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Letter to the Editor
Comments to papers of J.H. Kim et al. [1] and M. Große et al. [2]
recently published in JNM ‘‘On the hydrogen uptake of Zircaloy-4
and M5TM alloys subjected to steam oxidation in the 1100–1250 �C
temperature range”
1. Introduction

During a postulated Loss-Of-Coolant-Accident (LOCA), the nu-
clear fuel cladding tube materials should experience High Temper-
ature (HT) steam oxidation for prototypical times ranging from a
few minutes up to�15 min, before reflooding of the core (i.e., water
quenching). During the last ten years, there has been a huge inter-
national effort to study the Post-Quench (PQ) residual mechanical
properties of fuel cladding tube modern alloys, after HT steam oxi-
dation [3–12]; one of the objective of the underlying R&D programs
was to focus on potential high ‘‘Burn-Up (BU) effects”. It is now well
admitted that, after HT oxidation, the residual cladding mechanical
properties and especially the quenching resistance and the Post-
Quench (PQ) ductility/toughness depend on:

(1) the quantity of oxygen which has diffused into the sub-
oxide metallic layer, especially within the residual prior-b
phase layer – for a given material, this parameter is directly
fixed by the HT oxidation time/temperature conditions;

(2) the hydrogen material uptake which may come from:
0022-3
doi:10.1
– the ‘‘classical” in-service corrosion behaviour of the
material; at high BU, the overall cladding tube hydrogen
content may reach a few hundred of weight-ppm for
Zircaloy-4, while for some modern high corrosion resis-
tant materials the ‘‘end-of-life” hydrogen content should
be limited to lower values (i. e., �100 wppm for M5TM

[11]),
– a possible hydrogen uptake during the HT oxidation

itself.
1 For oxidation temperatures below 1100 �C, especially for temperatures close to
Concerning this last point, in two recent papers [1,2], the
authors have shown some results concerning the hydrogen uptake
after high temperature steam oxidation of different zirconium al-
loys including Zircaloy-4 and M5TM grades (for initial as-received
conditions). For Zircaloy-4 alloy oxidised for 300 s at temperatures
ranging from 1100 �C up to 1250 �C, Fig. 6 of [1] shows a significant
hydrogen absorbed content, ranging from �150 up to �500 wppm.
Moreover, after oxidising for 1 h at 1100 �C, Table 2 of [2] displays
hydrogen content values of 1.76 at.% for Zircaloy-4 and up to
6.63 at.% for the M5TM alloy.
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In fact, within the 1100–1250 �C1 oxidation temperature range, it
is generally admitted that oxidising under steam at the atmospheric
pressure (with no local steam starvation) promotes the growth of
stable tetragonal (‘‘black”) dense and protective oxide layer up to
high oxidation levels. Moreover, it is generally observed that there
is no significant hydrogen pick-up into the sub-oxide metallic part
of the cladding tube associated with such a stable oxide layer
growth. Then, compared to data from CEA and from most other
institutes obtained after steam oxidation at 1100 �C and higher,
the hydrogen uptake results published in [1,2] seem to us ‘‘unusual”
and need further discussion, as this problem of potential hydrogen
pick-up during steam oxidation at high temperature should be a
crucial point with regard to the LOCA embrittlement criteria.

2. Short discussion from open literature and (unpublished)
CEA data

First of all, it has to be mentioned that an overview of the past
R&D programs devoted to fuel behaviour under LOCA and, espe-
cially on the HT ‘‘Cladding Oxidation, Resistance to Quench and
Post-Quench Loads” can be found in a recent IRSN Technical Report
[12]. Some of the references cited here have been picked-up from
this quite exhaustive report.

2.1. The particular case of (old grade) Russian E110 (Zr–1%Nb) alloy

For this particular alloy, in a previous paper, Böhmert et al. [13]
have shown high hydrogen uptake during HT steam oxidation,
even for short oxidation times, which was linked to early occur-
rence of the ‘‘breakaway” phenomenon together with the forma-
tion of non protective (unstable) zirconia oxide. More recently,
some extensive studies have been conducted by Yegorova et al.
[3] on the one hand, and by Billone et al. [4] on the other hand,
to get a better insight into the E110 alloy particular HT oxidation
behaviour. From these studies it has been observed that the man-
ufacturing process and the final cladding tube surface polishing
play a major influence on the early occurrence of breakaway on
a Zr–1%Nb alloy such as E110.

