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Abstract

The breakaway oxidation phenomena in Zr-based alloys were studied in the temperature range of 950–1200 �C for up to 36000 s by
using a modified thermo-gravimetric analyzer. After the oxidation tests, the oxidation behaviors, breakaway oxidation time, hydrogen
pick-up contents, and oxidation rate constants of the alloys were systematically evaluated in this study. The breakaway oxidation time
was shortened with an increase of the Sn content in the Zr alloys. A breakaway oxidation phenomenon could be caused by the transition
of a tetragonal oxide phase into a monoclinic one, and the oxide transition could lead to form the oxide cracks in both the lateral and
radial directions. The cracks within the oxide layer could result in catastrophic increase in the weight gain rates and rapid increase the
hydrogen pick-up within the oxygen-stabilized a-Zr and prior b-Zr layers. The oxidation rate constants calculated from the post-break-
away data in the Zr alloys with breakaway oxidation behaviors matched well with the values from both the Baker–Just and Cathcart–
Pawel correlations.
� 2007 Elsevier B.V. All rights reserved.

PACS: 42.81.B; 81.65.M; 81.65.K
1. Introduction

The structural integrity of a fuel cladding under normal
and abnormal operation conditions should be considered
to secure its safety in the design of a light water reactor.
The design based specific accidents, such as a LOCA (Loss
of coolant accident) and RIA (Reactivity initiated acci-
dent), should be evaluated to guarantee the mechanical
integrity of a fuel cladding. In the high burn-up fuel, espe-
cially, the safety-related criteria, including the LOCA and
RIA, have become a key issue in the nuclear fuel research
fields. Because a fuel is a primary source of radioactivity
and heat generation in a nuclear reactor, such a criterion
is usually established on the basis of the characteristics of
a fuel cladding under specific accident situations.

During a typical LOCA condition, the cladding is sub-
jected to a high-temperature oxidation which is finally
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quenched because of an emergency coolant reflooding into
the reactor core. In this LOCA situation, the equivalent
cladding reacted (ECR) should not exceed the criterion of
17% and the peak cladding temperature (PCT) should also
be below 1200 �C [1]. The current trend for a nuclear fuel is
to increase its discharge burn-up and cycle length because
of the major advantages for a fuel cycle cost and spent fuel
management. Several fuel vendors have developed
advanced claddings, such as ZIRLO, M5, MDA, NDA,
and HANA for the high burn-up fuel [2–8]. LOCA should
be taken into account within the licensing procedures of the
new developed Zr alloys for their application to a commer-
cial reactor cladding [9]. Because the defects produced by
an irradiation within the Zr matrix during a normal oper-
ation are regarded to anneal out rapidly at the beta phase
temperatures in the process of a LOCA-like temperature
oxidation, fortunately, the as-received cladding materials
have usually been simulated in most LOCA tests [10–12].

LOCA performance of the advanced Zr-based claddings
has been investigated actively [9–20]. Portier et al. [12] had
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reported a breakaway oxidation, in which a sudden or ‘cat-
astrophic’ increase of the oxidation rate was observed, in
the Zircaloy-4 and M5 claddings when they were steam-
oxidized for longer periods of more than 5000 s at
1000 �C. They reported that the oxidation kinetics of the
claddings was transited from a parabolic rate to a quasi-lin-
ear rate at 1000 �C after 5000 s. Russian Zr-alloys (E110
and E635) have been reported to be susceptible to a break-
away oxidation and a premature embrittlement under
LOCA-like conditions, even though the oxidation environ-
ment was steam which contained a negligible amount of H
gas [13–18]. In contrast to the Russian alloys, the M5 alloy
has been reported to be resistant to a breakaway oxidation
under a similar condition [19]. And the ZIRLO results indi-
cated a behavior similar to that of M5 [20]. That is, a sus-
ceptibility to a high-temperature breakaway oxidation is
the key to understanding the contrasting performance of
the Russian alloys (E110, E635) and Western alloys (M5,
ZIRLO). Chung reported that the premature breakaway
of the Russian alloys could have resulted from an excessive
hydrogen pick-up due to different fabrication routes from
the raw materials to the final tube [21]. The Ca, Mg, Al,
Nb, and F could affect the high-temperature breakaway
oxidation performance of the Zr alloys. Up to now, the
validity of a breakaway oxidation at the LOCA-like tem-
peratures remains to be confirmed by systematical studies.
The breakaway oxidation phenomenon of advanced Zr
alloys was investigated at LOCA-like temperatures in this
study.
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2. Experimental

