Hafnium oxidation at high temperature in steam
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ABSTRACT

To assess the potential impact of using hafnium as absorber material in LWRs in high temperature acci-
dental situations, the oxidation behavior of hafnium was studied up to 1400°C, i.e. at temperature condi-
tions relevant to severe accidents. Different sample geometries were tested and oxidized in steam/argon
mixtures, either in a furnace or in a thermogravimetric analyzer. Metallographic examinations, hydrogen
measurements and EPMA oxygen profiles were then performed. For hafnium rods/discs, metallographic
examinations showed the presence of a dense and protective oxide film after steam oxidation. No or little
hydrogen was detected in the metallic part of the rod/disc specimens. The reaction rate can be described
by a parabolic law in the tested temperature range in the mid-to-long term, and the value of the effective
activation energy determined from the experimental data in steam is in good agreement with the ones
published in the literature. The diffusion coefficient of oxygen in hafnium was estimated at each tempera-
ture by fitting the experimental oxygen profile obtained on hafnium rods and its temperature dependence
is derived in the temperature range 700-1400°C. The hafnium claddings produced for the application in
integral bundle tests exhibited a lower resistance to steam oxidation than hafnium rods/discs. Metallo-
graphic examinations showed a non-protective layer and a significant hydrogen amount was picked up
by hafnium claddings. Above 800°C, the oxidation rate for hafnium claddings follows a cubic to quartic
law and the effective activation energy was determined in the temperature range 800-1100°C. These tests
highlighted the influence of the surface conditions on the oxidation rate of hafnium in steam. However,
hafnium oxidation rate remains well below the oxidation rate of zirconium alloys in the same tempera-

ture range.

1. Introduction

Zirconium and hafnium have very similar chemical behaviour,
making them difficult to separate in ores. Indeed, hafnium is
obtained as a by-product of the extraction process to produce
hafnium-free nuclear-grade zirconium. However, their application
in the nuclear industry are fundamentally different considering
the fact that zirconium has an extremely small neutron absorption
cross section whereas hafnium absorbs both thermal and epither-
mal neutrons. As a result, hafnium has been used in the nuclear
industry in some control rods or emergency stop rods since the
1970s, in the United States [1], in Russia [2] and in Japan [3] or in
research reactors (for instance in CABRI French research reactor).

In France, it is currently planned to introduce uncladded
hafnium absorber rods at the periphery of the reactor core in order
to reduce the neutron flux received by the vessel. In severe acci-
dent conditions, the impact of additional energy released by the
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interaction between hafnium and steam (energy of the same or-
der of magnitude as that produced by the oxidation of zirconium,
+611 kJmol~! for Hf and +583 kjm0171 for Zr at 1500°C) on the
progress of core damage has to be assessed. Even if the foreseen
number of additional hafnium absorber rods is rather limited, the
phenomenon to be feared would be the existence of a "runaway
temperature” of the reaction between hafnium and steam (as there
is for zirconium oxidation) but lower than the runaway oxidation
temperature of zirconium (~1500°C). This runaway would lead to
an early acceleration of oxidation phenomena of surrounding ma-
terials (and in particular zirconium claddings) with increased hy-
drogen production and heat release. A further motivation of this
work was the application of cladding tubes and shroud made of
hafnium in the QUENCH-17 bundle test at KIT [4].

For temperatures lower than 500°C, there are some studies on
the corrosion of hafnium in humid atmospheres [5-10]. The study
of Rishel [7,8] which is the most exhaustive of the available works,
allowed to characterize three successive oxidation regimes, known
as pre-transition (characterized by the formation of an adherent
oxide layer), post-transition (characterized by the partial trans-
formation of the oxide layer adhering to nodules) and spalling,
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characterized by deterioration of the oxide layer. These studies also
highlighted the potential effect of material impurities (iron and zir-
conium) in hafnium on its corrosion resistance [10,11]. Iron im-
purity tends to increase the corrosion resistance while zirconium
leads to a corrosion resistance decrease.

For temperatures of interest for severe accident conditions (i.e.
above 700°C), hafnium oxidation has been poorly investigated.
Only D'yachkov’'s experiments [12] carried out in the 700-1200°C
temperature range at atmospheric pressure provide some data.
D’yachkov’s results show that hafnium has a better resistance to
corrosion under steam than zirconium. In his experimental con-
ditions, the corrosion kinetics obeys in the very beginning of the
experiment (<0.2 h between 800-1200°C) to the Evans’ equa-
tion [13] combining parabolic and linear regimes. At intermediate
times, the data can be characterized by a parabolic-type behaviour
while at larger times (> 1 h), the corrosion kinetics can be fitted
by a cubic-type expression. It must be stressed that contrary to
what is observed at lower temperatures, no pure linear oxidation
was revealed in the D’yachkov’s tests performed at temperatures
above 700 °C.

During the first phase of a severe accident, the steam velocities
range from 0.95-4.8 ms~!, i.e. much higher than the one consid-
ered in the D’yachkov’s study carried out with a gas velocity of
0.06 ms~!. Besides, the nature of impurities and the geometry of
the tested material were not specified in D’yachkov’s work in such
a way that it is difficult to consider his results completely transpos-
able to our conditions of interest. Therefore, new tests were un-
dertaken to confirm the oxidation-resistance behavior of hafnium
under steam atmosphere at high temperature with steam veloci-
ties representative of severe accidents and to determine oxidation
kinetics up to 1400°C, temperature conditions relevant to severe
accidents.

