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Hydrogen permeation and corrosion behaviour of Cu-coated carbon steel under simulated nuclear waste disposal
conditions of the Beishan area have been investigated. The permeation current (with —500 pA-cm~2 charging
current) decreased from 3778 to 141 and 47 nA.cm™2 respectively when 5 and 10 um thick Cu coatings were
electrodeposited on the steel. The XRD analysis suggests the formation of CuH during the hydrogen charging
treatment, and its subsequent decomposition formed a protective CuOH/Cu0 layer on the charging surface

when exposed to simulated groundwater for 44 h. No damage to the Cu coating-steel interface was observed in

the cross-section analysis.

1. Introduction

The concept of deep geological repositories (DGR) for the permanent
disposal of high-level nuclear waste is under investigation in many
countries. The repository concept is based on multiple barriers, normally
including the waste form, durable metal containers, a clay buffer and
seals around the container, and a deep geologic environment [1-3]. A
key barrier in this sequence is the corrosion-resistant container,
designed to isolate the waste from the repository environment [4,5].
Carbon steel, due to its strength and low cost, is a candidate material for
the structural element of the container [6,7]. In many countries, the
application of a Cu coating to provide enhanced container lifetimes is
under consideration, since Cu is anticipated to have a very low corrosion
rate under repository conditions [5,8].

Cu corrosion under repository conditions has been extensively
studied in short-term [9,10] and long-term [11-14] electrochemical
experiments, by weight loss measurements, and by measuring hydrogen
generation [15], in solutions, and in bentonite [16,17]. However, there
are few studies concerning the influence of hydrogen permeation on the
integrity and corrosion performance of Cu coatings [18]. If defects are
present in the Cu coating, exposure of the steel vessel under the antici-
pated anoxic conditions in a DGR could produce Hj, introducing the

possibility of delamination of the coating [19-21].

In a DGR, diffusible hydrogen atoms could be produced mainly by
two possible routes: (1) Water radiolysis by y radiation, which can
penetrate the container and reach the interface between the container
surface and the corrosive media; (2) Proton reduction, which will be the
primary cathodic reaction on steel under anoxic repository conditions.
The hydrogen atoms formed on the container surface will lead to either
Hj evolution or absorption and diffusion into the metal. Absorbed
hydrogen atoms would be trapped at material defects (e.g., micro-
cracks, inclusions), resulting in materials degradation [22-27].

Hydrogen permeation through a metallic membrane using a
Devanathan-Stachurski double cell (DS cell) [28] is widely used to study
hydrogen diffusivity in different materials. On the hydrogen entry sur-
face of the metallic membrane, the production of hydrogen atoms can be
controlled galvanostatically, potentiostatically, or under free corrosion
conditions. A fraction of the hydrogen atoms produced are then absor-
bed by the metal, diffuse through the metallic membrane, and are finally
desorbed at the exit surface, where a constant potential is applied to
ensure that all hydrogen atoms which penetrate the steel are oxidized,
with the current being a measure of the hydrogen permeation flux.

In this work, experiments on hydrogen permeation through a carbon
steel membrane electroplated with Cu are conducted in simulated
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groundwater of the Beishan area (the preselected repository site for
high-level nuclear waste in China) to study the influence of the copper
coating on hydrogen permeation. The influence of hydrogen permeation
on the protection performance of copper coatings is also analyzed
electrochemically before and after hydrogen charging.

2. Materials and experimental
2.1. Materials and specimens

Commercially available Q235 carbon steel membranes with a
chemical composition in wt% of 0.14% C, 0.1% Si, 0.41% Mn, 0.015% P
and 0.038% S, a diameter of 42 mm, and a thickness of 1 mm were
provided by Shengxin Technology Co., Ltd. (Shandong, China). Prior to
Cu electroplating, both sides of the membranes were abraded with a
series of grit papers (120#, 400#, 600#, 800#, 1000# and 1500#). The
average thickness of different polished membranes was 0.75 mm =+ 0.30
mm. The thickness of each membrane was uniform. The polished
membranes were then washed with deionized water (resistivity = 18.2
MQ-cm, Smart-N ultrapure water system, Heal Force Bio-Meditech
Holdings Ltd., China), ultrasonically cleaned using ethanol (reagent
grade), and dried using cold ultra-pure N3 gas (99.999%). Copper sheets
(T2) with a chemical composition in wt% of 0.005% Zn, 0.005% Pb,
0.002% Sn, 0.005% Ni, 0.005% Fe, 0.002% Sb, 0.005% S, 0.002% As,
0.001% Bi were provided by Shengxin Technology Co., Ltd. (Shandong,
China).

2.2. The fabrication of Cu-coated carbon steel specimens

The schematic of the Cu-coated carbon steel specimen is shown in
Fig. 1a. To increase the adhesion between the Cu coating and the carbon
steel substrate, a thin nickel interlayer (~600 nm) was first plated onto
the Q235 substrate. Before the plating of the Ni interlayer, the surface of
the Q235 specimen was activated for several seconds in a 0.1 mol-L™!
HCl solution and washed with deionized water. A 99.5 wt% Ni plate was
used as the plating anode. A current density of 10 mA-cm ™2 was applied
for 3 min, and the Ni-plated specimen then washed with deionized
water. The thickness of the nickel coating was about 600 nm. In the
subsequent copper-plating, a 70 x 60 x 3 mm® phosphor copper
(0.05-0.1 wt% of P) plate was employed as the plating anode, and a
copper-plating current density of 10 mA-cm ™2 was applied for 60 min.
The Cu coating was then polished to a thickness of either 5 or 10 pm
using 1000# and 1500# grit papers. The compositions of electrolytes
used for plating the Ni interlayer and Cu coating are listed in Table 1.

