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Abstract

The effectiveness of underpotential deposition of Zn, Bi and Pb onto 4340 steel

substrates on the reduction of hydrogen evolution and on the degree of hydrogenation

ingress was determined. It is shown that the underpotentially deposited Zn, Bi and Pb

from their plating solutions inhibit the discharge of hydrogen. In the presence of Bi

on the substrate surface, the hydrogen discharge currents are reduced drastically (by

up to 20 times) compared with the value obtained on bare steel. As a consequence,

the underpotentially deposited zinc, bismuth and lead on AISI 4340 steel membranes

reduce the steady state hydrogen flux by 52%, 65% and 71%, respectively.

Introduction

The practical use of steel and high strength alloys is limited by cracking hazards

due to hydrogen penetration and hydrogen accumulation in the bulk of these alloys

(1-2). Hydrogen embrittlement occurs as a result of hydrogen absorption on the

metal surface followed by diffusion into the crystalline lattice of the substrate. The

irreversible accumulation of hydrogen in the bulk of the alloy leads to deterioration

of its mechanical properties. In the presence of absorbed hydrogen, changes occur in

both the lattice structure and the chemical composition of the alloy. Regardless of the

various methods to decrease hydrogen embritlement (3-4), it is impossible to reduce

the hydrogen penetration rate onto the alloy substrate to a level which provides the

elimination of hydrogenation cracking hazards. A possible solution of this problem is
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underpotential deposition of Zn, Bi or Pb onto the alloy which should lead to a sharp

reduction in the corrosion rate and the degree of hydrogenation ingress.

Drazic and Vbrkapic (5) established that the presence of metal ions (Cd2+, Mn+

and Zn+2) more electronegative thaifthe cathodic potential for the hydrogen evolution

reaction on iron in a 0.25 M H2SO4 solution, inhibits the hydrogen evolution reaction

and corrosion of iron. This effect has been explained as the underpotential deposition

of the adatoms of these metals on iron. By investigating the mechanism of electro-

chemical reduction of zinc, Despic et al. (6) found that in slightly acidic sulphate

electrolytes, zinc ions are underpotentially deposited on gold and platinum substrates.

By studying the polarization and corrosion behavior of iron in perchlorate, chloride

and sulphate base electrolytes, Juttner (7) found that as a result of the underpotential

adsorption of lead and thallium on iron substrate, the active iron dissolution process as

well as the charge transfer controlled hydrogen evolution are inhibited drastically. The

inhibition of the cathodic hydrogen evolution reaction was explained that is due to the

lower binding energy of the hydrogen adatoms on Pb and T1 adsorbates (8-9). The

inhibiting action of Pb2+ on stress corrosion cracking of austenitic stainless steels in

acidic chloride media has been evaluated by Lafrancony et al. (10). It has been found

that lead ions even in traces can inhibit the occurrence of stress corrosion cracking

(s.c.c) due to the inhibition of the cathodic process of hydrogen evolution. Under-

potential deposition of Pb÷2 was invoked as an explanation of the inhibition of the

reaction step involving the adsorption of hydrogen at the alloy surface. Cadle and

Bruckenstein (11) studied the reduction of bismuth in 0.12 M perchloric acid using
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ring-disc electrode. They found that the cathodic processes are the reduction of ad-

sorbed bismuth, reduction of bismuth at underpotential, and the convective-diffusion

controlled limiting wave for bismuth reduction, which produces distinc surface layers

of bismuth in depths of two, three and four monolayers as well as bulk alloy and

bulk bismuth. Kudryavtsev et al. (12) by comparing their results obtained by cyclic

voltammetry with data derived by the Devanathan-Stachurski method under identical

conditions found that the underpotential absorption of zinc onto ARMCO-iron reduces

the amount of atomic hydrogen adsorbed in the substrate.

The objective of this work is to estimate the effectiveness of underpotential

deposition (UPD) of Zn+2, Pb+2 and Bi+3 on the reduction of the hydrogen evolution

rate and the degree of hydrogenation ingress into AISI 4340 steel. The sharp reduction

in corrosion rate was expected due to the kinetic limitations of the hydrogen discharge

reaction on the deposited monolayers. As a consequence one can expect a decrease of

the degree of the H.& surface coverage to occur decreasing the hydrogen penetration

rate in the alloy.

