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Abstract

The effects of vacuum preannealing on the hydriding kinetics of zirconium metal at 400 °C and 1 atm hydrogen
pressure were studied using combined metallographic and kinetic measurements. Two stages were identified in
the reaction kinetics: a fast initial stage in which the apparent front velocity was 70 um min~' and a second
stage in which the front velocity gradually decreased until it stabilized around 8 pum min~'. During the fast
stage a special topochemical development of the hydride was observed, with the hydride progressing along grain
boundaries which were previously oxidized during the vacuum annealing. This relatively fast process continued
until a hydride overlayer was formed on the sample surface. The spatial extent of this stage was thus of the
order of the grain size (around 40 um). During the second stage of the hydriding the rate-controlling step was
the diffusion of hydrogen through the product layer leading to a decrease in the apparent reaction rate. Hence,
the main effect of the vacuum preannealing on the hydriding rate was introduced through grain boundary oxidation,

affecting the initial rapid stage.

1. Introduction

The reaction of hydrogen gas with zirconium metal
to form zirconium hydride has been extensively studied
during the last three decades due to its technological
importance in the nuclear industry. Hydrogen embrit-
tlement of the Zircalloy cladding of fuel elements in
water-cooled nuclear reactors has been identified as
the origin of premature failures of the fuel rods in
many cases [1].

The hydriding reaction kinetics have been studied
by many investigators in an attempt to establish the
reaction mechanism [2-6] and to determine how it is
affected by the oxide layer [4, 7], catalyst addition [5]
or the presence of water vapor in the hydrogen {4, 8].

The kinetics measured by various investigators have
been found to follow different rate laws. Different rate-
limiting steps have been determined for the reaction.
Thus, for the temperature range 200400 °C, Gulbransen
and Andrew [2] measured a parabolic rate law which
they associated with the diffusion of hydrogen into the
metal; Belle et al. [3] interpreted their parabolic kinetics
as the result of diffusion through a product layer. Une
[4] found a linear rate law which was attributed to a
phase boundary rate-limiting step. Kuus and Martens
[5] observed a logarithmic rate law (diffusion in the
8-hydride phase) and Naito [6] proposed a surface-
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controlled reaction. (It should be noted that the later
study was performed on metal surfaces which were
cleaned under ultrahigh vacuum conditions and were
hydrided at very low hydrogen pressures.)

It is interesting, however, that despite the different
rate laws associated with different rate-limiting steps,
the activation energy measured was practically the same
(between 16.3 [4] and 17.2 kcal mol™" [3]).

Little is known about the relationship between the
zirconium metal microstructure and its hydriding ki-
netics. It has been shown for many metal-hydrogen
systems that microstructural changes, induced for ex-
ample by heat treatments, may significantly affect the
hydriding kinetics and mechanism. Thus, for uranium
[9], vacuum annealing above 600 °C resulted in both
grain growth and acceleration of the hydride-metal
reaction front velocity. For zirconium, vacuum annealing
is associated with gettering properties in addition to
grain growth. Due to the high reactivity of the metal,
oxygen is accumulated in the zirconium during heat
treatments even under high vacuum conditions (i.e. at
pressures as low as 1077 torr [10]). Two types of oxide
phase development in zirconium have been found under
low pressure conditions [11]. The first (designated type
I) is the random formation of intragranular oxide nuclei.
The surface density of these nuclei depends on the
orientation of the grain. The second mode of oxide
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growth, designated as type II, is more important in the
present case. It involves the formation of needle-like
oxide nuclei originating at a grain boundary oxide layer.
These needle-like nuclei grow perpendicularly to the
grain boundaries until they overlap, consuming the
entire grain.

It was found that pre-dissolved oxygen, accumulated
in the zirconium during vacuum annealing as described
above, may considerably modify the rate of subsequent
oxidation. In general, the kinetics of the reaction of
oxygen with free metal are found to be slower than
with samples containing pre-dissolved oxygen [12, 13].
Osthagen and Kofstad [14] found, for 800 °C oxidation,
that the rate of oxidation increased with pre-dissolved
oxygen content up to a level of about 12-15 at.%.
Beyond this range, no effect was found.

No data are available on the effect of pre-dissolved
oxygen on the kinetics and mechanism of the hydriding
reaction of zirconium.

