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An accelerated wear test with scanning dynamic
load was developed to monitor the evolution of wear
characteristics and frictional behaviour as function of
operational lifetime and hydrogen charging. Hydrogen
concentration in the steel specimens was determined
using an original technique TriDes developed in
ICMM-CSIC (Madrid, Spain) and based on
mechanically stimulated gas emission in ultrahigh
vacuum. Hydrogen charging before mechanical and
tribological tests enhanced the difference in
mechanical and tribological characteristics between
new samples and the samples after long operation life.
Therefore, hydrogen charging together with dynamic
indentation and tribological testing can be used in the
future for non-destructive control of submicrometer
defects and deterioration of mechanical properties of
construction steels used for gas pipes.

Keywords: gas main pipe steel, mechanical
properties, hydrogen embrittlement

Introduction. Indentation and friction tests can be
used for virtually non-destructive evaluation of
operational microstructural damage of steel of gas-
main pipes. Degradation of characteristics of structural
materials usually occurs during their long-term
operation. Therefore, the assessment of the operational
conditions of constructions should not be focused only
on the presence of macroscopic defects related to
corrosion or mechanical damage, but also include the
analysis of the degree of degradation of the material
characteristics. So far the main activity in this area has
been centred on the heat-resistant steels and alloys
which operate at elevated temperatures. These steels
undergo important microscopic structural
transformations due to the effects of high temperature
and hydrogen uptake, which processes are of special
concern in power generation and petrochemistry [1].

Degradation of low-carbon steel in outdoor
applications consists mainly in increase in hardness,
elastic limit and ultimate stress, and significant
decrease in fracture toughness and crack growth
resistance [2]. Until recently it was generally believed
that this degradation is related to deformational ageing,
whereas the effect of structural transformations is
negligible [3]. This belief is based on the analysis of
gas-main pipes after operation during one to two
decades. Presently, there are some evidences that
different degradation processes may occur during even

longer operation life, between 30 and 50 years.
Generation of dispersed microscopic faults in the
material bulk is considered as the main reason for
these degradation processes which lead to decrease in
hardness, elastic limit and ultimate stress and even
more significant decrease in fracture toughness and
crack growth resistance [4]. In fact, the majority of
accidents having significant economic, environmental
and human impacts are considered being the
consequence of these second degradation processes.

There are two principal mechanisms lying behind
dispersed microscopic structural degradation of steels.
The first one is related to the absorption of hydrogen
as a result of cathodic electrochemical corrosion
reactions of steels in aqueous solutions. The hydrogen
content in pipes being in operation is typically 2 to 4
times higher than in the pipes stored during the same
period time [4]. The second one is due to structural
transformations induced by carbon migration from the
grains to the intergranular boundaries, where carbide
layers of nanometre thickness are formed. These
carbide layers cause local embrittlement of the
material and reduce the cohesion between the grains
[5]. There are some experimental evidences indicating
that hydrogen enhances carbon diffusion and promotes
generation of microscopic faults under applied stress



by the mechanism of hydrogen embrittlement [4]. For
instance, there is a pronounced correlation between the
decrease in fracture toughness of pipe steel, which is
insensitive to hydrogen embrittlement, but sensitive to
the microscopic structural faults and the increase in
hydrogen content in this steel as results of operation
[6]. It can be figure out from these results that
hydrogen induces generation of dispersed microscopic
structural faults in the steel.

Objectives. The existent methods of non-
destructive evaluation are efficient for detection of
macroscopic defects in gas-main pipes. However, they
are not sensitive to dispersed microstructural faults.
Other physical methods whereby the dispersed
microscopic faults in the pipe steel can be evaluated,
e.g., internal friction, suffer from technical and
technological difficulties of in-situ analysis of the
pipes. Therefore, indentation and rubbing, which can
be used both for evaluation of plastic properties and
fracture toughness of steels, are good candidates for
prospective  virtually non-destructive  evaluation
technique of operational degradation of gas-main
pipes.

Experimental results and discussion. Two pipe
steels of the same strength class have been used in this

work: API X52 carbon steel and 17GIS (GOST
10705-80) analogous to DIN 1.0570. Samples were cut
from the pipes which were stored or operated during
approx. 30 years on two different gas-main pipes.

Long-term operation has only limited negative
effect on standard mechanical characteristics of both
steels (Tablel, Fig. 1), but significant influence on the
impact toughness KCV and fracture toughness J;. It
can be figured out from these results that operation
causes local embrittlement of steel rather than general
degradation of its plastic properties. It should be noted
that steel 17G1S has higher strength and plasticity than
X52 as can be inferred from the parameters KCV and
Ji.

