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ABSTRACT

The reaction kinetics of three different Zr—-Nb alloys with Zr-0.7 wt% Nb, Zr-2.5 wt% Nb, and Zr-5 wt% Nb
were investigated using the thermogravimetric technique in the temperature range of 723-790 K. Analysis of the
oxidation curves revealed that, at all oxidation temperatures, the reaction follows initially parabolic and then
linear oxidation reaction mechanism. The X-ray powder diffraction pattern of the oxidation products revealed
the formation of ZrOy ;; and Nb 50Zr 3003 19 at each temperature. The rate constants were evaluated using rate
equation and the activation energy by Arrhenius equation in both the parabolic and linear regions of each alloy.
The activation energies of Zr-0.7 wt% Nb, Zr-2.5 wt% Nb, and Zr-5 wt% Nb alloys in the parabolic region are
225, 222, and 198 kJ/mol, respectively, whereas in the linear region, the activation energies of the corresponding

alloys are 156, 136, and 123 kJ/mol.
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1. INTRODUCTION

Zirconium-niobium alloys are widely used in nuclear
industry because of their low neutron absorption
and their excellent mechanical and corrosion
properties [1-6]. In pressurized heavy water reactors,
Zr-2.5 wt% Nb alloy is used as a pressure tube (PT)
material in view of its better corrosion resistance,
higher mechanical strength, desirable creep resistance,
and lower hydrogen pickup over other Zr alloys [7-13].
An addition of small amount of Nb usually leads to the
retardation of oxidation of Zr-Nb alloys. It is reported
that Zr alloys containing a low Nb content show good
corrosion resistance [14,15].

There have Dbeen conflicting experimental
reports on the effect of Nb on the corrosion
kinetics [16-18]. Yilmazbayhan conducted corrosion
weight gain measurements on Zr-based alloys with
varying Nb content (0.4-2.5 wt% Nb) while keeping
other constituents constant but eventually did not
identify a clear correlation between Nb content and
corrosion kinetics [16]. Similar work by Yueh et al.
also produced inconclusive results [18]. There are
experiments even indicating that Nb-containing alloys
exhibit poor corrosion performance. From a study of
the effect of the B-phase on corrosion, it has also been
reported that corrosion rate of Zr-Nb alloys increases
with the formation of the B-Zr phase but decreases
with the formation of the B-Nb phase [19-21]. As
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such, the corrosion rate of Nb-containing Zr alloys
is known to depend on the Nb content in the matrix
and the type of B-phases. According to lever rule, the
niobium content in these alloys is very low compared
to zirconium. Since the mechanical properties of the
alloy can be affected by oxygen and moisture at the
time of operation of the reactor, it is necessary to
investigate the effect of Nb content on the corrosion of
Zr—Nb binary alloys for developing advanced nuclear
fuel cladding materials with improved corrosion
resistance. Studying the corrosion kinetics in various
media in different temperature ranges are of importance
for a comprehensive understating of the mechanism of
oxidation. Most of the literature data on the oxidation
behavior of these alloys pertain to moist air/moisture at
reactor operating temperatures (~573 K) or very high
temperature arising from accident conditions [14-21].
Very limited literature information is available in dry
air conditions and in the low or intermediate temperate
region. The present study is undertaken to investigate
the isothermal oxidation behavior of Zr—Nb alloys in
the temperature range of 723-790 K in dry air, though
in the actual application, traces of oxygen and moisture
would cause the deterioration. This study is essential
to derive basic information about the mechanism of
air oxidation in the absence of moisture. In the chosen
temperature range, the maximum solubility of Nb in
the o-Zr phase [22] is 0.7 wt% beyond which it is in
equilibrium with the B-phase.
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2. EXPERIMENTAL PROCEDURES
High-purity niobium and zirconium (each of 99.9 wt
pct purity) foils were used to prepare the specimens.
Zr-Nb alloys of three different compositions (given in
Table 1) were prepared using a commercial arc melting
furnace with a water-cooled copper hearth and tungsten
electrode. The detailed method of material preparation
was reported in an earlier publication [23]. Before
melting, the arc melting chamber was evacuated and
purged with argon gas several times. To improve the
homogeneity, the ingots were arc melted 6 times by
turning up-side down after each melting. Each of the
cast ingots was wrapped in tantalum foil and annealed
in an evacuated sealed quartz tube at 1200 K for 120 h
and water quenched to room temperature. The tantalum
foil works as a getter for residual oxygen in the quartz
ampoule. The annealed samples were cold rolled into
sheets of 1-mm thickness. The surfaces of cold-rolled
sheets were polished with 600# SiC paper and finely
polished with 2-um diamond paste; then, they were
thoroughly washed with acetone. The metallic sheets
were cut into pieces of 6 x 3 x 1 mm’ using a diamond
saw cutter for carrying out the oxidation studies.