In this paper, we report two sets of data on hafnium steam ox-
idation obtained independently by IRSN and KIT up to 1400°C on
different sample geometries (rod, cladding, and discs) and purities.
The present paper is divided in three main parts, the first related
to the description of materials and methods, the second and the
third ones where the experimental data are presented and dis-
cussed, respectively.

2. Materials and methods
2.1. Materials

Three different hafnium specimens were tested: rods (20 mm
long, 6.35 mm in diameter), discs (2 mm thick, 20 mm in diam-
eter), and cladding (outer diameter 10.75 mm, thickness 725 pm,
20 mm long). Compositions of the different specimens are given
in Table 1. Apart from the geometry, the main difference be-
tween the different samples is the zirconium content: 2.7 wt.%
for hafnium rods, 0.76 wt.% for hafnium discs and 1.06 wt.% for
hafnium cladding. This could be an important point to consider
since at low temperature, the zirconium content was found to de-
crease the oxidation resistance of hafnium. Nevertheless, Greben-
nikov [11] showed that the zirconium impact on the steam oxida-
tion of hafnium at 400°C was unsignificant up to 30% Zr so that
no significant effect of zirconium content on hafnium weight gain
should be expected in the 0.7-2.7 wt.% range considered here. Dif-
ferent levels of iron impurities are also noted, with the lower iron
content for cladding and the higher content for rods.

2.2. Oxidation conditions
High temperature isothermal steam oxidation tests were per-

formed in different facilities either in a tube furnace or in a ther-
mogravimetric analyzer.

Table 1
Chemical composition of the hafnium specimens.

Haines & American
Element Alfa Aesar rods Maassen discs Elements cladding
(ppm) (ppm) (ppm)
Al <25 12 20
C 30 16
cd <3 20
Co <5 <3
Cr <30 <3 50
Cu <20 18
Fe 170 70 20
H <3
Mn <20 <3
Mo <10 61
N 24
Nb <50 27
Ni <25 5 10
(o] 260 26
P 20
Pb <5 5
Si 38 94 20
Sn <10 <3
Ta <1
Ti <20 12 50
u <2
\% <10 <3
W <20
Mg <10 10
Zr (Wt%) 2.72 0.76 1.06

Regarding the furnace facilities:

« the IRSN apparatus (OHTAVA) is a vertical resistive furnace cou-
pled with a steam generator. Inside the furnace, an alumina
tube is open at the lower end in order to allow sample intro-
duction in the hot zone while the steam flow is established,
and water-quenching at the end of the oxidation period. The
tests were performed at atmospheric pressure. At the end of
the test, the sample was quenched by dropping it into a water
bath.

- for KIT, a horizontal furnace (BOX) is coupled with a quadrupole
mass spectrometer to measure the composition of the off-gas
mixture, especially the hydrogen release (Balzers GAM 300).
Specimens were heated up in inert atmosphere (50 NLh™! Ar) to
the desired temperature with a heating rate of 20°C min~! and
steam was then injected. The mass gain rate is deduced from
hydrogen concentration data recorded by the spectrometer.

Regarding the thermogravimetric measurements:

the IRSN thermogravimetric analyzer is a SETARAM SETSYS
thermobalance. Isothermal oxidations were conducted at atmo-
spheric pressure. The heat-up rate was 30°C min~! under flow-
ing argon and the steam was introduced when the test tem-
perature is reached. The specimen was suspended to the high
precision balance via an alumina specimen holder. The sample
was air-quenched at the end of the test.

KIT thermogravimetric tests were conducted in a NETZSCH
STA 409 analyzer, with a special steam furnace, coupled to
a quadrupole mass spectrometer (NETZSCH Aeolos), which is
used for process control, mainly to check the purity and com-
position of the gas mixture. The construction of the furnace en-
ables to work under pure steam atmosphere, although 3 NLh!
argon were injected as protective gas. The sample was heated
up in inert atmosphere (3 NLh™! Ar) to the desired temperature
with a heating rate of 10°Cmin~! and steam was then intro-
duced.

.

All the experimental conditions are summarized in Table 2.
Isothermal tests were conducted at temperature ranging from 700-



Table 2
Experimental conditions of the oxidation tests.

Parameter TGA Furnace
SETARAM NETZSCH OHTAVA BOX
Steam flow rate (g h™1) 29 6 100-500 50
Argon flow rate (NLh'') 120 0.05 120-600 50
Steam/argon ratio 50-50 95-5 50-50 55-45
Test temperature (°C) 1000-1400 800-1200  700-1200 1200-1400
Steam velocity (ms~') 0.52-0.75 0.015-0.02 0.42-2.51 0.17-0.26
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Fig. 1. Weight gain versus time for hafnium rods and discs in the temperature
range (a) 800-900°C and (b) 1000-1400°C, comparison between TGA and furnace
results (BOX: discs, SETARAM: rods, OHTAVA: rods, NETZSCH: discs), comparison
with the D’yachkov’s data [12].

1400°C and for durations up to 63 h (depending on the tempera-
ture). Regarding hafnium cladding, open samples were used, lead-
ing thus to two-side oxidations. It must be stressed that in the
temperature ranges in which the experiments were performed o-
Hf and HfO, do not undergo polymorphic changes [14].

