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a  b  s  t  r  a  c  t

A514  offshore  structural  steel  was  exposed  to hydrostatic  pressure  ranging  from  0.1  to  40  MPa  to exam-
ine hydrogen  permeation  during  galvanostatic  hydrogen  charging.  Hydrostatic  pressure  decreases  the
energy barrier  for  hydrogen  absorption  and  desorption,  while  increasing  hydrogen  adsorption.  These
ccepted 4 July 2016
vailable online 5 July 2016

eywords:
. Steel
. Hydrogen permeation

effects  are  induced  by  both  steady-state  current  density  and the  apparent  diffusivity  slight  increase  with
hydrostatic  pressure.  Taking  surface  effect  of  hydrogen  permeation  into  account,  the intrinsic  diffusivity
of  (3.2  ± 0.04)  × 10−6 cm2/s is  obtained,  which  is independent  of  the hydrostatic  pressure.

© 2016  Elsevier  Ltd.  All  rights  reserved.
. Hydrostatic absorption

. Introduction

Duplex stainless steel is widely used in deep sea engineering due
o its combination of high strength and high resistance to pitting
orrosion and chloride stress corrosion cracking. However, hydro-
en induced-cracking (HIC) has been observed in duplex steel pipes
hen submerged in deep sea environment. Taylor et al. reported

hat HIC occurred in super duplex hub forging containing welded
ipe connection in the BP Amoco Foinaven Field after only 6 months
f service [1]. Hydrogen damage can be caused by both metal struc-
ure [2–5] and environmental factors [6,7]. The cathodic protection
otential is an important factor of hydrogen damage. Woollin et al.
8] and Du [9] observed that the sensitivity of the HIC increased
s the cathodic protection potential decreased, based on the con-
tant load, pre-cracked bending and the slow strain rate tests under
ifferent cathodic protection potentials. Olsen et al. proved that
ydrostatic pressure could cause a significant increase in hydrogen
oncentration of super martensitic stainless and duplex stainless
teels when immersed in 3.5% NaCl electrolyte with aluminium
nodes, which is the reason why HIC occurs in deep sea environ-
ent [10]. Thus, studying the mechanism of hydrogen diffusion in

etal under different hydrostatic pressure is very important for

imulating the hydrostatic pressure effects on hydrogen perme-
tion in metals.

∗ Corresponding author.
E-mail address: yjsu@ustb.edu.cn (Y.J. Su).

ttp://dx.doi.org/10.1016/j.corsci.2016.07.001
010-938X/© 2016 Elsevier Ltd. All rights reserved.
Experiments on hydrogen permeation under hydrostatic pres-
sure have been carried out since 1966. Woodward et al. measured
hydrogen permeation in high strength steel under different hydro-
static pressures with potentiostatic hydrogen charging. They found
that hydrogen permeation rate was  considerably higher at 100 bar
than at 1 bar [11]. Similar results were obtained in the Nanis’s
experiment, where diffusivity remained the same for different
hydrostatic pressures [12]. However, Smirnova et al. found that
permeation rates for the UNS S4 1000 stainless steel were the
same at 1–100 bar when electrolyte at the entry side was  stirred
[13]. Blundy and Sheer also found that when the electrolyte at the
entry side was  stirred, the permeation rate for different hydrostatic
pressures was  the same. They hypothesized that the permeation
rate increased with the partial pressure of hydrogen at the entry
side and that the hydrostatic pressure did not directly affect the
permeation rate [14,15].

Mentioned studies of hydrostatic pressure effects on hydrogen
permeation used the classic model to fit the experimental data
[11–15], which only considered hydrogen diffusion in the bulk,
while surface effects have not been taken into account. Hydrogen
solubility in electrolyte increases with hydrostatic pressure [16].
For 10 MPa  hydrostatic pressure, hydrogen produced by hydrogen
evolution reaction during 1 h with 5 mA/cm2 hydrogen charging
current density completely dissolved in the electrolyte and gath-

ered near the entry side of the membrane, which could restrain
adsorbed hydrogen atoms combining into H2 molecules. It is rea-
sonable to assume that this phenomenon increases the amount of
adsorbed hydrogen atoms. Thus, higher hydrostatic pressure causes

dx.doi.org/10.1016/j.corsci.2016.07.001
http://www.sciencedirect.com/science/journal/0010938X
http://www.elsevier.com/locate/corsci
http://crossmark.crossref.org/dialog/?doi=10.1016/j.corsci.2016.07.001&domain=pdf
mailto:yjsu@ustb.edu.cn
dx.doi.org/10.1016/j.corsci.2016.07.001
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reater subsurface coverage of hydrogen beneath the entry side,
nduced by the steady-state current density increase with hydro-
tatic pressure.

