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1. Introduction

The presence of hydrogen in structural metals and alloys, espe-
cially steels, has proven to be a problem warranting a significant
amount of attention for over a century. In steels the presence of
hydrogen severely degrades mechanical properties such as ductil-
ity, fracture toughness and fatigue life [1-9]. The degrading effect
of hydrogen on the mechanical properties of structural metals and
alloys is commonly referred to as hydrogen embrittlement [10].
What makes hydrogen particularly deleterious is its extremely small
size and high mobility. Even at ambient conditions, hydrogen can dif-
fuse in steels over large distances [11-16]. The extent of hydrogen
ingress, as well as its degrading effect on the mechanical prop-
erties has been found to strongly depend on the lattice and the
microstructure of the material. For example, the extent of hydrogen
embrittlement in ferritic steels has been shown to be much greater
than that in austenitic stainless steels [17]. The ferritic iron-based
alloys and steels exhibit low hydrogen solubility but high diffusiv-
ity of hydrogen in the structure [11]. The permeation and diffusion
of hydrogen are even more complicated in multiphase microstruc-
tures such as ferritic-pearlitic steels. For pearlitic microstructures it
has been suggested that hydrogen cannot easily diffuse through the
layers of pearlite but can, however, diffuse through the interfaces
and grain boundaries [18-21]. Thus, quantifying the microstructural
influence on hydrogen ingress is essential to understand and reduce
the risk of hydrogen embrittlement in structural metals and alloys.

The mechanisms of hydrogen ingress in a material depend on
the ability of hydrogen to enter and diffuse within the bulk as vari-
ous lattice imperfections and microstructural features either hinder
diffusion or act as trapping sites [22-24]. The surface of the spec-
imen represents an initial energy well for hydrogen ingress and
diffusion in the bulk [25], while the binding energy of hydrogen
with an imperfection or microstructural feature dictates the trap-
ping susceptibility of the hydrogen [22]. The trapping of hydrogen
in the bulk of the material has been suggested to reduce the dele-
terious effect of hydrogen on mechanical properties by reducing
the amount of mobile hydrogen in the material [26-29]. Because
the trapped hydrogen must overcome a binding energy larger than
that for lattice diffusion before it can be released [30]. This clearly
suggests that a quantitative understanding of the role of microstruc-
tural features on trapping hydrogen can pave the way to designing
material microstructures that drastically reduce the risk of hydrogen
embrittlement in structural metals and alloys.

A number of experimental methods such as electrochemical per-
meation testing to determine the rate of adsorption of electrolytic
hydrogen and its subsequent diffusivity [31,32], and thermal desorp-
tion spectroscopy to estimate the trap binding energy by indirectly
measuring the rate of hydrogen release during continuous heating
[30,33], have been employed to study hydrogen diffusion in struc-
tural metals and alloys with distinct microstructural features. These
techniques have provided several insights into hydrogen transport
in materials but the interpretation of the results obtained using
these techniques is not straightforward especially for complicated
microstructures. Also the results are very sensitive to experimental
conditions such as charging current and specimen geometry [34-36].
Hence, a comprehensive modeling framework is needed to quanti-
tatively interpret hydrogen-microstructure interactions in complex
material microstructures.

Several models have been proposed to understand hydrogen dif-
fusion in the presence of single or multiple trap sites in a material
[22,25,37-43]. These models have been applied to understand and
interpret results obtained from electrochemical permeation testing
and thermal desorption spectroscopy [6,30,44-46]. But there are sev-
eral factors that limit the applicability of these models, for example,
the model proposed by Oriani [22] does not account for kinetic
effects and hydrogen interactions with the traps, the Kissinger

equation [37] ignores the effect of specimen dimensions and density
of traps, whereas the approach for hydrogen transport introduced
by McNabb and Foster [38] requires a number of fitting parameters.
However, the wide application of Oriani’'s model [22] to estimate
hydrogen diffusivity in various materials suggests that, to an extent,
the assumption of local equilibrium between the hydrogen situ-
ated in the lattice and in the traps holds and the Fickian diffusion
models can describe hydrogen diffusion. Following this, recently,
Galindo-Nava et al. [47] introduced a unified modeling framework
for hydrogen transport combining electrochemical permeation, ther-
mal desorption and degassing. The modeling framework of Galindo-
Nava et al. [47] is based on Fickian diffusion equations including the
relevant microstructural features, electrochemical charging condi-
tions and three-dimensional geometry of the specimen that affect
the overall diffusion behavior.

The objective of this work is to quantify the microstructural
influence on hydrogen permeation and trapping in pure iron and
two ferritic-pearlitic steels, AISI 1018 low-carbon steel and AISI
4340 high strength alloy steel. To this end, the initial microstruc-
ture of the three materials are thoroughly characterized and the
hydrogen is introduced into cylindrical specimens of these materi-
als through electrochemical charging. The total hydrogen content of
the specimens are quantified following gas fusion analysis princi-
ple commonly termed as melt extraction. The experimentally mea-
sured variation of total hydrogen concentration with electrochemical
charging time in the specimens of all three materials are then mod-
eled using the modeling framework of Galindo-Nava et al. [47]. The
coupled experimental and modeling work allows us to understand
and quantify the influence of various defects and microstructural fea-
tures on hydrogen permeation and trapping. The results presented
here reveal that due to the presence of limited hydrogen trap density
(grain boundaries and dislocations) in the material microstructure,
the hydrogen content in pure iron increases slightly with increas-
ing electrochemical charging time and then tends to saturate. On
the other hand in the two ferritic-pearlitic steels, 1018 and 4340
steels, there are at least two types of hydrogen trapping sites with
significantly different permeability, diffusivity and saturation con-
centration of hydrogen. This results in two stage permeation and
trapping of hydrogen in both, 1018 and 4340 steels, with increas-
ing electrochemical charging time. In addition, the modeling results
also rationalize the specimen to specimen variation in the measured
hydrogen concentration values for fixed electrochemical charging
times. This quantitative understanding of microstructural influence
on hydrogen permeation and trapping in the material not only allows
us to better assess the risk of hydrogen embrittlement, but also
allows us to identify or design material microstructures that reduce
the risk of hydrogen embrittlement.

