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Abstract

The effects of annealing temperature on the microstructure and texture of the Zr-Sn-
-Nb-Fe-V alloy were studied using metallographic observation, second-phase particle (SPP)
analysis, and texture analysis. The results show that as the annealing temperature following
[B-quenching increases, the grain size in the metallographic structure of the Zr-Sn-Nb-Fe-
-V sheet gradually increases, and the average size and size distribution range of the SPPs
gradually increase. The Zr-Sn-Nb-Fe-V sheets at various annealing temperatures all have
{0001} basal texture, and the texture strength of the sheets at different annealing temperatures

varies significantly.
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1. Introduction

Zirconium alloys are often used as fuel cladding
and structural materials for water-cooled reactors in
nuclear power plants due to their low thermal-neutron
absorption cross-sections and excellent corrosion resis-
tance [1]. Zr-2 alloys have been maturely used in boil-
ing water reactors (BWRs), and Zr-4 alloys have been
widely used in pressurized water reactors (PWRs).
With the continuous growth in electricity demand
in my country, people have raised their requirements
for fuel consumption and nuclear reactor power. The
Nb element not only has a low thermal-neutron ab-
sorption cross-section but can also offset the harm-
ful effects of impurities such as carbon, nitrogen, alu-
minum, and titanium on the corrosion resistance of
zirconium alloys. At the same time, it can also ef-
fectively reduce the amount of hydrogen absorbed by
zirconium alloys. Consequently, many countries world-
wide are developing new, high-performance zirconium
alloys. Zr-Sn-Nb-Fe alloys are a key area of continuous
improvement for zirconium alloys used in PWR high-
burnup assemblies [1-4]. Zr-Sn-Nb-Fe alloys contain-
ing V have demonstrated excellent in-pile corrosion
resistance. For example, the US X1 (Zr-0.3Sn-0.7Nb-

-0.05Fe-0.12Cu-1.2V) alloy has a maximum oxide film
thickness of less than 50 um? when tested in a pres-
surized water reactor nuclear power plant at a bur-
nup of equal to or more than 70 GWd/MTU, which
can meet the design requirements of high burnup and
long-life fuel element cladding materials for pressur-
ized water reactors and is a fuel element cladding
material with outstanding potential. V-containing zir-
conium alloys are very sensitive to heat treatment and
require extensive heat treatment to achieve excellent
corrosion resistance. Currently, there are few reports
discussing the relationship between the annealing tem-
perature after S-solution treatment and the evolution
of microstructure and texture in Zr-Sn-Nb-Fe-V alloys
[6—10]. This study investigates the recrystallization,
SPPs, and grain orientation behavior of a Zr-0.4Sn-
-0.12Nb-0.3Fe-0.2V alloy sheet after annealing at dif-
ferent temperatures. We also analyzed how annealing
temperature affects SPP size.

2. Experimental materials and methods

The historical reference process for preparing the
Z1r-0.4Sn-0.12Nb-0.3Fe-0.2V alloy sheet includes a se-
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ries of steps: vacuum consumable arc melting of in-
gots, ingot forging, S-phase homogenization and wa-
ter quenching, 600°C hot extrusion, four-pass cold
rolling, and intermediate and final annealing. The as-
received sheet (from China) was cut into a group of
10mm x 10 mm x 1 mm samples. Firstly, all samples
were subjected to [ solution treatment at 1030°C for
50 min, followed by quenching in cold water. Before
the experiment, the S-quenched samples were cleaned
with anhydrous ethanol and deionized water, then
placed in a vacuumed tubular heating furnace, where
the temperature was raised at a constant rate. The
temperature was kept at 500, 600, and 700°C for 6
hours. The annealed specimens were gradually pol-
ished using 200- to 5000-grit sandpaper. The speci-
mens were then etched in a mixed acid solution (45 %
H50, 45% HNOs, and 10 % HF) and sprayed with
a hair dryer. The grain size of each annealed sample
was then observed using a metallographic microscope.
SPPs were observed using an FESEM microscope. Fi-
nally, quantitative metallography and Image analysis
software (ImageJ) were used to analyze the average
size and size distribution of the SPPs in each sam-
ple. At least 200 SPPs were counted for each sam-
ple. Grain boundary and texture analysis were per-
formed using a scanning electron microscope equipped
with an electron backscatter diffraction (EBSD) detec-
tor.
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Fig. 1. EBSD of B-quenched sheet samples.

3. Results and discussion
3.1. Effect of 3-solution treatment

Figure 1 shows the EBSD grain orientation im-
age of the Zr-0.4Sn-0.12Nb-0.3Fe-0.2V alloy sheet af-
ter (-solution treatment. As shown in Fig. 1, the
growth patterns of the a-plates were characterized by
the conversion of the high-temperature 5 phase into a
Widmanstétten interlaced a-plate structure with var-
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Fig. 2. Microstructure of Zr-0.4Sn-0.12Nb-0.3Fe-0.2V alloy samples with different annealing temperatures: (a) and (d)
500°C/6 h, (b) and (e) 600°C/6 h, (c) and (f) 700°C/6 h. Note that (a)—(c) optical microscope examination and (d)—(f)
EBSD examination.
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Fig. 3 SEM-SE images of the SPPs in Zr-0.4Sn-0.12Nb-
-0.3Fe-0.2V alloy samples annealed at different tempera-
tures (a) 500°C/6 h, (b) 600°C/6 h, and (c) 700°C/6 h.

ious crystallographic orientations, encircled by previ-
ous B-grain boundaries.

