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It is shown that  the underpotent ia l  deposi t ion of  zinc on AISI  4340 steel and Inconel  718 alloys 
inhibits the hydrogen  evolut ion reaction and the degree of  hydrogen ingress. In the presence of  mono-  
layer coverage of  zinc on the substrate surfaces, the hydrogen evolut ion current  densities are reduced 
46% and 68% compared  with the values obtained on bare AISI  4340 steel and Inconel 718 alloy, 
respectively. As a consequence,  the underpotent ia l  deposi t ion of  zinc on AISI  4340 steel and Inconel 
718 alloy membrane  reduces the steady state hydrogen  permeat ion  current  density by 51% and 40%, 
respectively. 

List of symbols j~  steady state hydrogen permeation current 
density (Acm -2) 

C~ surface hydrogen concentration (mol c m  -3)  k// thickness dependent absorption-adsorp- 
D hydrogen diffusion coefficient (cmz s -1) tion constant (mol cm -3) 
E potential (V) L membrane thickness (cm) 
Epdep predeposition potential (V) Qmax maximum charge required for one 
F Faraday constant (96500Cmol -~) complete layer of atoms on a surface 
i current density (Acm -2) (C cm -2) 
i a HER current density in the absence of t time (s) 

i0 
/p 

Jt 

L 

predeposition of zinc (A cm -2) 
exchange current density (Acm -2) 
HER current density in the presence of 
predeposition of zinc (A cm -2) 
transition hydrogen permeation current 
density (Acm -2) 
initial hydrogen permeation current 
density (Acm -2) 

1. Introduction 

Hydrogen embrittlement occurs as a result of 
hydrogen absorption on the metal surface followed 
by diffusion into the crystalline lattice of the substrate 
[1, 2]. Regardless of the various methods to decrease 
hydrogen embrittlement [3, 4], it is difficult to reduce 
the hydrogen penetration rate onto the alloy sub- 
strate to a level which provides the elimination of 
hydrogenation cracking hazards. It is known that if 
the hydrogen permeation rate through a metal 
membrane is described by Fick's laws of diffusion, 
and with a zero surface concentration of hydrogen 
at the anodic side, then the steady state hydrogen 
permeation current density through the membrane 
will be [5] 

FDCs (1) 
J~ -- L 

Greek symbols 
ao cathodic transfer coefficient, dimension- 

less 
OH hydrogen surface coverage, dimensionless 
0zn zinc surface coverage, dimensionless 
~b work function (eV) 
~- = t D/  L 2 (dimensionless time) 

where Joo is the steady state hydrogen permeation 
current density, F the Faraday constant, D the hydro- 
gen diffusion coefficient through the membrane, Cs 
the concentration of hydrogen in the membrane 
at the cathodic side, and L the thickness of the 
membrane. Further, assuming the surface-to-bulk 
(adsorption-absorption) reaction is in equilibrium, 
then Equation 1 will become 

FDk" OI-I 
J~ - L (2) 

where k" is the thickness dependent absorption- 
adsorption constant, and 0~ the hydrogen surface 
coverage. From Equation 2 it can be seen that 
for the same metal membranes the hydrogen permea- 
tion rate may be inhibited by either reducing the 
hydrogen surface coverage OH or by decreasing the 
absorption-adsorption constant k". 
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Underpotential deposition (UPD) occurs at 
potentials more noble than the reversible Nernst 
potential. It occurs when ions of a lower work 
function metal are in contact with a higher work 
function substrate [6-8]. The underpotential shift 
AE in V is proportional to the difference in work 
functions Aq5 in eV of both metals: 

/XE = 0.SA~ (3) 

Drazic and Vorkapic [9] established that the 
presence of metal ions (Cd 2+, Mn + and Zn 2+) more 
electronegative than the cathodic potential for the 
hydrogen evolution reaction on iron in a 0.25M 
H2SO 4 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 electrochemical reduction of zinc, 
Despic and Pavlovic [10] found that in slightly acidic 
sulphate electrolytes, zinc ions are underpotential 
deposited on gold and platinum substrates. Rashkov 
et al. [11] reported that UPD zinc submonolayer 
inhibited the discharge of hydrogen ions and reduced 
the amount of hydrogen ingress into iron substrate. 
By comparing cyclic voltammetry results with data 
derived from the Devanathan-Stachurski method 
(under identical conditions), the UPD of zinc, 
bismuth and lead on AISI 4340 steel and Monel K 
500 reduced the amount of both atomic hydrogen 
adsorbed and the degree of hydrogen ingress in the 
alloy [12-16]. 

