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Abstract

Polarization experiments show that monolayers of zinc, bismuth and lead in-
hibit effectively the hydrogen evolution reaction and hydrogen penetration through
Inconel-718. The observed inhibition effects are due to the kinetic limitations of the
hydrogen discharge reaction and suppression of hydrogen absorption on the deposited
monolayers. The measured hydrogen penetration into a Inconel-718 membrane as
determined by the Devanathan - Stachurski bipolar electrode technique, is suppressed
due to the lower binding energy of hydrogen adatoms on lead, bismuth and zinc adsor-
bates. It is shown that the best inhibiton of the hydrogen permeation rate through an
Inconel-718 membrane is obtained by a potentiostatically deposited bismuth mono-
layer which reduces the steady state hydrogen flux by 76%.

Introduction

High strength alloys are required to meet improved levels of corrosion resistance
in naval applications. Their practical use is limited by cracking hazards due to
hydrogen penetration and hydrogen accumulation in the bulk of these alloys 1-2). The
irreversible accumulation of hydrogen in the bulk of the alloy leads to deterioration of
its mechanical properties (2-7). Also in the presence of absorbed hydrogen, changes
occur in both the lattice structure and the chemical composition of the alloy (8).

Pound (9) studied by using electrochemical methods the hydrogen ingress in high-

strength alloys (AISI 4340 steel, Monel K500, and MP35N). The diffusion/trapping

mode] for hydrogen ingress was shown to be applicable to the steel and Ni based
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alloys. The rate of ingress in all three alloys was controlled by the flux across the
interface. Pound (10) using a potentiostatic pulse technique, also studied the ingress
of hydrogen in precipitation-hardened alloys (Inconel 718, Incoloy 925). Again his
data were shown to fit a diffusion/trapping model under interface control.

Various methods have been proposed to decrease hydrogen embrittiement (2-4).
However, it is impossible to reduce hydrogenation of the alloy substrate to a level
which provides the elimination of hydrogen cracking hazards. However, it has been
shown that underpotential deposited zinc, lead and bismuth on different substrates
inhibit the discharge of hydrogen ions at an iron substrate (11-18). It has been shown
this process is very important for corrosion behavior of metals (19), for electrocatalytic
surface effects (20), for nucleation and crystal growth (21-22), and for plating (23).

The objective of this work was to estimate the effectiveness of underpotential
deposition of Zn, Pb, and Bi onto Inconel 718 on the reduction in the corrosion rate
and the degree of hydrogenation ingress. It was expected that these monolayers would
reduce the surface coverage of adsorbed hydrogen due to the lower binding energy of
the hydrogen adatoms on Zn, Bi and Pb adsorbates thereby reducing the absorption
of hydrogen into Inconel 718.

Experimental

The electrochemical cell employed for these studies was a conventional three-
compartment design with contact between the working electrode compartment and the
reference electrode via a Luggin probe. The polarization experiments were carried out
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using Inconel-718 steel rotating disc electrode with a geometric area of 0.5 cm?. The
electrode was mechanically polished to a fine finish, activated in sulfuric acid, washed
with ethanol and in doubly distilled water.

