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1- Introduction

The penetration of hydrogen into metals significantly alters their

mechanical properties, particularly when these materials operate in

hydrogen-rich environments. This change is typically characterized

by reduced ductility and increased brittleness effects collectively

known as hydrogen embrittlement. Various mechanisms, including

increased local plasticity and the deterioration of atomic bonding,

contribute to the vulnerability of certain steels to hydrogen

embrittlement [1].

Hydrogen is the smallest atom that can effortlessly penetrate metals

and cause brittleness even in trivia quantities [2]. Hence, determining

the distribution of hydrogen in metals is pivotal in investigating

hydrogen embrittlement. Hydrogen diffusion in metals occurs

through the atomic lattice or due to dislocations and trapping sites.

As such, factors such as temperature, pressure, strain, and stress

emanating from mechanical loading markedly affect hydrogen

concentration [3]. Foster et al. were amongst the early researchers

proposing the theory of dissolved hydrogen mobility in trapping site-

containing iron lattices [4], where they employed source-sink terms

to solve their proposed equation of diffusion. Next, the work of

Foster et al. was redeveloped by Oriani [5] by assuming local

equilibriums between trapped and mobile populations concerning

restrained trap coverage degree domains. Entrenched in Oriani’s

theory, McMeeking et al. [6] proposed the hydrogen transport

equation associated with the marked deformative plastic-elastic

behavior of materials. They captured the effects of hydrostatic stress

and the density of trapping sites, which intensifies along with the

plastic deformation of the material. The model of hydrogen transport

delivered in [6] was proved by Krom et al. [7] to fail in affording a

precise hydrogen balance. Thus, Krom et al. modified the formerly

coined hydrogen diffusion model by defining a strain rate (SR)-

dependent factor that declines hydrogen concentrations in lattice

sites upon trap site filling. Eventually, Gobbi [8] and Barrera [9]

modeled hydrogen diffusion in metals by reflecting all the influential

factors (i.e., trapping sites, strain, and stress emanating from

mechanical loading) and validated the model with analytical and

experimental results. The present research works with Gobbi’s

model [8] to simulate hydrogen diffusion and crystal plasticity (CP)

equations.

Research has broadly studied the hydrogen diffusion coupled with,CP
to quantify hydrogen concentrations in metals under, mechanical
loading. For instance, Hassan et al. [10] used a micromechanical
model encompassing hydrogen diffusion and«oupled CP,to quantify
hydrogen concentrations in an RVE generated, from ferrite,crystals.
Kaidi Li et al. [11] used a hybrid hydrogen diffusion/non-lacal CP
constitutive model reflecting characteristics of grain,boundary (GB)
and incorporating fracture initiation for singled crystal and
polycrystalline nickel. Kumar et ali"[12] merged CP (based on
dislocation density) and hydrogen transpert (based on the slip rate)
models for simulating hydrogen-triggered deforming crack-tip
damages for single bce crystal withmuniqué orientation. Elsewhere,
Arnaudov et al. [13] studiedifatigue life computational modeling
reflecting hydrogen diffusions in metal microstructures for ferritic
stainless steels.

In all the méntioned studies, the'material consists of only one type of
crystal, suchias ferrite crystal. However, the steel used in the present
study has a ferrité-pearlite structure, and the distribution of hydrogen
in crystals with different structures is studied. Moreover, in studies
examining, hydrogen’embrittlement, the localization of hydrogen at
the‘erack tipyplays a crucial role. This study examines how the crack
tip's positionwithin the crystal structure influences hydrogen
disteibution,after mechanical loading, employing a hydrogen diffusion
modelintegrated with crystal plasticity. Also, using a fracture
initiation parameter (FIP), the likelihood of failure at different points
is examined. SEM and EBSD results have been used to create RVE in
all stages of the research. Accurately defining material parameters for
crystal plasticity models is crucial. Ideally, these parameters can be
derived from tensile tests conducted on fabricated single-crystal
specimens with varying crystallographic orientations [14,15].
Calibrating material parameters for the crystal plasticity finite element
model of A516 Gr. 70 steel presents significant challenges due to its
ferrite-pearlite structure. This study conducts the calibration by
comparing measured true stress versus true inelastic strain responses
of A516 Gr. 70 steel. This research covers material characterization in
Section Il and proposes CP and hydrogen diffusion models in Section
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Table 1 Alloying composition of A516 Gr. 70 steel.
Fe C Si Mn P Cr Ni

Base 0.15 0.26 113 0.02 0.0634 0.033

| i |

T

L=100 mm C=10 mm R .|T|‘
A=32 mm R=6 mm

B=32 mm T=5 mm

W=6.3 mm

Il1. Sectiondll covers crack tip modeling and describes geometric
models and the boundary conditions intended for simulations. The
results, are discussed in Section IV, and the research concludes in
Section V.