The aim of this work is to estimate the effectiveness 
of UPD of zinc on the reduction of the hydrogen 
evolution rate and the degree of hydrogen ingress 
into AISI 4340 steel and Inconel 718 alloy. 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 hydrogen surface 
coverage to decrease the hydrogen penetration rate 
into the alloy. 

2. Experimental details 

The Tafel and linear sweep voltammetry were 
used to investigate the possibility of the under- 
potential deposition of zinc on AISI 4340 steel 
and Inconel 718 alloy and to determine the diagnostic 
criteria for the identification of the mechanism of 
hydrogen discharge in the presence and absence 
of underpotential deposited zinc as well as to 
determine the experimental UPD conditions. The 
Devanathan-Stachurski permeation technique [17] 
was used to investigate the rate of hydrogen 
permeation through AISI 4340 steel and Inconel 718 
alloy membrane. 

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 using 

AISI 4340 steel and Inconel 718 alloy electrode with 
a geometric area of 0.5 cm 2. 

Using the Devanathan-Stachurski permeation 
technique, the rate of hydrogen permeation through 
AISI 4340 steel or Inconel 718 was measured con- 
tinuously as a function of time. The permeation rate 
through a thin membrane of the steel 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 [17]. These experiments 
were carried out in a system with two working 
compartments, separated by a bipolar AISI 4340 
steel or Inconel 718 alloy membrane. The membrane 
on the cathodic side of the cell was polarized potentio- 
statically, creating conditions for underpotential 
deposition and hydrogen evolution. In the anodic 
compartment of the cell, the membrane was polarized 
potentiostatically at -0.3 V vs the Hg/HgO reference 
electrode and the amount of oxidized atomic 
hydrogen was monitored continuously using a chart 
recorder. Prior to the permeation experiment, the 
AISI 4340 steel membrane was mechanically polished 
with 0.3 #m high purity alumina powder to a mirror 
finish, cleaned in an ultrasonic cleaning bath and 
saturated with hydrogen in 0.1 N H2SO 4 by maintain- 
ing for 10h (48h for Inconel 718 alloy membrane) 
at a cathodic current density of 10mAcm -2. 
Then, the steel membrane was etched for 20 s in a 
solution containing methyl alcohol and 1% H2SO 4 
(in 1:1 sulfuric acid and nitric acid solution for 
Inconel 718 alloy), rinsed with deionized water, 
dried in air and fitted into the permeation cell. To 
avoid a possible passivation or dissolution, the 
anodic side of the membrane was coated with a thin 
layer (0.15-0.20#m) of palladium. The deposition 
was carried out in an electrolyte containing 
2 x 10-SM Na2Pd(NO2) 4 using a current density of 
100#Acm -2 for 2h. Then, the electrolyte was 
drained off, and the compartment was washed with 
deionized water and filled with the anodic solution. 
To keep the electrolyte impurities in the lowest 
possible level, the anodic solution (0.2M NaOH), 
prior to introducing it in the compartment, was 
preelectrolysed for at least 24 h in a separate elec- 
trolytic cell. The anolyte was kept at -0.3 V vs the 
Hg/HgO reference electrode until the background 
current was reduced below 3 #A cm -2 (0.03 #A cm -2 
for Inconel 718). Then, the cathodic compartment 
was filled with a supporting electrolyte and the 
experiments were carried out. Prepurified nitrogen 
was bubbled through both compartments in order to 
keep them free from oxygen contamination. 