The purpose of this work is to quantify the influence of surface
ydrogen absorption and desorption on hydrogen diffusivity under
ifferent hydrostatic pressure. The effects of the hydrostatic pres-
ure, membrane thickness and Ni coating on hydrogen permeation
ehaviour were characterized. Taking surface effects of hydrogen
ermeation into account, the intrinsic diffusivity is obtained, which

s independent of the hydrostatic pressure.

. Hydrogen permeation theories

The Devanathan and Stachurski double cell electrochemical per-
eation model [17] is the classic model used to study hydrogen

iffusion in metals, which is based on the Fick’s second law:

∂C

∂t
= D

∂2
C

∂x2
(1)

In the classic hydrogen permeation model, permeation current
uild-up transient J = f (t) is recorded when constant potential or
onstant current is applied at the entry side. In most cases, hydro-
en exit side is coated with a thin palladium or nickel layer to
chieve full oxidation of hydrogen. It is generally assumed that
he diffusion process of hydrogen into the bulk metal is a rate-
etermining step and that the output concentration is zero. Here,

deal hydrogen permeation boundary conditions can be given by:

 = 0, C (x, 0) = 0

 > 0, C (0, t) = C0, C (L, t) = 0 (2)

By solving the Fick’s second law for ideal hydrogen permeation
oundary conditions, one arrives at:

J

J∞
= 2L√

�Dt

∞∑
n=0

exp

(
− (2n + 1)2L2

4Dt

)
(3)

ere, J is the measured permeation rate at time t, J∞ is the steady-
tate permeation rate (t → ∞),  D is the diffusivity, and L is the
pecimen thickness.

Classic model is most widely used in hydrogen permeation to
btain diffusivity. However, many researchers have observed that
here is scatter of several orders of magnitude in the evaluation of
ron diffusivity using the classic model when the membrane thick-
ess is varied [17–19]. This is due to hydrogen trapping in metal
efects, which can contribute to discrepancies in the evaluation
f the diffusion coefficient [20–22]. Moreover, surface effects are
resent at the entry side, limiting the permeation rate. The surface
ffect is related to the specimen thickness in the double cell electro-
hemical permeation experiments. This relationship has been the
ubject of many studies [18,23–26] with increasingly lower appar-
nt hydrogen diffusivity obtained for iron and steel membranes of
rogressively decreasing thickness. Wach et al. [23] claimed that
he formation of a barrier at the entry side of the membranes
nduced an error in the diffusivity values. Equivalent thickness
hould be considered to correct this value.

To study the surface effect on hydrogen permeation, Wang [27]
ut forward a model for hydrogen permeation by charging with
ydrogen gas, which considered hydrogen adsorption and des-

rption, to illustrate the deviation of the Siverts’ law under low
ydrogen pressure. Based on the Wang’s model, thermodynamic
odel for hydrogen permeation was proposed by Zhang et al.

o evaluate hydrogen diffusivity, considering both absorption and
ence 112 (2016) 86–93 87

desorption processes [18]. From the Wang’s model, the continuity
of the flux at the entry side requires:

k+
1 P1 − k−

1 C = −D
∂C

∂x
, x = 0 (4)

Here, k1
+ and k1

− are the rate parameters for hydrogen adsorption
and desorption reactions, respectively. The variable P1 is hydrogen
pressure in the gas phase. The variable C is hydrogen concentration.