2-Material characterization

This study focuses on A516 Gr. 70 steel, characterized by its ferrite-
pearlite microstructure. The average composition of its chemical
composition is presented in Table 1.

Regarding the mechanical properties of A516 Gr. 70 steel as
determined from the stress-strain curve, the specimens are extracted
following the standard “ASTM E8-11 [16], with the specific
dimensions of the specimen illustrated in Fig.1.

The numerical methodology entails the intended area’s
crystallographic orientation and morphology to be precisely
represented for use as inputs for numerical simulations. As such, it is
pivotal to specify how pearlite colonies and ferrite grains are arranged
and in what way all the ferrite grains and matrix are
crystallographically oriented in the pearlite colonies. Hence, the
material’s polished surfaces cut out is crucial to be investigated to
characterize the orientation and grain morphology of ferrite grains.
Likewise, an EBSD detector-equipped SEM imaging system is
required to scan an area of roughly 350 x 150 um?. Fig. 2 illustrates
the EBSD orientation map using pole figure color coding. Fig. 3
shows the results of EBSD and SEM with a smaller scale. In the SEM
image, the white areas show the pearlite structure and the dark areas
have the ferrite structure.

3-Modeling framework

The modeling framework consists of three integrated modules: CP
formulation, the hydrogen diffusion formulation, and crack tip
description. The crack tip model is embedded within the coupled
diffusion-deformation calculations.

3-1-CP formulation

The CP theory is used to elucidate the crystal’s mechanical behavior,
with the relevant equations briefly stated in the following. Fig. 4
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Fig. 3 Microstructure analysis of the A516 Gr.70 ferrite pearlite steel
microstructure. SEM image is shown in (a) and EBSD characterization of
the grain morphology is illustrated in (b).
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adient of lattice (F*) and plastic (F”) deformations are
specified. The primary slip system (a) is characterized by a vector §(®
aligned with the slip direction and a vector m(® perpendicular to the
slip plane.

As illustrated in Fig. 4, while the length and orientation of these
vectors remain unchanged throughout plastic deformation, the lattice
deformation alters their direction and magnitude. After changing the
shape and direction of the vectors, the corresponding equations are as
follows [18]:

§*@=p* 5@ (2

m*@ = @ pr-1 3)
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4

Due to lattice stretching, the vectors m*@® and $*(® are generally
non-unit but remain orthogonal. The plastic deformation gradient is
expressed as [19]:

FPEP = ) (SO @ m@) @

a=1

Where the shear strain (SS) y* on the slip system o is given; likewise,
n denotes the counts of the crystal’s active slip systems. As such, the
current or deformed velocity gradient (L) is given as follows:

L=F.F'=D+ Q (5)

For each variable, hereafter, the upper dot sign impli
relevant derivative. The velocity gradient further
components Q (asymmetric; denoting continuum(/s
(symmetric; denoting deformation rate), which cal
into plastic and lattice parts as follows:

L'=D"+Q =F .F! (6)

nd Ri specifies that the single
ust against dislocation slipping, with

®)

T symmetric tensor involving the crystal’s
d Y+ denotes the rotating frame, Kirchoff stress
e lattice (Q*):

*= g+ o) ©)

1 refers to the Kirchoff stress material derivative. The Y value
(for rotating frames with material (€2)) is obtained as follows:

V=4%—- Qo+ oQ (10)

As with Schmid's law [21] and along * (the slip direction), the shear
stress resolved on the slip plane (if rising to a critical value (t%,)
triggers plastic yielding or slip system slipping. As with Pan and Rice
[22], SS rates on slip systems are a function of Schmid stress current
value, which is quantified using the power law below:

1
. . Ta ﬁ
7é= Yo [g—a] (11

Where y, denotes the reference SS rate, the exponent 1/n specifies the
crystal’s sensitivity to the plastic SR, and g*describes the a slip
system’s current strength. For each state, (t%,) takes a critical value
obtained from g“®. Variations in ga value (specified by the equation
below) signify the crystal’s strain strain-hardening (SSH) properties:

4= ) hap 71O (12)
=1

Where h (as a function of y) denotes the SH moduli. Peirce et al.
[23] defined the crystal’s SSH moduli using the equation below:

hap = qh(y)+ (1 —q)h (¥)sp (13)
Where ¢ takes a constant value, 6,5 denotes the Kronecker function,
and A(y) is calculated from the equation below:

hoy
Ts— To

h(y) = hgysech?

