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The microstructure and precipitates’ evolution after hot deformation of
Zr—-Sn—Nb-Fe samples in the o and a + 3 phases are investigated using trans-
mission electron microscopy (TEM), energy dispersive x-ray spectroscopy
(EDS), scanning electron microscopy (SEM), and electron backscatter dif-
fraction (EBSD) accessories. The results show that the grain structure of the
hot-deformed Zr—Sn—Nb-Fe-alloy samples is elongated along the thermal-
deformation direction, forming a long, strip-like structure. Numerous re-
crystallized small grains and subgrain boundaries exist between these strips.
The precipitated phases in the deformed samples with increasing tempera-
ture are primarily B-Zr, with minor amounts of 3-Nb and Zr(Fe, Nb):, exhibit-
ing a relatively uniform dispersion.

Key words: Zr—-Sn—Nb-Fe alloy, hot deformation, microstructure, precipitate
phase.

EBoutrortiro MikpoCTpYKTypu Ta npenumiTaTiB micasa rapsauoi gedopmarrii spas-
KiB Zr-Sn—Nb-Fe y dasax a it o + 3 mocaifgKyBaiu 3a JOTOMOTOI0 TPAHCMicCifi-
HOl enexTpoHHOI Mikpockonii (TEM), eneprommcmepciiiHoi peHTI'eHiBCHKOI
cuexrpockotmii (EPC), ckanyBaabHOi eneKTpoHHOI Mikpockomii (CEM) Ta
mudpakii 3BBopoTHLO poscissHUx (BigduTux) enexTpoHiB ([I3PE). Pesynabsratn
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IIOKAa3yIOTh, IO 3€PHUCTA CTPYKTypa 3pasKiB rapsauenedopMOBAHOIO CTOIY
Zr—-Sn—Nb-Fe € BUTATHYTOIO B3[JOBK HANIPAMKY TepMmiuHOi nedopmarrii, yTBo-
PIOIOYU OBTY, CMYTOIOAIOHY CTPYKTypy. MiX mumMm cMyramMm po3TairioBaHi
yucJieHHi ApiOHi pexpucTanaidoBami 3epHa Ta MexKi cybsepen. Pasu, 1m0 BUIi-
JSI0ThCA B e OPMOBAHUX 3pasKax i3 MiABUINEHHAM TeMOepaTypu, ABIAIOTH
coboro mepeBasKkHO P-Zr, 3 HesHauHuMu Kinbkoctamu 3-Nb ta Zr(Fe, Nb)z, ge-
MOHCTPYIOUM BiTHOCHO PiBHOMipHY AucCIIepCiro.

Karouosi ciosa: crou Zr—-Sn—Nb-Fe, rapsua medopmaliis, mikpocTpyxTypa,
¢asa ocany.

(Received 11 February, 2026; in final version, 30 April, 2026 )

1. INTRODUCTION

Zirconium alloys have long been widely used as fuel cladding materials
for nuclear power reactors due to their advantages such as small neu-
tron absorption cross-section, high thermal conductivity, and good re-
sistance to waterside corrosion. As reactors develop towards high fuel
consumption and long life, the in-core corrosion performance, hydro-
gen absorption performance, irradiation elongation, and creep per-
formance of zirconium alloy cladding at high fuel consumption have
become primary concerns. In the late 1970s, developed countries began
to develop new zirconium alloy cladding materials and successively de-
veloped a series of new zirconium alloys, such as France’s M5, the
United States’ ZIRLO, Russia’s E635, Japan’s DNA and MDA, and
South Korea’s HANA series alloys [1-4]. China has been conducting
research on new zirconium alloys since the early 1990s. Through a se-
ries of studies, the composition of N36 zirconium alloy
(Zr-1Sn—-1Nb-0.3Fe) was determined, and industrial-scale pipe devel-
opment work was carried out [5, 6].

Zirconium alloy preparing must undergo ingot melting, forging,
homogenization, hot extrusion, annealing after hot extrusion, multi-
ple cold rolling and intermediate annealing, cold rolling of finished
products, and final annealing. Compared with Zr-4 alloy, the addition
of Nb elements to N36 zirconium alloy reduces its a— o + 3 phase
transformation temperature from about 810°C of Zr-4 alloy to below
680°C[7]. Therefore, the processing temperature of the new zirconium
alloy should be reduced accordingly. In addition, when the Nb content
is higher than 0.6%, Zr—Nb zirconium alloy will undergo segregation
reaction at about 610°C, generating -Zr [8-10]. In order to avoid the
reduction of the corrosion resistance of the alloy due to the formation
of B-Zr [11], the heat treatment of Zr—-Nb alloy needs more practical
fields to understand the segregation temperature and formation of
precipitates.