The other side of the Q235 substrate (facing the hydrogen detection
cell where a constant potential was applied and the permeated hydrogen
atoms were oxidized) was electroplated with a thin nickel layer (indi-
cated as Ni* in Fig. la) in a Watt’s bath (NiSO4-6 HoO 250 g~L’1,
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Table 1
Composition of plating solutions utilized in this work.
Solution Component Concentration
(gL ™
Nickel- NiSO4-6 H,O 120
plating NaCl 8
H3BO3 35
NayS04-10 HyO0 30
Sodium dodecyl sulfate (SDS) 0.06
Copper- CuSO4-5 H,O 220
plating H,S04 64
HCl 0.03
Polyethylene glycol (PEG, molecular weight 0.2
6000)
Sodium 3,3'-dithiodipropane sulfonate 8.0 x 107
(SPS)
2-Imidazolidinetione (N) 2.0 x 107*

NiCly6 HyO 45 g-L™!, H3BO3s 40 gL 1) at room temperature with a
current density of 3 mA-cm™2 for 3 min [29]. The thickness of the
Ni* coating was about 180 nm.

2.3. Simulated groundwater composition

The typical composition of groundwater at Beishan is shown in
Table 2 [30]. In Section 3.1, the electrolyte was prepared according to
Table 2. Since hydrogen charging produces hydroxide ions and alkaline
conditions near the Cu coating surface, HCO3, Ca*" and Mg?* ions in
groundwater form calcareous deposits on the Cu coating [31-35],
resulting in errors in the analysis of coating performance before and
after hydrogen charging. Thus, in Sections 3.2-3.7, only Cl” and SO3~
anions were used to prepare the groundwater, with Na® cations to
ensure charge balance, as listed in Table 3.

2.4. Hydrogen permeation experiments

A modified DS cell was used for the hydrogen permeation tests,
Fig. 1b. The fabricated working electrode (indicated as W in Fig. 1b)
with an exposure area of 3.53 cm? on both sides was mounted between
Cell 1 and Cell 2-1. The side facing Cell 1 (the hydrogen detection cell)
was coated with the Ni* layer to prevent steel oxidation and promote the
ionization reaction of hydrogen [36]. Cell 1 was filled with 0.2 mol-L~!
NaOH solution and polarized potentiostatically at 0.05V vs. a
HgO/Hg/1.0 mol-1L~! KOH reference electrode (R1) (0.098 V vs. NHE),
using a Model PS-8 Multichannel Potentiostat/Galvanostat (TOHO
Technical Research Co., Ltd. Japan). The polarization lasted for at least
24 h to ensure that the background anodic current was less than 0.1
pA-cm 2. Then, the simulated groundwater was added to Cell 2 (the
hydrogen charging cell, including Cell 2-1 and 2-2). A standard

a b o R1 W R2 N M c2
Ni* (~180 nm) 1 1 II| r@
Q235 (~0.75 mm)
Ni (~600 nm) [ [ ] [ ]
/Cu coating =
o °°o
o o
R | 4 248 A
Fort oy o ™y
| 1o |
I ®lg0 |
& | dgo & |
Nl o Nl
0.2 mol-L"' NaOH Simulated groundwater Simulated groundwater
W Cell 1 Cell 21 Cell 2-2

Fig. 1. Schematics of the Cu-coated carbon steel specimen (a) and the modified Devanathan-Stachurski electrochemical cells (b). C1, counter electrode of hydrogen
detection side; R1, reference electrode of hydrogen detection side (Hg/HgO/1.0 mol-L~! KOH); W, working electrode; R2, reference electrode of hydrogen entry side
(SCE); M, proton exchange membrane; C2, counter electrode of hydrogen entry side.
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Table 2

Typical chemical composition of groundwater at Beishan area of China.
Ton species Na® K" Ca®* Mg>* HCO3 cl- Norw NO3
Concentration (mg-L ™) 1170.07 20.00 219.43 57.37 96.37 1261.33 1259.67 27.10

Fisher Scientific Inc., USA). The chemical composition of the surfaces

Zable 3” ¢ simulated d o thi " was analyzed qualitatively by energy-dispersive X-ray spectroscopy
omposition of simulated groundwater in this work. (EDX, IXRF-SDD3330-A5501, IXRF Systems Inc., USA). X-ray photo-
Component NaCl NayS04 electron spectroscopy (XPS) measurements were performed on a
Concentration (mg-L ™) 2079.3 1860.7 Thermo ESCALAB 250Xi (Thermo Fisher Scientific Inc., USA) with an Al
Specifications (Purity) >99.999% (metals basis) > 99.999% (metals basis) Ko X-ray as the incident beam and the C 1 s peak at 284.8 eV as the
Brand Aladdin Aladdin

three-electrode cell with a Pt plate counter electrode (C2) and a satu-
rated calomel reference electrode (SCE) (R2) was used. The counter
electrode compartment (Cell 2-2) was separated from Cell 2-1 by a
proton exchange membrane (Nafion 117) to avoid any possible influ-
ence of the anodic reaction products at the counter electrode on the
hydrogen entry [32,37]. For Cell 2-1, continuous sparging with
ultra-pure N3 was maintained during the experiments. Prior to hydrogen
charging, electrodes were cathodically cleaned at — 1.6 V vs. SCE for
2 min and then at — 1.15 V vs. SCE for 2 min. The hydrogen charging
current density was — 500 pA-cm_z.