The electrochemical cell employed for these studies was a conventional three-

compartment design with contact between the working electrode coupartment and the

reference electrode via a Luggin probe. The polarization experiments were carried out

using AISI 4340 steel rotating disc electrode with a geometric area of 0.5 cm2. The

electrode was mechanically polished to a fine finish, activated in sulfuric acid, washed
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with ethanol and in doubly distilled water.

Using the Devathan-Stachuki permeation technique (13), both the rate of hy-

drogen absorption and permeation through AISI 4340 steel 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 (13). 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 cur-

rent 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 comparnents, separated by a bipolar AISI

4340 steel membrane. The alloy membrane on the cathodic side of the cell was polar-

ized 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 steel membrane was polarized potentiostatically at -0.3 V vs Hg/HgO

reference electrode and the amount of oxidized atomic hydrogen was monitored con-

tinuously using a chart recorder. The details of the permeation cell and the auxiliary

equipment we given by Subramanyan (1). Prior to the permeation experiment, the

steel membrane with a thickness of 0.3 mm was mechanically polished to a fine fin-

ish, saturated with hydrogen in 0.1 N H2SO4 by maintaining for 10 hours a cathodic
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current density of 10 mA/cm2. Then, the membrane was etched for 20 seconds in a

solution containing methyl alcohol and 1% H2 SO4, rinsed with distilled water, dried

in air and fitted into the permeation cell. To avoid a possible passivation or dis-

solution, the anodic side of the membrane was coated with a thin layer (0.15-0.20

pm) of palladium. The deposition was carried out in electrolyte containing 2x100

M Na2Pd(NO2), using a current density of 100pA/cm2 for two hours. Then, the

electrolyte was drained off, the compartment washed with distilled water and filled

with the anodic solution. The anodic solution (0.2 M NaOH) prior introducing it in

the compartment, was prelectrolyzed for at least 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 is reduced to less than 3pA/cm2 . 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 them free from oxygen contamination.

Results and Discussion

Tafel and linear sweep voltammetry were used to determine the diagnostic criteria

for the identflication of the mechanism of hydrogen discharge in the presence and

absence of underpotentially deposited Zn" Bi and Pb.

Cyclc Voltammey Linear sweep voltammetric curves obtained by using an

electrolyte containing IM Na2 SO4, 0.4 M NaCI, IM H3B0 3, pH=4 for different

concentrations of zinc ions are given in Figure (1). When starting the cathodic

sweep from -0.6 V vs (SCE), two well defined peaks are observed in Figure (1)
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when zinc ions are present in the supporting electrolyte. The first peak occurs at

-0.950 V vs SCE and is more noble than the Naest potential of a zinc electrode.

The equilibrium potential values of zinc electrode, [Em-1.004 +0.029 Ig [Zr÷2] are:

-1.102 V (SCE); -1.072 V (SCE), -1.042 and -1.034 V (SCE) for investigated zinc

ion concentrations of: 5xlO4 M, SxlO-3M 5xl" 2M and O.1M, respectively. A

second peak develops at -1.2 V vs SCE and corresponds to zinc deposition from

the bulk of the electrolyte. On the anodic side two stripping peaks at -0.9 V and

-0.8 V vs (SCE) occur and correspond to the zinc dissolution and desorption peak.

Thus, the shape of the cathodic and anodic curves in Figure (1) indicates that in

the presence of zinc ions in the electrolyte at -0.950 V (SCE) and at -0.8 V vs

(SCE) an adsorption-desorption process occurs on an AISI 4340 steel membrane with

peak currents corresponding to the underpotential deposition and desorption of zinc.

According to Figure (1), the zinc deposition peak at -1.2 V (SCE) increases as the

zinc content in the electrolyte is increased. This phenomena is not observed for the

process occurring at -0.950 V (SCE), indicating that the zinc adsorption on AISI

4340 steel has reached an equilibrium value and does not depend on the amount of

the dissolved zinc ions in the electrolyte. Zinc deposition on AISI 4340 steel was also

studied at different sweep rates. If the electrodeposition of zinc ions is a transport

controlled process, then more zinc will be deposited and subsequently stripped away

at low sweep rates. This phenomena is observed in Figure (2) for zinc deposition peak

at -1.2 V (SCE). As the sweep rate increases one does not observe any significant

change of the zinc adsorption peak area at -0.95 (SCE) indicating that the process



mainly is controlled upon the surface activity and the crystallographic stucture of the

substrate and that the surface saturation has been completed.

