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Abstract

The hydriding kinetics and hydride phase development in vacuum-annealed Zr were studied at temperatures ranging from
250 to 800 °C, under H, at 1 atm. In the lower temperature range a hydride external layer is formed with a well-defined
metal-hydride interface. Between 350 and 550 °C the hydriding reaction consists of two stages: initial fast penetration of
hydrogen through grain boundaries, and subsequent development of hydride layer resulting in a decrease in the advancing
front velocity. The activation energy for both processes is similar (67 kJ mol™') although the front velocity of the grain
boundaries is somewhat faster. Above 550 °C, where the B phase is formed in front of the § phase, a significant change is
observed in the hydriding kinetics and topochemistry. No external reaction front is formed and the hydriding route of the
grain boundaries exclusively prevails with simultaneous decrease in the overall reaction rate. The activation energy for the
hydride layer advance at this range, due to the diffusion of hydrogen in the B-zirconium product, or the a— B phase
transformation, is 165 kJ mol™'. The huge discrepancies between the results of high temperature hydrogen diffusion in

zirconium hydrides previously published are accounted for in terms of the hydriding topochemical mechanism.
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1. Introduction

In recent work [1], we have shown that the hydriding
reaction of bulk vacuum-annealed zirconium metal at
400 °C and under H, at 1 atm follows double-stage
kinetics. In the initial fast stage, hydrogen preferentially
penetrates into the metal through grain boundaries,
resulting in hydride phase formation along these bound-
aries. This fast initial stage has been correlated to the
preferential high temperature, low pressure oxidation
observed along grain boundaries during pre-annealing.
The hydride grows into the grains until the sample is
entirely covered with an external hydride product layer.
For sufficiently thick samples (i.e. samples for which
the smallest dimension is large compared with the
average grain size) the succeeding main stage is as-
sociated with the advance of this external product layer
into the bulk metal according to contracting-envelope
kinetics, without any further grain boundary preference.
Such a hydride layer was metallographically observed
on partially hydrided Zr samples at about 400 °C [1]
and 300 °C [2]). A rate-controlling step of hydrogen
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diffusion through a 8- or e-hydride product layer of
constant thickness has been suggested for the system
at this main stage, in agreement with previously pub-
lished data [1].

It is expected that the above mechanism will change
when the reaction temperature exceeds 546 °C, the
eutectoid temperature [3]. The formation of the hy-
drogen-induced B phase above this temperature mark-
edly modifies the properties of the product hydride
layer. Above the eutectoid temperature, much more
hydrogen can be absorbed (33 at.% H) prior to the
B— 8 transformation, compared with the relatively small
amount of hydrogen (6.1 at.% H) required for the a — &
transformation below the eutectoid temperature. This
leads to the conclusion that a substantial portion of
the steady state advancing hydride layer consists of 8
phase. As a result, the steady state thickness of the &
and e phases may change considerably, thus inducing
changes in the steady state diffusion rate. Of course,
the mechanism may become entirely different owing
to the presence of the new phase, with another rate-
limiting step dominating the reaction rate.
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It is interesting that almost no hydrogen absorption
experiments were performed for Zr above 550 °C [4].
A deviation from the straight line of the Arrhenius
plot was observed at 500 °C [5]. This was attributed
to an exothermic heating effect. Hydrogen absorption
in zirconium samples shaped in the forms of cylinders
and spheres was measured by Gelezunas et al. [6] at
high temperatures, above the eutectoid temperature.
They have assumed that the rate-limiting step is diffusion
through the B phase and obtained diffusion coefficients
for hydrogen. There was a very large and significant
difference between their results and those obtained by
Albrecht and Goode [7] who measured the diffusion
using the permeation technique. The attempted ex-
planation for this difference, which is due to the presence
of oxide layers affecting the absorption rate, is not
satisfactory, since at these elevated temperatures the
oxide layer tends to dissolve into the bulk zirconium
under non-oxidizing (high vacuum) conditions [8]. The
phenomenon of oxide dissolution into the bulk metal
under high vacuum conditions is not unique to zirconium.
It was found also for other metals such as uranium
[9].

