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Abstract The effect of surface state on the nodular corrosion resistance of Zircaloy-4 alloy was investigated in super-
heated steam at 500 °C/10.3 MPa by autoclave tests. The microstructures of oxide films on the corroded specimens were
observed by TEM and SEM. The results indicate that surface strained layer delays the appearance of nodular spots on the
specimen surfaces and improves the nodular corrosion resistance. The columnar grains orientation of the oxide films
formed on the specimens with surface strained layer was more consistent than that on the specimens without surface
strained layer when a comparison was made on the same orientation of the grain surfaces. Such a kind of oxide micro-
structure formed on the specimens with surface strained layer can hinder the diffusion of oxygen ions along the grain
boundaries and delay the growth of oxide films, therefore retard the formation process of nodular spots. This indicates that
the microstructure of the initial oxide films has an important influence on the subsequent growth of the oxide films.
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1 Introduction

Zirconium alloys are used as nuclear fuel cladding mate-
rials owing to their low thermal neutron absorption
crosssection and high corrosion resistance [1-4]. In order
to reduce the cost of nuclear power, it is necessary to
increase the burn-up of nuclear fuel and extend refueling
cycle. Consequently, higher corrosion resistance of zirconium
alloys is required [5]. In general, the growth of uniform
oxide films is observed usually in pressurized water
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reactors (PWRs). Alongside with the uniform corrosion of
zirconium alloys, nodular corrosion is observed under
some definite conditions [6]. Nodular corrosion is a prob-
lem in boiling water reactors (BWRs). The lenticular oxide
nodules are observed gray and are dozens of times
(~ 100 pm) thicker than the black oxide films [7]. With the
growth of nodular corrosion spots, the local cladding is
rather quickly thinned [8], and hydrogen uptake increases,
which shortens the service life of nuclear fuel cladding.
Therefore, nodular corrosion of Zircaloy fuel claddings has
to be concerned [9, 10]. Several physical mechanisms
involving the formation of nodular corrosion have been
proposed, but it is still unclear how nodular oxide is
formed. In Ref. [11], it was suggested that H, was mainly
produced at the oxide/metal (O/M) interface. When the
pressure of H, gas accumulated in the O/M interface
exceeded the pressure the oxide film could withstand, the
oxide film would break to initiate nodular corrosion. Cheng
et al. [12] reported that the sites of nodular oxide nucle-
ation were found not to be at large precipitates or grain
boundaries; rather, the sites were identified, though not
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Fig. 1 Surface morphologies of Zircaloy-4 specimens without a and with b surface strained layer corroded in superheated steam at

500 °C/10.3 MPa for different time

unambiguously, to be free of precipitates. Zhou et al. [13]
proposed a nucleation and growth model—at the first stage
of oxidation, epitaxial oxide films formed on the metal
surface in different thicknesses were due to the differences
in grain orientation or badly distributed alloy elements.
Optimizing alloying composition [14] and thermal treat-
ment process [15] are commonly used to improve the
uniform corrosion resistance and nodular corrosion resis-
tance. Since the mechanism of nodular corrosion is still
unclear, other ways to improve the nodular corrosion
resistance cannot be ruled out. In this paper, a comparison
study on the presence and absence of surface strained layer
on Zircaloy-4 specimens is carried out to explore nodular
spots formation and the corresponding mechanism.

2 Experimental

To observe the formation and development process of nodular
corrosion spots on the surface of a single grain, coarse-grained
Zircaloy-4 specimens without textures should be prepared.
Based on previous work [16], the flat Zircaloy-4 specimens of
35 mm x 10 mm in dimension were cut from an as-received
1-mm-thick plate, vacuum-sealed in quartz capsules, annealed
at 1,030 °C for 40 min and then quenched into water by
simultaneously breaking the quartz capsules. The specimens
were vacuum-annealed again at 800 °C for 10 h to obtain the
coarse grains of 0.4—0.8 mm in diameter. Annealing at 700 °C
in vacuum for 100 h was adopted to reduce the supersaturated
solid solution of alloying elements in the «-Zr matrix. Before
every annealing, the specimens were pickled in a solution of
10 vol% HF + 45 vol% HNO5; + 45 vol% H,0, then rinsed
in cold tap water and deionized water to get a cleaned surface.