2.5. Electrochemical experiments

Electrochemical tests were performed before and after electro-
chemical hydrogen charging using the Ivium pocketSTAT2 (Ivium
Technologies B.V., Netherlands). Prior to each test, the open circuit
potential (OCP) was allowed to achieve a steady state (e.g., the potential
change within 60 s was less than 1 mV). Electrochemical impedance
spectroscopy (EIS) was performed with a sinusoidal potential pertur-
bation of + 10 mV vs. OCP. The corresponding current response was
measured over a frequency range from 10° Hz to 10~° Hz, with 10 data
points recorded per decade. EIS data were fitted using Zview software.

2.6. Surface analysis

The XRD analysis used to determine the composition of calcareous
deposits was performed on a Rigaku Ultime IV X-ray diffractometer
(Rigaku Co., Japan), with the 26 angle scanned from 10° to 80° at a rate
of 5°/min.

For the XRD analysis of the hydrogen-charged surface, copper sheets
(1 x1 x0.2 cm®) and copper coating (stripped from the carbon steel
substrate), after being hydrogen charged, were removed immediately
from the cell, washed with deionized water for 1 min, dehydrated with
ethanol, dried with cold ultra-pure N gas, and stored under vacuum (P,
= ~0.088 MPa). The X-ray diffraction measurements were performed
using a PANalytical diffractometer (Malvern Panalytical Ltd., UK) with a
Cu Ka target under an Ar atmosphere at — 50 °C, and the 26 angle was
scanned from 30° to 80° at a rate of 1°/min.

After hydrogen charging and the subsequent electrochemical tests,
the specimens were first disassembled from the cell, rinsed with
deionized water and ethanol (99.8%, reagent grade), and dried with
cold ultra-pure Ny gas. For the cross-section samples, the specimens
were cut using a saw and sealed in epoxy resin. Then the cross-sections
were abraded with a series of grit papers (800+#, 1000#, 1500#, 2000#
and 3000#), ultrasonically cleaned using ethanol (reagent grade) for
1 min, and dried using cold ultra-pure Nj. All samples were packaged
under vacuum (P, = ~0.088 MPa) using a commercial vacuum pack-
aging machine until surface analysis could be performed. The surface
and cross-sectional morphologies of specimens were observed using a
scanning electron microscope (SEM, Hitachi Regulus8100, Hitachi Ltd.,
Japan) and an FEI Scios 2 HiVac focused ion beam (FIB-SEM, Thermo

internal standard. In the XPS depth profiling measurement, the surface
was etched at a rate of 1 nm/s. The XPS spectra were fitted using
Avantage software. The Cu L3M45My 5 (LMM) spectra were fitted using
standard spectra for CugO and Cu (provided by Avantage) based on a
nonlinear least squares method.

3. Results and discussion
3.1. The retarding effect of a Cu coating on hydrogen permeation

As mentioned in Section 2.2, a thin nickel interlayer (~600 nm) was
first plated onto the Q235 substrate to increase the adhesion between
the Cu coating and the carbon steel substrate. Fig. 2 shows the hydrogen
permeation current density (ip)-time curves of Q235, Q235 with a
~600 nm Ni coating (Q235 +Ni) and Q235 +Ni with 5 ym and 10 ym
Cu coatings under the hydrogen charging current of — 500 pA-cm ™2, The
background current density of i, has been removed, but a current of
1nA-cm? is retained in order to plot the data in logarithmic co-
ordinates. Fig. 2 shows that, for Q235 and Q235 +Ni, i, increases rapidly
as the hydrogen charging begins, and reaches the steady-state hydrogen
permeation current density (i*, average value within 24 h before the
end of the i)-time curve) within approximately 3 days. The i of
Q235 +Ni is only slightly lower than that of Q235, indicating that the
thin Ni coating exerts little influence on hydrogen penetration into the
underlying Q235. For Q235 +Ni with a Cu coating, there is an apparent
increase in the time required to achieve the steady-state hydrogen
permeation current, and a significant decrease in i®. Fig. 2 shows that a
5 um Cu coating decreases i® from 3167 nA-cm ™2 to 141 nA-cm 2, and a
further increase in coating thickness to 10 um leads to the lowest i of
47 nA-cm 2. The results in Fig. 2 demonstrate that hydrogen permeation
through carbon steel can be inhibited significantly by a thin Cu coating

3778 nA-cm™2
3167 nA-cm™2
103
§
§ 141 nAcm™2
< 10%F
£ 47 nA-cm™2
.o
101 L

—0— Q235+Ni

% —2—Q235+Ni+5 pm Cu
100 £

—v— Q235+Ni+10 pm Cu

1 1 1 1 1 L 1 1 1

0 2 4 6 8 10 12 14 16
Time (day)

Fig. 2. The hydrogen permeation current density (i,)-time curves recorded on
Q235 and Q235 with Ni coatings and Q235 +Ni with 5um and 10 ym Cu
coatings at a charging current of — 500 pA-cm~ 2 in simulated groundwater
(prepared according to Table 2).
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of a few micrometers.

In neutral simulated groundwater (pH = 7.5), the hydrogen evolu-
tion reactions under electrochemical hydrogen charging conditions can
be specified as follows [38]:

Volmer reaction (neutral or alkaline solution).

H,0 + M + e~ — MHygs + OH™ @
Heyrovsky reaction (neutral or alkaline solution).

MH,qs + H)O + ¢~ - M + H, + OH™ ()]
Tafel reaction.

2MH,gs — 2 M + H, 3

MH,gs = MHps 4

where M represent the metal surface; MH,q; is the hydrogen adsorbed on
the metal surface; and MH,ps is the hydrogen dissolved in the metal.
During the electrochemical hydrogen charging process, HoO will be
reduced to adsorbed H atoms (MH,q4s) (reaction 1). Some adsorbed
hydrogen will form Hy and then desorb from the surface (reactions 2 and
3). Some MH,q4s will be absorbed (MH,ps) (reaction 4) and permeate into
the metal.

