
Vol.:(0123456789)

Oxidation of Metals (2022) 97:227–239
https://doi.org/10.1007/s11085-021-10070-7

1 3

ORIGINAL PAPER

Correlations of the Steam Oxidation Rate Constant of BWR 
Alloy Zircaloy‑2 at 800–1400 °C

Yong Yan1  · Benton E. Garrison1 · Andrew T. Nelson1 · Dan Lutz2

Received: 24 March 2021 / Revised: 15 June 2021 / Accepted: 24 June 2021 /  
Published online: 23 July 2021 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 
2021

Abstract
Steam oxidation experiments were conducted at 800–1400  °C with boiling water 
reactor alloy Zircaloy-2 strip specimens. Sample weight gain measurements were 
performed on the oxidized specimens before and after the test and were compared 
to oxygen pickup calculations using the Cathcart–Pawel correlation. The results 
showed that Zircaloy-2 follows the parabolic law at temperatures above 1000  °C. 
At or below 1000  °C, the oxidation rate was very low when compared to Cath-
cart–Pawel correlation and can be represented by a cubic expression. Arrhenius 
expressions are given to describe the parabolic rate constants at temperatures above 
1000 °C and cubic rate constants are provided for temperatures at or below 1000 °C. 
The weight gains calculated by our Arrhenius correlations are in excellent agree-
ment with the measured sample weight gains at all test temperatures.

Introduction

Zircaloy-2 alloy has been used in boiling water reactors (BWRs) for decades. Com-
pared to Zircaloy-4 alloy, it has a relatively thin corrosion layer and absorbs less 
hydrogen from its interaction with water during periods of normal operation. One 
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major shortcoming of zirconium alloys is that under the conditions of a loss-of-
coolant accident (LOCA), they can oxidize rapidly. This reduces the cladding ductil-
ity and leads to the excessive hydrogen production, such as during the Fukushima 
Daiichi nuclear disaster in 2011. Because cladding performance under LOCA con-
ditions is critical in reactor safety analyses, the steam oxidation behavior of zirco-
nium alloys has attracted more and more attention [1–20]. Cathcart and Pawel (CP) 
observed quadratic behavior in an oxidation kinetics study of Zircaloy-4 alloy and 
established the Cathcart and Pawel (CP) correlation at temperatures from 1000 to 
1500 °C [2]. The CP equations were adopted by the US nuclear regulatory commis-
sion (NRC) in the Draft Regulatory Guide DG-1262 [3] and widely used in high-
temperature steam oxidation modeling and analyses. However, the CP correlation 
was developed based on an oxidation kinetics study of Zircaloy-4 alloy produced 
decades ago. Recent studies show that the LOCA oxidation behavior of the Zr–Nb 
alloy, such as the Russian E110 and E110G [14–19], is different from Zircaloy-4 
and other PWR alloys. The oxidation rate constant of the E110 and E110G could 
be much lower than the CP predictions at temperature near 1000 °C [17–19]. Also, 
although steam oxidation characteristics of the PWR alloys are well understood, a 
similar understanding of oxidation behavior of the BWR Zircaloy-2 is less advanced.

The high-temperature steam oxidation kinetics study of Zircaloy-2 is being con-
ducted at Oak Ridge National Laboratory (ORNL) to provide data that are relevant 
to licensing criteria for LOCA analyses. Global Nuclear Fuel (GNF) also plays a 
major role in the program planning and test conduct. The current LOCA licensing 
criteria limit peak cladding temperature to 1204 °C and maximum Equivalent Clad-
ding Reacted (ECR) to 17% during high-temperature steam oxidation [3]. In this 
study, high-temperature steam oxidation testing was conducted to determine the 
weight gain vs. time trends in broad ranges of test conditions from 800 to 1400 °C 
for test times up to 7000 s. The objective of this work was to experimentally evalu-
ate the kinetics of high-temperature oxidation of Zircaloy-2 under LOCA conditions 
and to provide new correlations of Zircaloy-2 for comparison with CP predictions.