The phases of the synthesized alloys and their
oxidation products were characterized by the X-ray
powder diffraction (XRD) method on a STOE X-ray
diffractometer (theta-theta geometry) using Ni filter
(STOE and Cie GmbH, Germany). The formation
of the various phases was established from the
comparison of their XRD patterns with the Joint
Committee on powder diffraction standards files.
The oxidation studies of these alloys were carried
out using TG-DTA instrument (Netzsch STA 409 PC,
NETZSCH-Geratebau GmbH, Germany).

Before oxidation, the instrument was calibrated for
temperature and mass using standard samples. The
temperature was calibrated by melting eight different
National Institute of Standards and Technology
standard samples (In, Sn, Bi, Zn, Al, Ag, Au, and Ni)
at a heating rate of 5 K-'min" in high-purity argon
gas atmosphere with a flow rate of 3.6 dm’h™". The
observed melting temperatures were compared with

literature values, and the temperature correction factor
was determined using the standard software supplied
with the instrument and the mass was calibrated by
recording the thermal decomposition pattern of
CaC,04.H,0 in argon atmosphere at the same heating
rate and same flow rate. Isothermal oxidation studies
on Zr—Nb alloys were carried out in isothermal mode
at four different temperatures, i.c., 723, 748, 773, and
790 K for 45 h in dry air at the same flow rate. All of
the oxidation studies were carried out in an alumina
crucible, and the oxidation products were identified
by the X-ray diffraction method. Morphology of
oxide layers was analyzed by taking scanning electron
microscope (SEM) images, and the cross-sectional
data were obtained by taking EDS spectra.

3. RESULTS AND DISCUSSION

3.1. Characterization of Alloys

The XRD patterns of the Zr—Nb alloys of three
different compositions Zr-0.7 wt% Nb, Zr-2.5 wt%
Nb, and Zr-5 wt% Nb along with those for pure Zr and
pure Nb are shown in Figure 1. The phase purity of the
alloys is confirmed by comparing the XRD patterns
with JCPDS (Joint Committee on Powder Diffraction
Standards) files (Pure Zr: 01-089-4902, Pure Nb:
00-035-0789, and Zr-Nb alloys: 01-071-9970) [24].
All the three patterns are similar and correspond to
(a-ZrNb) hexagonal phase. Hence, the alloys are
considered to be in a-ZrNb phase.

3.2. Oxidation Behavior of Zr—Nb Alloys

The isothermal oxidation behavior of Zr-Nb alloys
was investigated in the temperature range of 723-790
K in dry air using thermogravimetric technique for the
duration of 45 h at each temperature. The oxidation
kinetic curves of the alloys are shown in Figures 2-4,
respectively. After oxidation, some spalled-off oxide
scales were found in the crucible. The spalled-off
oxides obtained from the oxidation reaction of the alloy
Zr-0.7 wt% Nb at different oxidation temperatures
are taken for XRD study, and the obtained XRD
patterns are shown in Figure 5. It is evident from
the XRD patterns that the oxidation products are
solid solution of oxygen in hcp-Zr(O) and a ternary

Table 1: Values of the power exponent (n) and the oxidation reaction rate constant (k,) of Zr-0.7 wt.% Nb,
Zr-2.5wt.%Nb, and Zr-5wt.%Nb alloys at different temperatures.

