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by 

Kelly A. Lee 

ABSTRACT 

Three well known electrochemical techniques were used 
to study the diffusion of hydrogen in tensilely deformed 
iron and nickel membranes. Constant current permeation 
tests, current pulse tests and potentiostatic depletion 
tests were performed to determine which test produced 
the most reliable and reproduceable data. The bulk lat¬ 
tice diffusivity in annealed nickel at 22 °C was found 
to be 3.24 X 1(T^® cm2/sec while the bulk lattice diffus¬ 
ivity in annealed iron at 21°C was found to be 1.59 X 
10”6 cm2/sec. 
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amperes 
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total concentration, + CT 
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observed diffusivity, cm^/sec 

incremental volume element 

instantaneous rate of increase in the 
fraction of occupied traps, n 

instantaneous rate of increase in the 
total number of hydrogen atoms, Q 
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fractional occupancy of the trap sites 

free energy necessary to move an interstitial 
atom from rest in a vacuum to a perfect lattice 
interstitial site, 1 

free energy necessary for interstitial diffusion 
from one perfect lattice site to another like 
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atom from rest in a vacuum to an interstitial 
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free energy necessary for interstitial diffusion 
from one trap site to another like site 
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Boltzmann's Constant 

constant associated with the probability 
of trapping an atom 

equilibration constant between the trapped 
and mobile concentrations 
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trap density, # traps/unit volume 

number of interstitial atoms, both lattice and 
trapped 
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total number of sites/unit volume 

fractional occupancy of the trap sites 

constant, probability of releasing an atom from 
a trap before another atom passes by 

total number of hydrogen atoms in volume, V, at 
time (t) 

surface area 

thickness 

temperature, °K 

trap site 

breakthrough time, time necessary for hydrogen 
to diffuse through the membrane and arrive at 
the exit surface 
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- lag time, time necessary to produce a linear 
concentration distribution in a sample under 
constant cathodic charging 

X. - ratio of diffusivity in the trapped crystal to 
diffusivity in the perfect crystal 

0 - solubility, N^/Nj 

9i'ei ~ fractional occupancy of a specific type site 

activity coefficient of the perfect lattice 
1 interstitial atom 

activity coefficient of the trapped interstitial 
atom 

^m - activity coefficient of the activated complexes 

p - defect density 

|Jt^ - chemical potential of the interstitial atom 
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1. Introduction 

1.1 General Outline 

The general purpose of this work was to achieve a 

better understanding of the kinetics and thermodynamics 

involved in the diffusion of electrolytic hydrogen through 

metal membranes deformed in tension. This work was limited 

to the diffusion of hydrogen in face centered cubic nickel 

and body centered cubic iron membranes which had been 

subjected to varying amounts of tensile deformation. 

Various techniques for analyzing diffusion coefficients 

were employed in an attempt to determine which technique 

generated the most reliable and reproducable data. 

The equipment set-up used in these experiments was 

specifically designed to improve accuracy and reproduci¬ 

bility of the data. Cathodic charging was effected with 

a Beckman Industries "Electroscan 30" capable of charging 

current densities of 10“7 to 10 “1 A/cm2 with a resolution 

of 1 x 10“^ A/cm^ . For constant current permeation tests, 

the anodic potential applied to the diffusion side of 

the membrane was effected with a Kepco voltage source 

and a Leeds-Northrup potentiostat. The applied voltage 

was directed through a precision one ohm resistor to in¬ 

sure constant potential. For potential-depletion tests, 

the anodic potential was applied with the Electroscan 30. 



2 

The experimental results generated in this study are 

discussed in light of available diffusion data for cold 

rolled specimens. Attempts are made to fit the data to 

the various published models for altered diffusivity due 

to hydrogen-dislocation interactions. Further investiga¬ 

tions of the Fe-H and Ni-H systems are suggested and 

discussed. 

1.2 Purpose of the Investigation 

The reasons for pursuing this investigation are both 

academic and economic. Little work has been done on the 

effect of tensile deformation on the diffusivity of hydro¬ 

gen in pure metals. Since the two metals studied here 

have significant applications in environments where hydro¬ 

gen-induced failures occur, it is of great importance 

to understand the effects of strain on hydrogen diffusivity. 

A second reason for performing this work lies in the 

nature of the two metals studied. Iron, a body centered 

cubic material, is probably the most widely used engineer¬ 

ing material in the history of modern man. Often ferrous 

alloys are placed in service in hydrogen producing environ¬ 

ments where the loading conditions are such that sustained 

tensile loads are applied to the structural members. The 

effects of the loading on the members is such that, often 

accelerated hydrogen entry and, ultimately, failure occur. 

Nickel alloys are often used to replace ferrous alloys 

in severe environments and do not in general, show the 



accelerated hydrogen entry leading to premature failure. 

While studies of diffusivity in these two pure metals 

do not fully elucidate the effects of strain on diffus¬ 

ivity in such complex systems as the alloys of these metals, 

they do shed light on the kinetic and thermodynamic differ¬ 

ences which occur in these systems. The behavior of iron 

alloys in the temperature regime where embrittlement occurs 

(approximately 0-35°C) should be significantly different 

than that of nickel alloys. Such differences in transport 

phenomena should be well defined in the two pure metals 

and should, in turn, be characteristically similar to 

the respective alloy systems. 

A final consideration in the undertaking of this study 

is that of the wide discrepancies in the multitude of 

published results concerning hydrogen diffusivity in the 

iron system. Diffusion studies on fully annealed and 

cold rolled iron membranes have indicated that at low 

temperatures, hydrogen is trapped within the metal lattice, 

but few studies have been found where the strain condition 

was systematically controlled as was done here. 

It is hoped that this study results in some clarifica¬ 

tion of the effect of loading induced defects on hydrogen 

diffusivity in two of the most important pure metals avail¬ 

able today. 
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2. Background 

2.1 Theoretical Models 

Diffusion studies have been an extensive area of 

research since Caillet (1864) first discovered that hydrogen 

permeated iron. Since that time, most studies have been 

concerned with the permeation, diffusion and solution 

of hydrogen in fully annealed materials; however, during 

the last thirty years, numerous investigators have performed 

studies on membranes which have been subjected to various 

degrees of cold working. 