In the present work the kinetics of the zirconium
hydriding reaction were studied in the temperature
range 250-800 °C and under H, at 1 atm with the
purpose of observing any temperature-dependent
changes which could be related to the different phases
likely to be formed during the reaction. The hydriding
kinetic curves of samples with well-defined geometry
(usually in the shape of a rectangular parallelepiped)
were measured and correlated with the topochemistry
of hydride development in partially hydrided samples.
Measurements of the time dependence of the pressure
drop due to the reaction were performed in a quartz
constant-volume Sieverts system. The kinetic results
are presented in the form of curves of aff), the hydriding
reaction fraction, vs. £, the time. a(z) is obtained from
the ratio Ap(t)/Ap ..., where Ap(t) is the pressure drop
caused by the hydrogen absorption at time ¢ and Ap,,.,
is the maximum pressure drop after equilibrium con-
ditions were achieved. More detailed descriptions of
the experimental apparatus, the sample composition
and preparation procedures have been published else-
where [1].

2. Metallographic examination of partially hydrided
samples

The hydride phase development in bulk zirconium
as a function of temperature was studied by examining
metallographic cross-sections of partially hydrided sam-
ples. The significant changes in the hydriding topo-
chemistry at three representative temperatures are

shown in Fig. 1. At low temperatures (Fig. 1(a)) a
distinctive and relatively uniform hydride layer is formed
on the surface of the sample. At about 400 °C, a similar
layer is formed, although it is much less uniform. Some
grain boundary penetration can be observed. As dis-
cussed above in Section 1, the situation shown in Fig.
1(b) is characteristic of the main stage, in which the
sample is entirely covered with an external hydride
layer. The intergranular penetrations observed in front
of the layer are just the remaining part of the initial
stage, during which the two competing processes (i.e.
grain boundary penetration and layer formation) were
playing a comparable role. In the high temperature
sample (Fig. 1(c)), however, the significance of the
grain boundary penetration is increased. No layer for-
mation can be observed and the hydrogen seems to
diffuse freely through the grain boundaries. A very low
extent of reaction (i.e. =0.0083) was required for this
case. At higher reaction fractions (i.e. larger «), it was
difficult to distinguish between the hydride and metal
phases and to identify the origin of hydride phase
development at the grain boundaries. Note the higher
hydride concentration at the sample’s corner (upper
left part of Fig. 1(c)). This structure is indicative of
diffusion-controlled advance of hydrogen dissolving into
the sample at this high temperature. For experiments
in which « is larger than 10%, this structure is observed
throughout most of the bulk of the sample.

A better look (higher magnification) at the temper-
ature dependence of the structure of the hydride-metal
interfaces is given in Fig. 2. At 250 °C the interface
is rather sharp and uniform, with columnar structure
of the interfacial hydride. A crack passing in parallel
to the interface at a distance of around 20 wm can be
observed. However, one cannot tell whether this crack
was actually formed during the reaction or later, fol-
lowing the system evacuation and cooling of the sampie.
At 400 °C, the interface is not as well defined as that
in 250 °C. Needle-like penetrations along preferred
crystallographic orientations are observed (Fig. 2(b)).
They are probably the result of hydrogen dissolved in
the metal at the metal-hydride interface during the
reaction, precipitating when the sample is cooled to
room temperature. The solubility of hydrogen in a-Zr
at 400 °C is around 2 at.% [10], while at room tem-
perature the solubility is reduced by more than three
orders of magnitude. Similar lamellar hydrides origi-
nating in dissolved hydrogen were identified in partially
hydrided rare earth samples [11]. The metal-hydride
interface formed intergranularly at 630 °C (Fig. 2(c))
is poorly defined. It appears in the form of patches
with a low degree of orientation. The large difference
between the hydride phase structures observed at low
and high temperatures is associated with the 8 phase
formed during the higher temperature hydriding. When
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Fig. 1. Cross-section metallography of partially hydrided zirconium samples. The hydrogen pressure was 1 atm. The reaction temperatures
and the reaction fractions «a respectively are as follows: (a) 250 °C, a=0.1; (b) 400 °C, a=0.25; (c) 630 °C, a=0.0083.

Fig. 2. Metallography of the hydride-metal interface in zirconium
at different reaction temperatures: (a) 250 °C, (b) 400 °C; (c) 630
°C.

the sample is cooled, this phase transforms into the
8- and e-hydrides. The rate of these transformations
is very fast (in contrast with the reverse process [12]).
This accounts for the relatively finely dispersed metal

and hydride phases constructing the sample, as shown
in Fig. 2(c).

