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Abstract

The oxidation characteristics for the Zircaloy-4 and Zr–1.0Nb–1.0Sn–0.1Fe alloys were investigated in the temper-

ature ranges of 700–1200�C for 3600s under steam supply conditions, using a modified thermo-gravimetric analyzer.

The oxidation at these temperatures generally complied with the parabolic rate law for the examined duration up to

3600s. However, the parabolic rate was not obeyed in the temperature ranges of 800–1050 �C. The oxidation kinetics

were changed depending on the oxidation temperatures due to the phase transformations of the base metal and its

oxide. The oxidation rate exponents of the Zr–1.0Nb–1.0Sn–0.1Fe alloy at all the temperatures were higher than those

of Zircaloy-4. Considering the data controlled by the parabolic rates at 700, 1100, 1150, and 1200 �C, the oxidation rate

constants were the same slopes as the Baker–Just relationship. The rate transition at 800 �C could have resulted from

the phase transformation of the base metal and those at 1000 and 1050 �C could have resulted from the lateral cracks in

the oxide due to the ZrO2 phase transformation from a monoclinic structure to a tetragonal structure.

� 2004 Elsevier B.V. All rights reserved.

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

The current trend in the nuclear industry is to in-

crease the fuel discharge burn-up because of the major

advantages in the fuel cycle cost, reactor operation,

and spent fuel management. At a high burn-up, fuel rods

fabricated from conventional Zircaloys often exhibit a

significant degradation such as oxidation, hydriding

and oxide spallation. Thus many fuel vendors have

developed the advanced cladding materials, such as
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ZIRLO, M5, MDA, and NDA, for the high burn-up

fuel to improve their safety and economical efficiency

[1–5].

During a typical loss of coolant accident (LOCA)

conditions, the fuel claddings are subjected to a high-

temperature oxidation and finally quenched because of

the reflooding of the core [6,7]. Since the 1960s, extensive

studies were carried out to precisely evaluate the oxida-

tion rate of Zircaloy in a high-temperature steam for a

LOCA safety analysis [7–17]. The kinetics data showed

a relatively good agreement with each other, though

the kinetics by Baker–Just is generally considered to

overestimate the reaction in the temperature range

above 1000�C. In most of the previous studies on Zirca-

loys, the oxidation rates were determined mainly in the
ed.
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temperature range above 1000�C, while a limited num-

ber of studies were conducted in the temperature range

from 600 to 1000�C [18–23]. The oxidation kinetics at

temperatures higher than 1000�C generally complied

with the parabolic rate [7–17]. But some researchers

pointed out that the oxidation kinetics would not obey

the parabolic rate in the temperature ranges below

1000�C. Nagase et al. insisted that a cubic rate law

was preferable for the oxidation below 980 �C and the

discontinuities in the temperature dependency of the oxi-

dation rate constant were observed due to the mono-

clinic/tetragonal phase structure change of the

zirconium oxide [18]. Uetsuka and Hofman found that

the oxidation reaction obeyed a cubic rate law at

900 �C, but a parabolic rate law at temperatures above

1000�C [16]. Leistikow and Schanz studied the oxidation

kinetics at the temperatures from 600 to 1300 �C. They
insisted that the transition from a cubic or parabolic

to a linear oxidation rate occurred by oxide scale crack-

ing in the temperature ranges from 600 to 1000 �C, but at
and above 1050 �C, no change in the rate law towards an

accelerated oxidation was detected [19,20]. Westerman

found that the oxidation obeyed a cubic rate law for

the temperature range from 600 to 850 �C and provided

the cubic rate law constant [21]. Pawel et al. also insisted

that the oxidation kinetics between 900 and 1000 �C
were a non-parabolic rate law [15,22]. S.M. Sathe et al.

performed the oxidation testing for the temperatures

from 650 to 1150�C [23]. But they did not mention the

oxidation behaviors in the temperature ranges of 800–
Fig. 1. Apparatus for the high-tem

Table 1

Chemical composition of zirconium alloys

Nb (wt%) Sn (wt%)

Zircaloy-4 – 1.35

Zr–1.0Nb–1.0Sn–0.1Fe 1.0 1.0
1050�C. The database regarding the oxidation kinetics

at the temperatures below 1000�C is not sufficient and

the transition of the oxidation rate at these temperatures

has not yet been sufficiently understood.