The prepared specimens were divided into two groups:
One group of specimens was grinded with 2000# sandpa-
per, and another group of specimens was not grinded for

comparison. The corrosion tests for these specimens were
performed in a static autoclave with superheated steam at
500 °C/10.3 MPa. The weight gain was a mean value
obtained from seven specimens. Prior to corrosion tests, the
two batches of specimens were cleaned and pickled in a
solution of 10 vol% HF + 45 vol% HNO; + 45 vol%
H,0, sequentially rinsed in cold tap water and finally
rinsed in boiling deionized water.

The compositions of 1.34 wt% Sn, 0.14 wt% Fe,
0.09 wt% Cr and balance of Zr for Zircaloy-4 specimens
were obtained by inductively coupled plasma atomic
emission spectrometry(IC-PAES) analysis. JSM-6700F
scanning electron microscope (SEM) was employed to
examine the morphology of the fractured surface and the
outer surface of oxide films formed on the specimens after
corrosion. The preparation process of the fracture surface
and outer surface samples has been described in Ref. [18]
in detail. In order to improve the quality of images, a thin
Pt layer was deposited on the oxide samples by sputtering.
The microstructure of oxide films was examined by JEM-
2010F transmission electron microscope (TEM) [19-22].
The TEM cross-sectional sample of oxide films was pre-
pared by 600i dual-beam focused ion beam (FIB) [23-25].

3 Results and Discussion
3.1 Corrosion Behavior

Figures 1 and 2, respectively, are surface morphology and
corrosion weight gain as a function of exposure time after the
autoclave tests in superheated steam at 500 °C/10.3 MPa for
two groups of specimens. The specimens without surface
strained layer were covered with considerable nodular spots,
and the coverage was about 70% after 30 h exposure as
shown in Fig. la; while the specimens with strained layer
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Fig. 2 Weight gain versus exposure time of Zircaloy-4 specimens
without and with surface strained layer corroded in superheated steam
at 500 °C/10.3 MPa

were covered with only a few nodular spots after the same
exposure time as shown in Fig. 1b. After 100-h exposure, the
nodular spots on the surface of the specimens with strained
layer increased, and the coverage of nodular spots was dif-
ferent among the same group of specimens, ranging from
about 40% to 60%. This may be due to the difference of the
strained layer thickness on the specimen surface. After 30-h
exposure, the corrosion weight gain of the specimens with
strained layer was about 1.0 mg/cm?, while the corrosion
weight gain of the specimens without strained layer was
about 22 mg/cm? (Fig. 2). The corrosion rate of the speci-
mens without strained layer is significantly larger than that of
the specimens with strained layer.

3.2 Morphology of Oxide Films

Figure 3 is the outer surface morphologies of oxide films
formed on Zircaloy-4 specimens with different surface

Cracks
Bumps

states corroded in superheated steam at 500 °C/10.3 MPa
for 0.5 h. On the surface of the specimens without strained
layer, some bumps and cracks were observed, while on the
surface of the specimens with strained layer, fluctuation
and chapped phenomenon was not obvious. Bumps would
grow faster and develop into nodular corrosion spots in
further corrosion and cracks that existed on the bumps
damaged the protection of oxide films, all are harmful to
the corrosion resistance.

Figure 4 shows the fracture surface morphologies of
oxide films formed on Zircaloy-4 specimens with different
surface states corroded in superheated steam at
500 °C/10.3 MPa for 7 h. It is obvious that the oxide film
of the specimen without strained layer (approximately
6.10 um) is thicker than that with strained layer with more
micro-cracks and pores.

