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PURPOSE

The purpose of this research was to opt imize the electroch emical hydro-

gen permeation technique for metals .

BACK(~~OUND

The low temperature permeation of hydrogen through steel and other mater-

ials has been a subject of broad interest since the pheno menon was first re-

ported in 1863 ~~~ The phenomenon has been known and studied for mor e than

100 years , but the mechanism(s) of hydrogen entry and transport in metals re-

main controversial and subject to continuing research and discuss ion~
2
~

While the subject is of considerable theoretical interes t , it also has

important practical aspec ts . Hydrogen embrittl ern ent and stress corrosion

cracki ng are ser ious engineering problems , and hydr ogen permeation is an i-rn-

portent aspect of these phenomena~
3 9

~

Table 1 is a swnmary of some data on low-temperatur e hydrogen permeation

rates which have appeared in the literature . From this it is obvious that

a wide variation in data exists , and a given researcher cannot compare his

results with those obtained in another laboratory with any degree of certain-

ity. This problem has been discussed at length by several authors . The

variation in data can be attribute d to a number of caus es, some of which have

been generally recognized , and some of which have not. These include :

1. variations in calculation technique. This is a matter of con-

tinui ng controversy and no genera lly-accepted means of calculating hydro—
( 12—13)gen permeation rates now exists

—1—
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2. Variations in hydrogen flux level. Hydrogen permeation is concent ra-

tion dependent , and differences in inlet surfa ce hydr ogen f lux can be demon-

strated to drastically alter the hydrogen permeation rate in ferrous alloys

and other materials~
1
~~’ 

15)

3. Variat ion in inlet—surface reacti ons . Many authors resort to elab-

orate sur face preparation proc edures , (16— 18) but this , unfortunately, has

not always been the case.

TWO general methods of measur ing hydr ogen permeation have been widely

reported . Both involve introduction of hydr ogen into one side of a metal

membr ane and measuring the rate which it arrives at the opposite side of

the membrane • Introduction of hydrogen into a metal from a gaseous phase

has the advan tag e of easy control of relative inlet fluxes 
(17)

, and it has

been widely used in the study of elevated temperature hydrogen permeation in

metals . However , this techni que is limited to relatively low fluxes , and it

cannot duplicate the high hydrogen flux levels of interest in low temperature

stress corrosion and hydrogen embrittle inent studies 
( 19-20)

The electrochemical hydrogen permeation technique was first introduced

by Deva.nathan and Stachurski (2 l) and later refined by Bockris , Nanis, and
22—coworkers at the University of Penn sylvania . It has the ad-

vantages of simplicity , low cost of the equipment involved, and the possibil-

ity for measuring the effects of widely varying hydrogen inlet fluxes on the

permeation rate s of hydrog en through metals . Unfor tunately, the method has

not been uniformly applied , and many organizations have encountered diffi-

culties in employing this supposedly simple techni que ( 13, 27—29 ) 
• varia-

tions in the data reported using thi s technique can be ascribed to all of

the reasons discussed previously. Nonetheles s , this technique has great pro-

mise and , with proper develop ment, could produce the type of reproduceable

data which has been unavailable up to now. The need for such data has been

well documented and discussed ~~

-
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StThIIJiRY OF ~~ED

From the above discus sions on limitati ons of present techniq ues, the

following features would appear to be desirable for an electrochemical

hydr ogen permeation techniq ue:

1. It should be applicable to any alloy system. Although the above

discussion is pr imarily concerned with ir on and steel , its application to

aluminu m, titanium, and uranium alloys has been proposed~
16

~ .

2. Surface effects must be minimized or eliminate d. The need exists

to separate surface reactions (polarization , passivation) from bulk effects

so that they can be separately analyzed. This is especially true for

those metals where the hydr ogen permeation is very slow, necessita ting long

experimental times even for very thin samples (30 , 31)

3. The same techni ques used for bulk sample studie s must be applicable

to surface—entry studies The need to compare , unequivocally , permeation

of hydrogen through samples where the only variable is the introduction of

an inlet surface is obvious~
3 4

~ .