2.2. Behaviour of Zircaloy-4 and M5TM alloys upon HT steam oxidation
in the 1100–1250�C temperature range

The appendix summarizes typical tabulated values of hydrogen
analysis measurements performed on both materials after HT
1000 �C which correspond more or less to the zirconia phase transformation
temperature range, breakaway phenomena occurs after a certain ‘‘incubation” time.
After breakaway occurrence, one can observe a rapid hydrogen uptake. From 1-side
HT oxidation CEA data already published in [8,9] and for both Zircaloy-4 and M5TM

alloys, a significant hydrogen uptake is only observe for oxidation time higher than
�1 h. It has to be mentioned that these CEA data are quite consistent with the ANL [4]
and KFKI [5] ones at this particular oxidation temperature.

http://dx.doi.org/10.1016/j.jnucmat.2009.09.017
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steam oxidation tests. Some of these values have been extracted
from ANL [4] and KFKI [5] recently reported studies, and are con-
sistent with the data from JAEA/JAERI studies [6]. The unpublished
CEA data here presented correspond to:

(1) one-side ‘‘Dezirox” steam oxidation experiments [10];
(2) two-side ‘‘Cinog” steam oxidation tests [17].

On Figs. 1 and 2, we have plotted all the hydrogen concentra-
tion data mentioned above versus the oxidation times at 1100,
1150, 1200 and 1250 �C. On these figures, we have added the KAE-
RI [1] and FZK [2] data. It is obvious that these last ones are differ-
ent from those of the other institutes. As mentioned previously, to
our knowledge and with the exception of the particular behaviour
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Fig. 1. Hydrogen cladding contents measured
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Fig. 2. Hydrogen cladding contents measured after HT steam oxidation of M5TM. (*) The hy
been multiply by a factor of two, to be able to compare with 2-side oxidation data, assum
surfaces. (**) For ANL data, which correspond to pre-hydrided or high BU materials, the
has been considered.
of the (old grade) E110 alloy, under an environment of pure steam
at nearly the atmospheric pressure with no local starvation and for
(quite short) LOCA prototypical oxidation times, oxidising in the
1100–1250 �C temperature range promotes the growth of a stable
(protective) tetragonal zirconia oxide layer without significant
hydrogen uptake.

2.3. Some parameters potentially influencing/destabilising the oxide
growth, which could promote HT hydrogen uptake

Beyond some potential chemical impurities effects [3,4], at least
two additional experimental procedure parameters should influ-
ence the growing oxide layer stability, and thus the hydrogen up-
take upon steam oxidation at high temperature:
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drogen contents plotted corresponding to 1-side ‘‘Dezirox” CEA oxidation tests have
ing that the hydrogen pick-up should be the same for both internal and external clad
difference between initial and post-HT-oxidation-test hydrogen contents measured



Table 1
CEA one-side ‘‘Dezirox” oxidation (unpublished) data.

Materials Oxidation
temperature (�C)

Oxidation
time (s)

Post-quench hydrogen
content (wppm)

As-received Zy-4 1100 467 16
1349 11
1349 9
3098 5
3098 21
3098 5

1200 55 14
187 13
520 18
520 5

1492 24

As-received M5TM 1100 117 14
132 22
467 15
529 16

1529 14
3606 5
3606 5
3606 18

1200 51 14
202 17
455 16

1422 27

Table 2
As-received Zircaloy-4 – CEA two-side ‘‘Cinog” oxidation (unpublished) data.

Toxid. (�C) Oxidation time (s) Post-quench hydrogen content (wppm)

1100 322 21
1288 37
2898 35

116 10
116 14
116 13
464 15
464 18

1043 16
1043 21

116 15
464 23

1043 19
2898 8

116 16
2898 16

1150 198 15
768 15
768 16
768 17
768 17
768 16
768 15
768 18
768 25
768 16
768 38
768 18
768 16
768 20
768 18
768 17
768 18
198 18
768 21

1737 31

1250 78 18
312 29
695 43

76 17
76 19

312 18
312 17
312 17
312 18
312 21
312 19
312 19
312 20
312 17
312 18

Table 3
KFKI data [5].

