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Electrochemical hydrogen permeation tests were performed on an API 5L X60 steel to study trapping and
diffusion properties in the as-received (AR) and in a cold-rolled (CR) state, at 30, 50 and 70 �C. Hydrogen
trapping was characterized by assuming saturable traps in local equilibrium. Binding energies (DG) and
trap densities (N) were determined by fitting a trapping theoretical model to experimental data. Both
conditions AR and CR present a high density of weak traps |DG| < 35 kJ/mol, namely N = 1.4 � 10�5 and
7.9 � 10�4 mol/cm3 respectively. Strong trapping sites were detected (�72 < DG < �57 kJ/mol) and their
densities increased markedly after cold-rolling.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The steels specified in the API standard (American Petroleum
Institute), are mainly used in natural gas and petroleum pipelines,
and are generally characterized by their good mechanical strength,
weldability and fracture toughness among other properties [1].
However, these materials are susceptible to some type of hydrogen
damage. A well known type of damage is the hydrogen assisted
cracking. This phenomenon, which has been studied extensively
[2–5] is related to hydrogen diffusion. Ferritic and martensitic
steels have microstructural imperfections called traps which hold
hydrogen in the atomic form. A remarkable observation is that
the H diffusion process is delayed by the presence of traps. These
traps have been related to microstructural features such as disloca-
tions, interfaces, vacancies, impurity atoms, microvoids or any
other lattice defect [4]. The effect of cold-working on the hydrogen
trapping characteristics of iron and steels has been studied exten-
sively; the pioneering works appeared in the 1950’s. Darken and
Smith [6] suggested that in steels subjected to a cold-rolling pro-
cess, the H diffusion can be affected by the presence of traps which
are created during the plastic deformation of the material. Bath
and Lloyd [7] studied different steels (with different carbon per-
centage), which were cold-drawn to different reduction degrees.
The experimental setup was a hollow steel cylinder in which
hydrogen was introduced by cathodic charging on the external sur-
face. After permeating through the steel wall, hydrogen was col-
lected in the internal hole and measured by a volumetric
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method. Their results indicated that the H permeation rate at room
temperature increases with time and finally reached a steady state
value. The time to reach the steady state increased markedly as the
degree of plastic deformation increased. They observed also that
the steady state permeation rate decreased markedly with increas-
ing plastic deformation. However, they were suspicious on the lat-
ter result and argued that either the different rates of hydrogen
pickup (cathodic charging) or insufficient time to attain a true stea-
dy state might have influenced the results. In fact, later results [8]
showed a moderate influence of the degree of cold-work on the
steady state H permeation rate in a 0.48%C steel. In additional
experiments [7], the amount of hydrogen absorbed after 24 h
cathodic charging (‘‘H saturation’’) was measured by hot extraction
in vacuum. Bath and Lloyd [7] observed that the H saturation
became is higher as the degree of cold-work increased. This con-
firmed the hypothesis that plastic strain created sites that capture
hydrogen. In other classical work Keeler and Davis [9] showed, via
H2-equilibration with a Sieverts-like technique, that the amount of
H absorbed by a SAE 1020 steel (0.17 %C) at 250–550 �C steel was
influenced by a cold-rolling process performed on this material.
Thus, the amount of H occluded in the plastically strained steel
after equilibration at 250 �C was about 100 times higher than the
amount of H occluded in the not strained steel. Keeler and Davis
[9] also observed that the density of the 1020 steel decreased as
the degree of cold-work increased up to 60% reduction in thickness.
They attributed the decrease in density to the formation of microv-
oids as result from imperfect plastic flow of the ferrite about inclu-
sions or other phases during cold-rolling. The increase in the
hydrogen absorption capacity was related to these microvoids.
However, additionally to the microvoids, they proposed a second
type of trap which was eliminated by annealing.
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Numerous works along a period of six decades dealt with the
creation of hydrogen traps in iron and iron base alloys as a result
of plastic deformation. Just a selected group of papers concerning
the behavior of hydrogen in pure iron or low alloy steels is cited
here. The most frequently applied techniques were hydrogen per-
meation [10–12] and thermal desorption spectroscopy [13,14]. As
a result of these investigations, different microstructural defects
in the deformed material have been associated with hydrogen
traps. Dislocations are naturally the first candidates [12–14]; how-
ever, the density of hydrogen traps calculated from the density of
dislocations is not equal to the trap density inferred from perme-
ation measurements [10]; moreover, trap density decreases mark-
edly after annealing at low temperatures at which the dislocations
should be stable [10]. Microvoids caused by cold-work are other
possible type of traps [9,10,13]. However, the results of permeation
tests are not consistent with this type of non-saturable traps [15].
Nagumo et al. [14] proposed that vacancy clusters produced by
cold-work are important hydrogen traps. In the case of low alloy
steels, additional trap types such as interfaces with second phase
particles are considered [12]. With reference to the hydrogen ex-
change rate between trap sites and normal interstitial lattice sites
(NILS), usually the local equilibrium hypothesis [16] is assumed.
This implies a high NILS-trap exchange rate in comparison with
the diffusion rate. However, thermal desorption results are better
described as limited by an activated release rate from the traps
[13]. This brief literature review is intended to show that there is
still a controversy on the true nature of the hydrogen traps in
deformed iron and steel, and on the way these traps exchange
hydrogen with NILS.

As result of the delay in the H diffusion because of the presence
of lattice imperfections, the apparent diffusion coefficient (Dapp) is
lower than the diffusion coefficient in a perfect body centered
cubic lattice of iron (DL). The magnitude of the H diffusion delay
depends on the strength of the trap, i.e. the free energy of trapping
(DG) and the trap density (N), i.e. the number of trap sites per unit
volume. Both parameters, DG and N, can be calculated through the
theoretical fit of experimental H permeation curves of the H flux JH

[mol H/(cm2 s)] versus time t [s]. In the present work, iH vs. t curves
were obtained from H permeation tests with electrochemical
detection, iH [A/cm2] being the current density due to the oxidation
of H at the exit side of the permeation membrane, i.e. the faradic
equivalent of JH. In the present work, a numerical method has been
used to calculate theoretical permeation transients. This method,
which is described in the Appendix, solves the differential equa-
tions described in the McNabb and Foster work [17]. These authors
assume the presence of one type of trapping site and they define
two kinetic constants for the H trapping and H release named k
and p respectively. Also, they consider that traps are saturable,
i.e. each trap can retain only one H atom; in this way the H satura-
tion concentration is equal to the density of traps. In 1970, Oriani
[16] simplified the model proposed by McNabb and Foster, assum-
ing that the trapping and liberation velocities are high enough in
comparison with the velocities involved in the diffusion process.
This implies a local equilibrium condition between H in traps with
the diffusing H. The numerical resolution for the MacNabb and
Foster diffusion equations has been developed for several authors
[15,18,19]. In these literature works, the permeation transients
were numerically simulated by fixing the values of the parameters
D, k, p and N, where D is the diffusion coefficient. Johnson and Lin
[15] simulated the H permeation transients to study the nature of
traps in cold-rolled iron. Ramunni et al. [19] obtained the trapping
parameters for three different morphologies of the cementite Fe3C,
generated by an adequate scheme of thermal treatments.