Zr-0.7 wt% Nb

Zr-2.5 wt% Nb

Zr-5 wt% Nb

Temperature Parabolic Linear Parabolic Linear Parabolic Linear
oxidation oxidation oxidation oxidation oxidation oxidation
region region region region region region
T'K n Ink, n Ink, n Ink, n Ink, n Ink, n Ink,
723 1.66 -2622 112 -2099 1.61 -1876 1.05 -1593 1.60 -1540 099 -13.96
748 1.65 —25.02 1.12 -2024 162 -17.73 1.10 -1536 1.60 -1446 1.11 —13.49
773 1.65 -2392 111 -1943 161 -1659 1.12 -14.67 1.61 -1352 1.12 -12.82
790 .66 -2291 111 -18.69 1.62 -1560 1.13 -1396 1.61 -12.58 1.00 —12.19
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Figure 1: X-ray powder diffraction pattern of Zr—Nb
alloys, pure zirconium, and pure niobium.
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Figure 2: Oxidation kinetic curves of Zr-0.7 wt% Nb.

oxide. The compositions of these two phases closely
match with ZrO,,; (JCPDS file No. 01-089-2340) and
Nb0A202r0A8002A10 (JCPDS file No. 00-023-0452) [24]
All the alloys investigated here are zirconium-rich
phases. From the phase diagram of Zr-O system [25],
it can be predicted that the maximum solubility limit
of oxygen in a-Zr is around 35 at% oxygen at 2338
K. At lower temperatures (~800 K), the solubility of
oxygen in a-Zr is approximately 28-30 at%. Hence,
it is expected that in zirconium-rich alloys, the initial
oxidation product should be the solution of oxygen in
Zr which is confirmed from XRD analysis. However,
as the oxidation progresses, the oxygen solubility
reaches the terminal limit and a ternary compound
close to the stoichiometric compound ZrgNb,O;;
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Figure 3: Oxidation kinetic curves of Zr-2.5 wt% Nb.
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Figure 4: Oxidation kinetic curves of Zr-5 wt% Nb.

(6ZrO,.Nb,Os) is formed. To confirm the role of
nitrogen, a fresh experiment with dry nitrogen gas
was carried out at the highest temperature of 790 K
for 45 h. The thermogram did not show any weight
gain indicating that in the present temperature range of
oxidation, nitrogen does not play any role.

The XRD patterns of the oxidation products of Zr-
0.7 wt% Nb alloy at different oxidation temperatures
as given in Figure 5 show that ZrO,,; formation
decreases, but the formation of Nbyg,Zr 5003 10
increases with increase in temperature. Similar
patterns were obtained for all the three compositions
of the Zr—Nb alloys. Further, the XRD pattern of
oxidation of Zr-0.7 wt% Nb, Zr-2.5 wt% Nb, and
Zr-5 wt% Nb alloys at 790K given in Figure 6 shows
that the formation of Nbyg,Zrgg00, 10 increases
and ZrQg,; decreases with increasing the niobium
content. The same patterns were obtained at all
temperatures of these three alloys. The SEM images
of Zr-0.7 wt% Nb alloy at 790 K temperature as given
in Figure 7a and b show that coarse grained oxides are
formed at high temperature which results in cracking
of the surface and delamination of oxide layers from
the alloy surface which was observed during TG
experiments. Similar results were obtained in all the
three compositions of Zr—Nb alloys. Further, the EDS

257



Indian Journal of Advances in Chemical Science 5(4) (2017) 255-262

1 n 1 " 1 1

*  Zr-0.7wt%ND alloy at 748 K

Intensity/a.u

* *

Fonl o

1 2 1 1 1 1
*

L Zr-0.7wt%ND alloy at 723 K

*

# # i ## n

1 L 1 L 1 1 1
40 50 60 70
20/degrees

Figure 5: X-ray powder diffraction pattern of oxidation
of Zr0.7 wt% Nb alloy at different temperatures.
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Figure 6: X-ray powder diffraction pattern of
oxidation of Zr-0.7 wt% Nb, Zr-2.5 wt% Nb, and Zr-5
wt% Nb alloy at 790KZr0027(*) Nbo'zozro_gooz'lo(#).
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Figure 7: (a and b) Scanning electron microscope
images of oxidation layer of Zr-0.7 wt% Nb alloy at
790 K.

analysis of the cross-sections of the specimen was
carried out to find the Zr:Nb ratio. It was observed that
the Zr:Nb ratio of the surface oxide layer as shown in
Figure 8a is 25:1, whereas for the underneath layers
as shown in Figure 8b and c, the ratio becomes 17:1.
This indicates that Zr gets preferentially oxidized in
the beginning and then reacts with Nb to form the
ternary oxide.

