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Abstract. A correction to the existing hydrogen-induced fracture toughness degradation model was
introduced. We formulated a new degradation model that simplifies predictions without compromising accuracy,
effectively reducing the mean absolute error from 93 N/mm to 1.4 N/mm on experimental data — a reduction of
more than 60 times. The fundamental difference between degraded steel and its as-delivered (reserve) state was
demonstrated, and two separate models were proposed for each case. It was shown that the difference between
using a constant stress value and the solution to the Lamé equation is only 2%, which justified simplifying the
chosen diffusion equation to a classical form. An example application of the new model, together with the solution
to the diffusion equation, was presented. The developed models were applied to the parameters of real pipes and
validated against experimental data.
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1. INTRODUCTION

Green energy is mainstream in the current research activities. One of the promising
green energy carriers is hydrogen. However, the widespread adoption of hydrogen is challenged
by its interaction with materials, particularly its impact on the mechanical properties of
structural steels [1]. As a result, steel structural components affected by hydrogen no longer
meet the required operational standards. One critical issue associated with hydrogen exposure
1s hydrogen embrittlement, which can significantly degrade material performance and
compromise the safety and reliability of infrastructure.

Hydrogen can be transported through existing natural gas pipelines, though this requires
managing technical challenges like hydrogen embrittlement of steel and operational deterioration
of mechanical properties [2—4]. Fracture toughness is widely recognized as a key mechanical
property for evaluating the susceptibility of steels to hydrogen embrittlement [4—6]. Accurately
assessing the loss of fracture toughness under operational conditions involving mechanical
loading and hydrogen exposure is crucial for ensuring the serviceability and safety. The
experimental studies of fracture toughness under hydrogen exposure are often complicated and
time-consuming. Therefore, it is more efficient to predict the fracture toughness during
operation of pipe steels under hydrogen service by methods of machine learning, in particular,
neural networks, which show the good results [7, 8]. To do this, it is necessary to know the
hydrogen concentration throughout the thickness of the pipe, as hydrogen diffusion plays a
decisive role in embrittlement phenomena. This requires solving the diffusion equation while
considering factors such as temperature, mechanical loading, and others.

Machine learning methods are widely used to predict the mechanical properties of
materials [7-11], considering hydrogen embrittlement phenomenon, as well [7-9]. Over the
last decade, phase-field fracture modeling has revolutionized fracture mechanics by providing
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a unified variational framework [7, 9]. This approach effectively captures key fracture
phenomena such as crack nucleation, propagation, merging, and branching. Due to these
advantages, phase-field models have been widely applied and extended to a broad spectrum of
fracture problems.

In recent years, significant efforts were devoted to using advances in machine learning
to precisely model physical phenomena [8, 12, 13]. Among these efforts, physics-informed
neural networks (PINNs) or deep learning techniques have been widely adopted to solve partial
differential equations and other problems effectively [8]. These approaches integrate physical
laws directly into the neural network training process, enabling data-driven solutions that
respect underlying physics, thereby enhancing accuracy and reliability in modeling complex
systems.

While the integration of physical models into PINNSs represents a promising direction
for future research, the current study is primarily dedicated to developing and improving models
for fracture toughness degradation in pipeline steels under hydrogen exposure and operational
conditions. These advancements will lay the groundwork for future incorporation into PINNSs,
ultimately aiming to create robust predictive frameworks for assessing and mitigating
hydrogen-induced degradation in structural materials.

2. MATERIALS AND METHODS

The research object was the 17H1S pipe steel in different states, as-delivered and after
38 years of operation on gas transit pipeline. The outer diameter is 1220 mm and wall thickness
12 mm. Mechanical characteristics of steels were as follows: 17H1S in the as-delivered state —
ultimate strength curs = 568 MPa, impact toughness KCV = 129 J/cm?, in the post-operated
state — oyuts = 570 MPa, KCV =103 J/cm?.

Information on pipeline steel properties used for parameter fitting and validation
provided below in Table 1.

The parameters Jo corresponding to the start of the crack and fracture toughness, the
critical value of the stress intensity factor K., were determined [4] by standardized testing
method using the J-integral method, following the requirements of the ASTM E 1820 standard.
Single edge notched bend specimens with dimensions of 4x15x100 mm were used. Before
bending loading, they were electrolytically hydrogen-charged in a solution of H>SO4 (pH1) +
10 g/1 of thiourea at a cathode current density of i = 0.05 and 1.0 mA/cm? for 120 hours.