2.3. Sample characterization

The samples were characterized by different means:

« Weight and length of the specimens were measured with an
accurancy of +£0.2 mg and £0.1 mm, respectively, at the 95 %
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Fig. 2. Weight gain versus time for hafnium rod/disc in the 800-1200 °C tempera-
ture range, comparison with hafnium cladding results, TGA measurements.
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Fig. 3. Optical images of hafnium samples before and after steam oxidation.

confidence level, before and after the test. The weight divided
by the oxidation surface S, i.e. the initial specimen surface ex-
posed to steam, (Am/S), is defined as the weight gain there-
after. For thermobalance measurements, the mass change was
recorded continuously. After oxidation, specimens were cut us-
ing a diamond saw for analyses. Rings or slices were kept for
the hydrogen analysis and cross sections were embedded in an
epoxy resin and polished for metallographic examinations.

- The average hydrogen content of the samples was measured
before and after steam oxidation by gas fusion method using
an ON/H-mat 286 JUWE analyzer (thermal conductivity cell).
Several measurements were systematically performed in order
to have a good assessment of the scattering of the hydro-
gen contents. Calibration of the analyzer is checked regularly
by analyzing a hydrogen certified reference standard (17.74+2.1
wtppm). The hydrogen content uncertainty was calculated as
the quadratic sum of the hydrogen standard uncertainty and
the standard deviation of the sample measurements. For some
other tests, the hydrogen content was also measured by hot ex-
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Fig. 4. BSE images of hafnium rods after steam oxidation for 3 h in the 900-1200°C temperature range.

traction using a quadrupole mass spectrometer (Balzers GAM
300).

The outer oxide thickness for each sample was measured at
twelve different locations and the mean thickness value was
calculated as the average of these different measurements. The
oxide thickness uncertainty was calculated as the standard de-
viation of the sample measurements multiplied by 2 (the uncer-
tainty of the measurement instrument being negligible in com-
parison to the standard deviation of the mean measured thick-
ness).

Scanning Electronic Microscopy (SEM) images were obtained
with a field-emission SEM (Zeiss SIGMA VP500) equipped with
a backscattered electron detector.

Radial oxygen concentration profiles were obtained by Electron
Probe MicroAnalysis (EPMA, CAMECA SX-100 electron micro-
probe). The oxygen Ko line was measured with a W/Si multi-
layer synthetic crystal. Profiles were performed with a 1 pm or
2 pm stage displacement step depending on the profile length.

.

3. Experimental results
3.1. Oxidation kinetics

The measured weight gains, Am/S, obtained under the different
conditions (sample and facility) are plotted versus steam oxidation
duration in the 800-1400°C temperature range for rods and discs
in Fig. 1, and for claddings in the 800-1200°C temperature range
in Fig. 2.

For rods and discs, the TGA curves show initially fast increase
and then the weight gain increases more and more slowly with
time. A good agreement is observed for measurements performed
with the NETZSCH and the SETARAM analyzers, except at 1200°C
initial phase. The TGA data are consistent with tests performed
in the furnaces. These results are slightly higher than D’yachkov’s
data (weight gains after 3 h reported in Fig. 1) obtained by a gravi-
metric method in the 800-1200°C temperature range. The observed
difference between both sets of data is likely not due to the steam
velocity since the values used in this study covers the steam veloc-
ity considered in [12]. Consequently there is apparently no influ-
ence of the steam velocity under the conditions tested. If the pu-
rity of D’yachkov’s specimens (99.70%) is comparable to that of our
samples, the nature and amounts of the Hf impurities (unknown
in the D’yachkov’s study [12]) could be a part of the explanation
about this difference.

35 4
A
30
A
=) A
5_ 25 4
= ) A
B T 1
% 20 i A
& A
L]
= 154
»
o 1 i
10 é
1 A
S_
1000 1100 1200 1300 1400 1500

Temperature (°C)

Fig. 5. Oxide thicknesses measured on discs or rods after steam oxidation for 3 h
in the 700-1200 °C temperature range.

The comparison of the oxidation rate between hafnium rods
and hafnium claddings (Fig. 2) shows that the latters present oxi-
dation rates up to 4 times higher than hafnium rods, especially at
the lowest temperatures.

3.2. Metallographic examinations

After steam oxidation, the rod sample surface color has turned
to a greyish-black color, which is characteristic of a rather sub-
stoechiometric hafnium oxide (stoechiometric hafnia is off-white)
(Fig. 3). A white color is observed at the cracks. BSE images show
the presence of a dense and adherent oxide film on the rod sam-
ple (Fig. 4). Oxide grains are columnar and elongated in the growth
direction. The oxide/metal interface is rather smooth for all tested
conditions. For a given oxidation duration, the oxide thickness in-
creases with the temperature (Fig. 5).

On the cladding sample, a porous and white oxide has formed
(Fig. 3). BSE image confirms the porous character of the oxide
layer after long-term oxidation (Fig. 6). At the oxide/metal inter-
face, columnar grains can be observed.
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Fig. 6. BSE images of hafnium cladding after steam oxidation at 900 °C after 22 h.

3.3. Hydrogen analyses

The hydrogen content after oxidation of the hafnium specimens
was determined by hot extraction, either using thermal conductiv-
ity cell or a quadrupole mass spectrometer. Quadrupole mass spec-
trometric measurements show a two-stage hydrogen release while
the temperature is rising, with a shoulder around 500-600°C and a
main peak at around 1400°C (Fig. 7). Similar results were obtained
on Zircaloy and interpreted according to the multiphasic nature of
the sample, the hydrogen release at the lower temperature being
attributed to hydrogen from the oxide layer and at the higher tem-
perature to hydrogen in the metallic part of the specimen [15].