In the present work the diffusion and trapping parameters of an
API 5L X60 steel were obtained from the data of hydrogen perme-
ation experiments with gas phase charging and electrochemical
detection. Two different sample conditions were studied: as-re-
ceived from the manufacturer (AR), and cold- rolled with a thick-
ness reduction of ca. 2% (CR). The H trapping energy (DG) and
the trap density (N) of the API 5L X60 steel were calculated from
the H permeation data based on the theoretical considerations de-
scribed in the Appendix of the present work, under the assumption
of saturable traps in local equilibrium. As shown in Section A.7 of
the Appendix, trapping energy values in the range of �35 to
�70 kJ mol�1 are considered as ‘‘strong’’ or high energy traps,
and their particular N and DG values have been directly assessed
from the permeation data as fitting parameters; traps with
|DG| 6 35 kJ mol�1 are considered as ‘‘weak’’ and their effect is
only reflected in the value of the apparent diffusion coefficient
Dapp, which is reduced in comparison with the diffusion coefficient
of a trap free lattice of bcc iron DL.
2. Materials and methods

The material employed in this study is an API 5L X60 steel
taken from a seamless pipe. The chemical composition is shown
in Table 1.

A previous work [20] reported the microstructural characteriza-
tion and the study of the non-metallic inclusions of this material in
the as-received (AR) condition. The metallographic observation
indicated that the microstructure of the API 5L X60 contains equi-
axed ferrite grains and carbides mainly located in the grain bound-
aries, which is typical of tempered martensite. The average grain
size is estimated as 4 lm and the mean size of the observed
cementite particles is ca. 0.3 lm. Analysis of the local chemical
composition by Energy Dispersive X-ray Spectroscopy microanaly-
sis (EDAX) revealed few non-metallic inclusions containing varying
amounts of Ca, S, Al and Ti.

From this material a parallelepiped of ca. 3.5 mm thickness was
constructed, which was subjected to plastic deformation by cold-
rolling in consecutive steps. The reduction in thickness (e) was
2.1 ± 0.3%, and it was calculated according to:

e ¼ ðLi � Lf Þ=Li ð1Þ

where Li is the parallelepiped thickness before cold-rolling and Lf is
the parallelepiped thickness after the last step of rolling. From the
rolled parallelepiped a disk was made with a thickness of 3.39 mm
and a diameter of 35 mm. Also, a disk with a thickness of 1.57 mm
and a diameter of 35 mm was cut directly from the AR material.
These disks were used in the electrochemical permeation tests as
the permeation membranes representative of the CR and AR condi-
tions, respectively. Prior to the tests, both disk faces (entry and exit
surface of the permeation membrane) were ground with SiC up to
#600 grit and then electropolished in a mixture of 10% HClO4 and
90% butyl cellosolve at a temperature below 5 �C under a potential
difference of 36 V. The objective of electropolishing is to eliminate
a layer of 10 lm of material from each membrane face, which is
the estimated thickness of the deformed layer created by mechani-
cal polishing. Then, a palladium film about 10 nm thick was electro-
chemically deposited on both membrane entry and exit surfaces.
The deposition cell was equipped with a Pd/PdH reference electrode
and a Pt counter electrode, and it was filled with ca. 300 ml of
electrolyte, which was an aqueous solution of 0.1 M NaOH. The elec-
trolyte was continuously deaereated by nitrogen bubbling. Prior to
the deposition, the permeation membrane was etched in HCl 50%,
rinsed with water and immediately subjected to cathodic polariza-
tion in the electrochemical cell at a constant current density of
�0.1 mA cm�2. The cathodic treatment continued until the typical
potential of H2 evolution on the steel (�0.970 mV vs. normal hydro-
gen electrode, NHE) was reached. The deposition was started by
introducing in the cell 7 ml of an aqueous solution of [Pd(NO2)4]Na2



Table 1
Chemical composition of the API 5L X60 steel (weight %).

C Mn Si Cr Mo V Cu Ni Al P S Ti Nb

0.14 1.04 0.25 0.07 0.08 0.03 0.03 0.05 0.026 0.014 0.011 0.015 0.001
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which contained 0.004 g/ml of Pd while keeping the current density
at �0.1 mA cm�2. The deposition time was 40 min. As a last step the
Pd-coated membranes were degassed in an oven at 110 �C for 16 h.

The H permeation tests were carried out using gas phase charg-
ing and electrochemical detection. Gas phase charging ensures a
constant and reliable chemical potential of hydrogen at the input
surface [21]. The electrochemical detection technique was accord-
ing to Devanathan and Stachurski [22] in an experimental arrange-
ment similar to that outlined in reference [8]. This arrangement
consists of two compartments (input cell and detection cell) sepa-
rated by the steel permeation membrane which has an exposed area
of 1.9 cm2 on both their entry and exit surfaces. Gas phase charging
was achieved by circulating H2 (g) (99.999%) at pH2

=1 bar through
the input cell. The Pd film at the entry surface allows reaching equi-
librium between the gas phase and the metal phase according to
Sieverts’ law [21]. The detection cell included a Pd/PdH reference
electrode and a platinum wire as counter electrode. It contained a
0.1 M NaOH solution which was continuously deaerated with nitro-
gen. The exit surface of the metallic membrane was polarized at
+200 mV with respect to NHE. The H flux at the exit surface was
measured as its faradic equivalent iH[A/cm2]=i � ibg, where ibg is a
background current density, mainly due to residual corrosion of
the steel. The iH values were recorded as a function of time t [s]. Per-
meation buildup or decay transients were obtained by circulating
either H2 (g) or purified air, respectively, through the input cell.
The tests were performed consecutively at 30, 50 and 70 �C. At
30 �C, two successive sequences of permeation buildup and decay
transients were performed in order to detect the possible presence
of high energy traps.

The values of the diffusion and trapping parameters were
obtained by fitting calculated hydrogen permeation transients to
the experimental transients. Unlike the approach by Ramunni et
al. [19], the model and software employed in the present work to
calculate the permeation transients is restricted to the case of local
equilibrium. Hydrogen traps are classified according to their free
energy of trapping DG in weak traps with |DG| 6 35 kJ mol�1 and
strong traps with �70 < DG/kJ mol�1 < �35. A maximum of two
types of strong traps is considered. The resulting fitting parameters
are the apparent diffusion coefficient Dapp and the densities and
energies of the strong traps DG1, N1, DG2 and N2. The effect of
the weak traps was reflected in the value of Dapp. This method is
described with more detail in the Appendix.

For the representation of the experimental and calculated per-
meation transients, the net H current density (iH) and the time
(t) were normalized with respect the membrane thickness (L), i.e.
iH � L vs. t/L2.

3. Results and discussion

In the present work it is considered that the values of N and DG
should be independent of the test temperature, because the traps,
i.e. the nature and density of the metallurgical defects, is not ex-
pected to change at the test temperatures (30–70 �C). Thus, the
best set of fitting parameters was selected by attempting a com-
promise between the goodness of the fit and the physical consis-
tency of the results. Instead of directly using the optimal set of
parameters (from the point of view of the mean quadratic devia-
tion) for each test temperature, these values were varied slightly
in order to achieve a unique value of trap density, independent
of the test temperature. In this way, the deviation between calcu-
lated and experimental data increased slightly, up to 0.1 in per-
centage units.

