of hydrogen increased alongside the 
number of rubbing cycles. For X52, the rate of the 
increase was approximately three-fold higher than 
for 17G1S. This can be associated with the higher 
extent of plastic deformation in the case of X52. 
In some cases, the behaviour of hydrogen emission 
was not uniform, as can be seen for X52. This can 
be attributed to irregular wear behaviour, which 
depends on many factors including surface inho-
mogeneity and variation of the loading conditions. 
However, from a comparison of the data in Figs. 5 
and 7, a fairly good correlation between the amount 
of hydrogen and the deformed volume was found.

In fact, when Ntd is plotted as a function of Va, 
near linear behaviour but with different slopes can 
be observed (Figure 8). Deviation from the trend at 
higher Va can be related to an underestimation of 
the volume of MSGE active material at higher loads 
and longer rubbing duration. Although for steel 
17G1S the total amount of emitted hydrogen was 
smaller than for X52, the slope of the fitted linear 
graph was higher. This finding suggests that hydro-
gen concentration in the analysed surface layer of 
17G1S had to be almost one order of magnitude 
larger than in X52.

From our previous studies, we determined that 
the calibration coefficient for such steel types can be 
in the range 16±4; thus, the estimated true hydrogen 
concentration should be roughly 4.2×10−4 mol/cm3 
for 17G1S and 4.5×10−5 mol/cm3 for X52. These val-
ues are somewhat higher than those in the literature 
obtained via electrolytic measurements (43); this can 
be attributed to the higher extraction capacity of 
TriDes. In fact, mechanical activation has shown to 
be capable of promoting hydrogen desorption even 
from strongly bonded states (27), whereas hydrogen 
from deep traps could not be fully extracted using 
the electrolytic technique. It should also be stressed 
that our results corresponded to a thin surface layer 
of about one micrometre in depth, where hydrogen 
concentration is usually up to one order of mag-
nitude higher than in the bulk (17, 44, 45). For a 
more precise estimation of hydrogen concentration, 
the calibration coefficient should be more precisely 
determined for the experimental conditions in ques-
tion. A higher concentration of hydrogen in 17G1S 
can be associated with a more dispersive micro-
structure and larger interface areas between ferrite 
and cementite, which can offer a larger number of 
hydrogen traps. These findings are in line with previ-
ous studies (38).

Table 3. Mechanical and tribological characteristics of the samples

HV, GPa σ, MPa ψ, % δ KCV, J FI, N FII, N

X52 1.83 475 72.9 22.7 177 14.5 3.9

17G1S 1.85 595 79 22.9 206 9.8 0.9

Figure 5.  Apparent volume of deformed material as a 
function of the number of rubbing cycles. The experimental 

data with standard errors are shown by dots.
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Analysis of the retarded emission showed that the 
time constants of the decay for 17G1S and X52 were 
very similar: 377±32 s and 317±143 s, correspond-
ingly. This result may indicate that the basic physical 
and chemical mechanisms behind hydrogen emission 
from both steel types are the same, and are likely 
related to hydrogen diffusion in ferrite, followed by 
recombination desorption from the surface (26).

Possible reactions between hydrogen and car-
bon were analysed through the characterization of 
methane emission. The average ratio of  the total 
amounts of  emitted methane to hydrogen was in 
the range of  0.5% to 1.4% for X52, but only 0.06% 
to 0.57% for 17G1S. Such a notable difference can 
be interpreted in terms of  surface tribochemical 
reactions, the rate of  which depends on the contact 
area rather than the volume of  mechanically acti-
vated bulk material (see Figure 6). These findings 
also indicated that X52 can be more susceptible 
to hydrogen-assisted carbon migration, which has 

been suggested as one of  the main reasons for in-
service degradation. Although these steel types are 
not susceptible to hydrogen embrittlement, their 
fracture toughness is extremely sensitive to micro-
scopic structural faults. Generation of  these faults 
was associated with the enhancement of  carbon 
diffusion by hydrogen. Previous studies evidenced 
a pronounced correlation between the decrease in 
fracture toughness and an increase in hydrogen 
content (46). However, our study suggests that’s 
that although it is an important factor, taken alone, 
hydrogen concentration cannot be a criterion of 
steel degradation. Hydrogen concentration must be 
considered jointly with steel microstructure. In fact, 
previous research has shown that X52 steel suffered 
more intensively during service degradation than 
17G1S under similar service conditions (41). These 
results can be helpful in designing and developing 
more durable steel types and in optimizing techno-
logical processes.

