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1t has been shown that a large volume of data for the solubility of
hydrogen in iromn is affected by spuricus surface conditions. Arrhenius
plots of solubility data in the temperature Tange 300 - 1750 K, whlch
are free of such effects, exhibit a temperature variation which, despite
the low H-solubility in the entire temperature range, is not consistent
w1tb regular mixing statistics. This departure from regular behavior is
consistent with the thermal activiation of H atoms into entergetically
less favorable octahedral sites as the temperature is increased.

The enhancement in H-solubility caused by the cold deformation of
iron can be understood in terms of a simple Maxwell-Boltzmann distribu-
tion of U atoms between "hormal" lattice sites and "trapping' sites of
depth 33.9 kJ/mol.

The sixty-two currently existing sets of data for the diffusivity
D of hydrogen through bec iron exhibit a large degree of mutual incon-
sistency. Exhaustive statistical analysis of this large data mass has
shown that only those data obtained by electrochemical methods and Hp-gas
equilibration methods using UHV techniques and Pd-coated membranes &re

reliable. In the range —-40 - 80°C the best representation of D is
D = 7.23 x 10~% exp (Q/RT) mZ/sec
where Q = 5.69 kJ/mol.
In the temperature range 50 — 550°C, the best D-representation 1is,
D=[1-2.5] » 10~7 exp (Q/RT ) m*/sec

with Q in the range 6.70 - 7.12 kJ/mol.



These differing diffusivities are consistent with an increase with
temperature of the fraction of H-atoms hopping from octahedral rather
than tetrahedral sites.

The problem of H-diffusion in deformed iron has been analysed using
a semi-quantitative model in which the retarding effect of trapping sites
on the diffusivity is partially compensated by a "oipe" diffusion con-
tribution along dislecations. It is shown that this model is in accord
with the diffusivities measured in deformed iron when data not encumbered

by spurious surface effects are considered.

Keyworks; Lron and Steels, Hydrogen, Diffusion, Solubility, Deformation
Dual Occupancy Model, Pipe Diffusion, Permeation, Absorption,
Electrochemical measurement, H, Gas-equilibratiom, Trapping,

Dislocation, Surface Defects, Lattice Defects, Grain Boundary
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2.2 General concepts

Recent years have witnessed a large volume of research work directly
connected with the thermodynamic and kinetic behavior of the hydrogen-iron
system [1-22]. One reason doubtless lies in technological importance
assocliated with the degradation of ferrous engineering materials resulting
from hydrogen absorption. Amore fundamental motivation lies in the fact
that over the years the generation of more data has, by and large, seemingly
contributed to the existing confuéion surrounding this basic metallurgical binary
system, The data of different investigators often show alarming mutual
discrepancy in the solubility, and especially in the hydrogen diffusivity [1-4],
in the low-temperature region. Much work has been centered on analyzing the
anbmalies at low temperature in terms of trapping effects associated wiﬁh inter-
actioﬂs between hydrogen and defects produced during pretreatments or existing
at the surface of the iron [23-29], or associated with the essential properties
of the iron lattice at low temperatures [30].

The initial problem considered in this report concerns the relationship
between the experimental methods used in obtaining thermodyanamic and kinetic
data in the Fe-E system to the generation of real and apparent anomalies in
experimental results. Solubilities at high temperatures are usually measured
by simple procedures [6,7], involving the equilibrate—quench-analyze technigue
and are less prome to errors than are low-temperature diffusivity measuremeﬂts [1].
However, it is always difficult to eliminate the effects of surface defects
resulting from differing pretreatments, Many investigations [23~29] have shown
the existence of surface sites acting as traps for hydrogen and which persist
even after annealing. It is clear that surface veids and microcracks formed
during heavy cold working are not removed by annealing {26,27], but other problems

arise due to inappropriate surface finish. If gurface finishing involving
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mechanical polishing is performed subsequent to annealing, thin Beillby layers
may be produced [31-33]. Surface finishing by electrochemical polishing
after annealiﬁg or Pd caning can cbviate this problem [20~22],

Surface cleaning may be effected by vacuum annmealing, but this is not
always appropriate since interfering surface conditions may be produced depending
on the vacuum annealing conditions (oxygen) [34]. Ion sputtering techniques
can also cause surface effects [36,37] and their formation has also been
ascribed to the repeated use of the same sample [35].

Ancther interfering factor is sample shape. Surface trapping in thin
membranes obviocusly leads to anamalously high solubilities.

The effect of deformation on the solubility of hydrogen in irom is of great
teéhnological importance [38,39]. Voids are formed in highly deformed ironm,
usually only in surface layers, but the most important result of deformation is
of course a high dislocation denmsity. Much work has centered on hydrogen-dislocation
interactions in deformed iron [24], [40-43]. - However, as will be pointed out
later in this paper, these analyses are hampered by the very nature of the
uncertainties in the experimental data itself.

Even though crystal grain structure has been shown to have a large effect
on H solubility in Ni and Co at high temperatures [44], its effect in Fe has been
detected only at low temperatures [41]. Thus metallographic features, and the
trapping of H at impurity atoms [45-47], appear to be important only at low
temperatures [41].

A further consideration relates to the question of what the term "anomaly"
infers anyway. The behavior of H in becc metals is often explainable only in
non~classical terms (especially the Group V metals [48,49]) and non-classical
considerations may dictate the behavior of H in the defect-free iron lattice in
such & manner that classical Arrhenius solubility or diffusivity relationships

are not to be expected anyway. It is fairly clear [50,5i} that H occupies
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tetrahedral (T) sites in bec iron at low temperatures, but the situation
at higher temperatures is far from clear. Let us recapitulate the causes of the
experiment#l uncertainties in experimental data in the Fe-H system and point
out the aims of this report by stating the following sources of uncertainty.
(1) Experimental uncertainties related to defects in specimens either formed
during pretreatments or arising due to experimental conditions.
(2) Differences in metallographic strﬁcture and impurity levels.
(3) Non-Arrhenius behavior in the temperature dependence cof the hydrogen
solubility of H in bce iron in the absence of the two groups of

effects listed above (i.e. behavior in a '"perfect' bulk lattice).

After discussing each of these three areas we will discuss the effect
of deformation on hydrogen solubility in iron using a simple model for the

effects of H-dislocation interactioms.
2.3 HYDROGEN SOLUBILITY IN WELL-ANNEALED IRON

2.3.1 Analvsis of Scatter in Experimental Data

The first task is to elucidate the "true" hydrogen solubility in a-iron
by considering the available solubility data in terms of the sources of error
outlined previecusly in sectiom I.

Normal experimental error {(random errors) are usually expressed in terms
of a statistical distribution such as a Gaussian function [53]. However, when
bulk or surface defects having high binding energies with H occur, the
experimental data will exhibit some defect-related tendency overriding the usual
random errors, and this tendency will be more pronounced at low temperatures
[20~23] due to the exothermal nature of the H-defect interaction.

First let us show of the available solubility data. This is given in

Fig. (1). The concentration unit 61 is the number of B-atoms per Fe atom.
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Fig (1) reveals several obvious features., Firstly it is clear that the degree
of scatter increasés rapidly as temperature decreases. Secondly the data in
general (i.e. weighting each data set equally) do not conform to an Arrhenius
plot of 1n & vs. 1/T. The high-temperature data (> 225°C) are shown in a
magnified form in Fig. (2). Except for the lowest-temperature points given
in Fig. {2) (lOA/T < 20), all the data were obtained by the H2 gas equilibration
method, In this high-temperature reglon there is a clear tendency to a positive
deviation from Arrhenius behavior at ~700°C, corresponding to a H-sclubility
of ~5x10-5. This deviation is not considered to be due to random error, but
rather to some overriding mechanism. Let us consider the following five possible
mechanisms:
a) Intrinsic interactions between H-atoms and interstitial sites or
vacancies in the iron lattice.
b) The effect of metallogrpahic facters such as grain boundaries and
impurities.
¢) Deformation-related defects, e.g. dislocations.
d) Trapping at surface sites.
e) Intrinsic non-Arrhenius behavior, i.e. when the nature of the
interaction between H-atoms and the defect~free bulk iron lattice

is such that Arrhenius behavior is not te be expected in the

H-solubility.

Now it is clear [20,21,23,41) that the mechanisms (a), (b) and
(¢) are important at lower temperatures, but are not causative mechanisms
in the temperature range in fig (2), i.e. above 300°C. The vacancy concentration
is teoo low to represent a reasonable trapping mechanism [{8]. Moreover the
sclubility at this temperature, ”ZXIOHS, is such that departures from Arrhenius

behavior require very deep trapping sites or high concentrations of trapping
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sites [40,44] having at least the H-atom binding energy of a dislocation,
{.e. about 33 kJ/mol [25, 53]. Thus let us limit our consideratiomns
in this temperature range to mechanisms {(d) md {e)

Consider first the surface states. It is essential to consider the sample
preparation process, and in particular the final stage of preparation. A careful
perusal of all the reports from which the data of fig. (2) were taken shows
that the minimum solubilities were found when the final surface treatment was
electrochemical polishing. This procedure was followed in only a few [20,21]
of the cases, whilst the most usual procedure involved vacuum annealing after
heavy cold deformation or mechanical abrasion using emery or diamond paste.
The work of Samuels using a variety of metals [31-33] clearly shows that
mechanical abrasion produces Beilby layers without exception. Such layers
contain large concentrations of voids and dislocations. Since the equilibration
samples, particularly at low temperatures, &are usually thin membranes,
mechanical polishing leads to an enhanced solubility. Structures resulting
from heavy cold deformation, and also Beilby layers, cannot be completely
anihilated by vacuum annealing. In general thin layers of fine~grained
structure result from annealing, but it has been shown [51] that absorbed
oxygen acts as an inhibitor toward grain boundary migration. It may be
impossible to differentiate between the effects of a fine-grained post-
recrystallized layer and the effects of B~0 interactions in the surface
layers. The penetration of oxygen into the surface cannot be inhibited even
under ultra high vacuum annealing conditons [67]. The absorption of O occurs
even at 10-8Pa and the coverage fraction of active residual oxygen reaches
almost unity under high~vacuum conditions (10—3 - 10_4 Pa), The concentration
of oxygen dissolved in surface layers under given thermal treatment conditions

depends on the intrinsic oxygen solubility. The sequence for the metals
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Fe, Co and Ni at 900°C [55-58] is as follows:

Fe < Co < Ni

~0.01 at. % ~0.03 at. % ~0.05 at. % (1)

411 of these métals exhibit an anomalous H-solubility enhancement at low
temperatures, which, at a given temperature, is in the same sequence as
equ. {1}, This is shown graphically in fig (3). The minimum solubilites
are taken from the extrapolated high-temperature data [55~58] and the maximum
solubilities are as measured. It must however be pointed out that the influence
of grain boundaries upon H-solubility is not clearly understood [67] and it may
be that O-diffusion from the surface layers along grain boundaries plays
an- important role in the anomalous echancement of H in these metals. Similar
effects have been observed in vacuum annealing in the Fe-N system [69]. As
a final comment, let us point to the dramatic effects produced by Pd-coating
in diminshing surface effects [68].