3.1. As-received condition

In the case of the AR condition it was observed that a satisfac-
tory fit could be achieved by assuming the existence of only one
type of strong traps. The experimental buildup transients are rep-
resented in Fig. 1, together with the theoretical ones identified as
fitted curve. The selected set of parameters for the AR condition
obtained from the buildup transients at 30, 50 and 70 �C is
reported in Table 2. Table 2 also presents the mean quadratic devi-
ation (expressed as percentage with respect to the steady state
current density) of the fitted transients.

The first buildup transient at 30 �C corresponds to the material
degassed in oven at 110 �C prior to the permeation test, which is
identified in this work as oven degassed. The other buildup tran-
sients correspond to the material degassed in the permeation cell
at the test temperature, or cell degassed. Thus, the trap occupancy
at the beginning of the first transient at 30 �C is a priori different
from that of the second transient at 30 �C. However, for the AR con-
dition the first and second buildup transients at 30 �C look very
similar, suggesting that the presence of high energy traps that
retain hydrogen after cell degassing at 30 �C is not significant. Con-
cerning the results at 30 �C, it seems reasonable to assume that the
weak traps are completely empty either in the cell degassed or in
the oven degassed condition; then, for the analysis of the first
and second buildup transients at 30 �C, it is assumed that the den-
sity of weak traps is the same in both cases. Since the presence of
weak traps only influences the parameter Dapp, the fitting job is
performed with the restriction that Dapp is the same for the first
and second buildup transients at 30 �C. Instead, the parameters
of the strong traps N and DG were allowed to vary, in order to opti-
mize the fit. As shown in Table 2, N obtained for the first transient
at 30 �C resulted slightly higher than that observed in the others
transients. Fitting of the buildup transients at the test tempera-
tures of 50 �C and 70 �C was carried out by varying Dapp, N and
DG with the restriction of physical consistency discussed above.

Table 2 shows that the density of the strong traps is N = 8 �
10�9 mol cm-3 and their energy DG ranges from �58.3 kJ mol�1

to �58.6 kJ mol�1, i.e. practically independent of the test tempera-
ture. The present results shows that very high energy traps (say
|DG| > 60 kJ mol�1) are barely detectable in the AR condition of
the API 5L X60 steel.

The decay permeation transients of the AR condition were not
subjected to a fitting procedure as the buildup transients were. In-
stead, theoretical permeation decay transients were calculated
using the parameter set obtained from the corresponding buildup
transients (Table 2). Fig. 2 shows the experimental permeation de-
cay transients and the corresponding calculated curve that is
named Theoretical curve. The first and second decay transients at
30 �C are not expected to differ, because when they are initiated
all traps should have the same occupancy in both cases. Conse-
quently, the parameter set used to calculate the decay transients
at 30 �C was that of the second buildup transient at 30 �C.

In this way, i.e. by simulating decay transients with the param-
eters of the buildup transients, it was checked whether the model
described in the Appendix was able to describe the system under



Fig. 1. Experimental points and fit curves of the buildup transients for the API 5L X60 steel in the as-received (AR) condition: (a) 30 �C first transient (p1) and second transient
(p2); (b) 50 �C; (c) 70 �C.

Table 2
Diffusion and trapping parameters of the API 5L X60 steel in the as received (AR) condition. Deviation of the fitted buildup transients and of the calculated decay transients.

Temperature (�C) Dapp (cm2/s) iss (A/cm2) DG (kJ/mol) N (mol/cm3) Deviation (%)

Buildup Decay

30 3.47 � 10�6 1.29 � 10�7 �58.00 9.26 � 10�9 1.25 2.49a

30 3.47 � 10�6 1.28 � 10�7 �58.60 8.00 � 10�9 1.38 2.35
50 8.37 � 10�6 3.13 � 10�7 �58.02 8.00 � 10�9 0.94 2.13
70 1.97 � 10�5 6.12 � 10�7 �58.32 8.00 � 10�9 0.68 1.52

a Parameters of the second buildup transient at 30 �C were used.
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changing experimental conditions. The deviation of the calculated
points with respect to the experimental ones in the case of the
decay transients was evaluated and reported in the last column
of Table 2. Since the decay transient parameters are not optimized
by a least squares fitting procedure, the agreement between exper-
iment and model decreases. Anyway, the obtained deviation val-
ues, in the range of 1.5–2.5%, are considered as quite satisfactory.
3.2. Cold-rolled condition

The experimental buildup transients corresponding to the steel
in the CR condition are shown in Fig. 3. From the comparison of the
normalized time scales of Figs. 1 and 3 it is clear that the develop-
ment of the permeation transient is retarded in the cold-rolled
condition with respect to the as-received condition. This delay is
expected because of the creation of traps by cold-rolling. The
remarkable fact is that this effect is very important even at this low
level (�2%) of plastic strain.

As in the case of the steel in the AR condition, the optimized dif-
fusion parameters for the CR state were obtained by fitting calcu-
lated buildup permeation transients to the experimental ones.
Though, for the cold-rolled steel, considering only one type of
strong trap was insufficient to achieve a good fit. Then, two types
of strong traps were assumed with trap densities and energies
N1, N2, DG1 and DG2 respectively. The buildup permeation tran-
sients calculated with the fitting parameters and named Fitted
curve are in excellent agreement with the experimental data, as
is shown in Fig. 3. Trapping and diffusion parameters of the API
5L X60 steel in the CR state are reported in Table 3.

As shown in Fig. 3(a), first and second buildup transients at
30 �C are notably different for the CR membrane. This observation
is contrary to the results reported by Kumnick and Johnson [11] for



Fig. 2. Experimental points and theoretical curves of the decay transients the API 5L X60 steel in the as-received (AR) condition: (a) 30 �C first transient (d1) and second
transient (d2); (b) 50 �C; (c) 70 �C.
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pure iron. The first buildup transient at 30 �C corresponds to the
oven degassed material. The other buildup transients correspond
to the cell degassed material. At 30 �C and for the CR condition,
the permeation buildup transient of the oven degassed material
presents a considerable delay with respect to the permeation
buildup transient of the cell degassed material. This delay, which
was not observed in the case of the AR condition, it is attributed
to the presence of very high energy traps that are emptied in the
oven but not in the cell. This hypothesis is in agreement with the
values of the fitting parameters N1, N2, DG1 and DG2 at 30 �C. The
density of type 1 traps N1 increases from �1.1 � 10�7 in the cell
degassed material to �1.8 � 10�7 mol/cm3 in the oven degassed
material, and the density of type 2 traps N2 increases respectively
from �2.2 � 10�8 to �3.1 � 10�8 mol/cm3. Also, the values of
|DG1|and |DG2| for the oven degassed material are higher than those
of the cell degassed material in an amount of ca. 3 and 12 kJ mol�1

respectively.
In comparison with the AR condition, the CR condition shows a

marked increase in the strong trap density. In fact, the overall (type
1 + type 2) strong trap density in the CR condition is 1.2 �
10�7 mol cm, practically independent of temperature (see Table 3).
This figure, corresponding to a strain e � 2%, is 15 times higher than
that of the unstrained steel. Thus, the first effect of the plastic defor-
mation on the H diffusion and trapping behavior is a marked
2increase in the strong trap density.