3. Results and discussion 

3.1. Cyclic voltammetry 

Linear sweep voltammetric curves obtained on 
AISI 4340 steel electrodes by using an electrolyte 
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Fig. 1. Cyclic voltammetry curves obtained on AIS14340 electrode 
by using an electrolyte containing 1 M Na2SO4, 0.4 M NaC1, 1 M 

2 +  H3BO3 (pH 4) for different concentrations of Zn , and sweep 
rate 500mVs -l. KEY:2(-- ) without Zn2+; ( . . . . . .  ) 5 x 10-3M 
Zn2+; ( - - - )  0 . 1M Z n  +. 

containing 1 M Na2SO4, 0.4M NaC1, 1 M H3BO 3 
(pH 4) for different concentrations of zinc ions with a 
sweep rate of  500mVs -1 are given in Fig. I. In the 
presence of  zinc ions in the electrolyte and starting 
the cathodic sweep from - 6 0 0 m V  vs SCE, two well 
defined peaks are observed in Fig. 1. The first peak 
occurs at - 9 8 0 m V  vs SCE (for zinc concentrations 
of  5 x 10 -3 M) and is more noble than the correspond- 
ing Nernst potentials ( - 1 0 7 0 m V  vs SCE) of  a zinc 
electrode. A second peak develops at - 1 1 7 0 m V  vs 
SCE and corresponds to the bulk deposition of  zinc 
deposition from the electrolyte. In Fig. 1, the under- 
potential shifts in the presence of  5 x 10-3M and 
0.1 M zinc ions are 290 mV and 190 mV, respectively. 
Using the work function values for iron and zinc 
[18] and Equation 3, the underpotential shift was 
calculated to be in the range of 180 to 310mV which 
is consistent with our observed experimental values. 
On the anodic side in the presence of  5 x 10 _3 M zinc 
ions, two stripping peaks are observed and corre- 
spond to the zinc dissolution and zinc desorption 
peak. 

Since the underpotential deposition peak in the 
potentiodynamic curves given in Fig. 1 was not 
clearly visible, the voltammetric curve obtained for 
Zn 2+ concentration of  5 x 10-3M was enlarged 
and is presented in Fig. 2. The shape of  the cathodic 
and anodic curve in Fig. 2 indicates that in the 
presence of 5 x 10 _3 M zinc ions in the electrolyte at 
-980  mV vs SCE and at - 790  mV vs SCE an adsorp- 
t ion-desorpt ion process occurs on an AISI 4340 steel 
membrane with peak currents corresponding to the 
underpotential deposition and desorption of  zinc. 
The large peak separation can be explained taking 
into account that the observed UPD is not a simple 
reversible process. A possibility exists of  alloying 
between the UPD zinc and iron substrate. In this 
instance, the stripping wave for alloyed zinc might 
be shifted to more noble values. Such alloying effects 
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Fig. 2. Cyclic voltammetry curves obtained on AIS14340 electrode 
by using an electrolyte containing 1 M Na2SO4, 0.4M NaCI, l M 
H3BO 3 (pH 4), Zn 2+. Concentrations 5 × 10-3M and sweep 
rate 500mVs -1. Key: ( . . . . . .  ) 5 × 10 -3 M Zn 2+. 

between substrate and a UPD layer are well known 
for other systems such as Zn-Cu ,  Au-Ag,  Cd-Sn,  
P b - A u  [6]. McBreen et  al. [19, 20] reported alloying 
of  the UPD zinc and silver substrate. The striping 
wave for alloyed zinc in this system was shifted at 
potential 1,0 V more anodic than underpotential strip- 
ping peak. According to Fig. 1, the zinc deposition 
peak increases as the zinc content in the electrolyte 
is increased. This phenomena is not observed for the 
process occurring at UPD region 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. 
This statement appears to violate the Nernstian 
formulation of  the UPD process. At fixed potential 
according to Nernstian formulation of  UPD, the 
amount of zinc deposited on steel should depend 
upon the concentration of  zinc ions in the elec- 
trolyte. Actually, this is a way to control the zinc 
surface coverage. However, according to Chu et al. 
[19] a monolayer of UPD zinc is formed prior to 
bulk deposition and under such conditions the 
amount  of  deposited zinc does not depend upon the 
concentration of  zinc ions in the solution. Bowles 
et  al. [21] reported that UPD peaks of  Bi on Pt have 
reached a more or less constant value when Bi 
content in the electrolyte changes from 1.205 to 
4.22 #M. A similar behaviour was also observed by 
the same author [22] for copper UPD on Pt and by 
Adzic et  al. [23] for lead UPD on Pt. The amount  of 
charge of  the deposited monolayer is determined by 
the area under the absorption peak. Assuming that 
the maximum coverage (one layer of closely packed 
zinc atoms on the electrode surface) requires a charge 
of Qmax = 450 #C cm -2 [24], the degree of  coverage of  
zinc was estimated to be 0zn = 0.88. Note that the 
calculation of the zinc coverage from voltammetry 
peaks is very approximate [6, 7, 24]. 

