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Abstract

The common observation that the diffusivity of hydrogen in iron

decreases anomalously at low temperatures is treated in terms of the

barrier to adatom recombination and desorption that is known to be

associated with the surfaces of this metal. Results obtained are in good

agreement both with data on deuterium permeation through a polycrystalline

iron sample, obtained in this study, and with the body of measurements for

hydrogen diffusion through iron found in the literature.
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1. Introduction

The interaction of hydrogen with iron has significant effects on

the mechanical behavior of ferrous alloys and has motivated numerous

experimental and theoretical studies. Many investigations concerning the

thermal transport of hydrogen in iron have been carried out, and have

shown a wide scatter in the magnitude of apparent interstitial

diffusivities. In addition, a nonconformity to the Arrhenius behavior is

observed for temperatures lower than 2006C [1].

Different hydrogen interstitial-trap interactions have been

considered in order to explain the observed anomalies. These traps

include such lattice defects as solid-solid interfaces (e.g. inclusions

and microcracks) [2], substitutional and interstitial impurities [3,4],

and line defects (16]. Furthermore, the formation of hydrogen

di-interstitials in equilibrium with hydrogen single interstitials (the

mobile species) [5], as well as hydrogen precipitation in voids [19], have

been proposed to explain the deviation from the logarithmic behavior at

low temperatures.

On the other hand, Volkl and Alefeld (1] and Kiuchi and McLellan

(6], in their respective reviews of the experimental results, have argued

that the anomalies should be explained in terms of surface effects, in

those cases where surface processes are involved in the experimental

methods employed (e.g. permeation methods). Also, in an electrochemical

study of hydrogen permeation in iron, Wach and Miodownik [171 observed
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that the apparent diffusivity of hydrogen at 25*C increased rapidly with

membrane thickness and approached an upper limit. Such effects have been

generally associated with the presence of oxides and impurities on the

sample surface [6]. Indeed, the presence of an oxide film has been shown

to decrease the apparent diffusivity of hydrogen in iron [7].

No study of the effects of the intrinsic properties of an

atomically clean surface on the permeation behavior has been performed

heretofore. Miller et al. [8] and Quick and Johnson [11] studied hydrogen

permeation in high purity and 4-pass zone refined iron samples which were

coated with a thin film of palladium. They reported no deviation from

Arrhenius behavior for temperatures as low as 698C and 490C,

respectively. In contrast, Nelson and Stein [9] observed such a

deviation for their triply zone refined iron samples below 750C. Their

standard metallographic surface cleaning procedure however, could not have

resulted in an atomically clean surface.

It was, therefore, the aim of this study to examine the effect of a

clean and well annealed surface on the permeation of hydrogen in iron as a

function of temperature. We report the results of a set of experiments,

and will subsequently consider the surface effects, based on known

desorption kinetics, to explain the low temperature anomalies.

2. Experimental

2.1 Apiparatus

4
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An all stainless steel ultrahigh vacuum system comprised of two

chambers was employed in this study (Fig. la). The chambers were

interconnected through a 1.45 mm diameter orifice. The main chamber was

equipped with a 200 liter/second ion pump and a titanium sublimation pump,

an Auger electron spectrometer (AES), an ion gun for sputter cleaning of

the sample surface, an ionization gauge, and the sample manipulator. A

base pressure of 5 x 10-10 torr could be attained after bake out.

The detector chamber housed a quadrupole mass spectrometer (QMS)

and was evacuated by a closed cycle helium refrigerator cryopump to a base

pressure of better than 2 x 10-10 torr (ionization gauge limit).

During a typical high temperature permeation experiment at 5000C,

the total pressure of the main chamber rose to 1 x 10-7 torr. This

pressure increase did not noticeably affect the detector chamber ion gauge

reading.

The permeation cell is shown schematically in Figure lb. It was

constructed from a low carbon steel. The high purity, 1 mm thick iron

sample (Marz Grade, Material Research Corporation) was TIG welded to the

cell. A tantalum filament, located in the back of the permeation cell,

was used to heat the sample by electron bombardment. Sample temperature

was monitored by a W-5%Re, W-26%Re thermocouple spot welded near the

front of the cell. The inner volume of the cell was pumped by a

mechanical pump which was valved off during the permeation experiments.