Meanwhile, the hydroxide ion by-product of reaction 1 and 2 will
cause a pH increase near the charging surface. Under these alkaline
conditions, the HCO3, Ca®** and Mngr ions in simulated groundwater
can form calcareous deposits such as CaCO3 and Mg(OH), on the
charging surface (reactions 5-7) [32,39].

OH™ + HCOj — H,O + CO3~ )
CO3™ + Ca*t - CaCO;/ (6)
Mg?t + 20H™ — Mg(OH),| )

The XRD results and optical images (inset) in Fig. 3 show that, after
hydrogen charging, the surfaces were covered with a layer of deposits
composed of CaCO3 and Mg(OH),. The formation of calcareous deposits
would induce errors in the calculation of the diffusion coefficient of
hydrogen through the specimens, as discussed below.

The effective diffusion coefficients (Deg) of hydrogen through the
specimens were calculated using the standard methods specified in
ASTM G148-97. Equations for modeling the hydrogen permeation
curves using the breakthrough time, time lag, and Fourier and Laplace
solutions of Fick’s second law [26,40-44] are as follows;

+ CaCo,
& Mg(OH), Q235+Ni+

Q235 5umCu
/-.\ O . L,
S
8
2
= .
§ o
[
= o

+ %%, ¢
+
W\U + o

10 20 30 40 50 60 70 80
2 theta (degrees)
Fig. 3. X-ray diffraction results of the calcareous deposits formed on the

hydrogen charging surface in simulated groundwater (prepared according
to Table 2).
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(a) Breakthrough time method [43],

to = L215.3Degy )

(b) Time lag method [43],

fiag = L¥6Dest 9

(c) Fourier solution for Fick’s second law [41,44],

. = 2.2
i; n 0 Degyt
. 1 +2;(71) exp{fT} (10)
(d) Laplace solution for Fick’s second law [41,44],
i A & (2n +1)°L?
2= e e 11
i \/ﬂ:Defft ; xp |: 4Defft ( )

Fick’s second law (Eq. 12) predicts how diffusion causes the con-
centration to change with respect to time. The Laplace & Fourier solu-
tions are analytical tools based on the model which assumes the
permeation rate is simply dependent on [H] gradients.
oC oc
P Dﬁ 12)

In these calculations, a thin membrane is regarded as the boundary
condition, with a constant hydrogen concentration at the charging sur-
face established by the applied current. In these equations, t, is the
breakthrough time obtained from the intersection of a tangential line on
the linear section of the normalized permeation curve (Fig. 4) with the
horizontal time axis; L the thickness of the specimen; D the effective
diffusion coefficient; ti,; the time lag, corresponding to the time when i,/
i®= 0.63; i; and i® the currents measured in the hydrogen detection cell
at time t and at steady-state, respectively. Ten terms (n = 10) of Egs. (10
and 11) are considered to fit the experimental results using the least
squares deviation method.

The Degrs calculated using these methods are listed in Table 4. For
Q235, there is a noticeable difference between the value calculated by
the breakthrough time method and the other 3 methods. The D¢ value
calculated from the breakthrough time was ~4 times higher than those
derived from the other 3 methods. This difference could be caused by the
formation of calcareous deposits, which have been reported to inhibit
hydrogen permeation [45,46], and the thickening of these deposits with
time. Due to the short t, for carbon steel (306 s), the surface of the

1.4 | —=— Fitted by Fourier solutions
—o— Q235

1.2 L —°—Q235+Ni+5 ym Cu
—4—Q235+Ni+10 ym Cu

1.0+ o

ifit
o
o]

T

0.6 -

04r

0.2

0.0 = !'E I %
10' 10? 103 104 10° 108 107

Time (s)

Fig. 4. Normalized hydrogen permeation curves for specimens of Q235 and
Q235 +Ni with 5um and 10 um Cu coatings under the charging current of
— 500 pA-cm™2,
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Table 4
Hydrogen permeation data of Cu-coated Q235 carbon steel with different
coating thickness.

Specimens Q235 Q235 +Ni+Cu Q235 +Ni+Cu
Thickness of Cu coating (um) — 5 10
Thickness of specimens, L (cm) 0.079 0.072 0.078
Breakthrough time, t;, (s) 306 156906 329329
Lag time, tjag (5) 3567 293005 653488
Effective diffusion coefficient using various methods, De (em?s™Y)
Breakthrough method 1.3x10°% 22x107° 1.2x107°
Lag time method 29x1077  3.0x107° 1.6 x 107°
Fourier solutions 3.0 x 1077 2.8 x107° 1.5 x 107°
Laplace solutions 3.0x1077 28x107° 1.5 x107°
Average of the last three 3.0x1077 29x107° 1.5 x107°

methods

carbon steel was not yet covered with a thick layer of calcareous de-
posits, leading to a large calculated D¢ using the breakthrough method.
As the calcareous deposits thicken as the hydrogen charging process
continues, their influence on the calculation of D¢ is observed. As a
result, for Q235 +Ni+Cu specimens, t, increases substantially; the
calculated Degs using the breakthrough time are consistent with the
other 3 methods. Table 4 shows that the calculated D value of the 5 pm
Cu-coated Q235 specimen is two orders of magnitude lower than that of
pure Q235, and decreases while the Cu thickness increases. The calcu-
lated Degr for Q235 coated with 10 pm Cu (1.5 x 10~° cm?s 1) is similar
to the reported D for pure copper (1.8 x107° cm?s~}, 25 °C [47]). This
similarity indicates that the full retarding effect of the Cu-coating on
hydrogen permeation into the steel nuclear waste container has been
achieved at 10 ym thickness.