In the present work, the hydriding kinetics of vacuum-
annealed bulk Zr metal were studied at 400 °C and
at 1 atm hydrogen pressure. Different sample geometries
were used. The kinetics measurements were combined
with metallographic examinations of partially hydrided
samples in an attempt to relate the metal microstructure
and oxide distribution to the hydriding kinetics. These
combined measurements have been shown previously
to yield internal kinetic parameters [15] in the hydriding
reactions of various metals such as uranium [16], ti-
tanium [17] and hafnium [18] as well as in intermetallics
[19].

2. Experimental details

2.1. The apparatus

Experiments were performed in a quartz P-V-T
system pumped with a diffusion pump down to a base
pressure of 1xX10~7 Torr. Kinetics were measured by
following the hydrogen pressure changes using a ca-
pacitance pressure transducer equipped with an external
offset voltage supply to increase measurement sensitivity.
Measurements were made under constant volume con-
ditions. However, the chamber volume and sample
weight were adjusted in such a way that the pressure
change due to an overall reaction will not exceed 10%
of the applied pressure. Thus the reaction kinetics were
measured under almost invariable pressure conditions.
The transducer output was connected to a data ac-
quisition system operated by a personal computer. The
chamber temperature was maintained constant by an
external furnace controlled by a Eurotherm controller.
The temperature was measured by a chromel-alumel
thermocouple.

2.2. Sample preparation

Samples of defined geometry and dimensions were
cut from 99.8% Zr ingot. Chemical analysis of the
material showed that the main impurities were Fe (800
ppm), Hf (400 ppm), Co (less than 200 ppm) and Cr
(100 ppm). Other metals (Cu, V, Ba, Cd, Mo, Ni, Ti,
Zn, Ca, Mg, Sr and Mn) were found to be under 70
ppm concentrations.

Preliminary experiments were performed in order to
determine the conditions under which preheating should
be performed. In general, preheating of the metal prior
to the hydriding measurements is needed to remove
adsorbed gases (outgassing) and to activate the out-
ermost native oxide layer, leading to reduced incubation
periods and more reproducible kinetics [9]. In these
preliminary experiments it was found that increasing
preheating temperatures affected both the incubation
periods and the absorption kinetics. The effect of the
duration of preheating at a certain fixed temperature
was also investigated. In this case the incubation periods
were shortened with increased preheating times,
whereas the absorption kinetics were less sensitive to
this variable.

Since the reaction mechanism in this system is rather
complex and sensitive to the conditions of the preheating
process (as will be shown later), it was essential to
apply certain constant preheating conditions throughout
the study. A basic understanding of the reaction mech-
anism under these fixed preheating conditions may then
lead to more general conclusions on the qualitative
trends of the effects of variable preheating temperatures
and duration on the subsequent hydriding kinetics.
Hence, the choice of preheating treatment was fixed
at 900 °Cfor 2 h. The hydriding reactions were performed
at 400 °C under a hydrogen pressure of 1 atm.

In Fig. 1 the metallographic microstructure of an
unreacted sample is compared with that of a sample
preheated in vacuum for 2 h at 900 °C. Two significant
effects are revealed by the comparison of the two
samples: firstly, the average grain size is increased from
about 15 to 50 pum, and secondly, oxidation of the
interior of the sample is observed. Most of the oxide
is developed along grain boundaries. Smaller amounts
of needle-like oxide, originating at the grain boundaries,
are also formed. The formation of this type of oxide
(type II) under our working conditions of pressure and
temperature is in accordance with the results of Paidassi
and Nierlich [20] for the oxidation of zirconium under
low pressures and high temperatures.

3. Results and discussion
3.1. The effect of sample geometry

The hydriding reaction of many metals in their bulk
form is characterized by the development of a product
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Fig. 1. Microstructure of untreated zirconium sample (a) and
sample heated under high vacuum at 900 °C for 2 h (b) (the
scale at the bottom applies to both micrographs).