The inner surface of the sample was cleaned by repeatedly exposing it to 1

atm of hydrogen at 5000C and evacuating the surface reaction products

prior to each set of experiments [9].

5



optical microscopy of the sample after the completion of

experiments showed it to be comprised of coarse grains, about 20% of which

had average diameters of 1 mmE or larger. An average ASTM grain size of 5

was estimated for the specimen. Laue x-ray diffraction patterns taken on

various spots on the sample indicated no preferred orientation. In one

instance, a well defined pattern characteristic of a high index Plane (a

(429) orientation) was observed. This was probably due to diffraction from

one or more of the larger grains.

Because of the allotropic transition of iron at 9144C and the

presence of trace impurities in the bulk, the preparation of an atomically

clean and well annealed surface is a difficult and time consuming task

(10]. The most efficient process was found to consist of repeated cycles

of argon ion sputtering and annealing in vacuum at 500-6006C. A typical

Auger spectrum of the cleaned and annealed surface is shown in Fig. 2.

During the permeation runs, the coverage of surface contaminants, as

determined by AES, did not increase appreciably for temperatures as low as

1006C.

In order to improve the signal to noise ratio and the mass peak

resolution, deuterium was generally substituted for hydrogen in these

experiments. No isotope effects on activation enthalpies were detected

outside the limits of experimental error, in agreement with the work of

Quick and Johnson (11].

2.2 Experimental Measurements

Total pressure measurements by an ionization gauge as well as

partial pressure measurements by the QMS when it was directly installed in

the main chamber proved inadequate for permeation experiments. These

6
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measurements were affected by spurious effects due to permeation through

the steel walls of the cell and back-streaming of previously pumped gases

from the ion pump. Similarly, measurements by the differentially pumped

QMS were affected by the pressure build up in the main chamber, despite

the apparent constancy of the detector chamber ion gauge reading. Typical

QMS outputs for two different sample positions are shown in Figure 3.

Curves a and b correspond to deuterium fluxes through the QMS analyzer

with the sample facing the detector chamber orifice and at an angle of

1200 from that position, respectively. The difference curve, designated

as c, is taken to represent the flux through the iron sample.

The isothermal variation of the permeation flux with inlet-side

hydrogen pressure followed Sievert's law (8], between 380-1250 torr.

An Arrhenius plot of the steady state deuterium flux vs.

temperature is presented in Figure 4 for two different runs. A linear

regression analysis of the experimental data down to 225*C yields an

activation energy for permeation equal to 8.5 ± 0.4 kcal/mole (95%

confidence), which is in close agreement to the values reported by Miller

et al. (8], Quick and Johnson (111, and Nelson and Stein (9] (8.10,

8.52-8.78, and 8.21 kcal/mole, respectively), in high purity iron samples.

No attempt was made to calibrate the mass spectrometer sensitivity for

deuterium. The data are presented as normalized relative to the l/T=0

intercept of the Arrhenius plot evaluated from the above linear regression

analysis. The agreement among the above values of the activation energies,

despite differences in the surface conditions, indicates that at high

temperatures the activation energies for permeation and diffusion are not

influenced by surface processes. Assuming the heat of solution of

deuterium in iron to be 6.5 kcal/mole [14], we calculate the activation

energy for diffusion (see below), to be 2.0±0.4 Kcal/mole.

•~~~ .-/. -



At temperatures below 2000C, the measured permeation curve falls

below the value extrapolated from the high temperature data. The

cleanliness of the surface, as monitored by AES, precludes the effect of

surface contaminants as a possible explanation of this observation. In the

following section, we develope an explanation for this behavior based on

the desorption rate of hydrogen from the exit surface of the membrane as a

rate controlling factor.

3. Discussion

3.1 Kinetic Model

In the usual treatment of the problem of hydrogen transport through

solids, it is implicitly assumed that the only kinetic process controlling

the rate of permeation is bulk diffusion through the permeation membrane.

In other words, it is assumed that diffusing atoms recombine and desorb

as molecules in a comparatively short time upon arriving at the exit

interface. An examination of the kinetics of hydrogen desorption from a

number of low-index, clean iron surfaces[10,131, indicates that contrary

to the above assumption, desorption may indeed become the rate determining

step in the permeation process at low temperatures.