The values of the trap density, N1 and N2, do not depend mark-
edly on temperature. However, the absolute values of the trapping
energies of the CR condition |DG1| and |DG2| increase moderately
with temperature. This behavior is interpreted as follows: it was
demonstrated above, that the CR condition presents a population
of high energy traps that remain occupied during cell degassing at
30 �C, but are emptied by oven degassing at 110 �C. It is likely that
an increasing fraction of this trap population will release hydrogen
in the cell at increasing degassing temperatures, 50 and 70 �C. This
fraction of high energy traps will be empty at the beginning of the
subsequent buildup transient. This would lead to an increase in the
observed average trap energy at increasing temperatures.

From the inspection of Tables 2 and 3, it can be concluded that
the microstructural changes produced during cold-rolling affect
the hydrogen trapping characteristics of the API 5L X60 steel and
this is manifested in: (i) an increment of the density of weak traps
reflected in a decrease of the fitting parameter Dapp by a factor of
�3.2 to 4.0, (ii) an increment of the density of type 1 traps N1

(|DG1| � 57–61 kJ/mol), which is 0.8 � 10�9 mol/cm3 in the AR
condition, and is increased by a factor of �12 in the CR state, (iii)
the creation of high energy type 2 traps (|DG2| � 64–73 kJ/mol),
with N2 in the range of 1.6 � 10�8 to 2.2 � 10�8 mol/cm3; (iv)1
the appearance of even higher energy traps (|DG| � 75 kJ/mol
and N � 1 � 10�8 mol cm�3) which are emptied only after oven
degassing.

The fitting procedure was not carried out for the permeation de-
cay transients corresponding to the CR state. Similar to the AR case,
the theoretical decay transients were calculated using the diffusion
and trapping parameters obtained from the buildup transients at
the same test temperature. For the calculation of the simulated
first and second decay transients at the test temperature of 30 �C,



Fig. 3. Experimental points and fit curves of the buildup transients for the API 5L X60 steel in the cold-rolled (CR) condition: (a) 30 �C first transient (p1) and second transient
(p2); (b) 50 �C; (c) 70 �C.

Table 3
Diffusion and trapping parameters of the API 5L X60 steel in the cold-rolled (CR) condition. Deviation of the fitted buildup transients and of the calculated decay transients.

Temperature (�C) Dapp (cm2/s) iss (A/cm2) DG1 (kJ/mol) N1 (mol/cm3) DG2 (kJ/mol) N2 (mol/cm3) Deviation (%)

Buildup Decay

30 1.15 � 10�6 5.93 � 10�8 �60.38 1.79 � 10�7 �75.86 3.14 � 10�8 0.49 2.37a

30 1.10 � 10�6 5.88 � 10�8 �57.26 1.06 � 10�7 �64.01 2.16 � 10�8 0.61 2.20
50 2.46 � 10�6 1.36 � 10�7 �59.33 1.03 � 10�7 �68.00 1.66 � 10�8 0.34 0.95
70 4.99 � 10�6 2.94 � 10�7 �61.35 9.89 � 10�8 �71.53 1.95 � 10�8 0.15 1.12

a Parameters of the second buildup transient at 30 �C.
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the parameters of the second buildup transient at 30 �C were em-
ployed, which are representative of the cell degassed state. The
mean quadratic deviation of the calculated permeation decay tran-
sients with respect to the experimental decay transients of the CR
condition is reported in the last column of Table 3. This deviation
ranges from 1 to 2.5%.

In Fig. 4 the experimental permeation decay transients are
plotted together with the simulated ones as described above and
named as Theoretical curve. The coincidence, as judged from
Fig. 4 and from the deviation values, is satisfactory.
3.3. Steady state permeation

The steady state H current density (iss) as a function of the tem-
perature is practically the same for both AR and CR conditions,
when it is normalized with respect the membrane thickness L (Ta-
bles 2 and 3). The independency of the steady state H flux in rela-
tion with the plastic deformation has been reported for iron of
different purities [21,23]. A low alloy steel with 0.48%C and a
microstructure of ferrite + pearlite showed no change of iss � L
after cold-rolling to 15% reduction in thickness; however, with
70% reduction in thickness iss � L was reduced ca. 2.5 times [8].
The fact that the present API 5L X60 steel does not show a depen-
dence of iss � L on strain may be due to a combination of low car-
bon content (0.14 wt.%) and low strain (�2%). The hydrogen
permeation coefficient (U) was calculated from iss � L according
to Eq. (A.5) that has been taken from reference [8]:

U ¼ issL
F
ffiffiffiffiffiffiffi
pH2

p ð2Þ

where F is the Faraday constant and pH2
= 1 bar is the H partial

pressure at the input cell. Fig. 5 is an Arrhenius type plot that
shows the U values for the AR and CR conditions, together with lit-
erature values corresponding to pure iron (UFe) [21,23,24] for



Fig. 4. Experimental points and theoretical curves of the decay transients the API 5L X60 steel in the cold-rolled (CR) condition: (a) 30 �C first transient (d1) and second
transient (d2); (b) 50 �C; (c) 70 �C.
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comparison. The literature values are either extrapolations of high
temperature data [24] or from direct measurements at the temper-
ature range of the present work [21,23]. The U values for the API 5L
X60 steel were different and smaller than those for pure iron. The
U/UFe ratios for both conditions were practically the same and
independent of temperature, their value being about 0.67 when
compared with references [21] and [23]. Contrarily, the U/UFe ratio
Fig. 5. Arrhenius type plot of the permeation coefficient U (mol H s�1 cm�1 bar�1/2)
of pure iron (literature references) and of the API 5L X60 in the as-received (AR) and
cold-rolled (CR) conditions (present work).
calculated using the high temperature data of Ref. [24] is close to
unity. These results concerning the reduction U with increasing
carbon content are consistent with those reported by Bruzzoni et
al. [25] for a 1038 steel with 0.4%C in the states: quenched,
quenched and tempered at 300, 550 and 650 �C, in the temperature
range of 30–70 �C. The reported U values [25] were also lower than
the UFe values. For the quenched material the U/UFe ratio was
about 0.5 and it increased with tempering temperature up to a va-
lue of 0.8 for the tempering temperature of 650 �C.
3.4. Weak traps

The software used in this work to calculate the theoretical per-
meation transients considers an arbitrary Dapp value that mini-
mizes the error of the fit. The Dapp parameter is an apparent
diffusion coefficient, which is interpreted as that of a crystalline
lattice containing weak traps. On the other hand, DL = 5.12 � 10�4

exp [(�4.15 kJ/mol)/RT] cm2 s�1 [23] is the diffusion coefficient of
a nearly perfect iron lattice, through which H diffuses without
being trapped; then Dapp < DL. Weak traps are defined in the
Appendix as that traps with trap occupancy hw negligible against
unity. Weak traps are characterized by a low trap binding energy;
the apparent diffusion coefficient Dapp associated with the presence
of weak traps is given by Eq. (A.8).