Hydrogen concentration was determined by heat extraction technique using Eltra H-500
Analyser under the temperature of 950°C.

Table 1

Data gathered for parameter fitting and validation purposes to develop
a fracture toughness degradation model

o Hydrogen Fracture toughness
Test condition concen tl?,a tiof Co, ppm Jo, N/'mm Kye, MPa- Vm
Steel of reserve pipe
No pre-treatment 0.18 90.2 143.4
Hydrogen pre-charged 1.29 85.4 139.5
Hydrogen pre-charged 3.82 62.0 118.9
Pipe steel after 38 years of operation
No pre-treatment 0.29 75.0 130.7
Hydrogen pre-charged 1.65 46.5 102.9
Hydrogen pre-charged 5.14 37.9 92.9
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3. RESULTS AND DISCUSSION
3.1 Derivation of diffusion equation

The corrected and newly derived model requires hydrogen concentration as an input
parameter. These values can be obtained by solving the diffusion equation. At this stage, it is
important to consider the underlying physical processes in order to select the most appropriate
set of governing equations. In our case, the gas pipeline operates under controlled conditions,
meaning that its temperature is carefully regulated by pipeline operators and the system is under
pressure. Since there is no temperature gradient, temperature does not affect the diffusion
process, and the diffusion coefficient remains constant throughout the depth of the pipe wall.
To investigate the influence of stress, we must perform a series of mathematical manipulations.

The parameters of the pipe were selected based on real pipes used for natural gas
transportation [4] and are as follows: internal radius r; = 598 mm, external radius r, = 610 mm,
initial hydrogen concentration C, = 0 ppm, hydrogen concentration near inner pipe surface
C; = 4 ppm, hydrogen concentration near outer pipe surface C, = 0 ppm, hydrogen diffusion
coefficient D = 3.2-10~ mm?/s. The pipe cross-section scheme is presented in Fig. 1.

C2
r2

Figure 1. Pipe cross-section

According to Fick’s first law, the concentration flux with chemical potential is given by:

DC
] =—-DVC RTVV' (1)
where J — particle flux density;
D — diffusion coefficient;
V — gradient operator;
C — hydrogen concentration;
VC — gradient of hydrogen concentration;
R — universal gas constant;
T — temperature;
Vv — gradient of chemical potential/
The chemical potential in presence of stress is expressed as [14]:

v =v,+ Vo, (2)

where v, — chemical potential without stress;
V — partial molar volume;
o — mechanical stress.
Considering the gradient properties and fact that vy = const, the equation becomes:

DC
J ==DVC ~—-VVo 3)
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This means that in order to apply Fick’s second law and solve it, we need to formally
express Vo (mechanical stress).

To determine the stress in a pipe under internal pressure, we refer to static mechanics.
By analyzing the forces on a hollow cylinder (the pipe model), we use hoop stress, which is

twice as large as the radial stress [15]:

7 )

where p — internal pressure;
r — pipe radius;

t — wall thickness.
This solution is valid for thin-walled pipes, where the ratio of wall thickness to radius

is small (t/r << 1). For the comparison, we also consider the Lamé equation, which is applicable
to thick-walled cylinders. The hoop stress is calculated as:

UQ(T)=A+%, (5)

where

r2 —p,r?
A= p1 12 Pi 2 ’ 6)
n—n

— p,)Trir?
B = (p1 2P2)22 1 ’ %
n =N

p, — internal pressure;
p, — external pressure;
r, —inner radius;

1, — outer radius;

r — radius for calculating stress.
Comparison between them is shown in the graph in Fig. 2.

