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SUMMARY
INTRODUCTION

The common practice of protecting ocean going ships and other immersed
structures against corrosion by the technique of cathodic protection can
and most probably will be used on future undersea steel structures. Since
the electrolytic production of hydrogen is a concomitant of cathodic
protection, as well as many corrosion reactions, it is necessary to know
the effects of deep ocean presstires on electrolytic hydrogen in iron,

This work is a progress report performed under Independent Research
Task No, RO1i-01-901, Work Unit No, 33, "The Electrochemical and Metallur-
gical Aspects of Environmental Stress Cracking of Alloys."

SUMMARY CF RESULTS

The method used in this study consisted of imposing a diffusion grad-
ient on an iron foil by producing hydrogen cathodically on one side of
the foil with the simultaneous remcval of hydrogen on the opposite side
via an electrochemical ar.dic reaction which oxidizes the hydrogen to
water, The resulting current due to the hydrogen oxidation reaction 3
measured and this current is an instantaneous measure of the hydrogen
permeation rate. The measurement of the permeation transients, at various
pressures using a unique teflon timpanic cell, enabled the calculation
of the diffusion coefficient and subsequent solubility calculations to
be made. The inclusion of a Ag-AgCl reference electrode in the cathodic
compartment enazbled the hydrogen overpotential to be monitored as a function

of applied pressure. The following results are for Armco iron in 0.1N H,SO,
+ 0,001N HC1 at 21°C:

(1) Applied hydrostatic pressure increases the residual hydrogen
permeation rate in iron in a linear fashion to about 6000 psi. A marked
increase in the permeation rate occurs between 6000 and 8000 psi.

(2) The pressure effects on hydrogen permeation are reversible
within the range from O to 8250 psi applied pressure.

(3) Hydrostatic pressures to 6200 psi do not affect the diffusion
coefficient of hydrogen in Armco iron,

(4) Solubility of hydrogen in Armco iron is proportional to the
applied hydrostatic pressure at least up to 6000 psi.

(5) The partial pressure of hydrogen does not affect the hydrogen
overpotential,
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CONCLUSIONS

The increased solubility of hydrogern in iron at elevated pressures
and low temperatures (21°C) revealed in this work necessitates an increased
concern for the role of hydrogea in environmental cracking of alloys
destined to be used in the deep ocean environment,

The absence of a hydrostatic pressure effect on the diffusion coeffi-
cient of hydrogen in iron indicates minimal lattice distortion and is a
fact helpful in picturing the migration of H2 in an elastic stress field.

RECOMMENDATIORNS

Further work, both theoretical and experimental at various pressures,
cathodic current densities, and temperatures, will be performed to explore
the relatively untouched areas of pressure dependent activation energy for
diffusion, diagnosis of hydrogen electrode kinetics in the linear
current-overpotential region, the marked solubility increese in the 6000

to 8000 psi region, and the effect of grain size on hydrogen diffusivity
in iron,
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BACKGROUND

Hydrogen atoms electrochemically produced as a result of a partial

(e.g. corrcsion) or total (e.g. plating or protecticn) cathodic reaction

on the surface of iron or steel may be combined to form hydrogen gas or

may enter the metallic lattice interstitially and permeate throughout

the metal. The presence of hydrogen in high strength steel can cause

catastrophic failure of structures in service environments. It has been X
shown, by Troiano, references (a) and (b), and others, that the degree

of embrittlement in metals is a function of the rate of hydrogen entry i
into the bulk lattice from the adsnrbed state.

The investigation herein described was made to determine the effects of
high hydrostatic pressures found in deep ocean environments on hydrogen
electrolytically produced on iron, A sensitive electrochemical methed,
reference (c), for determiration of hydrogen permeation rates was used

co determine the diffusion coefficients and permeation rates of electro-
lytic hydrogen through polycrystalline Armco iron, The investigation was
mede under carefully defined conditions of cathodic polarization, and
known boundary conditions for hydrcgen diffusion ia a metal foil, The
permeation rate, as a function of hydrostatic pressure and cathodic
polarization was investigated,

1. Nature of Hydrogen Permeation Through Meatals

Early work by Richardson et,al., reference (d), and later by Sieveri.s,
reference (e), showed the solubility and also the permeability of nydrogen
in metals to be proportional to the square root of the ambient bydrogen
pressure, Ppy,, as

(D

where S = solubility.

Thus it was concluded that hydrogen is dissolved and diffuses through
metals as atoms rather than as the diatomic molecule.

Hydrogen generated electrolytically un one side of an iron foil was
found to obey a relationship, reference (f), similar to Equation (1) in
the form of

%

P=KTI1I (2)
where P = permeation, I = current in electrolytic circuit.

Due to the similarity of Equation (1) and Equation (2), it was concluded
that the rate controlling process was identical for diffusion studied by
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vacuum methods at elevated temperatures and also electrelytically induced
diffveion of hydrogen through metals,

In the studies performed by Rorelius et.al., reference (£), Heath,
et.al,, reference (g), and Frumkir et.,al,, reference (h), for permeation
of hydrogen through metals, the rates were determined manometrically,
i.e. by measurement of the hydrogen pressure build-up at the exit side
of the diffusicn foil, These studies showed that for the electrolytic
diffusion of hydrogen the sugh iron, the permeation rate is inversely
propertional to the thickness of the membrane and the diffusion process
was the rate determining step in the overall permeation process.

2. Kinetics ¢f Electrolvtic Hydrogen Evolution and the
Adsurpticn of Hydr zen by Metals

The surface adsorption of atomic hydrogen on the metallic substrate
is important in the diffusion process, Any cathodic reaction involving
the evolution of hydrogen gas need not be 100% effective. Some fraction
of the evoived Hp may permeate into the metal, t is this swmall fraction
of evolved hydrecgen which after entering the metal lattice contributes
t> the insidious embrittlement phenomenon in metals, Thus a knowledge
of the exvent of hydrogen coverage on a metal and the varjation of that
coverage with potential, hydrcstatic pressure and temperature is of con-
siderable importance in assessing the rate of entry of hydrogen into a
wetal during cathodic polarization,

The form of the Langmuir adsorption isotherm applicable to the kinetics
of dissociative chemigorption is (refereace (i})

—— —3 a
e - X (3)
where & = the degree of coverage: & = standard free energy of adsorp’.ion;
ap = the activity of the adsorbing gas.

