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The hydrogen permeation experiment, performed with a stepwise permeation sequence involving “1% permeation-desorption-2"¢
permeation under loading, demonstrates that fine blister cracks are frequently observed on the steel surface in hydrogen charging side
after the 24 permeation under the load over 95% of yield strength of the steel. To accommodate the experimental phenomena under
the loading conditions, a numerical model is developed for determination of hydrogen diffusion parameters of the sour-resistant
ferritic steel evaluated under tensile stress in plastic ranges. To solve the modified diffusion equation, a numerical finite difference
method (FDM) is employed. The diffusion parameters determined by curve-fitting with the newly proposed diffusion equation
indicates that, with the transition of mechanical domain from local-plasticity to generalized-plasticity, a big increase in the crack
formation rate and hydrogen capture rate per irreversible trap are observed. It suggests that the transition probability for hydrogen
transport from interstitial lattice site to irreversible trap site increases with the stress level.
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The high-strength ferritic steels used in the petrochemical indus-
try suffer frequently from hydrogen assisted cracking (HAC) problem
when they are used in a sour environment containing H,S.'~> Atomic
hydrogens which result from the reduction of H* ions dissociated from
H,S become the hydrogen molecule by the recombination reaction
(H + H — H,). Since H,S dissolved in aqueous environment sup-
presses this recombination reaction, the hydrogen atoms are easily
adsorbed on the steel surface and diffuse into the steel matrix.*> The
hydrogen atoms absorbed in the steel are reversibly or irreversibly
trapped at various metallurgical defects in the steel, often resulting in
the HAC failure.>% With the depletion of high quality oil and gas, the
HAC failure may become serious engineering problem for the high-
strength steel pipes transporting and/or processing the low quality oil
and gas containing a large amount of H,S.

The HAC problem can be classified into two categories depending
on the source of hydrogen and stress level; one is hydrogen induced
cracking (HIC) occurring under no applied stress>® and the other is
sulphide stress cracking (SSC) occurring under applied tensile stress
or residual stress.”® In order to understand clearly HAC failure of
the steels, the combined effect of hydrogen and applied stress should
be evaluated together. A number of considerable efforts have been
directed to evaluate the influence of applied tensile stress on the hy-
drogen diffusion behavior in the steel employing the electrochemical
permeation technique.’'? It has been generally accepted that the ap-
plied tensile stress in elastic range has no significant effect on the
hydrogen diffusivity but increases the steady-state permeation flux
due to the elastically expanded lattice.'®'>!3 On the other hand, a sig-
nificant decrease in the permeation current has been observed in body
centered cubic (BCC)-based materials under the tensile stress in plas-
tic range and it has been attributed to the enhanced hydrogen trapping
by newly generated dislocation.”!® Although failure of the palladium
(Pd) coating under the high tensile stress condition has raised contro-
versy on the reliability of the permeation data, our previous works have
demonstrated clearly that the tensile stress in plastic range results in
a considerably slower permeation rate by excluding other side effects
such as the reduced rate of hydrogen oxidation caused by disruption
of the Pd layer.'*'® When the stress level becomes close to the yield
strength (YS), however, the effect of tensile stress on the hydrogen
permeation does not follow the general effect of elastic stress which
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induces the increase in permeation flux due to the lattice expansion,
but often results decrease in the permeation flux.!” A slight decrease
in the apparent diffusivity of hydrogen is also observed. Furthermore,
surface blisters and internal cracks acting as hydrogen trapping sites
are newly created during the permeation test. This means that the
trap density for hydrogen atoms does not keep constant but change
dynamically during the test. Therefore, under the stress condition, it
is difficult to follow the conventional analysis method for hydrogen
transport in the steel.

For the fundamental understanding of hydrogen transport in the
steel, numerous theoretical models describing the hydrogen diffusion
and trapping phenomena in the steel membrane have been proposed.
In 1963, McNabb and Foster have presented the hydrogen diffusion
with trapping model, assuming that irreversible trapping sites are not
present in the matrix.'® Oriani et al."” have developed a solution of Mc-
Nabb and Foster’s model for the case of rapid equilibrium between
the trapping and normal diffusion sites. Iino etal.’ have proposed
a diffusion model, considering the situation of irreversible trapping.
Leblond and Dubois?! have also considered the combined effect of
reversible and irreversible trapping effect, but only for low fractional
occupancy of reversible trapping sites. The only known analytic so-
lution for the McNabb and Foster’s equation is the one proposed by
Oriani et al.'” under the assumption of local equilibrium and low frac-
tion of occupied traps. Turnbull et al.?> have conducted a mathematical
analysis for hydrogen diffusion in the steel and proposed a numerical
solution even in the presence of irreversible traps with a finite trap-
ping rate, not in local equilibrium. On the contrary, Castafio-Rivera
etal.” have developed a numerical finite difference method (FDM) to
solve the diffusion equation under the case of local equilibrium and
high fraction of occupied traps with high binding energy but not irre-
versible. These hydrogen diffusion models have contributed much to
understand the mechanism of HIC failure which is considered as one
of the major technical issues for development of high-strength steels.
However, there has been no accurate model and equation which can
be applied for the real engineering situation where the steel is sub-
jected simultaneously to the hydrogen charging and loading. For this
reason, the study on SSC phenomena has not been progressed any
further. Especially, under the high level of tensile stress which causes
the local plasticity or plastic deformation in the steel, the conventional
diffusion equations cannot simulate adequately the experimental re-
sults. In order to understand clearly the influence of the tensile stress
in plastic range on the hydrogen diffusion process which changes
dynamically depending on the trapping property of various types of
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defects, a numerical model should be developed in accordance with
the experimental result. Since the interpretation of hydrogen perme-
ation data of the high-strength steel is limited to condition of the stress
level only under elastic range, in this study, a numerical modeling is
designed to extend to the interpretation of permeation data obtained
even under plastic stress range. Moreover, FDM is used to solve the
newly modified diffusion equation applicable for determination of
various diffusion parameters from the hydrogen permeation data ob-
tained under the stress conditions. Consequently, the values of various
hydrogen diffusion parameters are determined by curve-fitting with
the modified diffusion equation to the experimental data.

