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Abstract

Hydrogen uptake data for thin Zircaloy-2 specimens in steam at 300-400°C have been analysed to show that there is
a decrease in the rate of uptake with respect to the rate of oxidation when the terminal solid solubility (TSS) of hy-
drogen in the metal is exceeded. In order for TSS to be reached during pre-transition oxidation a very thin 0.125 mm
Zircaloy sheet was used. The specimens had been pickled initially removing all Zr,(Fe/Ni) particles from the initial
surfaces, yet the initial hydrogen uptake rates were still much higher than for Zircaloy-4 or a binary Zr/Fe alloy that did
not contain phases that dissolve readily during pickling. Cathodic polarisation at room temperature in CuSO, solution
showed that small cracks or pores formed the cathodic sites in pre-transition oxide films. Some were at pits resulting
from the initial dissolution of the Zr,(Fe/Ni) phase; others were not; none were at the remaining intermetallics in the
original surface. These small cracks are thought to provide the ingress routes for hydrogen. A microscopic steam
starvation process at the bottoms of these small cracks or pores, leading to the accumulation of hydrogen adjacent to
the oxide/metal interface, and causing breakdown of the passive oxide forming at the bottom of the flaw, is thought to
provide the mechanism for the hydrogen uptake process during both pre-transition and post-transition oxida-

tion. © 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

Investigators [1,2] continue to propose that hydrogen
enters zirconium alloys during oxidation in aqueous
environments by diffusing through the ZrO, lattice (or
crystallite boundaries) of an impervious barrier oxide
film. The intermetallic particles (in the Zircaloys) are
seen as providing a direct short-circuit route for this
process. This situation continues despite the accumu-
lating evidence [3-5] that attempts to measure hydrogen
diffusion in zirconia [6-10] are flawed. These attempts
have usually followed one of two routes; implanting a
hydrogen isotope in a preformed oxide and then mea-
suring changes in the peak shape by a nuclear reaction
[6-8] or measuring SIMS profiles of hydrogen species in
oxides when the hydrogen isotope in the water is chan-
ged from H to D (and vice-versa) [3,9,10].
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In the first type of experiment the authors found, for
both Zircaloy-2 and Zr-2.5%Nb, that the hydrogen
peaks tended to diminish in area without broadening
during subsequent anneals, and sometimes became
asymmetrical. Thus, even though the oxides were thin
(<2 pm), it was evident that migration to and escape
down pores was the primary process occurring. To
evaluate a diffusion coefficient from these results it was
arbitrarily assumed that the pore spacing was 0.4 um,
despite electron microscope evidence for a much closer
spacing in the columnar oxides that are typical of oxides
of this thickness [11-13]. Asymmetries in the peaks
which might have been indicative of radiation damage
during implantation were ignored. Hence, diffusion co-
efficients calculated from these experiments should be
regarded as unreliable, and biassed in the high direction.

The diffusion experiments based on successive SIMS
profiling were shown not to follow the behaviour ex-
pected for a diffusion process in the oxide film [3]. More
recent work [4] has clearly demonstrated that these ex-
periments were measuring a rapid exchange process in
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the oxide film; that H/D, °Li/ "Li and "B/ "B all ex-
changed quantitatively and rapidly, and that all these
species were probably adsorbed on pore walls within the
oxide. Thus, the profiles obtained in these experiments
represent the distribution of pore surface area through
the thickness of the oxide. When all the species there
initially (eg. OH™) had exchanged for OD~ the deute-
rium profiles ceased to propagate. There is, therefore, no
acceptable value for the hydrogen diffusion coefficient in
a typical impervious ZrO, film available for comparison
with results for hydrogen uptake rates during pre-tran-
sition oxidation kinetics.

Evidence for the direct involvement of the interme-
tallics as short-circuit paths for hydrogen ingress is
based either on correlations of hydrogen uptake by the
metal with particle sizes and distributions that have been
modified by heat treatment [2], or with the observation
(usually by tritium autoradiography at room tempera-
ture) of hydrogen concentrations in the intermetallic
particles [14]. The first argument falls into the same trap
that beset earlier work [15,16]. That is the belief that a
correlation between hydrogen uptake and the chemistry
or morphology of the precipitates implies their direct
involvement in the process. It is known now that the
intermetallic particles have a major effect on the oxide
morphology (crack; pore development) and on the
crystallite phases present in their vicinity [17-20]. Thus,
the hydrogen may pass incidentally through the inter-
metallic particle, but it would be the cracks or pores in
the oxide that the intermetallic stimulated rather than
any high diffusion rate in the intermetallic itself that
would be the short-circuit. Of course, cracks and pores
are not present only in the vicinity of intermetallics [12].
Observing hydrogen concentrations in an intermetallic
after cooling to room temperature is no more evidence
that it was present there during oxidation than is the
observation of hydrogen concentrated in the Zr layer of
barrier cladding during PIE observations [21].