Linear sweep voltammety was also used to study the nature of lead deposition

in AISI 4340 steel from electrolytes containing: 0.5 M HaO 4 and 0.25 M NaCIO4

at pH=0.3. Again, it has been presumed that a partial monolayer of underpotentially

deposited lead on the surface of the substrate will inhibit the hydrogen evolution

rate. The potentiodynamic curves obtained for the hydrogen evolution rate in the

supporting electrolyte and under identical conditions but in the presence of lead ions

are given in Figure (3). When starting the cathodic sweep from -0.3 V (SCE) two well

defined peaks are observed. The first peak occurs at - 0.385 V vs SCE and is more

noble than the Nernst potential of lead electrode, [E= -0.368 + 0.029 lg(2x10-3)=

-0.448 V (SCE). The second peak develops at -0.495 V (SCE) and corresponds to

lead deposition from the bulk of the electrolyte. The underpotential shift obtained

from the experimental data is AE=, ..10 V. On the anodic side one stripping peak

at -0.4 V (SCE) is observed and corresponds to dissolution of the bulk deposited

lead. The shape of the cathodic peaks in Figure (3) indicates that in the presence

of lead ions in the electrolyte at -0.385 V an adsorption process occur on the AISI

4340 steel with a peak current corresponding to the underpotential deposition of lead.

The amount of charge of the deposited monolayer is determined by the area of the

adsorption current maximum and is Q=85 pC(cm2. Assuming that the maximum

coverage requires a charge of Qm-=500 pClcm2 (12), the degree of coverage of lead

is 0jnd=O.17 . Potentiodynamic curves obtained on AISI 4340 steel at different reverse
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potentials and in the presence of 2xlO"3 M Pb÷2 ions are shown in Figure (4). As

was expected, nnasing the reverse potential more lead is deposited on the substrate

sulting in higher maximum of the dissolution peak.

Pehwkatie Mawmmul.-Punledyuaad Sudie The polarization studies

were carried out using AISI 4340 steel electrodes with an area of 0.5 cm2 on

which Zn, Bi and Pb were previously deposited. The electrodes were held at fixed

cathodic current for a different period of time to ensure the additive deposition on the

surface. In order to obtain various coverages a wide range of cathodic currents were

applied by trial and error. In the beginning of each experiment the range of current

densities at which the additive deposition from the bulk of the electrolyte occurs was

determined. Then, several 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.

The cathodic polarization curves obtained for hydrogen evolution reaction on bare

AISI 4340 steel from electrolyte containing: IM Na2SO4 + 0.4 M NaCl and IM

H3BO3, pH=4 and on AISI 4340 steel predeposited with Zn from the same supporting

electrolyte in which 0.1 M Zn (I) ions were added are shown in Figure (5). The

predeposition was carried out at different current densities for a period of six minutes.

In the absence of zinc, a linear region with a Tafel slope of 127 mV, ac-0.48

was obtained indicating activation control of b.e.r. in the potential region between

-0.590 and -0.760 V vs SCE. The presence of Zn 2 ions in the electrolyte inhibited
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the h.e.r. and as shown in Figure (5), the Tafel slope is 0.132 V with o•-= 0.44. The

results obtained from the polarization studies ae summarized in Figure (6), where

the dependence of hydrogen evolution current density, measured at -0.7 V (SCE)

is presented as a function of the applied predeposition currents. For predeposition

current of 600 pA/ncm 2, the hydrogen evolution current is reduced from a value of

572 jiA/cm2 to 307 pA/cm2 (up to two times) compared with the measured current

density obtained on bare AISI 4340 steel.

Tafel slopes obtained on AISI 4340 steel with bulk deposited zinc at different

predeposition current densities are given in Figure (7). When zinc is deposited from

the bulk of the solution an increase of the corrosion potential which results from

Zn/electrolyte interface [Ew= -1.050 V (SCE)J is observed in Figure (7). The Tafel

slope also increases and has a value of 150 mV with ac=0.4 and i---3.4xI0-3 pA/cm2 .

The hydrogen current close to the corrosion potential [E.-l-.080 mV (SCE)] is between

350 and 400 pA/cm2 .

As was expected, the underpotential adsorption of zinc onto AISI 4340 steel

substrates inhibits the hydrogen evolution reaction due to the kinetic limitations of

the hydrogen discharge reaction on the monolayer deposited under underpotential

conditions.