Experimental

Test material.— The test material used in this study is a sour re-
sistant ferritic steel equivalent to ASTM AS516 grade pressure vessel
steel. The steel was normalized by heating to 910°C for 30 minutes
and subsequently cooled to room temperature at a rate of around
0.67°C s~

Hydrogen induced cracking and sulphide stress cracking test.— In
order to evaluate the HIC susceptibility of the tested steel, HIC test
was initially performed in reference to National Association of Cor-
rosion Engineers (NACE) TM0284 standard method.?* After the test,
HIC occurrence level of the tested steel was determined by analyz-
ing with an ultrasonic detector. For the specimen failed by hydrogen
cracking, a fresh fracture surface was obtained and the crack initiation
sites were analysed using field emission-scanning electron microscopy
(FE-SEM) and energy dispersive spectroscopy (EDS). SSC test was
also conducted by the constant load test (CLT) for 720 hours as spec-
ified by NACE TMO177A standard.” The SSC sensitivity of the steel
was determined as the maximum sustaining load (oy,) without failure
for 720 hours. To clarify the SSC failure mode, four-point bent beam
test (BBT) in reference to ASTM G39 standard’® was additionally
performed.

Electrochemical permeation test.— The sheet-type tensile speci-
men, with 1 mm thickness, was then machined from the center region
of the steel plate and the detailed specification of the specimen can
be identified in our previous work."> The radius of the circular area
exposed to the electrolyte was 10 mm and the membrane thickness
was 1 mm, so that the ratio of radius to the membrane thickness met
the requirement specified in ISO 17081 standard method. Although
there has been a controversy as to whether the thin steel membrane
can be controlled by the volume diffusion through the steel or by
the surface reaction, our preliminary test result has revealed that the

steel membrane under applied cathodic current density of 2 mA cm™2

is controlled by the volume diffusion. In order to clarify this fact, a
permeation experiment has been carried out using the steel membrane
with various thicknesses in the range from 0.5 mm to 2 mm. It has been
verified that there is an inversely proportional relationship between
the permeation flux and sample thickness, which is in good agreement
with the Fick’s law of diffusion. It has also been found that there is a
very slight difference in the apparent diffusivity among the steels with
various thicknesses in the range from 0.8 mm to 2 mm, suggesting
that, under the given hydrogen charging condition, the steel mem-
brane with thickness over 0.8 mm can be controlled by the volume
diffusion. A similar experimental result has been previously reported
by Park etal.® They have found that there is little difference in the
diffusivity when the specimen thickness exceeded at least 1 mm un-
der cathodic charging condition. Frappart et al.'” and Zakroczymski®’
have also conducted the permeation test using the steel membrane
with 1 mm thickness under cathodic charging condition, and valuable
information regarding hydrogen diffusion behavior has been reported.
Considering our preliminary test results and previous study conducted
by other researchers, it can be considered that the dimension of steel
sample used in the present study is sufficient to achieve the volume
controlled diffusion and to ignore the contribution of surface reaction.
This implies that, under the given hydrogen charging condition, the
interfacial reaction associated with hydrogen reduction on the steel
surface is fast enough to keep the sub-surface hydrogen concentration
at a constant value (Cp). It results in the inversely proportional rela-
tionship between the permeation flux and sample thickness. In this
case, the volume diffusion through the steel sample used in this study
can be the rate determining step in the diffusion kinetics.

Fig. 1 shows the hydrogen permeation test cell equipped with a
constant load testing device and a schematic illustration of the perme-
ation cell applicable under loading condition.