I2 order to apply tte Langmuir adsorption isotherm to the hydrogen
evolution reaction on iron in ajueous acidic solutions, the following
sequertial reactions are assumed:

HOT + e"*M ——y (M3} + H0 Ell)‘::‘é;‘;igzlc (4)
(M-H)  + (M-E) ———  2M + Hof Cgigfigz; (5)

tM-HY + B.0T + e- M + H-% + H50 Electrochemical (
’ y © i 2* 2 Desorption 6)
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Let the velocities of the forward reactions Equations (4), (5) and (6)
be 14, 15, and Ig, respectively, and the velocities of the reverse
reactions be 1I_4, I.5, and I_g. If one of the above reactions is rate
controlling, i.e. slowest, the fast reaction will be in equilibrium,
The kinetic equations for reactions (4), (5), and (6) are as follows:

, ‘X F) - )Fq
]_4 = Fx{..,‘ 8H30“’(1«-3) exp |- _R'—I'B ’ 1_4 = H(_4 ) exp (1 R'_[‘) ] (7)
I. = K.(8)2 Le = K o(1-0)% P (8)
s - 5 4 "S - '\-5 - HZ
. o (1-%)F

Ig = Fg ay g+ O exp t x|, 16 = B g(1-0) By, exp |22 (9
where

1 = reaction rate n = activation overpotential

F = Faraday constant (E - E,)

© = hydrogen coverage T = absolute temperature

K = reaction rate constant ay ot = activity of hydronium

3 ion
«® = symmetry factor
R = gas constant PHZ = H, gas pressure

Assume reaction (6) to be rate controlling and reaction (4) to be in
equilibrium; that is, a condition of fast discharge and slow electrocherical

desorption. Equating the forward and backward reaction rates of Equation
(4), we have

KQ aH3O+ (1-6) exp |- Eigg = K_4 © exp Sl;ﬁ%lﬂf (10)
|
o . Ka . oF |
2. = ex - (11)
1-0 K, 230 p[ RT
-l

When © << 1 ; (1-8) ~» 1 § so that for small © (low hydrogen covera:z)
Equation (11} may be written:

K4

= — a + _AE .
K., “Hy0 exp RT 12)

-3 -
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When ® £ 1; (1-8)=» O; so that for large © (almost complete
coverage) Equation (11) becomes

K.g4 F
(1-8) = —————— exp 3= (13)
K4 aH30+ RT

For conditions where © << 1; Equation (12) is substituted for © in
the rate equation for the controllirg reaction, i.e. Equation (9), forward,
to give

- 2 F(1+Q)
I = K, % S REU+Q) (14)
6~ 76 ¥, “uo* exp[ RT -

The relationship between the cathodic current (reactioa rate 6) and the
overpotential for the fast discharge-slow desorption mechanism for small
hydrogen coverages (& < 1) is extracted from Equation (14) as

dn 1 RT
325‘16" T +Q) F (15)

For conditions of high coverage, © = 1, the rate controlling reaction
(forward direction) becomes

= F (16)
16 FK6 aH3o+ exp —%T_q 16

Now the relationship between the current and overpotential for © ¢ 1,
nbeying the fast discharge-slow desorption mechanism is

d _RT :
-——ﬂ——d Te = - ‘a—F‘ (17)

Similar treatments to obtain the theoretical Tafel slopes of other possible
sequential reactions were made and are given in Table 1, Table 1 also
lists the permeation-cathodic current and overpotential-pressure relation-
ships predicted for the various mechanism combinations. As an example,
using the fast discharge-slow desorption mechanism with © &1, the
permeation~current relationships were determined by utilizing the chain

et | doben,
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TABLE 1

HYDROGEN EVOLUTION REACTION MECHANISMS AND THEIR CORRESPONDING
CURRENT-POTENTIAL-PERMEATION-PRESSURE RELATIONSHIPS

Tafel Slope Permeation-
25°C current re- Overpotential
Volts/decade lation for Pressure
Mechanism “= ko a=% Relation 0
Fast discharge . 2/3 £
o 1 F ~
Slow desorption 0.04 J c n (p) L
Fast discharge ‘
Slow desorption 0.12 I 7 £HIe) n * f(p) + 1
Fast desorption _ .
Slow discharge 0.04 J # £(1) n = f£(p) 1
Fast discharge .. 12
Slow combination 0.03 J ol I n # £(p) &1
Fast combination 0,12 J £ £(1) n * £(p) « 1
Slow discharge 0.12 J = £(1)) n = £(p) <1
Coupled discharge i72
and combination 0.12 J o= 1, n # £(p) 1
Coupled discharge 0.12 I# O£ n = £(p) 1

and desorption

tre
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TYIORST

‘ rule on parv ! derivatives of Equation (11) and Equation (14), i,e,
TL \ L \ \
3 “¥n® _ ‘¥kn© . . (18)
(,))’.DI 1/r\ (),Q'ﬂl
3
v\’\n9=_F /1 )&T_ (19)
d fn 1 RT {1+ /] F
for o =%
: O ?n e _ 1 _ 2
Y1 - T+% "3 (20)
so that
8 ¢ 12/3 (21)

Jevicvanan

If the assumption of proportionality between permeation and hydrogen
surface coverage is made, we may write,

J-£,12/3 (22)

Thus, an analysis of the electrode kinetics of various consecutive steps
in the hydrogen evolution reaction gives Tafel slopes, which, in some
cases, can be characteristic of the mechanism and coverage conditions.
For example, if the overvoltage~-current density plot exhibits a break in
Tafel behavior, i,e. different slopes, Table 1 can be invoked as a diag-
nostic criterion to determine the change in reaction mechanism,

3. The Mathematics of Hydrogen Diffusion Through Iron

It is generally believed that hydrogen diffuses through iron
atomirally via an interstitial mechanism. Consider the diffusion experiment
represented by the following conditions: a metallic foil of thickness L,
a concentration gradient represented by Cy on one side of the membrane;
i.e., at x =0 and C, on the other side, i.e. at x =1L .,

At x = O, the hydrogen concentration is finite and at x = L, CL = 0,

* In the present work, these boundary conditions were maintained electro-

chemically, The overall problem may be represented by Fick's second law
for constant D as

-6 -
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1 -
) 5 D H = 0 (23)
. .,

where D = diffusion coefficient, c¢ = concentration, t = time. :

! ' The initial and boundary conditions pertaining to the experiment

1 are:

; C=Cy; x=03; t 20 (24)
C=0 ; x=L; t2 O (25)
& C=0 ; 0¢x.Lyj; tgoO (26)
! The method of solution to Equation (23) reproduced here is according to

McBreen, et.al., reference (j), and the numerous typographical errors of
that study have been corr-cted.

r i

The utilization of Fick's first law

A

|
A
!
: J=-p3¢ (27)
4 . X
&1
3
% where J = steady state flux of hydrogen, and an operational solution to
Y Equation (23) are used to define the hydrogen concentration contour
i within the thickness of the metal. The operational method of Laplace
transfommation of Equation (23) and the boundary conditions Equation (24)
i and Equation (25) yields
C —
dx.2C-o0 (28)
dx D
- C
C = —0 ;5 X = 0 (29)
p
% :
C=0; x=1L (30)
-7 -
3
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where C =1L iClx,t)! , the Laplace transform operator; p = the Laplace i
transform parameter, A homogeneous solution for Equation (28) is '