2. Materials and methods
2.1. Material

The materials considered in this work are commercially pure iron,
AISI 1018 low carbon steel and AISI 4340 high strength alloy steel.
The rods of diameter 25.4 mm of the commercially pure iron were
acquired from the Goodfellow Corporation, and the rods of diame-
ter 12.7 mm of the AISI 1018 and 4340 steels were acquired from
the McMaster-Carr Supply Company. The nominal chemical compo-
sition of the materials provided by the supplier are as follows: Pure
Iron is 99.8% pure with impurities like Mn< 800 ppm, C< 200 ppm,
P< 200 ppm and S< 150 ppm; AISI 1018 low carbon steel contains,
98.06-99.42 % Fe, 0.13-0.2 % C, 0.3-0.9 % Mn, 0.04% (max) P, 0.15-
0.3 % Si and 0.5% (max) S; and AISI 4340 high strength alloy steel
contains, 95.09-96.08 % Fe, 0.38-0.43 % C, 0-0.04% Cr, 0.6-0.8 % Mn,
0.7-0.9 % Mo, 1.65-2 % Ni, 0.35% P, 0.2-0.35 % Si and 0.04% S.
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2.2. Metallography

Metallographic studies were performed on all three materials
to characterize their initial microstructure using Scanning Electron
Microscopy (SEM). The SEM analyses were carried out using a Tescan
FERA-3 model GMH Focused Ion Beam Microscope.

2.3. Hydrogen charging experiment

The cylindrical specimens of length and diameter equal to 6.35
mm of all three materials were machined from the as-received rods.
Hydrogen was then introduced into cylindrical specimens through
electrochemical charging. All the cylindrical specimens were first
mechanically polished before initiating the electrochemical charging
experiments to facilitate hydrogen ingress. For the electrochemical
charging experiments, one end of the cylindrical specimens were
spot welded to Nickel wires of diameter 0.73 mm and then inserted
into glass tubes. The welded end of the specimens and the bottom
of the glass tubes were sealed using adhesive to ensure that in the
electrochemical cell only the specimen is exposed to the electrolyte
and is the primary conduit for hydrogen adsorption. The electro-
chemical cell comprised a glass beaker with a rubber cap with two
holes: one hole with a diameter of ~6.45mm to insert the glass
tube containing the galvanic wire and the specimen assembly, and
a smaller hole to insert the platinum counter electrode. The plat-
inum counter electrode acted as the cathode from the power supply
while the specimen acted as the anode. To check the suitability of
the platinum counter electrode for use in the electrochemical charg-
ing experiments, graphene electrodes were cross-referenced against
the charging values of the platinum counter electrode. A compari-
son of the values generated by both counter electrode materials were
within reasonable agreement. The hydrogen charging experiments
were carried out at room temperature using 0.5 mol H,SO4 solution
and 58 mA current for charging times varying from 0.5 to 30 h.

2.4. Quantifying hydrogen content

The hydrogen content in all the cylindrical specimens were deter-
mined using G8 Galileo, a high performance O, N and H analyzer by
Bruker Corporation. The analyzer works on the inert gas fusion prin-
ciple also commonly known as melt extraction. The inert gas fusion
principle involves fusion of the specimen in a graphite crucible at
high temperatures. Post electrochemical charging and pre analysis in
the G8 Galileo, all the hydrogen charged cylindrical specimens were
mechanically polished to remove the corrosion film, and cleaned
using acetone and dry air.

3. Experimental results

The representative microstructures of the commercially pure
iron, AISI 1018 low carbon steel and AISI 4340 high strength alloy
steel considered in this work are shown in Fig. 1. The microstructure
of commercially pure iron is single phase and polycrystalline with
average ferritic grains size of ~50 um, Fig. 1a, while the microstruc-
tures of 1018 and 4340 steels are dual phase consisting of ferritic
grains and pearlitic (lamellar cementite) particles, Fig. 1b and c. On
average the size of ferritic grains in 1018 steel is ~10 pum whereas
the size of ferritic grains in 4340 steel is ~6 um. The average volume
fraction of pearlite in 1018 steel is ~22% whereas the average volume
fraction of pearlite in 4340 steel is about 60%. As seen in Fig. 1b and c,
the microstructure of pearlite in 1018 steel is finer than that in 4340
steel. The average lamellar spacing of pearlite in 1018 steel is ~0.15
um whereas in 4340 steel the average lamellar spacing is ~0.7 pm.

Hydrogen was introduced into cylindrical specimens of all three
materials through electrochemical charging, and the hydrogen con-
tent in the specimens, post charging, was quantified using gas fusion
principle commonly known as melt extraction as detailed under
Section 2. The hydrogen content in several uncharged specimens of
all the materials was also quantified. The variation of total hydro-
gen concentration, Cy, with electrochemical charging time, ¢, in all
three materials, commercially pure iron, AISI 1018 low carbon steel,
and AISI 4340 high strength alloy steel are shown in Fig. 2. Each
data point in Fig. 2 corresponds to a unique electrochemical charg-
ing and hydrogen quantification experiment. To better understand
the statistical variations, at least three specimens of each material
were analyzed for each electrochemical charging time. As seen in
Fig. 2, all the three materials contain initial hydrogen (Cy att = 0)
and the initial hydrogen concentration in all three materials varies
from specimen to specimen. There is also a specimen to speci-
men variation in the measured hydrogen concentration value for all
electrochemical charging times.