Darken and Smith (1949) were the first investigators 

to suggest that imperfections, which were introduced by 

cold working, affected hydrogen diffusion through the 

lattice. These authors applied subscale kinetics to ex¬ 

plain the enhanced diffusivity seen in cold worked spec¬ 

imens, but the use of the subscale analysis was not com¬ 

pletely accurate since one of the necessary assumptions 

in this model was one of relatively large hydrogen concen¬ 

tration. 

McNabb and Foster (1963) proposed a model whereby 

hydrogen atoms were "trapped” in potential wells of signif¬ 

icantly greater depth than the wells of the normal lattice 

site. Figure 1 is a depiction of such a potential well 

variation. In this figure, is the free energy neces¬ 

sary to move an interstitial atom (i) from rest in a vacuum 

to a lattice interstitial site (1) in a perfect crystal, 



F
r
e
e
 
E
n
e
r
g
y
 

5 

Figure 1 - Schematic of free energy 
potential wells for lattice, 1, and 
trap, t, sites 
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while Gi represents the free energy necessary to move 

the interstitial from rest in a vacuum to a trap site (t) 

in a deformed crystal. The quantities <3^ and are 

the activation free energies for interstitial diffusion 

from one perfect interstitial lattice site to another 

and for interstitial diffusion from one trap site to ano¬ 

ther, respectively. 

In this model, the traps are assumed to be randomly 

distributed throughout the lattice. As hydrogen atoms 

diffuse through the lattice, there is a certain prob¬ 

ability that the atoms will encounter a deep potential 

well and will be trapped within this well. At the same 

time, there is a certain probability that a trapped atom 

will become untrapped. 

McNabb and Foster defined three separate types of traps: 

1 ) a shallow trap which has only negligible delay¬ 

ing effect upon the atom, 

2) an intermediate trap which has a significant 

probability of delaying the atom and 

3) a deep trap which is so strong that any atom 

captured in it will be permanently trapped. 

Only the intermediate, or "active" trap is considered 

in their model and shown in Figure 1. 

Assuming that there are N traps per unit volume, and 

that the fractional occupancy of the traps is n, the overall 

effect of such traps can be characterized according to 
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the probability of trapping and untrapping an atom. In 

an incremental volume element 0V, the number of atoms 

trapped is proportional to the concentration of the 

diffusing species, C, and to the number of vacant traps 

per unit volume, N(l-n). If the probability of trapping 

an atom is K, then the number of atoms captured in 0V 

per unit time is KCN(l-n) 8v. It can be shown that if 

P is the probability that a trap will release an atom 

before another atom passes by, the number of atoms released 

in 0V per unit time is proportional to the number of 

occupied traps and is equal to PnNÔV. 

The rate of increase in the number of trapped atoms 

in the volume increment 8V can now be related to the dif¬ 

ference between the number being captured and the number 

being released per unit time: 

= KC(l-n)-Pn (1) 

The total number of hydrogen atoms, Q(t) in the volume, 

V, at time, t, can be seen to be related to the lattice 

concentration, C, and the total number of occupied traps: 

Q(t) = y/jf(C+nN)dV. (2) 
V a 

The rate of increase of hydrogen atoms, <Z2. , is equal 
0t 

to the flux of atoms through the surface area, S, per 

unit time, so. 

m 
s 

Dgrad(C)ndS. (3) 
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Equations ( 2 ) and ( 3 ) can be manipulated to eliminate 

Q(t), giving the main conceptual point contained in the 

McNabb-Foster model: 

Since the last equation is valid for any volume, the inte¬ 

grands can be equated giving 

It is fairly obvious that in an experiment where the 

concentration of diffusing species is much greater than 

the trap density (ie. C>>N), the effect of the traps be¬ 

comes negligible and the material exhibits behavior in 

accord with simple Fickian diffusion. When the concentra¬ 

tion of diffusing species is small, (ie. C«N), the effect 

of the traps can significantly alter the diffusion behavior. 

Oriani (1970) reworked the McNabb-Foster model by 

considering a local equilibrium between the mobile lattice 

and the trapped populations. In his model, Oriani defined 

an activity of the hydrogen which was expressed in terms 

of the fractional occupancy, ©j_ , such that 

Assuming that there is no interaction between the 

occupied sites, the equilibrium between the trapped and 

mobile concentrations can be described by an equilibrium 

div(DgradC). (5) 

(6) 

This last equation a^ has the limit a^ = 0^ as 0 0. 

constant 
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K' f 

1 
e 
1 

(7) 

The total concentration in the medium is then related 

to the total number of mobile atoms and the number of 

trap sites which are occupied: 

CT = C1 + Ct = N161 + NtV (8) 

The last equation can then be used to derive Oriani's 

relationship between the bulk lattice diffusivity, Dj_ and 

the observed apparent diffusivity, D0bs
: 

dC, 
Dobs = D L dC+ 

_ D r, , NtNiK> , 1 
DL l^1 (NJ. + K'C^ J 

= ^ ( q \ 
C1 + C

td“e
t) 

It should be noted that when the fractional number 

of occupied traps is very small, ©t <<1, the equation 

(8) reduces to the relationship for effective diffusivity 

according to the subscale analysis used by Darken and 

Smith (1949) 

^1 
Dobs = DL • (10) 

The most obvious shortcoming of this model as formu 

lated by McNabb and Foster and later modified by Oriani, 
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is that the model breaks down when the flux, J, cannot 

be expressed in terms of the total concentration gradient 
0C 
_. >— . This may occur when the time for change in the 

lattice concentration, , is not long enough to accom¬ 

plish the change necessary in the trapped concentration, 

act, that is required by the equilibrium equation, (7). 

Assuming that the problem concerning the equilibra¬ 

tion rate between mobile and trapped populations is not 

encountered or effectively small, the solutions of Fick's 

equations generated in the McNabb-Foster or Oriani models 

are extremely complex. Caskey and Pillinger (1975) applied 

the method of finite difference to the McNabb-Foster equa¬ 

tions to produce approximate solutions to these equations. 

