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Abstract 
Zirconium alloys are widely used to fabricate nuclear fuel claddings, and thus is desirable to improve the resistance of such 
alloys to corrosion and structural instability. In this study, Ta was used as an alloying element to improve the corrosion and 
oxidation resistance of zirconium alloys. The model alloy (TaZL) contained 0.03 wt% Ta and other elements with a proportion 
of less than 1 wt% in total (0.1 wt% Nb, 0.4 wt% Fe, 0.2 wt% Cr) in a zirconium base. The corrosion test involving pressurized 
water at 360 °C and oxidation test involving steam at 1200 °C indicated that TaZL exhibited the lowest weight gains among 
those of compared conventional and advanced Zr alloys. The corrosion and oxidation resistances of TaZL were respectively 
improved by 4 and 1.5 times compared to the corresponding values of Zircaloy-4. The microstructures of the oxide formed 
on TaZL were columnar along the oxide growth direction and did not change from columnar to equiaxed, which resulted in 
the high resistance of the alloy to corrosion and oxidation.
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1 Introduction

Improving the corrosion resistance is one of the key con-
cerns in the development of metallic materials. Zirconium 
exhibits excellent corrosion resistance to high-temperature 
water, saltwater, and several chemicals. Owing to this high 
corrosion resistance and its excellent nuclear performance, 
Zr is widely used in nuclear power plant. Consequently, over 
the past half century, Zr-based alloys have been evolved to 
possess a considerably higher resistance to corrosion and 
oxidation. Zr-based alloys are low alloying materials with 
the typical alloying elements being Nb, Sn, Fe, and Cr. The 
elements are added to Zr in a proportion of less than 2.5 wt% 
in total. The effect of these alloying elements (Nb [1–3], Sn 
[4, 5], Fe [6, 7], and Cr [7]) on the corrosion behavior of Zr 

has been investigated thoroughly. In addition, the effect of 
other minor elements such as Cu [8], Mo [9], V [9], Sb [10], 
and Ge [11] has been evaluated. These efforts have resulted 
in the development of commercial alloys, for example, 
ZIRLO (Zr–1.0Nb–1.0Sn–0.1Fe), M5 (Zr–1.0Nb–0.14O), 
HANA-4 (Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr) and HANA-6 
(Zr–1.1Nb–0.05Cu).

In this study, Ta was investigated as an alloying element. 
To the best of our knowledge, Zr alloys for nuclear applica-
tion have never been alloyed by Ta. Ta is a stable metallic 
material, which exhibits the formation of  Ta2O5 on its sur-
face [12, 13]. However, the addition of Ta in Zr-based alloys 
has been avoided because of the high neutron cross-section 
of the Ta atom. Thus, in this work, the model alloys were 
fabricated by minimizing the amount of Ta addition. The 
corrosion and high-temperature steam oxidation behaviors 
of the fabricated alloy samples were examined.

2  Experimental Procedures

The compositions of the alloy considered in this work were 
Zr–0.1Nb–0.4Fe–0.2Cr–0.03Ta (wt%), and the alloy was 
named TaZL (Ta-containing zirconium low-alloy). The 
starting materials with the designated compositions were 
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melted in vacuum, and ingots, each with a weight of 200 g, 
were obtained. The ingots were beta-annealed at 1020 °C 
for 30 min, and later quenched. To realize hot-rolling, pre-
heating was conducted at 700 °C for 15 min, and the rolling 
was performed with a reduction rate of 70%. The final heat-
treatment was performed at 570 °C for 3 h to obtain the fully 
recrystallized microstructure. Figure 1 shows the hot-rolled 
ingot and the microstructure after the final heat-treatment. 
In the samples, cracking or hardening was not observed dur-
ing rolling, and full recrystallization was achieved after the 
heat-treatment.

To conduct the corrosion test, samples with dimensions 
of 20 mm × 10 mm were cut and ground up to 1200 grit 
emery paper, and pickled in a 5HF–45HNO3–50H2O (vol%) 
solution. The final thickness of the samples after pickling 
was 1.5 mm. The corrosion test was performed by using a 
pressurized water loop at 360 °C and 18.5 MPa. The flow 
rate of the loop was 3–4 L/h. The weight gains of the cor-
roded samples were measured periodically.