Dissolved oxygen 1s not reduced by H ﬁnder equilibrium conditions and
the repeated use of the same sample with oxygen exposure can lead to a
drastic reduction in permeability [61].

To summarize these considerations we conclude that the

most reliable solubility data are cbtained by the gas-equilibration method

using electrochemical surface preparation . However, as shown in Fig. (1),

there is a clear general increase in Bi at low temperatures, in respect to the
Arrhenius behavior at high temperatures, and this may be at least in part
due to the intrinsic nature of the Fe-H interaction and not to surface effects.

This will be discussed in the following section.

2.3.2  Theoretical Treatment of Hyvdrogen Solubility in Irom

The solubility of a diatomic gas can be written in the general form [70],
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= D =X8
1/2 B, - 1/2 E X
B = é;%TZ-J; exp { - = 0} exp( 1 ) (2)

kT k

where *Ez is the dissociation energy of the H2 molecule at O K per atom,
¥ is a known [70] constant, £ the number of interstitial sites per metal

atom, and H, and §§S are the partial enthalpy and excess entropy of the dissolwved

i
interstitial atoms. The gas pressure is P, This equation is completely

X

s
5 do not vary with either concentration

valid, and shows that, provided ﬁi and §
or temperature, plots of 1ln 8 vs 1/T will not be linear due to the term
(7/4) 1n T. Furthermore the non-linearity will be more pronounced in the
temperature range AT when T is low so that (7/4) 1n (AT/T) is proportionately
large.

Now in certain interstitial solld solutions measured data show that
both ﬁi'and 5?8 are indeed constant over long temperature ranges, The b.c.c.
Fe-C system is a prime example [71]. However the protonic nature of H dissolved
in metals [48,49] leads to the idea that it ﬁay not be appropriate to regard
the dissolved H atom inthe traditional sense of a bound oscillator located
in a single type of interstitial site, nor even appropriate to consider
that the dissclved H-atoms possess only vibrational degrees of freedom in
the metal lattice.

The discussion of the "correct'" meodel concept for bee Fe-H solutions
must start with a selection of the "best'" solubility data, i.e. such data
which are free from the exterraneous factors giving rise to solubilities not
reflecting the intrinisc E-lattice interaction. These "best" data have
been selected according to the discussion on the previous sections by taking
the following data groups:

(a) High-temperature data obtained above 873K

{(b) Low-temperature data obtained with due cognizance to correct

surface treatment.
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7/

A plot of these data in the form of In (6 T 4) vs. 1/T is given in
Fig. (4). The data were taken from the references given on Fig. (4).
It can clearly be seen that the plot is not linear. The simplest
explanation of the curvature found is that proposed by da Silva and
McLellan [7], according to which the H-atoms act as bound oscillators in
interstitial sites in the entire temperature range. At low temperatures the
tetrahedral sites are more stable, but as T increases entropic factors
cause an increasing fraction of octahedral sites to become occupied., It
has been shown (7], that in this model the chemical potential of the H in
the solid is given by
gt
B, = KT In 1 +3 5 -15.T (3
o = z i 1
£ eXP(é-H-)exp(—&)ﬁ-l B
kT ~ k T

Br
where the superscript "m'" denotes the "mixed" i.e. dual--occupancy state,

BO 7 denotes the number of O or T sites per lattice atom (3 and 6), B Tand

i

-

§iT are the partial enthalpy and excess entropy in the T-sites (i.e.
™ . - =T =0 - =T =0

at T+ 0) and, with obvious notation, AH = Hi - Hi and AS = Si - Si'

The solubility 8? in the "mixed" state, i.e. at T increases, is given by [7]

8? Bo AH AS
‘é'? =l+@"exp(ﬁ)exp(-?) (%)
T
i

In equ. (4), BiT represents the (low temperature) solubility corresponding
to T-occupancy only.
A least-squares regression was applied to the data of fig. (4). The
best values of AH and.ﬂg were AH = - 22.56 kJ/mol and AS =-6.0 k. The
curved solid linme in fig. (4) illustrates the variation of 1n (T-/‘/ZF Gi) vs 1/T

calculated from the above values of 2H and 43 and the linear fitting results
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(lower dashed line) obtained at T< 300 K, i.e.

714

n (e{ T )=~§-l—zﬁ{—9-°—+(3.21¢0.32) (5)

1t can be seen that the curved solid line gives a satisfactary representation

of the measured sclubility.

2.4 EFFECT OF MECHANICAL DEFORMATION ON THE

SOLUBILITY OF HYPROGEN IN BCC IRON

The change in hydrogen solubility in iron with degree of cold deformation
depends on the concentration of lattice defects thus introduced and their inter-
action with hydrogen. Non-equilibrium defects are removed upon annealing,
accompanied by the formation of secondary defects or, at high temperatures,
recovery; These complex phenomena are a function of annealing temperature
and time. However, at sufficiently low temperatures, it is possible to coneider
the system Fe + H + defects as representing quasi~static equilibrium and
treat the effect of deformation of H-solubility thermodynamically.

In comparison with the noble metals, which have low vacancy formation energies,
and the tendency to form stacking faults or Frank Loops [66], the defect structure
in bee iron is stable at low temperatures and the bulk of the literature devoted
to the H~solubility enhancement due to cold work has dealt with the interaction
between H-atoms and quasi-stable defects. pDefects associated with grain .
boundaries and dislocations can be treated as having similar properties [41]
with the exception of having a differing H-defect binding emergy [23]. Omn
the other hand, several investigators have discussed H-solubility in heavily
deformed and annealed iron containing H in voids, micro~cracks, and subsurface

layers formed either during annealing or cold-work itself [23,29].
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In this work, we will discuss H-solubility enhancement due to
dislocation-related sites in moderately cold-worked iron. As in the previous
discussion, only experimental data will be used in which electrochemical
polishing was used to remove the defect-rich surface layers [20,23].

The calculation of H~trapping at dislocations is, of course, an old topic.
Hirth.and Carnahan [72] have performed a rigerous calculation of the interaction
between H—atoms and the stress-field of a dislocatiom using the isotropic
elastic approximation. However, statistical mechanical calculatiens invelving
more than two energetically distinct sites are extremely cumbersome and
statistical approaches have usually been restricted to two-site models
{(i.e. "normal" sites and "trapping" sites). The well-known treatments of
briani f24], Koiwa [73], and McLellan [40,74] may be quoted. A discussion
of the relative merits of these calculations will not be given here since they
will be discussed fully in respect to the kinetics of the H-Fe system to be
treated in report II of this series. Before commencing the quantitative
treatment of enhanced solubility let us make it clear that, in comparing
measured solubilities to model predictions, we will use only data obtailned
in experiments where the surface treatment conforms to the requirements laid
down inthe previous section.

Consider an iron sample containing N iron atoms and N¢ trapping sites. Of
the Ni H-atoms, Ny are located in "defect' sites and NL in normal sites

{(1,e. T-sites at low temperatures). The distribution function giving the

temperature dependence of N_ and Ng is a Maxwell-Boltzmann distribution given by[40],

L
(No- Ng) N
—-—-.-——-E—— . —l"- = X, (6)
N(l1-¢) = NL N8

where X=exp (AG*/kT) = and AG* is the depth of the trapping site well with

regpect to the normal T-site. Now the limit where N¢ >> NB and 1>>¢ this can

. 1 /J —
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be written in the simple form,

N. = N ¢x'1 (7)

Let us write AG* = AH* - TAS*, and, assuming AS¥ is temperature-invariant,

the total H-concentration in the defect—-containing material egw = (NB+NL)/N
is simply,

CW AR*

6, eL [1+ap exp (7)) ] (8)

where o = exp{-45*/k) and 8L= NL/N. The defect density ¢ represents
trapping sites at dislocation cores oT close thereto, The physical meaning
of ¢ will be discussed more fully later (secoﬁd paper of this series).

Let us compare the solubility equation (8) with the data measured by
Yamakawa et. al [20,21]. These authors used appropriate surface treatments
and measured the enhanced H-solubility in cold worked mild steel. They
obtained dislocation densitieé ' by direcf transmigssion electron microscopy
and correlated x-ray diffraction data [21]. The variation of
In [(Biw/ BL) - 11 7/ ' ve 1/T are shown in fig. (5). The least-squares
regression to these data lead to the parameters AH*=33.9 kJ/mol and
ap = 2,04 % 10-16 ¢', Now assuming for simplicity that each dislocation line
yields one trapping site per unit cell length along the dislocation line
then the number of sites per metal atom is

d N
0

Ma

o = ¢’
where d is the density, No is Avogadro's number, M 1s the atomic weight of Fe,
and a is the lattice parameter. This simple calculation yields the result
¢ = 4,31 x 10_16 ¢{ This is remarkably good accord with the previous

finding of wg= 2.04 x lO"16 $' since there is mo reason to suppose that _exp(-4

gx/k) ds
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not small. The value of AH* = 33,1 kJ/mol may be compared with that found
recently by Kummick and Johmsom [42] {59.9 kJ/moll, that deduced by Gibala [25]
[26.79 kJ/mol], and that given by Oriani [24] [27.2 kJ/mol]. Although all the
these estimates are close, it must be emphasized that they are all subject

to uncertainties in AS* since in fact in reality the guantity AG* is
estimated experimentally when H-enhancement is measured isothermally as a
function of degree of deformation.

The degree of coincidence between equ. (8) and the data of Yamakawa et.al.
20,21] is shown in Fig. (6). This plot shows the values of (BCW/GL) vs 1/T
calculated from equ. (8) using the parameters AH* and a4 given. The symbols give
the actual wvalues of (SCW/BL) for given dislocation densities taken from the
measured data. The condition N¢ >N, i.e. ¢> 6 wvhere &£ = NB/N is satisfied.

B B B

The value of GL taken from fig. (1) at 300°C 1s -5 x 10—8. Using this value of

BL and the values of a¢ and AH* given shows that ¢/SB = 27.5 for both the
maximum dislocation densities given by Yamakawa et. al.

To summarize these results, it may be stated that,when due cognizance is
given to the elimination of misleading surface effects, the enhancem;nt in
H-solubility in iron due to trapping sites may be explained by the simple
Maxwell-Boltzmann relation (8). This conclusion however must be in accord with
the kinetic behavior of the Fe-H system. In considering thils behavior we
must again, of course, apply the same criteria for data selectivity and givg

special care to interfering surface effects. This problem will be considered

in the next paper in this series.
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2.5 CONCLUSIONS

The large mass of solubility data avallable for well-annealed iron exhibits
both mutual discrepancies and deviations from simpie mixing behavior
leading to a departure from linearity in the Arrhenius plot of the solubility

vs. reciprocal temperature.