Figure 5 shows the TEM images and selected area
electron diffraction patterns (SAEDPs) of the specimens
without and with surface strained layer corroded in
superheated steam at 500 °C/10.3 MPa for 0.5 h. SAEDPs
in Fig. 5a and ¢ show the grain surface orientations of
metal matrix without and with strained layer are the same,
i.e, (1011) plane. According to the results obtained by
Zhou et al. [16] using Zircaloy-4 coarse-grained specimens
corroded in superheated steam at 500 °C, such crystal
orientation of grain surface is easy to develop into nodular
spots after 12-h exposure. Therefore, it is appropriate to
investigate the microstructure difference of the oxide films
formed on grain surfaces with such orientation before the
appearance of nodular spots to better understand the
mechanism of the effect of surface state on the nodular
corrosion resistance.

Figure 5b and d are the dark-field images of oxide films
formed on the specimens without and with strained layer
corroded for 0.5 h, the O/M interface is marked by dashed
line. The morphologies of the columnar grains could be

(b)

Fig. 3 Outer surface morphologies of oxide films formed on Zircaloy-4 specimens without a and with b surface strained layer corroded in

superheated steam at 500 °C/10.3 MPa for 0.5 h
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Fig. 4 Fracture surface morphologies of oxide films formed on Zircaloy-4 specimens without a and with b surface strained layer corroded in
superheated steam at 500 °C/10.3 MPa for 7 h
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Fig. 5 Bright-field TEM images showing the orientations of metal grains a, ¢ and dark-field TEM images showing the oxide films formed on the
grains b, d of the specimens without a, b and with ¢, d surface strained layer corroded in superheated steam at 500 °C/10.3 MPa for 0.5 h
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Fig. 6 SAED patterns of oxide films formed on the grains without a and with b surface strained layer corroded in superheated steam at
500 °C/10.3 MPa for 0.5 h (the diffraction spots are selected in the dark-field images of oxide films in Fig. 5b, d, which are circled)

observed from bright and dark contrast in the dark-field
image. Due to the presence of the sub-grains, the “specks”
with different contrast were also found inside the columnar
grains, and the size of sub-grains was only about 40 nm as
shown in a higher magnification image inset the upper right
of Fig. 5b. Under the same imaging conditions, the
columnar grains with a similar orientation should have the
same contrast. Therefore, it is noticed from Fig. 5b and d
that there is a significant difference of the microstructure in
the oxide layers formed on the specimens without and with
strained layer. The oxide films formed on the specimens
with surface strained layer is relatively thinner, simulta-
neously, the orientation of the columnar grains is more
consistent (Fig. 5d). In contrast, the orientation difference
of columnar grains and sub-grains inside the oxide films
formed on the specimen surface without strained layer is
larger (Fig. 5b).

The selected area electron diffraction patterns (SAD)
presented in Fig. 6 show the information of crystal struc-
ture and orientation of the oxide films formed on the
specimens without and with strained layer. It is noted that
the crystal structure is mainly monoclinic [26] as indicated
in the patterns. A nearly continuous diffraction rings are
obtained in the SAD pattern of the oxide films formed on
the specimens without surface strained layer (Fig. 6a),
which illustrates that the orientation of oxide grains is
distributed in a scattered manner. However, the SAD pat-
tern of the oxide films formed on the specimens with sur-
face strained layer is like a single crystal diffraction pattern
as shown in Fig. 6b, which indicates that the orientation
distribution of oxide grains is rather concentrated. These
results are consistent with the observation of dark-field
images of oxide grains as shown in Fig. 5b, d.