C=a exp (;qgj + b exp f+qx] (31)

where a and b are undetermined coefficients and q = p.1/2 .

d/
Solving for a and b by use of Equation (29) and Equation (30) and .
performing the operation of inverse transformation gives

\(K, \'-c
Clx,T) _ p (-7 erfc 2EX20L .\ (-D" erfe 2ln+1)-x (32)
Co L 2 Dt ya 2 VDt
n=9 n=0
where C(x,t) is the hydrogen concentration at x at any time t., The
flux J of Equation (27) transformed to electrochemical terms is
Jt
J = — =~ ( )
7E 33
where J. 1is the permeation current at any time t; Z = number of
electrons involved in the hydrogen oxidation reaction, and F = Faraday,
96,500 coul./eq. Fick's first law may now be written as
D,F
Jae = T (Co -~ C1) (34)
where J = steady state permeation current, The permeation current

at any time t will be given by

CX \
J. = -DgF —ﬁl) (35)

D%
x=L

Noting that C. = O in Equation (34) and differentiating Equation (32)
with respect %o x for insertion into Equation (35) produces the
relationship for fractional attainments of the steady state permeation
current, i.e,

-\_.. \2 3
Ji 2 L \ ‘.\ {L(2N +1);
= D S (36)
R VN Ve A e & 4Dt |
n= -

-8 -
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The first term in Equation (36) gives results valid up to 96,5% attain-
ment of the steady state permeation, i.e.,

Jde 2

£ =
Jeo qTol/Z‘ ,T'

where 1’ = %& , @ dimensidnless parameter, Table 2 gives values of
Jt/J;- for various .

1 R T
7 exp[- s 0¢T< 0,5 (37)

Using Equation (37), it is possible to calculate the diffusion
coefficient of hydrogen in the metal by finding the time required to attain
any fraction of the steady state permeation, From Table 2, it is seen
that‘?' = 0,25 corresponds to a fractional attainment of 0,8303; thus
the time it takes for J¢ to reach 837% of Jg would be used to
calculate the diffusion coefficient, i.e.,

D = 0.25 (L) (38)
to.83

It is, therefore, possible to calculate D for any value of time t during
the transient,

A corresponding Fourier solution of Equation (23) with boundary
conditions given by Equations (24), (25), and (26) according to Devanathan
and Stachurski, reference (c), yields:

*ecd

Jg v 2 2]

Jeo = 1 +2 E cos niff expEDnzqf t/L (39)
n=0

The comparable one-term solution using this method gives

J 2
Ef: =1-2 exp [:1r qJ:) (40)

This solution is valid for long times (i.e., when J; approaches Jee) .
Values of Jr/Jee based on this equation are also given in Table 2, Both
functions are plotted against @’ in Figure 1., For the region ﬂ‘<: 0.14,
the Fourier solution is invalid; there is good agreement between the two
solutions in the range 0,144 T 0.3, For7*) 0.3, the Fourier solution
is valid, From these two solutions, it is evident that tbe Laplace trans-
form method gives a solution which can be used in its simplified first
term form to give short time diffusion behavior,

-9 -
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TABLE

2

FRACTIONAL ATTAINMENTS OF THE STEADY STATE AS CALCULATED FROM

THE FIRST TERM LAPLACE TRANSFORM AND

FOURIER SERIES SOLUTIONS

q) 'Trflz rri/Z exp[—l/lﬂ"] 1 -2 exp [-1]‘21'1
0.00 0,0000 -1.,0
0.01 0.0000 -0,8122
.02 0.0000 -0.6481
0,05 0.0339 -0.2210
0.10 0.2924 +0,2548
0.15 0.5500 0.5450
0.20 0.7227 0.7222
0.25 0.8303 0.8304
0.30 0.8955 0.8966
0.40 0.9470 0.9614
0.50 0.9677 0.9856
0.60 0.9596 0.9946
0,70 0.9435 0.9980
0,80 0.9178 0,9992
0.90 0.89062 0.9997
1,00 0.8788 0.9998
- 10 -
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EXPERIMENTAL

1. Requirements of Experimental Method for Investigatien of Electro-
lytic Hydrogen Permeation Through Metal Foils Under Hydrostatic

Pressure

The investigation required the electrometric measurement of the
permeation rate of hydrogen through polycrystalline foils of Armco iron
while under hydrostatic pressure and at constant temperature, It was
essential to use a method of measurement by which the permeation rate
could be continuously monitored, the diffusion coefficient of hydrogen
in the metal determined, and the concentration profile of hydrogen in the
metal evaluated. Since the permeation rate of hydrogen through metallic
foils is relatively small, a sensitive method of detection of diffused
hydrogen adapted to withstand hydrostatic pressures was necessary.

2, Principle and Description of Method

The method used in this study consisted of imposing a diffusion
gradient on the metal foil by producing hydrogen cathodically on one
side of the foil with the simultaneous removal of hydrogen on the opposite
side. Continuous removal of hydrogen is accomplished by an electrochemical
anodic reaction which oxidizes the hydrogen to water. The method was
developed by Devanathan et.al., reference (c), with further refinements
of the technique and mathematics made by McBreen and Nanis, reference (j).

The diffusion, or anodic, side of the foil is kept at a constant
electrochemical potential, via en electronic potentiostat, that is suffi-
ciently anodic so as to oxidize to water all of the hydrogen which arrives
at the diffusion side. The resulting current due to the hydrogen oxidation
reaction is measured and this current J, is an instantaneous measure of
the hydrogen pemmeation rate, i.e,

no. of electrons involved in the reaction

Faraday 96,500 coul./eq.

diffusion coefficient of hydrogen in iron, cm2 sec
concentration of hydrogen, moles/cc Fe,

distance from cathodic interface, cm.

thickness of membrane, cm.

where

wn nnan

Z
F
D
C
p 4
L

With this method, it is possible to continuously monitor the hydrogen
permeation rate by recording the oxidation current transient that occurs

during cathodic charging.,
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The potentiostating of the diffusiorn side of the membrane yields
the requirement of zero hydrogen concentration directly beneath the
diffusion (anodic) surface of the membrane., This fixed znro concentra-
tion boundary condition facilitates the solution of the pertinent
diffusion equations (viz. Equation (23) and Equation (27)) and allows
the evaluation of the hydrogen concentration profile in the iron at
any instant after the initiation of cathodic charging on the input side.

Since the permeation cell was expected to function at hydrostatic
pressures of up to 15,000 psi, radically new designs, materials and
techniques were developed so that sensitive electrochemical measurements
could be made fulfilling the important requirements of system purity and
leak tightness of the cell and the electrochemical measuring components;
i.e. counter and reference electrodes. The arrangement is shown dia-
grammatically in Figure 2.