The results of wear tests for both steels showed
that degradation due to operation had no significant
effect on the depth parameter I, and friction force F
under static loading conditions (Tablel, Fig.2).

However, the plasticity significantly decreased
under these conditions. In contrast, under dynamic
loading I, increased, that was especially notable for
X52 for which I increased on 42%.

Table 1
Mechanical and tribological characteristics of steels X52 and 17G1S

HV o % 0 KCV | J; 1 1, F, Fy I*. I*; K*, K*,
X2sored | 1,83 475 72,9 22,7 177 86 12,8 25,6 14,5 3,9 |91 31,5 0,173 0,380
X52

1,6 460 62,5 20,9 55 37 12,9 36,7 153 4 13,1 39,6 0,076 0,274
operated
176118 1,85 595 79 229 206 122 9,8 23,5 9,8 0,9 11,7 323 0,200 0,330
17GIS 1,69 547 71 20,8 138 89 11,7 32,9 9,7 1 14,1 36,6 0,100 0,330
qﬂam 9 9 9 9 b 9 9 9 bl

*-parameters of steels determined after electrolytic hydrogen doping
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Fig. 1. Ratios of various characteristics for steels obtained from the pipes being in operation and those stored without operation.
Steel X52 (a) and 17G1S (b)
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Fig. 2. Ratios of the parameters I and K for steels obtained from the pipes being in operation and those stored without
operation. Steel X52 (a) and 17G1S (b).

Coefficient of plasticity also decreased in the
experiments with dynamic loading for steel being
under operation. The following parameters were used
for characterization steel degradation: plasticity
coefficient, K; total depth of the wear track, /, being
the sum of the plastic deformation under applied
normal load and traction, /,, and damage of the
material due to fracture of local volumes, I, While
operation had only minor effect on the wear of steels
under static loading conditions, the components /,, and
14 drastically increased under dynamic loading (Fig.
3).

Mass wear under dynamic loading was especially
sensitive to the structural damage due to steel
operation and increased on 60% and 150% for 17GIS
and X52, correspondingly, as compared with the
samples of stored steel pipes, which were not in
operation. These results can, probably, be ascribed to
decrease in fracture toughness due to specific stress
distribution in the subsurface layer of steel which was
in operation. Same mechanisms lie behind fatigue
damage of steel. Another important problem is related
to significant increase in the activation volume of
deformation under dynamic loading that can result in
the increase in probability of involvement in the
process of plastic deformation of locally embrittled
microscopic volumes.

Enhancement of damage of steel on microscopic
scale as result of long-term operation is evident from
the results of acoustic emission (AE) measurements
during indentation of X52 (Fig. 4). Steel samples
which were in operation are characterized by smaller
number of AE sources, but up to four-fold higher
amplitude of AE signals. This can be explained by the
presence of locally embrittled microscopic volumes

which hinder plastic deformation as can be figured out
from lower values of y and 6. Higher rate of AE can
be ascribed to different high-energy events related to
fracture of embrittled zones which had not been
observed for steel which was not in operation. The
results of reciprocating wear test in high vacuum
performed by alumina pin (Fig. 5) corroborate the
above conclusions. For steel 17G1S the wear rate
rapidly decreased at the beginning of sliding tests and
almost stabilized after 100 cycles.

The effect of operation consisted in the increase
of the wear on the initial stage, whereas the overall
tendency was the same as for the stored steel. This
behaviour can be ascribed to fracture component of
wear, which increase after operation. In contrast, the
wear rate of X52 did not stabilized and continued
increasing with the number of cycles although with
ever slower rate. This had to be due to the larger
plastic component of X52.

By comparing the graphs in Figs.1 and 3 one can
note that the wear parameter under dynamic loading 7,
is more sensitive to operational degradation of steel
than KCV or J;.. The results also indicate that steel X52
underwent severer degradation due to operation than
steel 17G1S. These findings abundantly evidenced the
perspectives of wear measurements under dynamic
loading for non-destructive evaluation of degradation
of pipe steel.

Previous studies revealed that irreversible
deterioration of low-carbon steels occurs when steel is
exposed to cathodic electrolytic hydrogen doping with
the current density higher i = 5 MA/cm®. Therefore, in
the present work the effect of hydrogen on steel
degradation was studied in the range of current
densities from 0,1 to 2.