The mutual discrepancy in the data may be largely resolved by considering
only data in which, especially at low temperatures, the interfering

effects arising from the surface of the samples have been obviated.

The "best" data conforming to [2] ébove still shows non-linearity in

the Arrhenius plot of solubiiity vs. reciprocal temperatures. This observed
non-linearity may be explained in terms of a model in which H-atoms occupy
the tetrahedral sites in the bec lattice at low temperatures, but can
simultaneously occupy both tetrahedral and octahedral sites at high

temperatures.

Provided the density of trapping sites is greater than that of trapped
E-atoms, the enhancement of the H-solubility of deformed iron can be
explained by a simple Maxwell-Boltzmann distribution of H-atoms between
"normal" lattice sites and "defect" sites produced by deformation.

The depth of such "defect" sites is 33 kJ/mol.

In order to account for enhanced solubility due to deformation, only such
data must be used in the analysis for which cognizance is given to the

elimination of interfering surface effects.

The conclusions reached concerning the solubility of hydrogen in well-annealed
and cold-worked iron must be such that the models proposed ave in
accord with the kinetic properties of the iron-hydrogen system, This will

be considered in the second paper of this series.

,,17 -



[1]

(3]
(4]

{6l
[7]

(8]

(9]
[10]
[11]
(12]
[13]
[14]
(15]
(16]
[17]

{18]

(15]

JAERI-M 83-052

REFERENCES

J. V81Kl and G. Alefeld, Diffusion in Solids (Edited by A.S. Nowick
and J. J. Burton). Academic Press, New York. Chap. 5, 231 (1975).

H. Schenk and K. W. Lange, Arch, Eisenhlittenw 37, 739 (1966).

J. D. Fast, Interaction of Metals and Gases (1963).

0. D.Gonzalez, Trans. AIME 245, 607 (1969).

R., A. Oriani and 0. D. Gonzalez,.Trans. ATME 239 1041 (1967).

J.R.G. DaSilva and R. B. McLellan, J. Less-Common Metals 50, 1 (1976).
J.R.G. DaSilva and 5. W. Stafford and R. B, McLellan, J. Less-Common
Metals 49 407 (1976).

A. Sieverts, Z. Phys. Chem. 77, 591 (1912).

A..Sieverts, G. Zapf and H. Moritz, Z.Phys. Chem., Teil A 183, 19 (1938).
A, Sieverts and H. Hagen, Z. Phys., Chem., Teil A 155 314 (1931).
Luckmeyer-Hasse and H, Schenk, Arch. Eisenhlittenw 6, 209 (1932).

E. Martin, Arch. Eisenhlittenw 3 407 (1929).

M. H. Armbruster, J. Amer, Chem. Scc. 63, 1043 (1943},

J. H. Andrew, H. Lee and A. G, Quarrell, J, Iron Steel Inst. 16 181 (1%42).

J. H. Andrew, H. Lee and A. G. Quarrell, Iron and Steel 16 140 (1942,
W. Baukloh and R. Muller,Arch. Eisenblttenw 11 513 (1937).

J. Pihlstrand, Jernkontrets. Ann. 121 219 (1937).

T. Iwase and K. Tukushima, Science Reports, Tohoku Imp. Univ.

27 162 {(1938).

M. R. Louthan, P. G. Derrick, J. A. Donovan, and G. R. Caskey.

Eff. Hydrogen. Behav. Mater. Proc. Int. Conf. Moran, Wyoming, p. 337,
AIME, New York {1978).

_ ‘[8_



[28]

[29]

{30]
[31]
[32]
[33]

[34]

JAERI-M 83-052

K. Yamakawa, T. Tsuruta and S.Yoshizawa, Boshoku Gijutsu 30 443 (1981).
K. Yamakawa, T. Tsuruta and S. Yoshizawa, Boshoku Gijutsu 30 501 (1981).
N. R. Quick and H. H. Johnsonm, Acta. Metall. 26 903 (1978).

W. Y. Choo and Jai Young Lee, Metall. Transactions A 134 135 (1982).

R. A. Oriani, Acta Metall., 18 147 (1970).

R. Gibala, Trans. Metall. Soc. AIME 239 1574 (1967).

D. F. De Sante and A. S. Tetelman, Trans. Metall. Soc. AIME 242 1473 (1968),
J. G. Harhai, T. S. Viswanathan and H., M. Davis, Transactions of the ASM.
58 210 (1965).

H. J. Koenig and K. W. Lange, Arch. Eisenhiittenw 46 237 (1975).

J. Chene, J. Galland and P. Azou, Hydrogen Met. Proc. Int. Comgr. 2nd.
143 (1977).

K. Ono and L. A. Rosales, Trans. AIME 242 244 (1968},

L. E. Samuels and G. R, Wallwork, Inst. Metals 85, 177 (1956).

L. E. Samuels and G. R, Wallwork, J. Iron andSteel Inst. 186 211 (1957).
L. E.*Samuels and G. R. Wallwork, J. Imst. Metals 86 43 (1957).

P. A. Redhead, J. P, Hobson and E. V. Kornelsen, The Physical Basis

of Ultra high Vacuum, Chapman and Hall, London (1968).

P. L. Chang and W. D. G. Benett, J. Irom Steel Imst. 170 205 (1952).

T. Yamashina and H. E. Farmsworth, Ind. Eng. Chem. Proc. Res. Rev. 2 34 (1963).
H, E. Farnsworth and R. F. Woodcock, Ady. in Catalysis 2_23 (1957}.

R. A. Oriani and P. H. Josephic, Acta Metall. 22 1065 (1974).

J. A. Donovan, DP-MS~-75-42 (ERDA) {1%75).

R. B. McLellan, Acta Metall. 27 1655 (1979} .

E. Hagi, Y. Hayashi and N, Ohtani, Trans. JIM 20 349 (1979).

o

A. J. Kumnick and H. H. Johnmson, Acta Metall. 28 33 (1980).
J.C.M. Li and Y. T. Chou, Trans. AIME 245 1960 (1969)

S, W. Stafford and R. B. McLellan, Acta Metall. 23 1463 ( 1974).



JAERI-M 83-052

[45] C. Baker and H. K. Birnbaum, Acta Metall. gl 865 (1973).

[46] J. Englhard, J. Phys. F., Metal Phys. 9 2217 (1979).

[47] K. Faber and H. Schultz, Scripta Met. & 1065 (1972)

[48] H. I. Birnbaum and C. P. Flynn, Phys. Rev, Lett. 37 25 (1976).

[49] H. Sugimoto and Y. Fukai, Phys. Rev. B 22 670 (1980).

[50] J. P. Wallace, Scr. Met. 12 791 (1978).

[51] A. Seeger, Phys. Lett. A 58A 137 (1976).

[52] P. R. Berington, Data Reduction and Error Analysis for the Physical
Sciences, McGraw-Hill, New York (1969).

[53] Y. Sakamoto and J. Equchi, Proc. Japan Congr. Met. Res. 18 91 (1976}.

[54] O, Kubachewski and V. E. Hopkins, Oxidation of metals and alloys,
Butterworths, London (1962).

[55] J. L. Meijering, Acta Metall. 3 157 (1955).

[56] J. H. Swisher and E, T. Turkdogan, Trans. AIME 239 427 (1967).

[S7] A. U. Seybolt, ASM Metals Handbook 1231 (1948).

[58] 4. U. Seybolt, Trans, AIME 117 156 (1935).

[59] 1. Schenck and H. Taxhet, Arch, Eisenhlittenw 30 661 (1959).

[60] W. Geller and Tak-Ho Sun, Arch. Eisenhlittenw 21 423 (1950).

[61) P. L. Chang and W. D. G. Benétt, J. Iron Steel Imst. 170 205 (1952).

[62] J. Horiuchi and T. Toya, Chemisorbed Hydrogen, Solid State Surface
Science Vol. I (1969). .

[63] F. T. Wall, Chemical Thermodynamics, W. H. Freeman, San Francisco,
{1974).

{64] R. Fowler and C. J. Smithells, Proc. Roy. Soc. Al6Q 37 (1937).

{65] R. B. MclLellan, et.,al., Trans. Metall. Soc. AIME 233 1938 (1965).

'66] A. A. Hussein, Metall. Trams. A 6A 424 (1975).

{67] R. B. McLellan and S. W. Stafford, Acta Metall. 22 463 (1974).

1681 K. Kiuchi and R. B. McLellan, in preparation.



[69]

[70]

(71]
[72]
[73]

(74]

JAERI-M 83-052

M. Doyama and J. S. Koehler, Acta Metall. 24 871 (1976).
R. B. McLellan, "Phase Stability of Metals and Alloys."
McGraQ—Hill, New York (1966).

W. W. Dunn and R. B. Mclellan, Met, Trams. 2, 1079 (1971).
J. P. Hirth and B. Carnaham, Acta Metall. 26 1795 (1978).
M. Koiwa, Acta Metall. 22 1759 (1974).

R. B. McLellan, Scripta Metall. 15 1251 (1981).

,,21 -



JAERI-M 83-052

TEMPERATURE,'C

o g w0 %0 MO xp g0 P ]
"'[ T § I 1 1 i T ) 1 |

1 1 +7
£\l +o
<! \l
> [ 0
z My B
ST )
o R TR -

; \ g o ¢ a3 e
L—’: li 1 E‘ ® L% . s s . -1 12 o‘é
§ | \\I . * 2 . : 3
gl Y - e ° e 5 ; Bk

| . 1eect \ L a |
o : " s 15
v _n =
vacamey s v v P
Ic?'.__ tner. 88} - ,”. L] *a 16
L r
; - 1 SIMLE CHTITAL » -7
0 e T 2
]
. 18
chL- —
{ I I | Lo L )| ! L1 | | | { ! 19
4 6

0 1278 6 8 20 22 24 26 28 30 32 M 36
REC | PROCAL TEMPERATURE, 1/ Tui0h K

Fig.{1) Hydrogen solubility in ACC iron as a function of temperature.
T T T T T T T 1
\ ; Hydrogen Schutxiity in 8CC-Fe
.\\
8- ‘ -~
gl- —
-G
1oF Scatter Bond
-y &
[~
T
(I \ -
5
7 \‘-—!03
=] ¢ »
2l ® \ .« -
8 i '.{. L
@ L \N? o
L B ] [} ] b
¢ n \
131 N\ e
\ .
\Q .
% A NS SRR NS WA NN N N . o
4 6 8 10 2 14 18 8 20 22
RECIPROCAL TEMPERATURE, I/ TG’ K'
Fig.(2) Hydrogen solubility in BCC iron in the high temperature regicn.

The symbols used for different investigations are consistent

with Fig.(1}.