(14
Where initial values for hardening moduli (h,) and yield stress (z,)

are given. Likewise, 7 denotes the saturated flow stress, and y is the
current overall SS, covering all slip systems:

y= Zn: ve (15)
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3-2-Hydrogen diffusion formulation

Hydrogen infiltrates metal matrixes readily and then accumulates in
exact areas. Theoretically, the C wvalue (overall hydrogen
concentration) covers both C, (hydrogen dispersed in metal lattice)
and Cr (trapped hydrogen). The C; side contains hydrogen confined
in the metal’s porous structures and defects. As such, the relevant
equation for each metal’s exact interior location is as follows [9]:

C=C +Cr (16)

C, = BOLN, (7

Where B is the count of hydrogen trapped sites accessible per the
material’s each atom. The 6, value (0 to 1) denotes the portion of
hydrogen-filled empty atomic lattice sites. Thus:

N, =— (18)

This equation implies the overall count of atoms per the material’s
unit volume, where p is the material’s density, N, denotes the
Avogadro value, and A, is the material’s atomic weight. C; (denoting
hydrogen concentrations trapped in defects) is obtained as follows:

Cr = ab;Ny (19)

Where « is the count of hydrogen trapping sites and N is the overall
count of probable atomic positions in defected sites. Upon a surge in
plastic deformations, the N value surges gradually. The 6, value (0
to 1) specifies the volume of hydrogen-filled defected sites. For the
pq value (defect density), Ny is obtained as follows:

Ny (€p) = V2 %Ep) (20)

Where a is the lattice constant value. hydrogen is quantified using
moles per volume (M/V) as the preferential unit:

C _G 21
L= 21
- G

CT—N—A (22)

Research [28, 29] has defined equations adopted for hydrogen models.
A Drief overview of the key equations is ‘provided here. The
formulation below contains hydrogen mass flux vectoer [27]:

_ DLVHEL
™~ RT
Where D, defines hydrogen diffusion rates (at room temperature)
within lattice interstices¢®The steel’s) microstructural properties
temperature-dependently \affect the By value. V; (hydrogen partial
molar volume) takesja constant value of 2x10-% m3/mol, [24], a, is the
material’s¢interior) pressure stress, and Vop iS the pressure stress

spatial gradient.

Hydrogen flux“inside the material is correlated to variations in
hydrogen, concentration via the parameter “mass balance”. In the
absence ofjinternal hydrogen sources, changes in total hydrogen
concentration (Q2) must balance the hydrogen flux across the
peripheralisurface S, resulting in:

Vop —D,VC, (23)

o2 _
aL(CT+CL) dﬂ+fsj.nds=0 (24)

The outward normal vector (n) corresponding to (S) is defined. Eq.

(24) contains two unknowns Crand C,. Based on Oriani [5], “lattice”
and “trapped” hydrogen concentrations are assumed to be equal. Such

equilibrium links both variables of concentration, allowing for C;
once C,, to be quantified. Combining relations (19) and (22) results in:
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— _ Npbr Np 1
TTONa Nyg g 1-6r (25)
Or

Or
1—-06;
where K represents the equilibrium constant, dependent on the trap
binding energy (W5).

=Ko, (26)

W,
K = exp (R—TB> = const (27)

For the hydrogen transport model, the ultimate formulation that covers
how the diffusion process is impacted by mechanical dgformation
(based on McMeeking et al. [6]) and the plastic SR term proposediby
Krom et al. [7] is as follows:

oC; dNg. dgp )

oC, oCr D, VyC, _
( ) 2 Vo) V. (DLVCL)+ONT e i =0 (28)

hydrogen diffusion was simulated ingAbagussFEA By making an
analogy between heat transfer and“hydrogen diffusion equations
(Table 2 in [9]). Concerning matgriahbehavior, UMATHT and UMAT
subroutines were used to ‘precisely integrateithese equations. For all
simulations, plane strain quadrilateral elements (having 4 integration
points (CPE8RT) and%8, nodes) were intended for modeling the
coupled hydragen and CP.