Using the Devanathan-Stachurski permeation technique (24), both the rate of
hydrogen absorption and permeation through Inconel-718 was measured continuously
as a function of time. The permeation rate through a thin membrane of the alloy
was measured by setting the potential on the “diffusion side” of the membrane (the
side from which the hydrogen emerges) at a value which corresponds to a practically
zero concentration of absorbed atomic hydrogen on the surface. This condition is
maintained by instantaneous ionization of all hydrogen atoms which have diffused
through the membrane and have emerged on the diffusion side. The measured current
is directly proportional to the hydrogen permeation rate, which can be measured
conveniently with a high degree of accuracy and sensitivity. These experiments
were carried out in a system with two working compartments, separated by a bipolar
Inconel-718 membrane. The Inconel-718 membrane with thickness of SOum was
obtained from Goodfellow Corp. The alloy membrane on the cathodic side of the
cell was polarized potentiostatically, creating conditions for underpotential deposition
and hydrogen evolution. The following reference electrodes were used: in the anodic
compartment Hg/HgO; in the cathodic compartment Hg/HgSO4 or SCE. In the anodic
compartment of the cell, the membrane was polarized potentiostatically at -0.3 V
vs Hg/HgO reference electrode and the amount of oxidized atomic hydrogen was
monitored continuously using a chart recorder. The details of the permeation cell
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and the auxiliary equipment are described by Subramayan (1). Prior to the permeation
experiments, the Inconel-718 membrane with a thickness of 0.3 mm was mechanically
polished to a fine finish, saturated with hydrogen in 0.1 M H,SO4 by maintaining for
10 hours a cathodic current density of 10 mA/cm?. Then, the membrane was etched
for 20 seconds in a solution containing methyl alcohol and 1% H2SOy, rinsed with
distilled water, dried in air and fitted into the permeation cell. To avoid passivation or
dissolution, the anodic side of the membrane was coated with a thin layer (0.15-0.20
pm) of palladium by electrodeposition. The deposition was carried out in an electrolyte
containing 2x10~5 M Na,Pd(NO,)4 using a current density of 100uA/cm? for two
hours. Then, the electrolyte was drained off, the compartment washed with distilled
water and filled with the anodic solution (0.2M NaOH), which was preelectrolyzed for
at Jeast 24 hours in a separate electrolytic cell. In the anodic compartment the solution
was kept at 0.3 V vs Hg/HgO reference electrode until the background current was
reduced to less than 3uA/cm?. Then, the cathodic compartment was filled with the
supporting electrolyte and the experiment was carried out. Pre-purified nitrogen was
bubbled through both compartments in order to keep free of dissolved oxygen.
Results and Discussion

Cydlic Voltammetry. According to the coupled discharge-recombination mech-
anism for the rate of hydrogen evolution reaction (25), a possibility exists for the
determination of the difference between hydrogen atoms that diffuse in the bulk of
the alloy and those which participate in the molecular hydrogen evolution. During the
electrocrystallization of metals onto foreign substrates, an underpotential deposition
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with a formation of monoatomic layers with a definite structure often occurs prior the
formation of a bulk deposit (26). It can occur when ions of a lower work-function
metal are in the contact with a higher work function metal (27). The underpotential
deposition has been reported and described to be restricted to monolayer or submono-
layer deposition. It may be presumed that a partial submonolayer of underpotentially
deposited zinc, bismuth or lead on the surface of the alloy will inhibit the hydro-
gen reaction due to the kinetic limitations of the hydrogen discharge reaction on the
deposited monolayers.

An attempt was made by using cyclic voltammetry to test the validity of this
presumption. Zinc was deposited from electrolyte containing: 1M Nay;SO4, 0.4 M
NaCl and 1 M H3BO3, pH=4. The concentration of zinc the electrolyte was gradually
increased from 5x107# to 0.1 M and the voltammograms which were obtained at sweep
rates of v= lmV/s and 500 mV/s are shown in Figure (1) and Figure (2), respectively.
In both Figures, a decrease of the hydrogen evolution is observed when the polarization
was carried out in the presence and absence of zinc ions in the electrolyte. When
starting the cathodic sweep from -0.2 V vs SCE a cathodic peak at -1.150 V is
observed as shown in Figure (1) for a 0.1IM Za(II)n solution. The peak potential is
more negative than the Nernst potential of a zinc electrode and corresponds to the
diffusion controlled limiting wave of zinc reduction. The corresponding stripping
peak appears at -0.9 V (SCE). In Figure (2), the zinc deposition peak from for a
0.1M Zn(II) disappears due to the increased peak separation which is obtained at
the higher sweep rate. However, in the anodic part of the curve a well defined zinc
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stripping and zinc desorption peak are observed in the range between -1.0V (SCE) and
-0.7V (SCE) indicating that zinc probably is underpotential deposited on Inconel-718.
Since the Nernst potential of zinc electrode is by E= —1.004 + 0.029 Ig [Zn*?], where
[Zn*?] is the concentration of Zn(lI) in M/L, the zinc deposition from the bulk of the
electrolyte should shift in cathodic direction for lower concentrations of zinc ions in
the electrolyte. This phenomena is observed in Figure (2), where the comesponding
stripping peaks for 5x10>M Zn*2; 5x10~2M Zn*2 and 0.1 M Zn*? are observed at
-1.040 V (SCE), -0.800 V (SCE) and at -0.750 V (SCE), respectively. The amount
of charge was determined from the area of the desorption peaks for 5x10M Zn*?;
and 5x10~2M Zn*? and are: 115 uC/cm? and 95 uC/cm? respectively. Presuming
that the maximum coverage requires a charge of Qmax = 450uA/cm? (18), the degree
of coverage by zinc (0z,_ aa:) for the desorptions peaks are 0.25 and 0.21 for Zn*2