The prepared steel membrane was initially installed in a constant
load test (CLT) frame and the designed Ni-plating cell was then as-
sembled with the steel membrane in the hydrogen detection side. The
thin Ni film, with 100 nm thickness, was electrochemically deposited
to the steel surface using the prepared coating bath (a mixture of 240 g
17! of NiSO, - 6H,0, 30 g 17! of NiCl, - 6H,0 and 30 g I~! of H;BO;
in distilled water). A galvanostatic current density of 2.5 mA cm~2 was
cathodically applied for 3 minutes. After the electroplating, a mod-
ified Devanathan cell was then assembled with the steel membrane.
The detection side cell was filled with 0.1 M NaOH solution purged
with argon (Ar) gas. The Ni-plated surface exposed to the solution
was maintained at a potential of 250 mVgcg, at which the dominant
reaction was oxidation of hydrogen atoms which diffused through the
steel membrane. Once the background current reached a steady-state
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Figure 1. A modified electrochemical permeation cell equipped with a constant load testing device, and schematic illustration of the permeation cell.
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and became stabilized, the H,S-saturated NACE TM0284-96A%* so-
lution chosen as the hydrogen charging solution was poured into the
charging side of the cell. The detailed information of the test proce-
dure except for the Ni- coating can also be referred to our previous
work. !4

In this study, particularly, to measure the irreversibly trapped
hydrogen content in the steel, the stepwise sequence involving “1*
permeation-desorption-2"! permeation” was employed in the perme-
ation test. When the 1* permeation current reaches a steady-state,
the hydrogen charging was stopped. Right at the moment the current
started to drop, the charging solution was quickly released from the
charging cell in just a few seconds and the specimen surface was
cleaned by ethanol. In order to perform the former desorption proce-
dure without difficulty, a large circular drain depicted in Fig. 2 was
made at the bottom of the charging cell. This is an important step in
a sense that the procedure makes it possible to prevent the specimen
surface from corrosion process and to ensure that any corrosion prod-
ucts acting as barrier against the hydrogen diffusion are not formed on
the surface. Then, the desorption step was maintained until the start
of 2™ permeation. When the permeation current in the desorption
step reached the background current level, meaning that the diffusible
hydrogen atoms were completely removed from the steel, the 2™
permeation test was subsequently conducted on the steel.

Results and Discussion

HIC resistance and fracture surface analysis.— Fig. 3 shows the
typical HIC occurrence level of the steel which was detected ultrason-
ically after the HIC test. It is known that some cracks are detected in
the steel with the average CLR value being 22.73. Fig. 4 presents the
HIC fracture surface of the steel, which was obtained by a specially
designed mechanical process after crack detection using ultrasonic
detector (UT). It is found that the cracks primarily nucleated at the en-
larged Ti-Nb(C,N) and Al-Ca-Mg-O cluster with size over 3~4 pm.
Although these experimental results provide useful information about
the HIC susceptibility of the tested steel, it is not possible to under-
stand clearly the hydrogen diffusion with dynamic trapping behavior
in the steel under plastic loading condition. The exact permeation

CLR: 22.73

Figure 3. HIC occurrence level with CLR value analysed by ultrasonic detec-
tor.

behavior and its quantitative analysis are discussed in the following
section.

SSC resistance and fracture surface analysis.— SSC resistance
of the tested steel is evaluated in terms of the threshold stress (oy,)
and it is found that the oy, of the steel is 82% of YS. Fig. 5a and
5b present the fracture surface obtained after the CLT and cross-
sectional morphology obtained after the BBT, respectively. The typical
hydrogen induced blister cracks (HIBC) and stepwise cracking shown
in Fig. 5a and 5b, respectively, indicate that the failure mode for the
steel is type I SSC which is generally termed as the stress-oriented
hydrogen induced cracking (SOHIC).?® As reported previously by
Kim et al.,*> the HIBC develops parallel to the loading axis and it is
mainly nucleated at the large size of inclusion or precipitate like the
case of the HIC.

Hydrogen permeation behavior under tensile stress conditions.—
Fig. 6 shows the typical permeation current density of the steel un-
der no load, obtained by the stepwise sequence of “1%' permeation-
desorption-2" permeation.” In order to validate the permeation data,
a 3" permeation was additionally conducted and the transient is also
found in the figure. Since all of the irreversible traps are occupied
during the 1% permeation, hydrogen atoms only in the lattice and
reversible traps are considered in the 2" and 3™ permeation under
no load. It leads to faster diffusion at an early stage in the 2™ and
3 permeation and the time to reach the steady-state current density
(j,s) becomes shorter. As expected, the 3™ permeation exhibits a sim-
ilar trend to the 2" permeation, which is due to the fact that both
transients are affected only by reversible trap site unlike the case of
the 1% permeation involving both reversible and irreversible trapping
phenomena.

In order to investigate the effect of tensile stress, the tensile stress
in three mechanical domains (generalized elasticity: 80% YS, local
plasticity: 95% YS and generalized plasticity: 120% YS) was applied
to the specimen right before the 2" permeation. For better understand-
ing of the permeation behavior, 1* and 2™ permeation curves under
load and no load are overlapped and they are presented in Fig. 7.
As for the shape of the 1% permeation transient, it can be found that
the present permeation transients are different as that of stainless steel
obtained by Turnbull (i.e. higher breakthrough time and a shift of the
curve to higher time values in the presence of irreversible trapping).
Based on a number of permeation test results reported by numerous
researchers, it can be known that the shape of the 1* permeation tran-
sient can be greatly dependent upon steel type, chemical composition,
level of plastic deformation and microstructure. It has been reported
that the break through time in the 1% permeation of stainless steels or
high alloy steels (stainless steel,>3*3132 Cr-Mo steel,”3 high carbon
steel,'”** TRIP steel'®) is comparatively longer than that of low alloy
low carbon steels (pure iron,'*?7353 Jow carbon ferritic steel®3*37),
Little difference in the break through times between 1% and 2
transient is frequently observed in the low carbon ferritic steel. Ac-
cording to the consecutive permeation test result obtained by Chan
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Figure 5. (a) SSC fracture surfaces of the tested steel obtained by CLT, and (b) Cross-sectional morphology of the tested steel obtained by BBT.