A relation accounting for the dependence of the permeation rate on

desorption kinetics will be developed based on the potential energy

diagram shown in figure 5. Here, the potential energy of a hydrogen atom

is shown as a function of distance across the permeation wall. The zero of

energy is taken as a hydrogen molecule in the gas phase. The potential

wells at each surface represent the sites for stable chemisorption as
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hydrogen atoms. The series of minima between these chemisorption wells

represent stable sites in the bulk. The intervening maxima represent the

barriers surmounted in bulk diffusion.

Under steady state conditions, Fick's first law for one-dimensional

transport through the bulk of a solid is normally stated as [18]:

J = D(CI-C 2/L) (1)

Where J = Steady state flux (cm-2 .sec-1 ),

D = Diffusion coefficient (cm2 .sec-1 ),

Cl, C2 = Volume concentrations of the diffusing species at the

planes just below the entrance and exit interfaces of the

permeation wall, respectively (cm'3 ),

L - wall thickness (cm).

We will assume that the concentration in the near-surface side of the

membrane is in equilibrium with the gas phase and write, using Sievert's

law:

CI = SP (2)

where the solubility, S (cm-3 .atm-i), is a function of temperature.

The gas-phase pressure on the outlet side was always maintained at

or below 10-7  torr. In the absence of surface effects this leads to C2

-0 and:

J = DSP*/L (3)

9
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(we shall see that surface effects can raise C2 to a finite value,

approaching C1 at low enough temperatures).

We will also make a change in notation, for convenience in the

kinetic analysis in that we will state the hydrogen concentrations in

terms of ni, atoms per cm2, on any plane parallel to the interface.

That is,

Ci = i(ni/d) (4)
4

where d is the interplanar spacing. The factor of j is necessary to

account for the fact that permeation data are usually expressed on a per

H2 molecule basis.

Mass balance expressions for the Hydrogen atom fluxes onto and away

from planes 2 and 3 (as defined in Figure 5), at steady state (i.e.

dn2/dt=dn3/dt=O), may be written as:

D(nl-n 2 )/2Ld +tk32n3 -ik2 3n2 (1-n3/no)=O (5)

Jk23n2(1 -n3/no)- fk32n3-kd(n 3 )2=0 (6)

where:

n I = 2SPJ

no = number of surface sites per unit area available to hydrogen

adsorption (cm- 2 ),

,
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kij = probability for transition of a hydrogen atom from a site

on plane i to a site on plane j (sec-1),

kd = desorption probabilty (cm2sec-1).

The parameter (l-n3/no) in the above equations expresses the

assumption that a site on plane 3 already occupied by an adsorbed hydrogen

atom is unavailable to other hydrogen atoms attempting to arrive on that

plane. A similar term for plane 2 can be neglected if we assume

n 2< <n,.

Simultaneous solution of equations 5 and 6 yields:

Al(n 3)3+A2 (n3)2+A3n3+A 4 = 0 (7)

where A1 = kd!no, (7a)

A2 = -kd[l-(D/Ldk23 )], (7b)

A3 = -(SPiD/noL)-(jk 32D/Ldk 23) (7c)

A4 = SPID/L (7d)

The steady state permeation flux, J, can be expressed in terms of n3

as:

J = kdln3)2, (8)
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with n3 obtained from the solution of Equation 7.

These equations contain five temperature-dependent terms, namely:

S = Soexp(-aHsol/RT)

D = Doexp(-4Hdif/RT)

k23 = k23°exp(-.dH23 /RT)

k32 = k32°exp(-aHdis/RT)

kd = Kd~exp(-AHdes/RT)

where the relevant activation energies are shown in Figure 5.

For the case of hydrogen in iron, aH2 3f iaHdif-l Kcal/mole (the

activation energy for diffusion, 4Hdif, is usually expressed on a per

molecule basis; we have assumed the transition from the subsurface site to

the adsorbed state to be equivalent to a diffusive jump and have

therefore, included the factor of J to account for the change to a per

atom basis), and k230 =Do/ao2, where Do  and ao  are the

pre-exponential for the diffusion coefficient and the bcc lattice

constant, respectively (see Section 3.2). Thus, the second term in the

expression for A2 (Equation 7b) may be expressed as:

D/LdK23 = (ao2/Ld)exp(-&Hdif/2RT)

which, at all temperatures, is negligibly small when compared to unity.