(i.e. hydride) layer on the metal surface which proceeds
into the bulk sample during the hydriding process. The
kinetic behaviour produced by this type of reaction is
known as “contracting envelope” behaviour [15]. For
a parallelepiped sample of dimensions a Xb X ¢ the time
dependence of the reacted fraction « is given by a
cubic polynomial equation

3
a= X aX(ty 0y
i=1
The geometric coeflicients a, are given by
a,=2(l/a+1/b+1/c) 2
a,= —4(1/ab+ 1/ac +1/bc) 3)
a;=8/abc @)

X(?) is the displacement of the product layer advanced
into the sample. In general, X(¢) is obtained from

x0)= [ve) a ©)

Though eqn. (5) is valid over all the integration range
(during the incubation period U(f) is zero), it is not
applicable before a continuous hydride product layer
is established on the sample surface. This point is
achieved at time ¢,. The amount of hydride formed up
to this stage is equivalent to a displacement X,. These
parameters can be combined into eqn. (5) in an attempt
to define the range of application. Using these param-
eters eqn. (5) yields

X(@t)= f U() dt+ X, (5a)

U(¢) is the product front velocity. This velocity may be
time dependent (as for example in a diffusion-controlled
process through a thickening product layer) or constant
with time. In the latter case, eqn. (5) is simplified to

X(O)=U(t—to) ©)

where t, is the time in which the reaction front would
start its advance assuming it was formed instantaneously
and uniformly over all the metal surface. As mentioned
above, eqn. (6) is valid for ¢>¢, and applicable for
t>1,.

For a contracting envelope case in planar samples
in which one dimension is much smaller than the other
two (i.e. a<<b, ¢), eqn. (1) can be further simplified

a= /)X (1) Q)

Hence, it is convenient to utilize thin planar samples
to evaluate the time behaviour of the reaction dis-
placement in the contracting envelope morphology. For
a constant front velocity case (i.e. eqn. (6)), eqn. (7)
yields a linear dependence of a wvs. ¢, with a slope
2U/a, i.e. inversely proportional to the initial thickness
of the planar sample (as long as the planar approxi-
mation is valid).

In Fig. 2 a cross-section is shown near the edge of
a partially hydrided sample (a=0.25). To confirm the
occurrence of a contracting envelope morphology for
the case shown in Fig. 2, the hydriding kinetics of
planar samples with variable initial thicknesses were
measured. Figure 3 demonstrates the kinetics of two
samples of different thicknesses, namely 100 um (Fig.
3(a)) and 530 pum (Fig. 3(b)), hydrided under the
experimental conditions specified in Section 2.2. In the
thinner sample the kinetics follow a linear law for the
most part. This is not the case for the second, thicker
sample. It is evident that here the velocity of the hydride
front is faster at the beginning, decreasing as the reaction
proceeds. In general, samples thinner than about 180
pm follow linear relatively fast kinetics characterized
by a single constant front velocity. Increasing the sam-
ple’s thickness above this value yields a non-linear
kinetic behaviour with a decreasing rate. For samples
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Fig. 2. Cross-section metallography near the edge of a partially
hydrided (a=0.25) zirconium foil. The sample was preannealed
under high vacuum at 900 °C for 2 h. Hydriding was performed
at 400 °C under 1 atm H,.
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Fig. 3. Effect of sample geometry on the hydriding of Zr metal

(under the same conditions of preannealing, pressure and tem-

perature as in Fig. 2). Sample dimensions are: (a) 0.1 mmXx2.1
mmX5.8 mm; (b) 0.53 mmXx2.1 mmXx5.8 mm.
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thicker than about 500 pm two stages can be observed
in the kinetic curves, as shown in Fig. 3(b). Thus it is
concluded that there are two types of kinetics involved
in the hydriding process which depend on sample
geometry: an initial fast stage, characterizing the kinetics
of a certain near-surface region (within the first 180
pm), followed by a second, slower stage, characterizing
the hydriding of the bulk metal. To check this point
the hydriding rate of a sample with the shape of a
parallelepiped was measured. The parallelepiped’s di-
mensions were 1.65 mmX1.79 mm X 1.90 mm. Figure
4(a) demonstrates the measured kinetics of this sample.
To analyse the results we used eqn. (1). Since a, a, b
and ¢ are known, each experimental point in the cubic
equation can be solved to yield X(¢). The plot of the
calculated X(¢) values vs. time is shown in Fig. 4(b).
This plot displays two linear portions: an initial fast

TIME (min)

X()
(rm)

0 20 © 60
TIME (min)

Fig. 4. (a) Hydriding kinetics of a Zr sample shaped as a
parallelepiped (dimensions, 1.65 mm X 1.79 mm X 1.90 mm) under
the same conditions as in Fig. 2. (b) Reaction front advance vs.
reaction time: —, calculated from the experimental data using
eqns. (1)-(4), —, calculated by best-fit linear regression.

stage (for X <50 um), as demonstrated by the inset in
Fig. 4(b), followed by a slower stage (for 50 <X <450
wpm). The corresponding reaction front velocities, ob-
tained from the slopes of the curve, are 60 and 8.0
pum min~! for the initial and subsequent stages re-
spectively (the value for the initial stage is, of course,
roughly approximated).