In the Appendix it is demonstrated that weak traps in iron and
low alloy steels have a binding energy of |DGw| < 35 kJ mol�1. Con-
sequently, the parameters DG and N reported in Tables 2 and 3
only give information on the strong traps; instead, weak traps
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are implicitly considered in the value of Dapp. Eq. (A.8) allows to
obtain the product Nw � Kw from Dapp, but it is not possible to asses
individual values of Nw and Kw. Therefore, in order to characterize
the weak traps in the API 5L X60 steel it is necessary to analyze the
dependence of Dapp with temperature. From Eq. (A.8) the following
expression is obtained:

ln Kw ¼ ln
DL

Dapp
� 1

� �
þ ln Nw ð3Þ

In Fig. 6, (DL/Dapp – 1) is plotted in an Arrhenius type plot, where
the Dapp values are those taken from Tables 2 and 3 and correspond
to the API 5L X60 steel in the AR and CR conditions, respectively.
The slope of the plot in Fig. 6 is related to the trapping enthalpy
DHw by the thermodynamic relation:

d ln Kw

dT
¼ DHw

RT2 ð4Þ

A linear fit of the data represented in Fig. 6 yields
DHw = �(36 ± 4) kJ mol�1 for the AR condition and DHw =
�(29.3 ± 0.3) kJ mol�1 for the CR condition. Assuming as a first
approach that the trapping entropy is negligible, then it can be con-
sidered that DGw � DHw. The densities of the weak traps are
obtained from the y-intercept of the plot: Nw = 1.4 � 10�5 mol/cm3

for the AR state and Nw = 7.9 � 10�4 mol/cm3 for the CR state. The
DGw value for the CR condition is within the theoretical interval
|DGw| < 35 kJ mol�1 established in the Appendix; however the
DGw value for the AR condition slightly exceeds this limit. The
comparison between the two conditions of the API 5L X60 steel
shows that Nw is ca. 60 times higher in the CR state than in the AR
state.

3.5. Hydrogen traps and microstructure

In this section different microstructural defects in the API 5L
X60 steel are considered as possible candidates for H trapping
sites. An attempt is made of estimating the trap densities corre-
sponding to each defect.

The first defect to consider is a dislocation. For quenched and
tempered steels, dislocation densities have been measured using
X-ray diffraction and transmission electron microscopy [26,27];
the measured values ranged from 109 to 4 � 1010 cm�2. Assuming
one trapping site per dislocation plane and dislocation planes sep-
arated by a=

ffiffiffi
2
p

where a is the lattice parameter of bcc iron, a trap
density ranging from 0.08 � 10�6 to 3 � 10�6 mol cm�3 is esti-
Fig. 6. Arrhenius type plot to evaluate the free energy and density of the weak
traps. API 5L X60 steel in the as-received (AR) and cold-rolled (CR) conditions.
mated for the AR condition. As a rough approximation it can be
considered that this figure is increased up to one order of magni-
tude in the CR condition with 2% plastic strain.

Other possible traps are the ferrite–cementite and ferrite–
inclusion interfaces. The ferrite–inclusion interfaces are not con-
sidered in the present work since the inclusion content of this steel
is very low. The trapping capacity of the ferrite–cementite inter-
faces can be roughly estimated assuming that: (1) the cementite
particles are spheres of ca. 0.3 lm diameter; (2) the carbon content
of the ferrite is negligible, thus practically all carbon is precipitated
as cementite; (3) the H atoms occupy hollow sites on the {111} fer-
rite plane with a trap site area of a2. This calculation yields a trap
density of 9 � 10�6 mol cm�3.

The trap density related to trap boundaries has been estimated
from the average grain size of the API 5L X60 steel (ca. 4 lm) with
the simple assumption that the grains are closely packed cubes and
the area of the trap site is a2 as stated above. The resulting trap
density is 1.5 � 10-5 mol cm�3.

The density of weak traps Nw is markedly high in both the AR
and CR conditions, i.e. 1.45 � 10�5 and 7.9 � 10�3 mol cm�3

respectively. The estimated trap density for grain boundary sites
agrees well with the trap density observed in the as-received
state, while the estimated ferrite–cementite and dislocation trap
densities are lower than the observed value. As a first approxima-
tion it can be stated these three defects (dislocation, ferrite–
carbide interfaces and grain boundaries) are not excluded as pos-
sible weak trap sites in the AR material. Some trapping energies
reported in the literature are 27.2 kJ mol�1 for dislocations [11],
26.8 kJ mol�1 for ferrite–carbide interfaces [28] and 9.6 kJ mol�1

for grain boundaries [13]. These energies lie within the range
corresponding to weak traps as defined in the present work.

Concerning the CR condition, the assignment of the weak traps
to a particular microstructural defect seems difficult. The observed
trap density largely exceeds the estimated trap density for ferrite–
carbide interfaces and grain boundaries (it is assumed that �2%
plastic strain does not influence either ferrite–carbide or grain
boundary areas). With respect to dislocations, the plastic strain is
expected to cause an increase in dislocation density. For example,
assuming a dislocation density of �4 � 109 cm�2 for the CR state,
i.e. one order of magnitude higher than for the AR condition, the
estimated trap density would be 3 � 10�5 mol/cm3. However, this
value is still more than two orders of magnitude lower than the
weak trap density determined in the present work for the API 5L
X60 in the CR condition. Thus, it is difficult to associate the weak
traps of this condition to any particular microstructural defect. It
appears that weak traps are more likely associated to stress fields
around dislocations or around second phase particles, developed
during the process of plastic deformation. Kumnick and Johnson
[11] and other researchers noted that the majority of the trapping
sites caused by plastic deformation of iron were eliminated by
thermal treatment at temperatures at which the dislocations were
stable. This observation is in agreement with the hypothesis pro-
posed above.

Concerning the high energy or ‘‘strong’’ traps, three types are
identified in the present work. The first type has a trapping en-
ergy of ca. 58–60 kJ mol�1 and is present both in the AR and CR
conditions, with densities of 8x10-9 and 1�10-7 mol cm�3 respec-
tively. The second and third types are only present in the CR con-
dition. The second type has a trapping energy of 64–71 kJ mol�1

and a trap density of �2 � 10�8 mol cm�3. The third type is a
strong trap of higher energy that is emptied in the oven degassed
state. The corresponding trapping energy and density are roughly
estimated from Table 3 as >76 kJ mol�1 and �1 � 10�8 mol cm�3

respectively.
The strong traps present in the AR condition should not be asso-

ciated with plastic strain but with some microstructural feature.
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Any hypothesis would be highly speculative; only is worth noting
that Nb and Ti are micro alloying elements of the present API 5L
X60 steel (Table 1). It has been reported that coherent or semi
coherent Nb and Ti carbides can act as strong trapping sites for
hydrogen [29].