Hydrogen evolution reaction was also investigated potentiodynamically on AISI

4340 steel rotating disc electrodes treated with Bi from electrolyte containing: 5x10"4

M bismuth oxide, 0.5 M HCO 4 and 0.25 M NaCIO.. Figure (8) shows the shape

of Tafel slope obtained for different currents used in the deposition process and
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subsequently for different degrees of surface coverage by bismuth. In absence of

bismuth a linear region with a Tafel slope of 0.123 V with aoc=0.48 was obtained,

indicating activation control of h.e.r. in the potential region between -0.589 V (SCE)

and 0.400 V (SCE). The presence of Bi in the electrolyte, sharply decreases the

hydrogen evolution rate with Tafel slope of 0.140 V, oc=0.4 and a slope of 0.157 V,

a¢=0.4 for predeposition currents of 40 WA/cm 2 and 2000 pA/cm2. The predeposition

was carried out for a constant period of time (6 minutes). The hydrogen evolution

currents computed at -0.560 V and at -0.6 V (SCE) are given in Figure (9). According

to this Figure, with bismuth layers previously deposited on AISI 4340 steel, the

hydrogen evolution at -0.56 V vs SCE is reduced drastically up to 20 times compared

with hydrogen currents obtained on bare steel.

Figure (10) shows polarizations curves obtained potentiodinamically (scan rate,

v--= mV/s) on AISI 4340 rotating disc electrodes in the electrolyte containing: 0.5 M

HCO4 and 0.25 M NaCIO 4 in the presence and absence of different concentrations

of lead. The presence of lead ions in the electrolyte inhibited the h.e.r. with a Tafel

slope of 0.129 V and ac=0.45. As shown in Figure (11), the hydrogen evolution

current on previously underpotentially deposited lead [at -0.58 V (SCE)] on AISI

4340 rotating disc electrodes decreases from 1.9 mA/cm2 (value measured on bare

steel in supporting electrolyte) to 1.064 mA/cm 2.

The polarization experiments carried out in the presence of lead in the electrolyte

indicate that the underpotential deposited lead inhibits the adsorption step in the

hydrogen evolution reaction which results in an increase of the h.e.r. overpotential.
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Pokatiostatic Measmrments Two basic mechanism have been accepted for hy-

drogen evolution. These ae recombination mechanism expressed as:

H+ + C + M 21 MH.,. (1)

MHd, + MHja - 2M + H2  (2)

and the electrochemical desorption mechanism:

M + H+ + e- ý- MHa&9, (3)

MHdb + H+ + e *-* H"2 + M (4)

According to Bockris et al. (14) and McBreen et al. (15), the hydrogen evolution

reaction on an iron substrate in acidic electrolytes is determined by the coupled

discharge - recombination mechanism. Assuming the Langmuir adsorption isotherm,

Subramanyan et al. (1) have shown theoretically that the discharge-recombination

mechanism is released at low degree of surface coverage by atomic hydrogen (0<0.1).

Thus one can expect that a partial monolayer of underpotentially deposited zinc,

bismuth and lead on the most active adsorption centres on the substrate will inhibit

the hydrogen reaction.

Assuming, the Temkin adsorption isotherm (16), the discharge-recombination

mechanism is released under conditions where the hydrogen coverage is not low and
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the interaction between the adsorbed atoms becomes appreciable. Also, different sites

on the substrate surface may have different free energies for hydrogen absorption.

In order to determine the diagnostic criteria for the identification of the mechanism

of the discharge of hydrogen ions on AISI 4340 steel, separate experiments were

carried out with the supporting electrolyte in which the hydrogen cathodic current

density was measured as a function of the applied overpotential. In these experiments,

the alloy membrane on the cathodic side of the cell was polarized potentiostatically.

The current-potential relationship is presented in Figure (12), where two different

slopes are observed. At low overputentials the slope ish is 0.118 V which

corresponds to + diagnostic criteria indicating that the mechanism of the hydrogen

evolution reaction is coupled discharge-recombination with Langmuir isotherm for

hydrogen coverage (15). Thus, one can conclude that in the investigated supporting

electrolyte, the hydrogen ion discharge proceeds under simultaneous control of the

discharge and recombination stages. At higher overpotentials, the current vs potential

plot gives a slope of 0.177, which corresponds to If diagncstic criteria, which

indicates that the h.e.r has the same mechanism but with Temkin isotherm of hydrogen

coverage (15). The transfer coefficients calculated by using these two sets of data

are 0.52 and 0.50 respectively. A value of 0.51 for the transfer coefficient is used

in all calculations. Figure (13) shows the dependence of the steady state hydrogen

permeation current jw.upon the overpotential. This plot also provides a diagnostic

criteria for the identification of the mechanism of the discharge of hydrogen ions

on an iron membrane. At lower overpotentials the slope -- = which
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is consistent with the previously discussed • criteria which indicates a coupled

discbarge-recombination mechanism. However, at higher overpotentials the slope of

the steady sate hydrogen permeation current vs overpotential plot is different than the

expected value of 3RT/2F, a diagnostic criteria for a coupled discharge - recombination

mechanism with Temkin isotherm (15).