3. Apparatus

a, The Permeation Cell and Specimen Holder

The electrochemical cell used is shown diagrammatically in
Figure 3.

The drum head or timpanic principle was used to transfer pressure
from the water surrounding the cell to the electrolytes in the identical
timpanic cell compartments; (A) cathedic and (C) anodic c.f. Figure 3.

The cell compartments were made of machined Teflon as were the threaded
portions of the reference Ag-AgCl electrodes (E) and platinized platinum
counter electrodes (F). The timpanic membranes (H) consisted of 0.003
inch thick Kel-F which is a strong, resilient and inert fluorinated hydro-
carbon, A pressure-proof seal between the timpanic membrane and the cell
compartment was achieved by pressure on a phenolic hold-down ring (K)
transmitted through the double "O" rings (J) by the threaded plexiglas end
caps (I). A pyrex glass Juggin capillary (L) was fitted to the Teflon
extensions on each reference electrode., The cell ports accommodating the
electrodes and filling plugs weve all externally sealed via neoprene "O"
rings (M). The electrical leads from each electrode (stranded copper wire
sheathed in polyethylene and neoprene) terminated in high pressure female
connectors which fit onto male connectors specially insulated from the
monel pressure vessel head (c.f, Figure 2 (U)). These electrical connectors
are products of the Joy Manufacturing Company and can withstand 20,000 psi
working hydrostatic pressure,

The specimen holder, (B) Figure 3, serves the dual function of
. . . ? . .
exposing a constant foil area of 1.27 cm® to the anodic and cathodic
solutions and providing electrical continuity from the specimen to the
monel head connector via a female-to-female Joy connector (c.f, Figure 3 (G)),
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FIGURE 2

Permeation Cell

Pressure Vessel

Temperature Controlled Water Jacket
Monel Pressure Vessel Head
Retaining Ring

Hig.. Pressure Bourdon Type Gauge

Double Action, Air-actuated Hydrostatic
Pressure Pump

Pressurizing Water Reservoir
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FIG.3 CROSS SECTION OF THE PERMEATION CELL
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The specimen holder was machined from Teflon and is shown in Figure 3.
All exposed portions are sealed via neoprene "O" rings. The Teflon
extensions at the specimen-electrolyte interfaces (D) serve as gaskets,
sealing out the electrolyte from the unexposed portion of the specimen,
A neoprene "O" ring backs up the Teflon ring to insure sealing. The
electrical connection of the specimen is made through an ,08" diam,
machine screw holding the specimen tc a vertical brass post, The
horizontal brass rod, fitted with a plastic machine screw accommodating
an "0" ring, is tapped to screw into the drilled and tapped vertical
post, The final connection is made by a spring-loacded male Joy
connector onto the horizontal brass rod. The cross-hatched areas of
(N) and (G) in Figure 3 depict the aforementioned connections.

Timpanic compartments {A) and (C) are fitted and sealed onto the
specimen hclder (B) via the annular protrusions of (B) into the amaular
trenches of (A) and (C) and are held together by four stainless steel
tie bolts through holes in the plexiglas end caps (not shown in Figure 3).

The timpanic permeation cell thus described fulfills the important
requirement of purity since all internally wetted portions consist of

Teflon, Kel-F or Pyrex glass, all of which contrivute minimally to
solution contamination.

b. Reference Electrodes

Most electrochemical studies utilize the standard reference
electrodes of either the hydrogen or calomel types. Since this study
requires a pressure insensitive reference electrode, the aforementioned
standard electrodes could not be used., The relatively stable, solid
Ag-AgCl electrode was chosen as the reference for this work,

Solid high purity silver wires ,160 cm, in diam., 5 cm, in
length were torch brazed to the ends of the standard copper wires of
female Joy connectors. The wires were to be inserted into machined and
treated Teflon shells (c.f. Figure 3 (E)). The interior hollow of each
Teflon shell, about 3 cc in volume, was treated with Tetra-Etch, a
special compound to etch the surface so that subsequent encapsulating
materials would form a bond with the Teflon. The commercially available
treating compound contained metallic sodium which when placed on Teflon,
reacted to remove fluorine surface atoms and thus promote bonding. The
silver wires brazed to the connectors were positioned within the Teflon
electrode shells so that 2.7 cm, of silver protruded from each Teflon
end, The silver wires were then encapsulated in the Teflen shells with
a 2 part epoxy encapsulant special'y formulated for ductility. {80%
Ciba Araldite 6010; 20% Ciba Araldite 508, for ductility; N-Amino-
ethylpiperazine hardener) The epoxied assembly was cured at 150°F for
2 hours. The exposed silver wires of the encapsulated electrodes were

then "chloridized" to yield a thin layer of plum colored AgCl on the
surface,
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Chloridizing the silver wires to Ag-AgCl electrodes consisted
of the following:

(1) Silver surface lightly abraded to a "4/0" paper finish

(2) Degreased in ethyl alcohol and acetone

(3) Chloridized (reference (k)) as an anode at a current
density of 40 mA/cm? For 40 minutes in O,1N HCl

(4) Thoroughly rinsed in distilled water

The new Ag-AgCl electrodes were aged for 1 day in distilled water to
remove excess chloride ion then placed in 0.2 NaOH + O,0lN NaCl aqueous
solution for potential monitoring. The NaOH solution is used as the
anodic compartment electrolyte. The NaCl was added so that an equili-
brium would be maintained between the AgCl and Cl-. The electrodes
stabilized to within 0.5 mv of each other after five days in the test
solution, The electrodes were then stored in distilled water for

future use, These electrodes have a reversible potential of +0,240
volts with resgect to the normal hydrogen electrode in aqueous solutions
containing 1074 moles C1~, For the solution in the cathodic compartment,
O0.1N Hp80, + 0,00IN HC1, the Ag-AgCl electrodes have a reversible poten-
tial of +0.399 volts with respect to the normal hydrogen electrode.