Furthermore, the data on the oxidation kinetics of

the Nb-containing Zr alloys have not been published

and are not easily found. A few studies on high-temper-

ature oxidation were carried for advanced cladding

materials [24,25]. In order to achieve a comprehensive

assessment of the suitability of Zr–1Nb cladding, Bohm-

ert et al. studied the high-temperature oxidation of Zr–

1Nb and Zircaloy-4 in the temperature range from 700

to 1100 �C [24]. But they did not mention the transition

of the oxidation kinetics in these temperature ranges.

In this study, therefore, the oxidation kinetics of Zir-

caloy-4 and the Zr–1.0Nb–1.0Sn–0.1Fe alloys were com-

pared and investigated in detail in the temperature

ranges of 700–1200�C at the early stage shorter than

3600s. In addition, the microstructures of the alloys

were also characterized after the oxidation testing.
2. Experimental

Table 1 shows the chemical composition of the zirco-

nium alloys used in this study. The apparatus for the

high-temperature testing was established by modifying

the Shimadzu TGA (Thermogravimetric Analyzer,

TGA 51H) as shown in Fig. 1. A test specimen was

freely hung from a Pt wire connected to TGA apparatus.
perature oxidation testing.

Fe (wt%) Cr (wt%) Zr (wt%)

0.2 0.1 Bal.

0.1 – Bal.
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The steam generator was attached to supply steam con-

tinuously into the furnace. The steam flow rate was con-

trolled by the coolant temperature (80 ± 1 �C) of the

attached condenser and established in a range (0.5–

0.6ml/min) not affecting the weighing accuracy of the

electric balance due to the buoyancy effects. The weight

change was measured by an in-suit method within

±0.001mg during the oxidation reaction. And the tem-

perature of the test specimen was controlled and meas-

ured accurately to within ±0.1 �C by a computer

system. During the heat-up to the desired temperature

and the oxidation test, high purity (99.999%) Ar gas

was purged into the furnace at the flow rate of about

20ml/min. The heating rate up to the desired tempera-

ture was set at 50 �C/min, and then the oxided sample

after the oxidation test was cooled down to room tem-

perature by an electric pan. The prepared steam together

Ar as a carrier gas was supplied into the furnace right

after the temperature arrived at the desired value.

The specimens for the high-temperature oxidation

testing were cut off from the cladding tubes. The size

of the specimens was 8mm in length and both ends of

the specimens were ground carefully by SiC 1200 emery

paper to minimize the error during the oxidation. All the

specimens were finally pickled in a solution of 5% HF,

45% HNO3, and 50% H2O. After the oxidation testing,

the microstructures of all the specimens were observed

by a polarized optical microscope.
3. Results and discussion

From the weight gain data acquitted directly

from the TGA were the amount of absorbed oxygen

(Woxygen absorbed) during the oxidation reaction. The oxi-

dation reaction of Zr or Zr alloys under the high-tem-

perature steam condition could be described by the

following equation.

Zrþ 2H2O ! ZrO2 þ 2H2 ð1Þ

Most researches on high-temperature oxidation have

assumed that the oxide thickness after the oxidation

could increase with the square root of the oxidation time

[7–17], so-called the parabolic rate law. In other words,

the oxidation rate could be strongly dependent upon the

temperature and time during the oxidation and the

weight gain at the early stage could result from the oxy-

gen diffusion through the oxide layer in accordance with

the parabolic rate. The relationship between the weight

gain and exposure time is as follows;

W 2
oxygen absorbed ¼ Kp � t; ð2Þ

where Kp the parabolic rate constant (mg2/dm4/s) and

t the exposure time (s).

In this study, the parabolic rate relationship between

Woxygen absorbed and t is not followed in all temperature
ranges of 700–1200 �C. The oxidation rate at the temper-

atures from 700 to 1200�C could be changed depending

on the oxidation temperatures. Therefore, it is possible

to generalize the relationship between the weight gain

and the exposure time by introducing the generalized

rate constant, Kn.

W n
oxygen absorbed ¼ Kn � t; ð3Þ

where Kn the oxidation rate constant ((mg/dm2)n/s) hav-

ing the rate exponent of n and t the exposure time (s).

In order to obtain the rate exponent and rate con-

stant (n and Kn), non-linear fittings were carried out

using the function of y = a Æxb at each temperature.