Hydrogen Pereation Shodies. In the preliminary permeation experiments, the

hydrogen permeation transients were obtained in supporting electrolyte containing: 0.5

M HC10 4 and 0.25 M NaCIO4 in the absence of the additives. The atomic hydrogen

permeation current densities vs time for different overpotentials are plotted in Figure

(14). As seen in Figure (14), the steady state hydrogen permeation current increases

with the increase of the applied cathodic potential until the overpotential reaches a

value of -0.6 V (SCE). Above this potential, the steady state hydrogen permeation

current is independent upon the applied potential. Similar complex behavior of the

hydrogen permeation transients has been also observed (17-18). The diffusion of

hydrogen through the AISI 4340 steel membrane was calculated [by using the data

at Ec=- 0.690 V (SCE)] to be 3.2 x 10-7 cm2/s. 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 (19);

it -jo CO W25)
1L4. =1I+ 2 (-1)"exp(-n 2w ) (5)J00 - JO,=

, siS



(2) in the case when the flux of the hydrogen entering the membrane is constant (19);

it -_j, 4 ± (-i)" (2n + 1)22,r (6)
gL -jo IrE (2 n+ 1) ePI 4

wherej, = transition hydrogen permeation current density; j,= initial hydrogen perme-

ation current density (may or may not be zero); jo-' steady state hydrogen permeation

current density. In Figure (15), the hydrogen permeation current vs the dimension-

less time r and the theoretical solutions for the two typical boundary conditions given

above are presented for comparison with the experimental results given in Figure (14).

According to Figure (15), at high cathodic overvoltages, the experimental permeation

curves are close to the theoretical curve obtained when the boundary conat-' i is a

constant hydrogen concentration at the entry side of the membrane. At lower applied

cathodic overpotentials as seen in Figure (15), the experimental permeation transients

are approaching the theoretical curve obtained by using boundary conditions in which

the flux of the hydrogen entering the membrane is constant.

Using the mechanistic model developed by Iyer et al. (20-21), the hydrogen

surface coverage and the surface concentration, the hydrogen absorption, discharge

and recombination rate constants as well as the h.e.r coverage-dependent transfer

coefficient, a, and the exchange current density io were computed from a knowledge

of the steady state hydrogen permeation current, cathodic charging current, hydrogen

diffusivity and hydrogen overvoltage.

Assuming that the recombination step of hydrogen evolution is not rate-determining

so that the hydrogen atom oxidation can be neglected (9>RT/F) and if the Langmuir
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isotherm is used to describe the hydrogen coverage of the substrate, the cathodic

charging current values may be determined by the following equation:

ic = - )e-"0 (7)

where OH is the hydrogen surface coverage, a =F/RT, a is the transfer coefficient, ý=

hydrogen overvoltage and

io =-- (8)

where io= the exchange current density and 0. is the hydrogen surface coverage at

equilibrium.

Assuming that the hydrogen evolution mechanism is a coupled discharge - recom-

bination process and Langmuir conditions are assumed for the hydrogen coverage, the

hydrogen recombination current is:

i, = Fk3hO (9)

where k3 is the recombination rate constant.

Assuming that the hydrogen permeation current density is described by a simple

diffusion model through the membrane without trapping once the steady state is

reached, the analytical solution for the hydrogen steady state permeation flux is as

follows:

0 = DC'o = (10)

where b=L/FD, L= the membrane thickness, Dwhydrogen diffusion coefficient and C.

is the surface hydrogen concentration.
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In the case when the intermediate hydrogen adsordon-absorption reaction is in

local equilibrium and Langmuir isotherm applies, the hydrogen surface concentration

C1 may be computed from:

Co = k'a(11)

where
k =(12)

k..j. +

where k.b is the absorption rate constant and k.@ is the adsorption rate constant.