Hence:

Al(n3 )3/A2(n3 )2 -n 3/no  i

12
- -

'% " J ' .". _ _ '" ' '' " '"dni llki d iuh.d"'" " " """ " % """" "" ""' " -" '* .*'' '' -* , -
'

-
' ' ' ' ' ' ' ' ' '' ' ' '' ' "

, : .



Moreover, our calculations show that -A3n3/A4  becomes a

negligibly small number at high temperatures (see Section 3.2). Therefore,

at these temperatures, where n3/no  is also found to be small, Equation

7 reduces to:

-kd(n3) 2 + SPD/L = 0

leading to:

J = SPID/L

the classical relation for this case.

3.2 Application to Hydrogen in Iron

In applying the above treatment to the case of hydrogen in iron,

the crystallographic parameters d and no are calculated as usual. The

value of C1  at one atmosphere was calculated according to the solubility

expression recommended by Gonzales [14).

C1 = SPI = 9X10 19 exp (-6.5/RT) (9)

where R is expressed in Kcal/mole.

Previous studies of the desorption of hydrogen from iron, made on

clean (110), (100) and (111) surfaces (10,13] have yielded the desorption

energies summarized in Table 1. There is a significant variation both with

the crystal face and with adlayer coverage. These values do, however,

establish an envelope of possible behavior on these faces. The question of



what value to use for faces of arbitrary origin remains. However, studies

in a wide range of systems [22] have indicated that the presence of

defects such as steps or kinks generally increase the activation energy

for desorption by 1-4 Kcal/mole. In the absence of specific data for

vicinal iron surfaces, we will assume that these iron surfaces will follow

the same pattern and will exhibit higher desorption activation energies

than the corresponding flat surfaces. On the basis of this arguement, and

keeping in mind that the magnitude of &Hdes is coverage-dependent on

the terrace sites [10,22], we have assumed for the present calculations,

that 26 Kcal/mole (see Table 1) is the upper limit for the desorption

energy on vicinal surfaces over the full range of coverage. Values

of alHdes for low index surfaces were chosen according to Table 1. The

frequency factor for desorption was taken as 2 x 10-3 cm2/sec [13],

leading to:

kd = 2.0 x 10-3 exp (- IHdes/RT). (10)

The transition of a hydrogen atom from a subsurface site on plane 2

to an adsorption site on plane 3 was assumed to be equivalent to a

transition from one interstitial site to another - i.e. a diffusive jump.

Therfore, aH2 3 , the activation energy per hydrogen atom, was taken as

half of the activation energy for diffusion, aHdif . Similarly, the

frequency factor for this process was evaluated using the expression for

Do in a bcc lattice [15], yielding:

k23 = Do(ao)-2 exp (- 4Hdif/2RT) (11)

14



The activation energy for transition from a site on plane 3 to a

site on plane 2 is estimated as:

AHdis = J( LHsol+ AHdif+ &Hdes) (12)

per atom of hydrogen, with the implicit assumption that the activation

energy for chemisorption is small enough to be neglected [13]. The

frequency factor for this process is calculated simply by multiplying the

frequency factor for the second order desorption process by no,

yielding:

k32 = 3.4 x 1012 exp (- &Hdis/RT) (13)

Equation 7 may now be solved numerically if an expression for

either the diffusion coefficient or the permeation rate is available. We

used the activation energy obtained in the present study and examined

various values for the activation energy for desorption in order to obtain

a best fit to our data. The solution of Equations 7 and 8 for &Hdes = 25

Kcal/mole, up to a saturation coverage of 1 monolayer, was found to agree

well with the experimental results, as shown by the solid curve in Figure

4. Due to the polycrystalline nature of the sample, the origin of this

value for &Hdes is not clear. However, it is in good agreement with the

upper limit of the energies postulated above for vicinal orientations. 4

We also performed calculations in order to make a comparison

between the predictions of the present model and the previously obtained

experimental data for the apparent diffusivity of hydrogen in iron. The

scatter in the values as reported in the literature is quite large even at

/ J.



temperatures above 200"C [1). However, in comparing the diffusivity data

obtained under different surface conditions, we have already shown that

such differences should not appreciably affect the permeation rate of

hydrogen at high temperatures. Furthermore, we applied the analysis

developed above to the data reported by Nelson and Stein [9] and, using

the highest heat of adsorption assumed in the present study, found that

the apparent activation energy for permeation at high temperatures

increased only by 0.1% over that experimentally measured. Therefore,

unless much stronger surface reactions are shown to be operative, the

scatter at high temperatures may be attributed to bulk processes or to

experimental errors. It is thus sufficient to examine the role of the

clean surface effects on representative expressions for the permeation

rate as obtained from high temperature data.