Hoop and Radial Stress in Thick-Walled Cylinder

Stress (MPa)

—— Hoop Stress (MPa)
--- 348 MPa

T T
598 600 602 604 606 608
Radius {mm)

610

Figure 2. Comparison between constant hoop stress calculation and solution by Lamé equation
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The biggest difference between them is 8 MPa at 610 mm of the pipe, which in turn
means 2% of deviation. Such small difference isn’t influencing diffusion much and can be
neglected, ultimately yielding o = const. Considering gradient properties that gradient of
constant is 0 (zero) equation (3) becomes:

] = —DVC (8)
One can apply mass conservation law and derived Fick’s first law of diffusion

ac
= pv2 9
R Dv<C )
According to Raichenko [14], equation (9) after switching to cylindrical coordinate
system becomes:

(10)

0C,. b 02%C(r,t) N 10C(r,t)
ot or? r or ’

] : o : :
where Frie partial derivative with respect to time;

] . o . .
Pt partial derivative with respect to radius;
a2 . o .

pwr i second partial derivative with respect;
D — diffusion coefficient;

C, ¢+ — hydrogen concentration as function of  and ¢ variables.

Analytical solution for equation (10) with initial and boundary conditions C(r,0) =
0C(ry,t) = C, C(ry, t) = 0is [16]:

C@rt) = (11)

In (72) g Z c1Jo(Bn1)Jo(Br12)Ug(Bn7) o —BADt
In (2) JE B = J3 Bar) '
where Uy (1) = Jo(r) -7 - Yo (12) — Jo(r2) - Yo (r) - 7
Jo Yo — Bessel’s functions of first and second orders accordingly;
Bn — roots of equation Uy(r =1,) = 0.

Graph of hydrogen concentration distribution over time at a 2 mm from the inner surface
of the pipe is presented in Fig. 3 (cross-section of the pipe at a specific radius).

R = 600 mm

Concentration, ppm
= = N M g
o w o w o

o
(L]
f
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Time, s

Figure 3. Graph of hydrogen concentration distribution over time at
a 2 mm cross-section from the inner surface of the pipe
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3.2. Correction of existing fracture toughness model
We consider the existing fracture toughness degradation model [6]:

CJC-1EC. Gule) >£G,
Gele) = {scc G.(c) < £G., (12)

where G, — fracture toughness (critical energy release rate);
¢ — parameter controlling the reduction of G..

In this analysis, we assumed that mechanical parameter cannot decrease more by than half;
therefore ¢ = 0.5 was selected for both analysed steels. The parameters C, and G were determined
from experimental data (Table 1). Specifically, the pairs Co = 0.18 ppm, G, = 75 N/mm and
Co=0.29 ppm, G, = 90 N/mm correspond to the as-delivered (reserved) and post-operated steels,
respectively. Given these values, function (12) can be expressed as follows:

(¢ 13 Gele) > 375
Gelo) = {37-5  Gue) < 375 (13)

To estimate {, we employ the method of least squares, comparing the model to
experimental data and calculating the prediction error. According to the formulas [2] for
calculating the coefficients of a linear function, the model is given by

Yo = Bo + B1x + €, (14)
where the coefficients are determined as follows:

S

pr=5" (15)
with
Sxx = (xi - E)Z (16)
2
Sey =) niw =D (17)
i=1
and
Bo =y — Bix. (18)

Here (x;, y;) pairs of observed data and € — represents the error term.
Having determined the coefficients, the resulting function (13) is:

~ {0.00007¢  G.(c) > 37.5
Gele) = {37.5 G.(c) <375 (19)

Graph of this function with experimental points is shown in Fig. 4.
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Fracture Toughness vs Hydrogen Concentration for original steel
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Figure 4. Existing model prediction compared to experimental data

The existing model demonstrates poor performance, as it predicts negative values for
fracture toughness, which is not physically meaningful. The mean absolute error for this model
is 93 N/mm. The discrepancy suggests a possible typographical error in the formulation. To
address this issue, we introduce an additional material parameter 1 to account for model bias.

Gule) = {ég— D26, +1) Gelc) > £G.

G.(c) < £G. (20)

By fitting the parameters of model (20) using the same method of least squares we obtain

the following function:

Gele) = {37.5

283 1377 Q.(c) > 375

G.(c) < 375 21

A graph of the function is presented in Fig. 5.

Fracture Toughness Gc vs Hydrogen Concentration for degraded steel
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Figure 5. Fracture toughness prediction using the corrected model for the degraded steel depending
on hydrogen concentration
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The mean absolute error for the corrected model is 1.46 N/mm indicating a significant
improvement accuracy.