By integrating the area under the peak, it is possible to estimate
the amount of hydrogen absorbed by the specimens during the du-
ration of the experiment. For rods and discs, the hydrogen picked
up during the experiments was limited, not higher than 2.5 at.%
(140 wtppm). Considering this low value of hydrogen pick-up and
the fact that the oxide scale formed was very compact and protec-
tive, this indicates that under the conditions tested, Hf rod and disc
specimens did not likely undergo breakaway oxidation, for which
the metal part is known to act as a pump for hydrogen produced
during oxidation [16]. Regarding the Hf-H phase diagram [17], such
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Fig. 9. Cross-section of the test bundle, top view.

a low value should not lead to any hydride formation. For cladding,
a much larger hydrogen content of 11 at.% (630 wtppm) was mea-
sured at 900°C after 22 h.

3.4. Behavior of Hf cladding under transient and quench conditions
in the integral bundle test QUENCH-17

Hafnium tubes were chosen as heater claddings for the
QUENCH-17 bundle test devoted to investigation of debris forma-
tion during hypothetical severe accident [4,18] because of their
higher temperature resistance, 400°C higher melting temperature
and the about one order of magnitude lower oxidation rate com-
pared to zirconium.

The well instrumented test bundle with a length of about 2
m (Fig. 8) consisted of the shroud tube made of hafnium, twelve
heated peripheral rods (all with hafnium cladding), four hafnium
corner rods and nine unheated internal rods with Zry-4 claddings
(Fig. 9). All Hf parts were produced by American Elements and
have the chemical composition presented in Table 1.

The bundle was oxidized in an atmosphere of flowing argon
(2 gs~1) and superheated steam (2 gs—! or 0.83 ms~!) accord-
ing to the test scenario shown in Fig. 10. The experiment lasted
over 22 h and was terminated with reflood by water from the

Whereas Zry-4 claddings were completely oxidized at the bundle
elevations above 600 mm and collapsed after mechanical impact
before reflood, the Hf claddings were completely oxidized only at
the hottest elevation of 950 mm and survived until the end of ex-
periment.

Optical microscopy revealed pronounced spalling of oxide layers
(breakaway effect) at all elevations with continuous peak cladding
temperatures below 1277°C (Fig. 11). The thickness of the residual
oxide was less than 160 um, and the relatively ductile low-oxygen
part of the o-Hf(O) layer remained quite thick. The lower picture
in Fig. 11 indicates that the inner surface of claddings at eleva-
tion of 550 mm has also undergone breakaway oxidation. This was
due to the penetration of steam through the through-going cracks
formed in the claddings at the upper elevations. The upper picture
in Fig. 12 shows formation of such cracks in the brittle highly oxy-
genated «-Hf(O) layer. The oxide layer at this elevation, although
rather thick, is dense and mechanically stable. The cladding did
not lose its mechanical stability even with complete oxidation at
the elevation of 950 mm (lower picture in Fig. 12). In general,
long-term high temperature oxidation showed the mechanical sta-
bility of the cladding tubes in the test bundle. During quenching,
following the long oxidation, no fragmentation of the oxidized Hf
claddings was observed. Their residual strength and ductility were
sufficient to prevent this.

4. Discussion

All the tests performed for this study on hafnium oxidation in
steam confirm that this material is much more resistant against
oxidation than Zry-4 for the same conditions. For Hf cladding
which exhibits in our study the lowest resistance to steam ox-
idation, Fig. 13 shows that the Hf kinetics is strongly reduced
in comparison to the Cathcart-Pawel correlation [19] obtained on
Zircaloy-4 tubes in flowing steam. In general, at any given temper-
ature T, the kinetics of oxidation can be described by an empirical
equation or successive empirical equations which take the follow-
ing form:
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Fig. 10. Test conduct: electrical power profile and thermocouple readings at different bundle elevations.



Fig. 11. Breakaway oxidation of Hf cladding at bundle elevations (a) 150 mm with
continuous peak cladding temperature T=680°C and (b) 550 mm with continuous
peak cladding temperature T=1180°C.

with:

- Am/S, the weight gain per surface area (gm—2),

- S, the initial surface exposed to steam (m?)

« Kn(T), the rate constant for mass gain at T (gm—2s~1/m) ji/n

. t, time (s),

« n, the order of the kinetics (=1 for linear, =2 for parabolic, =3
for cubic, =4 for quartic).

Fig. 14 shows that the experimental data obtained on rods at
1100, 1200 and 1400°C cannot be represented by a single linear
slope in a Ln(weight gain)-Ln(time) axis system all over the du-
ration of the experiment. The so-called mid-to-long term kinet-
ics (> 1000 s, approximately) can be described by a parabolic
law whereas the short-term experimental data deviates from this
regime, with an almost linear kinetics in the very short times. It
is in partial agreement with the observations of D’yachkov who
described the oxidation process as a succession of three periods,
the first period at the very beginning of the experiment (less than
1000 s at 1200°C) where the oxidation kinetics follows the Evans’
equation [13], the second period (1000 to 3600 s) where the data
can be described by a parabolic kinetics, the third period after one
hour, where his data is fitted by a cubic-type kinetics. In our ex-
periments with rods, the cubic regime is not observable. We will
put in evidence in the following section that the parabolic oxida-
tion behavior, at all temperatures, likely obeys the Wagner the-
ory of oxidation, which for hafnium oxidation occurs with the in-
ward diffusion of oxygen as ions, via anion vacancies, to react with
hafnium at the metal/oxide interface. As we will see therafter, the
linear rate relationship, which seems to operate in the initial times
of the experiment, may reflect a rate-determining phase boundary
process, e.g., transport of oxidizing species in the gas phase.