From Eq. (3), the rate exponent and rate constant can

be represented like as n = 1/b. Fig. 2 shows the non-lin-

ear fitting results for Zircaloy-4 in the temperature range

of 700–950 �C. In the case of the 700 �C, 900 �C and

950 �C oxidation tests, the experimental data was fitted

well by the proposed function for 3600s. In the 800 �C
test, the proposed function followed well the raw data

before the exposure time of 2400s. But, the transition

of the oxidation rate revealed after 2400s at 800 �C.
These rate transitions at 800 �C could have occurred at

2400 ± 10s from the repeated tests of 5 times. As men-

tioned above, however, the rate transitions at 900 and

950 �C were not observed for the oxidation time of 1h.

The rate transition for Zircaloy-4 was typically devel-

oped at about 60mg/dm2 Woxygen absorbed at 700 �C
steam oxidation. So, it could be acceptable that the rate

transition occurred at only 800 �C, not at 700, 900, and
950 �C.

Leistikow and Schanz proposed that the rate transi-

tion in the 800–900 �C temperature range would occur

by the hydrogen absorption [20]. But this proposal has

not been supported by other researchers until now. In

his another studies, oxide cracking (the so-called break-

away effect) would result in the transition from a cubic

or parabolic to a linear oxidation rate in the temperature

range from 600 to 800 �C and at 1000�C [19].

The other results of the non-linear fitting for Zirca-

loy-4 in the temperatures ranges of 1000–1200 �C are

represented in Fig. 3. The transition of the oxidation

rate was revealed at the temperatures of 1000 �C and

1050�C. The transition time at 1000�C was shorter than

that at 1050 �C. But the rate transition did not occur at

temperatures above 1100�C. As shown in the 1000�C
oxidation, the oxidation kinetics was changed from a

cubic rate to a linear rate at the time of 1800s.

The temperature region of the two phase (a + b) Zr
phase in the Zircaloys is known generally to be between

810 �C and 970 �C [26], which depends on the oxygen

concentration in the matrix. And the phase diagram of

the Zr–O binary system shows that ZrO2 exhibits a

phase transformation from a monoclinic to a tetragonal

at about 1000 �C [27]. According to the oxidation behav-

iors in Fig. 3, the structure transformation of ZrO2
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Fig. 2. Oxidation behaviors of the Zircaloy-4 at the temperatures of 700–950�C; (a) 700�C, (b) 800�C, (c) 900�C, (d) 950�C.
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would be processed in the temperature range from 1000

to 1050�C. In other words, the two phases of monoclinic

and tetragonal ZrO2 would coexist within the tempera-

tures of 1000–1050�C. In this study, the rate transitions

of Zircaloy-4 occurred at the temperatures from 900 to

1050�C. It was possible to interpret the oxidation kinet-

ics change from a cubic to a parabolic in the temperature

range of 900–1050 �C. This agrees with Nagase�s results
of a gradual change of the oxidation kinetics between

900 and 1000�C [18]. That is, the monoclinic and

tetragonal phase structures of ZrO2 within a tempera-

ture range would coexist and the relative proportion of

the two phase structures would be changed with a tem-

perature increase.

Fig. 4 shows the non-linear fitting results in the tem-

perature range of 700 �C to 950 �C for the Zr–1.0Nb–

1.0Sn–0.1Fe alloy. The proposed function of y = a Æxb

followed well the experimental data for the 700, 900,

and 950 �C oxidation. At 800 �C, however, the proposed
function did not agreed with the experimental raw data

after 2400s. The transition of the oxidation kinetics oc-

curred at that exposure time, which was almost the same

exposure time as Zircaloy-4 in Fig. 2. Next the fitting of
the experimental data at 1000–1200 �C for the Zr–

1.0Nb–1.0Sn–0.1Fe alloy, the fitting results are repre-

sented in Fig. 5. As explained in the previous Fig. 3

for the Zircaloy-4, the transition of the oxidation rate

for the Zr–1.0Nb–1.0Sn–0.1Fe alloy was also observed

in the case of the 1000 �C and 1050 �C tests. The transi-

tion at 1000�C occurred at a time of about 3200s, while

that at 1050�C was 1900s.