In all the three alloys, the oxidation reaction initially
follows parabolic up to 3600 s and then shifted to
linear. The parabolic nature of oxidation kinetics is
commonly observed due to the oxygen diffusion
through the oxide film. Hence, in this case, the
oxygen diffusion through the solid solution hep-Zr(O)
is the cause of parabolic reaction kinetics. During
the progress of the oxidation reaction, the formation
of the ternary oxide results in cracking of the oxide
layer which results in exposing the freshly available
reactive surface of the alloy, thereby causing the
reaction to follow linear oxidation behavior. The
details of calculation of the rate constant and the
activation energies were already explained in earlier
publication [26]. The rate constant was calculated
using the rate equation: (Am/a)” = kt, where (Am/a)
(mg.mmﬂ) is the mass gain per unit area, n is
the power exponent, k (mg.mm “sec ') is the rate
constant, and ¢ is time in sec. The value of the power
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Figures 8: (a-c) EDS spectra of oxidation layers of
Zr-0.7 wt% Nb alloy at 790 K.

exponent (7) and the oxidation reaction rate constant
(k) of the parabolic and linear regions are summarized
in Table 1. The activation energies were calculated
using Arrhenius equation: k = A-exp(-E,/RT), where
k(mg.mm_zsec_l) is the overall oxidation reaction rate
constant, A(mg.mm “sec ') is the pre-exponential
factor, E,J mol )is the energy of activation,
R(JK 'mol ") is the universal gas constant, and T is
the temperature in Kelvin. The Arrhenius plots of
parabolic and linear rate constants for all the three
alloys are shown in Figure 9. The value of activation
energy was calculated using slope and intercept of
Ink versus 1/T in the abovementioned temperature
range. The value of activation energy of Zr-0.7 wt%
Nb, Zr-2.5 wt% Nb, and Zr-5 wt% Nb alloys in the
parabolic region is 225 kJ/mol, 222 kJ/mol, and
198 kJ/mol and in linear region is 156 kJ/mol, 136 kJ/
mol, and 123 kJ/mol, respectively.

The oxidation reaction of Zr—Nb alloys at different
compositions, different mediums, and different
temperature ranges is reported earlier [27-31].
The available data together with the data obtained
in the present study are presented in Table 2 for
comparison. Elshanshoury et al. [27] have observed
that the oxidation of Zr-1 wt% Nb followed two stage
mechanisms, initially parabolic and then linear in air
medium in the temperature range 673-973 K. The same
authors have reported that the alloy follows three stage
mechanism, initially parabolic, then parabolic or linear