Caskey and Pillinger performed a Gauss elimination pro¬ 

cedure to deduce a concentration distribution between 

the mobile and trapped populations. Once this was known, 

the amount of hydrogen in the lattice (mobile) and that 

trapped could be obtained along with the total quantity 

permeated.. 

A most interesting aspect of the Caskey-Pillinger 

analysis was the importance of the trapping parameters, 

K and P, and the trap density, N. As the ratio of trap¬ 

ping to untrapping probabilities, K/P, increased, the 

permeation rate decreased. Increasing the trap density 

also decreased the permeation rate while it had the further 
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a. Constant trap density, 
N » with increasing K/P 

ratio. 

(K/P)2<(K/P)3<(K/P)4 

b. Constant trap and 
release rates with in¬ 
creasing trap density, 

N 2< N 3< N 4 

c. Increasing release 
rate, PNndV, with 
N» Cp. 

PNn3V2< PNndV3 <PNn8V4 

Figure 2 
Typical Permeation Curves for Interstitial Diffusion 
With Reversible Trapping. In ail Plots, Curve 1 

is for Perfect Lattice Diffusion. 
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effect of prolonging the attainment of steady state. Figure 

2 shows typical permeation transients such as those derived 

in the Caskey-Pillinger analysis. 

The effects described in the last analysis can be 

seen in experiments on specimens which have sucessively 

greater degrees of cold working. Such experiments should 

show permeation rates and diffusion constants which vary 

with cold working; however, problems with calculating 

diffusion coefficients from experiments involving time- 

lag analysis may become apparent. While time lag experi¬ 

ments on successively greater cold worked specimens may 

indicate that trapping is present, the true lattice dif- 

fusivity must be known accurately or attempts . to calcu¬ 

late the trap density and related properties will be in 

error. 

An alternate model for the effects of cold work on 

hydrogen permeation and diffusivity was introduced by 

McLellan (1979). His model related the change in chemical 

potential, |1 , to changes in the observed diffusivity 

and solubility in deformed materials. McLellan originally 

derived his model for traps due to substitutional impurities 

in the lattice but the nature of the defects could also 

be dislocation sites or any other incongruity within 

the lattice. 

Initially, a distribution function was found which 

related the number of diffusing atoms on trap sites to the 
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total concentration of the diffusing species. To perform 

this analysis, McLellan defined the flux of the diffusing 

species in both the perfect and the defect crystals 

according to the activities of the activated complexes, 

*Ym , the transmission coefficient for jumping from one 

site to the next available like site, — , and the free • m 

energy for jumping from site to site, and , for 

the perfect lattice interstitial site and the trap site, 

respectively. He assumed that the jump distances, the 

activity coefficients of the activated complexes and the 

transmission coefficients were the same in each crystal. 

The resulting flux equations for the perfect (1) and the 

defect (t) crystals, respectively, were: 

Qld 

J “ 67" Ci\ mexp(—FT*' (11 } 

m 

and çtd 

Ci m 

+ (l~ft)exp(—)] ( 12) 

In the last flux equation ffc was the fractional occupancy 

of the total number of interstitials which are instant¬ 

aneously in trapping sites, and was equal to N^/N^. 

Tt The ratio of the fluxes ïL—could then be related 
J1 

to the diffusion coefficients by Pick's first law, 

= -D • The ratio \ = ïL_ 
dx D1 

J was shown to be 
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t G^G1 

-yr + ft exP t- - L ■i ■ u kT ( 13) 

The right hand side of this equation can be simplified 

to be 

x _ yt p P. 
The significance of the last equation can be seen 

yt 

if the ratio ~yY related to the change in chemical 

potential,|JL ^ , of the diffusing species due to a change 

in local concentration, while F is related to the number 

of mobile and trapped atoms and to the difference in free 

energy for the trap sites. This type analysis indicates 

that the diffusivity is inherently related to the trap 

depth and density, and to the equilibrium conditions. 

As such, at some critical temperature the solubility of 

the diffusing species is lowered to the point that it 

is nearly equal to the trap density and all the diffusing 

atoms will condense on the traps. The diffusion coefficient 

in such a case rapidly nosedives. Such an anomaly has 

been consistently seen in the literature concerning the 

Fe-H system. 

McLellan then derived the distribution function relat¬ 

ing the ratio of solute atoms on trap sites to the total 

number of sites N^* The derivation involved only thermo¬ 

dynamic analysis of the change in free energy with the 

9G 
change in the number of traps = 0 and resulted 

in a distribution function of the form 

, N
Tp'

Nt N' 
N_(1-P>-I«L 

1 * 
X . 
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The solution of the last equation that is valid for 

all trap densities was shown to be 

where 6, the solubility is Ni/N^ and K" is p+ (l-p)x. 

This equation indicates a Fermi-Dirac type distribution. 

This type distribution indicates that as long as the number 

of interstitial atoms dissolved in the lattice is less 

than the defect concentration all the diffusing atoms 

will become trapped. This should be experimentally 

verifiable in deformed specimens at low temperatures. 

A test of McLellan's (1980) model in Pd-Cu and Pd-Nb 

alloys indicated that the use of the chemical potential 

analysis was fairly accurate in predicting the change 

in interstitial diffusivity in ternary solid solutions. 

The same type of effects are then expected in binary inter¬ 

stitial solid solutions (U-i), as well. 

McLellan (1981) discussed the differences in the anal¬ 

ysis that he performed and those done by McNabb and Foster 

(1963), Oriani (1970), and Koiwa (1974). Each model fit 

the available diffusion data for specific systems but 

differed inherently in the method of analysis. McLellan 

used the analysis of Koiwa (1974) to show that calcula¬ 

tion of the diffusion coefficient from analysis of ideal 

jump frequencies is not as experimentally verifiable as 

(14) 
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one calculated from an analysis of the chemical potential 

of the diffusing atoms. While each of the trap models 

has inherent approximations, either model can most prob¬ 

ably fit data for specific metal systems; however, the 

approach involving activity coefficients and chemical 

potential variations appears to be more easily definable 

than one involving trapping frequency factors. 