Eight encapsulated Ag-AgCl electrodes were monitored for potential
deviations as a function of pressure in both the anodic and cathodic
electrolytes. Using one of the electrodes as a reference, the potentials
of the other electrodes were measured and recorded with a digital volt-
meterand printer. After 2 days at ambient pressure, there was a maximum
of 1 mv deviation in the seven electrodes so tested. Pressurizing to
6000, 12,000 and 18,000 psi for two day periods produced no change in
potential between the electrodes. Repeated pressurizing and de-pressur-
izing had no noticeable effect on the potential,

¢c. Platinum Counter Electrodes

Platinized platinum electrodes served as counter electrodes in
each timpanic compartment (c,f, Figure 3 {F)). The encapsulation process
for the platinum wires was identical to that used for the silver wires
described in b, above, A rectangular piece of platinum wire gauze (270
mesh), 2 cm, by 1 cm, was torch fusion welded to the wire so as to make
a flag. The platinum gauze was then concentrically rolled {as a flag
would be furled) to a cylindrical diameter of about 3/16 inches, Each
electrode was platinized in a 3% chloro-platinic acid solution containing
0.027% lead acetate at a current deansity of 80 mA/cm? alternating tche
polarity every 5 minutes for a period of 30 minutes. The particles of
finely divided platinum on the platinum gauze surface yielded an
extremely large active surface area, a prerequisite for counter electrodes.
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d. Environmental Simulation Unit

Conditions necessary to achieve simulated deep ocean pressures
with controlled temperztures were obtained using the environmental
simulation unit shown in Figure 2 (c,f., (B) through (H)),

The pressure vessel (Figure 2 (B)) consists of a basic 2 inch
thick, high-toughness cylindrical steel shell. The inner cylindrical
portion of the steel vessel is pressure clad with monel metal for
corrosion resistance. The internal dimensions of the pressure chamber
are 5" in dia. by 19" in length. A concentric steel jacket that houses
circulated cooling water (C) surrounds the outer portion of the vessel.
The temperature within the vessel was pre-set and noted via an iron-

. constantan thermocouple (c.f. Figure 2) and a potentiometer (not shown).

The temperature within the vessel was controlled to x1°C via circulation
of coolant from a combination refrigeration-heating unit not shown in
Figure 2,

Suitable access to the pressure chamber to monitor electrochemical
changes with the permeation cell (c.f, Figure 2 (A)) was provided via
eight electrode ports through the monel head (c.f. Figure 2 (D)), The
electrical connectors through each port consist of a 1/8" dia. stainless
steel rod silver brazed to the end of the center post adjacent to the
threaded portion of a male Joy connector and encased in a Kel-F tube to
prevent short circuiting with the monel head. The male Joy connectors
were then screw-sealed into the monel head. Since the metallic center
post of each male Joy connector is insulated from the threaded portion,
(c.f. Figure 3 (G)) a completely insulated and pressure sealed electrical
path was achieved from each electrode connection in the permeation cell
through the monel head and to the external electrical systems. When
finally positioned, the monel head was secured by a 6" deep, threaded
steel retaining ring (c.f, Figure 2 (E)),

The hydrostatic pressures necessary for the experiment were
achieved by pumping water into the constant volume pressure chamber con-
taining the timpanic permeation cell, A double-action, air-operated
pump (c.f, Figure 2 (G)) supplied with distilled water as a pressurizing
fluid from the reservoir (H), forced water into the pressure chamber
through high pressure (40,000 psi bursting strength) monel tubing to
achieve pressures to 10,000 psi within a period of 30 seconds. Pressures
within the chamber were read directly on a Bourdon tube type Heise
pressure gage on the line (c.f. Figure 2 (F))., Pressure control was
maintained by a pressure valve from the line (90 lbs.) to the pump and
a drain valve shown at the bottom of the vessel (Figure 2),

e. Electrical Circuit

The cathodic or charging compartment was provided with a constant
cathodic current by a Harrison D.C. power supply (E) output O - 40V;
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0 - 400 mA. (c.f. Figure 4). The current from this supply was passed
through a variable resistor, R , adjusted to give required currents
read on the ammeter I.. The potential of the iron foil cathode surface
was measured against an Ag-AgCl reference electrode using a high
impedance (10 meg ohm) Beckman digital voltmeter and recorded by a
Beckman digital printer,

Polarization on the anodic side of the foil was effected by use
of an Anotrol, model 4700, electronic potentiostat (c.f. Figure 4), A
constant potential was maintained on the foil surface by the potentiostat.
The current delivered by the potentiostat to keep the ancdic potential
constant was monitored by allowing it to cross a 10-ohm precision
resistor (c.f, Figure 4). The resulting voltage was fed into a Keithley
electrometer acting as an amplifier (10 mv output for full scale deflec-
tion) and this output was in turn fed to a Moseley 680 strip chart
recorder which recorded the signal as the permeation or anodic current
(c,f. Figure 4 (1,)). The Moseley recorder had a full scale sweep time
of one-half second so that good precision was possible in recording
current time transients.

4, Preparation of Materials

a. Preparation of Iron Specimens

One inch wide strips of hot rolled 1 mm, thick Armco iron were
obtained from the Electrochemistry Laboratory of the University of Penn-
sylvania. Specimens 2,54 cm, long were cut using an abrasive cut off
wheel. A countersunk hole was drilled at one corner of each specimen to
accommodate an .080" machine screw used to secare the specimen to the
electrical contact system of the specimen holder (c.f. Figure 3), The
specimens were then annealed at 900°F for 1 hcur to remcve residval
stresses, Each side of the specimens or foils was prepared by metallo-
graphic dry polishing, to "4/0" ahrasive paper. The foils were then
annealed a second time in an Argon atmosphere (900°F for 3 hour) to remove
any residual stresses of processing. AL this noiut, the specimens
measured 0,96 mm. in thickness, and had an A,S.,T.,M, grain size number of 7.

Tw . [nllowing surface preparation, refcrence (1), which was found
to give -:p wucible results in electrochemical testing, was used on the
foil gpec: .1s:

(1) degreased in benzene; wiped dry with cotton;
(2) immerced and swaboed in 2% HCl/mechy) alcchol solution for
1 minute at roum temperatiure; rinsed in methyl alcohol,
cold air dried;
(3) :‘mmersed and swabbed in 2% HySO4/methyl alcohol solution for

3 minutes at room tamperature; rinsed in methwl alcohol, hot
ait aried 12 remove solution; coolea to reoa tempevature,
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The side on each foil opposite the countersunk was chosen as the side to
be exposed to the anodic compartment and hence the side to be plated with
palladium., The inert palladium coating on iron is necessary in the anodic
compartment since the imposed anodic polarization would cause severe
corrosion of an unprotected surface and would result in changing boundary
conditions, Palladium is exclusively used in this regard since it resists
corrosion; and the diffusivity of hydrogen though it is extremely high

and hence will not be a barrier to diffusing hydrogen atoms at the iron-
pa'.adium interface, An electroless palladium plating technique was used
immediately after step three of the surface preparation. The application
of approximately 1 ml, of "Pallamerse'" solution in a circular motion over
a 2 cm, dia. area caused a good Pd coating of = 10-6 cm, thickness after
one hour of exposure, The excess solution was removed by thorough rinsing
with distilled water followed by acetone rinsing to remove the water,

The specimens were then wrapped in soft tissue paper and stored in a
dessicator,

b, Preparation of Test Solutions

The 0,2N NaCH + 0,01N NaCl solut:ion used in the anodic compartment
was prepared by dissolving Baker analyzed reagent (electrolytic pellets)
of sodium hydroxide and sodium chloride in douobly distiiled water having
a conductivicy of 1 million ntms measured with a conductivity bridge
having a cell constant of O.1. The choice cf O,IN HyS80, + ,00lN HC1
as the solution in the charging or cathodic compartment was made only
after it was experimentnlly determined to caunse little corrosion on Armco
iron (0.5 mg dm~2 day~l) wken totally de-aerated. The sulfuric and
hydrect.loric acids were Baker analyzed reagent grade,