The range of values for the activation energy and the

pre-exponential factor obtained for the permeation of hydrogen in high

purity and well annealed iron samples, as well as the solubility

parameters corresponding to each experiment, are shown in Table 2. Due to

the range of values for alldes on various surfaces, the expected value

of the permeation rate at low temperatures will depend on the surface

structure of the sample. Thus, Equations 7 and 8 may be solved for the

range of the desorption energies and the coefficient of permeation at high

temperatures, to develope an envelope for the expected values of the

hydrogen flux through the sample as a function of temperature. The

resulting plot is shown in Figure 6, where we have plotted (JL/Pi) vs

1/T. The broken lines correspond to the predicted values of the permeation

flux for various desorption energies while the different solid lines

correspond to the different permeation parameters as listed in Table 1.

16



Values of the apparent diffusivity can now be evaluated based on

Equation 3, which was derived solely on the basis of solubility - bulk

transport considerations. The range of apparent diffusivities predicted

for different permeation-desorption enthalpy combinations is shown as the

cross hatched area in Figure 7. The range of experimental data reported

in Reference 1 is also shown in this figure as the dotted region.

The experimental data in Figure 7 also include values obtained

under transient conditions, during permeation experiments. Kiuchi and

McLellan [6] have carried out a statistical study of the pertinent data in

the literature. They conclude that permeation transient analyses are more

seriously affected by surface conditions. This may be expected, as in the

analysis of permeation transients the concentration at plane 2 (Figure 5)

is usually assumed to be independent of both time and temperature

(18,20]. This assumption, according to the results of the present study,

is clearly invalid. Provided that the sample geometry allows for a one

dimensional analysis of permeation, this analysis should be performed in

accordance with the considerations leading to equations 5 and 6. In the

absence of such considerations, the transient experiments may lead to the

prediction of values of apparent diffusivity lower than those obtained

under steady state but otherwise similar experimental conditions[6].

Interesting features are distinguishable in Figure 6. The deviation

from Arrhenius behavior occurs quite abruptly. Therefore, the value of the

true activation energy for permeation may be reliably found by linear

regression analysis of the high temperature data. At temperatures just

below the point of deviation, the hydrogen flux is controlled almost

entirely by the desorption kinetics; an evaluation of the activation "

energy for permeation at low temperatures shows it to be equivalent to

17
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that for hydrogen desorption. Hence, if Equation 3 is applied to the low

temperature permeation data anomalously high values of the apparent

activation energy for diffusion - equivalent to AHdes-AHsol - will be

obtained (Figure 7). This deviation from Arrhenius behavior is clearly

shown to occur at higher temperatures for planes which adsorb the hydrogen

atom more strongly. On the other hand, the outcome of the present analysis

was not sensitive to the numerical choice of aHdis (Equations 7 and 12).

Changing the assumed value of this parameter by as much as ±20%, did not

appreciably affect the results.

Figure 8 shows the effect of the permeation wall thickness on the

value of the apparent diffusivity, as predicted by the present analysis.

The corresponding variations of the permeation rate are also shown as

vertical bars in Figure 7. The calculated value of diffusivity approaches

its value expected from extrapolation of the high temperature measurements

as the wall thickness increases, causing the bulk transport process to

become dominant in the determination of the overall rate of permeation.

The combined effects of the sample thickness and the heat of

desorption on the temperature at which deviation from Arrhenius behavior

is observed may be expressed in terms of a deviation temperature, TD

which may be estimated by equating the Einstein time for diffusion, TE

and the mean stay time for adsorption, Td, yielding:

TD=((dHdes-AHdif)/R][ln(L2kdOno/2Do) ]-

In most studies, however, an independent determination of the desorption

parameters included in the above expression is not possible, and TD has

to be determined empirically.