The strong traps present in the CR condition may be associated
with plastic strain. The overall value of strong trap density
(type1 + type 2 + type 3) is�1.3�10�7 mol cm�3. This value is more
than two orders of magnitude lower than the trap density of 3 � 10-

5 mol/cm3 linked to the dislocation cores estimated above. Then, it
is difficult to assign strong taps to dislocation cores by reasons both
of trap density and trap energy values. This observation suggests
that either not all dislocation cores are available to hydrogen, or
that some of the observed high energy traps might be associated
with special defects with higher energy than ordinary dislocation
cores. Kumnick and Johnson [11] observed deep trapping sites with
densities ranging from 0.8�10�7 to 3�10�7 mol cm�3 and trapping
energy of �59 kJ mol�1 for cold-rolled iron with 15–80% reduction
in thickness. These low trap density values were attributed to ‘‘het-
erogeneous sites along dislocation cores, presumably jogs or multi-
ple jogs, or with the point defect debris left behind by the jogs of
dislocations moving during plastic deformation’’ rather than nor-
mal dislocation cores. Presumably these high energy sites are not
eliminated by annealing. Other possible high energy traps, as men-
tioned in the introduction, are microvoids or microcracks
[10,13,16], and vacancy aggregates [14].

The analysis carried out in the present work reveals a clear rela-
tionship between the degree of plastic strain and the density of
both weak and high energy traps in the API 5L X60 steel. It should
be pointed out that the hypotheses proposed above concerning the
nature of the different trap types are highly speculative. The unam-
biguous assignment of microstructural defects to the different
types of traps found in the API 5L X60 steel is beyond its scope
of the present work.
4. Conclusions

1. Hydrogen traps in the API 5L X60 steel, and by extension in iron
and low alloy steels, can be classified as strong or weak accord-
ing to whether they change the shape of the permeation tran-
sient or not.

2. Diffusion and trapping parameters of the API 5L X60 steel were
obtained from the fit calculated permeations transients to
experimental ones. These parameters are the apparent diffusion
coefficient Dapp, which contains the information on the weak
traps, and the trap density N and the free energy of trapping
DG of the strong traps. The calculated permeation transients
were obtained using a model of saturable traps in local
equilibrium.

3. A large density of low energy traps (weak traps) is observed in
the API 5L X60 steel in both the as-received (AR) and the cold-
rolled with 2.1 ± 0.3% reduction in thickness (CR) conditions.

4. The API 5L X60 steel in the AR condition presents weak traps with
N = 1.5�10�5 mol cm�3 and DG = �(36 ± 4) kJ mol�1 and strong
traps with N = 0.8�10�8 mol cm�3 and DG = �(58.3 ± 0.3)
kJ mol�1.

5. The API 5L X60 steel in the CR condition shows a notable
increase of more than one order of magnitude in the trap den-
sity with respect to the AR condition. This increase is observed
either for weak or strong traps.

6. After cold-working weak trap parameters are N = 7.9�10�4

mol cm�3 and DG = �(29.3 ± 0.3) kJ mol�1. Strong traps of
three different types are detected with an overall density
N = 1.3�10�7 mol cm�3 and DG ranging from �57 to �76 kJ
mol�1.
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Appendix

A.1. Theoretical considerations

The present computer simulation of the hydrogen permeation
transients is based on the model of McNabb and Foster [17] of sat-
urable hydrogen traps with simple kinetic laws for trapping and
detrapping. In the present article, the notation used by McNabb
and Foster is partly changed. Assuming only one type of trap and
unidirectional diffusion, the differential equation to solve is:

@cL

@t
þ kT cLð1� hÞN � phN ¼ DL

@2cL

@x2 ðA:1Þ

where cL is the lattice H concentration, i.e. the concentration of H in
normal interstitial lattice sites (NILS), t is time, DL is the lattice dif-
fusion coefficient, x is the spatial coordinate, N is the trap density, h
is the fraction of occupied traps and kT and p are the trapping and
detrapping kinetic constants, respectively. Eq. (A.1) can be rewritten
in terms of dimensionless variables:

X ¼ x=L; u ¼ cL=cL0; s ¼ DLt=L2; w ¼ Nh=cL0 ðA:2Þ

where L and cL0 are a characteristic dimension and a characteristic
lattice H concentration of the system respectively. For the present
case of H permeation through a metallic membrane, L is the mem-
brane thickness and cL0 is the lattice H concentration beneath the
entry surface of the permeation membrane:

@u
@s þ

NL2

DL
kT u� L2p

DL
w� cL0L2kT

DL
uw ¼ @2u

@X2 ðA:3Þ

or, by defining the constants k, l, and m:

@u
@s
þ ku� lw� muw ¼ @2u

@X2 ; k ¼ NL2kT
DL

l ¼ L2p
DL

m ¼ cL0L2kT
DL

ðA:4Þ

The hypothesis of local equilibrium proposed by Oriani [16]
assumed here. This hypothesis implies that the detrapping time
constant (1/p) is much lower than the diffusion time constant
(L2/DL). As reported in the next paragraphs, in the present work
has been empirically found that the choice of 1/p 6 0.001 L2/DL

(i.e. l P 1000) usually guarantees local equilibrium.
With the assumption of local equilibrium, the fraction of occu-

pied tramps (h) is a function only of the lattice hydrogen concen-
tration (cL):

h ¼ KcL
1þKcL

; K ¼ kT
p ðA:5Þ

where K is the equilibrium constant of the trapping reaction. The
resulting differential equation is

@cL

@t
þ N

@

@t
KcL

1þ KcL

� �
¼ DL

@2cL

@x2 ðA:6Þ

If KcL << 1 (weak traps, defined as those with h << 1), then Eq. (A.6)
is simplified and can be analytically solved. The solution for the H
flux JH [mol H/(cm2 s)] of the permeation buildup transient is:

JH ¼
Dappc0

L
1þ 2

X1
n¼1

ð�1Þn exp �n2p2 Dappt

L2

� � !
ðA:7Þ
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where the symbol c is introduced to denote the H concentration of
hydrogen located either in NILS or in weak trap sites as defined in
Eq. (A.8); c0 specifies the concentration c at a location just beneath
the input surface of the permeation membrane. Dapp is the apparent
diffusion coefficient which is also defined in Eq. (A.8):

c ¼ cL þ cW ¼ cLð1þ KW NW Þ; Dapp ¼
DL

1þ KW NW
ðA:8Þ

The sub-index W in Eq. (A.8) is used to denote ‘‘weak’’ traps.
According to [16], c = cL (1 + KW NW). Particularly at the entry sur-
face c0 = cL0 (1 + KW NW).