Linear sweep voltammetric curves were also 
obtained on Inconel 718 substrates using the same 
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Fig. 3. Cyclic voltammetry curves obtained on Inconel 718 alloy by 
using the electrolyte containing 1 M N a 2 S O  4, 0.4 M NaCI, 1 M H 3 B O  4 
in the absence and presence of 5 x 10 -3 M of Zn 2+, and sweep rate 
500mV s -l. Key: ( - - )  without Zn2+; ( . . . . . .  ) 5 X 10 -3 M Zn z+. 

supporting electrolyte and sweep rate of  500mV s -1. 
The corresponding curves obtained in the absence 
and presence of  5 x 10 3M zinc ions are given in 
Fig. 3. When starting the cathodic sweep f rom 
- 4 0 0  mV vs SCE, two well defined cathodic peaks at 
- 9 5 0 m V  vs SCE and at - 1 3 5 0 m V  vs SCE are 
observed. The first peak occurs at potential which is 
more noble than the Nernst  potential ( -1070 mV vs 
SCE) and corresponds to underpotential  deposition 
of  zinc on Inconel 718 substrate. The second peak 
corresponds to the bulk deposition of  zinc f rom the 
electrolyte. According to Fig. 3, a decreasing of the 
hydrogen evolution is observed when the experiments 
were carried out in the presence of 5 x 10 .3 u o f Z n  2+. 
On the anodic side two stripping peaks at - 1 0 3 0 m V  
vs SCE and at - 8 6 0  mV vs SCE are observed and cor- 
respond to zinc dissolution and zinc disorption peak, 
respectively. The amount  of  charge of the deposited 
monolayer  is determined by the area under the 
absorption peak. Assuming that  the maximum cover- 
age requires a charge of Qmax = 450 #C cm -2 [24], the 
degree of coverage of zinc on Inconel 718 substrate 
was estimated to be 0z~ = 0.5. 

3.2. Polarization measurements 

The polarization studies were carried out using 
electrodes with an area of  0.5 cm 2 in the absence and 
presence of  Zn 2+ (0.1 M of  Zn 2+ for AISI  4340 elec- 
trodes and 5 x 10-3M of  Zn 2+ for Inconel 718 alloy 
electrodes) in an electrolyte containing 1 M NazSO4, 
0.4M NaC1 and 1 M H3BO 3. The electrodes were 
held at different cathodic potentials for 5min to 
ensure zinc deposition on the surface. As shown in 
Fig. 4, the bulk deposition of  zinc on AISI  4340 and 
Inconel 718 substrates occurs at - 1100 mV vs SCE 
in agreement with the results obtained using cyclic 
voltammetry.  Potentials more positive than the 
Nernst  equilibrium potential were applied to obtain 
various coverages of  zinc on the substrate surfaces. 
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Fig. 4. Cathodic polarization curves recorded on AISI 4340 
electrode and Inconel 718 electrode with bulk deposition of zinc. 
Predeposition potential -ll00mV vs SCE, predeposition time 
5 min. Key: ( ) bulk zinc on AISI 4340 substrate ( . . . . . .  ) bulk 
zinc on Incone1718 substrate. 

The cathodic polarization curves obtained for 
hydrogen evolution reaction on bare AISI  4340 steel 
f rom sulfate electrolytes and on AISI  4340 steel with 
potentiostatically predeposited zinc from the same 
supporting electrolyte in which 0.1 M Zn 2+ ions were 
added are shown in Fig. 5. According to Fig. 5, 
the presence of  zinc ions on the surface inhibited the 
hydrogen evolution reaction (HER). The hydrogen 
evolution current density in the presence of zinc ions 
is reduced from 77.4 to 44 . 6#Acm -2. The results 
obtained f rom the polarization studies are sum- 
marized in Fig. 6 in which the hydrogen evolution 
current ( i a - i p ) / i a %  at - 7 0 0 m V  vs SCE in the 
presence (ip) and absence (ia) of  predeposited zinc 
is plotted as a function of  the applied potentials. 
The H E R  is reduced by 46% compared with the 
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Fig. 5. Cathodic polarization curves obtained on AIS14340 electrode 
by using electrolyte containing 1 M Na2SO4, 0.4M NaC1, 1 M H3BO 4 
(pH 4) and on AISI 4340 electrode predeposited with zinc from the 