The normalized hydrogen permeation curves and the curves fitted by
the Fourier solution (Eq. 10) for Q235 and Q235 with eithera 5 or 10 um
Cu coating are shown in Fig. 4. The observed inconsistency of the
experimental and fitted curves suggests that the permeation of hydrogen
through the specimen was not completely controlled by the diffusion of
hydrogen [40]. The permeation transient for Q235 is less steep than that
predicted by Fick’s second law, which is probably caused by the
continuous formation of calcareous deposits. The permeation transients
for the Cu-coated Q235 specimens are slightly steeper than predicted by
Fick’s second law, indicating an apparent increase in trap occupancy of
in Cu-coated steel.

3.2. The formation of CuH during hydrogen charging

As mentioned in Section 3.1, the formation of calcareous deposits on
the charging surface (reactions 5-7) induces errors in the calculation of
diffusion coefficients. It would also complicate the analysis of species
formation and coating performance before and after hydrogen charging.
Thus, in this section, the simulated groundwater used contained only
Na™, CI~ and SO3 ", as specified in Table 3.

The penetration of hydrogen into the metal can cause lattice
distortion within the metal, or generate hydrides. Hydrides were shown
to be formed on Ti surfaces under simulated crevice environments (low
pH) [48]. Recently, magnesium hydride (MgHz) was reported to be
formed during the galvanostatic polarization treatment of Mg ZEK100
alloys, and shown to be responsible for the filiform-like corrosion by
acting as a temporary metastable catalyst for hydrogen evolution prior
to its decomposition to Mg(OH), [49]. Copper hydride (CuH), has been
reported to form under reducing conditions, e.g., during copper plating
[50-52]. Herein, it is proposed that CuH can be formed during the
hydrogen charging process (reaction 13 and 14).

H,O + Cu + e~ - CuHugs + OH™ 13)
CuH,4s » CuHy,s —» CuH (14

The formation of CuH on the hydrogen-charged Cu sheet and Cu
coating surface has been investigated by XRD under an Ar atmosphere at
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— 50 °C since CuH is usually unstable [53] and the incident high-energy
X-rays would inevitably disturb its presence. As shown in Fig. 5, for
several hydrogen-charged samples, the strong diffraction peaks corre-
sponding to the (111), (200), and (220) planes of metallic Cu are
observed. In addition, several diffraction peaks with much lower in-
tensities, corresponding to the (002), (200), (103) and (201) faces of
CuH [50, 53-55], are also present, with the intensities of these CuH
peaks independent of the duration of hydrogen charging. However, the
strongest diffraction peak of CuH corresponding to the (101) plane,
observed at ~40.7° for hydrides synthesized by conventional chemical
methods [50,54], is absent. This probably reflects a grain growth pref-
erence of CuH formed on Cu during hydrogen charging.

3.3. The EIS evolution on the hydrogen-free and hydrogen-charged
specimens

Fig. 6 shows the EIS spectra recorded on both hydrogen-free and
hydrogen-charged samples. For both samples, after 1 h of immersion,
the data collected at low frequencies (<10’2 Hz) are erratic, despite the
corrosion potential of the specimens being stabilized before the EIS
measurement. Based on the Kramers—Kronig (K-K) transform [56] re-
sults, these erratic data were disregarded. For the hydrogen-free sample,
as the immersion time increases from 20 to 44 h, shifts of the
low-frequency time constant to lower frequencies and the
mid-frequency time constant to higher frequencies are observed, indi-
cating a change in the kinetics of the processes occurring. In addition,
the change of the impedance magnitude at the low-frequency limit is
minor.

For the hydrogen-charged sample, the EIS spectrum is first collected
after 1 h of immersion before hydrogen charging to demonstrate the
repeatable coating performance after fabrication by the present method.
After 17 days of hydrogen charging, the sample is switched to open
circuit, allowing the relaxation of the corrosion potential to a steady-
state value (normally within 5h). Fig. 6d shows two ill-defined re-
sponses in the low- to mid-frequency range during immersion. As the
immersion time increases from 1 to 20 h, there is a clear decrease in the
impedance magnitude at the low-frequency limit, similar to that
observed on the hydrogen-free sample. However, as the immersion time
increases from 20 to 44 h, the impedance magnitude at the low-
frequency limit |Z|r.o (f = 0.001 Hz) increases again from 14.7 to
33.5 kQ-cm?, indicating a recovery of the coating performance. The
hydrogen charging clearly causes different trends in the evolution of the
EIS spectra.

= 5} o
~ o N
1T N + Cu ]4 o

— + CuH ‘
5 \
& ‘\ | ‘
> \
= | ~
@ = | =
c ‘ P
o I c S
—-— | . ~
£ \_Cucoating, 20d  + 4

TS S——— e

||._cu'sheet, 20,

Iy A g o i b W Vet amtd W
NI

A ——
Cu sheet

50 55 60 65 70 75 80
2 theta (degrees)
Fig. 5. X-ray diffraction results of the hydrogen-charged Cu sheet and Cu

coating surfaces with different duration of hydrogen charging treatment. d,
days of hydrogen charging.
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Fig. 6. EIS spectra of the hydrogen-free sample (a, Nyquist plot; b, Bode magnitude and phase angle plot) and hydrogen-charged sample (c, Nyquist plot; d, Bode
magnitude and phase angle plot) in simulated groundwater (prepared according to Table 3).