Fig. 12. Formation of dense HfO, layer at the hottest bundle elevations (a) with
brittle a-Hf(O) layer with through-going oxidized cracks at bundle elevations of
850 mm with continuous temperature above 1430°C (b) ZrO, pellet (low) and com-
pletely oxidized Hf cladding at elevation of 950 mm with continuous temperature
above 1530°C.
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Fig. 13. Weight gain of hafnium and Zircaloy-4 versus time for steam oxidation
in the temperature range 800-1200°C. For Zircaloy-4, the weight gain is calculated
using Cathcart-Pawel (CP) correlation [19].
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linear, cubic and quartic kinetics. (For interpretation of the references to color in
the text, the reader is referred to the web version of this article.)

The behaviour of claddings differs from rods and discs (Fig. 15).
The experimental data related to cladding put in evidence a lower
corrosion resistance with much higher mass gain (e.g. two to three
times higher, at 900°C after 20 h). This result indicates that the
oxide is less protective than the oxide grown on discs or rods.
This is confirmed by the BSE image showing a porous oxide layer
(Fig. 6). For cladding, the mid-to-long term kinetics (> 1000 s, ap-
proximately) can be described by a cubic or quartic law in the
temperature interval, 900-1200°C (e.g. n ~ 3.9 at 1100°C or n ~ 4.2
at 1200°C) whereas the short-term experimental data strongly de-
viate from this regime, with a linear kinetics in the very short
times. The oxidation rate decrease for the mid-to-long term ki-
netics is likely linked to the formation of columnar grains at the
metal/oxide interface (see Fig. 6). Below 900°C, the initial linear
regime is no more observable whereas the data can be processed
over all the duration of the experiment using a cubic-quartic equa-
tion.

The difference in terms of overall corrosion resistance can be
mainly attributed to the initial linear regime since the order of

the mid-to-long term kinetics is higher for cladding (n = 3, 4) than
for rods (n =2), meaning that theoretically, at very long times
(not investigated in this study), the corrosion rate for rods should
converge towards the corrosion rate for cladding. By examining
Figs. 15 and 14, it can be observed that the transition from the
initial linear regime towards the long-term one takes more time
for cladding than for rods. The consequence is a much higher ini-
tial corrosion for cladding. It may be related to as-received sample
characteristics, as residual stresses related to cladding manufactur-
ing, and surface treatment. Also the claddings were manufactured
by cold drawing and annealing at 1200°C to lower the brittleness
of the material, the purity of the atmosphere during this annealing
process was not known. A microhardness measurement performed
on a cross-section of the as-received tube indicated the presence
of dissolved oxygen in the metal. Examination of the sample sur-
face before high temperature oxidation shows a more important
surface roughness on hafnium cladding compared to hafnium rods
(Fig. 3). Also the respective purities of the different tested sam-
ples, in particular the iron content lower in Hf cladding material
than in the other materials could have played a role. In previous
studies related to Hf oxidation in steam atmosphere at lower tem-
peratures (about 500°C) [3,10], it was shown that lower iron con-
tents tends to decrease the oxidation resistance. More quantita-
tively, a factor between 3 and 4 between corrosion after 24 h at
500°C in steam for samples containing around 20 ppm and 170
ppm of iron (corresponding to the purities of cladding and rods in
this study) was determined by Shirayanagi et al. [3], i.e. in agree-
ment with our data at longer times at 800-1000°C (Fig. 1). As pre-
viously mentioned, another difference between cladding and rod
occurs after 1000 s where the cubic/quartic kinetics is more appro-
priate than the parabolic one to represent the cladding data. Such
deviation from the parabolic law was already observed for Zircaloy
below 900°C for long corrosion times while a parabolic rate law is
usual observed above 1000°C [20-22]. For Zircaloy, it is suggested
[23] that the change in oxidation kinetics is linked to the zirco-
nia phase transformation from tetragonal to monoclinic structures
in the Zr-O binary phase diagram!. Such explanation is doubtful
in our case since all our experiments were performed much below
the monoclinic-tetragonal transition temperature, 1670°C. A com-
bination of oxygen diffusion via crystallite boundaries and an in-
creasing crystallite size with oxide thickness previously suggested
for zirconium alloys [24] could explain departures from parabolic
oxidation kinetics in the direction of cubic (or quartic) rate laws
for hafnium. Further microscopic examinations would be necessary
to confirm this interpretation.