concentrations, of the first and second respectively.

Bismuth deposition on Inconel 718 rotating disc electrode was studied from
electrolyte containing: 0.5 M HCIO,, 0.25 M NaCl, at pH=0.3 and the metal ion
concentration in the range of 2x10~5 to 5x10~“M. The maximum concentration of
bismuth ions in the electrolyte depends on the solubility product of Bi;O3. The
cathodic sweep in Figure (3) starts at 0.2 V vs SCE, the vertex potential is at -0.5 V,
and the scan ends at 0.4 V (SCE). In the presence of bismuth ions in the electrolyte,
a well defined cathodic peak is observed at -0.150 V vs SCE. Since the steady-state
limiting current corresponding to the deposition of bulk bismuth metals from 2x10-5M
solution of Bi*? has a half-wave potential of 0.1 V (SCE), the observed process at




=0.150 V vs SCE corresponds to the deposition of bulk bismuth metal. The integrated
area under the cathodic peaks increase with the increase of bismuth ion concentration
and are : 75 uC/cm?, 130 uC/cm?, and 230 uC/cm? computed for 5x10~M, 2x104M
and 5x10~M Bi*?, respectively. According to Cadle et al. (17), a plot of the bismuth
convective diffusion current measured on platinum in 0.12 M perchloric solutions at
~0.2 V vs SCE vs. w!2, (the square root of the angular velocity of the electrode) is
linear. Using the Newman version of the Levich equation, the slope of the Levich
plot at this potential gives a value of 5.5 x10 cm?/s for the diffusion coefficient of
bismuth ions. The small positive non-zero intercept observed was attributed to the
hydrogen discharge current. In the anodic branch of the curve, two stripping peaks are
observed. The first anodic peak corresponds to the oxidation of bismuth, previously
deposited by the convective-diffusion controlled limiting wave for bismuth reduction.
As it was expected, according to the Nernst behavior of bismuth electrode, the bismuth
stripping peak in Figure (3) shifts in the positive direction with the increase of bismuth
ion concentration in the electrolyte. The amount of the charge under the peaks also
increases with the increase of the concentration of Bi*3species in the solution and are:
200 pA/cm?; 1000 pA/cm?; and 2000 uA/cm? for 5x10-M, 2x10“M and 5x104M
Bi*3, respectively. The initial Bi*> reduction occurs probably simultaneously with
the reduction of the oxide present on Inconel-718 surface and presumably Bi(0)
is deposited on a reduced surface as in the case of reported deposition of Bi** on
platinum electrode (17). If the Inconel-718 rotating disc electrode is potentiostated
at any potential between +0.25 V and -0.1 V (SCE) in a 5x10~5 Bi*? solution, the




reduction current from 85 uA/cm? falls to zero within 90 seconds. Probably, the
current between +0.25 V and -0.1 V (SCE) and the small maximum in Figure (3),
observed prior the bismuth deposition peak from the bulk, reflects the simultaneous
adsorption of bismuth and hydrogen and corresponds to the underpotential deposited
Bi(0). Consequently, the second anodic peak which appears at + 0.2 V vs SCE should
correspond to the stripping peak of the underpotentially deposited Bi. Similar results
were obtained by Cadle et al. (17), who studied the reduction of bismuth on platinum
using ring disc electrode. According to their study, current-potential curves of Bi*>
in 0.12M perchloric acid show three reduction processes in the cathodic potential scan
and several oxidation processes in the anodic scan. The cathodic processes were found
to represent the reduction of adsorbed bismuth, reduction of bismuth at underpotential
and the convective - diffusion controlled limiting wave for bismuth reduction. The
anodic processes were explained as the oxidation of the bulk bismuth, the oxidation
of surface layers of bismuth and oxidation of underpotential bismuth.