—22



Ouax / Ouin

Discrepancy,

o —
v A _
\Co ' Ni .
VoV -
Vo _
5 \ =
L. \ —
+ o N -

JAERI-M 83-052

- —_— - —_— e e —
WITHIN EXFE!I!}:TAL ERAOR = =
his b A R o ---‘--‘---_--ﬂ‘--‘- - e ey A

1 ! | ! |

(g* Toks o g?

e MiN

Fig.(3) The tow temperature H-solubility enhancement in Ni, Co, and Fe.

Fig.(4)

in (8 ™Y
!
AN
|

The discrepancy is the ratio of 0, measured at high temperatures
and extaporated down to the given values of Omin' The Omax is
taken from actual Tow-temperature data.

TEMPERATURE ,'C

500 900 800 400 30 20 2 50
6 S L S AR R S B B R ™7 T
5 - ! Hydrogen Soubility in BCCFe |
o | a1 | atm Py
1y |
1 by
a4+ ' STeEOL  REF. e ]
' ) .
A :i 1 o gu- ; -
R v a »
21 41 ! e ©
o H
e L s ¢+ = .
'g(n:u, e
g |
O b e '-!::c:: =

-2
s \-
~_ -
3 8 ~N
Lal {Equd) PN _
ey
_5 L . b —
SHetro. *
_6 |- (Equs! —
-7 . .
_8 P SN U R SN SR TR N DRI M W S Y
4 6 8 10 12 14 16 18 20 7e 24 26 28 0 3R M B

RECIPROCAL TEMPERATURE,[/TX ig* K"

7/4)

Plot of in Bi-T vs. 1/T for hydrogen in BCC iron. The data

points given {symbol communaiity between Figs.{1,2 and 4) ) are
selected using the criteria discussed in the text s0 as to
represent the most reliable solubility information.



JAERI-M 83-052

| I | I ] I i |
25— BISLOCATION DE"@’.T;" —
7 2.8 nig?
o o 230l
o rsx10®
. 4.1 a.o::o:
|=5:2‘4*-' A L '. . ;5::-13' -
~ L=
t
x
[+#]
—
£ 22
21
] | ] | ] | | {

28 29 30 3 32 33 34 35 3_‘6_'
RECIPROCAL TEMPERATURE,I/ T XI0, K

s - 3 1

Fig.{5) Plot of the function in [ { e?" /8 -1 1/% wvs. 1/T for cold
worked mild steel. The different symbols refer to differing
dislocation densities as shown on the diagram.

TEMPERATURE ¢

e e Jm

[
DISLOCATION DENSITY, @', m2

Sk v 28210
o 23210
o [srjQ"®
8 A nOriO™*
» LBFIO
e 17104
— 1.0 40
7 Loxio'?
—~ 6 —
-l
@
5o i}
- CALCULATED CURVES{Equ 8 )
4 —
= MEASURED YALUES
. sRTODA
{ Aot 20,21}
3

| ] ] L | 1 | L
12 16 20 24 28 32 36 40 44 48

Reciprocal Tempercture |/ T x10% K

Fig.(6) The solubility enhancement ratio 8" / 8 as a function of 1/T

for differing dislocaticn densities according to Yamakawa et. al.
[ 20, 21 ] . The solid lines represent caluculated values.



JAERI-M 83-052

3. WM X OB &g ORROHLR

3.1 #& L3

1) ESGEE, SBFOKZEOYLENEEOR THEAMKBOKERLORIELMEL
FELEERHEETH D, LOLBRELTAS S, B L MBI ORRCHERE TS
2 AFEEEOBEHERAETES MR ON, ¥ OFRKRE L OHLHEEE OIS REOH
WHEE LI - T I, B OUHTHOBEEET L =v 7y 7Lt 7oy PLTHSLEM
Pt ERE AR Tamic B icENERNET 2EANR S, {5 0% bERABKAT 5.
DB trapping . EEKRED BB S L UENE OB TRIGIC K Bt Trapping 4 EO0
£8.5 0 C OERMRE SN TE R, CORETRAEESNTOARIET — 5 K20 THE
TR, REAERE SRS O AR RS EAR A 1T, S OREAEH LIRICOR AR,
187,
@ BMEF—sBOII Lo, AIEERE L URHOEREN LECPILOD 2 >T8
n | e Trapping (I~ HEMEEFERS &), BRI QRIS S RERF R T (FRZ &
DIKFED I R TR DI,
® EEHREH LB L ZEEEHNET S HSTEEARNEFRE, BRUTEZHEL
kA B0 BRI LEHES (RE) BL0Pd 2E L R cBEEEAVE v & 1
W A (SR TH L.
© OOBMEFEHLECHAIEGE,S LVKEOERER DML, BTV =
ZAREM ARSI, L LI i, ABEO Chap. 2Rtk i, SETOSKPDK
#75Dual Occupancy JREEIC /LA & A EE L THEB L /AMREFTVERE-RT 2L, OO
TFUERIC LR, S, Tsites #BAL TOKRKIROEHOLHD iEHELT 70+
— LTS5 4K /mol, SRTOFNELTE T~ 7 1K]J/mol DEEET,
@ HEGEEOHEEE LCAERSEL LA T 20 AN/ Permeation 7k,
D%mmmn%TM,ME¥—&®%%M@¢%,Kﬁ®mﬁ®m®ﬁmﬁ®%ﬁkliw
o EEEE LT 5 K] /mol 2k, TOffid, vy hOIEOE L DAE .
E®%Kﬁﬁﬁﬁ®%ﬁéﬁﬁfméﬂ%ﬁﬁ%5o%ﬁ@ﬁﬁc®ﬁﬁkliw¥—®@
3, BESEE L ABROSER TOKEOHBBEDE UMY 5T L5590 -7, KK
SOBR AT 2403, Pd Ok i{bFEc BT, KREDEBEFAE L REOMER
ARELAREARC AOSRBNTFETHS, Lo LAIETRLBERIRESNS.
@>Tmme%ﬂE®%@ﬁﬂﬁﬁ%ME&@,%ﬁﬁﬁﬁi@%%ﬁﬁHWKME
Lk, —REDNTHOLSBON LS, SN KEDIET 07 ¢« BREMEL 2T
— DL E FOE - —5T ARBEHTHORY, COFRICLDERIKECHET S
SEMIESB L C BTN, —BICE, COFEMEOGNSI EMNFLA, BIRITE
LTid, SEBkE L UHSMIT FORNFUEEL S,



JAERI—M 83052

2) BRPOKFEOWEMITRITTELDEE

ERC L 0E U B FRIaERELOMHBIEAOREIR . ERMEIEBIT 2 KEREORE
LB L CER I E  QAIER K VBRI KR EINTE TS, SERHEN TV 5
LAmeTd AL, MIMRDOKEOWLBEIELN (D) LtreERb0En (DP) Lokt
i, ROWTULOEBLAXEHCTRHEAT AT LHBTE S,

A=D/DP= [1+K'+ b +exp(dGF/kT)

it A = [1+K «¢+exp(4G%/kT))?

CLTAG*Z, RMEDChap 21T~ K DT KR & DFSG T A F - BFR L
FH, K93, RMBEKCBZRLAZETH 5, IhoDicikiud, D E, BEDETE
HicEEIETL, BETHRBEHOZTNLD GENC Licd s, FAERMNMETELAT
WEF -4 EDFEEMLR L, CORERERIIZ, BITEICR UL 3 ICREIREDFE
FAHUET -5 ERFONRE LTHOTWAEL XUKEOWEIC RTS8 OREx B
LLBEFTVWAHILHZEEDLNS,

KEOWEIC KR IZFTMEEDOEE L, A4S Chap. 2 iR LI X 2L & KB EDHESE
FRIcBEXHA TiMliT A2 &0 TE S, ZOBRETHE, KEOWRITRETTHRUOMREL LT,
EFREZEZL SN T BIALIC L B/KED TrappingD HOZR DI, SEHEREEL LN T
PR OIS B - A RN EL (pipe diffusion) KX B EDREEZERL, H
Lo s vAEER L, COMBEF VARV TETREOBENDILOEAF 4
EMHLT, CNEEREFNVDLLEHRLIEEORELAT -/, OFE, mBFOEGHS
FEEICENTEDG T, FHILOEFVABLIOE NI A S BIROEAD TH D,

A=7((1=71)eaexp(e*/KTI+ 7]
y=0L/0%=(1+a+¢sexp(4H" /KT

ZZTae=620x10"°, Q*=1L01 KJ]/mol, e¢BLIH" 3, §jEDHEEF—T
H5, FIERNROEELONWTONALENOERLAARBELEZ 3FCLOFEEF VN
TRETELLLEBHONLENL T,

- 2F —



JAERI-M 83-052

3.2 General concepts

The preceding paper in this series [1l] was concerned with the complications
arising in the thermodynamic measurements in the H-Fe system due to both the
non-regular mixing statistics and the effects of defects in the bulk and on the
surface of the samples used to make measurements. It is not surprising that
such a "sensitive" quantity as the temperature variation of the H~diffusivity -
should also reflect a strong dependence on experimental technique and sample
preparation, A perusal of the largé volume of H-diffusivity measurements [2-58]
immediately reveals the existipg gxtent of confusion and discrepancy. A
discussion of the mass of data has been giwen by VOlkl and Alefeld [44].

Whilst 1t is clear that the H-diffusivity should depend strongly upon deformation ’
degree in cold-worked iromn, there is also a large degree of discrepancy in the

data obtained for well-annealed bec iron [38-44], and the degree of discrepancy
increases sharply with decreasing temperature, ' The measured diffusivities,

taken as whole, begin a sharp dfop at about 300K [38,44]., This is illustrated

in fig. (1). A number of hypotheses have been suggested to account for this
observation, We may list them briefly as follows:

{a) The presence of intrinsic trapping sites in the structure of well-annealed
iron. Such models involve condensation of H-atoms under equilibrium
conditions into tetrahedral sites (T-sites) [59] and other transgition
occupancy schemes involving more complex jumping mechanisms [60,6}].

(b) Surface Effects, Sample pretreatment can lead to differing states
of surface oxidation. This is often due to the presence of traces
of water vapor in the experimental system [62]. Surface layers containing
heavy concentrations of semi~microscopic voids and micro-cracks,

formed by prior deformation, may not be removed by annealing fg,35,63].

,,,27 .-
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(¢) The presence of non-intrinsic defect sites in the bulk of the material,
Such defects include sites related to impurity atoms, grain boundaries,
an& dislocations. They can all act as trapping centers for H-atoms
at low temperatures [38,41,64-67].

How is the large band of scatter, and the decrease in D beginning at around
room temperature as illustrated im Fig. (1), related to the factors (a), (bv),
and (c) outlined above? In reality there is a complicated combination of many
factors involved. The "intrinsic" mechanisms (2) indeed predict a non-Arrhenius
drop in the H-diffusivity D beginning at a critical temperature, but 1t cannot
explain the large scatter band. Furthermore, it does not explain why such
effects are not seen in other bcc metals., If H-H pairs on neighboring sites
(T-T or 0-0) {(I=tetrahedral, O=octahedral) are invoked as an "{ntrinsic"
H-trapping mcehanism, the same difficulties arise, Furthermore, there 1s no
reason why such H-H-pairs will not be more prevalent in fec metals [68].