In the same way, boundary conditions at the exit side are given
by:

k−
2 C − k+

2 P2 = −D
∂C

∂x
, x = L (5)

Here, k2
+ and k2

− are rate parameters for hydrogen adsorption
and desorption reactions, respectively. The variable P2 is hydro-
gen pressure in the gas phase. Generally, a membrane has the same
energy barrier at both sides. Therefore, for simplicity, Zhang et al.
assumed that k1

− = k2
− = k, which means that the desorption rate

depends on the surface conditions, and that k1
+P1 = kp, which is

the absorption parameter. It denotes the forward flux of hydrogen
from the gas phase into the sample at the entry side and therefore is
related to gas pressure or charging current density in electrochem-
ical tests. Usually, the value of P2 = 0 is used in an electrochemical
permeation test.

With the boundary conditions mentioned above, an analytical
solution of the Fick’s second law is:

C = − kp

2D + kL
x + kp(D + kL)

2kD + k2L
−

∞∑
m=1

Ame−D�2
mt [D�m cos(�mx) + k sin(�mx)]

Am = 2kp

�m

[(
D2�2

m + k2
)

L + 2kD
] (6)

Both diffusivity and desorption rates are evaluated by fitting the
entire normalized permeation curve with the following equation:

J

J∞
= 1 + 2 (2D + kL)

∞∑
m=1

[kcos (�mL) − D�msin (�mL)] e−D�mt[(
D2�2

m + k2
)

L + 2kD
] (7)

where �m is the mth positive root of tan (�mL) = 2kD�m

D2�2
m−k2 .

The drift velocity through the surface, Vs, and drift velocity in
the bulk, Vb, are introduced as:

Vs = k, Vb = D

L
. (8)

Then, the permeation rate at steady state J∞ can be expressed in
terms of the ratio of the drift velocities and the absorption param-
eter, kp:

J∞ = kp

2 + Vs/Vb
(9)

After evaluating the diffusivity and the desorption rate, the
absorption parameter is calculated using Eq. (9). Then, the perme-
ation concentration C0 is determined from:

C0 = kp

k
(10)

Finally, the concentrations at the entry and exit sides for steady
state can be evaluated using the following equations:

Centry

C
= 1 + Vs/Vb

2 + V /V
,

Cexit

C
= 1

2 + V /V
(11)
0 s b 0 s b

Since the absorption, desorption and diffusion are all expressed
in the above model, it is possible to measure the effects of hydro-
static pressure on these reactions using the Zhang’s model.



88 X.L. Xiong et al. / Corrosion Sci

Fig. 1. Schematic of the diffusion test equipment: (1) Electrochemical workstation,
(2) Thermostat controller, (3) Plunger metering pump, (4) Safety valve, (5) Pres-
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The reason why hydrostatic pressure increases the steady-state
ure monitors, (6) Counter electrode, (7) Reference electrode, (8) Liquid outlet, (9)
pecimen.

. Experimental procedure

.1. Specimens preparation

A514 offshore structural steel is used in the present study. The
omposition of the material is as follows (wt%): 0.2 C, 0.78 Mn,
.49 Cr, 0.20 Mo,  0.049 V, 0.0006 B, 0.0080 P, 0.006 S, and 0.020
i. The permeation specimens are cylindrical with 4 cm diameter
nd the circular area exposed to the solution is 1.2 cm in diam-
ter, so that the edge effects would be minimized to ensure the
ne-dimensional model validity.

Three specimen groups were adopted to vary the effects
f absorption and desorption processes to study the effects of
ydrostatic pressure, thickness and nickel coating on hydrogen
ermeation. Group I specimens were polished on both sides, and
ydrogen exit side was coated with 100 nm of nickel using a sputter
eposition process in an ultra-high vacuum to restrain hydrogen
toms from recombining to hydrogen molecules at the exit side.
i coating significantly increases the oxidation reaction at the exit

urface and consequently reduces the non-measured fraction of the
xidation electric current to a negligible value. Another important
eason for the Ni coating is that without it an oxide layer can form
n the specimen surface acting as a diffusion barrier. All sputter
eposition processes were conducted in a thin film sputtering sys-
em (LAD18, KJLC). The specimens were 1.1 ± 0.01 mm thick. Group
I specimens were polished on both sides, and only one side was
oated with 100 nm of nickel. These specimens have a thickness of
pproximately 0.5 ± 0.01 mm.  Group III specimens were polished
n both sides, and two sides were coated with 100 nm of nickel.
hese specimens have a thickness of approximately 0.5 ± 0.01 mm.