3.3. Development of simpler model based on relationships between relative values
of hydrogen concentration and fracture toughness

For as-delivered steel, we propose an alternative model. This model exploits the relationship
between the relative concentration, scaled by its maximum value, and the relative fracture toughness,
also scaled by its maximum value. Based on these relationships, the function is defined as:

c

G(¢) = Gmax [ k + b]. (22)

max

where Gy, 4, — 1S the maximum value of fracture toughness;

Cinax — 1s the maximum hydrogen concentration, both determined experimentally. The
coefficients k and b were fitted using the least square method. Substituting the fitted values,
the function becomes:

G(C) = Gy [CL(—s) +83]. (23)

max

A graph of the model is shown in Fig. 6.

The mean absolute error for this function is 1.6 N/mm. Our model shows good
agreement with experimental results — for example, [4—6, 17] as well as with other models
reported in literature [17]. We differentiate between two types of steel in our analysis: as-
delivered (reserve pipe) and degraded (operated pipe). Based on graphs and models, we can
conclude that the degradation of fracture toughness differs significantly between these two
types. The fracture toughness degradation of the as-delivered steel is well approximated by
linear model, whereas that for the degraded steel is better described by a reciprocal function.
This difference arises from the physical characteristics of the steels, specifically the presence
of vacancies and sites for hydrogen accumulation and trapping. In operated steels, increased
damage allows hydrogen to be permeated and trapped more readily, which accelerates hydrogen
embrittlement and consequently lead to a more pronounced degradation of fracture toughness.

Linear Regression Fit to Data

® Experimental Data
90 @ Linear Regression Fit

85 e

80+
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70 4

Fracture Toughness (N/mm)

65 4

T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Hydrogen Concentration (ppm)

Figure 6. Fracture toughness prediction using the developed model of relative feature
for as-delivered steel (reserved pipe) depending on hydrogen concentration
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3.4. Modeling using solution of established hydrogen diffusion equation, corrected
and our fracture toughness models

The developed models were applied to real pipeline parameters to assess the impact of
hydrogen exposure on fracture toughness. By solving the diffusion equation under operational
conditions, it was determined that the maximum hydrogen concentration within the pipe wall
reaches 4 ppm at a depth of 2 mm from the inner radius after approximately 7 hours of exposure.
Utilizing this concentration as input for the corrected fracture toughness degradation model, the
predicted reduction in fracture toughness was found to be 10% compared to the initial value.

This result demonstrates the effectiveness of the new model in accurately capturing the
degradation process. The model’s predictions align closely with experimental data, confirming
its reliability for practical applications. The approach also highlights the importance of
considering both the physical diffusion process and material-specific parameters when
evaluating hydrogen-induced embrittlement in pipeline steels.

Overall, the integration of the analytical solution to the diffusion equation with the improved
fracture toughness model provides a robust framework for predicting material performance under
hydrogen service. These findings support the use of simplified yet accurate models for operational
safety assessments and maintenance planning in hydrogen transport infrastructure.

4. CONCLUSIONS

An analysis of the existing hydrogen-induced fracture toughness degradation model was
carried out and its inconsistency with experimental data was established.

New models for fracture toughness degradation in pipeline steels under hydrogen
exposure and operational conditions were developed that describes the experimental data more
accurately and simply. A Physics-Informed Neural Networks were used for predicting
hydrogen diffusion in the wall of a gas pipeline. Physical factors that may influence diffusion
were considered, and the use of a simpler classical diffusion model was justified.

Due to a significant difference in fracture toughness degradation depending on hydrogen
concentration observed for the pipeline steels in different state (as-delivered and operated one),
two separate models were proposed for each case.