The chemical composition of the Zr-based alloys used in
this study is given in Table 1. Four (4) cladding-type sam-
ples and three (3) sheet-type ones were cut into 8 mm in
length and 8 · 8 · 1 mm3 in cubic, respectively. Before the
oxidation tests, the specimens were ground carefully up
to Grit No. 1200 of SiC paper. Then all the specimens were
pickled in a solution of 5% HF, 45% HNO3, and 50% H2O
and cleaned ultrasonically in an ethanol and acetone solu-
tion. The oxidation tests in steam were conducted by using
the apparatus already described in a previous paper [22].
The steam supply rate was 0.6 g/cm2-min at standard tem-
perature and pressure (STP). The test temperature ranged
from 950 to 1200 �C and the duration was from 600 to
36000 s. The temperature gradient along the specimen
Table 1
Chemical composition of Zr-based alloys

ID Nb Sn Fe Cr Cu Zr Remarks (wt%)

Z4 – 1.38 0.2 0.1 – Bal. Tube
ZL 1.0 1.0 0.1 – – Bal. Tube
H4 1.5 0.4 0.2 0.1 – Bal. Tube
H5 0.4 0.8 0.35 0.15 0.1 Bal. Tube
Zr–0.7%Sn – 0.7 – – – Bal. Sheet
Zr–2.0%Sn – 2.0 – – – Bal. Sheet
Zr–1.6%Nb 1.6 – – – – Bal. Sheet
length was less than 5 �C. The weight gains were deter-
mined by an in situ method within 0.001 mg with accuracy.
After the oxidation tests, the hydrogen pick-up content was
determined by a vacuum hot extraction method and the
oxidation rate constants were also calculated on the basis
of the parabolic rate law. An extrapolation method was
applied to determine objectively the onset time of a break-
away oxidation at the transition point of the oxidation
kinetics.
3. Results and discussion

Fig. 1 presents the oxidation behaviors of the tube-type
specimens (Z4, ZL, H4 and H5) for the steam oxidation
experiments performed at 1000 �C. In Fig. 1(a), the oxida-
tion kinetics for an exposure time of less than 600 s obeyed
the parabolic rate law, which is generally accepted for a
high-temperature oxidation of Zr alloys under a steam
atmosphere at that temperature. Although all the tube-type
specimens were controlled by the parabolic rate law, the
weight gains after an exposure for 600 s were different
due to the variations of the alloying composition. The H4
alloy had the lowest weight gain when compared with the
other alloys (Z4, ZL and H5). It was anticipated that the
composition which was comprised of a high Nb (1.5%)
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Fig. 1. Oxidation behaviors of Zr-based alloys at 1000 �C for (a) short-
term (600 s) and (b) long-term (10800 s) periods.
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Fig. 2. Oxidation behaviors of (a) Z4 and (b) H4 alloys in 1000 �C steam.

0.8 1 1.38
2000

3000

4000

5000

6000

7000

Z4

ZL

1000oC steam oxidation

B
re

ak
aw

ay
 t

im
e,

 s

Sn content, wt.%

H5

Fig. 3. Breakaway oxidation time of Z4, ZL and H5 alloys at 1000 �C.

154 J.H. Baek, Y.H. Jeong / Journal of Nuclear Materials 372 (2008) 152–159
and low Sn (0.4%) content for the H4 alloy would have an
advantage of an oxidation resistance under the test
condition.