2 +  same electrolyte containing 0.1 M Zn . Predeposition time 5min 
and scan rate 1 mV s -1. Key: ( - - - )  without predeposition; ( ) 
Epdep/mV vs SCE: ( ) -720, (-" -) -770 and ( . . . . . .  ) -870. 
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Fig. 6. Dependence of  hydrogen evolution current  on  AISI  4340 
electrode computed  at - 7 0 0  m V  vs SCE f rom Fig. 5 as a funct ion 
o f  the applied potential.  

corresponding value obtained on a bare AISI 4340 
steel surface. 

In the absence of zinc, a linear region with a 
Tafel slope of 127mV (decade) - 1 %  =0.46 and 
i 0 = 9 . 8 x  10-3#Acm -2 were obtained indicating 
activation control for HER in the potential region 
between - 620mV and -720mV vs SCE. In the 
presence of zinc ions on the surface [at predeposition 
potential of - 870mV vs SCE], the Tafel slope 
is 132mV (decade) -1 with i 0 = 7.9 x 10 -3 #Acm -2 
and ac = 0.44. 

The corresponding cathodic polarization curves 
obtained for hydrogen evolution reaction on Inconel 
718 surface are given in Fig. 7. As seen in Fig. 7, 
the hydrogen evolution reaction is inhibited in the 
presence of underpotential deposited zinc. The 
inhibiting effect is shown in Fig. 8, where hydrogen 
evolution current at -600 mV vs SCE is plotted as a 
function of the predeposition potentials. According 
to Fig. 8, the HER current density on Inconel 718 
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Fig. 8. Dependence o f  hydrogen evolution current  on  Inconel 718 
electrode computed  at - 6 0 0 m V  vs SCE f rom Fig. 7 as a funct ion 
o f  the applied potential. 

alloy surface with deposited monolayer of zinc is 
reduced by 68% compared with the corresponding 
current obtained on a bare Inconel 718 surface. 

Two basic mechanisms have been accepted for 
hydrogen evolution. These are (i) the recombination 
mechanism, expressed as 

H + + e- + M ~ MHad s (4) 

MHad s + MHad s , 2M + H2 (5) 

where M signifies the substrate on which hydrogen 
evolution occurs, and (ii) the electrochemical 
desorption mechanism, expressed as 

M + H + + e -  ~ MHad s (6) 

MHad s + H + + e- > H 2 + M (7) 

According to Bockris et al. [25] and McBreen et al. 
[26], 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 operative 
at low degree of surface coverage by atomic hydrogen. 
Thus one can expect that a partial monolayer of 
underpotential deposited zinc on the most active 
adsorption centres on the substrate will inhibit the 
hydrogen evolution reaction. 

3.3. Hydrogen permeation studies 

When carrying out experiments with a bipolar 
membrane, the steady state rate of hydrogen penetra- 
tion in a diffusion mode can be presented by the 
following equations obtained for two typical bound- 
ary conditions: (i) in the case where the hydrogen 
concentration at the entry side of the membrane is 
constant (C condition) [27]: 

OO 
Jt --Jo _ 1 + 2Z(-1)nexp(-n27r2"r)  (8) 
J~ --J0 n=l 
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Fig. 9. Hydrogen permeation transients through AISI 4340 steel 
membrane obtained at Ec =-1000mV vs SCE in the presence 
and absence of 0.1 M Zn 2+ in an electrolyte containing 1 M 
Na2SO 4, 0.4M NaC1, 1 M H3BO 3 (pH 4), and membrane thickness 
0.45 mm. Key: ( ) without Zn2+; ( . . . . . .  ) 0.1 M Zn 2+. 

and (ii) in the case where the flux o f  the hydrogen  
entering the m e m b r a n e  is cons tan t  (F condi t ion)  [28]: 

20 

joo - J'0 

_ _ { - ( 2 ,  Jt-Jo 1 / -1/" exp 
~r n__z-L% 0 (2n + 1) 