4. Unequivocal, means of measurin g temperature effects are needed.

The effects of temperature on diffusivity have been studied by several re-

searcher s and “activation energies” have been reportedU9~ 
23—24, 26, 32)

However , the fact that diffusivity seems to be concentr ation dependent~
14 ’ 22)

and that surface—entry blocking effects have been noted~
30’ 32-34) leaves

these determination s sub ject to question. None of the reported studies on

temperatur e have accounted for the possibility of alterations in surfac e

emtr y efficiency as a function of temper ature.

- - - - -
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5. Sample preparation must not introduce extraneous hydrogen into the

sample. Increas ed hydr ogen fluxes have been noted in samples which have

been chemically etched when compared to mechanic ally abraded surfaces (19 , 30)

This may be due to improved surface entry kinetic s ( i. e . ,  a “cleaner ” sur-

face) , but it may also be due to unintended alteration of the sample by

electro cheinically generated hydrogen. It is a thermodynamic impossibility

to dissolve iron , or most other metals , without the simultaneous liberation

of hydr ogen in the acids or other aqueous media which have been reported ~
35”37

~ .

Thus chemical etching raises questions about how mnch hydr ogen trapping,

microcrack initiatio n or extension , etc . has occured prior to the intended

experimental measurement.

6. The electrochemical, cell geometry must be in accordance with best

electrochamical practice. Adequate agitation , the elimina tion of traps for

gas bubbles , minimizatio n of crevice effec ts~
34

~ , the use of buffered inlet

solutions whenever possible , and provision for mechanical abras ion and temp-

erature control seem desirable~~
’7’ 19, 30 , 32—33 , 38) 

None of the cells

that have been rep orted meet all of these objectives , although the modular

cell in use at the Naval Air revelopment Center comes closest (16 , 33)