Eq. (A.7) shows that the weak traps do not cause a distortion in
the shape of the permeation transient but just a change in the time
scale with respect to a trap free material with Dapp = DL. It is worth
noting that, according to Eq. (A.8), different combinations of KW NW

would yield the same value of Dapp, and consequently would pro-
duce indistinguishable permeation transients. This means that a
single permeation transient does not allow assessing individual
values of weak trap density and weak trap energy. The present
treatment is developed in such way that the effect of the weak
traps is only reflected in the value of Dapp. In the presence of strong
traps (h not negligible against unity), Eq. (A.6) has no analytical
solution but must be solved by a numerical method. Before dealing
with the numerical method itself, Eq. (A.6) is modified by taking
into account that, according to Eq. (A.7), the ensemble of lattice
and weak traps behaves as a simple diffusion system. Then, Eq.
(A.6) is rewritten in terms of Dapp, c, the density of strong traps
(NS) and the equilibrium constant for the trapping reaction of the
strong traps KS:

@c
@t
þ NS

@

@t
ð KScL

1þ KScL
Þ ¼ Dapp

@2c
@x2 ðA:9Þ

In the above equation the effect of the weak trap density and
energy is implicitly reflected in the value of Dapp. Then, the only
traps to be considered explicitly are the strong traps. Eq. (A.9)
expresses the central idea of the present method, which is the
use of Dapp instead of DL. and concentrates on the strong traps
which are the ones that change the shape of the permeation
transient.

Now, according to Eq. (A.8), the lattice concentration cL is
expressed in terms of c:

@c
@t
þ NS

@

@t
K 0c

1þ K 0c

� �
¼ Dapp

@2c
@x2 ðA:10Þ

where

K 0 ¼ KS

1þ KW NW
ðA:11Þ

The constant K0 in Eq. (A.10) is related to KS by Eq. (A.11). KS is
the true equilibrium constant which uses the lattice hydrogen
concentration as the reference state. The numerical methods to
solve the McNabb and Foster’s equations presented previously
(Thomas and Stern [18], Johnson and Lin [15], Ferriss et al.
[30], Ramunni et al. [19], use the lattice diffusion coefficient DL.
The present approach uses, instead of DL, an apparent diffusion
coefficient Dapp which contains the effect of the weak traps. The
advantages of this method are: (1) the focus is on the strong
traps, about which the shape of the permeation transient contains
valuable information; (2) Dapp may be orders of magnitude lower
than DL; therefore, the calculation speed is improved since the
time steps are inversely proportional to the diffusion coefficient
as it is shown below.
A.2. Numerical method

To solve the differential Eq. (A.10) a finite difference method is
used. The permeation membrane is divided in m slices or volume
elements of thickness L/m. Each volume element is identified by
an index j (1 6 j 6m). The extreme values j = 1 and j = m corre-
spond to volume elements adjacent to the entry and exit side of
the permeation membrane, respectively. The diffusion path is L/
m between adjacent slices and L/2m for the entry and exit inter-
faces. The diffusion into the volume element is described by the
right hand member of Eq. (A.10).

The overall H concentration (cT) is defined as the sum of lattice,
weakly trapped and strongly trapped hydrogen concentrations:
cT = cL + cW + cS = c + cS.

The numerical calculation proceeds from an initial condition in
a succession of cycles. Each cycle is composed of two steps. The
first step of the method is to calculate DcTj, which is defined as
the increase of the overall H concentration in each volume element
(j) by diffusion during a time interval (Dt). DcTj, is calculated via the
right-hand member of Eq. (A.10), where the second order partial
derivatives are approximated by finite increments, taking into
account the different diffusion paths:

DcTj ¼ Dapp
@2c
@x2 Dt

@2c
@x2 �

2c0 þ c2 � 3c1

ðL=mÞ2
ðj ¼ 1Þ

@2c
@x2 �

cj�1 þ cjþ1 � 2cj

ðL=mÞ2
ð1 < j < mÞ

@2c
@x2 �

2cmþ1 þ cm�1 � 3cm

ðL=mÞ2
ðj ¼ mÞ

ðA:12Þ

The second step is to achieve simultaneously the mass conser-
vation and local equilibrium condition within each volume ele-
ment. For only one type of strong traps, the following quadratic
equation must be solved for cnew:

cold þ
NSK 0cold

1þ K 0cold
þ DcT ¼ cnew þ

NSK 0cnew

1þ K 0cnew
ðA:13Þ

where the sub-indexes ‘‘old’’ and ‘‘new’’ refer to the values of c be-
fore and after the time interval Dt has elapsed. Once cnew is calcu-
lated for each volume element, the H flux at the exit side of the
permeation membrane JH is calculated with Fick’s law:

JH ¼ �Dapp
@c
@x
ðx ¼ LÞ � Dapp

cj � cjþ1
L

2m

ðA:14Þ

A usual technique to detect H at the exit side of the permeation
membrane is the electrochemical method. In this method, the
measured hydrogen current density iH is related to JH by the Fara-
day’s constant F:

iH ¼
JH

F
ðA:15Þ

provided that H concentration is expressed as mol H per unit
volume.

After carrying out the former procedures, the time is increased
in Dt and the cycle is repeated from the first step. The successive
values of iH as a function of time constitute the ‘‘calculated’’ or
‘‘simulated’’ permeation transient.

The time interval Dt is chosen sufficiently low in order to keep
the system stable. For this kind of diffusion systems Dt is usually
given by

Dt ¼
L2

Dappm2 r ðA:16Þ



Fig. A1. Hydrogen permeation buildup transients simulated by a finite difference
method to investigate the deviation from Oriani’s Eq. (A.8). L = 0.4 cm;
DL = 10�5 cm2 s�1; K N = 20; iH,ss = 5 10�8 A cm�2, T = 303.15 K. K was calculated
from different free energies of trapping DG (filled symbols). The analytical solution
of the Fick’s law (Eq. (A.7)) using D = Dapp from Eq. (A.8) is also plotted (—h—).
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where r is the so called mesh ratio [18]. For the present system,
r 6 0.2 guarantees numerical stability. Taking into account Eq.
(A.16), Eq. (A.12) can be rewritten as:

DcTj � rð2c0 þ c2 � 3c1Þ ðj ¼ 1Þ
DcTj � rðcj�1 þ cjþ1 � 2cjÞ ð1 < j < mÞ
DcTj � rð2cmþ1 þ cm�1 � 3cmÞ ðj ¼ mÞ

ðA:17Þ

The method described above considers only one type of strong
traps. However, it can be easily generalized to many types of traps
with densities NS1, NS2... and equilibrium constants KS1, KS2. . . by
rewriting Eq. (A.13):

cold þ
NS1K 01cold

1þ K 01cold
þ NS2K 02cold

1þ K 02cold
þ � � � þ DcT

¼ cnew þ
NS1K 01cnew

1þ K 01cnew
þ NS2K 02cnew

1þ K 02cnew
þ � � � ðA:18Þ

In this case, Eq. (A.18) has no analytical solution and cnew is obtained
by a numerical method such as the Newton–Raphson method.

For the present calculations, the values adopted for the mesh
ratio and the number of volume elements were r = 0.2 and
m = 40 respectively. The choice of m = 40 guarantees sufficient
accuracy of the numerical solution.

A.3. The free energy of trapping

The free energy of trapping DG can be obtained from the ther-
modynamical relation:

DG0 ¼ �RT ln K ðA:19Þ

where R is the universal gas constant and T is the absolute temper-
ature. DG0 is the standard change of free energy for the trapping
reaction. The reference state for hydrogen as solute in NILS is of
the Henry’s type (ideal dilute solution) with cL = 1 mol cm�3. The
reference state for trapped hydrogen corresponds to a trap occu-
pancy h = 0.5. In the rest of the present article, DG and ‘‘free energy
of trapping’’ are used instead of DG0 and ‘‘standard change of free
energy for the trapping reaction’’ for the sake of simplicity. Activity
coefficients are assumed to be unity throughout this article.