Experimental Procedures

Strip Zircaloy-2 specimens were cut to 19.05 × 11.43 × 3.18 mm, with a hanger hole 
(diameter = 2.54  mm) centered near one end. The nominal chemical composition 
of Zircaloy-2 used in the ORNL test program is listed in Table 1. Inductively cou-
pled plasma mass spectrometry (ICP-MS) analysis confirmed that Sn, Fe, Cr, and 
Ni were within the limits in Table 1. A unique ID number was assigned for each 
specimen for traceability material control. Weight gain of the specimens was deter-
mined by direct measurement of the sample mass before and after the test using a 
calibrated balance with an accuracy of ± 0.1 mg. The balance was verified with a 
standard test weight prior to measuring specimen weight, which was divided by the 
specimen outer surface area to give the normalized weight gain. Specimen dimen-
sions were measured using a caliper with accuracy of ± 0.01 mm, which was cali-
brated using a calibration rod. High-temperature steam oxidation tests in this work 
were performed with a tube furnace in the atmosphere. The steam was supplied by a 



229

1 3

Oxidation of Metals (2022) 97:227–239 

steam generator that converted distilled water to steam at 400C. The oxidation appa-
ratus and method were initially validated using well-known Zircaloy-4 cladding by 
comparing the sample weight gains to CP-calculated values. The oxidation testing 
procedure was detailed by Yan et al. [18].

It was well known that the Zr sample temperature could be higher than the 
temperature in the test chamber because of self-heating generated by zirconium 
alloy oxidation at high temperature [2, 11, 18]. Therefore, thermal benchmark 
testing was performed by measuring the temperature of a strip specimen with a 
thermocouple (TC) directly welded to its outer surface. Figure 1 shows the ther-
mal benchmark result with a Zircaloy-2 strip specimen for the 1200  °C steam 

Table 1  Nominal chemical 
composition and dimensions of 
the Zircaloy-2 strip specimen

a ASTM B350

Parameter Zircaloy-2a

Length, mm 19.05
Width, mm 11.43
Thickness, mm 3.175
Zr, wt.% Balance
Sn, wt.% 1.20–1.70
Fe + Cr + Ni, wt.% 0.18–0.38
Cr, wt.% 0.05–0.15
Ni, wt.% 0.03–0.08

Fig. 1  Temperature history of thermal benchmark steam oxidation test with Zircaloy-2 at 1200  °C. A 
Type-S TC was welded to the specimen surface to compare with the monitor TC
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oxidation tests. Sample TC was directly welded onto the strip specimen outer sur-
face, and Monitor TC was suspended in steam at a position ≤ 1.0 cm away from 
the welded TC. The actual temperatures of sample surfaces were derived from the 
thermal benchmark results performed at various temperatures.

Steam Oxidation Tests at 800 to 1400 °C

Figure  2 shows the temperature histories of the oxidation tests with Zircaloy-2 
strip specimens at 1200ºC for the hold time t = 180, 660, 1140, 1620, and 2100s. 
These temperature histories were recorded with the monitor TC, and the sample 
temperature was derived from the thermal benchmark test shown in Fig. 1.

Additional oxidation tests were conducted with Zircaloy-2 at 800–1400 °C for 
various times. Monitor TC temperature histories were recorded for all tests, and 
the actual sample temperature was derived from the thermal benchmark tests per-
formed at each test temperature. The results are summarized in Table  2, which 
shows that the measured sample weight gains are 11–48% lower than the CP-
calculated weight gains.

Fig. 2  Summary of the temperature histories for the steam oxidation tests with Zircaloy-2 strip samples 
at 1200 °C
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Correlations of the Oxidation Rate Constant for Zircaloy‑2

The oxidation rate is temperature dependent. The rate is not a constant and contin-
ues changing as the temperature increases or decreases during the ramp-up and cool-
ing. However, temperature profiles from the tests reported in this work indicate that 
the ramp-up and cooling times are nearly identical for each temperature (see Fig. 2). 
From these results, the isothermal oxidation rate constants at target test temperatures 
can be derived.

