
161JNFCWT Vol.20 No.2 pp.161-170, June 2022

Research Paper

Effect of  Steady-State Oxidation on Tensile Failure of  Zircaloy Cladding
Taeho Kim1, Kyoung Joon Choi2, Seung Chang Yoo3, Yunju Lee3, and Ji Hyun Kim3,*
1Korea Atomic Energy Research Institute, 111, Daedeok‑daero 989beon‑gil, Yuseong‑gu, Daejeon 34057, Republic of Korea
2Korea Railroad Research Institute, 176, Cheoldobangmulgwan‑ro, Uiwang‑si, Gyeonggi‑do 16105, Republic of Korea
3Ulsan National Institute of Science and Technology, 50, UNIST‑gil, Eonyang‑eup, Ulju‑gun, Ulsan 44919, Republic of Korea

(Received March 28, 2022 / Revised May 11, 2022 / Approved June 17, 2022)

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/ 
by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited

The effect of oxidation time on the characteristics and mechanical properties of spent nuclear fuel cladding was investigated 
using Raman spectroscopy, tube rupture test, and tensile test. As oxidation time increased, the Raman peak associated with 
the tetragonal zirconium oxide phase diminished and merged with the Raman peak associated with the monoclinic zirconium 
oxide phase near 333 cm−1. Additionally, the other tetragonal zirconium oxide phase peak at 380 cm−1 decreased after 100 
d of oxidation, whereas the zirconium monoclinic oxide peak became the dominant peak. The oxidation time had no effect 
on the tube rupture pressure of the oxidized zirconium alloy tube. However, the yield and tensile stresses of the oxidized 
nuclear fuel cladding tube decreased after 100 d of oxidation. The results of the scanning electron microscopy and transmis-
sion electron microscopy were represented with the in-situ Raman analysis result for the oxide characteristics generated on 
the cladding of spent nuclear fuel.
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1. Introduction

Numerous types of Zr alloys have been utilized as 
nuclear fuel cladding materials for pressurized water reac-
tors for several years due to their exceptional mechanical 
properties and low thermal neutron capture cross-section. 
Because cladding materials shield radioactive materials 
such as uranium and fission products, the degradation of 
zirconium fuel cladding is directly related to the safety of 
nuclear power plants as well as spent nuclear fuel. Addi-
tionally, the mechanical properties of the zirconium alloy 
are determined by the zirconium oxide that forms on its 
surface. Moreover, the phase of zirconium oxide is prob-
ably correlated with its structure [1-16]. To ensure the 
safety of spent nuclear fuel and nuclear power plants, it is, 
therefore, necessary to fully comprehend the mechanical 
property and oxidation characteristics of zirconium fuel 
cladding. Investigations utilizing Raman spectroscopy and 
transmission electron microscopy (TEM) revealed that 
monoclinic and tetragonal phases of zirconium oxide ex-
ist [17]. The tetragonal zirconium oxide predominates in 
regions where the macroscopic compressive stress is typi-
cally higher near the oxide/metal interface than it is in the 
interior zirconium oxide layer. As the oxidation process 
continues, the proportion of monoclinic zirconium oxide 
increases while the proportion of tetragonal zirconium ox-
ide decreases [18]. By decreasing the proportion of tetrag-
onal phase zirconium oxide, properties such as corrosion 
resistance and mechanical properties may be altered. The 
transformation from the tetragonal phase to the monoclinic 
phase is an intrinsic property of zirconium oxide, and many 
previous results indicate that its phase transformation to 
the monoclinic zirconium oxide phase correlates with the 
mechanical properties of zirconium alloys [19, 20]. The 

majority of previous zirconium oxide-focused literature 
relies on ex-situ experiments [21]; however, removing the 
specimen from the oxidation environment could influence 
the structure and phase of the oxide. To investigate oxides, 
in-situ Raman spectroscopy was utilized in this study. In 
addition, a tube tensile test and a rupture test were con-
ducted to investigate the changes in mechanical behavior 
brought on by oxidation. To characterize the fractography 
of oxidized zirconium alloy after a tensile test, an ex-si-
tu investigation involving scanning electron microscopy 
(SEM) was carried out.

 

2. Experimental

2.1 Materials and Specimen Preparation

This study utilized a plate and tube of the zirconium al-
loy [4, 16, 22], and the chemical composition of zirconium 
alloy is presented in Table 1. 