Numerous investigators have performed diffusion studies 

on high purity iron which had been cold rolled to various 

degrees. A treatment of the effect of such nonuniform 

deformation on the diffusivity of light interstitials 

was performed by Lin and Johnson (1982). Their analysis 

involved defects which were concentrated in a very thin 

layer just beneath the input and exit surfaces, as would 

be produced during cold rolling. 

The Lin-Johnson analysis showed that when the defect 

layer is near the input surface, the delaying effect on 

the diffusing species will not be as significant as when 

the defect layer is near the exit surface. They also 

found that the effects of a nonuniform distribution are 

always less than an equivalent uniform distribution. This 

could indicate that tensile deformation may produce deeper, 

more effective traps than cold rolling. 

2.2 Previous Studies 

Numerous investigators have performed diffusion studies 

on iron and nickel membranes in the last twenty years > 
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Various techniques have been used including gas phase 

permeation, gas phase charging-electrochemical detection, 

single and double current pulse and potential depletion 

tests. In general, there has been no agreement and little 

reproducibility amongst the individual studies, especially 

in the iron system. 

Kuichi and McLellan (1983) presented a comprehensive 

compilation of the diffusion data for iron of over forty 

investigations. Figure 3 is a plot of data compiled by 

Kiuchi and McLellan. As can be seen, values of D from 

0-50°C vary significantly over four orders of magnitude. 

While the majority of these variations are specifically 

due to surface impedence problems, some credibility must 

be given to the theory of delayed diffusion due to defects. 

The plot of diffusion data for nickel as compiled 

by Vôlkl and Alefeld (1975) does not show the same type 

of irregularities as seen in iron. Figure 4 is a plot 

of the compiled diffusion data and it is amazing how well 

the data fits the extrapolated high temperature data. While 

the discrepancies between the behavior of iron and nickel 

are often used to discount the defect theory, another 

factor in the nickel system may be that the trap depth 

is either so near the depth of the normal lattice site 

so as to not affect diffusion or it does not become active 

until temperatures well below those accessible to gas 
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for Ni 
See Alefeld and Vôlkl (1975) for original 
references. 
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phase or electrochemical measurements. 

A recent review by Kuichi and McLellan (1983) has 

indicated that the significant deviations from linearity 

in iron at low temperatures can be divided into two groups: 

1. those involving spurious surface layers and 

2. those involving membranes with elevated disloca¬ 

tion densities. 

While most studies involved no analysis of the dislocation 

density, Kuichi and McLellan fit diffusivity ratios 

( X. = /D^ ) of the experimental data sets and found 

a very good agreement between the measured diffusivity 

ratios and calculated increasing dislocation densities. 



3. Experimental 

3.1 Material 
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The iron samples used were MARZ grade with a total 

interstitial impurity (N,0,C) content of 82 ppm. The 

complete chemical analysis was as shown in Table 1. 

The material was supplied in 0.25 by 0.50 inch slugs. 

The slugs were cold rolled to a 75% reduction in area, 

annealed in vacuum (P < 5x10 Torr) at 800°C for one 

hour, cold rolled a second time to a 35% reduction in 

area and vacuum annealed at 800°C for one hour. The 

material then in 0.10 inch diameter by 1.75 inch rods. 

Foils 0.0054 inches thick were rolled in a total of 10 

rollings with the amount of the reduction in area reduced 

during each rolling. The final reduction in area was 

held to approximately 17%. Intermediate annealing in 

vacuum at 800°C for one hour was performed after each 

rolling. The final annealing cycle was at 800°C for three 

hours. 

The nickel samples were also MARZ grade but the material 

was supplied in foil 0.002 inches thick. The interstitial 

impurity content was 32 ppm. The chemical analysis was 

as shown in Table 2. An annealing cycle was performed 

at 900°C for three hours to ensure the material was uni¬ 

formly annealed. 

3.2 Microscopy 

Optical microscopy was performed on typical samples 

from each material. Grain size determinations were per- 
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ELEMENT PPm ELEMENT PPm 

Hydrogen <1.0 Copper 0.60 

Carbon 12.0 Zinc 1.90 

Nitrogen 10.0 Gallium <0.10 

Oxygen 60.0 Zirconium <0.10 

Sodium 1.60 Niobium <0.10 

Magnesium 0.87 Mdybdenum <0.10 

Silicon <0.10 Palladium <0.10 

Phosphorus 0.70 Silver <0.10 

Aluminum <0.10 Indium <0.10 

Sulfur 2.60 Tin <0.10 

Chlorine 0.80 Antimony <0.10 

Potassium 1.80 Tantalum <0.10 

Calcium 0.80 Tungsten <0.10 

Titanium 1.40 Platinum <0.10 

Chromium 1.60 Gold <0.10 

Nickel <0.10 Lead <0.10 

TABLE 1 

Composition of electron beam melted, four pass zone refined, 
MARZ grade iron pellets. 
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ELEMENT PPm ELEMENT PPm 

Hydrogen <1.0 Copper <0.1 

Carbon 15.0 Zinc <0.1 

Nitrogen <5.0 Gallium <0.1 

Oxygen 12.0 Zirconium 0.65 

Sodium 0.15 Niobium <0.1 

Magnesium 2.0 Molybdenum 0.25 

Silicon 17.0 Silver 1.2 

Aluminum 0.9 Tin 1.2 

Sulfur 0.25 Antimony 0.5 

Chlorine 1.0 Tantalum <0.2 

Potassium 0.2 Tungsten <0.1 

Calcium 0.45 

Titanium <0.1 Lead <0.1 

Chromium 2.0 Iron 20.0 

TABLE 2 

Composition of electron beam melted, four pass zone refined, 
MARZ grade nickel foil 
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100X 

Figure 5 

Typical Photomicrograph of Structure 
of Annealed Iron Foil 
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50X 

Figure 6 

Typical Photomicrograph of Structure 
of Annealed Nickel Foil 
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formed in accord with ASTM specification E-112. The iron 

had an ASTM grain size of 8 while the nickel samples were 

ASTM macrograin size 2. Typical photomicrographs of each 

material can be found in Figures 5 and 6. 