The Cathcart–Pawel (CP) equations have been used for Zircaloys for decades. In 
their report [2], four related rate equations were given for Zircaloy-4: (a) the oxide 
layer thickness; (b) the alpha layer thickness; (c) the sum of the oxide-plus-alpha 
layer thickness; and (d) the total oxygen consumed, which was given as weight gain 
in grams per square centimeter of surface area. All of these equations obeyed para-
bolic kinetics under the assumption of no loss of oxide during or after high-tempera-
ture exposure. The rate equation for weight gain,  Wg is:

where δW is a temperature-dependent coefficient. Under isothermal oxidation condi-
tions, the integration of Eq. 1 is simply

Therefore, the oxidation pickup of Zircaloy-4 is characterized by a parabolic rate 
law by the CP equations as explained by Eq. 2. Under our test conditions, the inte-
grated Eq. 1 becomes:

where Wtotal is the total weight gain, ttotal is the total time of an oxidation test, tR 
is the ramp-up time during heating, tH is the time at the target temperature, tC is 
the cooling time from target temperature to quench temperature, and �W is the time-
dependent temperature coefficient.

Because the oxidation at target hold temperatures can be considered an isother-
mal process, �W is a constant at the target temperature. Therefore, Eq. 3 can be sim-
plified as

where Wtotal is the total weight gain, tH is the test time of the isothermal oxidation at 
a target temperature, δW is the weight gain coefficient at the isothermal temperature, 
and CW is the weight gain during the ramp-up and cooling phases. For the oxidation 

(1)d
(

Wg

)

∕dt = (𝛿2
W
∕2)∕Wg, for 1000 ◦C < T ≤ 1500 ◦C

(2)W2
g
= �

2
w
t for 1000 ◦C < T ≤ 1500 ◦C

(3)

W2
total

=

ttotal

∫
0

�
2
w
dt

=

tR

∫
0

�
2
w
dt +

tR+tH

∫
tR

�
2
w
dt

tR+tH+tc

∫
tR+tH

�
2
w
dt

(4)W2
total

= �
2
W
tH + CW ,
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tests at each target temperature, the ramp-up and cooling durations were the same 
(see Fig. 2) and can be considered a constant for the multi-oxidation tests at a tar-
get temperature. CW is test system dependent, can be derived experimentally, and 
will be different when the ramp-up or cooling rates change. However, the change 
in the constant CW has no impact on determination of the isothermal oxidation rate 
δW. This approach can be applied under certain test conditions, such as in the case 
described herein.

Figure 3 shows oxidation parabolic curves of Zircaloy-2 strip specimens oxidized 
at temperature T > 1000 °C. The test data points vs. the square root times of isother-
mal oxidation are in excellent agreement with a linear fit to the data for each test 
temperature, which indicates good control of isothermal oxidation temperature. It 
also confirms the applicability of Eq. 4. In addition, the observation that the lines do 
not pass through the origin (nonzero  Cw) is consistent with the correlation based on 
Eq. 4. For isothermal oxidation at target temperatures, the weight gain coefficient, 
δW, can be determined by the slope of the fits in Fig. 3. The intersection of the fit 
with the y-axis gives the weight gain value formed during the ramp-up and cooling 
phases shown as Cw in Eq. 4.

Recent studies showed that the oxidation pickup of a PWR alloy E110 does not 
obey the CP correlations. It has different oxidation rate constants [17–19], and par-
ticularly, its weight gain can be characterized by a cubic rate law at ≤ 1000 °C. E110 
is a Zr–Nb alloy. The nominal composition of E110 is given by Shebaldov et al. [13]. 
Our study indicates that the weight gains of the Zircaloy-2 specimens at 1000 °C or 
below are 24–48% lower than CP-predicted values (see Table  2). Clearly, the CP 
correlation is not valid for the steam oxidation kinetics of the Zircaloy-2 strip sam-
ples. Above 1000 °C, the rate constants predicted by CP are different for Zircaloy-2, 
but  for both cases parabolic oxidation kinetics prevail. At 1000 °C and below, the 
kinetics are different. To develop a precise Arrhenius expression for the oxidation 
rate constant of the Zircaloy-2 strip samples at 1000 °C or below, additional oxida-
tion tests were conducted at 800 °C and 900 °C (see Table 2). The Zircaloy-2 sample 
weight gains at 800 °C to 1000°C are more closely represented by a cubic expres-
sion, as shown Fig. 4. Data points for weight gain vs. cubic root time are in good 