4.1. Rods and discs

4.1.1. Parabolic regime characterization

In Fig. 16, we have performed a linear regression of our data
related to rods for times higher than 1000 s in a Ln(weight gain)-
Ln(time) plot. It is then possible to establish that, after the ini-
tial oxidation regime lasting about 1000 s, the oxidation kinet-
ics of hafnium in steam in the temperature range between 1000
and 1400°C follows a parabolic law with n between 1.8 and 2.2. It
must be underscored that these values of n obtained in this work
are slightly lower than those determined respectively by D’yachkov
[12] under steam (between 2.0 and 2.3 below 1 h and significantly
higher after 1 h, between 2.6 and 3.4 in the cubic regime) and
Smeltzer [25] under oxygen at 1200°C (n = 2.3). At this stage there
is no explanation about this difference.

T There is no agreement in the international community about this explanation.
Other authors stipulate that the tetragonal phase is stabilized to lower temperatures
by compressive stress.
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The rate constants, K, with n = 2, are evaluated from the slopes
of linear section of each curve presented in Fig. 16. They are com-
pared to the rate constants obtained by D’yachkov under steam
[12] and by Smeltzer under oxygen [25] in Fig. 17. Results in flow-
ing steam are in good agreement with Smeltzer results obtained in
oxygen and also with the results obtained by D’yachkov in steam.
The good agreement between the rate constants for oxygen and for
steam suggests that the limiting mechanism for steam oxidation is
of the same nature as for oxygen, that is, oxygen diffusion through
the oxide layer. It is likely that the diffusion mechanism of oxygen
in hafnia is similar to the one in zirconia, with oxygen diffusing to
the metal/oxide interface through anionic vacancies.

Using the Arrhenius relation for the temperature variation of
the oxidation rate constant, a linear regression of the data gives:

K2=A exp[;?] 2)

with:

« E,, the activation energy (Jmol=1), E; = 189.2 kjmol~1,
« T, the absolute temperature (K),

« A=5.185kg2m 451,

« R, the ideal gas constant, R = 8.31Jmol~1K~1.

The value of the activation energy E, is slightly higher than the
one obtained by D'yachkov, 125 kjmol~! in the 1100-1200°C tem-
perature range [12], even if these values are not directly compara-
ble taken into account the fact that D’yachkov put in evidence the
parabolic regime only in a limited period of time. The value re-
ported by Smeltzer [25], 150.5 kJmol~! from oxidation tests under
oxygen are in good agreement with our results.

Oxygen concentration profiles in the metal below the oxide
layer were determined by EPMA for the longest oxidation durations
on two opposite radial locations for each rod sample. The profiles
show that oxygen diffuses in the metal down to a few hundreds
mm (Fig. 18). Assuming that the metal is in equilibrium with the
oxide and that the diffusion coefficient is independent of the con-
centration, the oxygen concentration C(x, t) at time t and distance
x from the metal/oxide interface is given by the expression:

C(x,t) b
- - 3
@ erfc ST 3)
with:

- D(T), the diffusion coefficient (m2s~1),

« x, the distance from the sample surface (m),

« t, the time (s),

« Cp, the oxygen concentration at the sample surface (normalized
to 1).

The oxygen diffusion coefficient is estimated at each tempera-
ture by fitting Eq. (3) to the experimental profiles. The tempera-
ture variation of the diffusion coefficient is assumed to follow the
Arrhenius-type relation:

—E,
D(T) = Doexp—rz (4)
with:

- E4, the energy of activation (Jmol~1),

« T, the absolute temperature (K),

- Dy, a pre-exponential factor (m2s-1),

« R, the ideal gas constant, R = 8.31Jmol~1K~1.

A linear regression of the data gives E; = 224 kfmol~! and D, =
1.05 x 1073m2s-1.

Many determinations of oxygen diffusion in o—hafnium are
available in literature (Table 3). Our data can be straightforwardly
compared to effective diffusion coefficient obtained in compara-
ble oxidation experiments [27-30] (Fig. 19). Among these experi-
ments, Pemsler [27,28] determined the diffusion coefficient of oxy-
gen in hafnium by anodic dissolution of hafnium oxide film. Prior
to dissolution, samples were exposed to oxygen at 900°C and 1
atm for different durations. Later the oxygen diffusion coefficient in
a-Hf was determined again by the same author [28] using a sim-
ilar technique for a different range of temperatures. The Pemsler’s
values were confirmed in a separate study, by Kofstad [30], who
reported values obtained from high temperature oxidation experi-
ments of hafnium by TGA. Our data are consistent with these val-
ues. In particular the value for the energy of activation, E;, 224 k-
mol~!, is in good agreement with the one obtained by Pemlser
[27,28], 217 kJmol~!. By contrast the values determined by Wall-
work and Smeltzer [29] are significantly smaller than ours. These
authors reported values for the diffusion coefficient at 800°C and
950°C obtained by microhardness measurements performed on ox-
idized samples. Bernardi et al. [31] argued that micro-hardness
technique is not reliable to get accurate diffusion coefficients. In
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Table 3
Difffusion coefficient of oxygen in o—hafnium reported in previous studies.