At 1000�C in Figs. 3(a) and 5(a), the exposure time

for the rate transition of the Zr–1.0Nb–1.0Sn–0.1Fe al-

loy was longer than that of Zircaloy-4. It is thought that

this phenomenon could also be caused by the Nb addi-

tion in the Zr–1.0Nb–1.0Sn–0.1Fe alloy. The longer

the rate transition lasted at the same oxidation tempera-

ture, the longer the cubic rate remained. Nb addition in

the Zr alloy could make the ZrO2 transformation tem-

perature of the monoclinic to the tetragonal structure in-

crease due to the Nb effect of the cubic kinetics

stabilization. In short, the oxidation resistance of the

Nb-containing Zr–1.0Nb–1.0Sn–0.1Fe alloy was better

than that of Zircaloy-4 and the transition of the oxida-

tion rate of the Zr–1.0Nb–1.0Sn–0.1Fe alloy was oc-

curred at longer exposure time than Zircaloy-4.
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Fig. 3. Oxidation behaviors of the Zircaloy-4 at the temperatures of 1000–1200�C; (a) 1000�C, (b) 1050�C, (c) 1100o C, (d) 1200�C.
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Fig. 6 shows the variation of the rate exponent with

the oxidation temperature for both alloys. In the case

of Zircaloy-4, the rate exponent at 800 �C was relatively

lower (n = 2.04) than that (n = 2.3–2.8) at the other tem-

peratures (700 �C, 900 �C and 950 �C). The rate exponent
was a maximum (n = 2.8) at 950 �C, and then was dras-

tically reduced at temperatures above 1050 �C.
The lowest rate exponent at 800 �C could be ex-

plained by the mechanical property change of the base

metal in the two phase region. The mechanical property

change of the base metal in the two phase region would

affect the stress relief in the oxide. It is thought that this

would reduce the rate exponent at 800 �C. In the case of

Zircaloy-4, 800 �C would be within the two phase (a + b)
Zr region. Thus the kinetics change at 800 �C after 2400s

could be caused by a moderate breakaway effect of the

oxide. This could accelerate the oxidation rate at

800 �C. At the temperatures of 900 and 950 �C, the rate

exponents were revealed by the cubic rate law. The oxi-

dation kinetics could be changed gradually from a para-

bolic rate to a cubic rate as the oxidation temperature

increased from 800 to 950 �C. Basically the reasons for
the kinetic transition in these temperature ranges could

be caused by the phase transformation of the base metal.

While, in the temperature range of 900–950 �C, the
rate exponent of Zircaloy-4 increased with an increasing

temperature, but in the ranges of 1000–1050 �C it was re-

duced as the temperature increased. The decrease of the

rate exponent at 1000 and 1050 �C could be directly re-

lated to the transition of the oxidation rate. At the tem-

peratures above 1100�C, the rate exponent of Zircaloy-4
could not be adversely changed by varying the tempera-

ture. The oxidation kinetics of Zircaloy-4 were control-

led by the parabolic rate at 1100–1200�C. Therefore, it
is thought that the oxidation rate should be changed

at the ranges of 950–1050�C from a cubic to a parabolic.

This oxidation rate transition could be a result at 950–

1050�C from the change of the oxidation kinetics. Sub-

stantially, the oxidation kinetics changes in the temper-

ature ranges of 950–1050�C could originate from the

crystal structure transformation of the zirconium oxide

from a monoclinic to a tetragonal phase.

For Zircaloy-4, the oxidation kinetics changed with

the temperature range of 700 �C to 1200�C; parabolic
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Fig. 4. Oxidation behaviors of the Zr–1.0Nb–1.0Sn–0.1Fe alloy at the temperatures of 700–950�C; (a) 700�C, (b) 800�C, (c) 900�C,
(d) 950 �C.

448 J.H. Baek et al. / Journal of Nuclear Materials 335 (2004) 443–456
rate (at 700 �C) ! parabolic-linear rate (at 800 �C) !
cubic rate (at 900–950 �C) ! cubic-parabolic rate (at

1000�C)! parabolic-linear rate (at 1050�C) ! para-

bolic rate (at 1100–1200�C). The phase transformation

of the base metal occurred at about 800 �C. The rate

transition at 1000–1050 �C resulted from the ZrO2 phase

transformation from a monoclinic structure to a tetrago-

nal structure. It was concluded that the kinetics transi-

tion at 800 �C and 1000–1050 �C resulted from the

transformation of the base metal and the ZrO2,

respectively.