On an average the initial hydrogen concentration (Cy at t = 0)
in pure iron is ~1.4 wppm, in 1018 steel is ~0.9 wppm, and in 4340
steel is ~ 0.7 wppm. For parameters, such as specimen dimensions,
electrolyte and charging current density used here for the hydro-
gen charging experiments, the average hydrogen concentration in
pure iron increases slightly for electrochemical charging times less
than an hour and then tends to saturate for higher charging times,
Fig. 2a. After three hours of hydrogen charging, the average hydro-
gen concentration in pure iron is found to be ~2.4 wppm. Although
not shown in Fig. 2a, limited hydrogen charging and quantifica-
tion experiments for pure iron specimens were also carried out for
charging times 5h, 15h, and 24h, and on average, the hydrogen
concentration was found to be ~2.42 wppm. Similar to pure iron,

Fig. 1. Representative secondary electron SEM images showing the microstructures of as-received, (a) commercially pure iron, (b) AISI 1018 low carbon steel, and (c) AISI 4340

high strength alloy steel.
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Fig. 2. Experimentally measured variation of hydrogen concentration, Cy, with electrochemical charging time, ¢, in (a) commercially pure iron, (b) AISI 1018 low carbon steel, and
(c) AISI 4340 high strength alloy steel. Each data point corresponds to a unique electrochemical charging and hydrogen quantification experiment, and for each electrochemical

charging time at least 3 specimens were analyzed.

in 1018 steel, Fig. 2b, the average hydrogen concentration increases
slightly for t < 1 h and then tends to saturate for 1-5h of charging
times. After two hours of hydrogen charging, the average hydrogen
concentration in 1018 steel is found to be ~2.2 wppm. But unlike
pure iron, for charging times greater than ~5 h, the average hydro-
gen concentration in 1018 steel starts to increase again until 25-30 h
of charging times. After 25h of hydrogen charging, the average
hydrogen concentration in 1018 steel is found to be ~4.1 wppm.

The dependence of the measured hydrogen concentration, Cy,
in 4340 steel on the electrochemical charging time, t, shown in
Fig. 2c is qualitatively similar to that of 1018 steel shown in
Fig. 2b. In 4340 steel the average hydrogen concentration increases
rapidly for electrochemical charging times within an hour and
then tends to saturate for 1-5h of charging times. After five
hours of hydrogen charging, the average hydrogen concentra-
tion in 4340 steel is found to be ~5.5wppm. For charging times
greater than ~ 8-10h, the average hydrogen concentration in 4340
steel starts to increase again. After 30h of hydrogen charging,
the average hydrogen concentration in 4340 steel is found to be
~17.5wppm. As can be seen in Fig. 2c, the average hydrogen con-
centration in 4340 steel does not reach a saturation value until
t = 30 h. Nevertheless, hydrogen charging and quantification
experiments were not carried out beyond 30h because for longer
electrochemical charging times the 4340 specimens developed a
significant amount of corrosion.

4. Modeling hydrogen permeation during electrochemical
charging

4.1. Model formulation

To quantify the microstructural influence on hydrogen perme-
ation and trapping in pure iron and two ferritic-pearlitic steels, 1018
and 4340, during electrochemical charging we rely on the model-
ing framework developed by Galindo-Nava et al. [47]. For the sake
of completeness the key ingredients of the modeling framework
by Galindo-Nava et al. [47] are reproduced here. For a complete
description of the model the readers are referred to [47] and the ref-
erences cited therein. The modeling framework of Galindo-Nava et
al. [47] is based on Fickian diffusion equations including the relevant
microstructural features, electrochemical charging conditions and
three-dimensional geometry of the specimen affecting the overall
diffusion behavior.

A schematic representation of the diffusion landscape for hydro-
gen considered in the modeling framework of [47] is shown in Fig. 3.
As shown in the figure, after the hydrogen enters the specimen
from the cathodic polarization and overcomes the permeation acti-
vation energy, the hydrogen atoms diffuse in the lattice until they
encounter a trap (concentration well). The trap landscape depends
on the microstructure of the material and is described by a func-
tion ¢,y with a saturation concentration, cs. The hydrogen atoms
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Fig. 3. Schematic representation of flux, J, and concentration, ¢, landscape for hydro-
gen transport and entrapment.

are adsorbed to a trap until the well is saturated and the remain-
ing hydrogen atom continue to diffuse through the lattice until the
next trap is encountered. The diffusivity of hydrogen in a hetero-
geneous material microstructure will however vary locally due to
the heterogeneous energy landscape. But the modeling framework
of Galindo-Nava et al. [47] assumes a homogeneous trapping land-
scape that is consistent with the assumption of local equilibrium
between the free and trapped hydrogen atoms employed by Oriani
[22]. The apparent diffusion coefficient during hydrogen permeation
is then determined by representing the heterogeneous microstruc-
ture as a homogeneous representative volume element as suggested
by Frappart et al. [48]. This results in the net mass flux, J, within the
specimen being equal to the difference between the flux going to the
wells, J ¢y, and the mass flux induced by electrochemical permeation,
Jperm Tesulting from the permeated concentration cperm [49]:

J = — (wett = Jperm) = —DpermV (Cwell — Cperm) (1)

In Eq. (1), V is the differential operator in three dimensions and
Dperm is the apparent diffusivity during permeation [35] given as,

= Do /Ic (1 + % exp (E—b)) exp (—M) )

Dyerm ReT ReT
where, Dgerm is the apparent diffusion coefficient prefactor, I is the
cathodic current density, N; and N; are the total lattice and trapping
sites in the material, respectively, Ej, is the trap binding energy with
hydrogen, Eper, is the permeation activation energy that accounts for
the increase in the energy barrier due to hydrogen ingress [48], Q
is the activation energy for hydrogen lattice diffusion, Rg is the gas
constant and T is the absolute temperature. The apparent diffusion
coefficient in Eq. (2), not only includes the effects of microstruc-
ture (via N, Ep and Eperm ), but it also accounts for variations in the
charging current density, I.

