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An Analysis of Trapping Effect on Hydrogen
Diffusion in Cold Rolled Palladium

By

Yoshiichi SAKAMOTO* and Koumei BABA*

The applicability of the “two-energy-level” trap model for hydrogen diffusion proposed by one
of the present authors to the experimental diffusivity data for cold rolled palladium was examined,
together with the both models of Oriani and McLellan. The present model provided a better de-
scription of the experimental results. The trap interaction energy and trap density in cold rolled

palladium was determined to be 4G4'=—8.4 kJ mol™ and f;=2.9Xx10~? respectively.

I. Introduction

It is well known that" the enhanced solubility and reduced diffusivity of hydrogen in plastically deformed
metals, especially in cold worked iron and steels, is most likely to be attributed to the attractive interactions
between the dissolved hydrogen atoms and lattice imperfections such as dislocations and their stress fields
ete., produced during plastic deformation.

Flanagan and his co-workers®'® observed for heavily cold worked palladium, the solubility enhancement
of n’/n=1.65 (298 K) by the gas phase method and concluded that the stress field around the edge dis-
location array is the principal cause of the solubility enhancement, where n’ and n are the H-to-Pd atom
ratio for cold worked and well annealed samples respectively. Hasegawa-Nakajima® studied the effect of
lattice strain on hydrogen permeation in palladium by an electrochemical method and observed that the
solubility of hydrogen also increases and the apparent diffusivity decreases as the deformation is: increased.
Kirchheim®® showed that the diffusivity in deformed palladium decreases with decreasing hydrogen con-
centration but at very low concentrations of some at.ppm an enhancement of the diffusion is observed, He
discussed that the results at high hydrogen concentration can be calculated from the activity measurements
assuming that the activity gradient is the driving force for diffusion, but the increase of diffusivity at low
concentration disagrees with those calculations and is explained by dislocation pipe diffusion.

One of the present authors and his co-workers?”'® have obtained similar results on the hydrogen con-
centration dependence of diffusivity in cold rolled palladium except for the results of an enhancement of
diffusivity at very low concentration reported by Kirchheim®'®, From the results?® on the temperature
dependences of diffusivity and solubility of hydrogen in cold rolled and well annealed palladium, it was
found that the cold rolling also reduces the diffusivity and that leads to a slight increase in the activation
energy for diffusion, while it increases the solubility of hydrogen and decreases slightly the heat of solution
in an exothermic sence. Therefore, it was discussed that® the major source of the more reduced diffusivity
and the more enhanced solubility of hydrogen in cold rolled palladium than in annealed one is also the

“hydrogen trapping” at dislocations and the surrounding stress fields.
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Recently, with the intention of obtaining more knowledge on the trap characters, such as the trap
width, the jump rate, the occupation probability, as well as the trap density and trap interaction energy in
the trap sites, one of the present authors!® has given a generalized analysis of hydrogen diffusivity in the
mixed trap and multiple physical trap models. However, the resulting equations contain too many unknown
factors to enable a comparison to be made of the experimental data with the models. Thus, the models
have been recast in terms of a “two-energy-level” problem, in order to facilitate comparison with experi-
mental data,

The present study was carried out in order to examine the applicability of the diffusivity equation for
the “two-energy-level” trap model to the experimental data for cold rolled palladium, together with both

models proposed, in the past, by Oriani!®> and McLellan!®13,

II. The “two-energy-level” trap model

The generalized expression of the diffusivity for “two-energy-level” trap model can be written as!®"!®
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where the relations of fi+f;=1 and £i(1 —fiz) =f(1 —fiz) hold. f;, fi: fraction (density) of normal lat-
tice sites and trap sites respectively. fiz: fraction of sites in normal lattice from which hydrogen can jump
with jump rate / within the normal lattice sites. fiz: fraction of sites in traps from which hydrogen can
jump with jump rate d in the trap sites. This fraction implies the trap dimension, i.e., the “width” of
trap, E; and D;° are the activation energy and the frequency factor for diffusion through normal lattice sites
respectively, Ex and Di? are also the activation energy and the frequency factor for diffusion in the jumping
process with “trapping” rate 2. Ep and D»° are the activation energy and the frequency factor for the jumping

process with “release (untrapping)” rate p. Eg and Dg° are also the activation energy and the frequency
factor for diffusion within the trap sites respectively, 4Gi! is the difference of the free energy of a hy-

drogen in a normal lattice site and a trap site, and is equivalent to the difference in partial molar enthalpies
of hydrogen in two sites by assuming that the difference of the correspondingv excess entropies is zero, The

trapping interaction energy has the following relation,

Ey—Ep= 4Gi'=GY~ Gl @

The trap density f; and trap interaction energy 4G4' can be estimated by the relation of equation
(3), if the temperature dependence of hydrogen concentration in the normal lattice, [C;] which is fully an-

nealed sample and that of the total hydrogen concentration, [Cr] in deformed sample are experimentally de-

termined in the form of [C;J = [C;] exp (—4H . '/RT) and [Cr]= [Cr°]exp (—4HT/RT) respectively,