.2. High pressure electrochemical hydrogen permeation
quipment

The electrochemical hydrogen permeation equipment used in
his study was developed by the Environmental Fracture Labora-
ory at the University of Science and Technology Beijing and can be
sed to study variations in hydrogen permeation and diffusion as
unctions of temperature and hydrostatic pressure. The schematic
iagram of the equipment is shown in Fig. 1, which consists of a
wo compartment autoclave integrated with hydraulic and tem-
erature control systems. Temperature in the autoclaves can be

◦
ontrolled in the 0–40 C range. Electrolyte in the autoclaves can
e pressurised to a maximum hydrostatic pressure of 40 MPa  via a
olution supplied from an external tank.
ence 112 (2016) 86–93

3.3. Electrochemical hydrogen permeation tests

A specimen in the form of a thin membrane separates two
electrically isolated electrochemical cells. A solution of 0.2 mol/L
NaOH was  poured into each cell. In the hydrogen charging cell, low
charging current density of 5 mA/cm2 was used in the permeation
tests. Hydrogen atoms were produced and adsorbed onto the spec-
imen surface, some of which were absorbed and diffused through
the material. In the other cell (oxidation cell), a positive poten-
tial (+300 mV  vs. Ag/AgCl) was  applied to the opposite surface of
the specimen by an electrochemical workstation (Interface 1000,
Gamry). Hydrogen that reached the surface by diffusion through
the specimen was  immediately oxidized, and hydrogen current was
measured.

Traps have a significant influence on hydrogen diffusivity in
metals [20,22,28]. Specifically, Kim pointed out that the trap den-
sity during the first time permeation was  twice as much as the
second permeation [29]. To ensure the reliability and repeatabil-
ity of the experimental data, hydrogen charging was carried out
first to fill the traps under atmospheric pressure, and then all of
the charged specimens were exposed to air for 48 h to completely
release diffusible hydrogen atoms in the lattice. Finally, hydrogen
permeation experiments were performed under different hydro-
static pressures.

4. Results and discussion

The permeation curves for the three group specimens for dif-
ferent hydrostatic pressures at 25 ◦C are shown in Fig. 2(a)–(d). As
seen in Fig. 2(a), the permeation curves for the specimens with a
thickness of approximately 1.1 mm show no regular changes with
different hydrostatic pressures. However, the permeation current
density clearly increases with hydrostatic pressure in Fig. 2(c) and
(d) when the specimen thickness is 0.5 mm.

Steady-state current density i∞, intrinsic diffusivity D, desorp-
tion rate k, absorption parameter kp, permeation concentration C0
and hydrogen concentration on both sides of the membranes, i.e.,
Centry and Cexit from the Zhang’s model, and apparent diffusivity Dc

from the classic model, were calculated based on the permeation
curves and are listed in Table 1 for the three groups.

Variations in the steady-state current density i∞, diffusivities D
and Dc, desorption rate k, absorption parameter kp and the perme-
ation concentration C0 as functions of the hydrostatic pressure are
shown in Fig. 3(a)–(e), respectively.

4.1. Effect of hydrostatic pressure on the steady-state current
density

Fig. 3(a) indicates that the effect of hydrostatic pressure on i∞
depends on the thickness of the specimen. For the 1.1 mm thick
specimens, i∞ is almost independent of the hydrostatic pressure.
However, for the 0.5 mm specimens, i∞ increases with hydrostatic
pressure. To date, there has been no mention of the sample thick-
ness influencing the relationship between hydrostatic pressure and
i∞. For a 1 mm thick specimen, Nanis showed that i∞ increased with
hydrostatic pressure [12]. However, Blundy reported that i∞ was
almost independent of the hydrostatic pressure when stirring the
electrolyte at the entry side [14]. For a specimen less than 0.5 mm
thick, Woodward [11] indicated that i∞ increased with hydrostatic
pressure, but Blundy [15] and Smirnova [13] showed that i∞ was
independent of hydrostatic pressure.
current density i∞ for the thin samples is as follows. Based on Eq.
(9), i∞ = kpF/