3.4. The surface morphology and chemical composition of the hydrogen-
free and hydrogen-charged specimens after immersion

Fig. 7 shows the surface morphologies of the hydrogen-free and
hydrogen-charged samples after 44 h of immersion in Ny-sparged
simulated groundwater. In Fig. 7a, the surface of the hydrogen-free
sample is covered with well-crystallized edge-truncated octahedral
crystals with 20 facets. The surface layer is quite porous, with observable
crevices between crystals. The distribution in crystal size is obtained by
measurements on 100 grains in a randomly selected surface area,
yielding an average grain size of ~ 0.4 um (Fig. 7c). EDX analysis
(Fig. 7e, black curve) shows Cu and O are the main elements present
with a Cu/O ratio of 2.6. The above results suggest the formation of
Cuz0 on the surface of the hydrogen-free sample, which is further
confirmed by the following XPS analysis.

Fig. 7b shows the rather different surface morphology of the
hydrogen-charged sample, with the irregular particles (light color
marked as bl in Fig. 7b) scattered on the sub-layer network formed by
thin flakes (dark color marked as b2 in Fig. 7b). The average size of the
irregular particles is about 0.23 um (Fig. 7d), but there is a significant
nm-scale substructure. According to the EDX analysis, the hydrogen-
charged Cu surface has a similar elemental composition, but with a
higher Cu/O ratio of 4.6 (Fig. 7e, red curve), attributable to a larger
contribution from Cu. The EDX analysis in Fig. 7f shows that the light-
colored particles (marked as bl in Fig. 7b) have a much higher oxygen
content (with a Cu/O ratio of 1.3) than the dark sub-layer (marked as b2
in Fig. 7b).

The chemical constitution on the surface of the hydrogen-free and

hydrogen-charged samples after 44h of immersion in simulated
groundwater was analyzed by XPS. Fig. 8 shows the Cu 2p (a), Cu LMM
((a), inset) and O 1 s (b) spectra of the hydrogen-free sample. To avoid
the influence of sample preparation (e.g., that due to the heat generated
by cutting the sample with an electric saw) on the surface composition,
XPS spectra were recorded after etching the surface to a depth of about
20 nm. However, a weak satellite peak (942-947 eV) was observed
suggesting the presence of traces of Cu(Il) on the surface. The fitting
parameters and results are summarized in Table 5. Since the 2p 3/2 peak
(932.49 eV) possibly contains inseparable contributions from Cu(0) and
Cu(l) it cannot be used, to determine the Cu(0)/Cu(I) content of the
surface unequivocably. To identify the Cu species present, the Cu
L3My 5My 5 (LMM) Auger spectrum was fitted as described in reference
57. This analysis confirmed the dominant presence of Cu(I) species on
the Cu coating surface [54,57,58].

The O 1 s peak shown in Fig. 8b can be deconvoluted into a peak at
530.38 eV, assigned to oxygen (Oj,) in a Cu oxide lattice [54,58], and a
broad peak at 532.04 eV with a FWHM of 2.4 eV, which can be assigned
to a combination of crystalline HoO (532.1-532.9 eV, [58]), adsorbed
hydroxide (-OH) (531.1eV, [59], 533.2eV, [60]) and carbonate
(533.2eV, [61], 531.5-532.0eV, [Avantage software]). Further
deconvolution of the 532.04 eV peak is not possible, due to the over-
lapping of peaks for various possible contributions. The results in
Table 5 show the Cu(I)/Ojy. Ratio is 2:1, confirming that the oxide
formed on the uncharged hydrogen-free Cu coating surface (Fig. 7a) was
Cuy0. In oxygen-deficient simulated groundwaters, the formation of
Cuz0 on the Cu surface has been reported in other studies [11,62].

Fig. 9 shows a series of XPS depth profiles recorded on the hydrogen-
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Fig. 7. SEM images (a, b), histograms of corrosion product particle size distribution as observed in the SEM images (c, d) and EDX spectra (e, f) of the hydrogen-free
and hydrogen-charged sample surface after 44 h immersion in Ny-sparged simulated groundwater (prepared according to Table 3).

charged sample after immersion. Fig. 9a shows no satellite peak in the
BE region, 942-947 eV, indicating that any Cu(II) species formed during
sample preparation were removed by etching. The peak at
932.59-932.64 eV is assigned to Cu(0) or Cu(l) species which cannot be
separated. The Cu LMM Auger peak (Fig. 9b) can be deconvoluted into
peaks at 918.4 and 916.8 eV, assigned to Cu(0) and Cu(l), respectively
[57]. The fitting results show that the relative content of Cu(I) decreases
from 89% to 76%, as the etching depth increases from 100 to 220 nm.
Fig. 9c shows the deconvolution of the O 1 s peak into two peaks. The
peak at 530.03-530.16 eV is assigned to the lattice oxygen in an oxide
phase [54,58]. According to the fitting results for the Cu LMM Auger
peak (Fig. 9b), when the etching depth is 220 nm, the ratio of Cu(I)/(Cu
(D+Cu(0))= 76.2%. The results in Table 6 show the total Cu content on

the surface is 20.9 at%. Thus, the Cu(I) content on the surface can be
calculated to be,

[Cu(D)]220 nm = 20.9 at%x76.2%=15.9 at%.

According to Table 6, the lattice oxygen content on the surface is
9.9 at%, and the Cu(I)/Oj,, Ratio is therefore 1.6, indicating the exis-
tence on the surface of a Cu(I) species with a lower Cu(I)/Oy,. Ratio than
the stoichiometric Cu,O.

3.5. The formation of the surface film induced by hydrogen charging

The surface morphology (Fig. 7b), oxygen ratio (Fig. 7e, red curve)
and XPS analysis further demonstrate that the surface species on
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Table 5

XPS results of the hydrogen-free sample surface etched by 20 nm.