The chemical exchange experiments show that ionic
species are able to move relatively freely in and out of
pores or cracks, even in pre-transition oxide films, and
that the critical process in terms of hydrogen absorption
could be occurring at the bottom of such features.
During post-transition oxidation it has been shown that
the hydrogen uptake rates decrease when the solubility
of hydrogen (TSS) in the metal is exceeded [5,22]. The
decrease in the hydrogen uptake rate after exceeding
TSS has been explained as a result of hydride precipi-
tation at the oxide/metal interface at the bottom of pores
or cracks that penetrate to this point [5]. In order to
force hydrogen to precipitate as a solid layer at the metal
surface in zirconium alloys (in the absence of a tem-
perature gradient) a very high local ingress rate is re-
quired. A comparison of this rate with the average rate
of ingress through post-transition oxides suggests that
about 107 of the oxide/metal interface is active as a

location for hydrogen absorption at any point in time
[5].

Since the exchange experiments suggest a small
number of pores or cracks to be present in pre-transition
oxides [4], and electron microscopy has shown examples
of these [12,13,18], it was of interest to see whether a
change in hydrogen uptake rate could be observed when
TSS was exceeded during pre-transition oxidation. This
would indicate that the same hydrogen uptake process
was occurring as in post-transition oxidation. For TSS
to be exceeded after <2 um oxide growth the specimens
would need to be very thin, and a 0.125 mm thick sheet
of Zircaloy-2 was available. This paper reports results
for hydrogen uptake during pre-transition oxidation in
steam of specimens from this sheet.

2. Experimental

A batch of very thin Zircaloy-2 sheet (0-125 mm),
supplied by Imperial Metal Industries (UK), was avail-
able for this study. Because only one thickness of sheet
was used, the previous technique of looking for depar-
tures of the hydrogen uptake rate of thin specimens from
those of thicker specimens could not be adopted. It was
necessary to rely on identifying departures of the hy-
drogen uptake kinetics from a fixed relationship to the
concurrent oxidation kinetics curve. In the pre-transi-
tion region the oxidation kinetics in steam are close to
cubic, but with at least one significant inflection to
complicate the analysis [25]. In order to demonstrate a
change in the hydrogen absorption kinetics, therefore, a
large number of data points would be needed, and the
hydrogen analysis should be free of excessive scatter.
This could be achieved by using large area specimens for
both oxidation and hydrogen analyses. The study was
rendered more difficult by the high initial hydrogen
content of the sheet (average ~40 ppm). This could have
been accommodated easily if it had been uniform,
however, it soon became evident that it varied from
position to position in the sheet from 30-60 ppm. In
order, to eliminate as much error as possible in this
study, therefore, large numbers of control analyses were
needed. Nevertheless, the total quantity of hydrogen
being extracted from these samples was near the mini-
mum for acceptable analyses, so that scatter could not
be avoided.

The very thin sheets employed to minimise the errors
in the oxidation and hydrogen uptake determinations
required different treatments in order to cover the vari-
ous weight gain ranges (roughly 0-5; 5-30 mg/dm?).
Specimens were prepared in separate batches of 10-12
specimens, and these batches can be identified from the
contiguous specimen numbers given in Table 1. Blanks
for hydrogen analysis were prepared in several different
ways. If it was intended to oxidise the specimens to <30