4Gl [zl 4HG!
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where AHT V= 4H% —4H}

The more simplified models for the effect of trapping on the diffusivity have been proposed by a number
of investigators!-18219-19  The diffusivity equation for the trap model proposed by Oriani!” can be written

as
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The expression given by McLellan'®1® has the form,
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Both expressions (4) and (5) refer to the case, where the trapping site density is small, i. e., i<{<1. Ho-
wever, the simplified models can sometimes provides a consistent description of experimental data in spite
of their limited validity?® -2,

The section IV, of this paper will evolve around the comparison of the experimental data with the mod-
els given by equations (1), (4) and (5).

III. Data of hydrogen diffusivity and solubility for cold rolled palladium
The data of diffusivity and solubility of hydrogen for cold rolled and annealed palladium used in the
present analysis of hydrogen trapping effect are as follows?:

For fully annealed Pd specimen,

Dy = 1.05%107" exp [—21420+1210 (Jmol™)/RT]  (m?s™) ®
[C;] = 4.53%10™' exp [17070£1170 (Jmol)/RT]  (mol m™3) )
and for cold rolled Pd specimen,
Do = 8.07x1078exp [~22180%960 (Jmol™)/RT]  (m?®s™1) @®
[Cr] = 1.85% 107! exp [20880+920 (Jmol"1)/RT]  (molm™3) (©))

These values were measured at cathodic current density of 7,=10 A m? in the temperature range 279 to 335
K by the electrochemical permeation method. The value of D;=1.85 x 107! m?s~! at 298 K in annealed
palladium of this work is in good agreement with the values determined by Hasegawa-Nakajima®, Dev-
anathan-Stachurski?® and Stackelberg-Ludwig?®. using the similar electrochemical technique, although the
diffusivity values that have been measured by the other measuring methods, such as the gas volumetric,
Gorsky effect, nuclear magnetic resonance etc.® are higher about two times than the present value.

The hydrogen concentrations in both annealed and cold rolled specimens are in relatively good agreement
with those of Hasagawa~Nakajima® and the solubility enhancement of 1.2 to 2.7 in cold rolled sample was
obtained, these are reasonable values compared with the results of Flanagan et al®®. The cold rolled
palladium used in this study had the dislocation density of pys = (6.9%1.4) X10'* m~2 which® was evaluated

from the formula by Williamson~Smallman?®, based on the lattice microstrains determined by X-ray line

broadenipg .

IV, Comparison of the model with experimental data
It will be discussed to compare the present model of equation (1), together with both models of Oriani!?’

and McLellan'®'!® given by equations of (4) and (5) respectively, with the experimental data of apparent
diffusivity in cold rolled palladium.

In order to examine the best fit between the experimental data and equation (1), the following procedures
have been used. Initially, equation (3) was used to estimate the trap density fi and the trap interaction
energy Aéf{l from the experimentally determined data of temperature dependence of hydrogen concent—
ration in fully annealed and cold rolled samples, The calculated trap density and trapping interaction energy
Wére ft =2.9%X1072 and A@fi’l =—8.4k]J mol™! respectively. In contrast to the behavior in cold worked

iron®™?® the trapping sites in cold rolled palladium are relatively shallow to ‘hydrogen, although the density
of traps is comparatively high.
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In view of the lack of the experimental data of fi», Dy,

Dy and Dy,

in an attempt to obtain a fit between the measured diffusivity and equation (1) is difficult.

it appears that further refinements

However, as the

term (Ep —E;) in equation (1) can be expressed as Ep —E; =Ei —~E; — 4G4, according to the relation of

equation (2), the numerical calculations will be given to examine the applicability of the present model,

according to some assumptions. Then, we assu-
med that for simplicity, Ex = E; and Eq =1/2 E,
thus the difference between Ep and E; in equation
(1) is written as E; — AG“Z These assump-
tions, together with f; value calculated by equation
(3) can be seen considerably to restrict the valﬁes

of (Dkﬁ -+ Dpo)/DLO and Ddo/Dzo.

deal with the fiz as an unknown variable.