7. The sample shape (a thin wafer or prism ) used by all of the above—

cited authors should be maintained . This geometry minimizes extraneous

dif fusion paths and stmplifies the mathematical analy sis of results

Greene recommends a cylindrical electrochetnical sample~
40

~ , but many re-

searchers have found a flat sample better insofar as reproduca bility of sur-

faces is concerned~
4
~~~. This sample geometry is also preferable . f  studi es

of aniatropic materials are to be under taken .

In order to optimize the desirable exper imental parameters outlines above,

an experimental program was undertaken to improve the electrochemical hydrogen

permeation technique. F~nphasis was placed on entry surface preparation and

cm ce”l geometry and design.
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EXPER IMENTAL PROCEDt~~E

Table 2 shows the chemical analyses of the Armco iron samples used in

this study . Figure 1 shows a block diagram of the electroche mical hydrogen

permeation apparatus used in this investigation. It is essentially the

same as first reported by Devanathan and Stachurski~
2
~~ , and it has been

• (19, 26—30, 34)used elsewhere by a nusther of i nvestigators . The poteritio—

stat fabricated for this study is described in Appendix A , and the regulated—

current D. C. power supplies are described in Appendix B.

One side of the sample (the right, or exit, side in Figure 1) is ex-

posed to an aqueous solution and maintained at a cons tant anodic potential

by means of a potentiostat. The current necessary to hold this sample at

the preset potential is allowed to equilibrate to a minimum current value.

Once a steady state background level is reached (less than 1 microainp/cTn2) ,

hydrogen is introduced into the opposite side of the sample by means of elec-

trolysis or by gas phase charging~~
7’ 19, 2l)~ The atcxnic hydrogen which

passes through the sample and reaches the exit surface is immediately ox-

idized to h ydrogen ions by the potentiostatic circuit. The change is cur-

rent necessary to maintain the exit surface at the preset potential. is a

measur e of the flow of h ydrogen to the exit surface. Immediate oxidation

of all atomic hydrogen reaching the exit surface mainta ins the hydrogen con-

tent at (or near) the surface very close to zero . Measurements of the time

to achleie measur able f l ux at the exit surface , the shape of the permeation

buildu p rurve (measu red current , or calculated flux , versus time), and the

total steady state flux then can be related to sample thickness, experimental

(19, 22—26, 30—32, 42)temperatur e , and a wide number of other variables

There are a number of methods for calculati ng diffu sivity and other

parameters from the hydrogen permeation da ta obtained by this techni que.
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All are predicated upon the assumption that a steady hydr ogen concentration

is attained at both the inlet and exit surfaces . The exit concentration

(C = 0) is relatively easy to attain , but variations in inlet hydr ogen con-

centration have been noted by several author s U9~ 22, 38 , 42— 43) These

variations may account for some of the differences in hydr ogen mobility

data which have been reported~
23’ 30, 38)

Figure 2 shows a typical electroch etnical permeation cell such as has

been rep orted in the literature. It is modelled after the cell used at

Cornell ( 19) and is essentially the same as that reported in use at Ohio

Stat e~
30 31’

~ , Water town Arsenal~
39

~~, and elsewhere. There are a number

of geometric probl ems associated with this cell design. As examples, gas

bubble accumulation and inefficient , or nonr eproducea ble , stirring may

account for some of the apparent changes in hydr ogen charg ing rates which

have been reported.

The electrochetuical hydrogen permeation cell used in this study is

shown in Figure 3. It was des igned to eliminate the undesirable features

of the cells commonly in use elsewher e and optimize the pr inciples of

electrochestical apparatus design outlined by Greene,~
40

~ and now generally

accepted in the corros ion and electroche inical. research coimuunitiea • The

ends of the cell are transparent to allow observation of the experiment

as it progresses.
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COATED EN~~Y SURFACES

Several researchers have reported hydrogen permeation studies using

coated inlet surfaces (16, 19, ~~~~~~~ The coating is intended to produce an

inert surface, minimizing corro sion effects on hydr ogen entry , while sup-

plying a readily permeable medium which is not rate controlling for

hydrogen tr anspor t . Palladium is normally selected for this purp ose be-

cause of its inertness.

Both electrolytic and electrole ss palladium coatings have been re-

ported; typically these deposits are approximately 10 ’s em thick (19)

fortunately , these deposits are not always inert, and rust or tarnish

filsm are sometimes observed , possibly at holidays in the coating or as

the result of hydr ogen “blistering ” such as is often seen in higf~ tem pera—

ture hydr ogen attack ~
13 ’ 39)~ Thicker palladium coatings might possibly

decrease the presence of holidays , but the likelihood of hydrogen damage to

the palladium layer or to the palladium-substrate interfac e would be in-

creas ed .

Many researchers have abandoned the use of palladium coating on hydr o—
(4 5—46)gan inlet surfaces of ferrous alloys . Unfortunately , this intro-

duces the probl em of a hydrogen inlet surface which is reactive with its

nvirormtent . Examination of the potential —pH diagram for iron~
54

~ , Figure

4 (wh ich has been exper imentally confirmed) (37 , 41) indicates that surface

reactions (ion build up and passive film form ation) resulting in hydrogen-

entry block ing effects are to be expected in most aqueous solution . , ex-

pecial ly during those times when a cathodic charging current is not being

applied . Effects of thi s natur e have reported on titanium samples (16 , 46)~
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Low current-density cathodic protection of inlet surfaces during hydro-

gen decay cycles (no intended measurable hydrogen inlet) has been attaup-

te~~
25’ , but this approach ignores the mixed—potentia l, nature of electr ode

interfaces (3 5 36)
• Even during hydr ogen charging, some corro sion of the in-

let surfaces seems possible~
38

~ , and the sulfuric acid or sodium hydroxide

solt~tions reported to have been used for charging can be expected to cause