3.3 Surface Preparation 
O 

All specimens were sputter coated with 480 A of pure 

palladium on each side. Coating was done in a Polaron 

PS-2 sputter coater, shown in Figure 7. The coating 

parameters were 20mA, 1.2kV for four minutes. The gas 

used was high purity argon. The coating thickness was 

calculated using the following equation 

s=mAxkVxtxK (15) 

where K is a constant and is equal to 5 for argon. 

3.4 Tensile Deformation 

Samples were tensilely loaded on an Instron Model 

4100 shown in Figure 8. The loading rate was 0.2 in/in. 

min.. Samples were deformed to the percentages shown in 

Table 3. 

3.5 Electrochemical Cell 

An electrochemical cell as shown in ' Figure 9 was used 

for all experiments. The cell consisted of two symmetric 

plexiglass compartments with the sample sandwiched bet- 

-5 2 ween them. A circular area of 2.0268 x 10 m was exposed 

to the electrolyte on each side of the sample. An outer 

plexiglass compartment was used for fluid circulation 
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Figure 7 
Polaron PS-2 Sputter Coated Used to 

Pd Coat Fe and Ni Samples 
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Figure 8 
Instron Model 4100 Tensile Machine Used to Produce 

Tensile Deformation in Fe and Ni Samples 



Sample Material Strain 

1 Fe O-annealed 

2 Fe 5% 

3 Fe 10% 

4 Fe 15% 

1 Ni O-annealed 

2 Ni 2.5% 

3 Ni 5% 

4 Ni 11% 

Table 3 

Deformation Levels for Fe and Ni Foils 
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during high and low temperature measurements. 

The auxiliary electrodes were 0.50 mm diameter plat¬ 

inum wire coils. Potentials on each side of the metal 

membrane were measured using Haber-Luggins capillary 

bridges and saturated Calomel electrodes. 

3.6 Electrolyte 

Originally, an electrolyte consisting of two parts 

by volume glycerine to one part phosphoric acid, as devel¬ 

oped by Kirchheim and McLellan (1980), was used. The 

electrolyte, according to these authors, reduced the mobil¬ 

ity of the hydrogen ions in the solution so that signif¬ 

icant fluctuations in the hydrogen concentration at the 

input surface did not occur. Problems encountered with 

this electrolyte occurred during constant current permea¬ 

tion tests due to an inability to measure small current 

changes (microamperes) because of the high resistance 

of the electrolyte. 

A 0.1N NaOH solution was used for all subsequent tests. 

The resistivity of this electrolyte was so low that even 

small changes in the anodic current could be measured 

accurately. The.electrolyte was changed after every fourth 

or fifth set of tests. No major problems were observed 

concerning input concentration fluctuations with this 

electrolyte. 
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3.7 Electric Circuit 

3.7.1 Constant Current Permeation Tests 

The electrical circuit consisted of an anodic and 

a cathodic circuit as shown in Figure 10. Constant current 

charging of hydrogen was effected by a Beckman Industries 

"Electroscan 30" run in a galvanic mode (cathodic circuit). 

While constant charging was occurring, a constant anodic 

voltage was applied to the measuring side of the sample. 

The anodic circuit consisted of a Kepco Industries voltage 

source and a Leeds-Northrup potentiostat. The applied 

voltage was directed through a precision one ohm resistor 

to ensure constant voltage. The anodic current was mon¬ 

itored on a Hewlett-Packard 3465A digital multimeter. 

3.7.2 Potentiostatic Tests 

The electrical circuit for cathodic charging was the 

same as shown in Figure 10. Charging was done at low amper¬ 

age (typically<lmA) for long periods of time until a uniform 

hydrogen concentration was produced in the sample. The 

cathodic charging was then turned off and a constant anodic 

potential of 500mV was applied to the input side of the 

membrane as shown in Figure 11. The change in the 

electropotential at the diffusion side of the membrane 

was monitored on a Doric 410A digital voltmeter and plotted 

on a Hewlett Packard 7133A chart recorder. 
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7 

m 

Figure 10 - Electric Circuit 
for Constant Current Permeation 
Tests 

Legend: 
1 - sample 
2 - cathodic current source 
3 - anodic voltage source 
4 - platinum auxilary electrodes 
5 - Reference electrodes - calomel 
6 - ampmeter for monitoring anodic current 
7 - chart recorder for plotting EMF from 

reference electrodes 



Figure 11 - Electric Circuit 
for Potentiostatic-Depletion Tests 

1 - sample 
2 - Electroscan 30 in anodic mode 
3 - HP 7133A chart recorder 
4 - Pt. auxilary electrodes 
5 - Calomel reference electrodes 
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3.7.3 Current Pulse Tests 

The electrical circuit for the current pulse test 

involved only cathodic charging as shown in Figure 10. 

No anodic voltage was applied to the membrane. 

The iron samples were the only ones successfully tested 

using the current pulse test. Initially, the sample was 

not charged with any hydrogen and a high density pulse 

was applied. After the response at the diffusion side 

of the membrane was monitored, the sample was then 

incrementally charged to steady state and pulsed at the 

constant, high density value. The background charging 

current was varied from 10p.A up until either the highest 

value obtainable on the Beckman was achieved or the sample 

was fully saturated and no pulse could be detected. 

The pulse test was typically run prior to the potentio- 

static test, so a variety of diffusion values could be 

obtained from one extensive set of tests. This approach 

was extremely effective in studying the hydrogen-dis¬ 

location interaction mechanism. 

3.8 Procedure 

The electrical connection to the sample was made by 

spot welding a 20 gauge copper wire to the membrane using 

a Weldmatic Model 1015C spot welder. The sample was cleaned 

with isopropanol and acetone, and then sandwiched between 

the cell compartments. 
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The NaOH solution was introduced into the cell and 

allowed to "rest" for a minimum of four hours. An anodic 

voltage of 200mV for nickel and 150 mV for iron was applied 

for thirty minutes prior to each diffusion run. This 

had two separate functions: 

1. To deplete any hydrogen that might still be in 

the membrane, 

2. To clean and condition the membrane èxit surface 

by slight amounts of anodic dissolution. 

The anodic current was monitored during the conditioning 

treatment and the current density was typically 50|i,A/cm 

or less. This low value was not enough to cause signif¬ 

icant anodic dissolution. 