etal.,*

the trends showing a sharp increase in both 1* and 2" tran- curves provides an approximate estimation of irreversible trapping
sients are more significant with a decrease in carbon content and the phenomenon.*® A rough estimation of irreversibly trapped hydrogen

fraction of retained austenite in the steel. content (C;,, = 18.6 mol m™2) in the tested steel can be calculated
From the two consecutive permeation transients (1% and 2" per-

meation under no load), it is possible to estimate an order of magnitude
of irreversible trapping since the area between 1°* and 2" permeation
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Figure 6. Hydrogen permeation curve of the tested steel, obtained by the
stepwise sequence of 1% permeation-desorption-2"! permeation-desorption-

Figure 7. Plot of the 2" permeation curves overlapping with the 1% perme-
3 permeation.

ation curves under load levels.
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from the following equation.

AQ  AQ
Cirrziv i
F-L-A A

/{j(Z"dpermeation) — j(1*" permeation)}dt  [1]

where Q is charge, F is the Faraday’s constant, and A and L are the ex-
posed surface area and thickness of the steel membrane, respectively.

The value of C;, is mainly associated with the size, shape and
fraction of inclusion and precipitate contained in the tested steel since
the interface between the inclusion and precipitate and the steel matrix
acts as the irreversible trap site for hydrogen atoms.’**’ The appli-
cation of hydrogen microprint technique (HMT) and thermal desorp-
tion spectroscopy (TDS) has made it possible to prove the trapping
phenomenon.*'*? Especially, Otsuka etal.*! and Yamada et al.** have
performed the HMT under loading condition and it has been clearly
demonstrated that the hydrogen atoms are preferentially trapped at
such interfaces.

Under aload of 80% YS of the steel, a little increase in j, is clearly
identified in the steel. Since the stress level is within generalized-
elastic range, the increase in permeation current density may be at-
tributed to the elastic expansion of lattice. Some researchers have also
reported similar results.'®'>!3 When the steel is subjected to a load of
95% YS, however, it is interesting to see the fact that the increase in
permeation current density due to the lattice expansion is not observed.
Since the stress condition can generate the local plasticity in the steel,
the time to reach the j, becomes longer, which is not expected for
the 2" permeation. It suggests that hydrogen atoms are additionally
trapped at newly generated trapping sites under the loading condition
even within the apparent elastic limit. Frappart et al.!” have indicated
that the micro-plastic regions are generated under the tensile stress
even within the elastic range, and the lattice distortion at the expanded
interfacial gap between the matrix and precipitate provides trapping
site for hydrogen atom. Since the high level of tensile stress can be
concentrated at the incoherent region such as sharp edge or tip of the
inclusion and precipitate, and the triaxial stress field can be set up
in such regions, hydrogen atoms can be preferentially diffused and
trapped at those sites. The HMT results conducted by Otsuka et al.*!
and Yamada et al.*? can support these discussions. The microstructural
heterogeneities caused by the tensile stress provide not only reversible
trapping sites but also irreversible trapping sites. It suggests that both
newly generated reversible and irreversible traps can contribute to-
gether to the slower diffusion rate and a little decrease in the value of
Jjiss Of the 2" permeation under local plasticity.

Fig. 7 also includes the 2" permeation curve of the steel under
a load of 120% YS which belongs clearly to the generalized-plastic
domain. Like the case of the local-plastic domain, the slower diffu-
sion rate and a little decrease in j;, caused by the additional hydrogen
trapping effect are clearly observed. In addition, the break-through
time is much longer compared to the case of the local-plastic do-
main. The longer break-through time is mainly due to the hydrogen
trapping effect by newly generated dislocation and micro-void un-
der the plastic stress condition. The longer break-through time and
slower permeation rate under the tensile stress in plastic range have

Ni coating - No loading

Ni coating > Loading (95% YS)

also been discussed in our previous works.'*'¢ In general, under
the generalized-plastic domain, applied stress can concentrate mostly
at the 2" phase particles and hydrogen atoms can be preferentially
trapped at those sites like the case of the local-plastic range. Garet
etal.®® have reported that the plastic deformation is concentrated at
the inclusion, leading to cracking in the bulk of the inclusion, either at
the inclusion matrix interface or at sharp extremities. With the experi-
mental result only, however, it is not possible to clearly understand this
phenomenon and therefore the numerical curve-fitting method based
on appropriate equation is required. It is discussed in more detail in
the following section.