Author Do(m2s~1) Eq (kJmol~1) Temperature (°C) Technique Hf purity (ppm)

Pemsler [27] 1410 216+1 530-620 observations of the dissolution Zr<100, 0 120, N 16, C 37

Pemsler [28] 0.7 104 217 575-655 rate of anodically deposited interference
colored oxide films

Gadd et al. [37] 1.6 1074 206 700-1200 micro-hardness measurements on Hf Zr 10000, Al 1100, Cr 800,
samples oxidised under air Fe 450, Ti 300, others < 60

Wallwork et al. [29] - 143 800, 950 micro-hardness measurements of Hf Fe, Ni, Cu, Al 50, Zr 50000,
specimens oxidized under O, Fe 200

Bisogni et al. [38] - 24318 600-800 internal friction measurements Zr 60000, O 100, N 100

Kofstad et al. [30] - - 1400, 1700 Hf oxidation tests under O, Zr 20000

Vykhorets et al. [36] 7.8 107> 212 500-650 180 implantation and nuclear resonance -
techniques

Bernardi et al. [31] 5+3 10 16245 450-650 180 implantation and nuclear resonance Zr 2000, Ni 500, Cu 500,
techniques Al 500

O’Hara et al. [34,35] 8.2 106 197 - DFT pure Hf

Wau et al. [32,33] - DFT pure Hf

This work 1.05 103 224 700-1400 Hf oxidation tests under H,0 See Table 1

addition, Wallwork and Smeltzer [29] reported data at only two
temperatures, leading then to a very large uncertainty for the acti-
vation energy.

By means of DFT calculations, Wu et al. [32,33] and O’Hara et al.
[34,35] reported an activation energy matching very well with our
data. Nevertheless, one has to keep in mind that the values of ac-
tivation energy and diffusion coefficient calculated by DFT are not
expected to be in agreement with the values obtained from our
tests. Indeed in DFT, the diffusion coefficient is determined from
the examination of atomic jump process in a defect-free material
whereas, in our tests, a so-called effective diffusion coefficient is
only accessible, considering the different contributions to the oxy-
gen transport process (bulk diffusion with presence of point and
extended defects, impurities and grain boundary diffusion). Our ac-
tivation energy also matches very well with the experimental data
reported by Vykhorets et al. [36] who used the combination of
oxygen implantation and nuclear resonance methods in a range of

temperatures rather low in comparison with ours. A very differ-
ent result obtained by the same technique is reported by Bernardi
et al. [31]. The Hf vacancies created during the irradiation phase
of the experiments and not thermalized could act as trapping sites
for oxygen and then should contribute to decrease the oxygen dif-
fusion coefficient. For that reason, the lower value of the activa-
tion of Bernadi et al. is rather unexpected. The preliminary DFT
investigation by O’Hara et al. [34,35] seems to indicate that the
trapping of oxygen in vacancies is not favorable from an energet-
ics point of view and then vacancies should not affect the oxy-
gen diffusion process. The agreement with the activation energy
determined from air oxidation experiments [37] is more surpris-
ing since it should be expected that the oxygen gradient in the
metal is impacted by the presence of nitrogen one. Nevertheless
ab-initio calculations as well as experimental data [34,35] showed
that nitrogen diffuses more slowly than oxygen in «-Hf such as the
oxygen gradient may not be strongly modified by the presence of
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Fig. 19. Temperature dependence of the diffusion coefficient of oxygen in hafnium
in this work and as reported in previous studies, compared to the diffusion coeffi-
cient of oxygen in Zircaloy-4 [26].

nitrogen. This agreement is indirectly an indication that the same
specie, diffuses across the oxide layer in both air and steam atmo-
sphere, presumably molecular or atomic oxygen.

Comparison of the diffusion coefficient of oxygen in hafnium
and in Zircaloy-4 shows that they are of the same order of mag-
nitude. By means of DFT calculations, Wu et al. [32,33] effectively
reported that oxygen interstitial site energies and diffusion barri-
ers in both metal hcp structures are very similar as well as the
diffusion process.

4.1.2. Mixed regime characterization

The Evans’ equation [13] is a convenient way to take into ac-
count the parabolic and linear mixed characters of an oxidation ki-
netics. D’yachkov [12] stipulated that his data could be described
within the framework of this mixed regime. In this model for

40 800°C
900°C
1000°C
1100°C
1200°C
1300°C

A0 1400°C

150

100

Am/S (g/m?)

50 +

P S R E s see I

200 300 400 500
t(Am/S) (s.m*/g)

Fig. 21. Weight gain in the 800-1400°C temperature range as function of times rep-
resented in the Evans’ coordinates system for hafnium rods and discs for times
lower than 1000 s.

which Deal et al. [39] derived all the equations briefly recalled
therafter, the oxidation process is divided into three successive
steps describing the oxidant species transport from the gas phase
towards the metallic surface:

- in the first step, the oxidant is transported from the bulk of the
oxidizing gas to the outer surface where it reacts or is adsorbed.
The flux of the oxidant from the gas to the vicinity of the outer
surface of the sample is taken to be:

Fgas = hgas (Cgas - Cout) (5)

where hggs is a gas-phase transport coefficient, Cyy is the con-
centration of the oxidant at the outer surface of the oxide layer,
and Cgs is the equilibrium concentration of the oxidant.