The long-term oxidation behaviors of the tube-type
specimens are shown in Fig. 1(b). The weight gain of the
H4 alloy increased monotonously as the exposure time
was extended to 10800 s. No breakaway oxidation behav-
ior in the H4 alloy was detected up to the exposure time
at 1000 �C. However, the breakaway oxidation behaviors
at the same temperature were observed in the Z4, ZL and
H5 alloys. The breakaway oxidation of the H5 alloy
occurred after an exposure for about 5500 s, the ZL alloy
was about 3800 s, and the Z4 alloy was about 3100 s. It
is possible to suppose that the breakaway oxidation kinet-
ics would be influenced by the chemical composition of the
Zr alloys.

According to a previous study [23], the breakaway time
of the Zircaloy-4 was detected after a test for about 2400 s,
which is shorter than our result, at the same oxidation tem-
perature of 1000 �C. And another study reported that the
breakaway time of the same compositional alloy was about
5000 s [12], which was a longer time than our result, and
the breakaway oxidation time of the M5 and Zircaloy-4
alloys was the same in spite of the different alloying compo-
sitions [12]. Although the sample sizes in the previous stud-
ies were different from present one, a possible reason for
these inconsistent breakaway onsets in Zircaloy-4 among
the studies could be because of the differences in the mea-
suring methods of the weight gain. The in situ measuring
method used in the present study was to determine the
weight gain during an oxidation. Meanwhile, the discrete
measuring method was applied in other studies [12,23] after
an oxidation. But it was difficult to understand fully why
the breakaway onsets of the M5 and Zircaloy-4 alloys were
almost the same in a previous study [12] although the oxi-
dation rate and the hydrogen content in the two alloys had
some differences after a breakaway time of about 5000 s.

In order to confirm the breakaway oxidation time of the
Zr-based alloys, steam oxidation tests were carried out at
1000 �C for various exposures up to 10800 s. Fig. 2 shows
the examples of the test results for the Z4 and H4 alloys.
The breakaway oxidation time of the Z4 alloys was almost
the same from the repeatedly performed tests for the vari-
ous exposures. But the H4 alloys did not show a breakaway
oxidation behavior in spite of the different exposures. From
these tests, the reproducibility of the breakaway oxidations
can be ascertained in the present Z4, ZL and H5 alloys.

At a glance, from Fig. 1(b), it was anticipated that the
breakaway time could be related to the chemical composi-
tion of the Zr alloys. The main difference in the chemical
composition of the Z4, ZL, H4 and H5 alloys would be
Sn and Nb. Regarding the Nb content, a breakaway oxida-
tion occurred at about 3800 s in the ZL alloy (1.0% Nb)
while it was not observed in the H4 alloy (1.5% Nb). Fur-
thermore, the breakaway oxidation time was about 5500 s
in the H5 alloy (0.4% Nb). The onset time of the break-
away oxidation could not be correlated with the Nb con-
tent in the Zr alloys. It was anticipated that the Nb
content in the Zr alloys would be independent of the break-
away phenomenon during a steam oxidation.

The Z4, ZL and H5 alloys presented breakaway behav-
iors during a steam oxidation at 1000 �C. The Sn in the
alloys ranged from 0.8% to 1.38%. Fig. 3 shows that the
breakaway oxidation time with an variation of the Sn con-
tent in the alloys. The breakaway oxidation occurred for an
earlier exposure time with an increasing Sn content within
the alloys. It was thought that the Sn content could affect
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alloys after the oxidation at 1000 �C for 10800 s.
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the breakaway oxidation of the Zr alloys at 1000 �C. The
Sn content of the Zr-based alloys would deteriorate the oxi-
dation resistance at 1000 �C because of a premature break-
away oxidation.