The diffusion length of hydrogen can be assumed to be dictated by
the mean free path of the traps. Hence, the encountering frequency of
hydrogen in the lattice and the trapping wells should be proportional
to the mean spacing, A, of the respective microstructural features or
trapsi.e. N¢/N; = 1/, where r; is the width of the trap. For disloca-
tions, A is simply the mean dislocation spacing, 1/./p, where p is the
dislocation density and r; = mb [43], where b is the Burgers vector.
Similarly, for grain boundaries, A is the grain size, Dg and for pearlite,
A is the lamellar spacing, I,. The width of the trap for both the grain
boundaries and the pearlite can be taken to be, r; = b. Following this

the number density (N;/Nj) of traps such as dislocations (Ngis/N),
grain boundaries (Ng,/N) and pearlite (N,/N;) present in the three
materials considered in this work can be simply given as,

Ngis _

T,_nbﬁ

Ngp b

‘N, Dg

N, b

N ®

The evolution equation for the hydrogen concentration is then
obtained by applying Fick’s second law:

d Cperm

5t = DpermVz (Cwett — Cperm) » (4)

Eq. (4) for a cylindrical specimen of radius R and length L
can be solved by applying the method of separation of variables:
Cperm = Omn(t)Rn(r)Zm(2). As noted in [47] the variation of ¢,y with
rand z is same as Cperm Since the traps determine the diffusion pro-
file in the specimen [50], i.e. Cyey = CsatRn(r)Zm(2). Eq. (4) is then
expressed as,

1

RanB/mn = Dperm(csat — Omn) (R;/Zm + ?anm + an;r/,) (5)

Eq. (5) represents a set of three ordinary differential equations
that individually depend on t, r and z. In the absence of initial
hydrogen in the specimen, the initial and boundary conditions are,

Cperm(r,2,t) =0  at t=0
Cperm(T,Z,t) = Csqr  at r=R
Yem(rz6)=0 at  r=R (6)

at z=-L/2,L/2
at z=-L/2,L/2

Cperm(r- Z,t) = Csar

a¢
b (1, 2,¢) = 0

The solution to Eq. (4) with the initial and boundary conditions in
Eq. (6) is given by the series,

ern(r.2.0) = > (1= exp (~Dyerm (N2 + 02) 1)) Run (7

m,n=0
where, A, = 4’}1—}111 and oy, = Tm are the eigenvalues of Eq. (4),
and R, = W}o (A1) and Z, = ﬁsin(%m) cos (aunz) are

the eigensolutions along r and z, respectively, J, is the Bessel func-
tion of first kind and zero order in r. Eq. (7) allows us to determine
the hydrogen concentration profile for known experimental param-
eters such as temperature, specimen geometry and charging current
density, and material parameters such as defect density, saturation
concentration of trapped hydrogen in the trapping wells, permeation
energy and binding energy.

4.2. Parametric analysis

The effects of all the experimental and material parameters on
the prediction of hydrogen permeation in the specimen using Eq.
(7) are coupled and nonlinear. Thus, we carried out parametric stud-
ies to understand the effect of few relevant material parameters on
the prediction of hydrogen permeation in the specimen. The effect
of dislocation density, p, saturation hydrogen concentration, s, and
the effect of permeation, Eperm, and binding energies, Ep, on the pre-
dicted variation of hydrogen concentration, Cy, with electrochemical
charging time, t are shown in Figs. 4 and 5, respectively. In Figs. 4
and 5, Cy = cperm. The fixed experimental parameters, specimen
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Fig. 4. Results of parametric study to explore the effect of (a) dislocation density, p, in Eq. (3) and (b) saturation hydrogen concentration, csq, in Eq. (7) on the predicted variation

of hydrogen concentration, Cy, with electrochemical charging time, t.

geometry and charging current, given in Section 2, are used in the
parametric studies. The other constant parameters used in the calcu-
lations are, temperature T = 293 K and gas constant R; = 8.314
J/mol-K, and the lattice diffusion parameter for ferrite [51]: acti-
vation energy Q = 6.7 kJ/mol and apparent diffusion coefficient
prefactor D, = 1.16 x 10~ m® A=12 51,

For the parametric study to understand the effect of disloca-
tion density, p, on the prediction of hydrogen permeation shown in
Fig. 4a, the parameters ¢sqr = 1 wppm, Epern = 10Kk]/mol, and
E, = 35 kJ/mol, are assumed. The parameter p enters as defect
density, N;/N; (Eq. (3)), in Eq. (7) through Eq. (2). To estimate the
defect density corresponding to p using Eq. (3), the Burgers vec-
tor b = 0.285 nm for ferrite is assumed. As shown in Fig. 4a, for
all other parameters being fixed, the amount of dislocation density
affects both the onset of hydrogen permeation (t at Cy > 0) and
attainment of saturation of hydrogen content in the specimen (t at
Cy — Csar), such that increasing p decreases both t at Cy > 0 and ¢t
at Cy — Csqr. Similarly, for the parametric study to understand the
effect of saturation hydrogen concentration, ¢, on the prediction of
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hydrogen permeation shown in Fig. 4b, the parametersp = 1 x 10'!
m~2, Eperm = 10 kJ/mol, and E, = 35Kk]/mol, are assumed. The
parameter cgq¢ directly enters the Eq. (7). As shown in Fig. 4b, for all
other parameters being fixed, the saturation hydrogen concentration
in the trapping well only affects the maximum hydrogen content in
the specimen.

