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Abstract

Kinetic studies on the massive hydriding of commercial Zircaloy-2, Zircaloy-4, and ZIRLO™ tubes are carried out in
the temperature range 300-500°C under atmospheric pressure by in situ measurements with TGA (thermo-gravimetric
apparatus). The results show that hydriding kinetics follows a linear rate law after incubation time caused by the thin
surface oxide film grown during inevitable prior heating. The reaction rate constants derived on the basis of the linear
kinetics are 1.1 x 107exp(—87.0/RT), 6.9 x 107exp(—100/RT), and 1.5 x 10%exp(—75.3/RT) mg/dm? min for Zircaloy-2,
Zircaloy-4, and ZIRLO™, respectively, where the activation energy is in kJ/mol. Slight retardations from the linear
kinetic behaviors are observed at temperatures lower than 400°C. It is attributed to slow diffusion of hydrogen atoms
through hydride layer at the low temperatures. Despite the lack of temperature gradient, sunburst-type localized
massive hydridings are unexpectedly observed mostly at the inner surfaces of specimens, even with hydrogen content of
around 1000 ppm. This demonstrates the importance of surface condition in the massive hydriding of zirconium alloy
tubes. © 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

Under in-reactor operating conditions, Zircaloy fuel
cladding can be exposed to through-wall defects result-
ing from debris damage or fretting, corrosion, PCI
(pellet cladding interaction), etc. Once the through-wall
defect forms, coolant water enters the gap between the
pellet and the clad through the defect hole since the
coolant pressure is much greater than the internal fuel
rod pressure. Then, the coolant flashes into steam in the
gap, and after a few hours or days later, pressure
equalization between the gap plenum and the coolant is
achieved. Next, the following processes take place in the
gap: oxidation of inner surface of Zircaloy clad, ra-
diolytic decomposition of steam by fission fragments,
and fuel oxidation by steam. As a result of these pro-
cesses, steam concentration decreases with time and
hydrogen concentration builds up continuously as a re-
action product. When the oxide film grown by the steam
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oxidation remains protective, only the regular hydrogen
pick-up by the Zircaloy base metal takes place, and thus,
massive hydriding and its resultant catastrophic clad-
ding failure cannot occur. However, if the ratio of hy-
drogen to steam pressure exceeds a critical value, the
protective property of the oxide is suddenly lost and
massive hydrogen absorption can take place rapidly.
This phenomenon is called ‘secondary hydriding’ of fuel
cladding.

In actuality, this massive hydriding, primary or sec-
ondary, is regarded as one of the potential causes of fuel
failures under high burn-up and extended fuel cycle
operation. The critical ratio is known to be order of 10>—
10° depending on temperature, pressure, surface condi-
tion, and oxide property [1-3]. A schematic illustration
of the secondary hydriding process in a defective fuel
rod is given in Fig. 1.

Until now, however, only a few papers have been
published on the kinetics and conditions of the massive
hydriding of Zircaloys, and thus, they are not clearly
established. Early researchers reported that the kinetics
follows a parabolic rate law associated with the hydro-
gen diffusion process [4,5]. On the other hand, some
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Fig. 1. A schematic illustration of hydriding process of the
cladding in a defective fuel rod.

workers later in around 1980 claimed it is controlled by
surface-reaction, i.e., follows a linear rate law [6,7].
However, since then, no detailed kinetic data such as
activation energy and pre-exponential factor have been
reported except for the hydriding of Zircaloy-2 tube [6].

Therefore, the purpose of the present investigation is
to bring the basics of Zircaloy massive hydriding into
the current secondary hydriding issues and to provide
kinetic data on the hydriding of commercial zirconium
alloy tubing.

2. Experimental

TGA (thermo-gravimetric apparatus) experiments
under atmospheric pressure are carried out in the tem-
perature range of 300-500°C to measure the weight gain
due to hydrogen absorption. A schematic diagram of the
apparatus is shown in Fig. 2. The specimen is suspended
by a platinum wire connected to a quartz beam in the
micro-balance weighing cell which is maintained at

room temperature by circulating coolant water (Fig. 2).
The weighing cell and the whole reaction chamber are
covered with helium gas prior to the actual experiments
to prevent the specimens from oxidation during heating
to reaction temperature. When the temperature of the
reaction chamber reaches the desired temperature, the
flow of hydrogen gas into the reaction chamber is initi-
ated at the flow rate of 200 cc/min. The sensitivity of the
electro-micro-balance system (model S3D-P, Satorius) is
1 pg.