5. Procednre for Preccure-Permeaiion Run

a. Before Run

All solid Teflor and Kel-F parts of the permeation cell were
cleaned in boiling concenirated reagent grade nitric acid for % hour,
thoroughly rinsed in distilled water and stored in conductivity water
until vsed, All other parts of the cell such as neoprene "O" rings, not
internally wetted, were cleaned with a laboratory alkaline cleaner and
stored in distilled water,

The electrolyte solutions were freshly prepared 24 hours before
a scheduled run and were de-aerated prior to use by diffusing ultra-
pure helium (99,99%) gas through one liter of each solution at a rate of
10 cu.ft,/hr, for 16 hours, It is important to eliminate oxygen in toth
the cathodic and the anodic compartments. In the cathodic compartment,
oxygen will act as a depolarizer and stimulate corrosion cf the iron
surface in the absence of a cathodic current. In the anodic compartment,
the presence of oxygen will cause some of the imposed current to be used
in its reduction rather than for its intended purpose, namely to oxidize
dif fused hydrogen atoms,
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In order to avoid contamination during handling, vinyl gloves
were used to manipulate all parts of the permeation cell during its
assembly, The Luggin capillaries were filled with appropriate electro-
lyte and fitted to the Teflon protrusions on each of two Ag-AgCl
reference electrodes, The reference and counter electrodes were then
tightly screwed into the walls of the timpanic compartments causing the
"0" rings (c.f. Figure 3 (M)) to effect a seal. The iron foil was then
secured, palladium surface facing down, in the specimen holder with a
0.080" dia. stainless steel machine screw (c.f, Figure 3) and the top
portion of the holder secured to the bottom purtion by nine machine
bolts (now shown) equally distributed along the outer circumference.
Thus, the three neoprene "O" rings at the central portion of (B) and the
Teflon gaskets at (D) were compressed to provide a seal, Timpanic
compartments (A) and (C) were sealed to specimen holder (B) by four
stainless steel tie bolts (not shown) spanning the two plexiglas end
caps. The assembled permeation cell was then filled with appropriate
electrolyte under Helium gas pressure; the filling port quickly sealed,
and the cell attached to the monel head suspended above the pressure
vessel, The cathodic compartment was assigned the uppermost position as
shown in Figure 3, region (A), since any accumulation of gaseous hydrogen
would occur at the timpanic membrane and not at the foil surface to
interfere with the hydrogen reaction. Appropriate electrical connections
to the head were made and the cell was then lowered into the pressure
vessel. The retaining ring was finally secured and appropriate external
electrical connections made so that a run was possible.

b. ihe Pressure-Permeation Run

Before a permeation run was made, all of the residual hydrogen
that was in the iron foil was removed and oxidized on the anodic side
by potentiostating the specimen prior to charging with hydrcgen via a
controlled cathodic current on the input or cathodic side. The specimen
was potentiostated at -315 mv., (vs. Ag-AgCl) (-75 mv, vs, N.H.E.) and the
resulting residual permeation current was recorded, When the residual
anodic current reached a steady state ( <10-06 A/em®), hydrogen was
generated on the opposite side by activating the circuit in the cathodic
compartment., The instant in time of initiation of cathodic polarization
was noted on the chart for recording the permeation transient, and the
permeation was measured simultaneously with the cathodic (charging) current
and cathodic potential., The instant of cathodic current input was marked
by a jump in permeation current prior to hydrogen breakthrough time.
This jump is caused by a terminal resistance within the circuit on the
order of milliohms. This effect was neglected in plotting the transient,.

The initial runs were at ambient (atmospheric) pressure with success-
ive runs performed at higher pressures. Two final runs were performed at
ambient pressure after the pressure-permeation runs to verify the observed
effects, The cathodic current was interrupted after each run so that
successive runs established new residual permeation currents independent
of any imposed cathodic charging.
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RESULTS

All permeation results are for polycrystalline Armco ivon foil (0,96 mm.
thick) in O.1N H,80, + 0,001N HCl solution at 21 = 1°C.

1. Effect of Hvdrostatic Pressure on Residual Hydrogen Permeation

The residual permeation current (no cathodic charging) as a function
of the applied hydrostatic pressure is shown in Figure 5. This effect
is reversible, i.e. on releasing the pressure, the residual permeation
current returns to its original value ( £ 10'6 A/em?). The time to
reach a steady state residual current for successive pressures was
always approximately 12 seconds up to the 6200 psi value. The time to
reach a steady state current following the pressure step from 6200 psi
to 8250 psi was 19 minutes.

z, Effect of Pressure on the Diffusion Coefficient and the

Measured Solubility of Hydrogen ir. Armco Iron

The mathematics of the method used to determine D from permeation
transient data has been described in Background, paragraph 3. If the
diffusion process actually conforms to the chosen boundary conditions,
a plot of Jy/J.. (experimental) versus log t and of __ 2 1

172 'T'l/Z

exp [-1/43'] against logt , should have the same shape and the differ-
ence in thé abscissa should be a constant; i,e. log D/L“, Fractional
current attainment plots vs. log t for permeation transients at various
pressures and cathodic current densities exhibited good shape agreement
with the first term Laplace transform solution (c.f. Figures 6 and 7).
This indicates that the initial and becundary conditions for diffusion
have been correctly chosen, i.e. the steady state concentration Cp is
set up instantaneously at the input surface; the steady state hydrogen
concentration at the anodic (consumption) surface is constant since
the diffusion coefficient is constant. The calculations of D and the
solubility of hydrogen (concentration of hydrogen at the input surface)
as a function of pressure are shown in Table 3, The concentrations were
evaluated according to Equation (34) using the steady state residual
permeation current for J oe noted at the particular pressure and the
calculated value of D, The cclculated concentrations as a function

>f the applied pressure are shown in Figure 8. The concentrations for
data points at 600 psi and 2700 psi noted in Figure 8 but pot appearing
in Table 3, were calculated using a D = 4.3 x 10-2 cm?sec™" since it

was noted that D is independent of pressure. Figure 9 is a plot of
hydrogen concentration as a function of the square root of the applied
pressure,
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TABLE 3

PRESSURE PFRMEATION DATA, ARMCO IRON, L = 0,96 mm,, T = 21°C,
0.1N H2504 + 0,001N HC1
Pressuare
psi D, cm? sec™! Co moles H,/ccFe
R -5 -8
Ambient 4,1 x 10 0.3 x 10
1300 4,3 x 1072 17 x 1078
4100 4.4 x 107 4 x 1078
-5 -8
6200 4,2 x 10 78 x 10
- 30 ~
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3. Effect of Pressure on Hydrogen Overpotential

The activation overpotential n, was plotted as a function of the
imposed cathodic current density at various pressures and is shown in
Figure 10, The experimental points were fitted with a curve based on
the values; (= 0.44 and 15 (exchange current density) = 0,08 mA/cm”,
The theoretical curve was obtained from machine computed tables,
reference \m), for 5 , the symmetry factor; and the two exponential
terms of the following rate equation:

=1 ®ZnFy _ . (1-o)ZnF
1 0 (—exp TR ) exp < T (41)

- --—

where the absolute value of n is used.