Several successive stages of the penetration of hy-
drogen into the metal and the development, of the
hydride phases in zirconium at 630 °C are shown in
Fig. 3. After annealing a reference sample at 900 °C
for 2 h, it was cooled slowly to 630 °C and then brought
to room temperature by removing the furnace. This
procedure simulates the heat cycle experienced by the
reacted samples. The micrograph of this sample is
shown in Fig. 3(a). Note the small amounts of inter-
granular oxide resulting from the high temperature
vacuum annealing [1]. The advance of the hydride phase
from the grain boundaries inwards is shown in Figs.
3(b) and 3(c), taken from different areas of the same
partially hydrided sample. Owing to diffusion, the extent
of hydride progression formed at the surface vicinity
(Fig. 3(c)) is higher than that in the sample’s deeper
areas (Fig. 3(b)). As mentioned above, when the reaction
fraction exceeds some 10%, the whole sample seems
to be homogeneously transformed. This is shown in
Fig. 3(d) for a 30% hydrided sample. The homogeneous
dispersion of hydride in the sample implies that, even
at this relatively initial stage of the hydriding reaction,
most of the sample is already in the B form. This
strongly suggests that hydrogen penetrating the sample
through grain boundaries is spreading inside the grains
in the form of B phase at relatively low concentrations.
Then the reaction continues by dissolution of additional
hydrogen in the B phase and subsequent B— & and
6— € transformations.

3. The hydriding Kkinetics

In Fig. 4, the hydriding kinetics of zirconium below
the eutectoid temperature (Fig. 4(a) for 400 °C, and
Fig. 4(b) for 500 °C) is compared with the hydriding
kinetics just above it. The measurements were performed
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Fig. 3. The development of hydride phase in zirconium at 630 °C
and under H, at 1 atm: (a) unreacted sample (pre-heated to 900
°C in vacuum like the partially reacted other samples); (b) the center
part of partially reacted (a=0.023) sample; (c) same as (b), but
taken near the surface of the sample; (d) partially reacted («=0.3)
sample.

on samples of similar shape and weight (cubes roughly
1.8 mm in length and of 3040 mg mass) under hydrogen
at 1 atm, to eliminate geometrical and pressure effects.
At 400 °C the kinetic curve consists of two parts, as
discussed above and in [1]. Raising the temperature
to 500 °C results in an acceleration of both parts. It
also changes the relative contributions of the two parts
to the kinetics. The initial fast stage extends to higher
a than at 400 °C. Since both the hydrogen solubility
and the diffusion rate are higher at elevated temper-
atures, it is obvious that more hydrogen is able to
penetrate through grain boundaries and to dissolve in
the bulk during the initial stage. Thus the second stage
is delayed at higher temperatures. This can also account
for the excessive increase in hydriding rate at 500 °C,
beyond that predicted by the Arrhenius law, as found
by Une [5].

At 550 °C, however, the tendency is reversed. The
hydriding rate is clearly slower than at 500 °C. Since
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Fig. 4. The effect of temperature on the zirconium hydriding kinetics
at the B phase formation threshold: curve a, 400 °C; curve b, 500
°C; curve ¢, 550 °C. All the samples have about the same geometry
(cubes of around 1.8 mm length). The hydrogen pressure is 1 atm.
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Fig. 5. The temperature dependence of the zirconium hydriding
kinetics above the eutectoid temperature: curve a, 550 °C; curve b,
600 °C; curve ¢, 650 °C; curve d, 700 °C; curve e, 800 °C. The
pressure and shape are the same as in Fig. 4.

up to the eutectoid temperature there is a continual
increase in the hydriding reaction rate, this change
should be attributed to the B phase formation (no
measurements of the hydriding rates were performed
below 400 °C since this range has been extensively
studied in the past [5], and our results at 400 °C were
in very good agreement with those previously obtained
[1]D). According to the metallographic examinations
(Section 2), this decrease in the hydriding rate is
associated also with the topochemical change, i.e. that
grain boundary penetration becomes the dominant hy-
driding path.