Samples used in the experiments are Sandvik Zirca-
loy-2, low-tin Zircaloy-4, and Westinghouse ZIRLO™
tubes. They are cut in 1 cm length (equivalent to ~1.1 g)
with a diamond-wafered low speed saw, pickled in a
solution of 50% H,O + 47% HNO; + 3% HF for 3 min
to remove pre-filmed surface oxide, and cleaned in ace-
tone ultrasonically.

The weight gain is continuously measured in a time
interval ranging from 6 s to 3 min and the data is ac-
quired by a data acquisition system connected to a
personal computer. The experiment is completed by
sudden weight gain decrease caused by flaking-off of the
embrittled specimen. Both the hydrogen and helium gas
purities are 99.999%.

3. Results and discussion

First, weight gain behaviors of Zircaloy-2, Zircaloy-
4, and ZIRLO™ tubes are compared and plotted at two
temperatures, 300°C and 400°C, in Fig. 3. As seen in the
figure, little weight gain by the hydrogen absorption is
observed at the initial stage for a certain period of time,
but after the incubation period, weight gain increases
rapidly, almost linearly with reaction time.

At 300°C, the incubation time of Zircaloy-4 tube is
the longest (about 30 h) while those of the Zircaloy-2
and ZIRLO™ tubes are similar (~1000 and ~800 min,
respectively). However, at 400°C, the incubation periods
become very short and almost identical, regardless of the
kinds of zirconium alloy tubes. The figure also shows
that the weight gain rates of the zirconium alloy tubes at
the two temperatures are not much different, and if ar-
ranged, they are in the order of ZIRLO™ > Zircaloy-
2 > Zircaloy-4. In fact, it is well-known that the rate of
weight gain is irrelevant to incubation time.

It is also well-known that surface oxide film prevents
hydrogen from being absorbed by Zircaloy base metal
and the incubation time is basically proportional to the
oxide thickness as long as the film is protective [6].
Several techniques have been tried to avoid surface ox-
idation; however, it was recently reported that the sur-
face oxide film always forms during prior heating of the
chamber even under a vacuum of 10~7 Torr, and thus,
surface oxidation is inevitable [8,9]. As expected, SEM/
EDX (scanning electron microscope/energy dispersive
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Fig. 2. A schematic diagram of TGA.

X-ray spectrometer) analysis shows the oxygen concen-
tration profiles in the cross-sectioned hydrided zirconi-
um alloy tubes, confirming that the incubation times in
the current investigation are also attributed to thin
surface oxide film formed even in the inert helium en-
vironment during the prior heating (Fig. 4).

Once the incubation terminates, the weight gain re-
sulting from hydrogen absorption increases rapidly with
time. First, the morphologies of hydrided zirconium
alloy tubes are examined to estimate hydride distribu-
tion and orientation. Those of the three commercial
zirconium alloy tubes hydrided around 5000 ppm are
shown in Fig. 5. In fact, 1 mg of weight gain in this
study is equivalent to hydrogen content of about 900
ppm. In the cases of the Zircaloy-2 and -4 tubes, hydride
distributions and orientations are similarly random. On
the other hand, radial hydrides are clearly observed in
the case of the ZIRLO™ tube. In all cases, the edges of
the specimens are not extraordinarily hydrided and re-
peated examinations demonstrate that these morpholo-
gies are typically observed.

For detailed kinetics studies, the weight gain behav-
iors of Zircaloy-2, Zircaloy-4, and ZIRLO™ tubes are

investigated in the temperature range of 300-500°C
(Fig. 6(a)—(c)). All figures reveal that the incubation
time is not observed at temperatures higher than 400°C,
and once the massive hydrogen absorption is initiated,
the weight gain rapidly increases in proportion to the
reaction time. This means that the hydriding kinetics
follows a linear rate law, which indicates that the reac-
tion is not diffusion-controlled but surface-reaction
controlled.

Therefore, weight gain rate can be expressed as fol-
lows:

AW = kt, )

where AW is weight gain in mg/dm?, ¢ is reaction time in
minutes, and k is the reaction rate constant in mg/dm?
min. In fact, the rate constant k consists of two terms,
pre-exponential factor ky and activation energy Q as
shown:

k:koexp(—%), (2)

where R is the gas constant and 7'is absolute temperature
in Kelvin. On the basis of the linear rate law, the kinetic
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Fig. 3. Comparison of weight gains of Zircaloy-2, Zircaloy-4,
and ZIRLO™ tubes with reaction time: (a) at 300°C and (b) at
400°C.

constants are derived by using Arrhenius plots of weight
gain rates from the previous three figures for Zircaloy-2,
Zircaloy-4, and ZIRLO™ tubes (Fig. 7(a)—(c)).

