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Abstract: The stress corrosion cracking (SCC) and its susceptibility (/..
reprocessing industry was investigated in boiling nitric acid. Stress-strain curves of Zr702 in boiling nitric acid with strain rate of 10

s were obtained using independent designed slow strain rate tension (SSRT) system. Microscopic characterizations as well as

) of commercial Zr702 applied for spent nuclear fuel

numerical analysis were carried out to quantify the SCC behavior of Zr702. Results reveal that the /.. of Zr702 obviously increases

CC
from 5% to 26.67% with the increase in HNO, concentration. The sharp decline in the mechanical properties of commercial Zr702 in
boiling HNO, solutions is attributed to cleavage fracture on surfaces of specimen, and the depth of the cleavage cracks increases with
the growing HNO, concentration. Finally, a model and an equation to predict the SCC behavior of commercial Zr702 in boiling HNO,
solutions was proposed. The quantitative relationship among HNO, concentration, /.., fracture stress (o) and cleavage crack depth

(d,,) can be described and predicted using a high-order regression equation.
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Nuclear power began out of military necessity, but since its
inception, this unprecedented power has shown great potential
in electricity generation. At present, nuclear power plants
meet over 13% of the world’s electricity demand™. For exa-
mple, nuclear power accounts for 72.28% of the energy
compo-sition of France”. Nuclear reprocessing plays an
important role in the nuclear fuel cycle, and reprocessing of
spent nuclear fuels (SNF) has been carried out usually in

19 Therefore,

concentrated boiling nitric acid solutions
structural materials used in nuclear fuel reprocessing plants
require superior corrosion resistance and reliability.

In India, stainless steels are now indispensable constructional
materials for dealing with HNO,, since they have good
corrosion resistance against nitric acid solutions as well as

appropriate practical properties such as working and welding
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properties. However, there are some drawbacks, i.e. they are
susceptible to general and intergranular corrosion in highly
oxidizing nitric acid media which contains oxidizing reagents
such as Cr* and Ce* with high oxidation-reduction
potentials"".

Based on security considerations, damage related properties
are important to these materials working in complex
environment for long time. Zirconium and its alloys are
extensively used in the cores of water-cooled nuclear reactors
mainly because of their low thermal neutron absorption cross-
section, reasonable mechanical and excellent corrosion
resistance under operating conditions. Compared with other
alloys, Zr and its series alloys such as Zr702 have a relatively
good corrosion resistance!*",

It has been demonstrated that Zr exhibits excellent resis-
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tance to general corrosion in HNO,. However, past studies
have shown that Zr is susceptible to stress corrosion cracking
(SCC) under specific conditions in boiling HNO, solutions".
Kajimura"" evaluated SCC susceptibility using slow strain
rate tests (SSRT) in a boiling nitric acid solution, and suggested
that the corrosion potential for SCC has effects on the suscep-
tibility of zirconium to SCC in a boiling nitric acid solution.

Yau"” investigated SCC for commercially pure Zr, Zr-1.5%
Sn alloy and Zr-2.5%Nb alloy in HNO, by the U-bend and C-
ring tests, and reported that although all of them have high
SCC resistance in 70% HNO, up to the boiling point, they
become susceptible to SCC in HNO, above 80%. Recently, it
has been reported that besides alloying, grain size can also
affect the corrosion behavior of metals!'™.

However, most early investigations of the corrosion
behavior of zirconium and its alloys in a boiling nitric acid
solution focus on similar concentrations. These reports lack
the consensus in the reported data about the effect of nitric
acid concentration on the corrosion resistance and the pro-
posed mechanisms are often conflicting or unclear, which in-
troduces considerable uncertainty into the subsequent analysis.

To obtain an optimal processing method for improving the
SCC resistance of zirconium alloys, it is necessary to
understand the possible cracking modes and to establish their
relationship at different concentrations of nitric acid. This
study presented microscopic evaluation of crack initiation and
propagation characteristics of Zr702 at different concen-
trations of boiling nitric acid, aiming to obtain available data
to better investigate the behavior of Zr702. For this purpose,
stress-strain curves and initial microstructure, etc as factors
affecting the crack initiation were analyzed.