Figure (4) shows potentiodynamic curves obtained at different reverse potentials
starting from 0.0 V (SCE). The vertex potentials of —0.350 and -0.400 V (SCE)
were chosen in order to avoid the hydrogen evelution reaction. The area under the
second anodic peak is 700 uA/cm? and corresponds approximately to a close packed
monolayer of Bi(0) (17). Probably both the underpotential submonolayer of Bi(0) and
the monolayer of Bi(0) are oxidized at the second anodic peak in Figure (4). They
are deposited before any of the Bi(0) stripped at the first anodic peak in Figure (3) is
plated on the electrode. The same phenomena was observed by Cadle et al. (17) for
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the deposition of bismuth on platinum. On platinum it is also known (28) that two
monolayers of copper or silver must be deposited before any behavior characteristics
of the plating metal can be observed.

Cyclic voltammetry was also used to study the lead deposition on Inconel-718
alloy rotating disc electrode from perchlorate solutions. CV curves obtained in the
absence and presence of lead in the supporting electrolyte are given in Figure (5).
When starting the cathodic sweep at +0.050 V (SCE) only peaks on the anodic part
of the polarization curve are observed. Since, the Nemst potential of lead electrode,
E= -0.368 + 0.029 1g (5x107#) = — 0.45 V vs SCE, the stripping peak at -0.4V vs
SCE corresponds to dissolution of the bulk deposited lead. As seen in Figure (5),
the peak height at -0.45 V (SCE) increases with the increase of lead concentration
in the electrolyte indicating again that the peak is related to the bulk lead deposition.
The second anodic peak probably can be attributed to the lead desorption peak of the
uqderpotential deposited lead in the potential range between -0.2V (SCE) and -0.350V
(SCE). The amount of charge of the deposited monolayer was computed from the area
of the desorption peak and is Q=95 uC/cm?. Assuming that the maximum coverage of
Pb adatoms requires a charge of Qmax= 500 uC/cm? (16,29), the degree of coverage
by lead is 6=0.19. In Figure (6), the anodic peaks were analyzed for different reverse
potentials. Data are not available for the work-function values of Inconel-718 in order
to evaluate the theoretical conditions for the occurrence of underpotential deposition
of lead. However, underpotential deposition of lead on platinum was verify by Cadle
et al. (29) to occur at potentials ranging from 0.3 to +0.5 Vvs SCE. Cadle et al. (29)
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also reported the inhibiting effect of underpotential deposited lead on the adsorption
process of hydrogen at the metal substrate. Underpotential deposition of Pb*? is
invoked by Lafrancony et al. (16) as an explanation of the inhibition of the reaction
step involving the adsorption step of hydrogen discharge on stainless steel alloy.

In Figure (6), the anodic peaks were analyzed for different reverse potentials.
Since more lead is deposited at higher cathodic overpotentials, the lead stripping peak
increases with the shift of the reverse potential in the cathodic direction.

Polarization Measurements-Potentiodynamic Studies. Cathodic polarization
curves are shown in Fifgure (7) for hydrogen evolution reaction on bare Inconel-
718 alloy from an electrolyte containing: iM Na;SO4 + 0.4 M NaCl and IM H3BO;
at pH=4 and on Inconel-718 alloy predeposited with Zn from the same supporting
electrolyte in which Sx10~4M Zn*2 jons are added. In order to deposit zinc, the rotating
disc electrodes (area=0.5 cm?) were held at fixed cathodic current for a different
periods of time to ensure that Zn was deposited on the surface. Various coverages
were obtained by trial and error by applying a wide range of current densities. Thus,
the range of current densities over which the additive deposition from the bulk of
the electrolyte occurs was determined. Then currents, below the highest current at
which underpotential occurs were used to obtain different surface coverages. The
amount of charge required for monolayer deposition was determined by the area of
the adsorption-desorption peaks observed in the potentiodynamic studies.