The reaction rate constants consisting of two con-
stituent terms for the zirconium alloy tubes are as fol-
lows:

87.0 .
k=1.1x10"exp ( - ﬁ) for Zircaloy-2 tube,  (3a)

100.0 .
k=69 x107exp < - 7) for Zircaloy-4 tube, and
(3b)
. 753 .
k=1.5x 10°exp 27 for ZIRLO™™ tube.  (3c)

The activation energy is expressed in kJ/mol.
The results show that the activation energy for the
hydriding reaction of the ZIRLO™ tube is the lowest

OKa, 14 L

Fig. 4. Oxygen concentration profiles of cross-sectioned hy-
drided zirconium alloy tubes at 350°C: (a) Zircaloy-2; (b) Zir-
caloy-4; (c) ZIRLO™.
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Fig. 5. Micrographs of hydride distribution and orientation at
around 5000 ppm: (a) Zircaloy-2; (b) Zircaloy-4; (c) ZIRLO™.

and that for the Zircaloy-4 tube is the highest. The ac-
tivation energy for Zircaloy-2 is in the middle and found
to be 87.0 kJ/mol, a little higher than the previous result
of 68.2 kJ/mol [6]. The kinetic rate constants for the
three Zircaloy tubes are collected for comparison in
Fig. 8.

At temperatures lower than 400°C, a slight deviation
from linear kinetics is observed in all specimens
(Fig. 6(a)—(c)). It seems to be ascribed to slow diffusion
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Fig. 6. Weight gain behaviors in the hydrided reaction of zir-
conium alloy tubes at several temperatures: (a) Zircaloy-2; (b)
Zircaloy-4; (c) ZIRLO™.
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Fig. 7. Arrhenius plots of hydriding reaction rates: (a) Zircaloy-
2; (b) Zircaloy-4; (c) ZIRLO™.
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Fig. 8. Comparison of the hydriding reaction rates of Zircaloy-
2, Zircaloy-4, and ZIRLO™ tubes.

of hydrogen atoms through hydride layer at the tem-
peratures. It is known that &-hydride (ZrH;q) layer
forms on the surface and grows to be e-hydride (ZrH; 5)
layer as hydrogen concentration increases. The diffusion
of hydrogen in $ and e-hydride phase is slower than in o-
Zr [10-16], and thus, the slow diffusion may compete
with the rate-determining step of surface reaction.
However, at high temperatures above 400°C, the diffu-
sion process becomes relatively faster, and therefore, the
deviation from the linear rate law disappears.

It has been known that sunburst-type localized
massive hydriding occurs only under in-pile conditions
with temperature gradient [17] or on the contaminated,
especially fluoride-contaminated surface [18]. However,
despite no temperature gradient, sunburst-type localized
hydriding phenomenon is observed mostly at the inner
surfaces of all three zirconium alloy tube specimens with
hydrogen content above 1000 ppm. The morphologies
for the localized massive hydridings are shown in Fig. 9.
Severely hydrided damage of the Zircaloy-2 tube, a form
of cracks in the sunburst region and flaked-off hydride
chips, is shown in Fig. 9(a). Fig. 9(b) and (c) show the
initial stages of the localized hydriding attack of the
Zircaloy-4 and ZIRLO™ tubes, respectively. These fig-
ures explicitly reveal the importance of surface condition
in the massive hydriding damage of zirconium alloy
tubes.

4. Conclusions

Kinetic studies on the massive hydriding of com-
mercial Zircaloy-2, Zircaloy-4, and ZIRLO™ tubes are
carried out in the temperature range of 300-500°C under
atmospheric pressure by in situ measurements with
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Fig. 9. Micrographs of sunburst-type localized hydriding
without temperature gradient: (a) Zircaloy-2 (5500 ppm); (b)
Zircaloy-4 (2000 ppm); (c) ZIRLO™ (2,000 ppm).

TGA. From the experimental results, the following

conclusions are drawn.

1. The massive hydriding kinetics follow a linear rate
law after incubation time caused by thin surface ox-
ide film grown during the prior heating.

2. The reaction rates of Zircaloy-2, Zircaloy-4, and
ZIRLO™ tubes derived on the basis of linear kinetics
are 1.1 x 107exp(—87.0/RT), 6.9 x 107exp(—100/RT),
and 1.5 x 10%xp(—75.3/RT) mg/dm? min, respective-
ly, where activation energies are in kJ/mol.

3. Slight retardation from the linear kinetics is observed
at temperatures lower than 400°C. It is attributed to
slower diffusion of hydrogen atoms through surface
hydride layer at the low temperatures.

4. Even without temperature gradient, sunburst-type lo-
calized massive hydriding can occur even with hydro-
gen content around 1000 ppm. This demonstrates the
importance of surface condition in massive hydriding
damage.
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