(
2 + kl/D

)
, where D is independent of hydrostatic

pressure, while the adsorption parameter kp and desorption rate
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Fig. 2. Dependence of the hydrogen oxidation current density on time for different hydrostatic pressures at 25 ◦C: (a) and (b) group I specimens with the thickness of 1.1 mm
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nd  100 nm Ni coated at the hydrogen exit side of specimens, (c) group II specimens 

nd  (d) group III specimens with the thickness of 0.5 mm and 100 nm Ni coated at b
xperimental data ((b) is a detail of (a)).

 increase with hydrostatic pressure for the 0.5 mm  specimens,
s shown in Fig. 3(c) and (d). Increasing kp induces directly pro-
ortional increase in i∞, although the increase in k causes only a
mall decrease in i∞. For example, if hydrostatic pressure increases
rom 0.1 to 40 MPa  for the group II specimens, k increases from
33.59 nm/s to 413.21 nm/s, and the denominator of the i∞ equa-
ion

(
2 + kl/D

)
increases from 2.21 to 2.65, which means that i∞

ecreases by 17%. However, kp increases from 67.72 pmol/cm2 s for
.1 MPa  to 273.31 pmol/cm2 s for 40 MPa, resulting in i∞ increasing

y 400%. For a thin specimen, increasing the hydrostatic pressure
an decrease the surface energy barrier for hydrogen atom absorp-
ion and desorption processes, resulting in an increase in k and kp,
nd then i∞.

able 1
easured and calculated results for the three groups of specimens.

Specimen group Pressure MPa  i∞ �A/cm2 D 10−6 cm2/s Dc 10−7 cm2/s k nm/

0.1 1.87 3.21 4.27 212.1
I  10 2.02 3.2 3.68 182.2

20  2.05 3.23 3.52 179.8
30  1.95 3.29 4.37 225.1
40  2.04 3.18 3.98 190.3
0.1  2.92 3.21 1.69 133.5
10  3.64 3.18 2 200.1

II  20 5.76 3.25 2.48 262.2
30  7.13 3.2 2.75 301.4
40  9.81 3.24 3.06 413.2
0.1  1.31 3.14 1.83 210.0
10  3.25 3.2 2.7 311.7

III  20 3.85 3.22 2.77 406.2
30  5.08 3.25 3.45 511.3
40  6.11 3.18 3.7 631 
he thickness of 0.5 mm and 100 nm Ni coated at the hydrogen exit side of specimens
des of specimens. The point plot denote experimental data, and the red lines fit the

Based on Eq. (10), the permeation concentration is C0 = kp/k.
For a thin sample, increasing the hydrostatic pressure increases k
and kp, but the increase in kp is greater than in k, resulting in C0
increasing with hydrostatic pressure, as shown in Fig. 4.

Additionally, the ratios of the drift velocities Vs/Vb of groups II
and III specimens increase with the hydrostatic pressure, as shown
in Fig. 5. If Vs/Vb is very small, such that Vs is much smaller than
Vb, then hydrogen absorption and desorption are the controlling
steps. In contrast, hydrogen diffusion in the bulk is the control-
ling step. Therefore, hydrostatic pressure causes the entire process

more likely to be bulk diffusion-controlled.

Changes in the hydrostatic pressure cause changes in the ratio
of the drift velocities and hence changes in the concentrations at

s kp pmol cm−2 s−1 C0 �mol cm−3 Centry �mol  cm−3 Cexit �mol cm−3

7 53.01 2.49 1.58 0.92
3 55.43 3.02 1.87 1.15
9 55.44 3.08 1.9 1.18
2 56.12 2.49 1.59 0.9
4 56.09 2.95 1.84 1.11
9 67.72 5.2 2.87 2.33
2 88.75 4.44 2.55 1.89
2 147.23 5.56 3.35 2.29
6 186.12 6.2 3.75 2.45
1 273.31 6.83 4.3 2.53
5 32.27 1.54 0.89 0.65
6 86.31 2.77 1.69 1.08
1 108.14 2.67 1.68 0.98
3 153.01 2.99 1.95 1.03

