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1. Introduction
E-110 (Zr-1%Nb) zirconium alloy is used in nuclear reactors as fuel cladding material.
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The tightness of the fuel claddings during operation, and also during the long-term
storage depends on the stability of E-110 alloy phase composition and properties [1–
3]. Phase composition of Zr-based alloys is well studied [4–8], while the studies of
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structural evolution in Zr-1%Nb alloy under high temperature annealing and acting
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stresses during the creep process, as well as its inﬂuence on the processes resulting
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in fuel cladding integrity violation is an urgent task.
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The dominant creep mechanism of zirconium alloys is dislocation climb at stresses
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lower than 100 MPa, and dislocation slip – at higher stresses [9]. Formation of sec-
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Zr alloys.
To study the structure and phase composition evolution of E-110 alloy under the
inﬂuence of operational factors studies using modern high-resolution analytical equipment are necessary. These studies allow to determine not only the phase composition
but also the elemental composition of the phases, and to monitor the grain texture and
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morphology changes during the creep process. In this paper, studies of Zr fuel cladding
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samples in the initial state and after creep tests were carried out.

Committee.

2. Materials and research methods
To assess the structure of fuel claddings in initial state, microstructural studies of E110
alloy (Zr-1% Nb) cladding samples of two types were carried out: from electrolytic
zirconium (E-Zr) and seamless cold-rolled fuel rods from sponge zirconium (S-Zr).
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Phase composition studies were carried out by transmission electron microscopy
(TEM) using FEI Titan 80-300 transmission electron microscope and scanning electron
microscopy (SEM) using a high-resolution Zeiss Merlin scanning electron microscope
in heavy radioactive version.
Local inhomogeneities of the chemical composition were determined both in matrix
and interphase boundaries (if any) by means of atom probe tomography (APT) using
Cameca LEAP-4000 HR atom probe. Samples were prepared by electrochemical
method and results were processed using Cameca IVAS 3.6.12 software.
Average grain size and texture were assessed on the samples prepared for TEM by
electron backscatter diffraction (EBSD) analysis using Zeiss Merlin scanning electron
microscope equipped with the Oxford Instruments Nordlys II EBSD-detector. AZtec
software package was used to control the backscattered electron detector and obtain
the diffraction pattern (EBSD).
The composition of the secondary phases was determined using an attachment for
X-ray energy-dispersive spectroscopy (EDXS), the parameter and type of the crystal
lattice was determined by the micro diffraction (SAED) method, and also by Fourier
transformation [10] of HRTEM (High Resolution TEM) images identiﬁcation in the DiffraCalc software package [11].

3. Results of E110 alloy samples studies in initial state
Figure 1 (a, b) shows EBSD maps of S-Zr and E-Zr grain structure.

а- Г-Zr

б - Э-Zr

Figure 1: EBSD-map of E110 alloy grain structure.

Grain size was determined in a plane tangent to the fuel element surface, using the
chord method [1] using IVAS software. Fig. 2 (a, b) demonstrates the histograms of
grain size distribution in the studied samples, and Table 1 shows the average grain
DOI 10.18502/kms.v4i1.2124
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size estimation in the indicated plane, taking into account the lognormality of the
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Figure 2: Histograms of grain size distribution in sponge (a) and electrolytic (b) zirconium samples in the
initial state.

Table 1: Grain size in the studied samples.
Material

𝑑, μm

𝑠, μm

𝐶𝐼95% , μm

S-Zr

3.3

1.5

3.3±0.3

E-Zr

3.6

1.7

3.6±0.3

where:
• an average grain size 𝑑 =

1
𝑛

𝑛

∑𝑖=1 𝑑𝑖 , where 𝑑𝑖 - the random value obtained in the

grain size estimation, n – the number of the measured grains;
2

𝑛
1
• a standard deviation: 𝑠 = √ 𝑛−1
∑𝑖=1 (𝑑𝑖 − 𝑑 ) ;

• a 95% conﬁdence interval for the average value: 𝐶𝐼95% = 𝑑 ± 𝑡2.5% ×

𝑠
,
√𝑛

where

t25 - 2.5% Student distribution point.
To determine the preferential grain orientation EBSD analysis was conducted using
the ring samples after electrochemical polishing in 10% perchloric acid HClO4 solution
in methanol CH3 OH, cooled to a temperature (minus 60 ÷ minus 50 degrees). The area
of EBSD analysis for pole ﬁgures constructing was not less than 0.1 mm2 with not higher
than 1 μm step. Fig. 3 shows (0001) pole ﬁgure for sponge Zr in initial state. The texture
parameters (Kearns parameters) for sponge zirconium in initial state were f𝐿 = 0.083,
f𝑇 = 0.315, f𝑅 = 0.602, which corresponds to the radial texture (0001) and is consistent
with the literature data for the E110 alloy fuel claddings in initial state [13, 14].
DOI 10.18502/kms.v4i1.2124
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Figure 3: (0001) pole ﬁgure for sponge Zr in initial state.