Next, the results of the parametric study to understand the effect
of permeation energy, Eperm, on the prediction of hydrogen perme-
ation is shown in Fig. 5a. For this study the parameters csr = 1
wppm, p = 1 x 10" m~2, and E, = 35 kJ/mol, are assumed. The
parameter Eper enters Eq. (7) through Eq. (2). As shown in Fig. 5a,
for all other parameters being fixed, increasing Eperr increases both
tat Cy > 0and t at Cy — cy. Similarly, the results of parametric
study to understand the effect of binding energy, Ep,, on the predic-
tion of hydrogen permeation is shown in Fig. 5b. For this study the
parameters ¢ = 1 wppm, p = 1x 10'"'m=2, and Eperm = 10
k]/mol, are assumed. The parameter E}, enters Eq. (7) through Eq. (2).
As shown in Fig. 5b, for all other parameters being fixed, increasing
Ej, decreases both t at Cy > O and t at Cy — Cgqr.

1 E,=32.5kJ/mol
o Ememsas E,=35.0kJ/mol
1
1

]
Xi
0.2— I S E=37.5kJ/mol
7.,. I e E,=40.0kJ/mol
1, A - E=42.5k]/mol
WA T ST T T 16 20
t [hrs]
(b)

Fig. 5. Results of parametric study to explore the effect of (a) permeation energy, Eperm, in Eq. (2) and (b) binding energy, Ej, in Eq. (2) on the predicted variation of hydrogen

concentration, Cy, with electrochemical charging time, t.
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5. Modeling results and discussion

We now use the modeling framework detailed in Section 4 to cal-
culate the variation of total hydrogen concentration, Cy, with electro-
chemical charging time, ¢, in pure iron and the two ferritic-pearlitic
steels, 1018 and 4340, and compare the predictions with the experi-
mental results presented in Section 3. Our goal is to understand and
quantify the microstructural influence on hydrogen permeation and
trapping. In all the calculations the specimen geometry and charg-
ing current are Kept fixed as in the experiments, see Section 2 for
the details of the experimental procedure. The other parameters
that enter the modeling framework, and are considered constant in
all the calculations are, temperature T = 293 K and gas constant
Rs = 8.314 ]/mol-K, and we consider ferrite as the matrix phase for
the three materials, so that the lattice diffusion parameter for fer-
rite [51]: activation energy Q = 6.7 kJ/mol and apparent diffusion
coefficient prefactor DJ,,, = 1.16 x 10~ m3 A=1/25=1, are also con-
sidered constant in all the calculations. But the parameters such as
defect density (N¢/N;), saturation concentration of trapped hydrogen
in the trapping wells (cs), permeation energy (Epern) and binding
energy (Ep,) are assumed to depend on specific material and rele-
vant microstructural features. In addition, we assume that the total
hydrogen concentration (Cy) measured using the procedure out-
lined in Section 2 predominantly represents the trapped hydrogen
concentration because of low solubility of hydrogen in ferrite.

5.1. Commercially pure Fe

The microstructure of commercially pure iron is single phase and
polycrystalline, Fig. 1a. Thus in extruded rods of pure iron the hydro-
gen traps are simply the grain boundaries and the dislocations. Based
on the quantitative characterization of the microstructure of pure
iron, we take the ferrite grain size, Dg, in the material to be 50+10
pm. The dislocation density in the material is not measured in this
work but following Galindo-Nava et al. [47], the dislocation density
is assumed to be, p = 5+ 2.5 x 10"¥m~2, This range of values of
D¢ and p are then used to estimate the range of total defect den-
sity as N;/N; = nb,/p + b/Dg (see Eq. (3)), where b = 0.285 nm
for ferrite is assumed. Next, we focus on estimating the saturation
concentration of trapped hydrogen, csq, at grain boundaries and dis-
locations in pure iron. The saturation concentration of hydrogen has

Cy lwppm|

o5 1 15 2 25 3
t [hrs]

(a)

been found to increase with increase in the charging current den-
sity, I, [36, 45, 52-54] according to Csgr o< 13/2. Additionally, cs¢ has
been found to depend on the density of the trapping sites, N;/N;
[34]. Combining these gives Cs¢ o IZ/ZNt/N,. Since in this work I is
fixed, we assume that any variation in the saturation hydrogen con-
centration is predominantly due to specimen to specimen variation
in the defect density giving, Cse = (c?;’f/(Nt/Nl)a"g) N¢/N,. Here,
¥ is the average saturation concentration of trapped hydrogen and
is estimated from the experimental measurements by subtracting
the average value of Cy at t = 0 from the average value of Cy
at t = 3 h, while (N¢/N;)™® is simply the average defect density.
The other two material parameters that enter the modeling frame-
work are Eper and Ep,. The value of Epern is taken to be 13 kj/mol
following the range of values reported in literature [31,32,55], while
the value of E, is found to be 36KkJ/mol in order to better rep-
resent the experimental measurements. The value of the binding
energy, E, = 36 kJ/mol, is within the general range of the values of
binding energies reported for grain boundaries and dislocations in
pure iron [30,43,56-58].

Now with all the parameters defined, we calculate the variation
of cperm With electrochemical charging time, ¢, in pure iron using Eq.
(7) for the range of defect density, N;/N;. The calculated variation of
hydrogen concentration, Cy = Cperm, With electrochemical charg-
ing time, t, in the traps, grain boundaries and dislocations, is shown
in Fig. 6a. The mean value of Cy(t) in the traps is shown by a solid
line while the dashed line is the mean value plus one standard devi-
ation (max) and the dashed-dot line is the mean minus one standard
deviation (min) of the value of Cy(t). The variation in Cy for a fixed
t is due to the variations in Dg and p, that results in variation in
the value of N;/N; that affects both Dperm and cgq. Finally, the total
hydrogen concentration in the specimens of pure iron are estimated
as, Cy(t) = C,‘_), + Cperm(t), so that the value of Cy(t) accounts for
both the variations in cpern(t) and the variations in the initial hydro-
gen concentration Cy att = 0 (C,?,) observed in the experimental
measurements. The calculated variation of total hydrogen concentra-
tion, Cy, with electrochemical charging time, t, in commercially pure
iron is compared with the experimental measurements in Fig. 6b.
From Fig. 6b, a very good correlation between the calculated and
the experimental average values of Cy(t) is noted. Additionally, most
experimental data lie within the plus/minus one standard deviation
of the calculated values of Cy(t).