Fig. 5 shows the temperature dependence of the
hydriding kinetics between 550 and 800 °C. It is obvious
that at this range the hydriding rate again increases
with increasing temperature. In Fig. 6, a better time
resolution of the higher temperature kinetics is pre-
sented by choosing a different (shorter) time scale. It
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Fig. 6. An extension of Fig. 5 for the first 3 min, showing the high
temperature hydriding kinetics with a better time resolution.

suggests that, besides the change in hydriding kinetics
at the eutectoid temperature, above 550 °C the hydriding
mechanism holds permanently for the whole high tem-
perature range.

4. The change in hydriding mechanism below and
above the eutectoid temperature

Before going on to a quantitative analysis of the
results, the main differences between the hydriding
mechanisms below and above the eutectoid temperature
should be summarized. Let us designate the reaction
mechanism above the eutectoid temperature as case
A and that below the eutectoid temperature as case
B. There are two observations indicating the change
in mechanism.

(1) The hydriding reaction of the most general case
B consists of two stages: initial grain boundary pen-
etration followed by an external hydride layer formation.
At temperatures below about 350 °C, the initial grain
boundary attack cannot be observed (Fig. 1(a)). In case
A, on the contrary, only the grain boundary path prevails.

(2) The overall hydriding rate in case A is lower
than in case B, under similar conditions of pressure
and ternperature.

In the following, case B will be restricted to the high
temperature range (above 350 °C) in which it consists
of two detectable stages. To account for the differences
between the two cases A and B, it should be remembered
that initially both reaction rates are controlled by hy-
drogen flow through grain boundaries. This process is
followed by the formation of a hydride layer at the
grain circumference, advancing towards the grain cen-
ters. In case A, this layer consists of 8 phase, whereas
in case B it is constructed mostly of the é phase. The
main difference between the two phases relevant to
the hydriding mechanism is the different relative volume

expansion associated with each of these transformations.
The lattice parameters of the h.c.p. structure of the
hydrogen-saturated a-Zr are a,=3.2335 A and
co=5.1520 A [12] (it should be mentioned that the
increase in the lattice parameters per atomic per cent
of hydrogen interstitial is much less than for both
oxygen and nitrogen). The theoretical density of this
structure is 6.49 g cm ™. The hydrogen-induced B phase
is a b.c.c. A2 structure type with a,=3.65 A for 20%
overall hydrogen content, and 3.68 A for 45% overall
hydrogen content at 600 °C [13]. These values yield
densities of 6.24 g cm™> and 6.26 g cm ™ ? respectively.
The &-hydride is an f.c.c. (fluorite-type) structure with
a lattice parameter ranging between 4.7789 A for the
low hydrogen content phase [14] and 4.7809 A for the
high hydrogen content phase (coexisting with the €
phase) [15]. On the assumption that 80% of the sites
available for hydrogen are occupied, these values yield
5.65 g cm™? and 5.64 g cm™? respectively. Thus the
formation of the 8-hydride is associated with volume
expansion of 13.1%, whereas the formation of the B
phase results in an expansion of 3.4% only. It is suggested
that the larger volume expansion is responsible for the
termination of the grain boundary penetration and the
appearance of an external hydride layer in case B. The
large volume expansion causes the reacting grains to
be pressed together. This applied pressure gradually
narrows the channel of transfer, reducing the hydrogen
flow into the deeper parts of the sample. Eventually,
the amount of hydrogen diffusing through the hydride
layer become comparable with the flow through the
grain boundaries. This is the turning point for the two
stages. In case A, on the contrary, the volume expansion
is not sufficiently large to reduce the transfer of hydrogen
through the grain boundaries. Thus nc external hydride
layer is formed in case A.

5. Derivation of the front velocity in the grain
boundary type of attack

5.1. Case A

In case A, the reaction can be assumed to advance
simultaneously into each separate grain. This case is
similar to that of a powder sample. In this work, the
front velocity inside each grain is calculated from the
experimental results using a simplified approximate
approach. A more accurate derivation developed for
the powder sample’s case will be published separately
(16].

On the assumption that the grains are spheres of
radius 7, it can be shown that a product front, starting
its advance at all spheres simultaneously, moving inward
at a constant velocity u yields
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2 3
ut ut ut
HN=3—-3—] +{— 1
This equation is often presented in the contracting-
volume form [17]:

1—(1—a)P =kt @)

where k is a rate constant (equal to u/r in Eq. (1)).
It should be noted that tu is assumed to be constant.
Of course, this assumption is not generally valid. How-
ever, it has been shown to apply to zirconium in case
B [1,5]. Also, the initial stages of advance of any front,
to which the following treatment is restricted, are usually
obeying a linear kinetic behavior.