In the intermediate range between the two linear
stages (i.e. the fast and the slow stages) decelerating
rate kinetics are observed. The relative proportions of
the different stages in a certain a vs. ¢t (or X vs. 1)
curve are evidently related to the dimensions of the
sample. For thin (less than 100 um) samples, the most
dominant contribution displayed in the kinetic curves
is the initial fast stage (e.g. Fig. 3(a)), whereas for thick
samples, the subsequent main stage is dominating (e.g.
Fig. 4). In order to demonstrate further the above
kinetic behaviour in a case presenting both stages in
comparable proportions, a sample with an intermediate
thickness (530 um) was used. Figure S presents the
apparent reaction front velocity, obtained by taking the
numerical derivative da/dt as a function of reaction
front displacement. Prior to differentiation, the ex-
perimental data were smoothed using cubic polynomial
functions (known as cubic splines) to eliminate the
effect of the experimental noise. Initially, the front
velocity is relatively high (around 70 pm min~'). How-
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Fig. 5. Hydride front velocity, obtained by numerical time dif-
ferentiation of a, vs. hydride penetration depth X for a foil, 530
pm thick (reaction conditions as in Fig. 2). The arrow (a) indicates
the initial front velocity obtained in Fig. 6 (67 pum min~'). The
final asymptotic velocity shown by (b) is the velocity obtained
for the relatively thick sample shown in Fig. 4 (8 pm min™?).
The arrow (c) shows the average grain radius (25 um).

ever, after about 30 um of hydride penetration the
velocity drops sharply, following approximately an ex-
ponential law. A deceleration stage prevails up to 240
pm penetration where the velocity approaches an asymp-
totic value of 8 pm min~’, in good agreement with
that obtained for the cubic sample (Fig. 4).

A more accurate determination of the initial stage
velocity U; can be obtained by measuring the initial
slopes of the a vs. ¢ kinetic curves for different planar
samples of various initial thicknesses. A plot of these
slopes wvs. reciprocal thickness yields a line with the
slope 2U;. Figure 6 presents such a curve from which
the value of U;=67 um min~"! is obtained.

It is interesting to compare our results with those
of Une [4] who measured the hydriding kinetics of
Zircalloy-2 tubes as a function of temperature and
pressure. No vacuum annealing pretreatment was re-
ported for his work. The front velocity calculated from
the experimental data obtained for the reaction is 7.5
pm min ! at 400 °C for tubes of 860 um wall thickness
(the front velocity was found to be pressure independent
in the range 0.2-1 atm). Considering the differences
in sample composition (we used pure Zr compared
with Zircalloy-2 in ref. 4) and the different experimental
systems (PVT in our work compared with thermogra-
vimetric measurements), this value is in very good
agreement with the low main stage velocity obtained
in our case for thick samples. No initial fast stage was
observed in the kinetic curves shown in ref. 4 in contrast
with our results. Thus it is concluded that the fast
initial stage is related to the vacuum preannealing
treatment.
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Fig. 6. Linear rate constant (da/df) of the initial reaction stage
for different samples as a function of the reciprocal of the sample’s
smallest dimension. Reaction temperature, 400 °C. Hydrogen
pressure, 1 atm. All samples were preannealed under high vacuum
at 900 °C for 2 h.

3.2. Metallography of partially hydrided samples

In order to account for the initial fast stage observed
in the front velocity, a series of metallographic ex-
aminations of partially hydrided samples was performed.
One of these samples is shown in Fig. 2. Beyond the
envelope of the hydride product layer, some preferred
penetration of hydride extensions along the metal grain
boundaries may be observed. The sample in Fig. 2 was
hydrided to a=0.25. Decreasing the extent of partial
hydriding to a=0.1 resulted in a thinner hydride layer.
The thickness of certain areas on this layer was of the
order of the metal grain size. This latter sample was
mounted in a slightly tilted position (beveled) and was
polished carefully to expose gradually layer by layer
from the surface into the bulk. In Fig. 7, micrographs
representing the hydride phase development at different
depths are shown. Figure 7(a) shows a reference (un-
hydrided) sample. Figure 7(b) illustrates the topo-
chemistry of a hydride which has advanced a few metal
grains into the bulk. This figure may represent the
incipient development of the hydride during the initial
stage of the hydriding reaction. In Fig. 7(c), on the
other hand, a more developed hydride phase is illus-
trated. The layer shown in this figure is located above
the region shown in Fig. 7(b). The depth of this layer
below the surface is of the order of 1-2 metal grain
diameters. In the outermost surface of this sample the
metal grains are fully transformed into the hydride
phase (not shown in the figure).