passivation dur ing times when the charging cur cuit is not activated.

Electrolytic charging of uncoated entry surfaces using well-buffered
(32 , 38)acids has been reported, and in one case this was supplemented by

surface abrasion~
38

~ . It is interesting to note that the au thors who have

taken these precauti ons rep ort lower apparent diffusivities (i. e.,  longer

times to reach steady state ) than those who have not compensated for

passivity (see Table 1).

Total hydrogen f lux levels are gener ally not repor ted , but they are
(19)lower for uncoated samples than those rep orted for palladi um—coated samples

This may be due to blocking effects of surface corrosion products or to

other factors.

Figur e 5 shows a polarization curve for Armco iron in 0.2N NaOH , the

electrolyte used in this investigation . It shows that iron is reac tive in

this environment over a wide potential range . This is in agreement with the

theoretical (Figure 5) and experimental potential -p~ diagrams for iron~
37’ 41)

and with other studies on iron in bas ic electrolyte s ~~~ ~~~~~~~ Because of this

reactivity, it was necessary to coat the sample surfaces with an inert coating .

Metallic palladium was chosen for this purpose for reasons which have

been discus sed previou sly . Figure 6 shows the Pourbaix diagram for palladjom

and indicates that no reaction with sodium hydroxide ii likely under the

experimental condi t ions of this investigation. However , the possibility of

the forma t.ion of palladium hydride must be considered~
37’ 45)

•

Reported transport rates for hydrogen in pallad ium are lower than
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those reported by the same investigators for hydrogen in i~~~
(2] , 25) 

flow—

4 ever, the total transport rate will not be altered if the palladium surface

layers are thin enough when compared to the substrate metal (iron in this
(19)

study). (See IQpendix C.)

Figure 7 is a typical hydrogen permeation tr ansient that has been re-
(19)ported for palladium-coated Axmco iron . Figure 8 is a hydrogen perm ea-

tion curve for palladi um-coated Armco iron obtained in this study. The

only intended exper imental differences were the cell des ign (see Figu res 2

and 3) ,  the somewhat higher charging density , sample thicknes s , and the

palladium coating proc ess. It is interesti ng to note that a ”stea dy—state ”

hydrogen flux was not reached after even 24 hours for the sample in Figure 8.

Most of the hydr ogen fluxes r eported in Table 1 were obtained using similar

experimen tal techniques and were normal ly calculated using “steady-state ”

flux levels obtained in minutes . No sample preparation techniques involving

possible hydr ogen evolution from water or aqueous solutions were used in

this study for reasons which have been discussed above .

Figure 9 shows hydr ogen permeation transients on replicate Armco iron

samples for the first two hours of hydr ogen chargi ng. The two curves are

quite similar and the reproduce ability of f luxes is at leas t as good as

reported elsewhere~
2’9

~ . Figure 10 shows the long—term permeation behavior
*of these samples . It is obvious that both samples require a much longer

time than two hours to reach steady state. In fact, it is doubtful from

examining Figure 10 that either permeation curve truly leveled of f. This

type of transient has been observed previously, although the reasons for it

r~~~in controversia1U3~ 
24, 39 ip 49)

Figure 11 show. the debonding of a vapor-deposited palladium coating

from the Armco iron substrate after prolo nged cathodi c charging . It is not

dissimilar to the blistering shown in Figux. 12 on an electrodaposited

*One experiment was terminated af ter 22-1/2 hours due to a power failure.
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palladi um coating after similar ex sur e~
3
~~

Failures of this type led to the use of an argon-ion plasma coating pro-

cess after cleanin g of the sampl. surface by ion bombar~ nent. This process

was done under subcontract by the Miilis Research Corporation of Millie,

Massachusetts • It is anticipated that a sputtered coating after ion bombard-

ment cleaning would work equally well , and this has, in fact, been used

successfully in other laboratories (16, 46)

Figure 13 shows successive hydrogen permeation transients for replicate

samples of plasma-coated Arm co iron and of vapor-deposited Armco iron . The

long-term hydrogen flux levels are noticeably high er for the plasma-coated

samples.

Microscopic examination of the plasma-coated samples af ter prolonged

cathodic charging failed to locate any defec ts in the coating or any in-

dications of debonding. flowever , the surface of the samples were sometimes

discolored after exposure. Figures 14 and 15 show the tarn ish which appeared

on one of these samples. This tarnish could not be identified by X-ray

diffraction or X—ray f luorescence.

Figure 16 shows a long-term hydrogen permeation curve for a plasma-

coated Ax mco iron sample. The effects of roan temperature on the measured

permeation rate became apparent after approximately 24 hours • No true

steady state permeation flux was obta ined, although it is unclear as to

whether or not it would have been observed in a cons tant-tamperature environ-

ment.
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SUMMARY

Electrochesical hydrogen permeation curves have been obtained for

palladium-coated Armco iron. These indicate a substantially slower permea-

tion rate than has been reported elsewhere. It has been suggested that

the slower permeation rates (actually the longer times to reach a “steady-

state ” hydrogen flux) may be due to undesired surface degradation~
39’ 45—46)~

The possibility of the formation of palladium hydrides has been cited for

the abandomnent of the use of palladium entry surfac es in some labora tor-

ies (45)~ However, the charging media used in electrocheztical permeation

exper iments are reactive with f errous alloys J32~ 47-48) and this would

cause worse entry-blocking effects than those to be expected on a palladium-

coated surface.

The use of ion-bombar~ nent for surface cleaning followed by subsequext

plasma-deposition coat ing with palla dium seesm to produce a nonreactive

surface for hydrogen transport studies.

The long-term hydrogen permeation buildups shown in Figures 9 and 12

would yield lower apparent diffusivities than those camnonly reported else-

where. This behavior , generally reported as “anomalous ” by other J abora-