Table 2 The_correlation between heat transfer and hydrogen diffusion

principles [9]-
Heat transfer equations

Hydrogen diffusion equations
oT Cr
PCy o +VJg 7 =0 etV mtrn =0

R TuE G e Derivative of total hydrogen concentration

unit mass c C+c
°Cr e _ o(C, + Cr)
= ot ot
T ot

Hydrogen diffusion flux: J =
Heat transfer flux: J, = % Voy — D,VC,
Heat source: 1, (Assume r,=0) Hydrogen source 7, (Assume 7;,,=0)
Density: p 1 unity

Table 3 Hydrogen diffusion coefficient [25,26].

Phase Diffusion coefficient (m?/s)
ferrite 6+1071[25]
pearlite 5x107°[26]

In the stated equations, the hydrogen diffusion coefficient D, is
dependent on temperature, considering that the analysis of the present
study is performed at ambient temperature and also A516 Gr.70 steel
includes ferrite-pearlite structure, the hydrogen diffusion coefficient
is assumed to be constant according to Table 3.

3-3-RVE generation and homogenization scheme for driving
macroscopic quantities

The RVE dimensions will have a significant impact on the results
obtained from the crystal plasticity model. The RVE must be
sufficiently large to capture the material's behavior accurately while
remaining small enough to minimize computation time. A RVE with
dimensions of 100 x 100 um? and mesh configuration according to
the EBSD analysis data presented in section 2 is developed. RVE grain
morphology and mesh configuration according to EBSD data are
shown in Fig. 5, the RVE contain 12078 CPESRT elements.

Volume *, Issue *, ** *
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Fig. 6 RVE boundary condition.

Considering that the purpose of creating the mentioned model is'to
calculate the macroscopic characteristics of the material (e.g., the S-S
curve), the modeling of metallurgical defects is neglected in this
research. Thus, a homogenization scheme calculates the_metal’s
macroscopic mechanical behavior using CP simulations ~and
microstructural data.

As illustrated in Fig. 6, the RVE is y-directionallyapulled by loading
(under controlled displacement) to reach the'yield point. The RVE’s
lower edge is fully y-directionally restricted (Ug = 0), while the
RVE’s two upper-left and lower-left nodes are fullyyx-directionally
restricted (U, = 0) to hamper rigid body motions.

The volume averaging method [27]'is a reliable, technique to derive
macroscopic values from RVE simulations. This technique allows for
calculating strain components“andmmacrescopic stress using the
equations below:

g
(o) = Z fiaka)is (29)
m=1
g
(= ) 14 (30)
m=1
g
WHere for the grain m, £ = V‘;”;E denotes the volume fraction (i.e.,

the,RVE?s volume/total volume ratio), and n, denotes the count of
RVE grains. For stress and strain (in the grain m), (o.2);; and (3,);;
are the ij-th components, which are obtained from the equations

below:
Nip

(U{Z)ij = quip (U[;p)ij (31)
q=1

ey = D L7 (e (32)
q=1

In Eq. (32), n;,denotes the overall count of integration points (for m),
and f;prepresents the volume fraction for g (the integration point).
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Microstructure Zone

L —

Fig. 7 (a) Crack domain , (b) crack tip positioned at grain boundary, (c)
crackitip positioned at pearlite grain, (d) crack tip positioned at ferrite
grain.

3-4-Crack tip description

Under plane strain conditions, the boundary layer method reflects
hydrogen diffusion concentration [28]. A notch-containing circular
domain is modeled as shown in Fig. 7(a). For the blunting crack, initial
opening (r) and outer (R) radii are r = 0.5um and R=4mm. On the outer
boundary, this research merely reflects K; (as the first term) and
defines Mode | boundary terms as displacements, u, and u,, while
cantering the polar coordinates system at the crack tip. Poisson’s ratio
(v) and Young’s modulus (E) are given. The stress intensity factor (K;)
takes the value of 25MPav(m) in this research. In the model, an initial
concentration of Ciriti@l =7ppm (7x10-*mol/mm3) hydrogen is set to
all nodes, as the highest amount of hydrogen in A516 gr.70 steel is
7ppm [29]. The hydrogen concentration on boundaries is kept
constant C, =7ppm, with the boundary condition governing node
displacements on the circular boundary u, and u,, [28]:

U (r,0) = %\/; (1+ v)cos (g)(3 — 4v — cos6) (33)

u, (r,0) = %\/; (1 +v)sin (g)(B — 4v — cos6) (34)

This research reflects how hydrogen diffusion at crack tips is affected
by microstructural morphology. Using the EBSD data from Fig. 5(a),
the crack tip was located at three different points. After applying the
same loading, the hydrogen distribution was investigated in each
model. Three locations were considered: the grain boundary, pearlite
grain, and ferrite grain, as shown in Figs. 7 (b, c, and d), respectively.