and finally linear in the temperature range 673-973 K.
The activation energies obtained are 160.93 kJ/mol in
air and 105.75 kJ/mol in steam. Maroto et al. [28] have
studied the oxidation behavior of Zr-2.5 wt% Nb in
steam and observed that the oxidation reaction follows
the two-stage mechanism, initially parabolic and then
linear in the temperature range of 538-708K and found
out the activation energy 131.25 kJ/mol. Bohmert e? al.
[29] have observed that the oxidation kinetics of Zr-1
wt% Nb alloy in steam followed parabolic mechanism
in the temperature range of 973-1373K and activation
energy was found out to be 85.27 kJ/mol. Park et al.
[30] have studied the oxidation behavior of Zr-1 wt%
Nb alloy in steam and observed that the oxidation
followed the parabolic mechanism in the temperature
range of 973-1473K and activation energy obtained
was 88.61 kJ/mol. Kohli ef al. [31] have studied the
oxidation behavior of Zr-2.5 wt% Nb in CO, medium
and observed that the oxidation reaction followed
parabolic mechanism in pre-transition region and
linear in the post-transition region in the temperature
range of 873-1173K. The activation energies obtained
are 168.19 kJ/mol and 131.79 kJ/mol in pre-transition
and post-transition regions, respectively. They
have attributed the lower activation energy for long
exposure of time. In the present study, the activation
energies were calculated in the parabolic and linear
region for oxidation reaction in dry air. The oxidation
of pure Zr metal in dry oxygen gas was extensively
studied [32-38], and it was observed that the initial
stage of oxidation follows parabolic or cubic rate law,
and for the long period of time, the oxidation gets
accelerated according to the linear rate law [34,36-
38]. The oxidation product of pure Zr is ZrO,. Arima
et al. studied the oxidation kinetics of Zr—Nb alloys
with Nb contents of 1.0, 2.5,4.0, 6.0, and 10.0 wt%
in the temperature range of 773-873 K under low
oxygen potentials using CO-CO, gas mixtures for a
period up to 7 day [39]. They have observed that the
oxidation progressed according to cubic law for 1 day
for all the alloys, whereas alloys with high Nb content
showed accelerated oxidation rate at 873 K for 1 week
measurements. XRD analyses of the oxide film showed
the presence of both monoclinic and tetragonal zirconia
phases. EPMA analysis of the oxide layer showed that
a-Zr(0) formed at the metal oxide interface, and the
thickness of this interface layer is more for Zr-1Nb
than for the Zr-10Nb alloy. In another study, Arima
et al. have investigated the oxidation properties of
Zr—Nb alloys with 1-10 wt% Nb content in dry air in
the temperature range of 973-1273 K [40]. They have
observed that the oxidation kinetics obeyed parabolic
rate law. They have observed that, in addition to ZrO,,
a ternary oxide of composition 6ZrO,-Nb,Os; was
formed which is believed to promote the oxidation.
Further, the mechanism of the oxidation is related
to the lattice structures of underlying metal (a-Zr or
B-Zr) phases. The present investigation shows the
formation of a-Zr(O) and the ternary oxide close to the
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Figure 9: Variation of oxidation rate constant of Zr-0.7 wt% Nb, Zr-2.5 wt% Nb, and Zr-5 wt% Nb alloy with

respect to reciprocal of temperature.

Table 2: Oxidation studies on Zr—Nb alloys at various conditions.

Composition (Wt% Nb) Medium Temperature Rate law Activation Reference
range (K) energy (kJ/mol)

1 Air 673-973 Two-stage initial parabolic then 160.93 [27]
linear

1 Steam 673-973 Three-stage initial parabolic, 105.75 [27]
parabolic or linear, and linear

2.5 Steam 538-708 Initial parabolic then linear 131.25 [28]

1 Steam 973-1373 Parabolic 85.27 [29]

1 Steam 973-1473 Parabolic 88.61 [30]

2.5 CO, 873-1173 Pre-transition region (parabolic) 168.19 [31]

2.5 CO, 873-1173 Post-transition (linear) 131.79 [31]

1-10 Dry air 973-1273 Parabolic 150 (£1073 K) [40]

120 (1073 K)

0.7 Dry air 723-790 Initial parabolic than linear 225°% 156° This study

2.5 Dry air 723-790 Initial parabolic than linear 222% 136" This study

5 Dry air 723-790 Initial parabolic than linear 1982 123° This study

a: Parabolic, b: Linear

composition Nby,0Zrj 590,19 Which is in contrary to
the reported formation of ZrO, and the ternary oxides,
and we attribute this due to the low temperature range
employed in our investigation.

4. CONCLUSION

The study of oxidation reactions of three Zr—Nb
alloys of 0.7, 2.5, and 5 wt% Nb was carried out by
isothermal thermogravimetric experiments at four
different temperatures of 723, 748, 773, and790 K
for 45 h duration in dry air. The analysis of oxidation
curves and XRD analysis of the oxidation products
lead to the following conclusions:

I.  Each alloy follows initially parabolic and then

linear oxidation behavior.

II. The oxidation products of each alloy at all four
temperatures are ZrOy,; and Nbg 07215002 10,
respectively.

III. The oxidation kinetics is governed by the

simultaneous formation of both ZrO,,; and

Nbg 20218005 10, respectively and thinning of the
oxide at the metal oxide/gaseous environment
interface by oxide spalling.

The value of activation energy of Zr-0.7 wt% Nb,
Zr-2.5 wt% Nb, and Zr-5 wt% Nb alloys in the
parabolic region is 225 kJ/mol, 222 kJ/mol, and
198 kJ/mol and in the linear region is 156 kJ/mol,
136 kJ/mol, and 123 kJ/mol, respectively.

Iv.
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