For the .initial reaction stage, where the condition
ut<r is valid, Eq. (1) is approximately given by

ut

a=3 " 3)

Defining the initial slope da/dt as the rate constant
ky, the initial front velocity into the grains can be
obtained:

u=3ky “)

The average grain size was estimated from metal-
lographic examinations (see for example Fig. 1) to be
about 25 um. Thus, in case A, the front velocity of
the grain boundaries can be calculated from the apparent
initial rate constant k, and the average grain size. It
should be emphasized that u is independent of the
sample dimensions. It is related solely to the grain size.

5.2. Case B

This case is a little more complicated than the previous
case. Initially, the grain boundary attack is very similar
to that of case A. However, once an external hydride
layer is formed, the grain boundary attack stops. At
the time at which the external reaction front first
appears, a layer of thickness /g has already been
reacted through a grain boundary type of attack. Since
the flux of hydrogen through the grain boundaries seems
to be diffusion controlled, the quantity /g should be
considered but as an effective thickness. Also, the change
from grain boundary attack to external layer formation
is expected to be gradual. Thus the determination of
Igp is rather a rough approximation. Still, as we shall
see, quantitative information can be obtained even from
such a rough evaluation.

For a parallelepiped sample of dimensions a Xb Xc,
the volume of metal transformed until the first ap-
pearance of the external hydride layer is

Vos=abc — (a —lgp)(b —lcp)(c —~ o)
=(ab+ac+bc)lgs— (a+b+c)gp” +igs ®)

For Iz <a, b, ¢, Eq. (5) can be given approximately
by

Vgs= (ab+ac+bc)lgy (6)

The reaction fraction agg of this stage is defined as
1403

aGB(t) = V(—) (7)
GB

where V(t) is the effective volume reacted until the
time ¢. It should be noted that agg(?) is different from
the overall reaction fraction «(t) defined as

at- 5 ®)

where V} is the initial volume of the sample (equal to
abc, in this case).

Until the first appearance of the external hydride
layer the situation is in fact identical with case A. Thus
agp(t) can be given by Eq. (3).

From Egs. (6)-(8), the relation between the measured
a(t) and the system parameters can be obtained:

1 1 1\u
a(t)=3lGB(; +o ;) —%it for V() <Vse  (9)
The velocity ugg was indexed in Eq. (9) to distinguish
it from the external layer velocity u. When the external
layer first appears, the value of agg is equal to 1 and
the overall reaction fraction «, is given by

1 1 1

The initial reaction linear rate constant kg of this

stage defined as da/dt is given by
1 1 Nu

kGB=3lGB(; +o+ E) —r‘iﬁ (11)

It is note worthy that kg is proportional to the sum
of the reciprocals of the sample dimensions. In fact,
such dependence has been proved for Zr at 400 °C by
measuring the initial slopes of « vs. ¢ kinetic curves
for different planar samples of various initial thicknesses
(see Fig. 6 in [1]). It has been shown, in addition, that
the depth of the layer attacked in the grain boundaries
below the external hydride front is about one grain
size. That is, [gp = 2r. Using this, and the value of ksg/
(1/a+1/b+1/c)=134 pm min~' obtained from the
slope of Fig. 6 in [1], the grain boundary velocity ugg
at the initial stage of zirconium hydriding at 400 °C is
estimated as 22 pum min~'. This value is, of course,
different from the apparent (overall) initial velocity of
70 pm min ! previously reported. It is still significantly
higher, however, than the external hydride front velocity
of 8 um min~*' [1]. The reason for this difference will
be accounted for in the next section.
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The analysis of the kinetics at 500 °C is shown in
Fig. 7. The two stages of the reaction are shown as
lines a and b. There is a wide intermediate range
between them which is the result of the gradual change
from the grain boundary to the external layer mech-
anism, mentioned above. Despite this intermediate
range, the two stages can be easily identified. The
apparent linear rate constants for stages a and b are
0.8 min~' and 0.07 min~! respectively.

Using Eqgs. (10) and (11), the value of usp can be
evaluated:

k!
U= 3, (12)

The value of «, is roughly estimated from Fig. 7 as
0.13+0.05. Thus the value of ugs(500 °C)=50 um
min~! is obtained.