In Fig. 6, the variation trends of the rate exponents of

the Zr–1.0Nb–1.0Sn–0.1Fe alloy were almost the same

as those of Zircaloy-4. The rate exponent (n) of the

Zr–1.0Nb–1.0Sn–0.1Fe alloy increased with an increas-

ing temperature in the range of 700 �C to 950 �C. The
kinetics of the Zr–1.0Nb–1.0Sn–0.1Fe alloy were chan-

ged by varying the temperatures; parabolic rate (at

700 �C) ! parabolic-linear rate (at 800 �C) ! cubic

rate (at 900–950�C). The rate exponent of the Zr–

1.0Nb–1.0Sn–0.1Fe alloy at 1000 �C was still as high

as 3.0. But the rate exponent at 1050 �C was rapidly re-
duced to 2.3. This means that the change of the oxida-

tion kinetics started at 1000 �C and nearly ended at

1050�C. At the temperatures above 1100 �C, the rate

transition for the Zr–1.0Nb–1.0Sn–0.1Fe alloy was not

detected and the rate exponents were in the range of

2.2–2.3. And the oxidation kinetics above 1100 �C
agreed well with the parabolic rate. That is, the oxida-

tion kinetics in the temperature ranges of 1000–1200 �C
were changed; cubic-linear rate (at 1000–

1050�C) ! parabolic rate (at 1100–1200�C).
The absolute values for the Zr–1.0Nb–1.0Sn–0.1Fe

alloy�s rate exponents were relatively higher than those

for Zircaloy-4. This means that the oxidation resistance

of the Zr–1.0Nb–1.0Sn–0.1Fe alloy would be superior to

that of Zircaloy-4 in all the temperature ranges. This

could result from the difference in the chemical compo-

sition between the two alloys. It is thought that the

Nb addition in the Zr alloy could improve the high-tem-

perature oxidation resistance from the higher rate

exponent.

When the Zr oxidation with steam occurred at the

temperatures above 600 �C, the solid state reaction was
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Fig. 5. Oxidation behaviors of the Zr–1.0Nb–1.0Sn–0.1Fe alloy at the temperatures of 1000–1200 �C; (a) 1000 �C, (b) 1050�C, (c)
1100 �C, (d) 1200 �C .
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generally observed due to a deficiency of the oxygen ions

within the ZrO2 oxide layer. The rate constants dur-

ing the oxidation were very dependent on the tempera-

ture. So
Kn ¼ A � expð�Q=RT Þ; ð4Þ

where A is a constant (mg/dm2)n/s), Q the activation

energy for the oxidation reaction, R a universal gas

constant (1.987cal/molK), and T the oxidation temper-

ature (K).

From the rate exponents and rate constants (n and

Kn) from Eqs. (3) and (4), it can be possible to estimate

the Woxygen absorbed during the oxidation periods at spe-

cific temperatures. Fig. 7 represents the calculated

Woxygen absorbed in comparison with the experimental

Woxygen absorbed for both alloys after 3600s at 700–

1200�C. When the rate transitions of Zircaloy-4 oc-

curred at 800, 1000, and 1050�C, the calculated weight

gains (calculated Woxygen absorbed) were underestimated

but the other calculated weight gains agreed with the

experimental values. For the Zr–1.0Nb–1.0Sn–0.1Fe al-

loy, the calculated weight gains at the temperatures of

800 and 1050�C were also underestimated when com-

pared to the experimental data. But the calculated

Woxygen absorbed at 1000 �C was almost well expected for

the experimental Woxygen absorbed because the rate transi-

tion occurred after 3200s as described in Fig. 5(a).
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Fig. 7. Calculated WZr-reacted from the analyzed oxidation rate;

(a) Zircaloy-4 and (b) Zr–1.0Nb–1.0Sn–0.1Fe alloys.
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Except for some cases of the oxidation rate transitions,

the calculated rate exponents and rate constants were

able to estimate exactly the experimental weight gains.

The Baker–Just relationship, which is obtained from

the oxidation at temperatures above 1000 �C, has been

used as the safety criteria of the high-temperature oxida-

tion for the Zr cladding materials [8]. The oxidation rate

constants for both alloys together with the Baker–Just

relationship are shown in Fig. 8 with the inverse temper-

atures. The relationships between the rate constants and

the temperatures for both alloys was obtained by ignor-

ing some data (indicating as arrows in the Fig. 8) ob-

tained at 800, 1000, and 1050�C. The slops of the

relationships for both alloys in this case are in accord-

ance with that of the Baker–Just relationship but the

rate constants of both alloys are higher than those of

the Baker–Just relationship. The slops are the same be-

cause the parabolic rates could be controlled at the con-

sidered temperatures as in the Baker–Just relationship.