By combining the Equations (9), (10) and (11) the following equation may be

computed for the hydrogen steady state permeation flux:

300 ;ý V'S-r(13)

Combining the Equations (7), (10), and (II) one obtains the dependence between

the hydrogen charging current and the hydrogen steady state permeation flux through

the membrane:

1(14ice", -- -V,,jW +- io (14)

However, in many cases, the hydrogen discharge and recombination reactions are

activated in which case Frumkin-Temkin corrections (16) have to be applied for 0. in

the equations for the hydrogen charging current and hydrogen recombination current.
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With Frumkin-Temkin corrections applied, in the Equations of ic and it, one obtains:

i= = i.(1 - (15)

i, = Fk0,2, •e*"'- (16)

Applying the same corrections to Equations (13) and (14):

and

(n L ) = -oav + ni, (18)

where f=- y/RT and -r= the gradient of the apparent standard free energy of adsorption

with coverage. The value of f=4 to 5 for hydrogen coverages (21).

Equations (13) and (14) or Equations (17) and (18) may be used to compute

various reactions parameters such as k3. k" and i,..

Figure (16) shows the dependence of the steady state permeation current upon

the square root of the cathodic charging current. A linear relationship is obtained at

lower overpotentials which is consistent with Equation (13). In Figure (17), iceNv

is plotted vs j... Using the slopes and intercepts in Figure (16) and Figure (17)

and Equations (12) and (13), the values of the exchange current density, k" and

k3 were computed to be 7.2xl06 A/cm2; 4.1xO04 moVcm 3 and 1.lxlO"molcm2s,

respectively. Substituting the calculated k3 value of 1.1 xl0-6 and experimentally
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measured i, = ic- Jo. in Equation (9), the hydrogen surface coverag was calculated

and is presented in Figure (18) as a function of the hydrogen Tvpotential.

Severa! points at high oflrpotentials do not At both, the Equation (13) and Equation

(17) due to the fact that at these overpotentials the j.0 is independent of the hydrogen

Icomlbination current.

As already discussed, at high overpotentals, the permeation flux reaches the steady

state value probably due to the fact that the hydrogen coverage OH reaches its saturated

value and no longer increases with the increase of the applied cathodic potential. In

such a case as seen in Equations (10) and (11) the permeation current is independent

of the cathodic current. Thus, the last three points at high hydrogen overpotentials in

Figure (18) may not represent the actual relationship between the hydrogen surface

coverage and the overpotential.

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

cause a suppression of hydrogen adsorption by changing chemically the substrate

surface. As a consequence, the hydrogen absorption process is altered without

changing 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÷2, Bi÷3 and Pb÷2 using in the cathodic conpatment the

same supporting electrolytes as those used in the corrosion studies.

As shown in our potentiodynamic and commion studies in supporting electrolyte
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containing IM Na2SO4, 0.4 M NCI, IM H3B0 3 and 0.1 M ZnC02, the underpotential

deposition of Zn occurs at -1.0 V (SCE). 'hus, in order to study the influence of

Zn÷2 ions on hydrogen permeation, the pemnneation experiments were carried out at a

discharge potential of -1.0 V in the presence and absence of 0.1 M Zn+2 ions. The

resulting hydrogen permeation ransients ae plotted in Figure (19). According to this

Fugure, the steady state hydrogen flux is reduced from 19.7 pA/cm2 to 9.5 pA/cm 2,

(a decrease of about 52%) and is partially due to the observed decrease of the steady

state discharge current density (decreases from 26.6 mA/cm2 to 21.3 mA/cm2).

Equation (13) written for a case when the zinc ions are present and absent in the

electrolyte becomes:

JCo,1 2= V/r (19)

Joo,2 = V E-2Nt, (20)

where subscript I and 2 and denotes absence ,nd presence of the additives. Dividing

the Equations (19) and (20), one obtains:

jap,2 =__ r2fk,-- = • -- •(21)
J00,i - TIm k3,2 k (1

According to Equation (21), the hydrogen peraon flux may be reduced due to: (1)

the changes of the surface properties, i.., the increase of the hydrogen recombination

rMe constan (k3) or (2) by decreasing the absorption-adsorption constant (k"). Our

objective was by using the additives to modify the surface in order to achieve these

favorable changes and to reduce the hydrogen permeation flux.
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Substituting the value obtained for steady state permeation flux and the value of

it, Equation (21) becomes:

0.54=Fe (22)

The hydrogen permeation through AISI 4340 steel membrane was also studied in the

presence of Bi÷3 wad Pb+2 in the supporting electrolyte containing 0.5 M HCIO4 and

0.25M NaCIO4. In order to avoid the bulk deposition of Bi÷3 and Pb+2 on the steel

substrate, an underpotential deposition of the additives was ensured by keeping the

applied potential (according to our potentiodynamic and corrosion studies) in the range

between -0.6 V vs SCE and -0.710 V (SCE). The resulting hydrogen permeation

transients obtained for Bi3" and Pb+2 we shown in Figure (20) and Figure (21),

respectively. In the presence of bismuth ions in the supporting electrolyte, the steady

state hydrogen flux at -0. 6 V (SCE) is reduced by 65%, while at -0.710 V (SCE)

by 56%. In the presence of lead ions in the electrolyte, the steady state hydrogen flux

at ,. 6 V (SCE) is reduced by 71%, while at applied potential of -0.710 V (SCE),

the flux is reduced by 67%.

The hydrogen permeation studies carried out from conventional bismuth, lead or

zinc plating solution show that the utial deposition of submonolayers of lead,

bismuth or zinc inhibit the hydrogen evolution rate and the degree of hydrogenation

ingress into AISI 4340 steel. Further work in order to determine the dependence of

hydrogen permeation curent upon overpotentials in the presence of the additives is in

progress. These studies will clarify the contribution of the surface properties, namely
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the hydrogen cn binaton constant and the absorption - adsorption constant [when

zinc, bismuth or lead awe underpotentially deposited] on the hydrogen permeation

and will result in develmt of a method for the elimination of the hydrogenation

hazards.

Conduslon

The polarization experiments show, that deposited zinc, bismuth and lead effec-

tively inhibit the discharge of hydrogen up to 20 times compared with the value

obtained on bare steel. The observed inhibition effect is due to an underpotential

deposition of these metal ions which built a complete two dimensional adsorbate layer

at the following potentials:

EMe/Me,* <- ES.p. - EMelMea4 + 80mV [Mes+ =- Zn+2 , Bi+3, Pb+2] (23)

The hydrogen cathodic current density was measured potentiostatically as a func-

tion of the applied overpotential to determine the diagnostic criteria for the identifi-

cation of the mechanism of the discharge of hydrogen ions on AISI 4340 steel. At

low overpotentials, the slope is 0.118 V has been obtained which corresponds to a

value of 2RT/F indicating that the mechanism of the hydrogen evolution reaction is

coupled discharge-recombination with Langmuir isotherm for hydrogen coverage. At

higher overpotential, the current vs potential plot gives a slope of 0.177, which cor-

responds to a value 3RT/F which indicates that h.e.r. has the same mechanism but
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with Temkin isotherm of hydrogen coverage. The transfer coefficients calculated by

using these two sets of data are 0.52 and 0.50 respectively. The dependence of the

steady state hydrogen permeation current upon th overpotental gives a slope which

cMorespond to 4RT/F which is consistent with the slope obtained from dii/dlnJc cri-

teria indicating at low overpotentials a coupled discharge-recombination mechanism

for hydrogen dischage.

The hydrogen surface coverage and the surface concentration, the hydrogen

absorption, discharge and recombination rate constants as well as the h.e.r. coverage-

dependent transfer coefficient, a, and the exchange current density io were computed

from a knowledge of the steady state hydrogen permeation current, cathodic charging

current, hydrogen diffusibility and hydrogen overvoltage. The best inhibition of the

hydrogen permeation rate through the membrane was obtained with an underpotential

deposited lead onto the AISI 4340 steel which reduces the steady state hydrogen flux

by 71 %.
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LAd ofSynmbols

wmF/RT. (V1

bz~OU"H). (c)•

CQ= surface hydrogen concentration, (mol cm- 3)

D = hydrogen diffusion coefficient, (cmu2 s7

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

L = membrane thickness. (in)

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

io= TM (A cM2)

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

jo = initial hydrogen penmeation current density, (A cmn2)

jeo = steady state hydrogen permeation current density, (A cm- 2)

=, = absorption rate constant, [mol (cm2s)-']

k& = adsorption rate constant, (cm 9-')

k3 = recombination rate constant, [Mol (cm2 s)-I]

V = thickness dependent absorption-adsorpton constant, (mol cm 3).