The relationship between the steady state permeation current density
and the imposed cathodic current dersity at ambient pressure is shown
in Figure 11 where the square of the permeation current is plotted against
th2 cathodic current on the basis of a possible mechanism scheme to be
discussed in Discussion, paragraph 3, It should be noted that a good
fit of this data may also be obtained with a plot of permeation current
density versus the 3/2 power of cathodic current as shown in Figure 12,
The 3/2 exponent is chosen semi-empirically since many hydrogen e volution
reaction schemes lead to predicted expnnents in the same range., It should
be also noted, however, that these exponents are usually derived (c.f.
Table 1) on the basis of Tafel behavior in the relationship between
current density and overpotential., The present rescults are in a region
of the 1 - n relation which is in transition from linear to Tafel
behavior,

- 31 -
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DISCUSSION

1, Pressure Effects on Residual Hydrogen Permeation

In Figure 5, it may be seen that pressure appears to increase the
residual pemmeation current in a linear fashion up to about 5000 psi.
Between 6000 and 8000 psi, a marked increase in the residual current
ie noted., The increase in the residual permeation curve clearly indi-
cates an increase in hydrogen solubility at the input surface, The
applied pressure on the cathodic compartment is essentially the partial
pressure of hydrogen above the solution. According to the Langmuir
(and other) adsorption isotherm, the higher hydrogen partial pressure
tends to produce more adsorbed atomic hydrogen on the surface, i.e, ©
increases. The increased solubility is manifested by an increased
permeation residual since more current is needed to maintain the require-
ment of zero hydrogen concentration at the anodic (potentiostated) side.
The twelve seconds in which a steady state residual current is established
during a pressure change is most probably due to the fact that this amount
of time is required by the pressure pump to achieve the desired pressure
and is not due to an increase in time imposed by the increased hydrogen
solubility at the surface. Since this effect is reversible, no
permanent lattice distortion is believed to occur, Such phencmena as
the marked increase in the residual current above a pressure of 6000 psi
might be expected if on reaching a critical hydrogen concentration in the
metal, precipitation of a surface metal hydride occurs and grows
progressively into the metal with time. It is recalled that establishment
of a steady state residual permeation current required 19 minutes at the
8250 psi level, This time interval may be associated with nucleation and
growth process of a metal hydride phase. The increase in the permeation
rate may be caused by the hydride having a higher diffusion coefficient
for hydrogen than the iron, Since metal hydrides are known to be unstable,
removal of the pressure could be expected to restore the original per-
meation properties to the iron as was experimentally observed, i.e.
phenomenon reversibility. It should be noted that all previous elevated
pressure hydrogen studies, references (n) and (o), on iron were also
performed at elevated temperatures and as such, a pressure induced hydride
phase would be negated by the temperature instability of such a phase.

2, Pressure Effects on the Diffusion Coefficient and Solubilities of
Hydrogen in Alpha Ilron

The diffusion coefficient at ambient pressure was found to be 4.3 x

10-5 cm? sec™! as opposed to 6.25 x 107> cm sec”! found by McBreen, et.al.,
reference (p), using the same technique. This slight disparity may be due
to the lower temperature (21°C vs, 25°C) and coarser grain structure of

the iron (ASTM #7 vs, #10) for the present work, The lover temperature

and the decreased grain boundary area will cause a decrease in the diffusion

- 35 -
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rate. The effect of pressure to 6000 psi on the diffusion coefficient
appears to be negligible (c.f. Table 3, Figures 6 and 7)., This is not
surprising since these pressures will cause negligible lattice distor-
tion even in the elastic range., The solubility of hydrogen as shown by
Co in Table 2 is seen to increase with applied pressure., A plot of
hydrogen concentration against applied pressure (c.f, Figure 8) exhibits
a linear relationship. A deviation from linearity most probably occurs
above 6000 psi because of the marked increase in permeation above this
pressure. Figure 9 exhibits a positive deviation from the well-known
Sieverts' relationship of linear solubility with the square root of
pressure; the exponent of the pressure is greater than 1/2 and is, in
fact, unity., The positive deviation from Sieverts' behavior is in
agreement with the work of Johnson and Hill, reference (n), who used
vacuum and thermal extraction techniques to study H, in iron and found
positive deviations from the Sieverts' pressure exponent of 1/2 at *"low"
temperatures, the lowest being 145°C, The solubility calculated from
the data of Johnson and Hill, reference (n), for Hy in iron at 1470 psi
(gaseous) and 145°C is 23 times as large as that of this work at 21°C

at the same pressure, The diffusion coefficient for Hy in iron calculated
by Johnson and Hill in an earlier work, reference (o), is Dygog =

2.2 x 107 cm? sec™l., Since the experimental data of Johnson and Hill
rely on a vacuum extraction transient, the agreement between their result

and the present value of D21°C = 4,3 x 10-5 cm? sec”! must be considered
quite good., Geller and Sun, reference (q), in a study of hydrogen
diffusion in iron indicate that the solubility of hydrogen in iron at

room temperature and atmospheric pressure should be less than 0.005 cc.
H,/100g Fe (3.49 x 10~8 moles Hyp/cc. Fe), which is in accord with the

calculated ambient pressure solubility of this work (c.f, _Table 3), The
Geller-Sun diffusion coefficient is Dygoc = 1.6 x 105 cm” sec™l.