67 <& Exp
b * Exp (Mean)
| ——— Cal (Mean)
M----- Cal (Max)
J=r———= Cal (Min)
— 4
§ . °
N <
= 3
D ~ = o - _o_ ______ ’_ ______
3 8
S /o R —— g

R GRS TR VY LR v
t [hrs]

(b)

Fig. 6. Commercially pure Fe. (a) Calculated variation of hydrogen concentration, Cy, with electrochemical charging time, t, in the traps (Grain Boundaries and Dislocations)
present in pure iron. In (a) the solid line is the mean value of Cy(t), the dashed line is the mean value plus one standard deviation (max) and the dashed-dot line is the mean
minus one standard deviation (min) of the value of Cy(t). (b) Comparison of calculated (cal) and experimentally (exp) measured variation of total hydrogen concentration, Cy,

with electrochemical charging time, t.
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Cy [wppm]

i /.‘
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(a)

67 o Exp

Exp (Mean)

1———— Cal (Mean)

H----- Cal (Max) o
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Cy [wppm]

T T E T R T 5
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Fig. 7. AISI 1018 low carbon steel. (a) Calculated variation of hydrogen concentration, Cy, with electrochemical charging time, ¢, in the two traps (1. Grain Boundaries and
Dislocations, and 2. Ferrite/Cementite Interface) present in 1018 steel. In (a) the solid lines are the mean value of Cy(t), the dashed lines are the mean value plus one standard
deviation and the dashed-dot lines are the mean minus one standard deviation of the value of Cy(t). (b) Comparison of calculated (cal) and experimentally (exp) measured

variation of total hydrogen concentration, Cy, with electrochemical charging time, t.

5.2. AISI 1018

As shown in Fig. 2b, similar to pure iron, the average hydrogen
concentration in 1018 steel increases slightly for electrochemical
charging times t < 1 h and then tends to saturate for 1 — 5 h
of charging times. But unlike pure iron for charging times greater
than ~5 h, the average hydrogen concentration in 1018 steel starts
to increase again. The two stage permeation and trapping of hydro-
gen in 1018 steels suggests that there are two types of hydrogen
traps in this material. We start with the assumption that the two
types of hydrogen traps in 1018 steel are ferrite grain boundaries
and dislocations in ferrite, and ferrite/cementite interfaces in the
pearlitic microstructure. The ferrite grain size, Dg, in the 1018 steel
is 10+2 um whereas the dislocation density, p, in the material is
assumed to be 5+£2.5 x 10'* m~2. This range of values of Dg and
p are then used to estimate the range of total density of trap 1 as
(Ne/ND1rgp 1 = (1=fp) (Mby/p + b/Dg), where f, = 22 £ 5% is
the range of volume fraction of pearlite in 1018 steel. Similarly, the
lamellar spacing of pearlite, I, in 1018 steel is 0.15 & 0.05um, that
gives a total density of trap 2 as (Nt/Nj)gyqp 2 = (fp) (b/Ip). The aver-

age saturation concentration of hydrogen in trap 1, (Csac‘l/tg)T s
rap
avg

taken to be 1.2 wppm, and the value of (csat )T , = 1.8 wppm, is
rap

considered based on the experimental measurements. The variations
in the density of the two traps are then used to estimate the variation
in the respective saturation concentration of hydrogen in the traps
following, csqr = (cggtg/(Nt/N,)“Vg) (N¢/N)). For trap 1, the values of
(Eperm)1rqp 1 = 13 kJ/mol and (Ep)q, 1 = 36 kJ/mol are consid-
ered, as was for pure iron. For trap 2, the values of (Eperm) g, , = 10
k]/mol and (Ep)rq, » = 28 kJ/mol are found to better represent the
experimental measurements. The significantly lower binding energy
for trap 2, ferrite/cementite interfaces in the pearlitic microstruc-
ture, compared to trap 1, ferrite grain boundaries and dislocations in
ferrite, results in significantly lower diffusivity of hydrogen through
trap 2 compared to trap 1, in line with other observations [59,60].
We separately calculate the evolution of hydrogen concentration,
Cy, with electrochemical charging time, t, in the two traps. For trap
1,Cy = (Cperm)-rmp , and for trap 2, Cy = (cperm)mp ,- The calculated
variation of Cy = (Cperm) g 1 ANd Ci = (Cperm)1yqp 2 With ¢, in the
two traps are shown in Fig. 7a. The mean value of Cy(t) in the traps

are shown by the solid lines while the dashed lines are the mean
value plus one standard deviation (max) and the dashed-dot lines are
the mean minus one standard deviation (min) of the values of Cy(t).
The variation in Cy at a fixed t for trap 1 is due to the variations in
fp» Dg and p, while for trap 2 is due to variations in f, and Iy. As seen
in Fig. 7a, the hydrogen concentration increases rapidly in trap 1 and
reaches saturation way before hydrogen starts to permeate into trap
2. The total hydrogen in the specimens of 1018 steel consisting of
the two traps are now estimated as, Cy(t) = Cg + Cperm()rrap 1 +
Cperm(t)1rap 2, SO that the value of Cy(t) in the specimen accounts for
the variations in cperm(t) in both the traps and the variations in the
initial hydrogen concentration Cy at t = 0 (CJ}) observed in the
experimental measurements. The calculated variation of total hydro-
gen concentration, Cy, with t in 1018 steel specimens is compared
with the experimental measurements in Fig. 7b. From Fig. 7b, a very
good correlation between the calculated and the experimental aver-
age values of Cy(t) is noted. Also, most experimental data lie within
the plus/minus one standard deviation of the calculated values of
Cy(t), although few exceptions exist.