Prior to the oxidation experiment, the plate zirconium 
alloy specimen for in-situ Raman specimens had dimen-
sions of 40 × 40 × 0.65 mm3 and was meticulously polished. 
To first grind the specimen, 400 to 800 grit SiC paper was 
utilized. Next, diamond pastes with a maximum particle 
size of 1 μm and colloidal SiO2 were utilized to reduce the 
mechanical transformation of specimens. As specimens for 
tube rupture and tube tensile tests, zirconium alloy tubes 
were utilized. The outer diameter, length, and thickness 
of tubes are respectively 9.5, 130, and 0.6 mm. The tube 
was then pressurized to approximately 4.5 MPa prior to the 
oxidation test, and this pressure was maintained during oxi-
dation. The schematic of the zirconium tube specimen for  
oxidation and tube rupture test was illustrated in Fig. 1. 

Element Nb Sn Fe O N C Zr

Composition (wt%) 0.96 0.76 0.18 0.62 0.03 0.1 Bal.

Table 1. Chemical composition of the fuel cladding alloy (Zr-Nb-Sn)
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This procedure was intended to simulate the internal pres-
sure of the fuel cladding in a pressurized water reactor. For 
the tube tensile test, the type 2 reduced method of ASTM 
E8-E8M were used to design the tensile specimen. Fig. 2 
explains the construction of a tensile specimen.

2.2 Experimental System

For simulating the primary water chemistry of a nuclear 
power plant, particularly a pressurized water reactor, an au-

toclave and high-temperature and -pressure condition loop 
were created. The explanation is elaborated upon in the au-
thors’ previous study [16]. During the oxidation experiment, 
the following conditions of the oxidation environment were 
maintained: temperature of 360°C, the pressure of 19 MPa, 
dissolved oxygen (DO) concentration of less than 5 ppb, 
and LiOH and H3BO3 concentrations of 2 and 1,200 ppm, 
respectively. During the oxidation, a dissolved hydrogen 
(DH) concentration of 30 cm3·kg−1 was also measured.

2.3 Experimental Procedure

In this study, oxidized Zr-Nb-Sn specimens were sub-
jected to in-situ Raman spectroscopy, tube rupture testing, 
and tube tensile testing in a primary water environment. 
Plate and tube specimens of Zr-Nb-Sn were corroded in 
primary water chemistry conditions for a maximum of 100 
d. The in-situ Raman spectra were measured 30, 50, 80, and 
100 d after the start of oxidation. The detailed explanation 
of the whole system used for the in-situ Raman spectro-
scopic analysis is explained the authors’ previous studies 
[16, 23-25]. After 300 h, 50 d, and 100 d of oxidation ini-
tiation, the rupture and tensile properties of the tubes were 
measured. Using SEM, the microstructure characteristics 
of oxidized specimens were determined by analyzing the 
tensile test fractography.

The tube rupture test was conducted until a high-pres-
sure water-filled zirconium tube specimen ruptured. Using 
an Instron 8801 universal testing machine, as shown in Fig. 
3, at a strain rate of 0.015 s−1 and a proportionally reduced 

Fig. 1. Schematic of the fuel cladding tube specimen.
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specimen in accordance with ASTM E8-E8m, tensile tests 
were conducted.

3. Results and Discussion

3.1 Mechanical Tests With Oxidized Tubes

In this study, rupture and tensile tests were conducted 

on oxidized tubes after 300 h, 50 d, and 100 d of exposure 
to high-temperature water. Fig. 4 depicts the tube rupture 
experiment system, and Fig. 5 illustrate the results of a 
rupture test on a tube. The black line depicts the internal 
pressure of the as-received specimen as a function of time, 
while the red, blue, and magenta lines depict the internal 
pressure of 300 h, 50 d, and 100 d oxidation specimens, 
respectively. As illustrated in Fig. 5, the rupture pressure re-
mains constant as oxidation time increases. The maximum 

Fig. 3. Instron 8801 universal testing machine for this study. The tube tensile sample is held by grips. The samples after the tensile test are also presented.

Fig. 4. Images of tube burst experiment. Burst tubes are also presented.
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oxidation time is 100 d, which is insufficient to influence 
the rupture pressure, which is heavily influenced by the ox-
ide and metal matrix thickness [3]. 

Fig. 6 displays the results of a tube tensile test per-
formed at room temperature. Table 2 summarizes the yield 
strength, tensile strength, and elongation data from tensile 
tests. As shown in Fig. 6 and Table 2, yield and tensile 
strengths increased slightly. However, the 300-h oxidized 
sample had a different elongation than the sample as re-
ceived. After 50 d of oxidation, however, the yield and ten-
sile strength increased. The yield tensile strengths slightly 
increased to 753 and 1,002 MPa, respectively, as the oxida-
tion time increased to 50 d.