Constant current permeation tests were attempted on 

the annealed nickel foil. At room temperature, the plots 

were very well behaved but near 0°C . stray current fluct¬ 

uations occurred which made it very difficult to evalu¬ 

ate the data. This test was abandoned due to inability 

to control or quantify these fluctuations. Figure 12 

shows a plot of flux versus time for Ni foil at 20°C. 

The current pulse technique was then applied to the 

conditioned membranes. Once the pulse technique had been 

completed, an anodic potential of 500 mV was applied bet¬ 

ween the reference and the working electrodes with no 

cathodic charging. The change in electropotential was 
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J, A/cm 2 
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monitored until no further change was noted over long 

periods of time. This indicated that the sample had been 

depleted and no further hydrogen was evolving. Figure 

13 is a plot of electropotential (EMF) versus time taken 

from an actual depletion run. 

After each permeation-depletion cycle, the sample 

was allowed to sit a minimum of two hours so that any 

hydrogen that might have been still trapped at the end 

of a depletion run might be released from its trapped 

condition. The cycle could then be repeated with the 

application of the anodic "conditioning" voltage. 

3.9 Validity of Experimental Techniques 

The diffusion of interstitial hydrogen in a membrane 

is typically studied by setting up an initially non-equil¬ 

ibrium concentration distribution and measuring the time 

necessary to achieve equilibrium under some arbitrary 

set of conditions. These tests have an advantage that 

not only can time constants be evaluated, but equilibrium 

properties such as chemical potential changes with res¬ 

pect to concentration changes ( ÔG/ ÔC) can also be 

evaluated. 

A variety of different methods can be used for 

establishing the initial nonequilibrium condition, in¬ 

cluding gas phase and electrochemical charging. The methods 
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for evaluating the specific diffusion coefficients are 

then related to the testing methods and the effects they 

produce in the samples. 

3.9.1 Gas Phase Techniques 

This type of test typically involves the diffusion 

of a gas through a membrane under the influence of a pres¬ 

sure differential existing across the membrane. For hydro¬ 

gen gas permeation, a series of consecutive steps occurs, 

as discussed by Gorman and Nardella (1962), which can 

significantly affect the resultant data. Since the charg¬ 

ing gas is a diatomic molecule and the diffusing species 

is monotomic the following steps occur during the test: 

1. Adsorption of the molecular gas from the bulk of 

the gas phase on to the sample surface (Van der Waals 

adsorption), 

2. Dissociation of the molecule into the atomic species 

and chemisorption on the sample surface, 

3. Dissolution of the atoms on the surface into the 

bulk of the sample, 

4. Diffusion of the gas through the membrane under 

the influence of the established concentration gradient, 

5. Transfer of the atoms from the bulk of the sample 

to the surface, 

6. Recombination of the atoms into the diatomic gas, 

7. Desorption of the gas from the sample surface. 

These seven steps are schematically shown in Figure 14. 
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The most obvious problem with such gas phase charging 

experiments is that steps 1-3 and 5-7 must be sufficiently 

fast compared to step 4 so that diffusion through the 

membrane (step 4) is the rate controlling process. Since 

adsorption and desorption on the surfaces of the metal 

can be significantly altered by the condition of the actual 

surfaces, extreme care must be exercised to insure that 

step 4 is rate controlling. The test of diffusion as 

the rate controlling step requires testing of a number 

of samples of varying thicknesses and insuring that the 

diffusion coefficient, D, is independent of sample thick¬ 

ness. No gas phase charging was used in this study so 

it will not be discussed further. 

3.9.2. Electrochemical Techniques 

Electrochemical techniques typically involve charging 

of the sample by production of electrolytic hydrogen in 

an aqueous media and detection of the hydrogen emerging 

at the membrane exit surface by either monitoring the 

change in electropotential at the membrane surface or 

the change in anodic current in the electrolyte due to 

the appearance of the diffusing hydrogen. Numerous methods 

have been devised which generally differ by the experi¬ 

mentally imposed boundary conditions. This technique 



has one major advantage over gas phase charging since 

very low input concentrations can be produced giving dif¬ 

fusion coefficients which can be measured with little 
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effect from solute-solute interactions. 

Devanathan and Stachurski (1962) developed an electro¬ 

chemical technique whereby a sample initially void of 

hydrogen is subjected to a constant current which produces 

a constant concentration of hydrogen at the input surface. 

This technique is analogous to the permeation techniques 

used in gas phase charging except that the method of 

detection of hydrogen involves monitoring the change in 

the current necessary to keep an anodic voltage, which 

ionizes all emerging hydrogen, constant. 

Crank (1975) has shown that such as experiment has 

the following boundary conditions 

t = 0: Co = 0 for 0< X <S 

t > 0: Co = C, and Cx = 0 

and distribution equation 

C(x,t) = •<'i"'^i’s + | L TT s^n n exp ( D ^ ) * (16) 
1 s s 

Devanathan and Stachurski (1962) showed that the time 

necessary to establish a linear concentration gradient 

within the sample, called the lag time, was 

t = S2/6D . (17) 

They also showed that this time was easily found by spot¬ 

ting the time for the flux, J, to each 0.6299 times the 

steady state flux value, J» . 
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Another major electrochemical technique was developed 

by Kussner (1963). This technique involved discharge 

of hydrogen from a sample initially at some uniform concen¬ 

tration under the influence of an applied anodic potential. 

In Kussner's method, the induced anodic current during 

discharge was related to the diffusion constant by the 

decay time transient. The boundary conditions for this 

type experiment were found to be 

C(x,o) « C0, 

C(o,t) = 0, 
/ ÔC»   « 

x-s °- 
Kirchheim and McLellan (1980), modified this technique 

to produce an experimentally simple method to evaluate 

the diffusion coefficient. These authors showed that 

the potential of a saturated calomel electrode at the 

membrane exit surface was a direct monitor of the emerging 

hydrogen. The methods of charging and discharging were 

the same as in Kussner's (1963) technique. 