5.3. AISI 4340

The permeation and trapping of hydrogen in 4340 steel are qual-
itatively similar to that of 1018 steel as shown in Fig. 2b and c,
and the microstructures of both the steels are dual phase consisting
of ferritic grains and pearlitic (lamellar cementite) particles, Fig. 1b
and c. Thus, here as well we start with the assumption that there
are two types of hydrogen traps in 4340 steel: ferrite grain bound-
aries and dislocations in ferrite, and ferrite/cementite interfaces in
the pearlitic microstructure. The ferrite grain size, Dg, in the 4340
steel is 6 & 2um whereas the dislocation density, p, in the material
is assumed to be 5+ 2.5 x 10'* m~2. This range of values of Dy and
p are then used to estimate the range of total density of trap 1 as
(Ne/ND1rqp 1 = (1 = fp) (mb/p + b/Dyg), where f, = 60 + 5% is the
range of volume fraction of pearlite in the steel. Similarly, the lamel-
lar spacing of pearlite, [, in 4340 steel is 0.7 & 0.1um, that gives
a total density of trap 2 as (Nt/N))gyqp » = (fp) (b/lp). The average

saturation concentration of hydrogen in trap 1, (cggf)T » Is taken
rap

to be 4wppm, and the value of (c”vg)T ,
rap

st = 20 wppm, is consid-

ered based on the experimental measurements. The variations in the
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Fig. 8. AISI 4340 high strength alloy steel. (a) Calculated variation of hydrogen concentration, Cy, with electrochemical charging time, t, in the two traps (1. Grain Boundaries and
Dislocations, and 2. Ferrite/Cementite Interface) present in 4340 steel. In (a) the solid lines are the mean value of Cy(t), the dashed lines are the mean value plus one standard
deviation and the dashed-dot lines are the mean minus one standard deviation of the value of Cy(t). (b) Comparison of calculated (cal) and experimentally (exp) measured

variation of total hydrogen concentration, Cy, with electrochemical charging time, t.

density of the two traps are then used to estimate the variation in
the respective saturation concentration of hydrogen in the traps fol-
lowing, Cs¢ = (cggf/(N[/N,)“"g) (N¢/N)). For trap 1, the values of
(Eperm)1rqp 1 = 13 kj/mol and (Ep)r,qp, 1 = 36 k]/mol are considered,
as was for pure iron. For trap 2, the value of (Ep)r,,, , = 28 kJ/mol
is considered, as was for 1018 steel but the value of (Eperm)gyqp » = 9
kJ/mol is found to better represent the experimental measurements
of 4340 steel specimens. The slightly lower permeation energy for
trap 2 in 4340 steel compared to 1018 steel can be due to coarser
pearlitic microstructure in 4340 steel compared to 1018 steel.

The calculated variation of Cy = (cperm)mp ; and Gy =
(Cperm) 1yqp o With electrochemical charging time, ¢, in the two traps
are shown in Fig. 8a. The mean value of Cy(t) in the traps are shown
by the solid lines while the dashed lines are the mean value plus
one standard deviation (max) and the dashed-dot lines are the mean
minus one standard deviation (min) of the values of Cy4(t). The varia-
tion in the value of Cy for a fixed t for trap 1 is due to the variations
in f,, Dg and p, while for trap 2 is due to variations in f, and I,. Simi-
lar to 1018 steel, for 4340 steel as well, the hydrogen concentration
increases rapidly in trap 1 and reaches saturation way before hydro-
gen starts to permeate into trap 2. Finally, the total hydrogen in the
specimens of 4340 steel consisting of the two traps are estimated as,
Cy(t) = C,?, + Cperm(E)1rap 1 + Cperm(t)1rap 2. The calculated variation
of total hydrogen concentration, Cy, with t in 4340 steel specimens
is compared with the experimental measurements in Fig. 8b. From
Fig. 8b, a very good correlation between the calculated and the
experimental average values of Cy(t) is noted. Also, most experi-
mental data lie within the plus/minus one standard deviation of the
calculated values of Cy(t).

5.4. Relating microstructure to permeation and trapping

The modeling results presented here clearly highlight the
microstructural influence on hydrogen permeation and trapping in
the specimens of pure iron and two ferritic-pearlitic steels, AISI 1018
low-carbon steel and AISI 4340 high strength alloy steel 1018 steels.
In particular, the results quantitatively show that, (i) unlike pure
iron, there are at least two types of hydrogen trapping sites in 1018
and 4340 steels with significantly different permeation activation
and binding energies, (ii) the apparent diffusivity of hydrogen in

trap 1 (ferrite grain boundaries and dislocations in ferrite) is greater
than that in trap 2 (ferrite/cementite interfaces in the pearlitic
microstructure), (iii) the difference in the apparent diffusivity of the
two traps results in two stage permeation and trapping of hydro-
gen in both 1018 and 4340 steels with increasing electrochemical
charging times, and (iv) the saturation concentration of hydrogen
in trap 1 is less than that in trap 2 in both 1018 and 4340 steels.
The estimated permeation activation and binding energies for the
three materials and microstructural features therein show that the
permeation of hydrogen is easy through the ferrite/cementite inter-
faces in the pearlitic microstructure compared to grain boundaries
and dislocations. But the grain boundaries and dislocations act as
stronger hydrogen traps than the ferrite/cementite interfaces in the
pearlitic microstructure. Also the ease of permeation of hydrogen
through coarse pearlitic microstructure is slightly greater than fine
pearlitic microstructure. Lastly, the modeling results also rational-
ize the specimen to specimen variation in the measured hydrogen
concentration values for fixed electrochemical charging times. Here
we have shown that most experimental measurements for all three
materials lie within plus/minus one standard deviation of the cal-
culated values that is due to variations in the defect/trap densities
leading to variations in both the apparent diffusivity and saturation
concentration of hydrogen in the traps.