3-5-Fracture initiation parameter (FIP)

This section examines hydrogen distribution near the crack tip after
applying mechanical loading. Before discussing the results, it is better
to investigate the effect of hydrogen distribution on hydrogen

Volume *, Issue *, ** *
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Table 4 Ferrite crystal plasticity parameters [32] and calculated pearlite
crystal plasticity parameters.

CP Parameter Symbol Ferrite Pearlite unit
Reference slip rate Yo 0.001 0.001 1/s
Initial slip resistance Ty 100 63 MPa
Saturation slip resistance T 225 154 MPa
Initial hardening modulus hy 500 800 MPa
Slip rate sensitivity m 50 50
Hardening exponent a 1 1

embrittlement phenomena, especially crack initiation and crack
growth. In studies conducted regarding hydrogen embrittlement, the
presence of a precise criterion for crack initiation is of great
importance. Eq. (35), proposed by Kumar [12], is used as a proper
criterion for predicting crack initiation in the presence of hydrogen in
recent studies [11,12]. FIP is the fracture initiation parameter, and at
the point where FIP is highest, crack initiation occurs.

FIP = yjoe[1 + 215 4 1ot 4 Z700r] o U2 ot (35)
Where v, is accumulated plastic slip in the microstructure, o,4and
oys are the equivalent and hydrostatic stress respectively, C,,; is the
threshold hydrogen concentration at or above which macroscopic
hydrogen embrittlement has been experimentally observed to occur
and Cy,, is hydrogen concentration. Cui, a is a constant parameter that
is calculated using experimental methods, and its value is considered
to be 3400 appm in this study [30]. Other parameters can be calculated
easily in different points by the proposed model in this study.

4-Result and discussion

4-1-Crystal plasticity parameters

A516 Gr.70 steel has a ferrite-pearlite structure. In addition to
determining the orientation of the crystals, it is necessary to determine
their structure. The determination of ferrite or pearlite crystal structure
and their orientation was done according to the results (of EBSD and
SEM analysis. The ferrite structure has a_lec lattice and 48%slip
systems. Franciosi et al. [31] showed that the most important slip
systems in this structure are the <110> system with"12 slip systems.
Therefore, in this research, only the <110> slip system is modeled,
which reduces the calculations. The elastic coefficients of ferrite and
pearlite phases are considered to be the same as the elastic coefficients
of A516 Gr.70 steel, with a Poisson’s ratigyof 0.3 and a Young’s
modulus of 207 GPa. Berisha etialg[82] calculated the ferrite crystal
plasticity parameters at/ambient temperature using experimental
methods. In the present study, these results were used as the plastic
properties offerrite crystals aceording to table 4.

Pickering [83] presentedythe Eq. (36) to predict the yield stress of
ferrite and pearlite phases i ferrite-pearlite steels:

By applying periadic boundary conditions and tensile loading on the
volume“indicated in“Fig. 5, the pearlite crystal plasticity parameters
are “selectedysuch that the experimental stress-strain curve and
simulated outcomes are in the highest agreement with each other. The
pearlite crystal plasticity parameters are reported in table 4.

Fig. 8 “experimentally compares the stress-strain curve with the
simulated results. As demonstrated, the stress-strain curve obtained
from virtual experimentation on the RVE closely aligns with the
experimental data.