The reliability of the permeation data depends greatly upon the
stability of the coating layer on the detection side of the steel
membrane.'*!>* Particularly, under the tensile stress condition, the
thin layer of Pd coating deposited on the high strength steel membrane
can be plastically deformed and damaged. It results in an unstable
background current and unreliable permeation data in the permeation
test and this can be clearly demonstrated in our previous works.!'*!3
For this reason, Pd coating cannot be applied for the experiment in-
volving the stepwise sequence designed in this study. Instead of Pd,
Ni-coating having much higher elongation level (>10%) was used in
this study since higher elongation level of the Ni-coating layer can
endure higher level of loading condition. Although the efficiency of
hydrogen oxidation on the Ni coating layer is a little lower than that
on the Pd coating layer, Ni coating has also been widely utilized in
the permeation test due to its effective catalytic activity on hydrogen
oxidation.3#4647 This catalytic activity on hydrogen oxidation of Ni
having high elongation level make it possible to evaluate the hydro-
gen permeation behavior of the high strength steel under high level
of tensile stress even in plastic range. Fig. 8 presents the morphology
of Ni-coating layer after the permeation test under load and no load.
This indicates that there are no pores or defects even under the load
over 95% YS of the steel and therefore the permeation data obtained
from this experiment is sufficiently reliable.

It is also interesting to see the fact that fine size of blisters are
frequently observed on the steel surface in charging side after the 2"
permeation test under the load over 95% of YS. It appears that the den-
sity of surface blister increased with increasing the applied stress from
95% to 120% of YS. The formation of surface blister means that some
cracks are formed below the blisters and the experimental evidence
of this phenomenon is shown in Fig. 9. Kim et al.”® have revealed that
the blister crack nucleates at precipitates such as Ti-Nb(C,N) clusters
or inclusion such as elongated MnS, like the case of typical HIC.
Since it is believed that the crack can be the irreversible trapping site
for hydrogen atoms, the formation of cracks during the permeation
test suggests that the trap density for hydrogen atoms can be changed
during the test. Therefore, under the loading conditions of generating
the local plasticity and generalized-plasticity, the conventional model
for hydrogen diffusion cannot be applied directly and new approaches
are required. Therefore, a modified diffusion equation by taking into
account this fact is introduced in the following section.

Theoretical analysis.— Conventional diffusion models.— Itis gen-
erally known that diffusion of hydrogen atoms in the steel occurs
through the tetrahedral interstitial sites at low temperatures.*® For an

¢ Nicoafing > Loading(120%YS)

Figure 8. Surface morphology of Ni-coating layer on the tested steel under no loading condition, loading of 95% YS and 120% YS.
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5 mm

(a) Under no load

(b) Under load of 95% YS

Under the blister

(¢) Under load of 120% YS  (d) Under load of 95% YS

Figure 9. Surface of the hydrogen charging side observed after 2" permeation
under various load levels and the cracks developed under the surface blister
observed on the cross-section after 24 permeation under load level of 95%
YS.

ideal homogeneous material, the diffusion process can be described by
the following Fick’s second law with an assumption that the diffusion
coefficient of hydrogen is independent of hydrogen concentration.

AC(x, 1) 92°C(x, 1)
=D
ot 0x2

(2]

where D is the diffusion coefficient of hydrogen, C(x, ¢) is the hydrogen
concentration depending on the position, x, in the membrane and
diffusion time, ¢. If the concentration of hydrogen atoms at the input
side of the membrane keeps a constant value (Cy) and the concentration
at the output side keeps zero, the solution indicating the permeation
transient is as follows:

J oo

J—‘ =142 (=1)" exp(—n’n’7) [3]
ss n=1

where J;, is the steady-state permeation flux and J; is the time de-
pendent flux. The dimensionless time parameter, T, is defined as Dt
2.

However, since most commercial steels contain a number of defects
acting as trapping site for hydrogen atoms, the diffusion model should
be modified. In the presence of reversible traps in the membrane,
the governing equation for the distribution of hydrogen atoms can be
expressed by:

aCy, 92C,, 20, D 92C,,

ot ltTaxz T T U2

_Nr {KrCL (1 - er) - per}

[4]
where D is the lattice hydrogen diffusivity, C; is the lattice hydrogen
concentration, N, is the reversible trap density, 0, is the fractional occu-
pancy of reversible traps, K is the transition probability for hydrogen
transport from lattice site to reversible trap and p is the transition
probability for hydrogen escape from the trap to lattice site. Oriani'®
has indicated that the Eq. 4 can be simplified as follows only under the
assumption of local equilibrium and negligible fraction of occupied

traps.
< b, 08 [5al
ot 0x2
where
C=C.+C, [5b]
and

where D, specifies the apparent hydrogen diffusivity and C, specifies
the hydrogen concentration in reversible trap. With these conditions
(i.e. under local equilibrium and low fraction of occupied trap), the
analytical solution of the permeation buildup transient of Eq. 5 is
expressed as follows:

DappCO - n 2 2Dappt

n=1

where Jy is the permeation transient and Cj is the sub-surface hydro-
gen concentration at normal lattice sites plus reversible trap sites at
the input side.

The governing equation with both reversible and irreversible trap
sites in the membrane where no stress field is present has been pro-
posed by Turnbull et al.?? and they define the irreversible traps with a
finite trapping rate, not in local equilibrium. It can be expressed by:

aC 3%C 26, a6;
— =Di—— — N.— = Ny —~ [7al
ot 9x2 ot at

3C 32C 30, 92C

E = appw - NirrT = Dappw - Nirr {Kirrc(l - eirr)}

[7b]
where N, is the irreversible trap density, 0;,,. is the fractional occu-
pancy of irreversible traps and K, is the transition probability for
hydrogen transport from lattice site to irreversible trap.