Oxide film effects (b) will lead to a bend in the Arrhenius in D vs, 1/T
plot and its position (temperature) will depend on the experimental condlitions
(HZO/HZ ratio in the gas).

The situation in regard to surface and bulk defects not related to
oxidation is more complex and has been discussed in laper I of this series.
Voids and microcracks cannct be removed by annealing, and, if present, will
clearly lead to discrepancies. Other defects in the bulk may be partially
removed by annealing but in any case they can be reduced to levels lower than
~10 ° per atom which is required to explain the sudden drop in D at ~300°K
(fig. (1)). However, an inappropriate post-annealing surface treatment such
as those mechanical processes giving rise to Beilby layers or the rapid injection
of H by electrochemical (charging) procedures can lead to defect-rich surface
lavers which can affect diffusion measurements even though the bulk material

contains defect concentrations too low to cause ancmalies to be observed.



JAERI-M 83-052

Thus the problem is a complicated one and in thies paper we will adopt
the same procedure as in Paper I of this series [1l] and discuss the diffusivity
data in terms of the "best" data obtained selectively by rejecting data sets
which are encumbered by the factors outlined under (b) and (c) above. The
"selection rules" must give cognizance to the éxperimental method used in
obtaining D-data, i.e. steady-state of transient techniques. For example,
the surface reactions invelving adsorption and desorption of H-atoms is very
different when comparing Hz-gas equilibration and electrochemical techniques [69].
In the latter case the surface reaction may be controlled by changing the
electrochemical potentials between the working electrode and the fiducial
electrode. 1In contrast teo this it is often not possible to maintain the
sﬁrface state constant with time and/or Hz—pressure in permeation time~lag
Experimgnts. |

The aim of the present report is to consider intrimsic and extrinsic
sample-related effects in conjunction with the experimental techniques used
and resolve the existing large volume of H-Fe kinetic data into an understandable
scheme. Previous attempts have been made to simplify the situation by
proposing "best" values for Q, the H-diffusion activation energy. Such values
have been given by Ferro [70} (5.4 kJ/mol), Oriani [71} (7.95 kJ/mol) and
by V0lkil and Alefeld [44] who suggested two' best" Q-values according to the
temperature range (4.18 kJ/mol at high temperatures and 10.05 kJ/mol at low
temperatures).

In accord with the goal of this paper stated above, the first task to to
take a close look at the diffusivities involved in the measurement techniques

and attempt to draw up reasonable "selection rules".

7.29,_
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3.3 H-DIFFUSIVITY IN WELL-ANNEALED IRON

3.3.1 Scatter in the measured data

A summary of representative measurement techniques for studying H~diffusivity
in metals is given in Table I. The basic methods are split broadly intc those
depending on Hz-gas equilibration, electrochemical processes, and surface-
independent techniques. It is clear that the surface-independent methods are
superior in determining true bulk diffusivities, but, as shown in the last
two columns of table I, they are limited by material and methodological
(tracer handling) restrictioms. Thus the bulk of the available data stems from
Hz-gas equilibrium and electrochemical studies of both the transient and
steady-state type.

Table I1 gives a summary of the results obtained using the equilibrium
and eleétrochemical techniques, The table Indicates sample purity and surface
pretreatment (when given) and the temperature range spanned. Each data set 1s
assumed individually to conform to the Arrhenius relation

D= Do exp {(-Q/kT) (1)
the the best values of DO and Q obtained by least—-squares regressions are
also given. The large degree of inconsistency can be seen at a glance.
The data of table 1I are given in fig. (2). The representative lines in
fig. (2), delineated by the symbol at the maximum and minimum measuring
temperatures, are constructed from the Q and D, values given in table IIL.
The lines are identified by the symbols shown in the last column of table II
which indicates the author reference and méasuring method class. Now,
although it cannot be portrayed on fig. (2) for obvious reasons of clarity,
almost all of the 36 individual data sets of fig. (2) and table IT are consistent
with equ (1) within their own temperature range, and often exhibit only a

small degree of scatter. It is noteworthy that these three sets of H2~gas

_30_
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equilibration data using Pd-coated samples (T range ~ 325-823K) show mutually
consistent values of both Q and Do' This is strong evidence that metallurgical
factors sucﬁ as grain size or impurity levels do not cause data discrepancies
above 350K when the surface condition does not affect the measurements. The
Pd-coating in the Hz-gas equilibration method [1-3] was developed for the specific
purpose of accelerating the adsorption or desorption process. 1Its application
ig limited to temperatures at which there 1s a low interdiffusion coefficient
between the coating and the matrix material. In the case of electrochemical
methods, the Pd or Ni coating is used to diminish corrosion at the H-output
side under the anodic potential.

let us now attempt to correlate the apparent diffusivities to the technique

used to measure them using the information contained in table II and fig. (2).

3.3.2 The Relationship Between Apparent Diffusivity and Measurement Technique

The data assembled in table II have beer used to comstruct the
histogram shown in fig. (3). The histogram was constructed by assuming that
cach data set has standard deviatioen of 9.1 kI/mol ( 10.5 kcal/mol) in the
value of Q. If the individual experimental techniques were truly equivalent,
the statistical distribution of Q-values would be independent of the actual
technique used. The histogram clearly shows that this is not the case. Not
only does the Hz—gas equilibration method show much scatter amongst the
individual Q-values, below 470K, but the trend of values is markedly dependent
upon the actual method (i.e. steady-state or ¢ransient). Thus the differing
measurement techniques are clearly not equivalent. The data distribution having
the lowest activation energy is found using Pd-coated specimens and UHV technigues
in the pas equilibration method and the electrochemical method.

1f we consider that the minimum D-values represent the true bulk material

diffusivity, then these latter techniques are capable of providing reliable
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data., It has often been considered that the Hz-gas equilibration method using
unccated specimens was appropriate at high temperatures [38,41], but,
as Fig. (3) shows, large mutual discrepancies occur above 470 K,

This conclusion may be confirmed by calculating the probability PG of
occurrance of a datum (in this case=ln D) at a given temperature assuming a

Guassian distribution [72] in the form,

1
1 -y 2
PG=-——exp[--2— (151'{') ] (2}
g 2T .
where 1 , the mean value of the datum (x = -In D), is given by

n .

- 1

=g z fixi (3

i-1

and the quantity x is taken in n increments of Axi such that the total

number of data N 1is,

o

N =f (Axi fi)d(ﬁ\x) (4)
Q

Equation (4) serves to define f . The quantity O ie the standard deviation,
i

given by [72],

1 Ii

2 2
o = -1 :E: fi (Xi - {5

i=0
The relation (2) has been used to calculate PG at a series of temperatures
using data sets split into groups according to the various measuring techniques.
The results are shown for the temperature T=248K in fig (4) in comparison with
the corresponding histograms. All the original data in table II were used.
The peak value of 1n D taken from the histograms is labeled Mo This clearly

does not coincide with the probability peal PG(P) calculated fromequ.(2) using
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all the data (dashed line in upper part of f£ig. (4)). This mean calculated
value 1is Up. The data points in the range 0 2 - In D £ um i.e. to the left of
B in the dlagrams have been fitted to a Guassian distribution PG(M) and this
is shown by the solid line in Fig. (4). The coincidence between PG(M) and
PG(P) and the lower extent of scatter for the electrochemical determinations
in comparison with the equilibratiom methods is clearly seen (lower section of
fig (4)).

The calculations upon which fig. (4) are based were repeated for several
temperatures spanned by the available data ensuing from the Hz—gas equilibration
measurements of table II. The most probable values um of x = =1n D, calculated
f}{om the peak value of PG(M), (symbcl @ ) and the mean value of uP of In D
obtained from the peak values of the calculated PG(P) (equ., (4)) are given
in an Arrhenius plot vs. reciprocal temperature in fig. (5)., The thick
upper solid line represents W (symbol @ ) and the lower dashed llne is Hp
(symbol ). The error bar ranges (= OM or OP) are given by the corresponding
dashed or (thin) solid lines. The large values of OM,P at lowitemperatures

are clearly seen. The most probable values (@ ) taken within this group of

data sets, l.e. for this experimental method, show adherence to the linear

Arrhenius relationship. The representational equation corrsponding to the

Mo values of fig. (5) is,
-8 2
D=6.70 x 10 = exp (-Q/RT) m /sec (6)

where Q 1s 8.37 kJ/mol.

Now the analysis just presented may be reproduced for each class of
experimental measuring conditions and techniques. This analysis has been
performed and the results are presented in fig. (6) and table III. This

table gives the statistical analysis results for the experiment groups which

_33 —
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have been classified as A (Hz-equilibrium, Pd-coated UHV}), B (electrochemical),
C (Hz—equilibrium, no ceating), and D (samples contained surface trapping
sites due to either inappropriate pretreatment or experimental procedures).
The determination of the "best' values of Q and Do and their concomitant Omwvalues
leads to the bounding lines and corresponding, partly overlapping regioms,
A,B,C and D in Fig.(6). The large region D in fig (6) corresponding to high
degrees of scatter and large values of Q results from transient-type (time-lag)
Hz—gas equilibration methods. The region C corresponds to steady-state Hz-gas
equilibration techniques. The regions A and B include data obtained without
interfering surface effects playing a role. The actual temperature range
spanned by the individual iom envelopes is indicated by the solid lines
ana the dashed lines are extrapolations.

The next section of this report will be devoted to a discussion

of the diffusion data corresponding to the several areas in fig. (6).

3.3.3 Analysis of Diffusion Data

a) Regions A and B (fig (6))

The data of regions A and B (fig. (6)) correspoend to the diffusion
of H through the bcc Fe lattice when the data are not encumbered by the presence
of spurious effects due to the nature of the sample surface. The data of
regions A and B are shown in a magnified form in fig. (7). The higher temperature
region A, stemming from three sets of experiments [2,3,4] using the Hz—equilibration
method with Pd-coated specimens and UHV apparatus clearly have much more scatter
than the 20 sets of determinations taken from electrochemical data at the
lower temperatures (region B)}. The average values of the region A data
( ~—~ ) are somewhat larger than those of the electrochemical data extrapolated
into region A and the corresponding Q-values are somewhat different

(i.e. 6.69 - 7.12 kJ/mol (A) and 5.69 kJ/mol (B), see table II1). Now although
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the data input level in region A is relatively sparse, and %0 correspondingly
greater, the question should be posed as to whether or not this difference
Tepresents the "rrue" behavior of the H-Fe system or is it yet another artifact
related to differences in experimental technique.