The change in the potential at the exit surface was 

shown to 

AE = RT in -w- 
TT2RTDt 
4Fs^ 

(18) 

The simplicity of this technique becomes apparent when 

a plot of E versus t is shown to produce a decay curve 

that has a linear region with a slope 

AE _ -n^KTD 
At 4Fs^ (19 ) 
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The pulse technique, developed by Züchner (1969), 

is another often used method for evaluating diffusion 

coefficients in metal membranes. This technique involves 

subjecting a sample initially at some uniform concentra¬ 

tion, to a short cathodic pulse which forces a peak of 

hydrogen into the sample. As the peak smoothes out by 

diffusion, the change in the concentration of hydrogen 

at the exit surface is monitored by the change in EMF. 

The boundary conditions for this technique are 

t = 0 : Co=f(x') = g ( x ' ) + 

t > 0 : <8C/8X>x,0,s=0 

A plot of In (AEt **) versus reciprocal time, (1/t) was 

shown to have a slope of -s^/4D and an intercept of In 

(2RT i0t0/F^C0 (JTD)*5 ) by Kirchheim (1980). 

There are two significant points to be adhered to 

in this technique. The pulse must be of a sufficiently 

long duration to produce an adequate concentration peak 

at the surface but not long enough to "force" the gradient 

into the membrane due to the cathodic potential. The 

second point revolves around the idea that metals with 

a low solubility and diffusivity of hydrogen may need 

such a large peak at the input surface to produce a 

measureable EMF change at the exit surface that the applied 

current corrodes the sample which then retards the hydrogen 

entry. 
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Each of these techniques should produce the same dif¬ 

fusion coefficients for a given sample if the experimental 

procedure is rigorously adhered to, but often physical 

constraints of the system mandate that only certain tech¬ 

niques can be successfully applied. In the two systems 

studied here, attempts were made to generate diffusion 

coefficients from all techniques that were experimentally 

applicable. In the case of nickel, the current pulse 

technique and the constant current permeation technique 

produced problems in the data evaluation and could not 

be successfully applied. In the iron system, the current 

pulse and the potentiostatic depletion tests were used. 
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4. Results 

4.1 Nickel 

Initially, the single current pulse technique with 

the glycerine-phosphoric acid electrolyte was attempted 

on 0.0018 inch thick fully annealed uncoated foil. Pulses 

of 50 to 75 mA/cn? were applied but no change in EMP was 

ever detected at the exit surface. It was determined 

that such little hydrogen was entering the membrane and 

its concentration was so low when it emerged at the other 

side, that this technique was not applicable to nickel 

membranes. 

Potentiostatic depletion tests on fully annealed samples 

with the glycerine-phosphoric acid electrolyte were at¬ 

tempted next. Charging times were incorrectly calculated 

initially resulting in nonuniform concentration distribu¬ 

tions in the samples. Constant voltage depletion resulted 

in the observed diffusion coefficients shown in Table 

4a. These values were typically 6-10 percent higher than 

the best fit of Volkl and Alefeld (1975) for the same 

temperatures.. 

Every sample that was tested in the glycerine-phos¬ 

phoric acid solution had a black smutty corrosion product 

on both surfaces when removed from the cell. A 0.1N NaOH 

solution was used for all subsequent tests. 

In an attempt to produce an experimental setup which 

could be used for constant current permeation tests, a 
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Sample Type No. T°C £c 

Anodic 
voltage,VA Dobs^Vsec) 

B-l fully 1 20 0.50mA 115mV 2.63 X 10“10 

annealed 
Ni+960A Pd 

2 22 0.50mA 135mV 3.03 X 10~10 

Table 4b 
Observed Diffusion Coefficients for 
Constant Current Permeation Tests 

Sample Type No. T°C 

B-l fully 1 23 
annealed 
Ni+960A Pd 

2 0 

3 8 

ic Duration D0jjS(m^/sec) 

1mA 24 hrs. 4.01 X 10“10 

1mA 24 hrs. 1.45 X 1er10 

1mA 24 hrs. 1.78 X io-10 

Table 4c 
Mean Observed Diffusion Coefficients 

of Nickel for Longtime Charge- 
Potentiostatic Depletion Tests 
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palladium foil of unknown chemical composition and heat 

treatment was tested. After several unsuccessful attempts, 

the correct experimental procedure was finally ascertained, 

and the permeation curves produced were very well behaved. 

This technique was then applied to the nickel samples, 

producing diffusion coefficient values which were much 

more in line with published values. 

The constant current permeation tests on annealed 

Ni were performed with the 0.1N NaOH electrolyte. The 

tests had an anomaly for which no discussion was every 

found in the literature. With the beginning of cathodic 

charging, a finite amount of time was necessary to set 

up the equilibrium condition between the charging electrode 

and the input surface. During this time, the anodic current 

was also equilibrating due to the initial change in 

electropotential in the sample. This anomaly is shown 

in Figure 12 and it typically receded prior to the 

breakthrough time, . Long times for equilibration were 

observed in low temperature tests indicating the phenomena 

was due to the mobility and equilibrium concentration 

of hydrogen in the electrolyte. 

The resultant diffusion coefficients for all nickel 

membranes tested using this technique are compiled in 

Table 4b. The lag time for Ni at 0°C was calculated to 

be approximately 14 hours so constant current permeation 

tests on Ni were not performed at this temperature. 
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Long time charging - potentiostatic depletion tests 

were used for all further tests on nickel membranes. The 

observed diffusion coefficients are listed in Table 4c. 

As can be seen, the resultant values agree relatively 

well with those from constant current permeation tests. 

The best fit for DQbs at room temperature (22°C) for 

-14 2 annealed nickel was found to be 3.24 x 10 m /sec for 

a Pd-activated Ni foil. At 0°C, the value of 1.45 x 

10 m4 /sec. was observed. The resultant activation 

energy was found to be 0.28 eV/atom K. 

The analysis of D in the nickel foils proved to be 

an extremely difficult task. The samples tested were 

0.0018 inches thick and problems were encountered in seal¬ 

ing the compartments at the sample ports. This was due 

to problems in the design of the cell and to the physical 

constraint on the thickness of the specimen. The diffusion 

coefficient of nickel is so low that samples thicker than 

0.01 inches would take weeks to test. This would in itself 

create further problems since application of current or 

voltage for such long periods of time would tend to corrode 

the sample surfaces. 