Turnbull et al.?> have proposed a numerical solution in the presence
of irreversible traps with a finite trapping rate, not in local equilibrium.
On the contrary, Castafio-Rivera etal.”? have proposed a numerical
solution considering the case of local equilibrium and high fraction of
high energy traps like irreversible traps but with no limitations in the
trap filling rate. The calculation for the FDM proceeds from an initial
condition in a succession of cycles and the numerical solutions of the
Eq. 7b is described as follow:

Ciri+Cim—2C

r_ J
Cj - C_j + Dapp (Ax)2 Ar — NirrKirrC (1 - 6irr) At
[8a]
e;rr = 0irr + Kiry C (1 — 6;,) At [8b]

where C; and C;’ specify the number of diffusing atoms per unit volume
at time, 7 and at time, r + At, respectively, 6;, and 6;,’ specify the
fraction of occupied traps at time, ¢ and at time, ¢ 4+ Af, respectively,
and At is the time interval.

Curve-fitting to I* permeation curve.—The 1% permeation involves
both reversible and irreversible trapping phenomena, the permeation
curves were fitted by Eq. 8. Basically, the curvet-fitting was conducted
to minimize the deviation between the experimental and calculated
data. This can be expressed as follows:

no(j i 5 )2
Min |:0_2 — Z (]exp Jeal ) ] [9&]

t n

do?
9Dgpp

=0 [9b]
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Figure 10. The curve-fitting to 1% permeation data of the tested steels under
no load.

where j,,, and j.,, are the measured (experimental) and calculated per-
meation current density, respectively. n is the number of experimental
data.

For simplicity, one assumption that only one type of irreversible
trap site is present in the steel is made for this fitting method. With
this assumption, the fitted curves and various fitted parameters are
presented in Fig. 10 and Table I, respectively. As for the values of
K, in the Table, comparing to the value of K, given in the study
conducted by Turnbull,?? it can be found that the capture rate constant
obtained from the low carbon steel used in our study has lower value
than that obtained from the martensitic stainless steel used in the study
performed by Turnbull. Based on our simulation, in the low carbon
steel exhibiting shorter break through time in 1% permeation transient,
the capture rate constant has smaller value than the case of the high
alloy steels showing relatively longer break through time in the 1%
transient. Considering these facts, comparatively lower value of the
kinetic constant obtained in the present study is mainly attributed to
the shorter break through time in the permeation transient of the low
carbon steel.

Curve-fitting to 2™ permeation curve under elastic domain.—In order
to understand the effect of tensile stress in generalized elastic range
on hydrogen permeation, the 2"¢ permeation curves under the loading
condition of 80% YS and under no loading condition are compared
by fitting the curves using Eq. 6. Since all of the irreversible traps
are occupied during the 1% permeation and only reversible traps are
present in the 2" permeation, the curves are fitted by the Eq. 6. This
is shown in Fig. 11 indicating that the permeation flux (/i) under
the loading condition is higher than that under no loading condition.
From the Eq. 6, it is found that the increase in permeation flux (Jy)
could be caused by the increase in apparent diffusivity (D), sub-
surface hydrogen concentration (Cy) and the decrease in the thickness
of membrane. According to previous findings reported by some re-
searchers, it is known that the tensile stress in elastic range does not
affect the D,p,.'%!? In addition, the thickness of membrane under the
stress in elastic range may be reduced marginally. Considering these
facts, the increase in the permeation current under the stress condition
is due mainly to the increase in sub-surface hydrogen concentration.

Table I. Diffusion parameters determined by curve-fitting to 1%
permeation under no load.

Dypp (m? s71)

1.73 x 1072

Kirr mol~' m?s™1)  Nj, (molm™3)  Cp (mol m™3)

1.35 x 1074 50.5 21.45

—— Calculated

. °
1 Under 80% YS € Experimental

Permeation flux (10~ mol s m?)
N

° — Calculated
1
Under no load ® Experimental

C L L ...‘...I L L PR |
0.01 0.1 1

Normalized time (7)

Figure 11. Comparison of the hydrogen permeation flux of 2" permeation
between under load of 80% YS and no load.

This can be understood with the same context as the lattice expan-
sion effect, suggesting that the steel can accommodate more hydrogen
atoms interstitially under the tensile stress condition.'%!%13

Curve-fitting to 2" permeation curves under local/generalized plas-
tic domain.—As pointed out in the previous section, under the load-
ing condition generating local/generalized-plasticity, the conventional
equations introduced previously cannot be applied directly due to the
combined effect of the additional hydrogen trapping at expanded in-
terfacial gap between the matrix and 2" phase particles, and formation
of blister cracks. Therefore, a newly modified equation which takes
into account the combined effect is proposed in this section. In spite
of the 2" permeation, the high level of tensile stress generating the
local/generalized plastic region creates new irreversible trap sites such
as the expanded interfacial gap between the 2" phase particles and
matrix, the micro-void and the blister crack as well as reversible trap
sites such as dislocation and vacancy cluster. Particularly, the high
level of tensile stress can be concentrated at the incoherent region
such as sharp edge or tip of the 2" phase particles. In such regions,
the triaxial stress field can be set up and hydrogen atoms can be pref-
erentially diffused and trapped at those sites. For this reason, Eq. 8 is
modified to accommodate these kinetic phenomena. In Eq. 8, the effect
of reversible and irreversible trap is implicitly reflected on the value
of D,,, and N, respectively. However, the value of N, determined
by additionally applied stress is not constant but changes dynamically
with the formation of internal cracks during the subsequent perme-
ation. The governing equations and the numerical solutions for FDM
under this condition is proposed as follows:

Cini+Cjoy —=2C

C'=C+ Dy Br) LAt — NP K, C (1 — 6;,,) At
[10a]
Nif ' = Nipr + AN " [10b]
where
. 1
oo = [10c]
1+ exp(_R(eirrNirr - Cthres) + ln(990))
ffrtal
Bire” = Birr + Kirr € (1= 0irr) At} x 0 [10d]
where FA'ist" specifies the fraction of newly generated blister crack

induced by the generalized or local plasticity, which is in the range
of 0 to 1, R specifies a parameter indicating how rapidly the crack
formation proceeds and Cy,.s specifies the hydrogen concentration
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Figure 12. The curve-fitting to 2" permeation data of the tested steels under
load of 95% and 120% YS.

when F2lister increases to 1%, Ni°'“! and N!°"" specify the total num-
ber of irreversible traps at time r and at time ¢ + At, respectively,
and AN refers the increased trap density as a result of crack forma-
tion. It is well known that the level of blister crack or HIC is highly
dependent upon the hydrogen concentration in the steel.*? It is thus
assumed that the density of blister crack increases with hydrogen con-
tent but reaches a steady-state after certain period of time as does
the hydrogen permeation current otherwise it increases infinitely. The
formation of crack in the steel matrix can therefore be expressed as
the Eq. 10c. Simply, the parameter F2/%!¢" is a function of crack for-
mation kinetics depending on hydrogen concentration. The value of
FPlister can increase gradually in the range of 0 to 1 at the onset of hy-
drogen charging and loading. When the crack formation is completed
under hydrogen charging and loading, newly generated irreversible
trap density caused by the formation of blister crack is expressed as
ANFPYlister Therefore, the total irreversible trap density, N/* can be
expressed by the sum of pre-existing irreversible trap density (V;,,) be-
fore hydrogen charging and newly generated trap density (ANF2/ister
during hydrogen charging and loading. This can be described as the
Eq. 10b.

Fig. 12 presents the curve-fitting based on the above equation and
numerical solutions to the 2" permeation curve under the load of
95% and 120% YS. Various fitted parameters are listed in Table II. As
indicated in the previous section, it is considered that only reversible
trapping is involved in the 2" permeation under no load. However,
the diffusion parameters such as N;,, and AN obtained under the
load suggest that the irreversible trap site is newly formed under the
stress condition. As expected, the apparent diffusion coefficient under
the load of 120% is lower than that under the load of 95%, which
is attributed to the fact that the plastically deformed steel contains
a considerable number of dislocations acting as reversible trapping
site for hydrogen atoms. The applied tensile stress in both local and
generalized plastic range affects not only the reversible trapping sites
such as vacancy and dislocation, but also the irreversible trapping
sites such as the expanded interfacial gap between the matrix and 2"
phase particles, the micro-void and the blister crack. According to
the internal pressure theory proposed by Zapffe and Sims,* hydrogen
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trapping at the expanded interfacial gap under the plastic deformation
favors the recombination of hydrogen and as a result, the cracks are
locally created at the inclusion interface.

The values of N;,, and K;,, determined under the two load levels in-
dicate that, with the transition of mechanical domain from local-plastic
to generalized-plastic, a big increase in K, is observed, whereas there
is no big difference in N;,,. A big increase in the capture rate for hydro-
gen atoms from the interstitial lattice to irreversible trap sites suggests
that the higher level of stress is concentrated at the sharp extremi-
ties of 2" phase particles, and facilitates the stress induced diffusion
and trapping. In addition, the values of sub-surface hydrogen con-
centration (Cy) and newly generated crack density (AN) under the
generalized-plasticity are higher than those under the local-plasticity.
Since Cy is related to the hydrogen permeation flux at steady-state, it is
logical that Cy increases as D,,, decreases as long as the steady-state
flux remains practically constant, which is often observed after apply-
ing plastic deformation. However, an increase in the permeation flux
at steady-state with increase in level of plastic deformation has also
been reported by some researchers such as Huang and Tsuru,'® and
Frankel and Latanision.> They have also indicated that the active sites
generated on a deformed surface act to enhance both the reduction of
hydrogen ions and also the entry of hydrogen into the lattice. In addi-
tion, Hudson and Stragand,’! and Schumann and Erdmann-Jesnitzer>>
have demonstrated similar results that the plastic deformation on the
steel increased the hydrogen permeability up to 30% reduction, and
further reduction lowered the permeability. Similarly, numerous re-
searchers have reported that the effect of increasing plastic deforma-
tion is shown to increase the hydrogen concentration in the steel.”>%*
Particularly, Townsend etal.>® has indicated that the increase in the
hydrogen concentration is due to an increase in the exchange current
density for hydrogen reduction reaction (H* + e~ — H) by lower-
ing of the activation energy barrier for proton discharge as the bonds
between metal atoms on the surface are stretched. However, experi-
mental demonstrations of the phenomenon have not been provided.
These mean that it is not yet clear whether the cathodic hydrogen evo-
lution reaction can be increased with increase in plastic deformation
or not. The only generally accepted fact is that the plastic deformation
on the steel results in the decrease in D, and the increase in Cy. The
formation of blister crack or cracking in the bulk of 2" phase particles
under the generalized-plasticity may lead to increase the value of AN
by providing additional trap site for hydrogen atoms.