The Sn content would affect the breakaway oxidation
behaviors of Zr alloys at 1000 �C while the Nb content
could not explain the behaviors. But the effects of the Sn
and Nb contents on a breakaway oxidation in specific
Zr–Sn or Zr–Nb binary alloys have not been reported up
to now. A simple oxidation test was performed for the
sheet-type Zr–0.7%Sn, Zr–2.0%Sn, and Zr–1.6%Nb alloys
in this study so as to verify the Sn and Nb content effects
on a breakaway oxidation of the binary Zr alloys, and
the test results are presented in Fig. 4. The breakaway
oxidation behavior was detected in the Zr–0.7%Sn and
Zr–2.0%Sn alloys. But it did not appear in the Zr–
1.6%Nb alloy for the tested exposure of 10800 s. In addi-
tion, the breakaway time of the Zr–0.7%Sn alloy was about
6800 s and the Zr–2.0%Sn alloy was about 1700 s. As the
Sn content in the sheet-type Zr–xSn alloys increased, the
breakaway time of the Zr alloys also decreased. This was
the same trend for the tube-type specimens of the Z4, ZL
and H5 alloys. The Sn content within the Zr-based alloys
could influence the breakaway oxidation behavior and
the breakaway time would be shortened with an increase
of the Sn content within the alloys.

Fig. 5 shows the hydrogen content of the sheet-type
Zr–0.7%Sn, Zr–2.0%Sn, and Zr–1.6%Nb alloys after the
oxidation tests for 10800 s. The hydrogen content of the
Zr–2.0%Sn alloy was much higher than that of the Zr–
0.7%Sn and Zr–1.6%Nb alloys. It was thought that the
hydrogen ingress was raised sharply due to a rapid increase
of the weight gains of the Zr–2.0%Sn alloy after the break-
away point at about 1700 s. It was anticipated that the
hydrogen pick-up content during the steam oxidation
would be influenced by the breakaway oxidation.

Returning to the oxidation of the tube-type specimens
(Z4, ZL, H4 and H5 alloys), the hydrogen content of the
alloys was also determined after the 1000 �C oxidation
for 600–10800 s. Fig. 6 shows the hydrogen pick-up con-
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Fig. 4. Oxidation behaviors of Zr–0.7Sn, Zr–2.0Sn, and Zr–1.6Nb binary
alloys at 1000 �C for 10800 s.
tent of the alloys as a function of the exposure time at
1000 �C. It is clearly seen that the hydrogen pick-up con-
tent of the alloys increased with an increase of the exposure
time. In the case of the Z4 and ZL alloys, the hydrogen
pick-up contents increased more rapidly than the H4 and
H5 alloys due to a premature breakaway oxidation. But
the hydrogen pick-up rate (i.e., slop in Fig. 6) of the H5
alloy was faster than the H4 alloy. It was anticipated that
the hydrogen pick-up content was directly related to the
weight gain during an oxidation process. So, it was inter-
preted that the higher weight gains could produce higher
hydrogen pick-up content, as shown in Fig. 7. The hydro-
gen pick-up rate (i.e., slop in Fig. 7) in the Z4 and ZL alloys
was larger than that of the H5 and H4 alloys. The prema-
ture breakaway oxidation of the Z4 and ZL alloys would
be closely related to their larger hydrogen pick-up rate.

In Fig. 7, the relationship between the hydrogen pick-up
content and the weight gain was expressed with a linearity
when the weight gain was less than 1300 mg/dm2. The
hydrogen pick-up rate of the Z4 and ZL alloys was reduced
in a range with a weight gain of more than 1300 mg/dm2.
This could be resulted from the thickness reduction of
the oxygen-stabilized a-Zr and prior b-Zr layers. Gener-
ally, the hydrogen pick-up contents would increase with
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an increase of the weight gain during a high-temperature
steam oxidation. At an early stage of an oxidation, the
absorbed hydrogen would exist within both the oxygen-sta-
bilized a-Zr layer and the prior b-Zr layer, not within the
oxide layer. As the oxidation reaction was progressed suf-
ficiently enough after the breakaway transition, the thick-
ness of the oxygen-stabilized a-Zr and prior b-Zr layers
would be reduced by the sudden increase of the oxide layer.
The reduction of the both the oxygen-stabilized a-Zr and
prior b-Zr layers was reported in a previous study [23].
The considerable reduction of both oxygen-stabilized a-
Zr and prior b-Zr layers could decrease the hydrogen
pick-up rate during the oxidation process. This could result
in a reduction of the hydrogen pick-up rates in specimens
with a sufficiently higher weigh gain.