To conduct the high-temperature steam oxidation test, 
samples with dimensions of 10 mm × 10 mm were cut and 
ground up to 1200 grit emery paper. Under Ar purging, the 
samples were heated at a rate of 50 °C/min to 1200 °C and 
maintained at this temperature for 2000s with exposure to a 
steam supply; the flow rate of the steam supply was 0.5 mL/

min. The weight change was measured in situ using a ther-
mogravimetric analyzer (Shimadzu TGA-51H, Japan) with 
an accuracy of 0.001 mg. To enable comparison, Zircaloy-4 
(Zr–1.3Sn–0.2Fe–0.1Cr) samples were tested together with 
the considered alloy samples.

The surface morphology of the oxides was investigated 
using a field-emission scanning electron microscope (SEM) 
(Scios 2, Thermo Fisher, USA). The microstructural char-
acterization of the oxide layer formed during the test was 
performed using a field-emission high-resolution transmis-
sion electron microscope (TEM) (JEM-2100F, JEOL, Japan) 
at 200 kV. The phases were determined by confirming the 
atomic ratio as well as the lattice structure. The composi-
tions of the oxide layer were also analyzed using an X-ray 
diffraction (XRD) spectroscope (XRD SmartLab, Rigaku, 
Japan).

3  Results and Discussion

Because a stable and non-dissolving oxide layer is formed 
on Zr surface during corrosion, the amount of corrosion in 
Zr alloys can be directly measured by considering the weight 
gain of the samples. Figure 2 shows the weight gains of 
samples during the corrosion test. To enable a comparison 
with other Zr-based alloys, the weight gains of the tested 
Zircaloy-4 as well as data (HANA-4 and HANA-6) obtained 
from previous works [14] were plotted together. TaZL dem-
onstrated the lowest weight gain among the compared alloys; 
the weight gain of TaZL was 54.2 mg/dm2 in 840 days, 
which was ~ 75% lower than the weight gain of Zircaloy-4 
and ~ 50% that of HANA-4. The thinner oxide layer can help 
achieve a high thermal conductivity and mechanical integ-
rity when a Zr alloy is used as a fuel cladding material. The 
weight gains of TaZL and HANA-6 were similar during the 
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Fig. 1  a Appearance of a model alloy ingot after hot-rolling under a 
reduction rate of 60%, and b its microstructures after final annealing 
at 570 °C for 3 h
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Fig. 2  Weight gains of various Zr-based alloys during corrosion 
in 360  °C pressurized water (included comparable data for HANA 
alloys [14])



3081Metals and Materials International (2021) 27:3079–3084 

1 3

initial corrosion stage; however, a kinetic transition (increase 
in corrosion rate) was observed at 540 days in HANA-6, 
which resulted in the weight grain of HANA-6 being ~ 20% 
larger than that of TaZL at the end of the corrosion test.

Figure 3 shows the cross-sectional microstructures of 
the corroded samples. The oxide layer formed on surface 
of Zr alloys was clearly distinguished from the substrate. 
It is observed that the undulant interfaces and rough cross-
sectional surfaces of the oxide layer. However, the oxide is 
known to be stable neither delaminates nor dissolves in pres-
surized water conditions. Thus, the thickness of oxide indi-
cates the resistance to corrosion of an alloy in concern. The 
oxide formed on Zircaloy-4 was about three times thicker 
than that on TaZL. This value underestimates the difference 
in weight gains (Fig. 2), however, the improvement in cor-
rosion resistance is apparent.

The detailed microstructures of the oxide layers were 
compared, as shown in Fig. 4. Most of the grains were 
elongated along the through-thickness direction in both the 
samples. The columnar structure implies the steady growth 
of the oxide. The columnar grains are typical microstruc-
tures of  ZrO2 formed on an oxidized Zr surface [11, 14, 
15]. The morphology of the grains can vary from columnar 
to equiaxed with the thickening of the oxide as the stress 
accumulated during an oxide growth must be dissipated 
[14–17]. Equiaxed grains were observed in the oxide formed 

on Zircaloy-4, as shown in Fig. 4b. The equiaxed structure 
is often connected to a stable form of oxide; however, it 
appears as a result of stress built-up in the growing oxide 
layer. The lateral cracks shown in Fig. 4a also indicate the 
microstructural transition [14–17]. In contrast, the grains 
were columnar in the TaZL samples (Fig. 4c–d). The thicker 
columnar layer in the TaZL samples indicated that the oxide 
grew thicker without a transitional oxidation when compared 
to that of Zircaloy-4. Because the transition of the oxide 
growth makes the oxide more susceptible to the diffusion of 
the oxygen ions [14, 15], a thicker columnar microstructure 
is desirable to achieve better oxidation/corrosion resistance. 
Thus, TaZL exhibits a higher resistance to oxidation than 
that of Zircaloy-4.