-~1) 27r27-} 

(9) 

where Jt is t ransi t ion hydrogen  pe rmea t ion  current  
density, J0 the initial hydrogen  pe rmea t ion  cur- 
rent  density (may  or m a y  not  be zero), jo~ the s teady 
state hydrogen  pe rmea t ion  current  density, 
r = t D / L  2, where t is time, D is the hydrogen  dif- 
fusivity and  L is the m e m b r a n e  thickness. I t  is 
widely accepted in the li terature,  tha t  when the 
hydrogen  is genera ted at  cons tant  potent ia l ,  at  
the entry side of  the m e m b r a n e  C condi t ion will be 
established, while in the case when the hydrogen  is 
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Fig. 11. Comparison of the dimensionless hydrogen permeation 
transients given in Fig. 9 with the two typical theoretical solutions 
given 2 +  I by Equations 8 and 9. Key: ( ) without Zn ; ( 
0.1M Zn2+; ( - . - )  constant concentration condition; i ' - ' - -  
constant flux condition. 

genera ted at  cons tan t  current,  the F condi t ion will 
be established. 

T o  investigate if  any  inhibi t ion o f  the hydrogen  
pe rmea t ion  occurs in the presence of  the under-  
potent ia l  deposi ted zinc, the hydrogen  pe rmea t ion  
th rough  AISI  4340 steel (0.1 M Z n  2+) and  th rough  
Inconel  718 (5 x 10 -3 M Zn  2+) m e m b r a n e s  with thick- 
nesses of  0.45 m m  and 50 #m,  respectively was studied 
in a convent ional  zinc plat ing solut ion [1M 
Na2SO 4 ÷ 0.4M NaC1 ÷ 1 M H3BO3] at  potent ia l  o f  
- 1 0 0 0 m V  vs SCE. According  to our  potent io-  
dynamic  studies, at  this potent ia l  the underpoten t ia l  
deposi t ion of  zinc occurs f rom sulfate electrolytes. 
The  resulting hydrogen  pe rmea t ion  transients in the 
presence and absence of  zinc th rough  A I S I  4340 steel 
is shown in Fig. 9. The  same dependence for  Inconel  
718 is presented in Fig. 10. F r o m  hydrogen  permea-  
t ion transients ob ta ined  in the absence o f  zinc ions, 

0.9 . . . . . . . .  ~ . . . .  , . . . .  i . . . .  

0.3 

0.6 

0 , i i t , . . . . . . .  I . . . .  n , , i i 

0 50 100 150 200 250 
t/h 

Fig. 10. Hydrogen permeation transients through Inconel 718 alloy 
membranes at Ec = -1000 mV vs SCE in the presence and absence 
of 5 × 10 3M Zn 2+ in the electrolyte, and membrane thickness 
50 #m. Key: ( ) without Zn2+; ( . . . . . .  ) 5 x 10 -3 M Zn 2+. 
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Fig. 12. Comparison of the dimensionless hydrogen permeation 
transients given in Fig. 10 with the two typical theoretical solutions 
according - 2+ to Equations 8 and 9. Key: ( ) without Zn ; 

3 2 +  ( - - - )  5 × 10- M Zn ; ( . . . . . .  ) constant concentration condition; 
( - . - )  constant flux condition. 
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the hydrogen diffusion coefficient through AISI 
4340 steel and Inconel 718 alloy was calculated 
to be 2.6 x 10 -7 c m  2 s -1 and 3.2 × 10 -11cm 2 S -1, 
respectively. Similar results for the hydrogen dif- 
fusivity through AISI 4340 steel and Fe-Ni alloys 
were obtained in the literature [29, 30]. 

The dimensionless hydrogen permeation current 
density vs the dimensionless time are presented and 
compared with the theoretical solutions of Equations 
8 and 9 in Fig. 11 and Fig. 12. According to these 
figures, the hydrogen permeation transients through 
AISI 4340 and Inconel 718 are approaching C 
condition solution using P method. 

4. Conclusion 

The polarization experiments show that deposited 
zinc effectively inhibits the discharge of hydrogen up 
to 46% and 70% compared with the currents 
obtained on the bare AISI 4340 steel and Inconel 
718 alloy, respectively. In the presence of monolayer 
coverage of zinc on the substrate, the hydrogen per- 
meation rate through AISI 4340 steel and Inconel 
718 alloy membrane is reduced by 51% and 40%, 
respectively. The observed inhibition effect is due to 
an underpotential deposition of zinc on the alloy 
substrate, which changes the chemical properties of 
the substrate and reduces the surface coverage of 
hydrogen. 
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