As shown in Figure (7), in the absence of zinc, a linear region with a Tafel slope
of 125 mV which corresponds to ac=0.42 was obtained indicating activation control
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of h.e.r. in the potential region between -0.450 and —0.720 V vs SCE. The corrosion
currents were obtained from the intersection of the cathodic Tafel line and the corrosion
potential. A value of 11.4x10°5 A/cm? was obtained for the corrosion current of bare
Inconle-718. Figure (7), also shows the shape of Tafel plots obtained for different
for different degrees of surface coverages by zinc. The presence of zinc on the alloy
surface inhibited the hydrogen evolution reaction with the increase of Tafel slope from
130 mV to 140 mV, a=0.41 and corrosion current of 8.5x10 A/cm®. As seen in
Figure (8), the curve obtained at -0.590 V (SCE), the hydrogen discharge currents on
Inconel-718 alloy surface with deposited submonolayers of zinc is reduced by 70%
compared with hydrogen discharge currents obtained for bare Inconel. In the case
of Inconel-718, no zinc deposition could be thermodynamically probable under the
experimental conditions. The standard potential for the reaction Zn*? +2e = Zn is
-1.004 V (SCE). Since Eryv=-1.004 +0.029 Ig a, .., when Zn*? is 5x10# M, then
E_., 252z, = —1.102V vs SCE which is more negative potential than the corrosion
potential of the Inconel-718 [Ecor= -0.420 V (SCE)]. Thus, the possibility of zinc
plating from the bulk of the solution was excluded. The absence of zinc plating on
the alloy surface indicates that probably underpotential deposition of zinc influences

the kinetics of the hydrogen evolution reaction.

The evolution of hydrogen was also studied potentiodynamically on Inconel-718
rotating disc electrode treated with Bi from electrolyte containing 5x104M Bi; 03 +
0.5M HCIO4 and 0.25M NaClO4. Figure (9) shows the Tafel slopes obtained for
two different depositions currents and subsequently for different degree of surface
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coverage by bismuth. In absence of bismuth in the supporting electrolyte a linear
region of E vs log (i) was observed with a Tafel slope of 125 mV. The presence of
Bi in the electrolyte decreases the hydrogen evolution rate with Tafel slope of 135
mV. A value of 9x10°A/cm? was obtained for the corrosion current for bare Inconel
-718. In the presence Bi adatoms a decrease of the corrosion current was observed
with a value of 1.6 x106A/cm?.

The dependence of the hydrogen evolution current upon the predeposition current
at which the bismuth monolayer was deposited 1s given in Figure (10). According to
the data presented in this Figure, the bismuth adatoms on the alloy surface reduce the
hydrogen discharge current by 65%.

Figure (11) shows polarization curves obtained on bare Inconel-718 rotating
disc electrodes in the electrolyte containing : 0.5M HCIO4 and 0.25M NaClO,
and polarization curves obtained on rotating Inconel-718 disc electrodes on which
monolayer of lead was predeposited from lead containing electrolytes (2x1073m Pb*?
using three different depositions currents. The presence of lead adatoms on the alloy
surface at the potential range between —0.2 V (SCE) and — 0.010V (SCE), inhibited
the h.e.r. The linear part of the polarization curve has a slope of 135 mV and a.=0.47.
The corrosion currents in the absence and presence of lead adatoms on the alloy surface
are: 9x105A/cm? and 5x10°A/cm?, respectively.

The standard potential E° for the reaction Pb?* +2¢ — Pb, is ~0.368 (SCE). Since
E,., gy, = -0-368 + 0.0295 log ap e, when [Pb*?] is 2x107M, then E_ pyoapy
is ~0.448V (SCE), which is less noble than the corrosion potential of Inconel-718.
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Accordingly, the lead deposition from the bulk of the electrolyte under the conditions
at which the experiments were carried out was excluded.

