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Introduction

Nuclear energy has been increasingly developed in
major nuclear power nations around the world as an
efficient basic and clean energy source without any
carbon emissions. Zirconium alloys present low
thermal neutron absorption cross-section together
with excellent mechanical properties and good
resistance to corrosion in high-temperature water,
making them suitable for application in the nuclear
reactor core as the fuel cladding tubes and structure
materials [1-3]. Zircaloy-4 (Zr-4) alloy is the most
widely used one among all zirconium alloys due to
its combined mechanical properties and good resis-
tance to corrosion [4, 5]. The principal alloying ele-
ments in Zr-4 alloy including tin, iron, and
chromium, are generally present in the form of
intermetallic phases (also known as secondary phase
precipitates, SPPs) due to the limited solubility of Fe
and Cr in o-zirconium. Laves phases with AB, stoi-
chiometry that can exist with three different crystal
structures including cubic C15 (3C), hexagonal C14
(2H), and dihexagonal C36 (4H) structures, are the
most frequently observed intermetallic phase in the
Zr-Sn alloys [6-11]. However, based on our trans-
mission electron microscopy (TEM) analyses results,

the intermetallic nano-precipitates in the Zr-4 alloy
have been identified as C16-type Zr,Fe phase with a
body-centered tetragonal (BCT) structure, which is
isomorphous with the CuAl,,

In the Fe-Zr phase diagram proposed by Jiang [12],
the Zr,Fe equilibrium phase was reported to have a
tetragonal structure at a composition of approxi-
mately 67% at Zr. As a part of a group, intermetallic
compounds isostructural with CuAl,, Zr,Fe phase
has also been reported in some systems of binary and
ternary alloys [13-17]. However, there is little infor-
mation about the crystallography of Zr,Fe phase at
the atomic scale, although this precipitates phase has
been reported several times. Furthermore, to our
knowledge, the atomic details of the associated defect
structures remain essentially unknown. In the view
of nano-precipitates (NPs) and inside defects, which
significantly affect the corrosion resistance and
mechanical properties of zirconium alloys [18, 19], an
accurate knowledge of the microstructural charac-
terization of these SPP is of great importance for a
better understanding of the structure-property rela-
tionship and designing materials with improved
properties.

In the present study, TEM observation has been
performed to study the Zr,Fe phase precipitated in
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Figure 1 STEM images, EDS mapping and corresponding SAED patterns obtained from the NPs along with different

patterns of Zr,Fe observed in Zr-4 alloy. a—c Scanning
transmission electron microscopy (STEM) images show the NPs
and corresponding EDS mapping d-g A series of indexed SAED

Figure 2 a Atomic model of a
perfect Zr,Fe crystal viewed
along [001] direction b with
an intrinsic stacking fault (SF).
The crystallographic directions
and SF are denoted by black
and red arrows, respectively.
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crystallographic directions. h Three-dimensional view of the
Zr,Fe unit cell and the measured lattice parameters.
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Figure 3 HRTEM micrographs of two Zr,Fe NPs viewed
respectively along with a [110] and ¢ [001] crystallographic
directions, with stacking faults marked by rectangles. b and d are

Zr-4 alloy and special attention was devoted to
characterize the defect structures by high-resolution
TEM (HRTEM). The aim is to provide insights into
this type of intermetallic compound and benefit the
design of new zirconium alloys.

Material and experimental procedures

Zr-4 alloy ingots used in the present study were
prepared by arc-melting on a water-cooled copper
crucible under a protective argon atmosphere. The
chemical composition of the as-cast ingots measured
by optical emission spectrometry was Zr-1.455n-
0.20Fe-0.12Cr (wt.%). The ingots were then sealed
into quartz tubes under vacuum condition and sub-
jected to the solution treatment at 1200 °C for 8 h,
followed by furnace cooling to room temperature.
Slices with dimensions of 12 mm x 10 mm x 1 mm
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the corresponding enlarged HRTEM filtered images showing the
displacement vectors components. The crystallographic directions
and stacking faults are indicated in the figures.

were cut from the ingots along the radial direction.
These slices were first mechanically ground to ~ 60
um in thickness, then several disks with a diameter of
3 mm were punched from each slice. Subsequently,
by using Struers Tenupol-5 twin-jet electron polisher,
thinning perforation was carried out with a solution
of 10% perchloric acid and 90% ethanol in volume
fraction, at — 30 °C under an applied voltage of 20 V.
With the combined use of bright-field scanning
transmission electron microscopy (STEM) imaging,
energy dispersive spectrometer (EDS), and high-res-
olution TEM (HRTEM), systematic investigations on
these precipitates were performed on a JEM 2100F
transmission electron microscopy at standard accel-
eration voltage of 200 kV.
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Figure 4 a Bright-Field TEM (BF TEM) image of the faulted
NP;. b and ¢ are HRTEM images showing the contained defects in
the NP5 along [111] and [113] directions, respectively d Enlarge
HRTEM micrograph of the left defect-matrix boundary in Fig. 4b,
as indicated by red rectangle e and f are FFT patterns transformed

Results and discussion

As shown in Fig. la—c, NPs (as indicated by yellow
arrows in Fig. 1la—c) with massive shapes and equiv-
alent diameters ranging from 200 to 500 nm were
generally observed in the Zr-4 alloy. STEM observa-
tions show that one or more straight lines (as indi-
cated by blue and red arrows) with dark contrast
terminating at the grain or transverse the whole NP
were observed within the parts of NPs, which are
hereinafter together referred to as the defect. EDS
analysis indicates that these NPs were enriched by Fe
(see the elemental mapping of the NPs in Fig. 1) and
can be identified as Cl6-type Zr,Fe particles with a
CuAl-type body-centered tetragonal structure
according to the series of selected area electron
diffraction (SAED) patterns along, and [001], [113]
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correspondingly from Fig. 4b and c, respectively g and h are
Fourier filtered HRTEM images captured from the framed regions
in Fig. 4c and d. Note that the letters ‘M’ and ‘D’ are respectively
refer to Zr,Fe matrix and its contained defect.