The weight gains measured in the present study could be
evaluated by assuming a parabolic rate law [24,25]. The par-
abolic oxidation rate constants of the tube-type Z4, ZL, H4,
and H5 alloys were calculated from the data in Fig. 1, and
presented in Fig. 8. In the pre-breakaway regime, the oxida-
tion rate constants of the H4 and H5 alloys were lower than
those of the Z4 and ZL alloys. At the post-breakaway
regime, meanwhile, the oxidation rate constant of the H5
alloy was much lower than that of the Z4 and ZL alloys.
The oxidation rate constants of the Z4 and ZL alloys from
the this study agreed comparatively well with those from
both the Baker–Just and Cathcart–Pawel correlations
[24,25]. It was interpreted that the oxidation rate constants
of the Zr-based alloys would be more appropriate to calcu-
late the oxidation results at a post-breakaway regime rather
than at a pre-breakaway regime. Compared with the Z4 and
ZL alloys, the relatively lower rate constant of the H5 alloy
at the post-breakaway regime would have resulted from the
difference of their chemical composition.

For the Z4 and H4 alloys, the steam oxidation tests were
performed to obtain the rate constants in the temperature
range of 950–1200 �C. The Z4 alloy of Fig. 9(a) showed a
transition of the oxidation kinetics in the temperature
range from 950 to 1050 �C. In the case of the H4 alloy
shown in Fig. 9(b), however, a transition of the oxidation
kinetics did not occur at all the temperatures during the
tested exposures. The different behaviors between the Z4
and H4 alloys could be explained by the chemical compo-
sition of the alloys. It is well-known that the Sn content
within a Zr-based alloy could play a role in stabilizing
the a-Zr phase and the Nb in stabilizing the b-Zr one
[26,27]. Incidentally, the Sn content in the Z4 alloy was
higher than that within the H4 alloy but Nb was not
included in the alloy. It was expected that a phase transfor-
mation from the a + b phases to the b phase in the alloy
would occur in the tested temperature range. It was
thought that the transition of the oxidation kinetics in
the Z4 alloy would be detected at the temperatures of
950–1050 �C. Furthermore, the Nb content in the Zr-based
alloy could lower the formation temperature of the tetrag-
onal ZrO2 phase. Thus, the Nb addition in the H4 alloy
could lower the transformation temperature of tetragonal
ZrO2 phase to monoclinic ZrO2 one and then retain a
relatively more stable phase of the tetragonal ZrO2 for a
prolonged exposure. This could also affect the hydrogen
pick-up content during a steam oxidation.

The breakaway time was determined for the Z4 alloy at
temperatures of 950–1050 �C and shown in Fig. 10. As the
oxidation temperature increased, the breakaway oxidation
time of the alloy was dramatically shortened up to 3800 s at
1000 �C. The breakaway time at 1050 �C was almost simi-
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lar to that at 1000 �C. This means that the transformations
of the metal and oxide (i.e., Zr matrix and ZrO2) of the Z4
alloy actively happened in the temperature range.