198.23 3.14 2.14 1
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Fig. 3. Variations of different parameters as functions of hydrostatic pressure for the three groups: (a) steady-state current density i∞ , (b) diffusivity D (solid) and Dc (hollow),
( centr
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c)  desorption rate k, (d) absorption parameter kp, and (e) normalized hydrogen con

he entry and exit sides. In Eq. (11), the normalized concentrations
t the entry and exit sides are plotted in Fig. 6. For group II and III
pecimens permeation at 0.1 MPa, both normalized concentrations
t the entry and exit sides are near 0.5 due to the small drift veloc-
ty ratios. As hydrostatic pressure increases, the ratio of the drift
elocities increases, meaning that the normalized concentration
pproaches 1 at the entry side and 0 at the exit side. For exam-
le, at 0.1 MPa, normalized concentration for group II specimens

s 0.55 and 0.45 at the entry and exit sides, respectively. However,
t 40 MPa, normalized concentration at the entry and exit sides is
.63 and 0.37, respectively. The phenomenon that i∞ increases with
ydrostatic pressure can be qualitatively explained. The boundary
onditions are more ideal at high pressure, thus a large hydrogen
oncentration gradient appears in the bulk metal, which causes i∞

o increase with hydrostatic pressure, as shown in Fig. 3(a).
ations at the entry Centry/C0 (solid) and exit sides Cexit/C0 (hollow).

4.2. Effect of hydrostatic pressure on diffusivity

As shown in Fig. 3(b), for the group II and III 0.5 mm thick spec-
imens, Dc obtained from the classic model increases slightly with
hydrostatic pressure, which is different from the previous work
[12,13,15].

However, the intrinsic diffusivity D is almost independent of the
hydrostatic pressure. As shown in Fig. 3(c), the desorption rate k,
which depends on the surface conditions, increases with hydro-
static pressure. This means that the hydrostatic pressure does not
influence the bulk diffusion, but does affect the surface reactions.

A large value of k means that there is a small energy barrier,
which hydrogen atoms must overcome and that the bulk diffusion
process plays an important role during permeation. Fig. 3(c) indi-

cates that for the thin 0.5 mm specimens, the hydrostatic pressure
increases k and reduces the surface energy barrier for hydrogen
atoms involved in absorption and desorption processes. As surface
energy barrier reduces, hydrogen atoms diffuse quickly through the
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Table 2
Intrinsic diffusivity for low and high hydrostatic pressure.

Pressure
MPa

Dij/10−6 cm2/s Di 10−6

cm2/s
D 10−6

cm2/s

Group I Group II Group III
≤10 MPa  3.21 3.2 3.21 3.18 3.14 3.2 3.19 3.2
≥30  MPa 3.2 3.18 3.2 3.24 3.25 3.18 3.21

surface to the subsurface, and the total duration of hydrogen atoms
moving from one side to the other side of the specimens reduces.
Finally, the apparent diffusivity increases.

The single factor analysis model (SFAM) [30] was used to analyse
the correlation between the hydrostatic pressure and the intrinsic
diffusivity D. The rejection region, F, was  calculated by:

F = SA/fA
Se/fe

(12)

where SA and Se are the sums of the squares of the standard devi-
ations of the factor A and the error e, respectively. The variables fA
and fe are the degrees of freedom of the factor A and the error e,
respectively.

Data for the hydrostatic pressure less than 10 MPa  and higher
than 30 MPa  are listed in Table 2.

As seen in Table 2, the error square sum is Se =
2∑

i=1

6∑
j=1

(
Dij −

−
Di

)
2 = 0.0081 , the total declination square

sum is ST =
2∑

i=1

6∑
j=1

(
Dij −

−
D

)
2 = 0.0091, and the declination

square sum for the hydrostatic pressure is SA = ST − Se = 0.0001. The
degrees of freedom are fT = 11, fA = 1, and fe = 10. Thus, F = 0.12, and
= 4.96 (95%) and F0.01(1,10) = 10.56 (99%). Because F is less than
F0.05, the factor A, i.e.,  the hydrostatic pressure, has no influence
on D. The mean and 95% confidence intervals based on the t
distribution for all of the diffusivities is (3.2 ± 0.04) × 10−6 cm2/s.
D is independent of the thickness and surface conditions of the
specimen. However, Dc based on the classic model is lower than D
and depends on the thickness and surface conditions of the spec-
imen. Dc for a thin specimen increases slightly with hydrostatic
pressure.