5.5. Microstructure design against hydrogen embrittlement

There are two key aspects in the control and prevention of
hydrogen embrittlement: ingress and diffusion. Hydrogen embrit-
tlement necessitates reaching a critical hydrogen concentration for
crack propagation. The results presented here demonstrate that
material and component design against hydrogen embrittlement
requires the consideration of the synergistic contribution of perme-
ation as a result of exposure to a certain environment, as well as
diffusion within the material or the component. Designing material
microstructures by tailoring hydrogen trapping sites is not sufficient
as microstructure is intrinsically related to permeation via Eperm.
The ferrite/cementite interface displays a value of (Eperm)gyqy, =
10 kJ/mol for AISI 1018 whereas (Epe,m)mp 5 = 9 kJ/mol better
describes the experimental results for AISI 4340. Such a 10% decrease
in the barrier for permeation can be ascribed to the difference in
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the pearlitic structure between both grades; where AISI 1018 and
4340 respectively display an interlamellar spacing of 0.15 and 0.7 um
and a volume fraction of 22 and 60%. Nevertheless, both grades dis-
play the same value of (Ep)y,,, , = 28 k]/mol. This demonstrates
that microstructure simultaneously influences hydrogen ingress and
trapping, and alloy and component design has to consider both
aspects, and not just trapping as in the previous work by one of the
authors [60].

The two-step hydrogen concentration increase in the bulk, Cy
is significantly altered by the trapping potency of the different
microstructural features. Grain boundaries and dislocations (trap 1),
with (Eperm)1yqp 1 = 13 Kl/mol and (Ep )7,y 1 = 36 kJ/mol, differ from
ferrite/cementite interfaces (trap 2) with (Eperm)ryqp , = 9-5 £ 0.5
k]/mol and (Ep)1,q, , = 28 K]/mol. Both the trap binding energy and
the permeation activation energy are higher for grain boundaries and
dislocations compared to the ferrite/cementite interfaces. The effect
of these on hydrogen diffusion is dictated by Eq. (2), which shows
that trap 1 will bind more strongly with H, increasing Dperm; this is
consistent with Fig. 5b, where a larger value of E,, significantly accel-
erates H uptake; conversely, the higher value of Eperm will decrease
the H uptake, but its effect is more moderate as highlighted by Fig. 5a.
It is therefore concluded that the balance between the permeation
activation energy and the binding energy of the various traps dictate
the inflexion points in multiphase steels; these are manifested by the
plateaus in Figs. 7b and 8a. We therefore propose that, in multiphase
steels, binding and permeation energies of the constituent phases
are accounted for simultaneously to control the content of hydrogen
under a critical value dictated by the application. The methodol-
ogy provided in this work allows for the design of microstructures
by simultaneously accounting for both permeation and binding, this
would allow to keep the hydrogen content under a critical value
beyond which failure may occur.

6. Conclusions

In this work we have quantified the microstructural influence on
hydrogen permeation and trapping in pure iron and two ferritic-
pearlitic steels, AISI 1018 low-carbon steel and AISI 4340 high
strength alloy steel. The initial microstructure of the three materi-
als were thoroughly characterized and the hydrogen was introduced
into cylindrical specimens of these materials through electrochemi-
cal charging. The total hydrogen content of the specimens were then
quantified following gas fusion analysis principle commonly termed
as melt extraction. Furthermore, the experimentally measured vari-
ation of hydrogen concentration with electrochemical charging time
in the specimens of all three materials were modeled using a mod-
eling framework based on Fickian diffusion equations including the
relevant microstructural features, electrochemical charging condi-
tions and three-dimensional geometry of the specimen that affect
the overall diffusion behavior. The approach presented here to quan-
tify the microstructural influence on hydrogen permeation and trap-
ping in the material will not only allow us to better assess the risk of
hydrogen embrittlement, but will potentially also allow us to identify
or design material microstructures that reduce the risk of hydrogen
embrittlement.

The most significant conclusions of this work are:

1. The hydrogen content in pure iron increases slightly with
increasing electrochemical charging time and then tends to sat-
urate. On the other hand, the two ferritic-pearlitic steels, 1018
and 4340 steels, exhibit two stage permeation and trapping of
hydrogen with increasing electrochemical charging time.

2. The two stage permeation and trapping of hydrogen in 1018
and 4340 steels are shown to be due to the presence of two
types of hydrogen trapping sites (trap 1: ferrite grain bound-
aries and dislocations, and trap 2: ferrite/cementite interfaces

in the pearlitic microstructure) with significantly different
permeation activation and binding energies.

3. The apparent diffusivity of hydrogen in trap 1 is found to be
greater than that in trap 2, whereas the saturation concentra-
tion of hydrogen for trap 1 is found to be less than that for trap
2 in ferritic-pearlitic microstructures.

4, The experimentally measured specimen to specimen varia-
tion in hydrogen concentration values for fixed electrochem-
ical charging times for all three materials predominantly lies
within plus/minus one standard deviation of the calculated
values. In the calculations the variations in hydrogen concen-
tration values for fixed electrochemical charging times is due
to variations in the defect/trap densities leading to variations
in both the apparent diffusivity and saturation concentration
of hydrogen in the traps.

5. The methodology presented in this paper demonstrates that
hydrogen permeation and binding energies must be simulta-
neously considered to quantify hydrogen ingress. In the case
of multiphase steels, those quantities can be tailored to ensure
the content of hydrogen is kept under a certain limit beyond
which failure may occur.
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