The oxidation rate constants for the Z4 and H4 alloys
were calculated in the pre-breakaway and post-breakaway
oxidation regimes, respectively, and described in Fig. 11
together with the those from both the Baker–Just and
Cathcart–Pawel correlations. The oxidation rate constants
at the post-breakaway regime for the Z4 alloy nearly
agreed with those from both the Baker–Just and Cath-
cart–Pawel correlations [24,25]. But the oxidation rate con-
stants of two alloys at the pre-breakaway regime were
lower than those by the two correlations. The oxidation
rate constants of the Zr alloys for a LOCA prototypical
exposure time of less than 1800 s between 950 and
1200 �C, in which the oxidation kinetics of the alloy was
parabolic, would be more proper to analyze the data at
the post-breakaway regime than at the pre-breakaway
regime. The oxidation rate constants of the Z4 alloy were
strongly dependent on the breakaway oxidation kinetics.
Although the breakaway oxidation behaviors in the H4
alloy were not observed in the temperature range from
950 to 1050 �C, the oxidation rate constants at those tem-
peratures were different from those at 1050–1100 �C. The
oxidation rate constants of the H4 alloy between 1100
and 1200 �C lay on a straight line in the rate constant ver-
sus reciprocal temperature plot while those between 950
and 1050 �C were another straight line in the same plot.

The difference in the oxidation rate constants of the H4
alloy between the two temperature ranges could be under-
stood from the viewpoint of the oxidation kinetics. It was
thought that the oxidation rate would be faster above
1100 �C. Though the oxidation rate constants in the H4
alloy were sharply enhanced at above 1100 �C, the hydro-
gen pick-up content did not increase in the comparison with
those of the Z4 alloy under the same oxidation condition.
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From Fig. 11, the parabolic rate constants of the Zr-based
alloys should be considered by using the oxidation results
from the post-breakaway regime if the breakaway oxida-
tion behaviors could be observed in the alloys in spite of
a less than 1050 �C.

As a result of this study, it was summarized that the Sn
addition in the Zr alloys could show the breakaway oxida-
tion kinetics during the steam oxidation at temperatures of
950–1000 �C and the breakaway oxidation time could be
shortened with an increase of the Sn contents within the
alloys. The destabilization of the tetragonal oxide phase
due to the higher Sn content was not reported during the
oxidation at those temperatures. But, the addition of higher
Sn in the Zr alloys would decrease the corrosion resistance
at the temperatures of 350–400 �C [5,26]. By increasing the
Sn content in the Zr alloys, the amount of the segregation
Sn that ends up at the crystalline boundaries in the tetrago-
nal phase oxide increased. The volume expansion form the
oxidation increased with the oxidation of the greater
amount of segregated Sn. Thus, the oxide transition from
the tetragonal phase to the monoclinic one increases and
the corrosion resistance was degraded. At LOCA-like
temperatures, the Sn segregation in the oxide layer was gen-
erally reported in several studies [28–30]. From these rea-
sons, the Sn segregation would occur within the oxide
layer and then the Sn segregation could destabilize the
tetragonal oxide phase in the higher Sn-contained alloys.

A destabilization of the tetragonal phase due to Sn
segregation in an oxide layer could cause a lateral cracking
and then a radial cracking within an oxide layer, as
reported in a study [31]. The cracking in the oxide layer
could also initiate breakaway oxidation behaviors because
of the transition of the oxide phase [32,33]. The increase of
the Sn content in the Zr alloys could enhance the oxide
transformation and the breakaway oxidation time could
be shortened with an increase of the Sn content within
the alloys. At temperatures of 950–1200 �C under consider-
ation two crystallographic modifications of an oxide phase
are known, the tetragonal phase at higher temperatures
and the monoclinic phase at lower temperatures [34,35].
Following Pemsler’s assumption [33], it was concluded that
the steam oxidation at 950–1050 �C, where the breakaway
oxidations occurred in the Z4 alloy, would initially lead to
a tetragonal oxide which is stabilized by a compressive
stress and a high substoichiometry (ZrO2�x). During a con-
tinued oxidation, a stress relaxation by the lateral and
radial cracks within the oxide layer would destabilize the
tendencies for a tetragonal oxide. The cracks within the
oxide layer could enhance the oxygen and hydrogen move-
ments through the oxide layer during a steam oxidation.
Thus, the loss of the oxide protectiveness and the enhance-
ment of the oxygen and hydrogen ingresses due to a break-
away oxidation would lead to the catastrophic increase of
the oxidation kinetics.