4-2-Hydrogen distribution near crack tip

Fig. 9 shows the pressure stress and hydrogen distribution at the crack
tip region after loading. The crack tips located at the grain boundary,
the pearlite phase and the ferrite phase. The lowest pressure stress at
the crack tip is in the pearlite phase, while the highest is in the ferrite
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Fig. 8 Experimental and CP simulated stress-strain curve.

phase. According to Eqg. (23), after applying mechanical, loading,
hydrogen is expected to move from regions withthigher,pressure stress
to regions with lower pressure stress. As shown in'Rig. 9(C) and 9(E),
the highest hydrogen concentration isgin thegpearlite‘phase and the
lowest in the ferrite phase. It should be noted that the region affected
by the lowest pressure stress and‘theshighest hydrogen concentration
in the pearlite phase is significantly smaller than the ferrite phase.
Additionally, the pressure stress andshydragen distribution at the crack
tip in the pearlite and ferfite phases is nearly symmetrical, whereas for
the crack tip located on the grainboundary, it is not symmetrical. Also,
the lowest pressure stress and the highest hydrogen concentration in
the grain boundary region are in the pearlite phase.

Based on Eg. (25);the distribution of trapped hydrogen in dislocations
can hescalculated. The amount of trapped hydrogen is compared with
the {total hydrogen-at the crack tip in Fig. 10. The distribution of
trapped hydrogen accounts for approximately 16 percent of the total
hydrogenzAdditionally, the amount of hydrogen in the pearlite phase
is higher. It is worth noting that the maximum hydrogen content in the
pearlite phase occurs exactly at the crack tip, whereas for the ferrite
phase and grain boundary, it occurs at a distance of about 1um from
crack tip.

Fig. 11 shows the value and distribution of the FIP parameter. As
mentioned in Section 3.5, increasing the value of this parameter
increases the likelihood of failure. The highest FIP parameter value is
2.67 at the crack tip region located in the pearlite phase, and the lowest
value is 1.99 at the crack tip region located in the ferrite phase.
However, the area affected by the highest FIP value in the ferrite phase
is considerably larger than in the pearlite phase. Also, according to
Fig. 11 (a), the FIP parameter value for the crack tip region located at
the grain boundary is 2.12, and its distribution is such that the
maximum value of this parameter is in the pearlite phase. Considering
the points presented, it can be stated that the highest probability of
failure occurs, in order, at the pearlite phase, the grain boundary, and
the ferrite phase.

Volume *, Issue *, ** *



Majid Hemmatzadeh et al.

pearlite grain, (e) and (f) crack tip positioned at ferrite grain.
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Fig. 10 Tota hyWncentration at crack tip.

a micromechanical model integrating CP and
nalyse hydrogen concentration, accounting for
ion and crystal phase influence. The examined steel in

itial crystal orientations are defined using EBSD and SEM
! Consequently, the CP model was carried out using the RVE
generated from the EBSD and SEM analysis.

Given the significant influence of crystal plasticity parameters on
finite element model outcomes, these parameters are determined from
tensile test results of hydrogen-free samples, based on appropriate
assumptions, while disregarding the impact of hydrogen-induced
variations. For this purpose, an RVE is first generated using EBSD
and SEM analysis results. Then, boundary conditions and mechanical
loading are applied, and the stress-strain curve is obtained using the
volume averaging method and compared with the experimental tensile
test. The ultimate parameters were calculated by iterating this step and

Modares Mechanical Engineering

Fig. 9 Pressure stress and hydrogen concentration respectively: (a) and (b) crack tip posi

Fig. 11 FIP distribution respectively: (a) crack tip positioned at grain
boundary, (b) crack tip positioned at pearlite grain, (c) crack tip positioned
at ferrite grain.

modifying the crystal plasticity parameters. Noting that A516 Gr. 70
steel has a ferrite-pearlite structure, the finite element model was
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employed to analyze the influence of crack tip location within pearlite
and ferrite phases on hydrogen concentration following mechanical
loading. The required circular domain in these analyses was generated
with a radius of R = 4 mm and a crack with a radius of r = 0.5 pm
according to EBSD analysis results. Ultimately, after applying
mechanical loading, the hydrogen concentration, pressure stress and
FIP were studied.

By locating the crack tip on the grain boundary, the largest hydrogen
value was generated at the crack tip and in the pearlite phase, and the
lowest pressure stress was observed in both the ferrite and pearlite
phases, with the mentioned region in the ferrite phase having larger
dimensions. For samples with the crack tip located in either the
pearlite or ferrite phase, the hydrogen value in the pearlite phase are
higher than in the ferrite phase; however, the dimensions under
minimum pressure stress are larger in the ferrite phase. Judging based
on FIP value, it can generally be stated that due to the generation of
maximum values of FIP in the pearlite phase, the possibility of crack
initiation is higher in this phase.
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