3.3. Topochemistry and the rate-limiting step
On the basis of the above results the topochemical
aspects of the hydride phase progress into zirconium
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Fig. 7. Grain boundary hydriding in Zr at 400 °C and 1 atm H,:
(a) sample after vacuum annealing (10™° Torr, 900 °C, 2 h); (b)
hydride microstructure approximately two grain sizes below the
surface (see text); (c) microstructure approximately one grain
size below the surface (the scale at the bottom applies to all
three micrographs).

can be deduced. Hydrogen diffuses relatively rapidly
along the grain boundaries which were previously ox-
idized during the vacuum annealing process. A con-
centration gradient is built along the grain boundaries
decreasing towards the sample interior. The hydride

phase is formed on the circumferences of the grains
and starts to advance intragranularly. The initiation of
hydride nucleation occurs firstly at the near-surface
region, since the hydrogen concentration build up is
higher there. The initial fast kinetics displayed for
vacuum-annealed zirconium may thus be accounted for
by the high effective hydride front interface area in
addition to the geometrical surface area of the sample.
A similar kinetic behaviour was found for the hydriding
of titanium under similar conditions [17]. In this case
the initial fast stage was attributed to the situation in
which the hydride layer has not yet developed to the
full surface coverage which serves as a protective dif-
fusion barrier [15]. It should be noted that, in the
present case, there is no way to distinguish between
the two topochemical paths mentioned above (i.e. the
preferred penetration through grain boundaries re-
sulting in intergranular advance and the creation of a
uniform hydride layer moving at a fast constant velocity)
from the kinetic results alone since both forms yield
the same time dependence (e.g. linear for planar sam-
ples). However, the comparison between the initial and
slower subsequent kinetics, combined with metallo-
graphic examinations of partially hydrided samples, can
prove the dominant topochemistry.

The exact mechanism by which the intergranular
oxide enhances the hydrogen diffusion is not clear at
this stage. The oxygen may affect the diffusion coefficient
of hydrogen through the metal, change the solubility
limit of the hydrogen in Zr or induce microcracks used
as channels for hydrogen penetration. With regard to
the first possibility it is known that when the surface
native oxide exceeds a certain thickness it becomes a
barrier for hydrogen penetration. This is shown by the
longer induction periods obtained with increasing oxide
film thickness [4]. On the other hand, it has been shown
that under certain conditions the oxide layer can be
permeable to hydrogen {7, 8]. The complex effect of
oxygen on the interaction of hydrogen with Zr is also
demonstrated in the case of hydrogen solubility in Zr.
Recently, the effect of oxygen on this solubility has
been studied [21, 22]. It was found that the solubility
at constant pressure first increases with the oxygen
content then passes through a maximum. In view of
the complexity of oxygen effects on the relevant pa-
rameters, the difficulties in anticipating the effect of
the intergranular oxide on the hydriding kinetics are
not surprising.

From Fig. 7(b) and 7(c) it is clear that a concentration
gradient of intergranular hydrogen exists from the sur-
face into the bulk. This gradient may be the result of
hydrogen diffusion along grain boundaries into the
metal. It should be noted, however, that the formation
of the grain boundary oxide during the vacuum annealing
stage is also probably a diffusion-controlled process.
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Thus it is possible that the distribution of hydrogen
along grain boundaries is also affected by the previously
established gradient of intergranular oxide. To separate
between these two possibilities, further research must
be performed (e.g. studying the effect of preannealing
time and temperature on the extent of the initial fast
step in the hydriding reaction).