Materials Oxidation
temperature (�C)

Oxidation
time (s)

Post-quench hydrogen
content (wppm)

As-received Zy-4 1100 27 1
102 1
398 3
900 2

1500 2
3000 5

1200 10 1
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(1) recent studies from ANL [18] have shown that, as apparently
done and reported by Kim et al. in their paper [1], using HF-
acid-mixture etching to clean the samples before HT oxida-
tion test promotes a rapid breakaway occurrence. These
recent ANL results confirm so far the significant influence
of the final cladding tube surface polishing process on the
occurrence of breakaway phenomena, as already pointed
out on the E110 alloy [3,4];

(2) upon the HT oxidation process itself, the ‘‘quality”/efficiency
of the steam flowing around the samples is another poten-
tial parameter which could be responsible for apparent HT
oxidation data discrepancies. From previous JAEA/JAERI
quite exhaustive studies performed on Zircaloy-4 [14–16],
within the high oxidation temperature range, hydrogen
uptake is observed for stagnant or flowing hydrogen
enriched steam conditions when the volume fraction of
hydrogen in the mixture of steam + hydrogen exceeds a cer-
tain threshold (�0.4 typically).2

3. Conclusion

For Zircaloy-4 and M5TM alloys and from the data presented
above, one can conclude that, beyond the potential discrepancy be-
tween experimental data (which can be sensitive to many param-
eters of the experimental procedure), the results mentioned in
[1,2] are questionable and, at least, the authors should have dis-
cussed their unusual hydrogen pick-up results in comparison with
other published data on Zircaloy-4 and M5TM alloys, especially after
oxidising at 1100 �C and above. However, because hydrogen is now
recognised as a major parameter influencing the cladding materi-
als PQ mechanical properties after high temperature oxidation pro-
totypical of LOCA transients, this ‘‘comments” letter has not to be
considered as a negative appreciation of the data published in [1,2]
but as an encouragement to the authors to bring a better knowl-
edge of the origin of their apparent ‘‘unusual” hydrogen uptakes.
2 Such a situation is representative of secondary hydriding phenomena which can
occur inside the balloon of a failed cladding tube [4,6].
Appendix A. Tabulated values of hydrogen analysis
measurements after HT steam oxidation tests

See Tables 1–6.
40 1
163 1
790 5

1100 1



Table 4
ANL data [4].

Materials Oxidation
temperature
(�C)

Oxidation
time (s)

Initial hydrogen
content (wppm)

Post-quench
hydrogen
content (wppm)

Pre-hydrided
Zy-4

1200 92 442 471
92 543 535

High-BU M5TM 1200 220 101 88
265 101 111
325 101 133
360 108 116
295 108 137
265 108 142
220 108 135

Table 5
KAERI data [1].

Materials Oxidation
temperature (�C)

Oxidation
time (s)

Post-quench hydrogen
content (wppm)b

As-received Zy-4a 1100 300 �160
1150 300 �280
1200 300 �370
1250 300 �500

a As mentioned previously, HF-acid-mixture etching has been used to clean the
samples before HT oxidation testing.

b The hydrogen concentration values have been roughly estimated from a graphic
plot (Fig. 6 of [1]).

Table 6
FZK data [2].

Materials Oxidation
temperature (�C)

Oxidation
time (s)

Post-quench
hydrogen
content (wppm)a

As-received Zy-4 1100 3600 �200 (1.76 at.%)
As-received M5TM 1100 3600 �730 (6.63 at.%)

a The authors mentioned that, thanks to the use of neutron radiography, the
tabulated hydrogen contents correspond to the residual metallic part of their HT
oxidised samples. Thus, the hydrogen content values corresponding to the global
wall thickness of the tested cladding tubes should be significantly lower than the
tabulated ones. However, even if normalising the hydrogen content tabulated
values to the wall clad thickness, the measured hydrogen uptake is still significant,
especially for the M5TM alloy oxidised for 1 h at 1100 �C.
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