Thus, we will
Under
these assumptions, a computer fitting technique
was used to fit ‘equation (1) to the variation of
measured apparent diffusivity as a function of the
reciprocal temperature, The result is shown in
Fig, 1, together with both models of Oriani ¥
and McLellan!®"1®

The good fit of the present model to the ex~
perimental data is obtained with (Di®+Ds%)/D;°=
1x107® and D¢/ D,°=1x1072,

Oriani’s model'®> also provides a comparatively

It can be seen that

better description of the experimental result than

MecLellan’s model!21®  Here, as far as the value

T T T T T T T T
10° -\ i
E XN . E
- RN annealed Pd ]
- N 7
N NN I ]
16 AN

- E N/ ~cold rolled Pd3
0 - N0, 3
E = N %o ] Ex 4
N Nyo il

;11 '\ 174 E)
S10°E \ \A\A°\§/1/2 El 5
= 1Et o
N NN ]
B \ i

) AN
= 2E1 =
L 4 Ey \\ '~

1613 1 1 1 ! |- l 1 1 I\\

1.5 20 25 30 35 40 45
T,/ 1073

Fig. 2 Temperature dependence of apparent

diffusivity as a function of Ex=nE; (n
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Fig. 1 Temperature dependence of apparent
diffusivity as a function of fiz values.
Ex=E;, E;=1/2E;, (Di*+D»*)/D\*=
1X107%, Dg%/D;°=1x1072,
————— : Oriani’s model,
——— - ———: McLellan’s model,
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Fig. 3 Temperature dependence of apparent

diffusivity as a function of Eg values.
Ex=Ei, fiz=1.6%x10"1, (D®+Ds%/
Di°=1x10"2%, Dg°/D;°=1X10"2.

————— : Oriani’s model,

—— - ——: McLellan’s model,
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Fig. 4 Temperature dependence of apparent Fig. 5 Temperature dependence of apparent

diffusivity as a function of (Dy°+D2%)/
D;® values. Ex=E;, fiz=1.6X1071, Eq
=1/2E;, Ds®/D*=1x1072,

—————: McLellan’s model,

diffusivity as a function of Dg%/D,;® val-
ues, Ex=E;, fta=1.6X10"", E4=1/2E;,
(Di*+Dp*)/Di*=1x10"%, '

——— ——: McLellan’s model,

of (D+Dg%)/D,° is less than about 5 and the value of D¢°/D;® is less than about 2X 1072, their variables
are nearly insensitive to the good fittness, Therefore, in the subsequent calculations we fixed (D#*+Dp°)
/D;*=1%x10"% and D4*/D;°=1x10"2% except for the examination of the effect of these values themselves.
The effect of variation in activation energy Ex is shown in Fig. 2, where Ex = nE; (where n =4, 2,
1, 1/2, 1/4) and E; = 1/2 Ei, fie =1.6 X 107,

activation energies E; for diffusion within the trap sites, where Ex = E;, fiz = 1.6 X107, Figure 4 and

Figure 3 shows the apparent diffusivity with different

5 show the effects of different frequency factor values of (D + Dp®)/D;® and D%/ D;° respectively, where
Ex = E;, Eg =1/2 Ei, fiz =1.6 X 1071,

As one can be seen from these results, the present model provides a better description of the experi-
mental data than both Oriani’s!" and McLellan’s!®'!® models. A marked difference can be observed in the
The

diffusivity decrease in the present model decreases more slowly as the temperature is lowered than that in

diffusivity behavior of the present model when compared both models of Oriani!* and McLellan!®"1®,
the previous models'®~1®,  The difference between the apparent diffusivity D and lattice diffusivity D;
becomes smaller, as the temperature decreases and finally D value becomes equal to D; value at the transition
temperature at which the influence of lattice imperfections change from hydrogen trapping to hydrogen
enhancing. The situation implies that hydrogen can diffuse easily through dislocation pipe or grain boundaries

at very low temperature.

V. Conclusions

The validity of a generalized “two-energy-level” trap model for hydrogen diffusion proposed by one of
the preset authors was examined with the experimental diffusivity data for cold rolled palladium, together
with both models of Oriani and McLellan.

tsl

By using the trap density f and trap interaction energy 4Gy’ which could be calculated by equation

(8) from the experimental data, and by assuming the reasonable values of Ex and E; in equation (1), the
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model provided a better description of the experimental result than both models of Oriani and

McLellan, The trap interaction energy and the trap density in cold rolled palladium was determined to be

Aéf;’l=——8.4 kJ mol™ and f;=2.9x107* respectively.
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