The external hydride front velocity at 500 °C is
calculated from the second rate constant (the slope in
Fig. 7(b)) using the contracting-envelope procedure {1]
to yield »(500 °C)=25 pm min~2.

6. The temperature dependence of the hydride front
velocity in zirconium at high temperatures

The temperature dependence of the grain boundary
velocity above the eutectoid temperature, calculated
from Eq. (4) in Section 5.1, is shown in Fig. 8, line a.
Below the eutectoid temperature, the values of ugg
and u, calculated in Section 5.2 for 400 and 500 °C,
are shown in Fig. 8b. For comparison, the best-fitted
Arrhenius plot obtained for Zircaloy-2 in the temper-

REACTION FRACTION ()

0 2 4 6 &
TIME (min)
Fig. 7. The two stages in the hydriding kinetics of a parallelepiped
Zr sample (dimensions, 2.1 mmX2.0 mmX1.56 mm) under H, at
1 atm and 500 °C: line a, initial grain boundary attack; line b, the
second contracting envelope stage. The straight lines are the best-
fitted slopes for the two stages.
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Fig. 8. The temperature dependence of the various hydride front
velocities in the zirconium-hydrogen system under H, at 1 atm: line
a, best linear regression fit above the eutectoid temperature; O,
experimental results for the grain boundary front velocity ugp above
the eutectoid temperature; line b, reaction rate constant below the
eutectoid temperature reproduced from [5]; A, experimentally ob-
tained values of ugy below the eutectoid temperature; O, values of
u below the eutectoid temperature.

ature range 300450 °C [5], is also shown by the straight
line b in Fig. 8. Our experimental results are in good
agreement with this plot. The grain boundary front
velocity ugp is faster than the external layer front
velocity u (see Section 5.2). The activation energies for
the two velocities are comparable, however, suggesting
that both are controlled by the same step (i.e. diffusion
through the constant-thickness product layer). The
speed difference may be correlated with the effective
steady state thicknesses of the hydride layers of the
two topochemical processes. The layer formed along
the grains circumferences is probably thinner than that
formed subsequently over the sample surface. Since
both layer advances are diffusion controlled, the velocity
of the thinner layer should be faster.

The temperature dependence of the grain boundary
front velocity ugp above the eutectoid temperature is
indicative of a complete change in the reaction mech-
anism. Not only is the magnitude of the velocity de-
creased by a factor of about 150 between 500 and 550
°C, but also the best-fitted activation energy is 165 kJ
mol~', compared with the value of 68.2 kJ mol™’,
obtained for the front velocity below the eutectoid
temperature [5] (from line b in Fig. 8). The change
in mechanism is obviously associated with the ap-
pearance of the B phase intermediate layer above 550
°C. We have mentioned earlier that this appearance
can lead to a change in the steady state thickness of
the & hydride layer, thus resulting in a discontinuous
change in the temperature dependence of the front
velocity, while keeping the activation energy unchanged.
The results shown in Fig. 8, however, indicate than
the activation energy is actually changing. This means
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that the rate-limiting step has been changed. The grain
boundary topochemistry observed in this case eliminates
a surface-controlled rate limiting step. Thus there are
two other possible rate-determining steps left: diffusion
through the B phase, and the a— B phase transfor-
mation. These two possibilities will be discussed in the
next section.