The rate of reaction is substantially decreased im-
mediately after a full surface coverage layer has been
formed, i.e. when the outermost metal grains have been
fully hydrided. In Fig. 5 the arrow denoted by (c)
clearly indicates that the apparent front velocity starts
to fall when the penetration depth is of the order of
an average grain size (25-30 um). Hence, the product
hydride forms a protective barrier to hydrogen pene-
tration into the sample. If the hydrogen transfer rate
through the hydride layer is equal to or higher than
the rate of transfer through the grain boundaries, no
change in the overall reaction rate is expected.

This fact points to the possibility that the rate-
determining step in the main stage hydriding of zir-
conium (under the given conditions) is controlled by
diffusion through the product hydride layer. The con-
stant velocity (of 6.7 wm min~") attained in the second
main stage can thus be associated with diffusion through
a layer with an apparently constant thickness [15, 17].
It should be noted that the apparent activation energy
of 16.3 kcal mol "' (0.71 eV), found for the front velocity
under similar conditions, corresponds well to the ac-
tivation energy of hydrogen diffusion in the e-hydride
and in the 8+ ¢ two-phase region. This can be seen
in Table 1, which summarizes the diffusion coefficients
for hydrogen in zirconium hydrides (found in the lit-
erature). Except for the unusually high value found by
Albrecht and Goode [24] all values fall in the range
16 +4 kcal (mol H) .

In order to understand the possible mechanism re-
sponsible for the diffusion-controlled constant front
velocity, we consider the hydrogen path from the gas
phase into the hydriding area at the metal-hydride
interface in relation to the hydride phase development
during the hydriding process. This is shown schematically
in Fig. 8. In front of the hydride-metal phase boundary

TABLE 1. Activation energies for hydrogen diffusion in zirconium
hydrides

Hydride phase Activation energy Reference
and composition (kcal mol™")

5-ZrH, 5 12.5 23

(8, 8+ e)-ZrHl_ﬁ—Zl’I'{Ls(, 349 24
(8+€)-ZrH, 55 12.7 25

eZrH, o 20 26

€-ZrH; o6 19.1 27

€-ZrH,; o 15 23

(a)
1T

(b) g,
Y IIAAAAAS

) YORIDE

(O-HYDRIDE ¢ ~HYDRIDE
" aissolved bydrogen 0 —HYDRIDE

o7

Fig. 8. Schematic representation of hydride development on Zr
at 400 °C under 1 atm H,: (a) initial stage; (b) main steady state
stage.

there is always a region in which the hydrogen con-
centration gradient is maintained. At steady state, this
region is of approximately constant width [28]. Under
the given conditions of pressure and temperature the
first hydride phase to be formed is the & phase (Fig.
8(a)). The thickness of this § phase layer is increased,
together with the hydrogen concentration at the hy-
dride-gas interface, until the € phase is formed. From
this point on the thickness of the & phase will stay
constant and the e phase thickness will increase steadily
almost until reaction completion. When the ¢ phase
exceeds a certain thickness, cracks will be formed near
the layer surface. Again, these cracks may follow the
adherent layer in an approximately constant interval
(Fig. 8(b)). Examination of fully hydrided samples re-
veals cracks on the surface with an approximately
constant interval of 200 um. In Fig. 2 cracks can be
observed as the hydride layer exceeds approximately
50 pm.

It is either the 6 phase or the e phase which may
have a constant thickness during the steady state stage
of the kinetic process and serves as the diffusion barrier
to hydrogen. There are not sufficient data to decide
which of them is the actual rate-controlling layer. Fur-
ther experiments under conditions in which the 8 phase
is present are being conducted to shed more light on
this question.

4. Conclusions

(1) Zr metal, annealed at 900 °C under high vacuum
(10~¢ Torr), was preferentially oxidized along grain
boundaries.

(2) Subsequent hydriding at 400 °C and 1 atm H,
displayed two-stage kinetics: an initial rapid stage fol-
lowed by a slower main stage.
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(3) Both the initial and main stages follow contracting
envelope kinetics with apparent front velocities of about
70 and 8 um min~' respectively.

(4) During the initial rapid stage, the hydride is
preferentially formed along the (oxidized) exterior grain
boundaries of the metal, progressing for each grain
from its boundary inward.

(5) When an external hydride layer with a thickness
of about an average metal grain size is formed, the
rate of reaction is drastically decreased (by almost an
order of magnitude).

(6) The rate-determining step from this point on is
the diffusion of hydrogen through the product hydride
layer, maintaining an apparently constant thickness.
This layer is composed of either the & or e hydride
phases.
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