This study used transmission electron microscopy (TEM), scanning
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electron microscopy (SEM), and electron backscatter diffraction
(EBSD) accessories to investigate the microstructure of Zr-Sn—-Nb-Fe
zirconium alloy plate hot-deformed at 600-750°C. The grain structure,
grain boundary characteristics, and precipitation formation mecha-
nism of the hot-deformed samples were analysed, providing a theoreti-
cal basis for subsequent processing.

2. EXPERIMENTAL/THEORETICAL DETAILS
2.1. Materials Sampling Method

In this study, the nominal composition of Zr—-Sn—Nb-Fe zirconium al-
loy was Zr-1%Sn—-1%Nb—0.3%Fe, and hot deformed was used at
600-750°C with strain rate 5 s™ to investigate the microstructure evo-
lution. Using SEM with its EBSD accessory and TEM, the specimens
were observed along parallel ND-RD axis of the original plate (Fig. 1).
The final diameter and height of the cylindrical samples used in this
experiment was 6 mm. In order to be able to identify the RD observa-
tion area of the original plate on the sample after compression defor-
mation, a small notch is left on the cylindrical surface to mark the RD
of the plate.

2.2. Structural Characterization

The final diameter and height of the cylindrical samples used in this
experiment was 6 mm. In order to be able to identify the RD observa-
tion area of the original plate on the sample after compression defor-
mation, a small notch is left on the cylindrical surface to mark the RD
of the plate. The Gleeble 3500 thermal simulation testing apparatus
was used to finish the thermal compression experiment. EBSD samples
were prepared using a vibratory polishing and chemical polishing
method. The vibratory polisher was a BUEHLER VIBROMET2, and the
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Fig. 1. Method of sampling from original plate.
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chemical polishing solution was H2SO.:HNOs;:H;O:HF = 15:30:45:6
(volume ratio). After chemical polishing, the samples were immediate-
ly rinsed with running water and alcohol. The prepared samples were
characterized for microstructure using an EBSD system (HKL)
equipped with a field emission scanning electron microscope (FEI
NOVA NANO SEM 400). Electron beam scanning was used, with a typ-
ical scan step size of 0.1 ym and a scanning area of 150 x 150 points.
HKL’s CHANNEL-5 software was used for data analysis and micro-
structure reconstruction.

The precipitate phase was prepared using mechanical polishing and
chemical etching. For observation, the sample was first polished to
5000# with sandpaper and then chemically etched using a solution of
glycerol:nitric acid:hydrofluoric acid =6:3:1 (volume ratio). After
chemical polishing, it was immediately rinsed with running water. The
surface was wiped clean with a clean cotton ball and ultrasonically
cleaned in acetone for 3 minutes. The sample was then rinsed in 60°C
concentrated nitric acid to remove polymeric substances adhering to
the surface. The sample was then rinsed with running water and dried
for later use. The morphology and composition of the precipitate phase
were analysed using a FEI NOVA NANO SEM 400 with an EDS acces-
sory. TEM samples were prepared using a mechanical thinning and
electrolytic double-spray thinning method. The chemical thinning so-
lution was HCIO,:CH;CH:OH =11.5:86 (volume ratio). The prepared
samples were analysed for grain structure and precipitated phases us-
ing a high-resolution transmission electron microscope.

3. RESULTS AND DISCUSSION
3.1. Grain Structure

Figure 2 shows the ND-RD plane EBSD reconstruction of the hot de-
formed samples at 600°C and 750°C. The analysis results show that the
hot-deformed area exhibits a typical post-deformation locally dynami-
cally recrystallized structure. Most of the grains are elongated, form-
ing long strips approximately 20 ym long and 3 ym wide. These strips
contain numerous subgrains, and most of the small grains have the
same orientation or a small orientation difference. Locally, dynamical-
ly recrystallized grains are present, with an average grain size of ap-
proximately 0.5 um. In addition, some grains show resistance to de-
formation process. Differences in hot deformation temperature led to
variations in crystallographic orientation between the o and a+f
phases in zirconium alloys, which are attributed to their distinct crys-
tal structures, deformation mechanisms, and phase transformations
governed by specific orientation relationships.
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Fig. 2. EBSD Images of ND-RD observation area at 600°C (a), 750°C (b).