@ Springer

When zirconium is corroded in high-temperature water
or superheated steam, 0%~ or OH™ diffuses from outside of
oxide into O/M interface and reacts with zirconium to form
ZrO, during the oxidation process, while electrons diffuse
along the opposite direction [27]. Therefore, the micro-
structure of oxide films (such as the size, shape and ori-
entation of the oxide grains, pores and micro-cracks in the
oxide films, and the second phase precipitates) will cer-
tainly influence the growth of oxide films, and affect the
corrosion resistance of zirconium alloys in turn. Zhou et al.
[28, 29] studied the effect of alloying compositions and
water chemistry conditions on the corrosion resistance of
zirconium alloys and discussed the relationship between
the microstructural evolution of oxide films and corrosion
resistance, it is pointed out that due to the P.B. ratio of Zr
(1.56), a compressive stress was produced in the oxide film,
many defects would be generated during the formation of
the oxide under such conditions. The diffusion, annihila-
tion and condensation of vacancies and interstitials under
the action of stress and temperature lead to the stress
relaxation in the oxide films. The vacancies were absorbed
by grain boundaries to form many pore clusters which
further developed into micro-cracks under stress, mean-
while, columnar grains evolved into equiaxed grains. Such
kind of microstructural evolution will lead to the
enhancement of oxygen ions diffusion and the acceleration
of the oxide film growth.

According to Refs. [13, 30], nucleation and growth
model—at the first stage of oxidation, epitaxial oxide films
formed on the metal surface in different thicknesses are due
to the differences in grain orientation. A compressive stress
forms in the oxide film, and a tensile stress will be pro-
duced in the metal underneath the oxide film. The metal
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substrate below the oxide/metal interface covered with
thicker oxide film develops deformation due to the larger
tensile stress, then increases the dislocation density of
metal substrate and diffusion channels of oxygen ions,
finally accelerates corrosion rate and leads to the formation
of bump in the black oxide films. The bumps act as nuclei
of nodular corrosion, simultaneously, the vacancies in the
bumps diffuse directionally and condense to form trans-
verse cracks under the compressive stress, forming nodular
spots. In light of the above discussion, it is easy to
understand the results obtained in present work. When the
oxide film is formed on the surface of the specimen without
strained layer, the orientation difference of the columnar
grains and sub-grains in the oxide film is relatively larger.
Such kind of microstructure increases diffusion channels of
oxygen ions. Therefore, the oxide film becomes thicker,
under which the metal substrate suffers a larger tensile
stress. Then, the dislocation density and oxygen ions dif-
fusion channels in metal substrate increase inevitably. This
finally accelerates the corrosion rate and leads to the for-
mation of lump. When oxide film is formed on the surface
of the specimen with strained layer, the columnar grains
with relatively consistent crystal orientation are formed.
Such kind of microstructure is not favorable to the diffu-
sion of oxygen ions along grain boundaries and also delays
the microstructural evolution of the oxide films, and thus,
the growth rate of oxide film is relatively slower and
nodular corrosion resistance of the specimens is also
improved accordingly. It is also demonstrated that the
microstructure of the initial oxide films has an important
influence on the subsequent growth of oxide films, which
also proves that the microstructural evolution of the oxide
films is a key factor in affecting the growth rate of the
oxide films and the corrosion resistance of zirconium
alloys.

4 Conclusions

When Zircaloy-4 specimens were corroded in superheated
steam at 500 °C/10.3 MPa, the strained surface layer could
delay the development of nodular corrosion spots and sig-
nificantly improve the nodular corrosion resistance. The ori-
entation of columnar grains in the initial oxide film formed on
the specimens with surface strained layer is more consistent
than that of the specimens without surface strained layer when
the comparison is made on the same orientation of the grain
surfaces. Such a kind of microstructure of the oxide films
formed on the specimens with surface strained layer is not
favorable to the diffusion of oxygen ions along the grain
boundaries, therefore delays the growth of the oxide films and
retards the formation of nodular spots subsequently. This
indicates that the microstructure differences of the initial

oxide films have substantial influence on the subsequent
growth of the oxide films.
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