Contrary to Sn, the Nb addition in the Zr alloys could
promote a stabilization of the tetragonal ZrO2 phase dur-
ing a steam oxidation. The Nb in the Zr-based alloy could
help sustain a tetragonal oxide phase for much longer
exposure periods. When the Nb addition was about 1.5%,
such as in the H4 alloy, breakaway oxidation behaviors
could be restrained in that alloy. It was thought that the
resistance to the breakaway oxidation could be promoted
by the higher Nb addition (�1.5%) into the Zr-based
alloys. In addition, the hydrogen pick-up could be also
reduced by the higher Nb addition.

The different composition in the Zr alloys would affect
simultaneously both the breakaway oxidation kinetics
and the oxide phase transition. I thought that this hypoth-
esis could be applied to explain the breakaway oxidation
kinetics in the different compositional alloys. The tetrago-
nal-to-monoclinic transition was an instability that initi-
ated at local regions of the metal–oxide interface and
grew rapidly throughout the oxide layer. This oxide transi-
tion would result in an increase in oxidation rate. Along
with this increase in oxidation rate due to cracks in the
monoclinic oxide layer, there would be significant weigh
gains due to the path-shortening of oxygen and hydrogen
movements through the cracks.

Recently, the Russian cladding (E110) test program had
been carried out to determine why the cladding exhibited
such short breakaway oxidation times (approximately
600 s at 1000 �C) as compared to the breakaway oxidation
times (>6000 s at 1000 �C) for the Zr–1Nb cladding (M5)
used in the States [36]. The differences in surface roughness
along with possible differences in surface impurities were
considered as plausible reasons for the behavior differences.
It was concluded that the combination of higher-surface
roughness and etching with HF containing acid mixtures
could promote the monoclinic-oxide formation, which
could reduce breakaway oxidation time [36]. In this point
of view, the breakaway oxidation kinetics could be inter-
preted by the oxide transition from the tetragonal phase
to monoclinic one.

The hydrogen content in the oxygen-stabilized a-Zr and
prior b-Zr phase layers could enhance the oxygen absorp-
tion in its layer [37]. That is, an increase of the hydrogen
pick-up into both layers could increase the weight gain
during a steam oxidation because of an enhancement of
the oxygen solubility within the layers [37], and cause the
breakaway oxidation kinetics in the higher Sn-containing
Zr alloys. Zr alloys containing a lower Sn content and a
higher Nb content would be more effective in maintaining
the tetragonal oxide phase for longer exposures.

In the Z4 alloy in this study, the calculated rate con-
stants from the post-breakaway data were well correlated
with the values from both the Baker–Just and Cathcart–
Pawel correlations. Therefore, the rate constants of Zr
alloys should be calculated with a consideration of the
breakaway oxidation phenomena.

4. Conclusions

The oxidation experiments of Zr-based alloys (Z4, ZL,
H4, and H5) under a steam atmosphere at 950–1200 �C
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for up to 36000 s showed breakaway oxidation behaviors
in the higher Sn-containing Zr alloys. The breakaway oxi-
dation time was shortened with an increase of the Sn con-
tent within the Zr alloys because of a destabilization effect
of the tetragonal oxide layer and a cracking within the
oxide layer by the Sn addition. A breakaway oxidation
could be postulated by the oxide transition from tetragonal
phase into monoclinic one and by an oxide cracking in
both the lateral and radial directions. And the crack forma-
tion could shorten the movement path of the oxygen and
hydrogen through the oxide layer, and then a catastrophic
increase in the weight gain rates could be presented as
breakaway oxidation kinetics. The oxidation rate constants
calculated from the post-breakaway data in the Zr-based
alloys with a breakaway oxidation behavior matched well
with the values from both the Baker–Just and Cathcart–
Pawel correlations. It was concluded that the oxidation
rate constants should be calculated with a consideration
of the breakaway behaviors when the breakaway oxidation
kinetics has occurred during a steam oxidation at 950–
1200 �C.
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