TEM analysis of hot deformed samples at different temperatures
shows a trend that the structure consists primarily of two types of
structures: lath-like structure and fine equiaxed recrystallized struc-
ture (Fig. 3, a). The laths contain a high density of dislocations
(Fig. 3, b). The EBSD recrystallization positive polarity map of the hot-
deformed sample also shows a small orientation difference between the
deformed and recrystallized grains, indicating that dynamic recrystal-
lization occurs through continuous subgrain boundary rotation
(Fig. 4).

An average analysis of the EBSD grain boundary diagram reveals
that this elongated microstructure contains high-density, small-angle
grain boundaries surrounded by fine, equiaxed, dynamically recrystal-
lized grains. There are two theories regarding its formation: the first
one is the originally equiaxed grains, under high temperature and with
suitable grain orientation and sufficient independent slip systems,

Lath-like
structure

a

Fig. 3. TEM microstructure of deformed samples: lath and partial recrystalli-
zation structure (a); lath structure contains high density of dislocations (b).
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Fig. 4. EBSD grain boundaries map of hot deformed sample.

they can uniformly deform into elongated shapes, similar to the de-
formation of cubic metal grains; and the second one they are formed
from original coarse equiaxed grains through continuous horizontal
shearing and friction at high temperatures, with the large grains dis-
appearing slowly and being partially retained [12-15]. Figure 4 shows
that there are many subgrain boundaries within the large, elongated
deformed grains, indicating that slip deformation also occurred within
the elongated structure. The slip systems that zirconium alloys may
excite at high temperatures mainly include the {1010 }<1210> cylin-
drical slip system, the {1010} and {1121} conical slip system, and can
also be obtained through the {1012 }<1011> twins nromote the defor-
mation of zirconium alloys, while the {1010}<1210> and {1011}<
1210> slip systems can provide 2 and 4 independent slip systems
[16, 17], respectively. This indicates that although Zr—-Sn—Nb-Fe alloy
has a relatively large number of independent slip systems at high tem-
peratures, it still has fewer independent slip systems compared to cu-
bic metals. On the other hand, from the perspective of orientation dis-
tribution, the orientation of the elongated structures is relatively close
to that of the recrystallized equiaxed grains, both being slightly de-
flected tangential orientations, which are conducive to the activation
of the <a> and <a + ¢> slip systems [18]. This indicates that the original
large grain orientations corresponding to these elongated structures
are conducive to plastic deformation, while the distortion energy ac-
cumulated during the deformation process is relatively low. The origi-
nal coarse grain orientations of other parts are not conducive to plastic
deformation, and the distortion energy accumulated during the de-
formation process is relatively high.

Studies by K. Murty et al. have shown that under higher extrusion
ratios, Zr—-0.25Sn-1.0Nb—0.35Fe zirconium-alloy extrusion billets al-
so exhibit similar elongated structures, while Zr-4 alloys all exhibit
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fine equiaxed recrystallized structures. This indicates that the slower-
diffusion Nb element may hinder the dynamic recrystallization of
Zr—-Sn—-Nb-Fe zirconium alloys [19]. Therefore, during hot defor-
mation, deformed structures with high distortion energy will become
fine equiaxed dynamic grain structures due to dynamic recrystalliza-
tion. The presence of Nb element hinders the dynamic recrystallization
of some deformed structures with lower distortion energy, and the dis-
locations inside will merge to form small-angle grain boundaries or
subgrain boundaries, still basically preserving the original grain
structure the elongated tissue after deformation.

3.2. Precipitated Phase

SEM analysis showed that there were precipitates in the hot-deformed
samples deformed at 600°C and 750°C (Fig. 5). Most precipitates which
were distributed in a string-like pattern along the hot deformed direc-
tion, with an average size of more than 250 nm in an average. Most of
the precipitates at 600°C are fine particles and the energy dispersive
spectroscopy analysis shows that the mainly composed of Nb indicating
high B-Nb precipitate percentage, and some of Zr(Nb, Fe).. At 750°C,
the precipitate shows the same trend of elongated along the deformed
direction, indicating that these precipitates have good plasticity. In
niobium—zirconium alloys, except for the metallic 3-Zr and B-Nb, the
others are relatively hard and brittle intermetallic compound precipi-
tates. B-Nb is generally finer. Energy dispersive spectroscopy analysis
shows that most precipitates are mainly composed of Zr and a small
amount of Fe and Nb. Considering that zirconium alloys with Nb con-
tent exceeding 0.6% will undergo segregation reaction at a certain
temperature. Studies by Toffolon et al. have shown that the segrega-