TEM studies showed that dislocation structure in the fuel cladding samples in initial
state is poorly developed; however some grains demonstrate the presence of dislocation networks (see Fig. 4).

a - bright-field TEM image

b - STEM-image

Figure 4: TEM-image of S-Zr sample area with dislocation networks in initial state. a - bright-ﬁeld TEM
image, b - STEM-image.

Such dislocation structure indicates the presence of residual plastic deformation
in the studied fuel elements as a result of rolling that is in good agreement with
[15], which shows the calculation results of the polycrystalline zirconium dislocation
structure with a residual plastic deformation level of 0.2%.
The following phases were found in the studied S-Zr and E-Zr samples:
• rounded β-Nb phases with a bcc lattice (a = 3.31 Å), located predominantly in
the grain body;
DOI 10.18502/kms.v4i1.2124
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• Nb-Zr–based phases of elongated form with a fcc lattice (a = 4.35 Å) located
predominantly in the grain body;
• Zr, Nb and Fe –based phases of Zr(Nb,Fe)2 type (cubic Laves phase) with a bcc
lattice (a = 3.50 Å), located in the grain body. A small amount of chromium is
also present;
• ZrH hydrides of elongated form with a tetragonal lattice (a = 4.59 Å and c = 4.95
Å), located predominantly in the grain body.
Figure 5 (a,b,c), and 6 show typical STEM-images of secondary phases and proﬁle
of chemical element distribution in β-Nb phase.

50 nm

c

b

a

Figure 5: Dark-ﬁeld STEM (a,b) and TEM (c) images of secondary phases in S-Zr sample with different
magniﬁcation: β-Zr, Zr-Nb (a), ZrH hidrides (b), Zr(Nb,Fe)2 Laves phase (c).
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Figure 6: Typical proﬁle of chemical element distribution for β-Nb phase in S-Zr.
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The average sizes and bulk densities of the detected phases for both sponge and
electrolytic zirconium are presented in Table 2. Table 3 shows the average chemical
composition by EDX- analysis of the detected phases.
Table 2: The average sizes and volume densities of the secondary phases in S-Zr and E-Zr samples in initial
(unirradiated) states.
Material

Secondary phases
β-Nb

Zr-Nb

Zr(Nb,Fe)2

Zr-H

𝑑, nm

𝜌, 1020 m−3

𝑑, nm

𝜌,1019 m−3

𝑑, nm

𝜌, 1019 m−3

𝑑, nm

𝜈, %

S-Zr

48±6

1.0±0.2

100-150

0.2-0.4

80-120

0.5-1.0

150-250

∼0.01

E-Zr

34±6

1.5±0.2

100-150

0.1-0.3

80-120

0.2-0.3

150-250

∼0.01

𝑑 – average size, 𝜌 – volume density, ν – volume fraction of hydrides

Table 3: The average chemical composition of phases in S-Zr and E-Zr samples in initial (unirradiated)
state.
Material

S-Zr

E-Zr

Phase

Average element composition

% of the total
number

Nb

Fe

Cr

β-Nb. Zr-Nb

bal.

4.9

0.0

86

Zr(Nb.Fe)2

bal.

32.2

1.4

14

β-Nb. Zr-Nb

bal.

8.5

0

98

Zr(Nb.Fe)2

bal.

19.0

2.7

1-2

As can be seen from Tables 2-3, in the samples studied the globular β-Nb phases
with an average size of ∼ 40 nm and located predominantly in the grain body has
the highest density (which well agrees with the data presented in [4-8]). Besides the
above phases, in the studied cladding samples based on both sponge and electrolytic
Zr the elongated Zr-Nb phases were found, which previously was not mentioned in
research papers. The Nb0.81 Zr0.19 phase (fcc lattice, Fm-3m (225) spacing group, period
4.350Å [16]) best ﬁts the data obtained. Fig. 7 shows the typical HRTEM-image of the
Zr-Nb phase area and the corresponding Fourier transform with post-processing in the
DiffraCalc software package. Figs 8-10 show similar images for the β-Nb, Zr (Nb, Fe)2
phases and ZrH hydrides.
In the equilibrium state, the structure of the E110 alloy consists of α-solid solution of
niobium in zirconium, in which β-Nb particles are located. Under different conditions
of thermomechanical treatment, the β-Zr phase and the metastable ω-phase can be
formed [17]. However, no β-Zr precipitates have been found in the structure of the
DOI 10.18502/kms.v4i1.2124
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2 nm
a

b

c

Figure 7: HRTEM-image of the Zr-Nb phase area (a) and corresponding Fourier transform (b) with postprocessing in the DiffraCalc software package (Zone axis [10-1] (c)).

a

b

c

Figure 8: HRTEM- image of the β-Nb phase area (a) and corresponding Fourier transform (b) with postprocessing in the DiffraCalc software package (Zone axis [100] (c)).