Fig. 3  Specimen mass gain in 
steam plotted versus the square 
root of time for test temperatures 
from 1100 °C to 1400 °C
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agreement with a linear fit to the data at 1000 °C or below. For isothermal oxidation 
at target temperatures of 800 °C, 900 °C, and 1000 °C, the weight gain coefficient 
ΔW can be determined by the slope of the fits in Fig. 4, and the weight gain at this 
temperature range can be expressed as:

where Wtotal is the total weight gain, tH is the test time of the isothermal oxidation at 
a target temperature, ΔW is the temperature-dependent weight gain coefficient, and 
CW is the weight gain during the ramp-up and cooling phases.

Table 3 summarizes the parabolic and cubic rate constants at each test tempera-
ture for isothermal steam oxidation of the Zircaloy-2. Correlation of the rate con-
stant with temperature can be explained in a simple Arrhenius expression:

where R is the gas constant, T is temperature in K, A is the pre-exponential fac-
tor, Q is the activation energy, and k is the temperature-dependent rate constant; the 

(5)W3
total

= △3
w
tH + Cw for T ≤ 1000 ◦C

(6)k = A EXP(−Q∕RT)

Fig. 4  Specimen mass gain in 
steam plotted versus cubic root 
of time for test temperatures 
from 800 °C to 1000 °C

Table 3  Parabolic or cubic rate constant for isothermal steam oxidation of Zircaloy-2

Temperature (°C) Cubic rate Δ3

w, (g/cm2)3/s Parabolic rate 
�
2

w
, (g/cm2)2/s

Correlation coefficient between the 
measured and predicted WG for the cubic/
parabolic model

802 1.86 ×  10−12 0.9985
902 1.83 ×  10−11 0.9987
1001 2.88 ×  10−10 0.9996
1102 1.021 ×  10−7 0.9999
1201 2.750 ×  10−7 0.9999
1301 7.434 ×  10−7 0.9998
1355 1.118 ×  10−6 0.9998
1398 1.611 ×  10–6 0.9996
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pre-exponential factor A and the activation energy are different, depending on the 
test temperatures. Specifically, it can be shown in Eq. 7 for Zircaloy-2 oxidation fol-
lowing parabolic plots,

where δW
2 is the parabolic rate constant for the total weight gain in (g/cm2)2/s, and T 

is temperature in degrees kelvin. Using the best curve fitting, the weight gain rate is 
plotted in Arrhenius fashion in Fig. 5 (left-hand side). 

As mentioned before, the weight gain rate of Zircaloy-2 strip samples at tempera-
ture ≤ 1000 °C is non-parabolic and more closely represented by a cubic expression 
(see Fig.  4). Therefore, there is a transition region of the oxidation rate constants 
from the parabolic to cubic laws near 1000 °C. This feature was observed by Kiraly 
et al. [17] and Yan et al. [18] for the PWR alloy E110. A correlation of the cubic 
rate constant was given in a simple Arrhenius expression for the E110 at 1000 °C or 
below by Yan et al. [18]. In this work, the oxidation of Zircaloy-2 strip specimens 
following the cubic plots at lower temperatures can be shown as:

where ΔW
3 is the cubic rate constant for the total weight gain in (g/cm2)3/s and T is 

temperature in degrees kelvin. Using the best curve fitting, the weight gain rate is 
plotted in Arrhenius fashion in Fig. 5 (right-hand side).

Figure  6 shows a comparison of experimentally measured weight gains and 
weight gains calculated with the CP correlation (Fig. 6a) and with our Eqs. 7 and 

(7)�
2
w
= 0.5884 EXP(−21428∕T) for 1000 ◦C < T ≤ 1400 ◦C

(8)△3
W
= 5.885 × 102 EXP (−36349∕T) for T ≤ 1000 ◦C.

Fig. 5  Arrhenius plots of the parabolic constant at temperature above 1000 °C and the cubic constant at 
temperatures 1000 °C or below for total oxygen pickup of Zircaloy-2 strip coupons oxidized in steam
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8 (Fig. 6b) in this work for the Zircaloy-2. The measured sample weight gain is in 
good agreement with our calculated weight gains at all testing temperatures: The 
differences between them are less than 10%. The data scattering in Fig. 6b are small, 
which is an indication of the quality of the experimental data.