4.2 Iron 

Iron proved to be a very interesting system to study. 

The material had a high diffusion coefficient compared 

to nickel and tests could be easily controlled during 
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the duration of the diffusion run. The current pulse 

and potentiostatic depletion tests coupled together pro¬ 

duced data which would not have been possible with gas 

phase charging. 

The current pulse test was used to determine if a 

Fermi-Dirac type distribution was present due to the trap¬ 

ping phenomenea of the defects. Pulsing of the uncharged 

samples, produced very small changes in the EMF at the 

exit surface indicating that almost all hydrogen charged 

during the pulse was retained in the lattice. Charging 

of the samples at very low current densities, followed 

by pulsing indicated that successively higher charging 

current densities were necessary to fill the trap sites 

and produce a measurable flux in each strain condition. 

The flux and observed diffusion coefficients steadily 

increased to a point where the diffusion coefficient became 

independent of background charging current density. At 

this point, the observed flux through the sample decreased 

with increasing background charging current indicating 

that the bulk lattice was also becoming saturated. 

The values of DQbs generated using this technique 

are listed in Table 5a. As can be seen the increase in 

Dobs was dependent upon not only the background charging 

current density, but also the length of time charged. The 

concentration independent diffusion coefficient of iron at 
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room temperature was found to be 1.59 X 10”^ + 2.82 X 10“^ 

cm2/sec. 

After the concentration independent D0bS value was 

found using the pulse technique, the potentiostatic 

depletion technique was applied to fully deplete the sample. 

Evaluation of the resultant E versus t curves indicated 

that, once more, there was a significant concentration 

dependency in the system. The diffusion coefficients 

were evaluated from the first, the longest, and the last 

linear regions of the depletion plots. The resultant 

D0bs 
values are compiled in Table 5b. 
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5. Discussion and Conclusions 

The nickel system proved to be an extremely difficult 

system to study. The current pulse and constant current 

permeation techniques could not be successfully applied, 

while the potentiostatic depletion tests were very time 

consuming and temperature control was very hard. The 

resultant diffusion coefficients agreed very well with 

published data and there was no indication of trapping 

in the fully annealed condition. Since even annealed 

metals do contain significant amounts of dislocations 

( ~10 /cm ), it is felt that if the dislocations are, in 

fact, effective trap sites, the effect of the traps should 

be observable in the annealed condition. The lack of 

any indication of trapping suggests that the potential 

well difference between the perfect lattice site and the 

trap site is so small that hydrogen is not hindered by 

the effect of the traps. 

The iron system was far more intriguing to study. In 

the annealed condition, the current pulse test produced 

indications of trapping when no background charging was 

applied prior to application of the high density pulse. 

As the background charging was incrementally increased, 

the flux increased indicating that the traps were being 

filled. 
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Application of the pulse test on the strained samples 

indicated that the number of traps which needed to be 

filled before a measurable flux was observed increased 

with increasing strain. In the 10% strained sample, a 

background charging current of 20 |JA/cm2 was necessary 

before any flux was observed at the exit surface. 

The effect of strain was one of increasing the observed 

diffusion coefficient for all background charging currents. 

Figure 15 is a plot of the observed diffusion coefficients 

versus background charging current density for all samples 

tested. The 10% strain condition was extensively tested 

and it was quite obvious that the diffusion coefficient 

increased linearly until a concentration independent value 

of 1.51 X 10”® + 2.25 X 10”® cm2/sec. was attained. 

The linear increase in D0bs with increasing background 

charging indicates that the Fermi-Dirac distribution as 

proposed by McLellan (1979) is a valid model for the iron- 

hydrogen system; however, the consistent increase in D0bs 

indicates that the deformation induced dislocations do 

not "trap" the hydrogen, but, in fact, accelerate it. This 

is most probably due to the formation of dislocation 

networks upon deformation. Since trapping was observed 

in the annealed samples it appears that the model as pro¬ 

posed by McNabb and Foster (1963) is only valid if the 

defects are randomly oriented so that there is little 
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Fig. 16 - Observed Diffusion Coefficient Versus 1/T for First, 
Longest, and Last Linear Regions of Potentiostatic 
Depletion Tests on Fe Foils 
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or no first nearest neighbor interaction between dislocations. 

The observed diffusion coefficients calculated from 

the first, the longest and the last linear regions in 

the potentiostatic depletion tests appear to correlate 

very well with values generated in the current pulse tests. 

The values of D0ks calculated from the last linear region 

compare favorably with values obtained in the current 

pulse tests with very low background charging densities 

(typically <50 pA/cm^). The values calculated from the 

longest linear region had no equivalent in the pulse tests, 

but the values calculated from the first linear region 

of the potentiostatic depletion plots appeared to have 

a limiting value which corresponded to charging at high 

background current densities in the current pulse test. 

Once more, the effect of increasing strain was enhanced 

diffusivity, indicating that a "tunneling" network was 

present in the deformed samples. Figure 16 shows the 

increasing apparent diffusivity seen in these tests. 

Further testing of the iron system should include 

testing of specimens after application of incremental 

amounts of low and high cycle fatigue testing, torsional 

loading and compressive loading. All three of these strain- 

inducing conditions are encountered in service environ¬ 

ments, and should be tested to determine if the effects 

from each type of loading are consistent. Further testing 

involving heat treat variations is also recommended. 
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The effects of deformation can be successfully anal¬ 

yzed in most metals by application of electrochemical 

techniques. The data generated by such tests must be 

analyzed in light of the effect of the traps in the lattice. 

The tests do provide significant means to analyze defect 

concentration and depths. Further work is necessary to 

clarify the phenomenea observed in these tests. Since 

the concentration dependency was observed in both tests 

it would seem that low level charging followed by deple¬ 

tion should produce a diffusion coefficient which can 

be related to the diffusivity of hydrogen through the 

traps only. This relationship needs to be addressed in 

an attempt to produce a standardized value of the diffusion 

coefficient which can be used in comparative analyses 

of different materials. 
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