3.2. Effect of annealing temperature following
B-treatment on the metallographic structure
of the sample

Figure 2 shows the effect of annealing temperatures
on both the grain growth and the grain boundaries of
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Fig. 4. Particle size distribution of the SPPs in Zr-

-0.4Sn-0.12Nb-0.3Fe-0.2V alloy samples annealed at dif-

ferent temperatures: (a) 500°C/6 h, (b) 600°C/6 h, and (c)
700°C/6 h.
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Fig. 5. EBSD pole figure images of Zr-0.4Sn-0.12Nb-0.3Fe-0.2V samples annealed at different temperatures: (a) 500°C/6 h,
(b) 600°C/6 h, and (c) 700°C/6 h.

annealed samples. After annealing at 500°C/6 h, the
interlaced a-plates almost disappeared and changed
to a high percentage of fine and distinct recrystal-
lized grain structure, as shown in Figs. 2a,d, which, in
turn, consumed the high energy conserved during the
quenching after the S-treatment process and used it as
a driving force for recrystallization. As the annealing
temperature rose to 600°C/6 h, the effect of increasing

temperature was clearly evident in recrystallization
and granular growth, as shown in Figs. 2b.e. Finally,
after annealing at 700°C/6h, the grains grow signif-
icantly, sometimes with massive ones, and exhibit a
certain degree of directionality.

This trend is consistent with changes in the grain
structure of conventional Zr-Sn-Nb alloy sheets (which
have relatively high levels of impurities such as C and
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N) with increasing annealing temperature [2, 11-14].

3.3. Effect of annealing temperature on the
size of the second-phase particles

Figure 3 is the SEM-SE image of the SPPs of
each annealed sample. Figure 4 displays the statistical
outcome of the SPPs’ size distribution. As shown in
Fig. 3a and Fig. 4a, after annealing at 500°C/6 h, the
size of the SPPs in the Zr-0.4Sn-0.12Nb-0.3Fe-0.2V
sample ranges from 0.10 to 0.60 um, and the parti-
cles show random distribution, with an average size of
0.315 um. After annealing at 600°C/6h, as shown in
Fig. 3b and Fig. 4b, the size of the SPPs in the Zr-
-0.45n-0.12Nb-0.3Fe-0.2V sample gradually increased
and ranged from 0.15 to 0.65 pm, with an average size
of 0.382 um, with some irregularly shaped particles.
Figures 3c and 4c show that after annealing at 700°C
for 6 h, the SPP size in the alloy sample ranges from
0.15 to 0.75 um, with an average of 0.467 um.

This evidence indicates that the average size and
size distribution of the SPPs in the alloy increase sig-
nificantly with increasing annealing temperature [15,
16]. The irregular shape of particles also increased, in-
dicating that, with increasing annealing temperatures,
the particle size follows the Ostwald ripening mecha-
nism [17, 18].

3.4. Effect of annealing temperature on the
sample’s texture

Figure 5 displays EBSD pole figure maps for the
7Zr-0.45n-0.12Nb-0.3Fe-0.2V samples at various an-
nealing temperatures. As can be seen from Figs. 5a—c,
the Zr-0.4Sn-0.12Nb-0.3Fe-0.2V alloy samples at dif-
ferent annealing temperatures have a {0001} basal
texture, and the texture strength of the samples at
500°C/6h and 600°C/6h annealing temperatures is
slightly different. These differences may be related to
the processing method of the sheet during cold rolling
and the directional growth of the grains in the Zr-
-0.45n-0.12Nb-0.3Fe-0.2V samples after the annealing
process, because the new strain-free grains nucleate
and most of the recovery occurs in addition to the
driving force still not being a big difference during
this range of temperatures [19-21].

At 700°C/6 h, the temperature surpasses the onset
of full recrystallization, causing new strain-free grains
to nucleate with various crystallographic orientations.
Boundary mobility increases, allowing favourable ori-
entations to grow at the expense of others, thereby sig-
nificantly altering the texture. Additionally, at this an-
nealing temperature, the stored energy is completely
available to facilitate recrystallization and orientation
selection, resulting in substantial reorientation [22-
24].

4. Conclusions

1. With an increase in annealing temperature, the
grain size in the metallographic structure of the Zr-
-0.45n-0.12Nb-0.3Fe-0.2V sheet samples gradually in-
creases and shows a certain directionality.

2. With the increase of annealing temperature, the
average size and size distribution range of the SPPs in
the Zr-0.4Sn-0.12Nb-0.3Fe-0.2V sheet samples gradu-
ally increase between 500°C/6h and 600°C/6h and
significantly increase at 700°C/6 h.

3. The Zr-0.4Sn-0.12Nb-0.3Fe-0.2V alloy sheets an-
nealed at different temperatures all have {0001} basal
texture, and the texture strength of the alloy sheets
annealed at different temperatures is slightly different
between 500°C/6 h and 600°C/6 h and quite different
at 700°C/6 h.
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