As shown in Figure (12), the hydrogen evolution current, computed at -0.150V,
(SCE) and at -0.080V (SCE) as a function of the predeposition current, is reduced by
63% and 61%, respectively. Tafel curves obtained on Inconel-718 with bulk deposited
lead using different deposition currents for a period of seven minutes are presented in
Figure (13). In the presence of bulk deposited lead the polarization behavior drastically
changes. The corrosion potential from a value of —0.050V (SCE) in the presence
of adatoms [Figure (12)] shifts in cathodic direction to a value of -0.425V, (SCE)
when the lead is deposited conventionally. The bulk deposited lead also increases the
corrosion current to a value of 115xA/cm?, with a Tafel slope of 115mV and o=0.51.

The hydrogen evolution reaction has been widely studied and mainly two basic

mechanism have been accepted (30). The recombination mechanism expressed as:

H++e—+MHMH¢ds a

MHy 4, + MHy 4, = 2M + H, )

and the electrochemical desorption mechanism:

M+ H* 4+ e~ MH,, 3

MHu + Ht + e Hy,+ M @
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According to Bockris et al. (25) and McBreen et al. (31), the hydrogen evolution
reaction in acidic electrolytes is determined by the coupled discharge-recombination
mechanism. Assuming the Langmuir adsorption isotherm, theoretically the discharge-
recombination mechanism is released at low degree of surface coverage by atomic
hydrogen (6<0.1). The current-potential relationships obtained in this study in the
presence of submonolayers of zinc, bismuth and lead on Inconel-718 showed slopes
in the range of b=120 mV to 130 mV which comesponds to 2§ diagnostic crite-
ria indicating that the hydrogen evolution reaction occurs via a coupled discharge-
recombination. mechanism. This mechanism involves Hygs species and enhances the
role of the hydrogen adsorption on the overall h.e.r. According to our study the ob-
served reduction of the corrosion rate and the inhibition of the hydrogen discharge
current results from the presence of underpotential deposited Zn, Bi or Pb. The un-
derpotential deposited Zn, Bi and Pb inhibit the h.e.r. by increasing the hydrogen
overvoltage and suppressing the hydrogen absorption due to the lower binding energy
of the hydrogen adatoms on Pb, Bi and Zn adsorbates (11-19).

Hydrogen Permeation Studies. When carrying out experiments with a bipolar
membrane, the steady sate rate of hydrogen penetration in a diffusion mode can be
presented by the following equations obtained for two typical boundary conditions:
(1) in the case when the hydrogen concentration at the entry side of the membrane

is constant (30);
JJ-‘—-—-'ZJ!- =1+ 22 (=1)"ezp(—n?x?r) )
oo = Jo n=1
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(2) in the case when the flux of the hydrogen entering the membrane is constant (30);

Jt—Jo _ (-1)"* (2n +1)*x2r
J;‘Jo -7 z:('2n+1)°””{" 1 } ©

where;j; = transition hydrogen permeation current density; jo= initial hydrogen perme-
ation current density (may or may not be zero); joo= steady state hydrogen permeation
current density.

In the preliminary experiments, the hydrogen permeation transients were obtained
in supporting electrolyte containing: 1M Na;SO4+0.4M NaCl +1M H3BOj; in the
presence and absence of 5x104M Zn*2. The permeation transients as a function of
time are presented in Figure (14). The diffusion of hydrogen through the Inconel-718
membrane was calculated [by using the data at Ec=-0.690 V (SCE)] to be 3.2x10°!!
cm?/s. Similar results for the diffusivity were obtained by Robertson et al (32) for Fe-
Ni alloys. In Figure (15), the hydrogen permeation current density vs the dimensionless
time 7 and the theoretical solutions for the two typical boundary conditions given
above are presented for comparison with the experimental results shown in Figure 14).
The results obtained for Inconel-718 membrane indicate that the hydrogen permeation
transients are approaching the theoretical curve obtained by using boundary conditions
in which the hydrogen concentration at the entry side of the membrane is constant.
These results agree with those obtained by Archer et al. (33) who studied the hydrogen
permeation through a nickel membrane.