In paper I of this series [1] the thermodynamic properties of H dissolved
in well-annealed iron were explained by the dual occupancy model in which the
tetrahedral (T) sites are more stable at low temperatures and the octahedral
(0) sites become occupied with increasing fraction of H-atoms as the temperature
increases. The change is the partial enthalpy and non-configurational entropy
accompanying a T + O transfer of an H-atom were found to be AH = =22.56 kJ/mol
and AS = ~6.0 k. These values are consistent with the thermodynamic behavior
of the system, If this concept is valid, dual occupancy must also manifest
itself in the kinetic behavior of the system. In the simple classical approach,
normal Arrhenius diffusion corresponding to T~ T jumps would be expected., At
higher temperatures atoms jumping from O-sites will make a contribution to the
diffusion flux. Now an atom instantaneously in an O-site can make 0-T-0
jumps in the bec lattice. Jumps between T sites may take either of two paths,
i.e. T-T, and T-0-T. In a small volume element in quasi-static equilibrium
with its surroundihg crystal, the frequencies of such jumps must, by the principle
of microscopic reversibility, be such as to conserve the equilibrium numbers
of H-atoms at T and O sites. This means that the diffusivity DM can be

written, with obvious notation in the form

T=0 (7

MogoptTa@aonen ™%+ @-0)”
where @ is the fraction of H-atoms instantaneously on T-sites at a given
temperature and (1-¢) the corresponding fraction of O-sites, The fraction

of H~atoms instantaneously hopping by the T-T direct mechanism is f, and that

undertaking T-0-T jumps is (1-f). Now the linearity of the Arrhenius plot

,_357.
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for region B and the fact that the T-0-T path length is 417 longer than

the T-T path length (see fig. 8) indicates that £ © 1 {s a reasonable

approximation so that,

pM =0 pi T 4+ (1 - ¢y DOV (8)

Now [73] the value of ¢ is given by

1 OHAT  -85/k gl

0 =(3

(93

The center (thicker) line in Fig. (7) is constructed from the values of

I-% and DOnT—Otaken from table III and equ. (8) using the values of AH

D
and AS taken from the analysis of the thermodynamic data (i.e, AH = - 22.56 kJ/mol,
A8 = -6.0 k), It is clear from fig. (7) that the kinetic data are entirely
compatible with the interpretation of the thermodynamic data in terms of the
dual occupancy model. It is also clear that more data are required in region A.
In this context "regioﬁ A" does not just mean this temperature range, but
implies that a surface—independént method, or a method free of spuricus
surface effects be used..

It is clear that the H-atoms occupy the T-sites preferentially at low
temperatures and are thus located in the symmetrical crystal field [74].
However, the real situation may in fact be more complex and models have been
discussed in which the H atoms in bec metals are not considered as being
located in a classical manner as a bound oscillator at a point (1T in fig. (?)),
but rather occupy  “tunnel split states"{61l] in which the H-wave function
spreads into neighboring dissimilar states or 1s "smeared" in 4T or 6T
rings [60,61) (see fig. (8)). The long-distance distribution of the H wave
function along such T-site configurations has been discussed by Richie et. a2l [92].
However, the energy differences between such configurations are small [60,61,75]

(1-5 meV) and it is most probable that in Fe the difference between the A and

4_36_,
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and B regions, which requires further experimental investigation, is due to the
transition between a T (or T-group) configuration, and the O-configuration.
The classical [76] value of the diffusivity ratio between Hand D in bce iron,

Le. ) /man?

= 1.41 is not observed. 1ts value is about 2 at high
temperatures and ~1.2 at low temperatures. Thus the problem of the real
mechanism of H-diffusion in the bec Fe lattice is complicated by non-classical
effects [3,77] and a final solutionmust involve quantum mechanical modification

to the classical transition rate model [78] and a consideration of tunneling

from one Interstitial configuration state to another [77].

b) Region C (fig. 6)

The data of region C were obtained predominantly by using the steady-state
Hz—gas equilibration method without a protective surface coating on the iron
membrane. As the data analyses show (see Tables I and II and fig. (6)), the
measured diffusivities, although smaller than region A and B, are still
cempatible with the Arrhenius répresentation and a larger activation energy.
This difference is due to effects connected with the sample surfaces. The
surface effects may be divided into two catgeories, namely the dissociation
of hydrogen gas at the input side and the hydrogen desorption-recombination
at the membrane output side. Since, however the chemical potential of H at
the input surface 1s usually many orders of magnitude higher than that at the
outlet surface,the interfering effects are usually restricted to the latter
surface. In the experimental procedures involving Pd-coating, usually only
the outlet surface is coated.

The release rate F of H on the outlet side of the sheet of semi-finite

thickness if given by [79,80]

dc
F-'-D(gj)xzo = -l
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where CS is the B concentration at the output surface and a is the
surface reaction rate at time t. If Fo is the gas release rate at the output
surface at time t=0 the use of Fick's second law leads to the well-known

relation [79],

1/2

FL =exp {q [1 - erfq™" "] (10)
o

where gq = (GZ/D)t (11)

This relationship is shown in represeﬂtative form in fig (9) for both steady-state
evaluation methods (fig. (9) I) with and without a surface effect and for time-lag
evaluation methods (fig. (9) II) for differing times t; and tye In these diagrams
Cg is the steady-state value of the outlet surface concentration. ¥For a sheet. '
of finite thickness 1 the time variation of M, the volume of H2 liberated

{or pressure increase) at the ocutput side is related to time as shown in

fig. (10). The slopes mi correspond to the time pericds ti. Now on a real
surface o is a function of H concentration and time. The form of F in terms

of the "true" bulk diffusion coefficient have been derived by Crank [79]

for various representative surface reactions. The results have been

collected in a condensed form in table IV. This table also contains the
nomenclature used. Note that kl is a function of time. Now the adherence

of the data of region C to an Arrhenius representation implies that the surface
effect 1s a rapid and irreversible trapping of H at the surface. This surface
reaction corresponds to the apparent steady-state diffusivity (Dk,)l/2
(last column of table IV). Thus if the surface rate constant can be written

K exp (-QK/kT), where ¥ is the appropriate pre-—exponential factor and Qk

the activation energy for the surface reaction, then the apparent diffusivity
p“PP i

3PP _ [KDOE—Q/kT e-Qk/kT 31/2

,_384_
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so that, with obvious notation, the "apparent” activation emergy is given by,

Q

1
app 5‘[Q + Qk}

Using the value Qapp = 8,37 kJ/mol and the true bulk activation energy

Q= [5.44 - 7.21].kJ/mol (see table II1), yields the value Qk = 9.6 - 11.3 kJ/mol.
Now the possible surface reactions including desorption on the clean metal
surface, surface diffusion of H, the recombination of H on many ceramic,

oxide and graphite layers, and desorptiom of H from a surface heavily

contaminated with adsorbed oxygen have all been studied experimentally

[79-83]. Except for the latter reaction, the activation energies are all

1-0.5 orders of magnitude larger than the Qk—value deduced above [~10 kJ/moll.

The activation energy for H-desorbtion from the oxygen—contaminated layer

is [6.3 - 12.6 kJ/mol] [80-83]. Thus the evidence is stfong that this is indeed
the rate;limiting mechanism and the surface reaction is the first-order

desorption of H from an oxygen-adsorbed surface. UHV experiments [84] show

that pre-annealing at moderate temperatures will result in a layer of

adsorbed oxygen. In general the experimental systems used in permeability

time-lag experiments in region C maintain a pressure in the region of .‘L(Jm3 Pa

on the outlet side of the membrane, or use an inert carrier gas with sufficient
impurities to cause contamination. It is difficult to remove surface contamination

even in UHV work and Pd-coating would seem to be the best solution to the problem.

~

C) Region D (fig. 6)

As shown in the previous sectien (11) of this report, a reasonable
statistical data analysis indicates that the large spread of measured
data falling into region D is not due tec 'nmormal experimental error'. The
much lower diffusivities found in this region indicate that the observed

decrease in apparent mobility is not simply due to a surface-contamination

'3@ _—
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effect as found for region C, but rather to a combination of trapping effects
related to trapping defects generated during sample pretreatment. The existence
of trapping.sites in the bulk material related to lattice defects (dislocations)
is undoubtedly a causative mechanism and their effect will be discussed

at length in the next section of this report. Theoretical .treatments of
h-diffusivity in bec iron based upon H-trap interactions are well-known.
However, the atomic concentration [defects per Fe-atom] required to explain

the sharp drop in D-values in region D is the order of 10-5 [38]. Such high.
defect concentrations are not present in well-annealed iron. Thus other
mechanisms must be invoked. One such possibility is the presence of the Bellby
lgyer formed by the mechanical abrasion of the iron membrane. Such layers [1]
contain high defect ceoncentrations and cannot be completely removed by annealing.
iIf the membrane used in the diffusivity experiments was thin, the defect-rich
surface lavers can cause a significant reduction in H flow rate through the
sample. If the solubilities in the bulk and defect layers are Gb and Bd, the

apparent diffusivity p%PP can be written [85]

-1
Y 1-y
app 1 S s
D = + (113
53PP | pd gd p° P
where
g3PP v, ¢ + (- ) g” (12)

where Db and Dd are the bulk material and defect layer diffusivities and Ys\
is the thickness of the defect layer divided by that of the bulk material.

Thus Dapp can be decreased by low values of Dd coupled to large Ys—ratios.

It is not surprising that the measurements exhibit much scatter from data
set to data set. Furthermore there is always the possibility that the dislocation
density has not been reduced to the minimum value corresponding to "well-annealed

iron" and trapping at dislocation-related sites can be important in some of the
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data sets in region D. As pointed out previously [38], trapping effects in

Fe are prone to be observable since the "normal" activation energy is

small [Q = 4-8 kJ/mol] and what is important is not just the depth of trapping
sites, but their depth relative to that ot "normal sites. In mickel,

where Q is about five times larger than that for Fe, the same concentration of
defects would cause an observable reduction in H-mebility only at much lower

temperatures than in irom.

d)  Summary

In order to summarize the previous discussions of the H-diffusivity in
terms of splitting the observed phenmomena into the regions A, B, C, and D of
Fig. (6), let us reiterate the causes of the apparent confusion in terms of
the characteristics of the metal iron.
(2) 1In the becc metals in general [73] and in bec Fe in particular,
the activation energy for H—diffusion is small, about one tenth the
value for fcc metals. Thus at low temepratures the H-diffusicn
rate in iron is faster than surface reaction rates with contaminants.
This is normally not true in fcc metals.

(b) The H-solubility in becc iron is small (10"6—10_8 atom tatio below 300K)
and thus at such low temperatures a significant fraction of the
total B-concentration can be trapped, especiaily in defect-rich
surface layers. Because of (a) above, even relatively shallow
trapping sites will cause a more significant reduction in the
observed mobility of hydrogen [38] than would be the case for metals
exhibiting a lérger activation energy for 'mormal' site jumps.