« the second step involves the transport of the oxidant across the
oxide layer towards hafnium metal. The flux of oxygen across
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Fig. 20. Measured mass gain at 1200°C compared to simulated mass gain due to oxygen dissolution in the metal.
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the oxide layer is given by Fick’s law:

Deff (Cout - Cinn) (6)
y

where D, is the effective diffusion coefficient of oxygen across
the oxide layer, y, the oxide layer thickness, and Cj,, is the con-
centration of oxygen at the inner surface of the oxide layer.
the final step is the reaction of oxygen with metallic hafnium.
The flux corresponding to the oxidation reaction assuming to
be a first-order one can be expressed as follows:

Foxi = hoxicinn (7)

By assuming a steady-state hypothesis, i.e. Fgos = Fgiy and Fy;; =
Fi, one obtains [39]:

Fyif =

hoxicgas
F = Fys diffoni = - ;,;:; N “:;"fy (8)
The rate of formation of the oxide layer is then given by:
dy _ F 1 haGus ©

where Np, is the number of oxidant molecules incorporated into a
unit volume of the oxide layer. After integration, the evolution of y
versus time is given by:

K:
Vot gy =Kt (10)
where K7, and K, are defined by the following expressions:
2D, ¢¢C,
O (11)
2
K = Cgus hoxihgas (12)

B NiOZ hoxi + hgas
The solution of Eq. (10) is given by:

12
K[, 4Kkt K
y= Kl[] T | T (13)

For large times, the previous equation is reduced to a pure
parabolic kinetics:

¥y =Kt (14)
whereas for small times, it is reduced to a pure linear kinetics:
y=Kt (15)

Coming back to Eq. (10), it can be used to process our data at
shorter times (before 1000 s) as follows:
t K

y= KZ; K (16)
The previous equation which gives the evolution of the oxide layer
as function of time cannot be straigthforwardly applied to the
mass evolution since mass gain not only reflects oxide layer growth
but also oxygen dissolution in the metal?. Assuming oxygen diffu-
sion in the metal to be rate-determining in the oxygen dissolu-
tion process and that the oxygen concentration at the surface is
not limited by the supply of gaseous oxygen, the total amount of
solute, M(t), diffusing into a semi-infinite Hf solid from a surface
with constant surface composition during the time period from 0
to t is given by :

2

ﬁcsﬁ (17)
where D stands for the oxygen diffusion in a—Hf and cs, the oxy-
gen saturation concentration in the metal. Taking c; to be 20 at.%
[40] and employing our value for the diffusion coefficient, the
value of M(t) as a function of time at 1200°C is compared to the
measured kinetics until 1000 s (Fig. 20). It can be seen that the
measured mass gain is lower than the mass increase due to oxygen
dissolution in the metal over this period. It means that the oxygen
dissolution is not the limiting process in the Hf oxidation and then

M(t) =

2 Strictly speaking, the hydrogen uptake by the material should be considered
in the mass uptake, so that it can be subtracted in order to apply the model that
describes only the oxygen mass uptake. Nevertheless the quantities of hydrogen ab-
sorbed by the material remain low even at the end of the test so that this correction
can be neglected at the short times as well as at long times.
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cladding.

Eq. (16) can be used. According to Eq. (16) then applicable to the
mass gain, the experimental data plotted in an t/(Am/S) axis sys-
tem (so-called Evans’ coordinates), should be represented by a lin-
ear expression (Fig. 21). Straight lines are obtained for the different
temperatures with the values of K, (slopes of the lines), increas-
ing with temperature. These lines theoretically intercept the y-axis
for y = —K5/K;. For the lowest temperatures (800°C to 1000°C), the
lines cross the y-axis near 0, that means that K; tends to oo (for
non-zero K;). For these temperatures, the kinetics is then predom-
inantly parabolic. D’yachkov calculated for K>/K; from his data at
800 and 900°C, 0.15 and 0.29 respectively. For higher temperatures,
the accurracy of our data at very short times do not allow to deter-
mine K,/K; with precision, but it can be stated that in our exper-
iments, the ratio K,/K; is very low. It indicates that the parabolic
contribution in the initial corrosion regime is dominant.

4.2. Claddings

In Fig. 22, we have performed a linear regression of our data
related to claddings for times higher than 1000 s in a Ln(weight
gain)-Ln(time) plot. It is then possible to establish that, after the
initial oxidation regime lasting about 1000 s, the oxidation kinetics
of hafnium in steam in the temperature range between 800 and
1200°C follows a power law with n between 3.2 and 4.2 (Fig. 23).
Given the spread of the n constant, it was not possible to evaluate
the activation energy in the tested temperature conditions.

5. Summary and conclusion

To assess the impact of using hafnium in reactor plants in
case of severe nuclear accidents, the oxidation behavior of hafnium
was studied up to 1400°C. Samples were oxidised in steam/argon
mixtures, either in furnaces or in thermogravimetric analyzers.
For hafnium rods or discs, metallographic examinations show the
presence of a dense and protective oxide film after steam oxida-
tion. The oxidation rate may be described by a parabolic law in
the tested temperature range after an initial oxidation regime of
~1000 s, and the value of the activation energy for the parabolic
rate constant is in good agreement with the ones published in the
literature. The estimated oxygen diffusion coefficient in the «-Hf
phase from our measurements is in good agreement with pub-
lished data.

Hafnium claddings led to weight gains much higher than the
ones measured on hafnium rods or discs. Above 800°C, after some
times, the reaction rate for hafnium cladding follows a cubic to
quartic law. Metallographic examinations show the presence of
non protective oxide layer after steam oxidation. These tests high-
lighted the influence of the surface conditions on the oxidation
rate of hafnium in steam and probably the influence of iron con-
tent. However, the oxidation rate of hafnium remains in any tested
conditions well below the oxidation rate of zirconium alloys in
the same temperature range. Additionally, the bundle test termi-
nated by reflood showed that the residual strength of oxidized Hf
claddings was sufficient to prevent the cladding fragmentation dur-
ing quenching.
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