For the case of the strong traps, it is useful to express their free
energy of trapping DGS as a function of the parameters K’ and Dapp

used for the calculation of the permeation transient as described
above. This is accomplished by combining Eq. (A.8), (A.11), and
(A.19):

DGS ¼ DG0 � RTln
DL

Dapp
; DG0 ¼ �RTlnK 0 ðA:20Þ

In fact, DG’ is the parameter handled by the software. In order to
obtain DGS, DG’ must be corrected according to Eq. (A.20).

A.4. Buildup and decay transients

The present method is able to calculate either buildup or decay
permeation transients. This is achieved by choosing the appropri-
ate initial and boundary conditions:

For the buildup transient the initial condition is cj = 0 for
1 6 j 6m and the boundary conditions are: cj = c0 for j = 0 and
cj = 0 for j = m + 1.

For the decay transient the initial condition is cJ = c0

(m � j + 1/2) for1 6 j 6m and the boundary conditions are: cj = 0
for j = 0 and cj = 0 for j = m + 1.

A.5. Fitting procedure

Besides calculating the permeation buildup or decay transient,
the developed software allows the possibility to repeat the calcula-
tion with varied parameters in order to fit the calculated transient
to experimental data. The initial list of parameters (L,T, iHss, Dapp,
DGS1, KS1, DGS2, KS2) is supplied by the user. The parameter iHss is
the steady state hydrogen current density. All parameters of this
list except L and T can be selected to vary. The software used in
the present work admits as many as two types of strong traps.
The fitting criterion is the minimization of the mean quadratic dif-
ference between calculated and experimental points, defined as:

Deviation ¼ 1
iH;ss

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

nexp

Xnexp

k¼1

ðiH;calc;k � iH;exp;kÞ2
vuut � 100% ðA:21Þ

where nexp is the number of experimental points; iH,calc,j and iH,exp,j

are the calculated and experimental hydrogen current density,
respectively.

A.6. Validation of the present method

Typical permeation transients calculated with the present
method (which assumes local equilibrium) were also obtained by
means of a software presented previously by Ramunni et al. [19].
This software does not assume local equilibrium and directly
solves the McNabb and Foster’s Eq. (A.4). The parameters k, l,
and m for the software of Ramunni et al. [19] were obtained
through replacement of the parameters DL, K and N in Eq. (A.4)
and (A.5) by the present parameters Dapp, K’ and NS and assuming
an arbitrary value for l. The coincidence of the permeation tran-
sients calculated by both methods was reached for values of l
higher than 1000. Then, it is considered that l P 1000 is a good
criterion for the existence of local equilibrium.

A.7. Weak and strong traps

The concept of weak and strong traps has been defined only
qualitatively in the former paragraphs. Then, a quantitative crite-
rion to establish whether a trap is weak or strong has been inves-
tigated. For iron base alloys, it is expected that this criterion is
essentially the value of the free energy of trapping DG, but also
the temperature and the input hydrogen activity can play a sec-
ondary role. In the present work the effect of |DG| has been
investigated.

The input hydrogen activity assumed here was that of typical gas
phase charging experiments (hydrogen partial pressure = 0.1 MPa)
and the temperature was that of typical electrochemical permeation



Fig. A2. Hydrogen permeation buildup transients simulated by a finite difference
method. Effect of the free energy of trapping (DG). L = 0.4 cm; DL = 10�5 cm2 s�1;
N = 10�6 mol cm�3; iHss = 5 � 10�8 A cm�2 and T = 303.15 K. —h—: trap free lattice.
Filled symbols: lattice with traps (N = 10�6 mol cm�3) with different values of DG.
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experiments (303 K). The parameter iHss was obtained from the per-
meation coefficient of iron [8]. The assumed diffusion coefficient
was 10�5 cm2 s�1, typical of a trap free material [23].

For a first series of runs DG was varied from�20 to�50 kJ mol�1.
The value of K was obtained with Eq. (A.19), and the value of N was
chosen in order to keep the value of K � N fixed, i.e. K � N = 20. The
results of the calculations show that as DG is increased, the simu-
lated permeation transients result indistinguishable, provided that
|DG| 6 �35 kJ mol�1. For |DG| > �35 kJ the permeation transients
change: they develop in shorter times as |DG| increases as shown
in Fig. A1. Then, traps with |DG| 6 �35 kJ mol�1 are considered as
weak, and traps with |DG| > �35 kJ mol�1 are considered as strong.

A second series of runs was performed with a fixed value of
N = 10�6 mol cm�3 and DG ranging from �20 to �80 kJ mol�1.
The calculated permeation transients were plotted using a loga-
rithmic time scale. As |DG| increases in the weak trap domain
(up to �35 kJ mol�1) the plotted transients keep their shape but
are shifted to the right (higher times). When |DG| increases beyond
35 kJ mol�1 the plotted transients continue being shifted to the
right but become steeper. For |DG| > �65 kJ mol�1 the permeation
transient looks similar to a step function as is shown in Fig. A2.
The latter behavior is that of a diffusion front with trap occupancy
h � 1 behind the front and h � 0 ahead of the front. The break-
through time tb is the time at which the diffusion front reaches
the exit side. It can be shown that

tb ¼
N L F
2 iH; ss

ðA:22Þ

In the present case, tb calculated from Eq. (A.22) is 3.86 � 105 s
and agrees very well with the location of the step. The second
series of runs show that the maximum free energy of trapping that
can be assessed by the analysis of a permeation curve in the
reported conditions is �65 kJ mol�1.

Similar calculations performed at 343 K revealed |DG| 6
�35 kJ mol�1 for the ‘‘weak trap’’ behavior and |DG| > �65 kJ mol�1

for the ‘‘diffusion front’’ behavior. These critical values of |DG| are
very similar to those obtained at 30 �C. It is expected that the critical
values of |DG| will be slightly reduced as the hydrogen input activity
increases.

A.8. Conclusions

The present method serves to analyze experimental hydrogen
permeation buildup or decay transients via a least squares fitting
procedure.
1. It is based on the McNabb and Foster’s model of saturable traps
with the Oriani’s assumption of local equilibrium.

2. Domains of ‘‘weak trap’’, ‘‘strong trap’’ and strong trap with
‘‘diffusion front’’ behavior have been established for the present
experimental conditions as a function of the free energy of trap-
ping DG.

3. The effect of the weak traps is reflected in the value of the
apparent diffusion coefficient Dapp, which is obtained as a fitting
parameter.

4. Strong traps are characterized by a trap density N and a free
energy of trapping DG. N is directly obtained as a fitting param-
eter; DG is obtained from the fitting parameter DǴ by an equa-
tion that takes into account the change of the reference state
implied by the use Dapp instead of DL.

5. In the ‘‘diffusion front’’ domain, N can be accurately determined
but not DG.

6. In the present work, up to two different types of traps have
been be characterized. However, the developed method allows
to increase that number if necessary.
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