B. Cox | Journal of Nuclear Materials 264 (1999) 283-294 285

mg/dm?, one specimen from each batch was cut up after
the final chemical polishing specimen preparation step
and analysed for hydrogen to provide the blank cor-
rection; if the intended weight gains were <5 mg/dm?,
one piece was cut from each end of each specimen after
specimen preparation and analysed for hydrogen. Sam-
ples were thin enough that the sheet could be cut with a
sturdy pair of scissors. These ranges were not strictly
adhered to, firstly, because of the difficulties in predict-
ing the specimen weight gain before exposure and, sec-
ondly, because it only became evident that there were
big local variations in the initial hydrogen in the thin
sheet during the experiments, and hence as time went on
the tendency was to cut blanks from every specimen.
Hydrogen analyses of specimens were done in duplicate
in all instances and, where large variations in H content
with position in the oxidised specimen were found, ad-
ditional analyses were performed. Hydrogen analysis
was by hot vacuum extraction at 1300°C with interme-
diate blank determinations, and an error of £5 ppm is
possible for low hydrogen contents increasing to £5% at
higher values (>100 ppm). While many of the specimens
showed about this amount of variability, Table 1 shows
that a number had larger scatter.

The specimens from each group (final size 1 x 4 cm)
were inserted in the 1 atm. steam furnace at the same
time and were removed one at a time at predetermined
intervals for weighing and analysis. No specimens were
replaced in the furnace, so that each had one oxidation
exposure of the length indicated in Table 1. The speci-
mens underwent small temperature cycles as the furnace
was opened to remove each individual specimen and
then immediately closed again. The steam flow was high
enough to minimise the disturbance that each specimen
removal caused.

3. Results

The hydrogen analyses obtained in this study are
tabulated in Table 1 for the temperatures of 300°C,
350°C and 400°C. Data obtained in 500 psi (3.5 MPa)
steam and water vapour (svp at room temperature) are
also presented for completeness. These specimens were
oxidised in silica ampoules and a Sartorius vacuum
balance respectively. The former are in general agree-
ment with the 1 atm. data, but were available only at
300°C and are fewer in number than the 1 atm. data.
The latter were also fewer in number than the 1 atm.
data. Data in moist air (not presented) were few, and the
TSS was reached in this environment only close to the
oxidation rate transition. One result of this was the re-
maining doubts about the extent of porosity in the oxide
associated with the moist air data. The analysis of the
material is given in Table 2, and a two-stage Formvar-

carbon electron micrograph of a specimen surface after
preparation is shown in Fig. 1.

The oxygen weight gains (with the weight of ab-
sorbed hydrogen subtracted) and the total hydrogen
contents of the specimens are plotted for 300°C, 350°C
and 400°C in Figs. 2-4. Smooth curves have been drawn
through the oxidation data. Evidence for a plateau in
these curves at ~10 mg/dm? weight gain was much less
than previously reported [25]. However, there was much
scatter in the 300°C curve at about this point, and a
similar anomaly in the 350°C and 400°C data at about
the same point. These curves were used to calculate
hydrogen uptake curves for constant percentage uptakes
for the initial stage of oxidation that represent upper and
lower bound percentages or an approximate mean for
the hydrogen uptake data depending on the extent of the
scatter. The hydrogen contents departed from these
limiting curves towards a lower percentage uptake curve
at higher weight gains. A second fixed percentage uptake
curve was then drawn to give a fit to the hydrogen
contents of the highest weight gain specimens in the set,
and this curve (or curves) was extended back until it
intersected the first curve (or curves). The change from
one set of hydrogen uptake curves to another was taken
as an indication of a reduction in the rate of hydrogen
absorption from one percentage uptake to a lower one,
and the intersections of the two sets of curves defined the
hydrogen contents at which this change in percentage
uptake occurred.

The numerical values obtained from this interpr-
etation have been plotted on recent curves of TSSD
(dissolution) and TSSP (precipitation) in Fig. 5 [26]. It
can be seen that the agreement with these results is very
good at 300°C and 350°C, but that at 400°C the change
in percentage uptake appears to occur at a hydrogen
content somewhat below the expected range for hydro-
gen solubility data obtained during the hydride precip-
itation process. The recent data for the cooling curves
reveal two separate stages of hydride precipitation
(TSSP1 and TSSP2) and the 400°C data are close to the
lowest reported values (TSSP2) obtained from the
cooling curves [26].