(¢) Iron is a chemically active element and it is relatively difficult to

prevent surface contamination and this problem requires careful

attention in respect to H-diffusivity measurements. Electreochemical
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polishing and surface coating with a noble metal having a high

hydrogen diffusivity and solubility are appropriate surface treatments.
However, at high temperatures the coat-bulk interdiffusion provides

a limitation so that coated specimens can only be used in a fairly

restricted temperatures range.
3.4 HYDROGEN DIFFUSIVITY IN DEFORMED ITRON

Let us now attack the problem of. the diffusivity of hydrogen in deformed
(cold-worked) iron. ©Not only is this problem one of great technological
importance in regard to such effects as hydrogen embrittlement, but has also
played an important role in the development of the theories of the trapping
of interstitial atoms at defect sites in metal lattices. It has been the
subject of numerous investigations [86,87,89]. The analysis of theoretical
models using experimental diffusion data obtained from deformed samples 1s
rendered problematical, in the same way as the evaluation of thermodynamic
models [1], by the fact that the comparison data must be carefully selected
so as to exclude such data which are encumbered with spurious effects. In
the present section of this report only diffusivities obtained using the
electrochemical method will be employed [29,32,88}. The diffusivities in the
non-deformed state (DP) are taken from a single crystal work of Yamakawa
et. al,[29)] and for the deformed state (Dd), the data of Yamakawa et. al [88]
obtained on material deformed in the range 5.8 - 31% are employed.

Now several diffusion models have been proposed [38,41,64,65] to
account for the motion of an interstitial atom in a crystal containing trapping

sites. Their results may be represented in summary by the relations,
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d
Do = = (1 <Gexp (9—%) 178 (refs. 41,64,65) (13)
D

W o= [1+ «'dexp ( 9% y 172 (ref. 38) (14)

where AG* is the depth of the trapping sites with respect to normal sites,
¥'is a constant and ¢ is the number of defect sites per metal atom. The
reasons for the difference in form between expressions {(13) and (14) have been
discussed recently [90].

Now expressions (13) and (14) are based upon statistical models in
which two energy levels, i.e. "normal" and "trapping' levels, are considered,
However, in reality, a dislocation is associated with an elastic field which
interacts with dissolved H-atoms. Thus, especially when the dislocation density
is high, several energy levels are involved. An excellent recent discussion
of the nature of this interaction has been given by Hirth and Carnahan [91].
However, in order to set up a viable statistical model, 1t 1s necessary to
restrict the number of energy levels otherwise the calculated solubility or
diffusivity expressions.will contain too many unknowns to enable a comparison
with experimental data to be effected. Thus in the present paper we will
adhere to the two—energy-level approach, but attempt to account for the
dislocation stress field by a simple purturbation of the saddle point energles
for H-atom jumps involving sites close to dislocation trapping sites. This
simple concept is illustrated by the energy level scheme given in Fig.(1l).-

The upper diagram of Fig. (11) depicts thermally activated hopping over
the potential barriers around T-sites (low temperatures). The activation
energy is QP (P="perfect"). The center diagram represents a H-atom in a
dislocation-related trap site, The .activation energy required to jump from
such a site 1s Qt. Now, in the simple model presented here, the effect of

the dislocation stress field is to lower the energy barrier for jumps from

—43—
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sites neighboring trapping sites inte the traps themselves but not to purturb the
energy minima of sites which are not trapping sites, This state is represented
in the center of Fig. (11). It is then assumed that hops occur with such a
frequency that, in a given volume element, the equilibrium values of the numbers
of H-atoms on the two energetically distinct sites are maintained, As shown

CW

previously [1}, the concentration of H-atoms in the deformed crystal, Gi s 18

apporticned between the trapping sites (B) and the 'mormal" sites (L) such

that
cW
ei = eL + SB (15)
and 0% - 6. (1 + odexp JHX (16)
i L T

where AH* is the depth of trapping sites, o= exp (-AS*/k) the corresponding entropy
term and ¢ 1is the density of trapping sites. Now the previous analysis of
the solubility of H in cold-worked iron in terms of the distribution (16)

=20 $', where @' is the dislocation density in

showed that a¢ = 2.04 x 10
the cold-worked (CW) iron per mz, and the trapping depth is AH*=33.,9 kJ/mol.
Now in keeping with equ. (7) let us write the diffusivity DGw in the

deformed material in terms of the fractlons of H-atoms in the two distinct

energy configurations and their concomitant diffusivities, 1i.e.

e 5]

oW _ L L, ‘B B
D = ow L+ o D {(17)
g B
i i
CW L 8B L B )
or D =0 - (—=) [D - D] (18)
8CW

1

where equ. (15) has been used.

Now In accord with fig. {(11) the value of DL can be written in the form,

D= DP [oc exp (QA/kT)] & + DP {1-6) (19)
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This equation is to be interpreted in a semi-quantitative way by reference

to fig. (11). The upper part of fig. (11) depilets diffusion by classical
thermally aétivated hopping over the potential barrier between adjacent T-sites.
This is the (low temperature) hopping mechanism for H-atoms in L-sites at

large distances from the dislocation lines. The fraction of atoms instantaneously
on such sites and hopping by this mechanism is (1-6). A fraction § of the
H-atoms on N sites is in close proximity to the dislocation and, in this
simplified concept, the stress field has the effect of perturbing the

potential barrier for hops into a defect site (center diagram, fig. {11))

and furthermore the jumps into adjacent sites in a direction parallel to

the dislocation line are also reduced in the same manner (lowest diagram

fig. (11)). This mechanism is effectively a "pipe" diffusion along dislocation
lines. The term O exp (QA/kT) in equ. (19}, where QA > 0, represents the
enhancement in the mobility of B-atoms due to the reduced potential barriers

as discussed. The energy QA aqd the preexponential factor 0 are tobe
understood in a gqualitative sense only since the treatment of "normal"

T-T hops let alone hopping by the tunnel states (fig. (11}), in classical
terms i1s questionable.

Now combining equs (18) and (19) gives the following expression for the

diffusivity ratio A = DCW/DP,
g
5 o exp (Q°/KT) + (1 -8) g . Do
A= TTow T F (20
1+ a¢ exp (AH*/KT) Gi D
B,.CW . B, P s
Now B /Gi < 1 and since D /D << 1 the second term in equ. (20) is

negligible. In fact DB/DP is of the order exp (-AHX/KT). At 300 K, using

the value AH* = 33.9 kJ/mol deduced from the thermodymamic behavior or the

Fe-H system [1], DB/DP X 10“6.*

-3
* Footnote: The lowest measured values cf \ are about 10 ~.

,45_
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A
Now the value of the factor C exp (Q /kT) may be deduced from the
diffusivity measurements since if the temperature is sufficiently low and the

trap site density sufficiently large then 6= 1 and, from equ. (20},

y o — o exp (o%/kr)
1 + 0o ¢ exp (AH*/KT)

(21)

Thus a plot of 1n [A (1 + ag¢exp (AH*/KT)] vs. 1/T will have a slope of
QA/k and an intercept given by ln ¢ as T +~ 0, This evaluation has been performed
using the DP—vélue for Fe single crystals [29] and DCW measurements on deformed

iron using the electrochemical method [88]. The values of a¢ = 4,31 x 10_20

x ¢,

where ¢' is the measured dislocationdensity [88] and AH* = 33.9 kJ/mol are

taken from the prcvious thermodynamic analysis [1]. The resulte are shown in

¥Fig. (12). The data for each deformation degree (¢'-value) were plotted as

describéd above and the data subject to a least~squares regression to obtain

the best values of o and QA. As can be seen in fig. (12) the values of

¢ and QA become constant as ¢' exceeds ~3 x 1014 m-2. The corresponding values

of o and QA are 0 = 6.20 x lO_3 and QA = 11.01 kJ/mol. The comparison between

the measured values of A and those predicted from equ., (20) requires, of course,

the estimation of &. This is a complex problem and in this report we shall

make the simple assumption that & = BB/GSW , 1.e. that the ratio of H-atoms

in L-sites instantaneously undergoing jumps in the direction of the reduced

energy barrier to total number of H-atoms in L-sites is approximately equal’

to the fraction of H-atoms in traps. Although this is only an approximaticn

it will certainly reflect the correct behavier as ¢' increases since, as the

trap density increases, both GB and 8 must increase. Using the abbreviationm
L,.CW _

¥ = 0 /Gi = [1 + at EXp(AH*/kT)}-l and equ. (20) (without the last term),

gives finally, A
A=y [(1~y) o exp (Q/KT) +v] - (21)

— 4B -
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A comparison between the measured [29,88]} values of A and those calculated
from equ. (21) is given in fig. (13) in which the calculated X - values
(solid lines) are compared with the measured diffusivity ratios. Each
symbol corresponds to a different dislocation density. The satisfactory
agreement between experiment is apparent.

Now the question of the influence of grain boundaries acting as trapping
gsites for H in iron has also been discussed frequently. Recent work by Hagi
et. al [32] provides excellent data for the evaluation of this phenomenon.

In this work the H-diffusivity in an Fe sample deformed 10%, a non-deformed
polycrystalline Fe with a grain size of 17 um,and a single crystal Fe was
measured at a series of temperatures below room teﬁperature {(289-244 X),

The diffusivity ratios A have been calculated from these results using the

single ;rystal data in their experiments for DP. The results are shown in

Fig. (14). No dislocation densitles were measured in this work so the

weasured A-values were fitted to equ (21) using a series of successive ¢'-values.
1t can be seen that, for the cold-deformed sample, the model egquatiom is
consistent with the measurements for a dislocation density of ¢' = 2.5 x lO14 m_z.
This is a reasonable result for 10%-deformed material.

Now the same equation (i.e. (21)) is used to calculate A for the
non-deformed polycrystalline sample (uppermost data set of fig. (14)). The
same value of AH* was used (33.1 kJ/mol). It can be seen that the rather
]imited data are consistent with the calculated A-values for a "dislocation

density" of o' = 2 x lO12 m—2. However (see equ. (16)) this means that

the density of trapping sites is ¢ = 2.04 x 10'—20 &' = 4 x 10“8 . This 1is
a reasonable result for a material with & grain size of 17 um. An estimation
ol ¢ based upon identical grains separated by grain boundaries having the maximum

7

dislocation density (i.e. just before "rupture') gives ¢ = 2.24 x 10

,4?_
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The constant o = exp (-AS*/k) is not expected to depart significantly ffom unity.
The implicit assumption that trapping sites related to grain boundaries have
the same depth as those related to dislocations 1Is, of course, quite arbitrary.