1 Experiment

The material used in this study was commercial Zr702, and
its measured chemical composition is shown in Table 1. Zr702
plate with 28 mm in thickness was manufactured by vacuum
arc melting, forging, and hot rolling, followed by annealing at
800 °C for 1 h. Samples with three cross sections were
obtained by an electrical discharge machine along the normal
direction (ND), rolling direction (RD) and transverse direction
(TD) planes. Sectional surfaces were mechanically ground
step by step with abrasive paper, followed by mechanical
polishing using a colloidal silica suspension. Etching with an
acid mixture of alcohol: HF=9:1 in volume ratio was carried
out for metallographic analysis, which is shown in Fig.la. To
perform SCC analysis of Zr702 in boiling HNO, solutions,
customized testing system as well as SSRT specimen were
designed correspondingly.

As shown in Fig.1b, the testing system is mainly composed
of heater, test cell and condenser. During the experiments, the
HNO, in the test cell was boiled by the heater, and the solution

Table 1 Chemical composition of commercial Zr702 (wt%)
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Fig.1 Optical microstructure of Zr702 plate viewed along three

directions (a), schematic diagram of SSRT testing system (b),

and specimen geometry and dimensions for SSRT tests (c)

condensed in the glass condenser was collected into the glass
collector located under the condenser in the test cell. The
strain rate was controlled by a contact extensometer to remove
the effect of equipment stiffness. The extensometer had enou-
gh length, which created a relatively close strain rate even in
the elastic zone. The SSRT tests were carried out in different
HNO, concentrations (0, 4, 8 and 14.4, mol/L). Among them,
the 0 mol/L HNO, test was carried out in pure boiling water.

SSRT specimens, whose geometry and dimensions are
shown in Fig. Ic, were extracted from the Zr702 plate along
RD. Their gauge parts (20 mm in length, 6 mm in width and 3
mm in thickness) were all mechanically ground by abrasive
paper, followed by ultrasonic cleaning in alcohol. Specimens
were deformed to failure at strain rate of 1x10°° s™' during
SSRT tests, and then kept under open-circuit electro-chemical
potential conditions. The effect of HNO, concen-tration on
SCC at boiling temperature was evaluated by stress-strain
curve. Both fracture and lateral surfaces of the specimens after
SSRT were characterized by OPTON: HS-OP-810 scanning
electron microscope (SEM).

2 Results and Discussion

Fig.2a shows the engineering stress-strain curves of Zr702
with strain rate of 1x10” s in boiling water as well as HNO,
solutions. The results show that the specimens under all
conditions have uniform plastic deformation zone, and the
specimens exhibit relatively long softening behavior after
reaching the ultimate tensile strength (UTS).

The elongation of the tested specimens changes with the
HNO;, concentration, all in the range of 35% to 45%. This
result confirms that the plasticity of the commercial Zr702 is
affected by the concentration of HNO, during SSRT.

The final fracture surfaces of commercial Zr702 specimens
after SSRT are shown in Fig.2c~2f. It can be observed that all
the specimens show ductile fracture characteristics. In order to
evaluate the effect of HNO, concentration on plastic fracture,
the fracture dimple size of all the tested specimens were
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Fig.2 Engineering stress-strain curves of Zr702 in different HNO, solutions (a), dimple size of the fractography (center region) of speci-

mens (b), and SEM images of fractured commercial Zr702 specimens after SSRT tests in boiling HNO, solutions with different

concentrations (c~f)

measured. By fitting with Gaussian curve, it is found that the
average dimple size of the specimens is 16.04~21.55 pum.

The specimen tested in the lowest-concentration HNO,
presents the highest fracture strength (300 MPa), whereas the
lowest fracture strength (220 MPa) is obtained at the highest
concentration of HNO,. Thus, it is clear that commercial
Zr702 exhibit SCC sensitivity in boiling HNO, solutions.

The SCC susceptibility index (/y..) determined by the loss
of fracture stress measured in a solution is given by following
equation™”

Iy (0)=(1-04./0,)*x100% 1)
where /,.(0) is the stress corrosion susceptibility (%), oy is
the fracture stress in corrosive medium (MPa) and g, is the
fracture stress in inert media (MPa).

The calculated Iy of the commercial Zr702 in boiling
HNO, solutions is summarized in Table 2. It can be clearly
seen that with increasing the HNO, concentration, /.. is
significantly increased from 5% to 26.67%.