Fig. 3 Ratios of the parameters /, and /,for steels obtained from the pipes being in operation and those stored without operation.
Steel X52 (a) and 17G1S (b)
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Fig. 4. Results of acoustic emission measurements during indentation of X52
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Fig. 6. Effect of hydrogen doping on various parameters of steels: X52 (a) and 17GI1S (b)

By doing so the reversible hydrogen
embrittlement of steel related to diffusive or
dislocation transport mechanisms could be studied. For
the lowest studied current density (0,1mMA/cm?) the
effect of hydrogen doping on the total depth of the
wear track is very weak if any both under static and
dynamic loading (Table 1, I* K%*). However, the
plasticity of steel was significantly reduced due to
hydrogen embrittlement even at such a low hydrogen
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concentration. This effect was especially notable under
static loading. There are two possible mechanisms
whereby hydrogen affects the wear rate of steels. The
first one has to be related to the increase of the elastic
limit due to dislocation blocking that leads to the
increase of the wear resistance. Another one is due to
hydrogen embrittlement that results in enhanced
fracture of the topmost layer of the material especially
under dynamic loading. The first and the second
mechanisms are proper for X52 and 17Gl1S,
correspondingly, as shown in Fig. 6.
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Fig. 7. Effect of current density during electrolytic hydrogen doping on the depth of the wear track for steels X52 (a) and 17G1S

(b) under static (1,3) and dynamic (2,4) loading



Hydrogen doping caused small or negligible
decrease in the plastic component of the depth of the
wear tracks under both static and dynamic loading.
However, the fracture component significantly
increased. For X52 under static loading this increase
was 20% and 50% for stored steel and steel being in
operation, correspondingly. Under dynamic loading
the effect of hydrogen doping was even more
significant, especially for steel being in operation.
Similar results were obtained also for 17GI1S steel,
although larger difference was observed under static
loading. These findings indicate that steel 17G1S is
more susceptible to hydrogen embrittlement. It
should be mentioned though the fracture component
of wear drastically increased, the total depth of the
wear track increased 21% and 37% for X52 and
17G1S, correspondingly.

Hydrogen doping of pipe steel before friction
test can significantly increase the sensitivity of the
method for evaluation the degree of deterioration of
steel due to operation. Dynamic loading is more
sensitive for this purpose. However, the relationship
between the parameters found from tribological tests
and the hydrogen doping are nonlinear and very
complex due to different mechanisms involved. The
effect of hydrogen on the results of tribotesting must
depend on chemical composition, structure and
susceptibility for hydrogen embrittlement of steels.
This is illustrated in Fig.7, which shows the effect of
the current density on the depth of the wear track
under dynamic and static loading. Variation of / with
i follows the same tendency for both studied steels: at
low current density it increases with the increase in 7,
whereas after certain value of i it decreases.
Therefore, at low hydrogen concentrations hydrogen
doping enhances wear process, whereas at higher H
concentrations wear is hindered.

Conclusions. Degradation of steel during long-
term operation in outdoor applications such as gas-
main pipes relates with embrittlement of local
microscopic volumes of the material rather than with
general decrease of plasticity. Steel X52 experienced
larger degradation than steel 17G1S.

Though plasticity coefficient decreased for both
steels as result of operation, wear rate increased only
under dynamic loading. Both  components
characterising wear rate: depth of plastic
deformation, /,, and wear due to mass loss related
with fracture of local zones, I; increase under
dynamic loading for steel being in operation. This
effect was especially significant for /; : 60% for
17G1S and 150% for X52. Structural degradation of

steel on microscopic scale has been confirmed by
measuring acoustic emission during indentation.

The parameter of wear under dynamic loading,
14, is more sensitive for the degree of steel structural
degradation than general toughness parameters KCV
and J.

The effect of hydrogen doping on the total depth
of the wear track was negligible under both static and
dynamic loading, although plasticity coefficient
significantly decreased that indicated hydrogen
embrittlement.

Hydrogen doping can have dual effect on the
plastic component on the depth of the wear track:
increasing or decreasing one. However, the fracture
component of the wear track significantly increased
after hydrogen doping, which effect was more
notable for steel being in operation. Authors kindly
thank Shurygina Z., Mordel L., Tkachenko I. and
Kozyrev D., (Frantsevich Institute for Problems of
Materials Science of NASU) for assistance in
indentation and tribology tests. This work has been
partly supported by the grant of the Ministry of
Economy and Competitiveness of Spain (IPT-2012-
1167-120000) and FEDER.
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I'pinkeBuy K.E., Hupyapuuxk O.T., Poman E.,
Hesmryma PA. MexaHiuHi Ta TPHOOJIOTIUHI
XapaKTePUCTUKU Ta30BUAUICHHS TPYOONpPOBIIHUX CTajei
SIK (DYHKILS €IEKTPOJIITUIHOTO JIEIyBaHHS BOJHEM