2 nm
a

b

c

Figure 9: HRTEM- image of the Zr(Nb,Fe)2 phase area (a) and corresponding Fourier transform (b) with
post-processing in the DiffraCalc software package (Zone axis [100] (c)).

studied samples, which corresponds to numerous earlier studies [17-20], and this is a
consequence of the technological process development of the alloy E110 manufacture.
Table 4 presents the APT-measured matrix composition of investigated samples of
the fuel claddings based on both sponge and electrolytic zirconium.
According to Table 4 data, matrix contains a minor Nb amount, the rest is in a bound
state - in the form of β-Nb phase, which is conﬁrmed by microstructural studies.
DOI 10.18502/kms.v4i1.2124
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b

a

c

Figure 10: HRTEM- image of the ZrH hydride area (a) and corresponding Fourier transform (b) with postprocessing in the DiffraCalc software package (Zone axis [10-1] (c)).
Table 4: APT-measured matrix composition of investigated fuel cladding samples.
Chemical
element

Content, at.%
S-Zr

E-Zr

Zr

98.8

98.2

Nb

0.2

0.4

O

0.6

0.8

H

0.3

0.5

C

0.05

0.1

Fig. 11 shows APT 3D-map of chemical elements distribution from the area of E-Zr
sample with Laves phase and ZrH hydride.

4. Results of E110 alloy samples studies after creep tests
The tube sample made from E110 alloy (from sponge Zr) was subjected to creep tests.
The total applied load during the test was ∼1200 N, which corresponds to the axial
stress of 75 MPa in the working part of the sample at the initial stage of creep test.
The entire creep test duration at temperature ∼ 400∘ C was ∼ 850 hours.
From the central part of the sample after creep tests, 12 mm long blanks were cut
TEM samples preparation.
TEM studies showed that after creep tests phase composition of S-Zr and E-Zr is the
same as for initial state.
Fig. 12a shows a (0001) pole ﬁgure of of E110 alloy sample based on sponge zirconium after creep tests. The texture parameters in this case were: F𝐿 = 0.046, F𝑅 = 0.615
and F𝑇 = 0.338 (see Figure 8b). Comparison of the Kaerns parameters and (0001) pole
DOI 10.18502/kms.v4i1.2124
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a

b
Figure 11: APT 3D-map of chemical elements distribution from the area of E-Zr sample with Laves phase
(a) and ZrH hydride (b).

ﬁgures in the initial state and after the creep tests shows that the creep tests led to
some change in texture parameters and the peak position on (0001) pole ﬁgures: there
is an insigniﬁcant decrease in the texture maximum blurring along the axial direction
and its divergence along tangential direction.
Fig. 13 illustrates that dislocations are also actively formed in this creep stage.
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a

b

Figure 12: Results of EBSD-analysis of S-Zr sample texture after creep tests: (0001) pole ﬁgure (a), grain
structure (b).

Figure 13: Bright-ﬁled TEM-image of the S-Zr sample area after creep tests.

5. Conclusion
Quantitative structural studies of the samples of cladding fragments based on electrolytic and sponge zirconium were carried by TEM, SEM and APT methods out in initial
state, including:

• grain size and texture determination by EBSD patterns obtained using the electron backscattered diffraction detector;
DOI 10.18502/kms.v4i1.2124
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• phase composition studies of Zr alloys with determination of the sizes, atomic
composition and types of secondary phases. For the nanoscale phase visualization STEM and APT methods were used;
• the following secondary phases were observed in the studied samples of
electrolytic and sponge zirconium: β-Nb phases, niobium and zirconium based
phases (Nb-Zr) with fcc lattice, zirconium, niobium and iron phases of Zr(Nb,Fe)2
type (cubic Laves phase), ZrH hydrides;
• EBSD studies showed that the creep tests led to some change in texture parameters and the peak position on (0001) pole ﬁgures: there is an insigniﬁcant
decrease in the texture maxinum blurring along the axial direction and its
divergence along tangential direction.
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