7. The hydriding rate-limiting step above the
eutectoid temperature

As mentioned above (Section 1), large discrepancies
were found in measuring the activation energy for
hydrogen diffusion through the 8 phase zirconium. Thus,
the values reported were 192 kJ mol~' by Albrecht
and Goode [7], 35.7 kJ mol~" by Someno [18] and 34.8
kJ mol~" by Gelezunas et al. [6]. The activation energy
in the present case (165 kJ mol~') is comparable with
the higher of these values. It is even in better agreement
with the value of 146 kJ mol ', measured for hydrogen
permeation in zirconium containing 60-65 at.% H, in
the temperature range 500-750 °C by Albrecht and
Goode [19]. Since in their experiment the zirconium
was allowed to reach equilibrium in the hydride phase,
the diffusion was assumed to take place in a higher
hydride (possibly the & and 6+ € regions [3]). However,
this value was much higher than the average activation
energy of 67+17 kJ mol~’ found for these regions by
several independent workers, which was also in good
agreement with the kinetic results (see [20] and dis-
cussion in [1]). To account for this discrepancy, suppose
the sample in the permeation experiment [18] has not
been entirely transformed into the 6 and &+ e phases.
In the depth of the sample (it was 1-1.5 mm thick
[18]) some residual B phase layer still exists. It should
be remembered that the eutectoid reaction and the
a— 3 phase transformation are considered to be ex-
tremely sluggish [3]. This residual B8 phase layer could
account for the high activation energy obtained in the
permeation experiments as well as for good agreement
with the present activation energy. It also explains the
similarity of the activation energies measured by these
workers for the low concentration (B phase) region,
and for the high concentration (6 and &+ e phases)
region, (i.e. 192 kJ mol~"' [7] and 146 kJ mol~"' [19]
respectively).

The significantly higher diffusion coefficients obtained
by Gelezunas et al. [6] require some consideration.
The experimental set-up in their work was based on
an accurate gas absorption measurement system. The
zirconium samples were machined into cylinders and
spheres of about 7 mm radii. These samples were
heated in vacuo at 960 °C prior to the experiment.
This procedure is very similar to the heat pre-treatment

in the present work, which has been shown to induce
a grain boundary type of hydridization. This possibility
was not taken into account by Gelezunas, who assumed
that diffusion occurred over the whole spherical sample.
The validity of the diffusion-controlled rate-limiting
step in his case has been tested by comparing the
experimental sorption results with the diffusion theo-
retical curves. However, as implied in the present work,
this test will be satisfactory also for grain boundary
penetration. The only difference between the two cases
is the diffusion distance given by the sample radius (as
assumed by Gelezunas et al.) in contrast with the grain
size (as in the present work). This could account for
the difference in the absolute values of the diffusion
coefficients (by a factor equal to the square of the ratio
of these sizes), but not for the difference in the activation
energies. However, in the relatively large samples used
in that work, grain boundary diffusion may have an
additional effect.

The two representative cases discussed above dem-
onstrate once again the importance of combining me-
tallographic examinations of partially reacted samples
in the study of metal hydriding kinetics.

There is almost no published information on the
kinetics of the «— B phase transformation in the pres-
ence of hydrogen. As mentioned above, the eutectoid
reaction (i.e. the a+ 6 — Breaction) is extremely sluggish
on heating [12]. The a— B transformation is expected
to be somewhat faster, because less hydrogen redis-
tribution is required in the later case [3]. In order to
distinguish between the two possible rate-limiting steps,
namely diffusion and transformation, more data is
needed concerning the pressure dependence of the
hydride front velocity, the effect of grain size etc.

8. Conclusions

The mechanism of the hydriding reaction of vacuum-
annealed zirconium is temperature dependent regarding
both the topochemistry and the rate-determining step.

Below about 350 °C, the product hydride layer is
formed on the sample surface, moving into the sample
in a contracting-envelope type of attack. The reaction
front velocity is constant. The rate-determining step is
diffusion through a hydride (most probably the § phase)
layer of constant steady state thickness (the layer is
built into the sample and cracked at its external side).

Between 350 and 550 °C, the reaction consists of
two stages: initial grain boundary penetration followed
by external layer formation. The initial stage is ter-
minated as the expanding 8-hydride presses the grains
together, preventing further hydrogen flux through this
path. The rate-determining step in both stages is the
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same as above (i.e. diffusion controlled). The front
velocity at the grain circumference is higher than the
external layer velocity, probably owing to different steady
state layer thicknesses.

The activation energy for the hydriding is equal to
that of the diffusion of hydrogen through the 8-hydride,
i.e. around 67 kJ mol ™.

Above 550 °C, the eutectoid temperature, the to-
pochemistry and the rate-determining step change.
Grain boundary attack prevails throughout the reaction.
No external layer is observed. The reason for the change
in topochemical attack is the smaller expansion of the
B phase, relative to that of the §-hydride, which does
not prevent hydrogen flux through the grain boundaries.

The rate-determining step is either diffusion through
the B phase or the «a— 8 phase transformation. The
activation energy for the front velocity is about 165 kJ
mol~'. This value is comparable with some published
data of hydrogen diffusion in the B phase.
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