20 nm Chemical binding, compounds
BE (eV) FWHM at%
Cls 284.80 1.54 33.1 C—(C, H)
286.70 1.63 4.3 C-OH
288.98 1.63 2.8 carbonate
O1ls 530.33 1.09 8.4 Cu(D-0
531.99 2.40 34.1 H,0 cryst., -OH, carbonate, et. al
Cu 2p 932.43 1.31 17.3 Cu(D)

hydrogen-charged samples is not only CuyO, as observed for the un-
charged surface, but a mixture of Cup0 and other Cu(I) species with low
Cu(l)/Oy,. Ratios. Under hydrogen charging conditions, the surface
would be expected to be cathodically protected, which would restrict the
formation of oxide.

In Section 3.2, the formation of CuH on the Cu surface was demon-
strated by XRD. As the reducing condition is not maintained during the

subsequent immersion period, the highly reactive CuH can decompose
into highly reactive Cu particles which oxidize rapidly and sinter to form
Cu20 when exposed to air [51]. Also, CuH decomposition in an alkaline
solution containing Cl~ can also lead to the formation of active Cu
particles (reactions 15 and 16) [63], which would subsequently be
oxidized to CuyO (reaction 17). Based on the XPS analyses, the decom-
position of CuH could proceed via a CuOH intermediate to CuyO (re-
actions 18 and 19). This would be consistent with the observation of
Soroka et. al [54] who demonstrated that CuOH can be formed on the
surface of a mixture of CuH and Cu particles stored in water. The
observation that the XPS results indicate the existence of another Cu(I)
species with lower Cu(I)/Oj,. Ratio than Cuy0 indicates the formation of
CuOH on the hydrogen-charged sample surface is possible. The XPS
fitting results in Table 6 and the calculated ratio between Cu(0)/Cu(l)
(based on the Auger spectra (Fig. 9b)), the relative contents of Cu(0),
Cu0 and CuOH as a function of etching depth are summarized in
Table 7. It is noted that the content of CuOH gradually increases with the
increase in etching depth (Table 7), suggesting that the surface of CuOH
is likely converted into CupO (reaction 19) [55].

b
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Fig. 9. The depth profiling XPS spectra of Cu 2p (a), Cu LMM (b) and O 1 s (c) obtained from the hydrogen-charged sample surface.
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Table 6
The depth profiling XPS results of the hydrogen-charged sample.
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100 nm 160 nm 220 nm Chemical binding,
BE (eV) FWHM at% BE (eV) FWHM at% BE (eV) FWHM at% compounds
Cls 284.80 1.59 40.7 284.80 1.62 417 284.80 1.59 41.8 C~(C, H)
286.79 1.63 4.3 286.85 1.63 3.6 286.84 1.63 3.9 C-OH
289.05 1.63 2.7 289.07 1.63 2.6 289.03 1.63 2.6 carbonate
O1s 530.03 1.52 9.5 530.09 1.54 9.4 530.16 1.57 9.9 Cu(D-0
531.63 2.40 24.5 531.63 2.40 22.9 531.66 2.40 20.9 H,O cryst., ~OH, carbonate, et. al
Cu 2p 932.59 1.55 18.3 932.60 1.50 19.8 932.64 1.47 20.9 Cu(0), Cu(D)
frequency dispersion [12,69], leading to the deviation of the n value
;a:’.le 7fC (0), CuOH and Gu,0 on th ;  the hvd hareed ) from 1. In this circuit (Fig. 11a), Rg represents the solution resistance, Q¢
atio ot Luld), LubH and LY on the surlace of the hydrogen-charged sampre. is a constant phase element (CPE) representing the film capacitance, R¢is
Etch depth (nm) Cu (0) (%) CuOH (%) Cuz0 (%) CuOH/Cu,0 the film resistance, Qq; and R represent the double-layer capacitance
100 16.9 23.1 60.0 0.38 and charge transfer resistance at the Cu/solution interface. Considering
160 28.8 21.2 50.0 0.42 the alkaline condition produced by hydrogen charging, a layer of
220 33.4 261 405 0.64 adsorbed OH™ is probably formed on the hydrogen-charged surface
[70]. Thus, the EIS data of the hydrogen-charged sample are fitted using
the equivalent circuit with three time constants, as shown in Fig. 11b. In
- _ _ this circuit, Qaqs and R,qs represent the capacitance and resistance of the
CuH + 2C1I” + H,0 - CuCl; + OH™ + H (15) > eads < ads . A
2 2 2t adsorbed layer. Since the EIS data collected after 1 h of immersion was
CuH + CuCl; 4+ OH™ — 2Cu + H,0 + 2C1~ (16) erratic at low frequencies (<0.01 Hz) for both uncharged and charged
samples, only the data recorded after 20 and 44 h of immersion were
4Cu + O = 2Cu0 an fitted, with the fitting parameters listed in Table 8.
CuH + H,0 — CuOH + H)? (18) Q = U[Yo()"] (20)
2CuOH — Cu,O + H;O (19)

Since the XRD analysis (Fig. 5) shows no diffraction peaks for CuOH
and Cuy0 on the hydrogen-charged sample, it is clear that CuOH and
Cuy0 are formed during the immersion period after hydrogen charging.