It is generally known that the value of Cy increases under plastic
deformation, caused by the increase of the trapping sites under the
stress condition. In addition, compared to the case under no load or
elasticity, the thickness of the plastically deformed steel is smaller.
Considering these facts and the following equation, Eq. 11, the plas-
tically deformed steel can lead to an increase in j;, However, the
increase of the trapping sites under the plastic deformation leads es-
sentially to a decrease in apparent hydrogen diffusivity and therefore
no big change in hydrogen flux at steady-state in spite of the change
in trapping density under the loading condition is the generality.

J = CoLar [11]
L
where J is hydrogen permeation flux at steady-state, Cy is sub-surface
hydrogen concentration in lattice and reversible trap, D,,, is apparent
hydrogen diffusivity and L is steel thickness.

In the present study, the j,, measured under the generalized-
plasticity showed a little lower value than those under other loading
conditions as shown in Fig. 12. It may be caused by the decrease in
D,,,, under the generalized-plasticity. In addition, it is found from the

Table II. Diffusion parameters determined by curve-fitting to 2"¢ permeation under load of 95% YS and 120% YS of the steel.

Dapp (m? s~ Kirr (mol~! m3 s~1) Niyr (mol m=3) AN (mol m—3) R Cinres (mol m=3) Co (mol m™?)
95% YS 1.43 x 107° 1.95 x 1074 18.96 124 4.5 24 26
120% YS 1.19 x 10~° 9.5 x 1073 18.92 30.5 7.9 23 29.9
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result listed in Table II that, the tensile stress in generalized-plastic
range leads to larger value of R. As indicated by the Eq. (10), the
higher value of R means faster crack formation rate, suggesting that
the tensile stress in generalized-plastic range forms the blister crack
more rapidly in the steel.

This study provides a new means to determine the hydrogen dif-
fusion parameters for the high-strength steel subjected to the tensile
stress even in plastic ranges. The numerical method used to solve the
newly proposed diffusion equation makes it possible to determine the
hydrogen diffusion parameters and trapping property by curve-fitting
to the experimental data obtained under the plastic stress. It is believed
that the current study will lead to understanding clearly of the SSC
and delayed fracture of the high-strength steel under various applied
stress conditions.

Conclusions

A numerical model is developed for determination of hydrogen dif-
fusion parameters of the pressure vessel steel evaluated under tensile
stress even in plastic ranges. In order to accommodate properly the ef-
fect of stress on the hydrogen permeation in the permeation equation,
the electrochemical hydrogen permeation behavior is evaluated under
generalized elasticity, local plasticity and generalized plasticity with a
stepwise permeation sequence involving “1* permeation-desorption-
2" permeation under loads.” The major findings are summarized as
follows:

1) From the fractography analysis of HIC and SSC, it is found that
the cracks primarily nucleated at the enlarged Ti-Nb(C,N) and
Al-Ca-Mg-O cluster with size over 3~4 um. The failure mode
of SSC for the steel is type I SSC which is generally termed as
the stress-oriented hydrogen induced cracking (SOHIC).

2) The Ni coating used for catalyzing the oxidation of hydrogen at
exit side does not show any fracture or defect after permeation
test even under the plastic loading. The stable morphology of the
Ni coating layer supports that the experimental permeation data
obtained under various stress conditions are accurate and reliable.

3) The applied stress in generalized-elastic range (80% YS) leads
to increase the steady-state permeation current density due to
the elastically expanded lattice. It suggests that the steel can ac-
commodate more hydrogen atoms interstitially under the elastic
tensile stress.

4) Applied tensile stress belonging to local-plastic domain (95%
YS) results in slower diffusion rate and a little decrease in the
steady-state permeation current density. By using the proposed
diffusion equation, various diffusion parameters such as N, Kj,,
and AN are determined by curve-fitting. These values suggest
that the irreversible trapping effect is involved in the steel under
local plasticity.

5) The applied stress in generalized-plastic range (120% YS) shows
much longer break-through time and smaller value of D,,,. It is
due mainly to the fact that the plastically deformed steel contains
a considerable number of both reversible and irreversible trap-
ping sites for hydrogen atoms. With the transition of mechanical
domain from local-plastic to generalized-plastic, a big increase in
K, specifying the transition probability for hydrogen atoms from
interstitial lattice to irreversible trap site is observed, whereas
there is no big difference in N,,. In addition, the newly gen-
erated crack density (AN), sub-surface hydrogen concentration
(Cp) and crack formation rate (R) under generalized-plasticity is
higher than those under local-plasticity.
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