4.3. Effect of specimen thickness on hydrogen permeation under
hydrostatic pressure

For the group I specimens with 1.1 mm thickness and Ni coated
exit side, D obtained from the Zhang’s model has a mean value of
3.20 × 10−6 cm2/s, and Dc has a mean value of 3.96 × 10−7cm2/s,
listed in Table 1. The mean value of D for the group II 0.5 mm  thick
specimens with Ni coated exit side is 3.22 × 10−6 cm2/s. The mean
value of Dc for group II specimens is 2.40 × 10−7 cm2/s, which is
decreased compared with group I specimens. This phenomenon
demonstrates the thickness effect on Dc obtained by the classic
model [18,23,31]. D remains almost the same, meaning that the
thickness effect on Dc is not due to the bulk diffusion, but is a result
of the surface energy barrier [18].

For the 1.1 mm  thick group I specimens, the variations in the
parameters i∞, D, Dc, k, kp, and C0 as functions of the hydrostatic
pressure are irregular and are similar to the Elhamid’s work [19].
Elhamid stated that for the specimens thicker than 1 mm,  bulk
diffusion, rather than surface effects, dominates hydrogen perme-

ation. As shown in Fig. 5, group I specimens are thicker than group II
specimens, so the ratio of the drift velocities for group I specimens
is greater than that for group II specimens at hydrostatic pressure
less than 30 MPa, which means that bulk diffusion is more likely
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ig. 7. Relationship between the normalized diffusivity and the drift velocity ratio
s/Vb.

o be the controlling step in the permeation processes of group I
pecimens.

Fig. 6 shows that the normalized concentrations of group I speci-
ens are more idealised than those of group II because of a greater

atio of drift velocities. Fig. 7 indicates that the difference in the
iffusivities determined from the two models decreases with the
pecimen thickness. However, even for the 1.1 mm thick group I and
I specimens, the diffusivity value calculated by the classic model
s still much smaller than the Zhang’s model. The appropriateness
f the classic model can be gauged by the ratio of the drift velocity
hrough the surface to that in the bulk. The normalized diffusivity,
c/D, for all of the specimens in group I is a function of the ratio of
rift velocities, which is higher than in group II specimens with the
ame surface conditions.

.4. Effect of nickel coating on hydrogen permeation

Comparing group II and III specimens in Table 1, one can see
hat nickel coating at the entry side clearly influences hydrogen
ermeation. For the group III 0.5 mm  thick specimens with two
i coated sides, D has a mean value of 3.20 × 10−6 cm2/s, which is
lmost the same as for group II specimens. The mean value of Dc is
.89 × 10−7 cm2/s, which increases slightly compared with group II
pecimens. This means that the 100 nm nickel coating at the entry
ide can increase Dc. According to Fig. 3(c) and (d), nickel coating
ncreases the value of k and decreases the value of kp, meaning that
ickel reduces the energy barrier at the entry side and decrease the
mount of absorbed hydrogen atoms at the same time. Based on Eq.
9), i∞ = kpF/

(
2 + kl/D

)
, the combined action of k and kp induces

 decrease of steady-state current density i∞.
Based on Eq. (10), hydrogen concentration of group III specimens

t the entry side is smaller than group II specimens in Fig. 4. The
atio of drift velocity for group III specimens is slightly higher than
or group II, meaning that the normalized concentration of group III
pecimens is more idealised, shown in Figs. 5 and 6. Thus, hydrogen
iffusion in the bulk metal is more likely to be a rate-determining
tep in group III rather than group II specimens.

. Conclusions

The influence of surface hydrogen absorption and desorption
nder hydrostatic pressure on hydrogen diffusivity is quantified.

aking surface effects of hydrogen permeation into account, the
ntrinsic diffusivity D of the A514 steel is (3.2 ± 0.04) × 10−6 cm2/s,

hich is independent of the sample thickness and surface condi-
ions, as well as the hydrostatic pressure. However, the apparent

[

[

ence 112 (2016) 86–93

diffusivity Dc based on the classic model is much smaller than D and
depends on the thickness and surface conditions of the sample, and
increases slightly with hydrostatic pressure for thin specimens.

For a thin specimen, the steady-state current density i∞ and
surface hydrogen concentration increase with hydrostatic pres-
sure because hydrostatic pressure can decrease the energy barrier
for hydrogen atom absorption and desorption processes, which
increases both the adsorption parameter kp and the desorption rate
k, although the increase is more evident for kp.
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