It is necessary that the oxidation kinetics could not be

obeyed by the parabolic rate law in the ranges of 900–

1050�C.
The surface appearances of the oxidized specimens

were different depending on the test temperatures. After

the oxidation for the same exposure time, the surface

appearances for both the alloys are shown in Fig. 9. In

the case of Zircaloy-4, the surface color at 700 �C was

black and the color was changed into white yellowish

gray with an increasing temperature up to 1050 �C.
However, the surface color was recovered to a dark gray

at the temperature of 1100 �C, and then above 1100�C,
the color tones were changed into white as the tempera-

ture increased. By glancing at the surface appearances, it

is not difficult to see the discontinuities of the color tones

at the temperatures of 800, 1000 and 1050 �C. These

could be illustrated from the rate transitions during

the oxidation. The rate transition could affect the oxida-

tion kinetics and/or accelerate the oxidation rate. Then

the accelerated rate of the oxidation could influence the

discontinuities of ZrO2�x non-stoichiometry and the

surface color.

The trends of the surface color changes for the Zr–

1.0Nb–1.0Sn–0.1Fe alloy in Fig. 9(b) were almost simi-

lar to those for Zircaloy-4. The color discontinuities of

the Zr–1.0Nb–1.0Sn–0.1Fe alloy are also shown at the

temperatures of 800, 1000 and 1050 �C. The rate transi-

tions of the Zr–1.0Nb–1.0Sn–0.1Fe alloy occurred at

these temperatures. It is concluded that the color discon-

tinuities could be a result from the rate transitions dur-

ing the oxidation testing.

Figs. 10 and 11 represents the microstructural

changes for the Zircaloy-4 and Zr–1.0Nb–1.0Sn–0.1Fe

alloys, respectively, by varying the oxidation tempera-

tures from 700 �C to 1200�C. The microstructures at

700 and 800 �C for Zircaloy-4, in Fig. 10, were a-Zr
phase structures. The grains were coarsened with the

temperature increase from 700 �C to 800 �C. At 950 �C,
the microstructures consisted of two phases of a-Zr
and b-Zr. The specimens oxidized at the temperatures



Fig. 9. Surface appearances of the alloys after the oxidation

testing; (a) Zircaloy-4 and (b) Zr–1.0Nb–1.0Sn–0.1Fe alloys.
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above 1000�C had developed three layers; a zirconium

oxide layer, an oxygen-stabilized a-Zr layer and a prior

b-Zr layer with the depth from the outer surface. As the

temperatures increased, the thickness of the oxygen-sta-

bilized a-Zr layer was drastically increased and most of

the prior b-Zr layer disappeared at 1200�C. This is the
reason why the diffusion depth of the oxygen was ex-

panded with the increasing temperatures. And the thick-

ness of the zirconium oxide layer was abruptly increased
at 1050�C. This abrupt change of the oxide thickness

could have resulted from the rate transition of oxidation

as already pointed out.

In the case of the Zr–1.0Nb–1.0Sn–0.1Fe alloy as

shown in Fig. 11, the microstructures at the tempera-

tures of the a-Zr and a + b Zr regions were different

from those of Zircaloy-4. The grain growth of the Zr–

1.0Nb–1.0Sn–0.1Fe alloy could be suppressed by the

Nb addition in comparison with the grain size of Zirca-

loy-4 at the same temperature. The Nb addition in the

Zr–1.0Nb–1.0Sn–0.1Fe alloy could also expand the re-

gion of the a + b Zr phase and then decrease at the start-

ing temperature of the phase transformation of the base

metal. Above 1000�C, the microstructures of the Zr–

1.0Nb–1.0Sn–0.1Fe alloy revealed the three-layer struc-

tures similar to those of Zircaloy-4. But the border be-

tween the oxygen-stabilized a-Zr layer and the prior b-
Zr layer was not obvious in microstructures of the Zr–

1.0Nb–1.0Sn–0.1Fe alloy. The oxygen-stabilized a-Zr
phase was incorporated into the prior b-Zr phases.

The mixed structures are obvious by the delayed diffu-

sion rate of the Nb in the oxygen-stabilized a-Zr phases.
The slower diffusion of Nb than oxygen could cause the

oxygen-stabilized a-Zr phase to be incorporated into the

prior b-Zr phase. The abrupt increase of the oxide thick-
ness also occurred at 1050�C for the Zr–1.0Nb–1.0Sn–

0.1Fe alloy. This phenomenon could be interpreted from

the viewpoint of the rate transition during the oxidation

testing.