Figure 5 shows the weight gains of the samples during 
high-temperature oxidation at 1200 °C in a flowing steam 
environment. Both TaZL and Zircaloy-4 alloys exhibited 
parabolic increase in the weight gains without any kinetic 
transition or breakaway oxidation. As a comparison, weight 
gains of HANA-4 and HANA-6 were plotted together [18, 
19]. The weight gains of HANA alloys lied in between of 
Zircaloy-4 and TaZL. HANA-4 and HANA-6 revealed lower 
weight gains than Zircaloy-4 by about 14% and 21%. The 
weight gain of TaZL was 35% lower than that of the Zir-
caloy-4. TaZL showed improved resistance to high-temper-
ature oxidation by about 24% and 16% than HANA-4 and 
HANA-6, respectively.

Figure 6 shows the cross-sectional microstructures of the 
samples. An examination of the appearance of the samples 
(add-on images on Fig. 6) indicated the presence of a uni-
form black oxide all over the TaZL specimens. In contrast, 
a white oxide was formed on the edges of the specimens of 
Zircaloy-4. The microstructures demonstrate an accelerated 
oxidation at the edges of the specimens of Zircaloy-4. In 
addition, the thickness of the oxide was larger for Zircaloy-4 
samples (68 µm) than that for TaZL samples (54 µm).

The chemical compositions of the oxide layer were ana-
lyzed using XRD technique. According to the XRD results 
shown in Fig. 7, the oxides were identified as  ZrO2 in both 
the samples. A shift in the peak positions or additional peaks 
were not observed in the TaZL samples. In addition, similar 
microstructures were observed in TEM for the oxidized sam-
ples. Although the detailed mechanism of Ta on increasing 
the oxidation resistance should be defined further, the addi-
tion of Ta would be an effective way to develop an enhanced 
Zr alloy.

Nevertheless, the addition of Ta in Zr-based alloys should 
be restrained. Ta is harmful to be used in the fabrication of 
nuclear core materials because of its high thermal neutron 
capture cross-section (σ). The value of σ for Ta is 21 barns, 
whereas Zr has a σ value of 0.18 barns. The summation of σ 
for each element with respect to its atomic ratio in an alloy 
can help compare the practical applicability of the alloy. 
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Fig. 3  Cross-sectional microstructures of samples after a corrosion 
test, showing the oxide layers formed on the surface of, a Zircaloy-4 
and b TaZL
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The σ values of Zircaloy-4, ZIRLO, and HANA-4 are 19.73, 
19.68, and 20.84, respectively. TaZL has the comparable 
value of 20.96 as the model alloy was designed to minimize 

the Ta contents. Thus, TaZL can be used in nuclear fuel 
cladding materials, and exhibit satisfactory corrosion and 
oxidation resistance.

4  Conclusion

Zr alloy containing 0.03 wt% of Ta as an alloying element 
was fabricated. The model alloy exhibited low weight gains 
in the corrosion and oxidation tests. The corrosion of TaZL 
was 75% less than that of Zircaloy-4. The weight gains were 
as low as that of the advanced Zr alloy HANA-6. Moreo-
ver, no kinetic transition was observed during corrosion 
up to 840 days. The oxidation in high-temperature steam 
at 1200 °C was also suppressed by two-thirds compared to 
that of Zircaloy-4. Ta is expected to stabilize the oxide being 
formed on Zr surface. Although the evidence of Ta in the 
oxide layer was not found, the oxides formed on the TaZL 
samples were thinner and their microstructures were colum-
nar. The positive effect of Ta can be considerable for further 
development of zirconium alloy.

Fig. 4  Microstructures of the 
oxides formed on, a–b Zir-
caloy-4 and c–d TaZL samples. 
b and d are the magnified ver-
sions of a and c, respectively
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Fig. 5  a Weight gains of TaZL and Zry-4 samples under high-tem-
perature steam oxidation at 1200  °C (included comparable data for 
HANA alloys [18, 19])
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