Fig. 5. SEM second phase particles image of hot deformed sample: low magni-
fication at 600°C (a); high magnification at 600°C (b); sample deformed at
750°C (c).
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tion temperature of Zr—1.0Nb is above 600°C, while studies by Hyun-
Gil Kim etal. have shown that the segregation temperature of
Zr-2.0Nb is approximately 585°C [8, 9]. However, the temperature
during hot deformation of the Zr-Sn—Nb-Fe alloy in this study exceeds
this temperature, allowing it to enter the o+ phase region. The B
phase is likely to be retained at the end of deformation due to the rapid
cooling rate. Therefore, the precipitates observed by SEM should al-
most be B-Zr.

TEM studies revealed that the precipitates in the hot-deformed
samples were almost retained B-Zr structures at the grain boundaries
(Fig. 6), and trace amounts of B-Nb and the Zr(Fe, Nb). phase (Fig. 7).
The Nb/Fe value in the Zr(Fe, Nb): phase is relatively dispersed, rang-
ing from about 0.1 to 15, while the Nb/Fe ratio in the Zr—-Sn—Nb—Fe
zirconium alloy containing the Nb and Fe second phase is generally in a
smaller range [20-22]. This indicates that for primary products such
as Zr—-Sn—Nb alloy hot deformed samples, the distribution of alloying
elements is not uniform. In addition to solid solutions in precipitates
such as B-Zr and Zr(Fe, Nb)., a large number of alloying elements are
supersaturated and solidly dissolved in the matrix, which is signifi-
cantly different from a uniform equilibrium structure. A uniform
equilibrium structure can be obtained through subsequent processing.
K. Murty et al. study on Zr—0.25Sn—-1.0Nb-0.35Fe zirconium alloy ex-
trusion billets showed that the precipitates mainly consisted of harder
intermetallic compound precipitates Zr(Fe, Cr): and (Zr, Nb).Fe;, as
well as softer metallic precipitates B-Zr and B-Nb, etc. [19]. This indi-
cates that even at lower deformation temperatures, Zr—Sn—Nb zirconi-
um alloys may will produce B-Zr. Considering B-Zr and its string-like
structures formed during subsequent processing, the adverse effects
of distributed second-phase particles on the corrosion of zirconium al-

" "Retained B-Zr

Fig. 6. Image of B-Zr precipitated in hot deformed samples.
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Nb finc precip

Fig. 7. Image of precipitated B-Nb (a), Zr(Fe, Nb): ().

loy necessitate measures during subsequent processing to eliminate
residual B-Zr and the formation of string-like second-phase distribu-
tions, resulting in a finely dispersed second-phase [21, 23]. Further-
more, considering that supersaturated Nb dissolved in the zirconium
matrix also negatively impacts the corrosion resistance of zirconium
alloys [24], Zr-Sn—Nb-Fe zirconium alloys should be deformed at the
lowest possible temperature, with a larger rolling deformation and a
lower annealing temperature to promote the full precipitation of Nb
within the zirconium matrix, forming a finely dispersed second phase
and improving the corrosion resistance of Zr—-Sn—Nb-Fe zirconium al-
loys.

4. CONCLUSION

The results of studying microstructure and precipitates evolution of
Zr—Sn—Nb-Fe alloy during hot deformation at oo and o + B phase showed
the following.

1. The alloy matrix is a mixture of lath-like structure and locally dy-
namically recrystallized fine-grained structure.

2. During deformation, most precipitates are distributed in a string-
like pattern. At 600°C, fine particles with mainly composed of Nb indi-
cate high B-Nb precipitate percentage, and some of Zr(Nb, Fe),. As
temperature rises to the o + f two-phase region, residual B-Zr and trace
amounts of 3-Nb and Zr(Fe, Nb): phases can be observed in the matrix.
3. This inhomogeneous microstructure negatively influences its corro-
sion resistance. Therefore, subsequent processing of Zr—-Sn—Nb—-Fe al-
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loy should employ large deformation and low-temperature annealing
processes to obtain a fine, dispersed second-phase microstructure,
thereby improving the alloy corrosion resistance.
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