Figure 8.  Amount of emitted hydrogen as a function of the 
apparent deformed volume. Lines are mean-square linear fits of 
the experimental data. The error bars show confidence intervals 

for sample means at significance level 0.05.

Figure 6.  Cross-section profiles of the MAZ after 800 rubbing cycles for a) 17G1S steel; b) X52 steel. Apparent deformed volume 
is shown in grey, while real deformed volume is schematically shown by the hatched area.

Figure 7.  Amount of hydrogen emitted from the steel 
types as a function of the number of rubbing cycles. The 

dots represent the experimental data. The error bars show 
confidence intervals for sample means at significance level 0.05.
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3.2. Comparative study of hydrogen absorption in 
ferrite-perlite and martensitic construction steel 
types under corrosion in sea water

The corrosion process is one of the main reasons 
for increasing hydrogen concentration in construc-
tion steel; however, little is known about the effect 
of microstructures on absorption capability and the 
distribution of hydrogen in bulk of steels. Therefore, 
this case study focuses on the characterization of 
relative hydrogen concentration in two types of 
construction steel subjected to free corrosion in syn-
thetic seawater. The steel types were B500SD, which 
is used in construction, as well as high-strength low 
alloy steel grade R4, used in offshore mooring (47). 
The microstructures of these steel types are shown in 
Figure 9. B500SD had a regular ferrite-perlite struc-
ture with equiaxial polygonal ferrite grains, while 
R4 had a typical, tempered martensite structure.

The samples were rectangular sheets, 13×80 mm2 

and 4 mm thick. Prior to conducting tests, the sam-
ples were ground and degreased in an ultrasonic 
bath using acetone and isopropanol. B500SD was 
immersed without protective coatings, whereas R4 
was protected from contact with water by a poly-
meric coating, with the exception of a 2 cm2 win-
dow area on one side of the sample. Experimental 
conditions during immersion in synthetic seawater, 
prepared in accordance with ASTM D1141, were 
the following: temperature in the range of 24 °C to 
26 °C and atmospheric pressure 907 hPa to 914 hPa. 
B500Sd was corroded under saturated oxygen con-
centration, whereas for R4, oxygen concentration 
was kept at 1±0.15 mg/l. Hydrogen was character-
ized in as received and corroded samples. For R4, 
hydrogen was characterized on both the corroded 
and non-corroded (back) surfaces. An alumina ball, 
3 mm in diameter, was used as indenter for the softer 
B500SD, whereas a tungsten carbide cone tip was 
used for the harder R4. Alumina has been shown to 
yield insignificant gas emission (37, 48). In addition 

to high wear resistance and high hardness, it has 
high thermal conductivity, thus reducing frictional 
heating.

Figure 10a and b (plot i) indicate the pres-
sure time series obtained for as received samples 
B500SD and R4, respectively. There are notable 
differences pertaining to hydrogen emission behav-
iours between the two steel types. For B500SD, 
emission began with a sharp peak and gradually 
decreased to a nearly steady state pressure. For as 
received R4, the rate of  hydrogen emission was 
much lower and almost uniform from the start of 
the test, with a slowly decreasing trend. The lower 
emission for R4 can be linked to vacuum degassing 
during smelting, whereas differences in behaviour 
should be associated primarily with microstruc-
ture. Subjecting B500SD to corrosion (Figure 10b) 
had only a scaling effect (at a nearly forty-fold 
increase), while the general shape of  the graph did 
not change significantly. However, for R4 subjected 
to corrosion, both emission intensity and behav-
iour changed. The emission initially slowly rose 
and reached the maximum after 300 to 500 rub-
bing cycles. Once the rubbing ended, a notable leap 
was observed, which was followed by a long-term 
retarded emission. The leap indicated the existence 
of  two emission modes, which have been discussed 
elsewhere (23). Increasing the test duration from 
1000 to 2500 cycles (plots ii and iii in Figure 10c, 
correspondingly) did not result in any dramatic 
changes in emission behaviour. Surprisingly, the 
test performed on the non-corroded back surface 
of  the R4sample revealed significant increase in H2 
(Figure 10d). The general shape of  the plot resem-
bled that for B500SD (Figure 10b), although at a 
much lower intensity and with a more significant 
leap at t1. After reaching the maximum at 100 to 
200 cycles, emission rate steeply decreased.