An example application of the new model, together with the solution to the diffusion
equation, was presented. The developed models were applied to the parameters of real pipelines
and validated against experimental data.
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MOJEJIOBAHHS JET'PAJAIT TPIIUHOCTIMKOCTI Y TPYEHIN
CTAJII 11T BININBOM BOJIHIO

Ouer Benrpunok; Oabra 3Bipko

Dizuxo-mexaniynuu incmumym imeni 1. B. Kapnenka
Hayionanvnoi akademii nayx Yrpainu, Jlveie, Ykpaina

Pe3ztome. Y pobomi 3anpononosano ymoumnenus 00 IiCHYIO4oi mooeni de2padayii mpiwjuHocmiukocmi
mpy6Hoi cmaini nio 8NAUBOM 600HIO ULISXOM 66€0eHHS 000amK08020 kKoediyicnma mamepiany. Chopmynbosano
HO8Y MoOenb Oezpadayii, AKaA 00380JAE 3HAYHO CHAPOCMUMU NPOYeC NPOSHO3VEaHHA 0e3 8mpamu MOUYHOCHI.
3anpononosana modenv onepye 8iOHOCHUMU KOHYESHMPAYIAMU BOOHIO MA MPIWUHOCMIUKICINIO, WO 040 3MO2Y
SHU3UMU CepeOHI0 abCONOmMHY NOXuoKy oinew Hio y 60 pasis.

THokaszano gyHOamenmanbHy pisHUYIO MIdC 0e2pAd08aHO0 CMALNIO NICIA eKCHAyamayii ma ii uxioHum
CMAHOM, 07151 KOJHCHO20 3 SAKUX PO3P0OIeHO oKpemi mooeii. [is 060x moodenell BUKOPUCTNAHO MemO0 HAUMEHUIUX
K6aopamie O 8USHAYEHHs KOepiyicHmi8 Ha OCHOBI eKChepUMeHMANbHUx Oanux. Busedeno pisnauns ougysii
B00HIO 3 YPAXYBAHHAM MEXAHIYHO2O HABAHMAICEHHS, WO OI€ HA CMIHKY mpyou. JJosedeHo, wo pisHuys Mmidxc
BUKOPUCIAHHAM CMAN020 3HAYEHH HANPYIICEHHsE Ma po36 si3kom pienauns Jlame cmanosums auwe 2%, wo
0036015€ cnpocmumu pigHAHHA Ju@ysii 00 kiacuunoi popmu. Hagedeno npuxnad zacmocysamnis H08oi Mooei
pasom i3 po3e’si3Kom pieHAHHA Ou@y3ii 05 peanvhux napamempie mpy6. Po3pobaeni modeni anpobosano Ha
EeKCNEePUMEHMANbHUX OAHUX § NOKA3AHO BUCOKY MOYHICMb NPOSHO3Y8ANHA de2padayii mpiwuHoCMIUKoOCmi cma.li.
Mooeni epaxosyrome énnué KowyeHmpayii 600HI0 N0 MoBwUHI cminku mpyou. Bemanoeneno, wo decpadayis
MPIWUHOCMIUKOCMI Yy cmani niciisi mpueanoi ekcniyamayii 8i00y8acmvcs 3HAYHO THMEHCUSHIWe, HIdC Y Cmai y
suxioHomy cmani. [{ns pezeperoi cmani oeepadayisi 006pe OnUCyEMbCs NHIIHOW MOOENLII0, d 0715 0e2pado8anol —
obepueroro gynkyicro. Modeni modxcyme 6ymu 6UKOPUCMAHi 0Jist OYIHIOBAHHS MEXHIYHO20 CIAHY MPYOOnpoeodIs,
WO MPAHCNOPMYIOMb 800€Hb Ul B0OHEBMICHI cepedosuwya. OOIPYHMOBAHO MOICIUGICMb NOOATbULOT iIHmezpayil
PO3poOIeHUX MoOenell y Qi3uuHO-IHOPMOBAHI HEUPOHHI Mepedic Ol NIOBUUEHHS MOYHOCHI NPOCHO3YEAHHS.
Ompumani pe3yrbmamu MOJNCHA GUKOPUCAMU OJisk OYIHIOBAHHS 3ATUUKOB020 PecypCy 80OHEGUX mMPYyOOnpo6oois
ma onmumizayii nIAHY8AHHSA IXHbO20 00CIY208Y8AHHS, WO CRpUSMUME NIOGUYEHHIO be3neKu IXHboi ekcnayamayii.

Knrouoei cnosa: cmanv, mexaniuni giacmueocmi, 600eHb, 0e2paoayis, MOOemo8anHsl, eKCnepUMeHMAIbHI
oani, 8's3Kicmo pyunyeans, J-inmeepan, piuanus Oughy3ii, 3meniuen s NoOXuOKuU.
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