4. Discussion

Despite the best attempts, the scatter on the resulting
data was larger than had been hoped for. So the first
consideration must be whether the interpretation of the
hydrogen uptake curves in terms of two periods; (an
early high percentage uptake and a later low percentage
uptake) is valid. There is no doubt that the percentage
hydrogen uptake had decreased from the start of oxi-
dation to the beginning of the kinetic rate transition (~2
um), however, whether the results are better interpreted
as a smoothly decreasing percentage uptake curve or a
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Table 2

Manufacturer’s analysis of IMI Zircaloy-2 sheet
Sn (wt.%) 1.58
Fe (wt.%) 0.12
Cr (wt.%) 0.09
Ni (wt.%) 0.05
O (ppm/wt.) 1650
H (ppm/wt.) 40
N (ppm/wt.) 100
C (ppm/wt.) 120
Si (ppm/wt.) 65
Hf (ppm/wt.) 270
Ti (ppm/wt.) 5

Al (ppm/wt.) 117

2 For H analyses of actual specimens see Table 1.

two-stage one is difficult to decide. At 300°C (Fig. 2) a
relatively sharp discontinuity at ~0.5 um oxide thickness
appears probable. At 350°C (Fig. 3) the scatter was
significantly worse, and a sharp change in percentage
uptake is less clearly discernible. At 400°C (Fig. 4)
plotting the pre-transition data only (to avoid confusion
with the onset of the oxidation rate transition) a two-
stage hydrogen uptake process remains probable, al-
though the reduction in percentage uptake is much di-
minished.

Fig. 1. Replica electron-micrograph (Formvar-carbon, Au/Pd
shadowed) of a chemically polished surface of Zircaloy-2 sheet.
Note the alignment of the second-phase particles. The small
round particles (0.2-0.4 pum) are probably Zr(Fe/Cr),. The
small elongated particles may be either zirconium silicide or
carbide, and the large round or oval pits (1-2 pm) were left
when Zr,(Fe/Ni) particles were dissolved by the chemical pol-
ishing solution. The maximum particle size would be smaller
than the pit dimensions.
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Fig. 2. Oxygen weight gain and hydrogen content plots for
0.125 mm thick Zirc-20 sheet in 300°C (573 K) steam at 100
kPa. The different symbols for hydrogen contents are for dif-
ferent groups of specimens prepared, oxidised and analysed at
the same time.

If there were theoretical grounds for expecting a
smooth change in percentage uptake during pre-transi-
tion oxidation then the results would not be sufficiently
clear to overturn such an expectation. However, only a
mechanism based on hydrogen diffusion through the
whole of the oxide thickness via oxide crystallite
boundaries would appear to be capable of generating
such a curve [2]. The predominance of oxygen diffusion
along oxide crystallite boundaries and the decreasing
crystallite boundary area, as the oxide thickens, have
been argued to be the causes of the approximately cubic
(rather than parabolic) pre-transition oxidation kinetics
[27,28]. If both hydrogen and oxygen are diffusing
through the film via the same crystallite boundaries then
both weight gain and hydrogen uptake curves should
follow the same kinetics. However, an earlier study [29]
of the initial oxidation of Zircaloy-2 at 300°C showed
that a better fit could be obtained to a log/linear plot
(except at very short times) than to a log/log plot. The
300°C data from this study and those from reference 28
were plotted in this form (Fig. 6). It can be seen that
both give excellent straight lines for exposures longer
than about 12 h. The data for the 0.125 mm thick
specimens are more scattered because every point is
from an individual specimen that was oxidised only once
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Fig. 3. Oxygen weight gain and hydrogen content plots for
0.125 mm thick Zirc-20 sheet in 350°C (623 K) steam at 100
kPa.
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creases in hydrogen uptake rates for 0.125 mm thick sheet were
observed with recent data for hydrogen solubility from Ref.
[26].

for the indicated time, but the scatter is comparable to
that for the other data [28] which were for large speci-
mens; were averages of eight specimens; and all were
oxidised and weighed discontinuously during the com-
plete experiment after each autoclave cycle. No inflec-
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Fig. 6. Oxidation kinetics at 300°C (573 K) for 0.125 and 0.75
mm sheets of Zircaloy-2 on a log/linear plot. The hydrogen
uptake data are also plotted. Note the linearity of the oxidation
kinetics in the critical range of 3-15 mg/dm?. The hydrogen
uptake follows the oxidation kinetics up to 7 mg/dm?> when a
sharp decrease in uptake rate is seen.
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tion, such as that observed in the water data, was ob-
served here. The goodness of the fit to a single loga-
rithmic rate equation indicates that one oxide growth
mechanism persisted throughout that time period, so
that no discontinuity in the hydrogen uptake kinetics
because of a change in oxidation kinetics can be justified
in the region where the reduction in percentage uptake
appears to occur. When the hydrogen uptake figures
were plotted on the same logarithmic kinetic plot they
paralleled the oxidation kinetics nicely up to an oxide
thickness of 0.5 pm when they suddenly dropped below
the kinetic line suggesting a sudden reduction in the
uptake kinetics at this point. This suggests that the in-
terpretation of the H uptake as a two-stage process is the
correct one.