~~~~~~~ 
(24) , may be evidence of hydrogen trapping. It seams possible that

similar results might have occured on samples subjected to low charging

rates if the experiments had been run for longer times , i.e., long enough

to expose sample. to similar total hydrogen f luxes

Oriani has pointed out that low charging rates tend to amphaa ice bulk

transport (diffusion) processes, whereas high charging rates tend to em-

phasize trapping effects ( 50) 
• Th. fact that Bockris and coworkers have

asen this effect only on samples exposed at high charging rates (24) leade
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to the possibility that these “peaks” are due to hydrogen trapping~~
2’ 50, ~~~

occuring simultaneously with bulk migration by volume diffusion or other

processes. If this be the case, then hydrogen permeation rates would in-

crease until the ef f ects of tr appin g, and the growth of trap s, cause a re-

duction in permeation rate. Conceivably , the end result of such a process

would be disintegration of the sample. Sane authors have reported that re—

produceable hydrogen buildup transients on the same sample can only be ob-

tained af ter the sample has f irst been saturated with hydrogen for a period

of time. The has been attributed to the introduction or enlarging of tra ps

during charging (51, 52) and is consistent with the above-stated hypothe.is

This explanation has been discussed with other researchers who have

reached similar tentative conclusions (13, 39, 49)• If it is accepted as

an hypothesis , then a number of problems result insofar as the interpreta-

tion of hydrogen permeation data is concerned :

1. If no steady state condition is reached, then the calculation

methods for hydrogen diffusivity~~
2’ 3.7, 19, 23, 26, 43 44) which depend on

the measurement of a time to steady-state flux are invalid~
49
~.

2. Degradation of a sample due to the presence of hydrogen begins

immediately upon the introduction of hydrogen into the sample. This means

that no true steady—state condition is likely to be obtained and the tr ap

density of a sample can be expected to change continuously during hydrogen

charging. Thi. can occur at high charging rates in well-annealed pure

iron, as well as in higher strength, higher trap density materials at some-

what lower charging rate s .

3. Because hydr ogen permeation rates have been reported to be dependent

on hydrogen concentration~~
4’ 15) 

compar isons of hydrogen p.rmeab4.lity be-

tween alloys must be made on samples which have undergone equivalent
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charging conditions, i. e., the same total amount of hydrogen charging intro-

duced at the same charging rate.

4. High charging rates should be used to study trapping effects on

hydrogen permeation

I
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O)NCLUS IONS

1. The optimized hydrogen permeation cell in Figure 3 baa been shown to

yield reproduceable hydrogen flux levels on palladium-coated ferrous

alloy samples for electroch emical hydrogen permeation experiments.

2. Iner t sample surfaces are necessary to study hydrogen transport

characteristics of ferrous alloys . Plasma-coated palladium has

proven to be an acceptable surfac e for this purpose.

3 • No true steady—state hydrogen flux levels can be achieved for the

steels studied in this report. For this reason , no apparent diffusivi-

ties can be calculated for these alloys .

- - - -
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4 TABLE 2: ARM~ ) Iron Composition

_______ WEIGIT P~~CENT’

Carbon 0.00135

Manganese 0.045

Phosphorus 0 • 004

Sulfur 0.0025

Silicon 0.002

Nitrogen 0.0009

Copper 0 • 018

chromium 0.006

Nickel 0.005

Molyb4enum 0.005

a

Heat analysis supplied by Axsnco Steel Corporation , Middletown, Ohio.
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Fi jure 10: uebonded palladium coatinq after prolonged hydrogen ch arging .
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Figure 13: Tarnish film on surface of palladi um coated sample.
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APP~~DIX A: PO~~~ITIOS TAT DESIGN FABRICATED FOR ThIS STUDY