Let us compare the predictions of the present model, i.e. equ. (21) with
those of equations (13) and (14). Using a defect concentration corresponding
to &' = 1.5 x 1015 m_2 and writing k®exp (AG*) in equations (14) and (15)
as oo exp (AH*/kT), the values of A for AH* = 33.9 kJ/mol can be calculated
from equs. (13), (14), and (21). The results are shown in fig. (15).
The decrease in A with decreasing temperature is not so sharp in the present
model as that predicted by equs (13) and (14) for a given trap depth and
concentration. However, as outlined in depth in previous sections of this
paper, much of the sharp decrease in D in the case of both "well-annealed"
and deformed iron is due to spurious surface effects.

This report has presented an approach to the problem of the diffusivity
of H in deformed Fe which represents a much simplified and indeed semi-quantitative
treatment of a complex process. The degree of agreement between the predictions
ol the model and actual experimental data however gives credence to the assumption
that the localized distribution of H atoms in cleose proximity to dislocation
trapping sites plays an important role in the diffusion of an interstitial
species in deformed metals. There is effectively a "pipe diffusion" component
which acts in an opposite sense to the retardation of mobility due to the
trapping sites per se., This is why the A-values calculated from equ. (21)
do not decrease as sharply with aecreasing temperature as do the values
consistent with equs (13)and (14) (see fig. (15)). It is however well to
point out that all of these models represent great simplifications to an
intrinsically complex problem since even in the case of H-diffusion in defect-free
iron the effects of tunmeling, "ring" diffusion, and "small polaron behavior”

have yet to be worked out.
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3.5 CONCLUSIONS

The consideratons presented in this paper may be summarized in the

following way:

(A)

Hydrogen diffusion in well-aunealed iron.

{(A-1) The large degree of mutual disagreement and departure from
Arrhenius behavior exhibited by the large volume of diffusion data is
largely a function of Spurious surface effects and does not represent

an intrinsic feature of the H-Fe system.

(A-2) At low temperatures H diffusion data obtained using electrochemical
techniques adhere to the Arrhenius relation and exhibit the low activation
energy of 5.4 kJ/mol. This energy is taken to represent the diffusion
energy barrier between adjacent tetrahedral sites.

(A=3) Hydrogen diffusion measurements, free of spurious surface effects,
and carried out at higher temperatures also show linear Arrhenius plots
but consistent with a slightly higher aétivation energy of 6.7 ~7.1 kJ/mol.
(A-4) The difference in activation energy as under (A2) and (A3) is
consistent with the increasing occupation of octahedral interstitial sites
as the temperature is increased.

(A-5) The apparent activation energies of ~8.5 kJ/mol found using Hz—gas
equilibration techniques can be interpreted in terms of the reaction rate
for the desorption-recombination of E on the oxygen-contaminated outleE
side of the membranes used in the diffusivity determinations.

(A-6) The apparent diffusivity obtained using samples with unappropriate
surface conditions is a function of the experimental technique employed

in respect to steady state or transient methods.

—49 -
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Table 2 Diffusion Coefficients for Hydrogen in O Iron.
- Activation Energy Prefrequegcy Factar|Temperature Range{MeasurementlSpecimen|Reference No. & Sign on Fig.l

G, Kd/mol. Op, m /s °C Technigues {Purity [Researcher, year, No. Sign

Po-Coated 6,70 1.01 % 1077 65 ~ 346 Permeation | 99.9 | Milier(1975) {z) Pz

UHY 6.70 2.30 5 10" 47 ~560 Permeation | Z.R. Nelsen(1977) (1) PC3

Me thod 7.07 1,60 % 107" 43 =506 Permeation | I.R. Quick{1978) {4} Pca

9.54 7.60 x 10°° 20 ~B00 Permeation Sykes (1647) (5] Ps5

10.80 1.02 % 107 §50~900 Permeation | 99.9 | Schenk(1359} (5} Pé

12,10 2.17 x 10" 400 ~500 Permeation | P.1. Geller(1550) {(7) _P7

5.86 4.78 x 105 126~816 Descrption Donke(1971) (8) 98

6.03 2.10 % 1975 25 ~300 Desarption Koenigl1975} {9) 09

‘ 6.53 4.95 x 10'8 256~878 Desorption | P.1 Maas (1958) {10] D10

Steady- 7.70 -~ 200~ 700 Desorption Erdmann{1969) {11) D1}
State 8.04 6.42 x IO'B 300~900 Desorption { 99.98 Heymann( 1966 ) {12} 012

Me thod $.17 6.70 x 107° 430~ 725 Desorpticn Carmighael(1960) (13) D13

11.3 3.30 x l(?fE 200~ 774 Desorption | A.1, Eichenawer(1958]) [14] D14

Hy-Gas 12.8 8.85 x 107 150~900 Desgrption | 99.96 | Stross{3956) _ {15) D15
Faquilibration 13.4 1.40 x 1077 200 ~780 Desorption | 99.9 | Johnson(1960) (16} i
Techrigue 6.1 1,205 1077 25-500 Desgrption 1itter(]1358) {17} g17
2.4 3.65 % 107/ 25~ 650 Desorption Lee{1961) {18) D18
2.7 1.20 x 1077 25200 Desorption | 99.9 Johnson{1960) __ {19] 01§’

35.6 1,10 x 10'6 10 ~ 70 Desorption | 99.956 | Evans{1969) (19} D19
36,2 1.70 x 1072 23 ~ 84 Desorptiern | 99.67 | Evans(1969) {(19) o19;
40.3 510 x 1077 23 ~ B4 Desorption | 98.6_ | Evans{1569) (191 p19"

4,52 3.87 x TG'B 1266393 Transient 95.9 Bryan( 1969} (20) 120

13.0 2.20 x 1077 10 ~100 Transient Chei (1970) (21) 121

13.7 1.42 x 107 20§ =600 Transieat | 99.8 Wagrer (1964} (z2) 122

13.8 2.20 % 1077 30 ~ 30 Transient Raczynski(1961) (73} T23

Transient 15.1 1.10 x TU'E 80 ~180 Transient 99.8 Wach({1966) (24) T24
¥ethod 17.6 3.80 % 107" B0~ 300 Transient Chene{1971) {75) 125

24.8 £.10 x !0'5 15 ~ &0 Transient |lron A Rejermann{71970) ([26) T26
27.2 £.50 x 10°° 15 ~ 60 Transient |lron 8 | Reiermapn(1370) (26) 126"

36.5 .10 x 1070 23 — 80 Transient Barrer(1943) (?7) 127
§9.1 170 x 187 25 ~ 80 Transient Chene{1877) {25) T25'

14.3 5.00 x )0'8 26 ~ 90 Absorption Frank{1958) (28) 128

4.86 §.20 x 1070 10 ~ 70 Wi-Coated |Single Yamakawa {1981} (23] E29

5 57 6.00 x 100 10 ~e 75 Pd-Costed |A.1. eck[1966) (30) E30

5.57 §.00 x 1973 10~ 90 Pd-Coated |A.1. McBreen{1965) (31} E31

Electrochemical 6.70 1.10 x 10'7 -43 ~ 27 Pd-Coated [Single Hag1(1978) {32) E32
Technique 7.03 -~ 10 = 60 Pd-Coxted |99.996 Raczynski({1978} (33) E33
7.49 1.05 x 107" 5 ~80 Fd-Coated Asana{1971) {33) £34

$.21 2.50 x 10°° 10 70 99.99 Subramanyan(3971)(35) E35

17.6 1.40 % 10°° 5 ~ 50 Pd-Coated 99.8 kumnick(1976)  (36) E36

18.8 ~ 40 ~ 30 Mindyuk(1973)  (37) E37

P.1, ; Pure Tran , A.I. ; Armco Iron , Z.R. i Zone Refined
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DATA
SCATTER
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Fig.(1) Approximate data scatter band encompassing 36 individual
H-diffusivity measurement sets for well-anneaied iron.

TEMPERATURE , 'C

of hydrogen through BCC iron.
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Fig.{2) Arrhenius representation of the current data for the diffusian
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Fig.{3) Histograms cf the apparent H-diffusion activation energies in BCC
iron. The three part diagrams refer to differing experimental techniques.
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Fig.(4) Probability (PG) histograms of -1n D for the data taken from
H. gas equilibration experiments for the H-diffusivity in BCC
1'@on (upper diagram) and from electrochemical determinations
(Jower diagram}. The reference temperature is 298 + 5 K.
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Fig. (7}

Fig.(8)
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T | } t ¢ i T I
16 -
A
H, GAS EQUILIBRATION
{Pd Cocred Specimen ang UHV Apparatus
17T
3
s
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Q
= 18—
T
D
1G9
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20— —
| ] ! | i i ' i
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RECIPROCAL TEMPERATURE, G/ T K’

Rest values of the data taken from regicns A and B of Fig.(56)
The lower {B) region (~——-——-) respesents the best values taken
from 20 data sets using the electrochemical method {table III)}
and each of the three data sets af region A are shown by
individual Tines { see inset in Fig.{7) } and their weighted

average {=-—--- ).
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{Ring) o ¥ (Ring)
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-

Representation of octanedral (0} and tetrahedral (T) si in t

L sites 1n the

ECC_]atE1qe. The T-T, 0-T-0 and 7-0-T jump paths and 4T and 6TL
ring © Jump path are also depicted.
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I)Steody State Method (I=Inlet Surfoce)
A) Ne Surface Effect B) Surfoce Effect
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II) Time-Log Type Transient Method With Surfoce Effect
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+ Co

cg‘ R, @

oA
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')

Time t <1, Log Time {, Laog Time t,

Graphical representations of the H concentration profiles (I
inlet surface), for the steady state method with {A) and without
(B) surface reactions. The Tower diagram represents the profiles
for the transient method with a surface reaction at early times

(t <t,), t; and at a time t, such that the outret H concentration
Ce had readhed its s teady Etate value (see Crank, [79]).

NO SURFACE EFFECT
rno::-Jz/‘HD

"2 (dMmsdt)

/1,
|/t

R
t

Slopes of_the ou?Tet rate of H as a function of time obtained in
the transient (time-lag) method. The different slopes correspond
to the times t. as shown in the profile diagrams in the lower
part of Fig.(9).
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A =1
o }
1 A =r-[(|-n0up(cr‘mn+r11"
T =[1+ Giaplabf¥kT)
2 (Present Resuits) —

Dislocation Density \‘
3 ¢ = i5x0m2

(ci':g- 3,1%10%
oH = 33.9kJj/mol)

4 -

<5 kzll+&¢exp{ﬂH’/lTl| ! =]
£ (Ret, 42,64,65) \
§ 6l k

il /

\

_[ [

A= ll+0:¢exp(nH'/leJ \- \\
8- (Ref.38) \;
o v -

D N S B B I ¥ I B
1216 20 24 28 32 36 40 44
RECIPROCAL TEMPERATURE ,10%T ,K’

Fig.{15) Comparison of the diffusivity ratio calculated from various
trapping models concomitant to §5tra92depth of 33.9 kJ/mol and
dislocation density of 1.5 x 10 mo,

_,65_,
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