Tlpuckopene eunpobysanms 3HOCYy 3i CKAHYBAHHAM
OUHAMIYHO2O HABAHMAdICEHHSA OYy10  po3pobneno, uod
cmedicumu 3a po3eUMKOM XapakmepucmuK 3Hocy i mepmsl 6
nepioo excnayamayii i 3apsaoku 600nem. Kowyemmpayito
B00HIO 6 CMANeSUX 3pasKkax BUIHAYANU 3d OONOMO20I0
opueinanvroi memoouku TriDes, pospobnenoi ¢ ICMM-
CSIC (Maopuo, Icnamis) 3acuosanoi Ha MmexaHiuHomy
CMUMYTIOBAHHI 2a3i6 Y HAO8UCOKOMY 6aryymi. Boouesa
3apsadKka 00 MeXauiyHux 1 mpubonoeiunux eunpodyéams
NIOBUWYE MeXaHiuHi ma MpubonoSiuHI XAPaAKMepUCmuKy
HOBUX 3DPA3KI6 NOPIEHAHO 13 3pa3Kamu NICNA MPUeanIo20
mepminy excniyamayii. Takum uunom, 600He6a 3apsoKa
Pazom 3 OUHAMIYHUM HABAHMANCEHHIM 1 MPUOOLOSTUHUM
mecmysaHHaM Mmodice 6ymu GUKOPUCIANA 8 MAalOymHubomy
0151 HepyUHIBHO20 KOHMPOMO CYOMIKpOHHUX Oeghekmig i
niOBUWEH S, MEeXAHIYHUX G1ACUBOCIEN KOHCMPYKYIIHUX
cmaneti, Wo BUKOPUCTNOBYIOMbCSL O0JIsl 2A308UX MpYo.

Kniouoei crosa: easose eudinenHs mpyo6onpoeooHoi

cmani, Mexauiuni e1acmugocmi, 600He8a KPUXKiCmb

I'punkeBuuy K.J., Huproabnuk A.T., Poman E.,
HeBmryma P.A. Mexananyeckue W TPHOOIOTHYECKHE
XapaKTEePHCTUKH Ta30BbIACICHNUS TPYOOIIPOBOJHBIX CTaJICH
Kak  (QyHKIOUS ~ JJNEKTPONIUTHYECKOTO  JISTUPOBAHUS
BOJIOPOJIOM

Vekopennoe ucneimanue usnoca co ckamuposanuem
OUHAMUYECKOU Hazpysku Obllo  pazpabomaro, umoovl
cneoums 3a pasgumuem XapaKmepucmuK UsHoCd U mpeHus
6 nepuod IKcnayamayuu U - 3apAoKu  8000POOOM.
Konyenmpayuio  600opooa 6 cmanvneix — obpazyax

onpeoenany ¢ nOMowbio opueunanvHou memoouxu TriDes,
paspabomannoti 6 ICMM-CSIC (Maopuo, Hcnanus),
OCHOBAHHOU HA MEXAHUYECKOM CMUMYIUPOBAHUU 2A308 6
ceepxevicokom — eaxkyyme. Booopoomaa  sapsaoka oo
MeXaHUYeCKUX U mpudOIoUecKUX UCHbIMAHUIL NOGbLUAem
MexaHuueckue U  mpubonocUYecKue  XapaKmepucmuKu
HOBbIX 00pA3Y08 NO CPABHEHUI C 00pasyamu nocie
OnumenvHo2o cpoka odkcnayamayuu. Taxum obpasom,
6000POOHAS 3aPAOKA BMECME C OUHAMUYECKOU HAZPY3KOU U
MmpuboIO2UYECKUM — MEeCMUPOSAHueM  Modicem  Obimb
UCNONB308aAHA 8 OYOyujeM OISl HepA3PYUaIowe20 KOHMpos
CYOMUKPOHHBIX 0eeKmos U NOBbIUEHUA MEXAHUYECKUX
C60liCME KOHCMPYKYUOHHBIX CMAel, UCNOAb3YeMbIX O/is
2a308vix mpyo.

Knrouesvie crnosa: 2a3080e6bl0€NIEeHUE
mpyOOnpo8oOHOU  cmany, — Mexamuueckue — C60lcmaa,
6000POOHASL XPYNKOCH1b
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