Potentios tat Specifications

Control Range: 4 1.00 Volta with respect to the reference electrode

Maximum Current Output: Approximately 1. Milliampere

Reference Electrode Current: Less than 1 Picoampere

Reference Voltage: + 1.00 Volt Obtained from Regulated (+ 15 VCD) Supply

Potential z~~ift: Less than 10 Millivolts

Supply Vol tage: + 15VDC , Regulated .5% Line, .5% Load

Theory of Operation:

The curcuit is based upon a voltage feedback systun , using A2 as an

inverting amplifier utilizing negative feedback . The non-inverting terminal

is referred to ground while feedback resistor R5 is placed in-between the

inverting and output terminals . Resistor R4 is placed in series with the

signal source E and the inverting terminal .

It can be shown that the output signal E0, will be

E - -A(E5 - bE0) where

A — Gain of the Amplifier (A2) ,  R5/R4

E5 — Input sign.].

b - Fraction of the outp ut signal fed back, and

E0 — Output Signal .

If - E5, then the voltag, between the auxiliary and werking alec-

trode s, E0, and , therefore , the current, will be zero. Thus a difference be-

tween bE0 and E5 will cause a non-zero outp ut which tends to bring bE,, ~~~

back to .quivalenc..

L_ Is
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Amplifier Al is set up as a high impedance voltage follower for the in-

put of the reference electrode. Utilizing the extrenely high input impedance

of Al enables the life , the reference electrodes to be indefinite.

Switch Si allows the polarity of the reference voltage to be vari ed.

Potentiometers Ri and R2 allow the reference voltage to be accurately set.

Parts List:

Part Number Description

Al Analog Devices Ad 515 Operational k~~lifier

A2 National Seniconductor LM 308 Operational
Amplifier

Ri 25K Thin Potentiometer

R2 1K 10 Thrn Precision Potentiometer

P.3(2) lM, 10% , 1/4 Watt Resistor

R
4

( 2 )  l.2M , 10%, 1/4 Watt Resistor

R 5 22M , 10% , 1/4 Watt Resistor

Cl 0.008 2 uf , 1Kv Capacitor

Si Spdt Switch

Miscellaneous : Regulated power supply, knobs, jacks , terminals, cabinet

Is
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APPENDIX B: REGt.LATED CI~ R~~ I D. C .  POWfl~. SUPPLIES

FABRICATED FOR ThIS STUD!

Parts List

Part Number Description

lCl RCA CA723C Integrated Circuit

Ri i~~ , 10%, 1/4 Watt Resistor

R2 l0}(), Thin Rotentiometer

P.3 33~~) , 10%, 1/4 Watt Resistor

Cl 100 pF, lxv, Capacitor

Dl IN 457, Diode

Miscellaneous : 15 V DC Regulated Power Supp ly, Terminals , Ammeter ,
Switches, thaasis

.4
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APPENDIX C. CALC~LATIONS AS ‘10 WHEThER PALLADIU4 CX)ATI1~~S

WUIL BE RATE LIMITING FOR HYU~tOGEN TRANS~~RT

The use of the palladium coatings on both the inlet and exit surf aces

of the specbaena has certain advantages which have been discussed pre-

viously in the report. It is necessary, however, to be certain that it

is not the palladium which is limiting the diffusion, but rather the iron.

An order of magnitude calculation can be obtained to compare the

potential flux across the Pd layer as compared to that across the iron.

The steady state flux can be represented as follows:

C
J =__ 

L

_______________________ Fe Pd

D (om2/sec) — l0~~ = l0~~

C
0 (Arbitrary T.b~its) 1 100

L (Qn) 5 x 10 2 2 x 10~~

‘~oo Pd 
— ~~~~ (100/2 ~ io~~~~~ = 2.5 x ~~~ (R ef. 19)

~oO Fe iO~~ (1./5 x i0 2 )

Coupled with the fac t that for identical samples , one with a palladium

coated inlet surface and one without , the coated sample produces the higher

flux , there is little doubt that it is the iron layer which is rate limiting

and not the palladium. This calculation is identical in method to that us ed

in A. Kumnick, Ph. 1). Dissertation, Cornell University , 1972 (Reference 19).
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