Greek Symbols

a = transfer coefficient, dimensionless

Or equilibrium hydrogen surface coverage, dimensionless
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OH - hydrogen surface coverage, dimensionless

"- = gradient of the appmrent standard fie energy of adsorption with hydrogen

coverage, [3 (g-mol)- 1

q - overvoltage, (V).

=" = t D/L2  dimensionless tim
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FpN CaP~m

Figure (1) Potentiodynamic curves obtained on AISI 4340 rotating disc electrode

(RDE) by using an electrolyte containing IM Na2 SO 4, 0.4M NaCI, IM H3BO3 at

pH=4, for different concentrations of Zn*2. Sweep rate, v= lO0mV/s

Figure (2) Potentiodynamic curves obtained on AISI-4340 RDE at different sweep

rates from the same electrolyte as in Figure(l) in the presence of Zn÷2. Czn2a=

5x10"2M.

Figure (3) Potentiodynamic curves obtained on AISI 4340 RDE by using elec-

trolyte containing 0.5M HCIO4 and 0.25M NaCIO 4 at pH=3 ion the absence and

presence of 2xl0 3-M Pb÷2. Sweep rate, v-500 mV/s.

Figure (4) Potentiodynamic curves obtained on AISI 4340 RDE by using the same

supporting electrolyte as in Figure (3) in the presence of 2xlO03M Pb+2 at different

vertex potentials. Sweep rate, v=500mV/s.

Figure (5) Cathodic polarization curves obtained on AISI 4340 RDE by using

electrolyte containing IM Na2SO4, O.4M NaCI, IM H 3BO3 at pH=4, and on AISI

4340 RDE, predeposited with zinc from electrolyte containing O.lm Zn+2. Scan rate,

V-lmV/s.
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Figure (6) Dependence of hydrogen evolution current on AISI 4340 RDE com-

puted at -0.700V (SCE) as a function of the applied predeposition current.

Figure (7) Cathodic polarization curves recorded on AISI 4340 RDE with bulk

deposited zinc obtained by applying different current densities from the same support-

ing electrolyte as in Figure (5) in the presence of O.1M Zn+2.

Figure (8) Cathodic polarization curves obtained on AISI 4340 RDE by using

electrolyte containing: 0.3M HC]O4 and 0.25M NaCIO4 in the absence and presence

of 5x10"'M Bi÷3. The predeposition was carried out for 5 minutes using different

current densities. Scan rate, v=lmV/s.

Figure (9) Dependence of hydrogen evolution current on AISI 4340 RDE com-

puted at -0.560V, (SCE) and at -0.500V, (SCE) as a function of the applied current.

Figure (10) Cathodic polarization curves obtained on AISI 4340 RDE by using

electrolyte, containing: 0.3M HCIO4 and 0.25M NaCIO4 in the absence and presence

of different •onentrations of Pb+2. Scan rate. v=lmV/s.

Figure (11) Dependence of hydrogen evolution current on AISI 4340 RDE,
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computed at -0.580V (SCE) as a function of PbW2 concentration in the electrolyte.

Figure (12) CQrent-overpoential relationship for hydrogen evolution reaction

obtained on AISI 4340 RDE in the same supporting electrolyte as in Figure (10).

Figure (13) Hydrogen permeation current-overpotential dependence obtained on

AISI 4340 steel membrane in the same supporting electrolyte as in Figure (10).

Figure (14) The atomic hydrogen permeation transients through AISI 4340 mem-

brane as a function of time for different applied overpotentials.

Figure (16) Hydrogen permeation transients as a function of the dimensionless time

7r. The theoretical solutions for the two typical boundary conditions are compared with

the experimental results given in Figure (14).

Figure (17) Plot of hydrogen permeation current vs. square root of the cathodic

current density.

Figure (18) Plot of icewM as a function of hydrogen permeation.

Figure (19) Plot of hydrogen coverage as a function of the overpotential on AISI
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4340 membrane.

Figure (20) Hydrogen permeatio trnsients through AISI 4340 steel membrane

cbained at Ec= -1.OV (SCE) in the pren e and absence of Zn÷2.

Figure (21) Hydrogen permeation transients through AISI 4340 steel membrane

at E&= -- 0.710V (SCE) in the presence and absence of Bi÷3 and Pb÷2.

Figure (22) Hydrogen permeation transients through AISI-4340 steel membrane

at F,= --0.600V (SCE) in the absence and presence of Bi+3 and Pb+2
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