Regarding the mechanism of the observed parabolic and cubic oxidation kinet-
ics for Zircaloy-2 in this work, the parabolic kinetics at temperatures above 
1000 °C is consistent with rate control by mass transport in the alloy or oxide. It 
is also consistent with Cathcart–Pawel correlation in Zircaloy-4. The cubic kinet-
ics of Zircaloy-2 was observed at 1000 °C or below. Similar feature was observed 
for the Zr based  alloy E110 [17, 18] at relatively low oxidation temperature 
(< 1000 °C). The cubic kinetics observed here might exist for other Zr-based alloys 
at 1000 °C or below.

Fig. 6  Comparison of the 
weight gain obtained from direct 
measurement of Zircaloy-2 
sample mass change with: a the 
CP-calculated weight gain, b the 
oxidation kinetics in this work
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The Arrhenius equation can be improved if more tests can be conducted at vari-
ous temperatures. In comparison, Arrhenius expressions of the weight gain correla-
tions for Zircaloy-4 by Cathcart–Pawel [2], E110 by Yan et al. [18], and Zircaloy-2 
in this work are given explicitly in “Appendix A”.

Summary

Steam oxidation tests were performed on Zircaloy-2 strip specimens for oxidation 
kinetics study. The oxidation apparatus and method were initially validated using 
well-known Zircaloy-4 cladding by comparing the sample weight gains to CP-calcu-
lated values. The good agreement between the experimental results and CP predic-
tions indicates that the oxidation system was well calibrated. However, this study 
shows that the CP correlation is no longer valid for Zircaloy-2 strip samples. For 
temperatures at 1000 °C or below, oxidation is more appropriately represented by 
a cubic expression [see Eq. 8]. For oxidation tests performed at temperatures above 
1000  °C, the oxidation pickup can be characterized by a parabolic rate law [see 
Eq. 7] that has different parameters from the CP correlation. Based on our experi-
mental data, we developed Arrhenius expressions to describe the parabolic rate con-
stants for the weight gain at high temperatures (above 1000 °C) and cubic rate con-
stants at low temperatures (1000 °C or below); the measured sample weight gains 
were in excellent agreement with the weight gains predicted by our equations at all 
test temperatures.

Appendix A: Weight Gain Correlations for Zircaloy‑4, E110, 
and Zircaloy‑2

Weight gain correlation for PWR alloy Zircaloy-4 by Cathcart and Pawel [2]:

where  Wg is weight gain in g/cm2, T is temperature in K, and t is time in s.
Weight gain correlations for PWR alloy E110 by Yan et al. [18]:

where  Wg is weight gain in g/cm2, T is temperature in K, and t is time in s.
Weight gain correlations for BWR alloy Zircaloy-2 in this work:

(A1)W2
g
= 0.3622 EXP(−20100∕T)t for 1000◦C < Temp. ≤ 1500 ◦C

(A2-1)W3
g
= 3.1783 × 102 EXP (−37117∕T) t for Temp. ≤ 1015 ◦C

(A2-2)
W2

g
= 2.6988 × 1010 EXP(−54055∕T)t for 1015 ◦C < Temp. ≤ 1060◦C

(A2-3)W2
g
= 7.5364 EXP (−24760∕T)t for Temp. > 1060 ◦C

(A3-1)W3
g
= 5.885 × 102 EXP (−36349∕T)t for Temp. ≤ 1000 ◦C
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where  Wg is weight gain in g/cm2, T is temperature in K, and t is time in s.
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(A3-2)W2
g
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https://doi.org/10.1520/JAI103030
https://doi.org/10.1520/JAI103030

	Correlations of the Steam Oxidation Rate Constant of BWR Alloy Zircaloy-2 at 800–1400 °C
	Abstract
	Introduction
	Experimental Procedures
	Steam Oxidation Tests at 800 to 1400 °C
	Correlations of the Oxidation Rate Constant for Zircaloy-2
	Summary
	References