Logarithmic oxidation kinetics are generally thought
to be largely controlled by the electric field in the oxide
[30], and the field across the oxide in zirconium alloys
has been shown to have a negative potential on the base
metal that decreases after a few hours (where the in-
flection in the oxidation curve is) as the oxide thickens.
The potential then remains relatively constant [31].
Thus, the electric field across the oxide will be decreas-
ing steadily as the oxide thickens. If the hydrogen up-
take process were controlled by the diffusion of protons
through the oxide (either through the bulk or at the
crystallite boundaries [2]) then the driving force would
decrease as the oxide thickens and the hydrogen uptake
rate might also be expected to decrease. This would be a
smooth decrease if the field decreased smoothly, but
might decrease suddenly if the field did the same. Since
the inflections in the oxidation and hydrogen uptake
curves do not coincide, the drop in electrical potential
on the metal cannot explain the drop in H uptake rate
[31].

Hydrogen uptake data for some 0.75 mm thick Zir-
caloy-2 specimens oxidised in 400°C steam have been
plotted in Fig. 4 [22]. Because of the higher specimen
thickness all the hydrogen contents are well below TSS
and no change in uptake rate at an oxide thickness
corresponding to the change in H uptake in thin speci-
mens is seen. What is observed is a rapid initial hydro-
gen uptake, during the growth of the first few tenths of a
micron of oxide, which then falls to a much lower (but
linear) uptake rate before the oxide reaches 0.5 pm. This
corresponds to the region of initial oxide film growth
where tritium diffusion out of an initially tritided spec-
imen was significant (Fig. 7), but diminishing rapidly
with increasing oxide thickness [32]. This has been ex-
plained as resulting from hydrogen (tritium) escaping
through flaws (in the initial oxide on the specimen)
which are passivating during the growth of the thin
oxide film. The continued escape of tritium (from ter-
nary fission in the UQO,) through the fuel cladding in
light water reactors, for which only anecdotal evidence is
currently available [33], shows that some flaws in the
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Fig. 7. Tritium effusion from pre-tritided zirconium specimens
during oxidation in oxygen at 400°C (673 K) [32].

oxide film continue to be present throughout the oxi-
dation process. Easy exchange of tritium for hydrogen at
“bare-metal” sites in the oxide film probably explains
the observation that tritium effusion was two orders of
magnitude faster when tritided specimens were oxidised
in steam (H,O) than when the specimens were oxidised
in oxygen, as in Fig. 7 [32].

Thus, there would seem to be ample evidence for a
small number of flaws in zirconium oxide films through
which hydrogen atoms can enter (or leave) the metal
directly depending upon the chemical conditions within
these flaws, with the numbers of flaws varying
throughout the oxidation curve, but never actually
vanishing.

The electric field across the oxide would be equally as
important as the internal chemistry if protons are mi-
grating down small cracks or pores (or along the sur-
faces of such flaws), the key to understanding these
hydrogen uptake results, therefore, is some independent
knowledge of whether the process is general or local;
and if local at which sites on the specimen surface. In a
recent study of cathodic sites in anodic oxide films on
Zircaloy-2 [34], the technique involved cathodically po-
larising the specimens in a dilute CuSO, solution to
deposit small Cu balls on the active cathodic sites; lo-
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cating these balls by scanning electron microscopy, and
identifying the cathodic site by the same technique after
dissolving the Cu. When this technique was applied here
to a Zircaloy-2 specimen oxidised in 300°C steam. The
results (Fig. 8) showed a small number of active ca-
thodic sites (~50 per mm?) and all the sites examined
proved to be small cracks in the surface oxide. None of
them were at the sites of Zr(Fe/Cr), intermetallics that

were present in the original specimen surface, but the
largest Cu balls were at cracks around etch pits left by
dissolving Zr,(Fe/Ni) intermetallics during surface
preparation [34,35].