As shown in our polarization studies, monolayer coverage of Zn, Bi and Pb

adatoms on Inconel-718 rotating disc electrode cause a suppression of hydrogen
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adsorption by changing chemically the surface without altering the mechanical or
physical properties of the substrate. In order to investigate if any inhibition of the
hydrogen permeation current occurs in the presence of the additives, the hydrogen
permeation experiments were carried out in the presence of Zn*?, Bi*? and Pb*?
using in the cathodic compartment the same supporting electrolytes as those used
in the polarization studies. Since our potentiodynamic studies indicated that the Zn
underpotential deposition occurs at 1.0 V (SCE), the permeation experiments in the
presence of 0.1 M Zn*? jons were carried out-at the same potential. The resulting
hydrogen permeation transients are plotted in Figure (14). According to data presented
in this Figure, the steady state hydrogen flux is reduced from 0.82 uA/cm? to 0.51
pA/cm? (a decrease of about 38%). This is partially due to the observed decrease of the
steady state discharge current density (decreases from 0.48 mA/cm? to 0.21 mA/cm?).

The hydrogen permeation through Inconel-718 membrane was also studied in the
presence of Bi*3 and Pb*? in the supporting electrolyte containing 0.5 M HCIO, and
0.25M NaClOy. In order to avoid the bulk deposition of Bi and Pb on the Inconel-718
substrate, the deposition was carried out at potentials which are more anodic than the
reversible potentials of bismuth and lead. The resulting hydrogen permeation transients
obtained in the presence and absence of bismuth (5x104M Bi**) and lead (2x1073) are
shown in Figure (16). In Figure (17), the hydrogen permeation current computed from
the theoretical solutions of the typical boundary conditions for hydrogen permeation
mmwdfmmpaﬁsmwimmemnnmmmexpeﬁmmlynammof
the dimensionless time 7. In the presence of bismuth and lead ions in the supporting




electrolyte, the steady state hydrogen flux is reduced by 76% and 68%, respectively.

Iyer et al. (34-35) developed a mechanistic mode! [I-P-Z model) which considers
the effect of hydrogen entry into a metal on the kinetics of the hydrogen evolution
reaction (h.e.r). Using this model to describe the permeation transients in the presence
and absence of additives in supporting electrolyte, one obtains:

k
: - __J_‘ /
Joo,1 b ﬁ-k—a-'; i1 (7)
A
Joo,2 = b st’z\/ir.z ®

where joo = steady state hydrogen permeation current density, 1 and 2 denotes absence
and the presence of the additives; k" is thickness dependent absorption-adsorption
constant, b=L/FD, L= the membrane thickness, D= hydrogen diffusion coefficient; k3

is-a recombination rate constant and i, is hydrogen recombination current. Dividing

Joo,2 ir2 [k31ks;
Joed ‘/.—'\ /—— 9
Joop1 i1 \ k32 k32 ©)

According to Equation (9), the hydrogen permeation flux may be reduced due to:

the equations, one obtains:

(1) the changes of the surface properties, i.e., the increase of the hydrogen recombi-
nation rate constant (k3) or (2) by decreasing the absorption-adsorption constant k.
Our objective was to use additives to modify the surface in order to achieve favor-
able changes and to reduce the hydrogen permeation flux. Further work which will
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clarify the contribution of the alloy surface properties such as the hydrogen recom-
bination constant and the absorption-adsorption constant [when zinc, bismuth or lead
are underpotentially deposited] on the hydrogen permeation is in progress.
Conclusion

Tafel and linear sweep voltammetry were used to study the hydrogen discharge on
Inconel-718 with deposited submonolayers of zinc, bismuth and lead. The inhibition
of hydrogen evolution reaction is explained by a suppression of hydrogen absorption
due to the lower binding energy of the hydrogen adatoms on Zn, Pb and Bi adsorbates.
As a consequence of the suppressed hydrogen absorption, the hydrogen penetration
decreases in the bulk of the alloy.
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Figure Captions

Figure (1) Potentiodynamic curves obtained on Inconel-718 rotating disc

electrode for different concentrations of Zn*2. Sweep rate, v=1 mV/s.