18
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The trend is similar to that reported by Wach and Miodownik (17] in

their electrochemical permeation study at 256c. Similarly, Palczewska and

Ratajczk (12] considered the effect of wall thickness on gas permeation

between 30-40*C. They report that diffusivity is independent of membrane

thickness above 0.78 mm, while for thicknesses below 0.42 mmn, decreased

values of apparent diffusivity are observed. Nelson and Stein [9] also

studied the influence of wall thickness on permeation for temperatures of

240*C and higher. By geometrical arguments they concluded that, based on

that part of their study, permeation was not influenced by surface

processes. However, since the data used in their analysis describe the

permeation behavior above the deviation temperature observed in their

experiments (1000C), they are outside the range in which the permeation

rate is affected by surface processes and thus do not provide a critical

test of the effect of these surface processes on permeation.

Surface contaminants may also lead to the observation of incorrect

values of the apparent diffusivity if their presence results in the

retardation or enhancement of the desorption process. For example,

pre-adsorbed subnionolayers of sulfur, oxygen and carbon were observed to

decrease both the energy and the frequency factor for desorption of

hydrogen from Fe(100) surfaces while pre-adsorbed potassium seemed to

increase the value of the former (21). Direct evidence for this effect was

observed for the permeation of hydrogen in palladium in an electrochemical

permeation study (23]. In that investigation it was noticed that sulfur

deposition on the membrane surface resulted in reduced permeation flux and

consequently low values for the apparent diffusivity.

3.3 Results for other Metals

19



Among the transition metals, the interaction of iron, nickel and

palladium with hydrogen has received considerably more attention than

others. Therefore, a comparison of the results for iron may be most

appropriate with those for the latter two metals. The diffusivity values

obtained by various permeation methods for these metals do not indicate

the anomalies observed for iron, even at room temperature or below (1].

Hydrogen permeation in nickel was examined using the model

developed in the present study. Because of the consistency in the values

of diffusivity reported by various authors (1], it is sufficient to

consider the experimental results of only one study. For this purpose we

selected the work of Ebisuzaki et al [24a] for the permeation parameters. "

Those parameters relevant to the desorption of hydrogen from various

nickel surfaces were taken from the work by Christmann et al. [24b) (see

Table 3). The analysis showed excellent agreement with the experimental

data of Ebisuzaki et al. (24&]. A deviation from Arrhenius behaviour was

predicted only for temperatures lower than -200C, for the highest reported

heat of desorption as applied to vicinal surfaces (see above).

Similar to nickel, there is good consistency among various

experimental values of hydrogen diffusivity in palladium [1]. There is,

however, substantial evidence that hydrogen adsorption on this metal is

more complex than that shown by the potential energy diagram of Figure 5.

Adsorbed Hydrogen atoms are observed to readily occupy subsurface sites on

Pd(lll) surfaces f25a,b] while desorption from Pd(100) surfaces was

observed to follow "quasi first order" kinetics beyond very low coverages

[25c], in contrast with iron [10,13]. Therefore, the present model can not

give an adequate description of the effect of the desorption kinetics on

hydrogen permeation in palladium. In spite of the above evidence, Engel
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and Kuipers (25d] found that a potential energy diagram similar to that

used in this study - with parameters chosen to yield a best fit to the

experimental data - adequately described their results on the interaction

between hydrogen and deuterium on a Pd(lll) surface for temperatures above

750C. Their study indicated that transport between the surface and the

bulk is an important factor for hydrogen adsorption on the Pd(ll)

surface.

We have also attempted to apply the kinetic model developed here to

the case of hydrogen in palladium, by curve fitting, using the values of

k320  and kd° as the fitting parameters. The values of all other

parameters involved in Equation 7 were taken from the literature

[25e,25f]. The value of kd0, which gave a reasonable fit to the

experimental measurements of Koffler et al. [25e] on hydrogen permeation

in palladium, was approximately one order of magnitude larger than the

values of kdO for either iron or nickel; while k320 was found to

be smaller than the values for nickel and iron by the same ratio (see

Table 3). The equation developed in this fitting process predicts an

anomalous decrease in the value of diffusivity, similar to that found in

iron, for temperatures below 750C for vicinal surfaces, i.e. for &Hdes

independent of surface coverage (see the previous section). We have found

no experimental studies which report such a deviation. Only contaminated

surfaces showed a value of the apparent diffusivity below that expected

from the extrapolation of the high temperature data, as mentioned above

(231. The reason for this lack of agreement is not obvious, but may be

related to the existence of a strongly-bound subsurface hydrogen site.
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Perhaps the most straightforward experimental extension of the