3.6. The cross-sectional morphology and chemical constitution of the
hydrogen-charged specimen

The cross-sectional morphology and chemical composition of the
hydrogen-charged sample are shown in Fig. 10. Fig. 10a shows a very
uniform Cu coating on the carbon steel substrate after hydrogen
charging for 17 days followed by 44 h of immersion. The SEM image and
the corresponding EDX mabp for the entire coating, Fig. 10b and ¢, show
no observable coating delamination or damage with the orderly distri-
bution of Cu, Ni and Fe elements remaining undisturbed despite the
extensive charging period and subsequent exposure. The fact that no
blisters appear in the Cu layer after charging shows that Hyp,s recombi-
nation at defects in the Cu layer is negligible under the current charging
conditions, compared to hydrogen molecule desorption losses at the Cu
surface (reaction 2 and 3). The formation of CuyO, CuOH cannot be
detected on the scale of the images in Fig. 10c and also due to the strong
O signal from the resin. At the greater magnification achieved in the
FIB/SEM images (Fig. 10d-f) the film is shown to be porous with a dis-
tribution of irregular particles on top, consistent with the analysis in
Fig. 7b.

3.7. EIS fitting

The SEM image in Fig. 7a shows the film formed on the surface of the
hydrogen-free sample is porous. Thus, an equivalent circuit with two
time constants, Fig. 11a, is appropriate to fit the spectra shown in Fig. 6.
Such a circuit has been used commonly to describe the corroded surface
on Cu [64-68]. In the equivalent circuit in Fig. 11a, constant phase el-
ements (CPE), calculated according to Eq. (20), were used to represent
non-ideal capacitances, where Y, represents the admittance modulus
(s“-Q_1~cm_2), o the angular frequency, and n is a constant with a value
between 0 and 1. The surface inhomogeneities and the porous structure
of the corrosion film formed on the Cu surface (in Fig. 7) would result in

For the hydrogen-free sample, the film resistance (R¢) decreases with
immersion time suggesting an increase in film porosity in the presence of
chloride ions. Since only a slight increase in the charge transfer resis-
tance (R is observed, this Faradaic resistance increase may be partially
compensated by an increase in film thickness.

For the hydrogen-charged sample, the resistance of the adsorbed
layer (Rags) increases with immersion time, indicating that the adsorp-
tion of OH™ continues during immersion. In addition, both R¢ and R
increase with immersion time, suggesting an improved corrosion resis-
tance of the Cu surface. This is correlated with the formation of a CuOH/
Cu0 film caused by CuH decomposition (reactions 18 and 19). It is
consistent with the surface and cross-sectional observations, EDS ana-
lyses and XPS analyses in Figs. 7, 9 and 10. The low values of n were to
be expected given the rough and porous nature of the surface films
(Fig. 7a and b) and the variation in composition with the thickness of the
film on the hydrogen charged surface indicated by the XPS spectra.

4. Summary and conclusions

1) The susceptibility of a Cu coating on carbon steel to hydrogen
permeation in simulated Chinese groundwater (Beishan area) has
been investigated under hydrogen charging conditions. The steady-
state hydrogen permeation current through carbon steel (Q235)
was found to be significantly decreased by a Cu coating with a
thickness of several micrometers.

The average diffusion coefficient measured on the Cu-coated steel
was two orders of magnitude lower than on the uncoated steel, and
decreased as the Cu layer thickness was increased. The calculated
effective diffusion coefficient of carbon steel with a 10 um Cu coating
(1.5 x10~° cm?-s 1) was similar to the reported diffusion coefficient
for pure Cu (1.8 x107° cmz-s’l).

Detailed microanalytical analysis (including EDS, XPS and XRD)
indicates that copper hydride (CuH) was formed during the hydrogen
charging process with its subsequent decomposition leading to the
formation of a partially protective layer composed of CuOH and
Cuz0 when exposed to simulated groundwater for 44 h.

2
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Fig. 10. Cross section morphologies (a, b, d and e) and elemental analysis (c and f) of the Q235 specimen with a ~600 nm Ni layer and 10 um Cu coating after 17
days of hydrogen charging. a, the metallographic image of the cross section; b and ¢, the SEM image and the corresponding EDX mapping of the cross section; d, e and
f, FIB-SEM images and the corresponding EDX analysis of the cross section.

R

ct

ct

Fig. 11. Equivalent circuits used for fitting the EIS spectra recorded on the hydrogen-free (a) and hydrogen-charged (b) specimens. R, represents the solution
resistance; Q,qs is a constant phase element (CPE) representing the capacitance of the adsorbed layer; R,qs represents the resistance of the adsorbed layer; Q¢ and Ry
are the film capacitance and resistance; Qq and R, represent the double-layer capacitance and charge transfer resistance at the Cu/solution interface.
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Table 8
Fitting results of EIS data in simulated groundwater.
Immersion time R Yo.ads Nads Rads Yot n¢e R¢ Yo.a ng Rt
(hour) (Q-cm?) "Q tem™?) (Q-cm?) "Q 'em™?) (Q-cm?) s"Q tem™?) (Q-cm?)
Hydrogen-free Sample 20 373.1 — — — 5.525 x 10~ 0.70 6994 2.629 x 1072 0.86 18260
44 367.2 — — — 3.932 x 107* 0.74 4023 3.786 x 107° 0.81 18632
Hydrogen-Charged 20 302.5 1.19x 107* 0.70 1374 3.44 x 1074 0.70 6227 9.34x 107 0.77 7936
Sample 44 324.7 7.79 x 107° 0.70 2161 1.68 x 1074 0.70 9915 3.71 x 1074 0.74 26050

4) No damage to the Cu coating-steel interface was observed after 17
days of hydrogen charging (with a charging current of —500
pA-cm~2),

Although the hydrogen charging conditions in this work were
considerably more aggressive than those sustainable under nuclear
waste disposal conditions, no significant damage was observed at the Cu
coating/steel interface as a consequence of hydrogen permeation under
the current electrochemical hydrogen charging conditions. Therefore,
the lower hydrogen penetration under disposal conditions should result
in even less damage. However, since Cu corrosion is expected to be
driven by reaction with sulphide in the groundwater, experiments in
sulphide-containing solutions are on-going.
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