Figure (2) Potentiodynamic curves obtained on Inconel-718 rotating disc

electrode for different concentrations of Zn*2, Sweep rate, v=500mV/s.

Figure (3) Potentiodynamic curves obtained on Inconel-718 rotating disc

electrode for different concentrations of Bi*3. Sweep rate, v=100mV/s.

Figure (4) Potentiodynamic curves obtained on Inconel-718 rotating disc

electrode at different vertex potentials. Cy..s= 5x10~4M. Sweep rate, v=100mV/s.

Figure (5) Potentiodynamic curves obtained on Inconel-718 rotating disc

electrode for different Pb*2 concentrations. Sweep rate, v=100mV/s

Figure (6) Potentiodynamic curves obtained on Inconel-718 rotating disc

electrode at different vertex potentials. Sweep rate, v=100mV/s, Cpy 2= 2x10-3M.

Figure (7) Polarization curves obtained on bare Inconel-718 rotating disc
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electrode from supporting electrolyte: 1M Na2S0,4+0.4M NaCl + IM H3;BO;
at pH=4 and on zinc predeposited electrode from supporting electrolyte

containing 5x10"M Zn*2. Sweep rate, v=1mV/s.

Figure (8) Dependence of hydrogen evolution current computed at two

different applied potentials upon the zinc predeposition current.

Figure (9) Polarization curves obtained on Inconel-718 rotating disc electrode
on which bismuth was deposited using different predeposition currents from
electrolyte containing: 0.5 M HCIO, + 0.25M NaClO,4 + 5x10“*M Bi*3,

Sweep rate, v=1mV/s.

Figure (10) Dependence of hydrogen evolution current computed at -0.75V
(SCE) upon the bismuth predeposition current.

Figure (11) Polarization curves obtained on bare Inconel-718 rotating disc
electrode from electrolyte containing: 0.5M HCIO4 + 0.25M NaClO,
and on electrodes with predeposited monolayers of lead from electrolyte

containing 2x10-M Pb*2.Sweep rate, v=1mV/s.

Figure (12) Dependence of hydrogen evolution current computed at -0.150V

2




(SCE) and at ~0.08V (SCE) as a function of the predeposition current.
Cpye= 2x107M.

Figure (13) Tafel plots obtained on Inconel-718 rotating disc electrode with
bulk deposited lead.

Figure (14) Hydrogen permeation transients as a function of time obtained in
supporting electrolyte containing: 1M Na;SO4 + 0.4M NaCl + IM H3;BO;
in the presence and absence of 5x104M Zn*2,

Figure (15) Computed and experimentally measured hydrogen permeation

current as a function of the dimensionless time .

Figure (16) Hydrogen permeation transients as a function of time obtained in
supporting electrolyte containing: 0.5M HClIO,+ 0.25M NaClO, in the presence

and absence of lead and bismuth ions in the electrolyte.

Figure (17) Computed and experimentally measured hydrogen permeation
transients as a function of the dimensionless time 7.




List of Symbols

a=F/RT, (V)!

b=L/(FDy), (Acm)™))

D = hydrogen diffusion coefficient, (cm? s~

F = Faraday constant, 96,500 C (g-eq)”’

L = membrane thickness, (m)

i, = exchange current density, (A cm™2).

i, = i, (A cm?)

j4 = transition hydrogen permeation current density, (A cm™2)

jo = initial hydrogen permeation current density, (A cm™)

joo = steady state hydrogen permeation current density, (A cm™)

ke = absorption rate constant, {mol (cm?s)™']

kegs = adsorption rate constant, (cm s™%)

ks = recombination rate constant, [mol (cm’s)™']

k” = thickness dependent absorption-adsorption constant, (mol cm™>).
Greek Symbols

a = transfer coefficient, dimensionless

6y = hydrogen surface coverage, dimensionless

n = overvoltage, (V).

7 = t D/L? = dimensionless time
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