Fig. 12 provides the oxide microstructures for Zirca-

loy-4 to explain the microstructural changes at the tem-

perature of the b-Zr phase. Many lateral cracks were

contained within the oxide formed at 1050 �C but almost

disappeared within the oxide at 1100 and 1200 �C. The
lateral cracks would be evidence of the rate transition

of oxidation kinetics. The crack formation within the

oxide could be originally related to the ZrO2 transfor-

mation from the monoclinic structure to the tetragonal

structure. The oxide morphologies at 1100 and 1200 �C
were changed into a columnar-like structure. This could

also produce another trace of the tetragonal ZrO2 dur-

ing the oxidation at these temperatures [18]. The Sn seg-

regation line was clearly observed within the oxide

formed at 1200�C. It has been reported that Sn could

be concentrated in the line forming the compound of

the Zr4Sn due to the solubility and diffusion of the Sn

in the zirconium oxide [28–30].

For the Nb containing Zr–1.0Nb–1.0Sn–0.1Fe alloy

as shown in Fig. 13, a lot of lateral cracks were observed

within the oxide formed at 1050 �C. But the lateral

cracks were not found in the oxides at 1100 and

1200�C. With a similar trend to Zircaloy-4, the oxide

morphologies at 1100 and 1200 �C for the Zr–1.0Nb–

1.0Sn–0.1Fe alloy were different from those at 1050 �C.
The oxide morphologies at 1100 and 1200 �C were re-

vealed with a columnar-like structure. It should be of



Fig. 10. Microstructural changes of the Zircaloy-4 with the oxidation temperatures; (a) 700�C, (b) 800�C, (c) 950�C, (d) 1000�C, (e)
1050�C, (f) 1100�C, (g) 1150�C, (h) 1200�C.
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concern that there was no Sn segregation line within the

oxide formed at 1200�C in the case of the Zr–1.0Nb–

1.0Sn–0.1Fe alloy. Perhaps, this could be related to the

Nb addition into the Zr–1.0Nb–1.0Sn–0.1Fe alloy.

Although the reason for this is not understood yet, the

Nb addition in the Zr–1.0Nb–1.0Sn–0.1Fe alloy could

prohibit the Sn segregation within the oxide. It is

thought that the Nb addition could increase the Sn sol-

ubility within the oxide by stabilizing the tetragonal

ZrO2 phase.
On the basis of the previously described results and

discussions, the oxidation characteristics of both alloys

in the temperature ranges of 700–1200 �C are summa-

rized in Fig. 14. According to the previous studies on

standard Zircaloy-4 including 1.5wt% Sn, the tempera-

ture range coexisting with the a + b Zr two phases in

the zirconium-based alloy were found to have occurred

between 810 and 970 �C at the equilibrium state [27].

But, it was assumed in this study that the transformation

temperature from a-Zr to a + b Zr in this Zircaloy-4



Fig. 11. Microstructural changes of the Zr–1.0Nb–1.0Sn–0.1Fe alloy with the oxidation temperatures; (a) 700�C, (b) 800�C, (c)
950�C, (d) 1000�C, (e) 1050�C, (f) 1100�C, (g) 1150�C, (h) 1200�C.
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would be slightly changed by the decrease of the Sn con-

tents (1.35wt%). So, the transformation from the a-Zr
to a + b Zr might have occurred at about 800 �C for Zir-

caloy-4. This phase transformation could result in a

change of the oxidation kinetics from the parabolic rate

to the parabolic-linear rate. It is thought that the rate

transition could be revealed at 800 �C during the oxida-

tion testing. And the rate exponent at 800 �C decreased

when compared to that of the 700 �C. This could also

have resulted from the change of the oxidation kinetics.

The crystal structure of the zirconium oxide could be

transformed in the temperature range of 1000–1050�C
from a monoclinic to a tetragonal ZrO2. Two phase oxi-

des would be existed in the temperature region as shown

in Fig. 14(a). It was deduced that the rate transition at

1000–1050�C resulted from the structure transformation

of the zirconium oxide. The oxidation kinetics was re-

vealed by the cubic-parabolic rate and the cubic-linear

at the temperatures between 1000 �C and 1050�C. Espe-
cially, many lateral cracks were observed within the

oxide formed at 1050 �C. It is thought that these cracks

could be related to the oxidation rate transition due to

the oxide structural change. The oxide thickness was

abnormally increased at 1050 �Cbecause of the formation



Fig. 12. Oxide morphologies of the Zircaloy-4 with the oxidation temperatures; (a) 1050 �C, (b) 1100 �C, (c) 1200 �C.