When the oxidation time attained 100 d, the yield and 
tensile strengths decreased to 555 and 706 MPa, respec-
tively, due to softening. To investigate the relationship 

between mechanical properties and microstructure, SEM 
was used for fractographic analysis. Figs. 7 depict the frac-
tography of an alloy of oxidized zirconium. As shown in 
Figs. 7, the surface morphologies of the as-received speci-
men and the 300-h oxidized specimen were identical. The 
size of the dimples in both SEM images was approximate-
ly 5–10 μm.

As depicted in Fig. 8(a), after 50 d of oxidation, the 
dimple size increased to approximately 30–40 μm, result-
ing in an increase in brittleness and yield tensile strength. 
In addition, fractography revealed smooth grains, which 
could increase the brittleness of the specimen [26]. In Fig. 
8(b), which depicts the 100 d oxidation specimen, the grain 
boundary fracture leads to the softening of the zirconium 
alloy. In addition, Fig. 8(b) contains lots of cracks on the 
fractography, with length up to 50 μm.

Yield strength (MPa) Tensile strength (MPa) Elongation (%)

As received 637 926 19.3

300 h oxidized 687 938 16.7

50 d oxidized 753 1,002 15.2

100 d oxidized 555 706 16.2

Table 2. Results of the oxidized fuel cladding tube tensile test

Fig. 5. Results of the oxidized fuel cladding tube rupture test.
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3.2  In-situ Raman Spectroscopic Analysis for 
Zr-Nb-Sn Alloy

Fig. 9 [27] depicts the in-situ Raman spectra of the zir-
conium alloy plate specimen oxidized for 30, 50, 80, and 
100 d at a constant concentration of 30 cm3·kg−1 dissolved 
hydrogen. Increasing the signal-to-noise ratio and obtain-
ing more accurate Raman spectra [16, 23, 24] were accom-
plished using the various techniques described in previous 
research. The high-intensity peaks that correspond to the 
sapphire window and boric acid are depicted in Fig. 9 as a 
vertical black bar. Positioned at the tip of the optical probes, 

the sapphire window determines the Raman peak positions 
at 414, 430, 575, and 747 cm−1 [16, 28]. The peaks between 
868 and 870 cm−1 are associated with the boric acid dis-
solved in the primary water [16]. Tetragonal zirconium 
oxide phase peaks could be observed at 330 and 380 cm−1 
after 30 d of oxidation [15, 16]. At 50 d of oxidation, the te-
tragonal zirconium oxide peak at 330 cm−1 merged with the 
monoclinic zirconium oxide peak. Furthermore, the peak at 
380 cm−1 for tetragonal zirconium oxide disappeared. Other 
monoclinic peaks 475, 530–561 (broad), 616, and 637 cm−1 
remained until 100 d of oxidation [15, 16].

This indicates that in-situ Raman spectroscopy can be 

Fig. 8. (a) Fractography of the 50-d oxidized fuel cladding specimen, (b) fractography of the 100-d oxidized fuel cladding specimen.

(a) (b)

Fig. 7. (a) Fractography of the as-received fuel cladding specimen, (b) fractography of the 300-h oxidized fuel cladding tube specimen.

(a) (b)
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used to investigate the phase of zirconium oxide. At an 
early stage of oxidation, the tetragonal phase of zirconium 
oxide may be close to the oxide/metal interface. Nonethe-
less, as oxidation time increased, the stress relaxation due 
to OH− ion could contribute to the tetragonal to monoclinic 
zirconium oxide phase transformation, resulting in an in-
crease in the monoclinic zirconium oxide ratio [16]. 

3.3  Ex-situ Analysis for Zirconium Oxide Us-
ing TEM

After milling with a focused ion beam (FIB), TEM 
analysis was conducted to determine the phase of zirco-
nium oxide. Before FIB, the specimen surface was coated 
with carbon to prevent surface contamination and ion beam 
damage to the sample itself. Fig. 10 [27] is a bright-field 
TEM micrograph of the oxide/metal interface of an oxi-
dized zirconium alloy. After 100 d of oxidation, the thick-
ness of zirconium oxide on the specimen was 2.44 μm. To 
investigate the zirconium oxide phase at different positions 
within the oxide and to confirm the zirconium oxide phase, 
the fast Fourier transform (FFT) method, which represents 
the grain shape of the oxide, was utilized. In Fig. 10, posi-
tion “A” represents the columnar grain, while position “B” 

represents the equiaxed grain. These two positions were 
used for the FFT analysis. Position “A” was analyzed as 
the monoclinic zirconium oxide phase, whereas position 
“B” was analyzed as the tetragonal zirconium oxide phase, 
as indicated by the FFT analysis results. This indicates that 
the zirconium oxide phase transformation from oxide sur-
face to metal/oxide interface has occurred.