In a recent study, Chiaki Kato"” reported that SCC behavior
of Zr alloy was studied using slow strain rate testing (SSRT)
technique in HNO, (8 mol/L), and they found that no
significant decrease in the ultimate tensile strength is observed

Table2 SCC sensitivity of commercial Zr702 measured by

SSRT in boiling nitric acid with different concentrations

HNO, concentration/mol-L""  Strainrate/s’ oy L (0)/%
0 300 0
4 285 5
1x10°
8 230 23.33
14.4 220 26.67

for specimens tested in HNO, compared to specimens tested
in air. The experimental comparison shows that different
composition of Zr alloy leads to SCC.

To understand the SCC mechanism of commercial Zr702 in
boiling HNO, solutions, the cracking initiation behavior was
further analyzed by SEM. As shown in Fig. 3a~3d,, high-
magnification micrograph of the crack initiation region of the
specimens tested in water and HNO, solutions shows distinct
characteristics. The crack initiation region of the specimens
tested in water contains dimples, whereas that in HNO,
solutions shows typical cleavage facets. According to Fig.3, it
can be concluded that the fracture surfaces of commercial
Zr702 tested in HNO, contains two distinct regions, which
show cleavage feature at cracking initiation region and ductile
feature in the rest center region, correspondingly. To evaluate
the effect of HNO, concentration on the cracking initiation
behavior, d.. was introduced, which represents the depth of
the cleavage crack. This value is measured to be 0, 169.19,
191.67 and 206.66 pum for specimens tested in 0, 4, 8 and 14.4
mol/L HNO, solutions, respectively.

The lateral surfaces of the Zr702 specimens are presented in
Fig.3a,~3d,. Cleavage cracks, which are distributed perpendi-
cular to the tensile direction, are observed in specimens tested
in HNO, solutions without exceptions, while it is not detected
in specimens tested in water. In addition, as the concentration
of HNO, increases, the depth of these cleavage cracks on the
lateral surfaces increases, which will increase the SCC
susceptibility of commercial Zr702%. It also agrees with the
calculated SCC susceptibility index.

The corrosion resistance of zirconium is excellent in boiling
nitric acid®™, as shown in Fig.2a, while the performance of
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Fig.3 SEM images of fractured commercial Zr702 specimens after SSRT tests in boiling HNO, solutions with different concentrations

Zr702 is reduced under the combined effects of strain and
corrosion. In order to further understand the effect of HNO,
concentration on SCC behavior of commercial Zr702, nume-
rical analysis was carried out to quantify the relationship
among Iy, oy and d . Equations among these parameters
were finally proposed, and the detailed process for the deriva-
tion of the formula was described in the supplementary material.

I =0.5163x°~15.96x+327.5 )
0o =-0.0914x+3.3585x-1.8496 3)
d_=0.3104x’-8.3096:°+0.5694x (4)

where x is HNO, concentration. It can be used to determine
the key optimizing operating parameters of Zr702 stress
corrosion sensitivity in HNO,. Although the applicability of
the formula is limited due to the number of experiments, it has
certain guiding significances for future research on the stress
corrosion behavior of different metals HNO,.

Based on the above equations, the function fitting curves
are obtained and shown in Fig. 4a. The output value is

approximately linear with the expected value, showing a high
degree of correlation. Comparison of the SCC susceptibility,
facture stress and cleavage crack depth of specimens tested in
different HNO, solutions is shown in Fig.4a.

Moreover, according to the measured results, the depth of
cleavage cracks is deepened with increasing the HNO, con-
centration, which leads to decrease in cross-sectional areas
and finally reduces the engineering strength. Fig.4b and 4c
represent schematic diagrams of the samples tested in water
and environment, respectively. Blue and red lines refer to
dimples and cleavage cracks. During SSRT tests in boiling
water, the fracture mode of commercial Zr702 is typically
ductile fracture, evidenced by high-density dimples in the frac-
ture surface. However, during SSRT in boiling HNO, solu-
tions, cleavage cracks are firstly initiated on outer surfaces of
specimen, which is the oxide layer. In the subsequent straining
process, ductile fracture takes place and leads to final fracture.
The drop-down of fracture stress is attributed to these
cleavage cracks resulted from the failure of oxide layers.
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Fig.4 High-order fitting curves of SCC susceptibility (/;..), facture stress (oy..) and cleavage crack depth (d,) (a), schematic diagrams of the
fracture mechanism of commercial Zr702 during SSRT in boiling water (b) and HNO, solutions (c)
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