Fig. 13. Oxide morphologies of the Zr–1.0Nb–1.0Sn–0.1Fe alloy with the oxidation temperatures; (a) 1050 �C, (b) 1100 �C, (c)
1200�C.
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Fig. 14. Relationship between the oxidation kinetics and the phase range of the base metal and the zirconium oxide for; (a) Zircaloy-4

and (b) Zr–1.0Nb–1.0Sn–0.1Fe alloys.
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of many lateral cracks. After the completion of the oxide

structure transformation above 1100 �C, the oxidation

kinetics would obey the parabolic rate law without the

rate transition. As mentioned in Fig. 6, the rate expo-

nents at 1100–1200�C were nearly 2.1. The oxidation

kinetics of Zircaloy-4 would be expected to be the para-

bolic rate above the transformation temperature of the

oxide structure.

In the case of the Zr–1.0Nb–1.0Sn–0.1Fe alloy as

shown in Fig. 14(b), the transformation temperatures

of the base metals could be changed due to the Nb addi-

tion into the Zr–1.0Nb–1.0Sn–0.1Fe alloy. In general,

the transformation from a-Zr + b-Nb to a-Zr + b-Zr
would occur at around 610 �C for the Nb-containing

Zr alloys [31,32]. But the massive transformation from

a-Zr + b-Nb to a-Zr + b-Zr for the Zr–1.0Nb–1.0Sn–

0.1Fe alloy would be at about 770 �C. And the comple-

tion temperature of the phase transformation for the

Zr–1.0Nb–1.0Sn–0.1Fe alloy would be brought down

due to the Nb addition in comparison to the Zircaloy-

4. The massive phase transformation at 800 �C could

influence the rate transition during the oxidation testing

and then alter the oxidation kinetics to be the parabolic-

linear rate. This trend for the Zr–1.0Nb–1.0Sn–0.1Fe al-

loy was the same as Zircaloy-4. The rate transitions and

crack formation at 1000 and 1050 �C for the Zr–1.0Nb–

1.0Sn–0.1Fe alloy could be deduced from the transfor-

mation of the zirconium oxide from a monoclinic to a
tetragonal ZrO2. These phenomena would also be af-

fected by the change of oxidation kinetics.

By excluding some of the experimental data (indicat-

ing an arrow in Fig. 8) having the transition of the oxi-

dation kinetics, the rate constants (Kn) for the Zircaloy-4

and Zr–1.0Nb–1.0Sn–0.1Fe alloy were put on the same

fitting line and parallel to the Baker–Just relationship.

The rate constants with parabolic-like rates at 700,

1100, 1150, and 1200�C could be applied to the hypoth-

esis of a parabolic rate law. It is recommended that the

rate constants in the temperature ranges from 800 �C to

1050�C should be reconsidered in the evaluation of the

oxidation kinetics of the zirconium alloys. The parabolic

rate law was not allowed at the temperatures of 800–

1050�C due to the change of the oxidation kinetics. In

summary, the oxidation kinetics of the Zr-based alloys

could be changed by the transformation of the base me-

tal phases and oxide structures. Because the parabolic

rate was not applied in the transformation temperature

ranges, it is necessary that the rate constants for the zir-

conium alloys be reevaluated systematically in the tem-

perature ranges of 800–1050�C.
4. Conclusions

The oxidation kinetics was changed by varying the

oxidation temperatures due to the phase transformations
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of the base metal and its oxide; parabolic rate (at

700 �C) ! parabolic-linear rate (at 800 �C) ! cubic rate

(at 900–950 �C) ! cubic (or parabolic) linear rate (at

1000–1050�C) ! parabolic rate (at 1100–1200 �C). As a

result of the transformations of the base metal and its

oxide, the transitions of the oxidation rates were observed

at 800, 1000, and 1050 �C for both the Zircaloy-4 and Zr–

1.0Nb–1.0Sn–0.1Fe alloys. The discontinuity of the sur-

face color change was in accordance with the oxidation

rate transition at 800, 1000, and 1050�C. And the oxida-

tion resistance of the Zr–1.0Nb–1.0Sn–0.1Fe alloy at all

the temperatures was superior to that of Zircaloy-4 from

the higher rate exponent due to the Nb addition. Consid-

ering the data controlled by the parabolic rates at 700,

1100, 1150, and 1200 �C, the rate constants were on the

same line for each alloy and they were the same slope

as the Baker–Just relationship. The lateral cracks within

the oxide formed at 1000–1050 �Cwere observed for both

alloys because of the structural transformation from a

monoclinic to a tetragonal ZrO2. In this study, it was

found that the parabolic rate was not controlled in the

transformation temperature ranges of 800–1050 �C.
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