3.4  Relationship Between Zirconium Oxide 
Phase and Mechanical Property

Using in-situ Raman spectroscopy, the oxide phase of 
zirconium alloy was analyzed. Phase transformation oc-
curred as the oxidation time increased. The tetragonal-to-
monoclinic transformation occurred at the oxide-to-oxide-
to-metal interface, and the volume expansion associated 
with the transformation caused intergranular cracks in oxi-
dized zirconium alloys [29-31]. It is known that monoclinic 
and tetragonal zirconium oxides have distinct grain sizes. 
The monoclinic zirconium oxide is primarily columnar and 
has a length of approximately 500 nm, whereas the tetrago-
nal zirconium oxide is primarily equiaxed and has a radius 

Fig. 10. Bright field TEM micrograph of the cross section of 
the 100-d oxidized specimen [27].

Fig. 9. In-situ Raman spectra of oxidized plate specimen at 
different oxidation times, 30, 50, 80, and 100 d [27].
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of approximately 30 nm [9, 10]. This relationship between 
oxygen vacancies and water molecules was explained by 
the previous zirconium degrading mechanism. In the deg-
radation mechanism [31], hydroxyl ions enter the inner por-
tion of the material through grain boundary diffusion and 
fill oxygen vacancies. The formation of proton defects and 
a decrease in the concentration of oxygen vacancy leads to 
the transformation from tetragonal to monoclinic because 
the tetragonal phase is no longer stable.

During this degradation, the grain boundaries are 
susceptible to hydroxyl ion attacks, which can explain  
intergranular cracking, and the oxygen vacancy concentra-
tion in the space charge layer rises as grain size decreases 
[31, 32]. In other words, the zirconium degradation might 
slow down when the grain size is relatively small or fine. 
When the oxidation time is short, a greater proportion of 
tetragonal zirconium oxide is present in the zirconium ox-
ide, which explains the relatively high mechanical property. 
However, as oxidation time increases, the tetragonal zirco-
nium oxide transforms into monoclinic zirconium oxide, 
and the material degrades due to hydroxyl ion attacks. This 
can lead to grain boundary cracking, as depicted in Fig. 8, 
and it softens zirconium alloy. As oxidation time increases, 
the yield and tensile strengths of zirconium alloy decrease. 

4. Conclusion

Using in-situ Raman spectroscopy, tube rupture tests, 
and tube tensile tests, the oxide characteristics and mechan-
ical properties of oxidized spent fuel cladding material, zir-
conium alloy, were investigated in this study. Both tetrag-
onal and zirconium oxide phases exist in the early stages 
of oxidation. As oxidation time increases, the monoclinic 
zirconium oxide phase may become predominant, leading 
to the degradation and softening of zirconium alloy. The 
observation from this study can be applied to the basic un-
derstanding of mechanical properties of cladding materials 
with various oxidation conditions. The following conclu-

sions can be drawn from this study:
1. Utilizing a tube rupture and a tensile test, the me-

chanical properties of the spent fuel cladding material were 
analyzed. As the oxidation time increases, the rupture pres-
sure remains constant. Nonetheless, as oxidation time in-
creases, yield and tensile strengths diminish. 

2. As oxidation time increases, the monoclinic phase 
of zirconium oxide becomes dominant, as determined by 
in-situ Raman spectroscopy. The tetragonal phase zirco-
nium oxide peaks are visible in the 30-d oxidation Raman 
spectrum, but they merge or disappear as the oxidation time 
increases. 

3. According to TEM and FFT analyses, the oxide 
phase distribution differs from the grain position in the ox-
ide. Near the oxide/metal interface, tetragonal zirconium 
oxide exists, while monoclinic zirconium oxide exists in 
the middle of zirconium oxide.

4. The transformation of tetragonal zirconium oxide 
to monoclinic zirconium oxide increases the proportion of 
monoclinic zirconium oxide. The diminished tetragonal ra-
tio may account for the decline in zirconium alloy mechani-
cal properties.
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