present work would be to measure the work function variation of the exit

surface as a function of time and temperature, in ultrahigh vacuum, during

a permeation experiment. Hydrogen adsorption is known to change the

electron work function of various surfaces of iron and other metals in a

manner determined by the surface structure [10,22b]. This occurs due to

surface dipoles formed in the electronic interaction between the adsorbate

and the adsorbent species. Therefore, if the desorption kinetics do become

the dominant step in the overall rate of hydrogen permeation at low

temperatures, the variation in the adlayer coverage as a function of time

or temperature should directly result in changes in the work function of

the sample. Of course, in such experiments it would be necessary to

account for temperature effects on the work function.

4. Conclusions

1. Steady state permeation measurements of deuterium in a high

purity, polycrystalline iron sample, having an atomically clean exit

surface, have shown a deviation from Arrhenius behavior at temperatures

below 2009C.

2. This deviation can be accounted for by a model in which the

known desorption kinetics of hydrogen from iron are included as an

additional impediment to the permeation flux.

3. The model developed also provides a good explanation of low

apparent diffusivities observed in previous studies of hydrogen permeation

through iron.
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4. The model is also in good agreement with previous studies of

hydrogen permeation through nickel, but does not fit previous results for

palladium.
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TABLE 1 (10]

Plane Coverage Desorption Energy

(atoms/site) (Kcal/mole)

(100) 0 < G < 0.3 26

0.5 < e < 1 <26

(100) 0 < 8 < 0.2 24

0.2 < 8 < 1 18

(111) 0 < 8 < 0.45 21

0.45 < 9 < 0.85 18

0.85 < 6 1.0 13
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TABLE 2

Parameters for hydrogen permeation in high purity iron

Permeability Solubility Ref.

(H2/cm-sec.atmi) ',-/cm Irz*

I- 6.2xlOl7exp(-4130/T) 2.7xlOexp(-3323/T) [9)

I- 1.3xlOl7exp(-4288/T) 1.6xlOexp(-3442/T) [ill

II-9.2xlOl6exp(-4074/T) 9.OxlOl9exp(-3270/T) 181
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Table 3

Parameters for Hydrogen Permeation in Nickel and Palladium

,aH50 j &Hdif alldes kd 0  k32 0

-Kcal/mole--- cm2 sec sec-1

Ni 3. 6(a) 9.6(a) 23(b) Bx1O-2 (c) flokd(f)

Pd -2.0(d) 5.7(d) 23(c) 8xlO1'(e)l 7xl1 2(e)

a- Ref. 24a

b- Ref. 24b

c- Ref. 25f

d- Ref. .25e

e- adjusted parameters (see text)

f- see Section 3.2
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Figure Captions

Figure la: Ultrahigh vacuum apparatus.

Figure lb: Permeation cell assembly.

Figure 2: AES spectrum of the cleaned and annealed iron sample.

Figure 3: QMS output for hydrogen permeation at 3770C. a-sample facing

the detector chamber orifice, b-sample at 1200 from the

orifice, c-the difference curve.

Figure 4: Arrhenius plot of hydrogen flux as a function of temperature.

The straight line shows the result of the linear regression

analysis of data for T>2006C. The solid line indicates the

outcome of the analysis based on the model discussed in sec. 3.

Figure 5: Potential energy diagram for hydrogen permeation in iron.

Figure 6: Effect of the desorption energy on hydrogen permeation in iron:

a. 26, b. 24, c. 22, d. 20, and e. 18 Kcal/mole. Differences in

high temperature values are due to the choice of various

permeation parameters (Table 2)
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Figure 7: Predicted (cross hatched) and experimental (dotted) (1] values

of the apparent diffusivity vs temperature.

Figure 8: Effect of membrane thickness on the ratio of calculated

apparent diffusivity, DApp,to that extrapolated from the

high temperature data, DTrue.
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