The intensive peak at the start of rubbing for 
both steel types can be associated with high hydro-
gen concentration in the topmost surface layers. 

Figure 9.  Microstructures of two steels: a) ferrite perlite of B500SD (white = ferrite, grey = perlite); b) tempered martensite of R4.
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Previous research has shown that H concentration 
in a subsurface layer at a depth between 100 nm and 
5 μm can be one to two orders of magnitude higher 
than the concentration of hydrogen in the bulk (17, 
44, 45). It is suggested that higher hydrogen concen-
tration is associated with defects generated during 
mechanical processing of the samples. The reason 
for the lack of such a peak on the corroded surface 
of R4 is not yet clear. On the one hand, it may be 
related to microstructural changes induced by cor-
rosion, which led to the disappearance of hydrogen 
traps due to oxidation of the defect-rich layer. On the 
other hand, the presence of oxide particles can alter 
wear conditions, promoting more intensive abrasion 
(23). Further structural investigations are needed 
to clarify this phenomenon. A hydrogen increase 
on the side of the sample that was not exposed to 
seawater indicates that hydrogen absorption was 
significant even under free corrosion, i.e., without 
cathodic protection, as well as under reduced oxy-
gen concentration.

It can be concluded that steel with large ferrite 
grains (B500SD) tend to absorb much larger amounts 
of hydrogen than martensitic steel. However, the 
presence of a dispersed carbide phase in martensite 
was not generally an obstacle for hydrogen diffusion 
in the steel samples.

Our findings question the appropriateness of  the 
costly vacuum degassing of  high-strength steel dur-
ing fabrication if  at a later stage, this steel will be 
used in marine and other aggressive environments 
without protective coatings. In practice, the smelt-
ing of  steel intended for use in bridges, mooring 
systems and in other crucial applications is gener-
ally subjected to various steps of  vacuum degas-
sing, until hydrogen concentration drops below 
a certain established value, normally 1.2  ppm. 
However, as demonstrated in this study, when 
steel components are exposed to corrosive envi-
ronments, hydrogen concentration spontaneously 
increases several- fold, even in the absence of  fac-
tors accelerating hydrogen absorption such as stress 
and cathodic protection, among others. Generally, 
the steel types did not suffer from hydrogen deg-
radation under such conditions. This work invites 
further investigation into the influence of  residual 
hydrogen on the performance, durability and reli-
ability of  construction materials, and where TriDes 
can serve as a powerful tool for the characteriza-
tion of  local hydrogen concentration. Furthermore, 
it is suggested that discussion be initiated concern-
ing possible reconsideration of  acceptable levels of 
residual hydrogen concentration in high-strength 
construction steel types.

Figure 10.  Pressure (H2) time series obtained during TriDes tests for steel samples: a) B500SD as received; b) B500SD after 
corrosion in seawater (note the different scale of the y axis; c) R4 as received (i) and after corrosion in seawater (exposed surface): ii = 
1000 cycles, iii = 2500 cycles; d) R4 back surface not subjected to corrosion after corrosion test – 1000 cycles. Plots i and ii on panel 

(c) correspond to the tests with 1000 and 2500 rubbing cycles, respectively.
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4. CONCLUSIONS

The results of this study demonstrate the 
advanced features of the novel TriDes method and 
its applicability in the design, development and mac-
roscopically non-destructive evaluation of construc-
tion steels. These features include: local analysis 
using only a thousandth part of a cubic millimetre 
of material; space- and depth-resolved analysis; 
simultaneous characterization of hydrogen emis-
sion and mechanical properties; analysis of other 
gases in order to comprehend synergism between 
hydrogen and carbon in steel types. The possibility 
to characterize different zones of the same sample in 
order to study hydrogen distribution and diffusion 
in steel subjected to corrosion was demonstrated. 
TriDes has been used in the design and development 
of more durable pipe steel that is less susceptible to 
microstructural degradation. These studies will be 
continued in the future and involve steel charac-
terization using TriDes as a means for establishing 
the duration of service life. Analysis of hydrogen 
absorption during the corrosion of high-strength 
low-alloy (HSLA) steel demonstrated a considerable 
increase in hydrogen concentration even without 
cathodic protection. Hydrogen had high mobility 
in HSLA steel, despite the presence of barriers of 
dispersed carbides. These results suggest establish-
ing a dialogue towards the possible reconsideration 
of the appropriateness of the established limits for 
hydrogen concentrations in steel used for offshore 
applications.
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