If we assume an area of 0.05 um? for each active site;
~50 sites/mm?; then, if the number and size of sites re-
mains the same at temperature, for the total hydrogen
absorption rate of 1.2 x 107> pg (H) cm~2 s~! observed

Fig. 8. Scanning electron-micrographs of Cu deposited cathodically on an oxidised Zircaloy-2 surface (1.2 um oxide). (a) Distribution
of large and small Cu balls on the surface. (b) Group of large balls from (a). (c) Crack pattern in oxide adjacent to RH ball in (b). (d)

Nucleation site for this ball (arrowed).
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at 300°C before the decrease in uptake rate, the local
hydrogen flux at an average individual site would be ~5
pg em~2 s~!. This is much higher than the hydrogen flux
needed to form solid hydride layers on Zircaloy surfaces
(2 x 1073 pg cm~2 s7!) during corrosion in concentrated
LiOH solutions at 300°C [5].

With evidence accumulating that H uptake is taking
place at flaws rather than by diffusion through the bulk
of the oxide, it is possible to speculate on what the
micromechanism for hydrogen uptake at the bottom of
a small pore or crack in the oxide might be. If the cur-
rent concept of the barrier film on zirconium alloys is
correct (i.e. that it is the time averaged value of the
boundary marking the loci of points of closest approach
of small pores or cracks to the oxide/metal interface)
then cracks or pores are propagating right up to this
interface, at least transiently [23,24]. The sequence of
events following the arrival of such a small crack or pore
at the interface should be considered. Initially, if the
pore is filled with steam or water this will immediately
react with the metal at the bottom of the pore to reform
an oxide film. Little of the hydrogen may be absorbed
during this process [36]. Then hydrogen which is not
immediately absorbed will accumulate at the bottom of
the pore since (at least in steam) there will be no pressure
drop when a molecule of water is converted to oxide and
a molecule of hydrogen. By this process it would be
possible to produce a small region of relatively pure
hydrogen at the bottom of the pore if interdiffusion
along the pore is slow compared to the other processes.
It is possible to conceive of a microscopic “steam de-
pletion” region being generated at the bottom of the
pore [37]. Thus, after an incubation period (that allows
for oxide breakdown at the bottom of the pore) the
hydrogen remaining in the bubble will be absorbed by
the metal. This allows access of more water molecules to
the interface, thus repassivating the surface and re-
starting the “steam depletion” cycle.

The percentage hydrogen uptake that is observed
would then be determined by the fraction of the corro-
sion hydrogen remaining in the hydrogen bubble at the
time when the oxide at the bottom of the pore breaks
down. The rest of the corrosion hydrogen would be lost
by back diffusion out of the pores. Thus, the geometry of
the pores in the oxide film should be important in de-
termining the uptake percentage. This may be the factor
which is affected by the precipitate size and composition
in the alloy [14].

5. Conclusions

Analysis of hydrogen uptake data from very thin
Zircaloy-2 specimens where the terminal solid solubility
of hydrogen in the zirconium matrix was reached during
the pre—transition oxidation period in steam at 300—

400°C showed that the hydrogen uptake kinetics chan-
ged (the rate of uptake decreased) when TSS was
reached. This is interpreted to mean that the uptake
process was so local that the uptake rate at the uptake
site was high enough to precipitate hydrogen at the entry
site. This translates into an active surface site area
fraction for the hydrogen uptake process during pre-
transition oxidation of ~2 x 10°; much smaller than
the active area calculated during post-transition oxida-
tion [5]. This cannot be correlated with intermetallic
particle properties, since all specimens were pickled, thus
removing all Zr,(Fe/Ni) particles from the initial sur-
faces. The sites were observed to be small cracks or
pores that develop in the oxide film even during pre-
transition oxidation and were not apparently associated
with second-phase particles. A mechanism that is basi-
cally a microscopic version of a ‘“steam depletion”
process for hydrogen absorption occurring at the bot-
tom of a small pore or crack is proposed for the hy-
drogen absorption process during corrosion. In such a
mechanism the geometry and frequency of flaws or
cracks in the oxide would be a critical factor. These may
be influenced by factors such as precipitate size distri-
bution which have already been correlated with hydro-
gen uptake rates [14].
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