It is again emphasized that the effect of grain size on the diffusion
coefficient of hydrogen in iron is most probably important. Early workers
used methods which were not sensitive enough to detect the effect of grain
boundaries on D, A systematic study of the effect of grain size on the
diffusion of hydrogen in iron is needed,

3, Pressure Effect on Hydrogen Overpotential

The computer tabulated fit of the experimental activation overpotential
(c.f, Figure 10) yields a symmetry factor :y = 0.44 and an exchange
current density, I = 0,08 mA/cmz. _From Figure 10, it is noted that the
overpotential-current range is in transition from linear to Tafel behavior,
that is, true Tafel behavior begins at some current density in excess of
0.2 mA/cmz, Since only one current density is experimentally available

in the Tafel region (e.g. 1.02 mA/cn?), estimation of the Tafel slope by
the traditional graphical method has not been used but is based on the
fitted value of x = 0,44 yielding
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A
———2—— = 0.138 V/decade of current density
. anc

1t should be empharized that the rate equations for reactions (Equations
(4), (5), and (6)) listed in Background, paragraph 2, and used to
develop the relationships of Table 1 are only valid within the Tafel
region of the current-potential relationship. Since only low cathodic
current densities were chosen for this study (in order to avoid the
irreversible critical amount of hydrogen phenomenon encountered by
McBreen (reference (p)), the experimentally defined regime of Figure 10
is predominantly linear and as such is not governed by the exponential
rate equations., The rate equations for reactions (Equations) (4), (5),
and (6) that govern kinetic behavior in the linear region are as follows
where exponential terms have been expanded and second order and higher
terms have been dropped:

‘ -
1 = FK ( -0 ¢ - __Q..};:‘_rlg_ 1 = FK (5] + iL-_')’ ) F
4 4 't )aH30* L RT 3t -4 901 o
2 _ 2
15 = KS(G) ; 1 5 = K-S (1-8) pH2
I, = FK, © ay n+ {1__.._3:“'}?,! , 1 .= FK .(1-6) (1+(1-'X) Fn
5 6 H30 , RT l -6 -6 pHZ ‘ RT

~

Within the linear region, the rates of electron exchange with oxidized
and reduced species are comparable so that the reverse direction rate
equations cannot be ignored., If the discharge reaction, Equation (4),
proceeds at a rate which is much wmore rapid than the succeeding step, we
may write:

1
1 - __OsFH “ = FK_4 e 1 + (1 - dR% FH

FK4 (1-0)aH3o+ =

- —

The Langmuir relationship extracted from Equation (46) is,

- h\
K, a; o+ |1 - —1f0
o = 4 H30 ) RT —!‘
(1-9) K !:, + (1-2) Fn
-4 | RT

-
-
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Since a net flux (current) fo: reaction (3) is the differvence in the
forward and reverse reaction rates, we have,

. -~ -

- AF (1 -F »
et = g GaH30+ Lo+ S - K (1-e)pHZ R i (48)

- - - -

For 6 & 1, Equation (47) becomes,

¥
Ry ai0+ i - R
= K_4 N (49)

1 + (1-%)Fn
RT

-
-

Substitution of Equation (49) in Equation (48) yields an extremely complex
relationship %nat does not permit a simple evaluation of parameters as

may be done in the Tafel region nor can predictions of the pressure
dependence of the overpotential be readily made., However, for high cover-
ar: conditions, i.e. © "= 1, Equation (48) becomes

oFn
Liet = ™ “Hz07* 1 - =37 (50)
so that
2n. ;. _KI (51)
Al Kt F )
where K' = FK6 aH3O+
Equation (350) zlso satisfies the required pressure independence of the
overpotential since the second term of Equation (48) 1s negligible.
Assuming a net current for the catalytic combination reaction, Equatioa (5),
we have
1 = @2 - K (1-6)° (52)
Snet 5 -5 PH,

Where 9 <1, the insertion of the Langmuir equation in terms of over-
potential (Equation (47)) does not yield the required pressure independence.
When © ~ 1, the second term of Equation (52) drops out yielding
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1 = & (53)
Snet :

It should be nuted that Figure 11, exhibits linearity in a plot of cathcdic
current density vs, square of permeation current, which would be con- ;
sistent with the first term of Equation (52) indicating that fast discharge i
in combination with slow catalytio combination, for large hydiogen coverage
(6 =~1), must be considered as a possibility for the reaction sequence

of the hydrogen evolution reaction under the present conditions., To
complete the picture, it should be stated that a choice between sequential
Equations (4) - (5) and Equations (4) - (6) cannot be made entirely on

the basis of the present data. If Equation (50) is returned to erponential

form (Tafel), the slope is in agreement with the slope predicted on the
basis of full Tafel behavior, listed in Table 1 (c.£. Equation (42)).
This would tend to confirm sequence Equations (4) -~ (6) while equally
strong evidence based on Equation (53) and shown in Figure 11 lends
support to senuence Equations (4) - (5), Bcth conjectured sequences
provide pressure independence for the overuotential at high hydrogen
coverage, Further work both theoretical and experimental is needed to
exploit this relatively untouched area (linear 1 -n ) for diagnosis of
electrode kinetics,

4, Phenomenology Established

The followiag room temperature phenomena were established during the
course of this work:

a. Applied hydrostatic pressure increases the residual hydrogen
permeaticn rate in iron in a linecar fashion to abor 6000 psi. A marled
increase in the permeation rate occurs between 600. and 8000 psi possibly
indicating the existence of an unstable hydride phase.

b. The pressure effectr on perm2ation are reversible within the
range from O to 8,250 ns applied pressure.

¢, Hydrostatic pvessures ‘¢ 6200 psi Ao not affect the diffusion
coefficient of hydrogen in Armce irom,

d. Solubility of hydrogen »n Armco i~on is prcportional to the applied
hydrostatic pressure (viz, hydrogen partial pressure} at least up to
6000 psi at 21°C; indicating a pusitive deviation tfrom Sieverts' square
root of pressure relationship,

e, The partial pressure of hydrogen (i, -~. applied hydrostatic

prussure) does not affect the hydrogen overpotential on iron in O,1N
HZSOQ*'O.OOIN HC1,

- 39 -
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The increasedsolubility of hydrogen in iron at elevated pressures and
low temperatures (21°C) uncovered in this work, necessitates an increased
concern for the role of hydrogen in environmental cracking of alloys
destined to be used in the deep ocean environment, Further, the absence
of a hydrostatic pressure effect on the diffusion coefficient of
hydrogen in iron indicates minimal lattice distortion and is a fact
helpful in picturing the migration of Hy, in an elastic stress field.
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PANORAMA OF THE EXPERIMENT
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PRy

ASSEMBLED ELECTROCHEMICAL CELL

PLEXIGLASS ' FRAME E. SPECIMEN HOLDER

TIMPANIC MEMBRANE F. ANODIC COMPARTMENT
CATHODIC COMPARTMENT G. MONEL PRESSURE VESSEL HEAD
HIGH PRESSURE ELECTRICAL CONNECTOR He. STEEL RETAINING RING
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APPENDIX C

DISASSEMBLED ELECTROCHEMICAL CELL

SPECIMEN HOLDER, TOP HALF
SPECIMZN HOLDEF, ROTTOM HALF
METAL SPECIMEN

TIMPANIC (CATHODIT OR ANODIC)
COMPARTMENT

E. PLEXIGLAS RETAINING RING

F. TIMPANIC MEMBRANE

G. PLATINUM COUNTER ELLCTRODE

H, Ay-Agll REFERENCE ELECTRODE
{(WITH GLASS CAPILLARY)
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