[110] and [111] zone axes. The space group and
refined lattice parameters are present in Fig. 1h.

Although defect structures in the Cl6-type Zr,Fe
have rarely been detected, crystals with similar
structures have been widely reported and investi-
gated. The most complete slip systems in crystals
with such body-centered tetragonal (BCT) structure
were recognized as (110)<001 >, (010)<001 >,
(310) <001 > ,(010) <100 >, 110<110>, (112)
1/2<111 > and (112)1/2<111 > [20-22]. Based on
the BCT crystal structure [22-24], an atomic model for
the occurrence of an intrinsic stacking fault can be
constructed as shown in Fig. 2, in which stacking
faults are generated through the shearing of atoms on
(110) plane with a displacement vector of a/4[111] in
the perfect crystal, as shown in Fig. 2b.
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Figure 5 a STEM image showing defects within the Zr,Fe NP2.
b and c are electron diffraction patterns (EDPs) captured from
above and below parts (as indicated by red and blue circles) at the

Figure 3a, ¢ are HRTEM images of the stacking
faults typically observed within Zr,Fe recorded with
the incident electron beam parallel to [110] and [001]
crystallographic directions, respectively. It is evident
that stacking faults (as marked by orange rectangles)
with gray contrast streaks running parallel to (110)
planes can indeed be seen. The corresponding fast
fourier transformation (FFT) pattern captured from
the faulted zone, as shown in the illustration in
Fig. 3a, shows order arrange diffraction spots
accompanied by diffuse intensity streaks along [110]
reciprocal vector, owing to the presence of (110)
planar defects inside the precipitates. The stacking
fault has never been reported in Zr,Fe phase before to
our knowledge. The in-plane rigid body component
of the stacking fault can be easily estimated from
Fig. 3b, an inverse fast fourier transformation (IFFT)
image of the faulted region in Fig. 3a along [110] the
direction. At a close inspection of Fig. 3b, the white
spots in the upper and lower parts of the stacking

same tilting condition, indexed as [111] and [001], respectively. d
and e are corresponding EDPs obtained at another TEM tilting
condition, indexed as [110] and [113].

faults region were displaced parallel to the (110)
plane (blue lines). In the present observation, multi-
slice simulations show that the white dots represent a
large tunnel between the atomic columns, repeating
periodicities 1/2[001] and 1/2[110]. Therefore, in the
[110] direction, two consecutive white dots are sep-
arated by a/v2 = 0.45 nm. The fringe shifts along the
fault plane are close or equal to half a period, i.e., the
displacement vector fraction is 1/4[001] measured in
the [110] projection. Figure 3d shows the IFFT image
of another stacking fault along [001] the crystallo-
graphic direction, corresponding to the faulted
regions in Fig. 3c. The displacements of the atomic
columns along the fault planes are similar, close, or
equal to half a period, i.e., have an in-plane compo-
nent 1/4[110]. Because the HRTEM observations of
stacking faults are carried out along two mutually
vertical crystallographic directions ([110] and [001]
directions) of Zr,Fe NP phase, therefore, the three-
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Figure 6 a Schematic diagram shows the orientation of twins and
Zr,Fe matrix phase, in which the green and blue crystal lattices
stand for matrix and rotation twin, respectively. The red atoms are

dimensional displacement vector of stacking faults is
1/4[111] = 1/4]001] + 1/4[110] for Zr,Fe phase, which
agrees well with the crystallographic consideration in
crystals with BCT structure[22-24].

Figure 4a shows a bright-field TEM (BF TEM)
image of the faulted Zr,Fe NP;. It can be clearly seen
that this NP contains obviously transverse streaks (as
denoted by red arrow), which correspond to the
defects observed under STEM observation. Different
from the above-mentioned stacking faults, this planar
defect penetrates through the whole grain of Zr,Fe
and leaves a clear boundary. Figure 4b, and c are
high-resolution transmission electron microscopy
(HRTEM) images showing the contained defects
along different crystallographic directions. Figure 4d
displays an enlarged HRTEM microscopy of the left
boundary between defect and matrix in Fig. 4b. The
thickness of defects present in Fig. 4b, ¢ were mea-
sured to be 19 nm and 4 nm, respectively. And the
atomic stacking sequence in Zr,Fe matrix phase is
obviously different from that of the defect. By anal-
ysis of the corresponding FFT patterns in Fig. 4e, f, it
can be deduced that the orientation relationship
between the matrix and the defect can be deduced as
(110)m//(110)p  and  [111],,//[001], [113],,//[110]p.
Enlarged HRTEM images of matrix-twin boundaries
are shown in Fig. 4g, h, which also reveals that (110)
the plane was shared by defect and matrix.
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Crystallographic direction [110]

shared by twin and Zr,Fe phase matrix b Atom model simulation
shows the crystallographic relation of the rotation twin and Zr,Fe
nano-precipitate phase viewed from the [110] direction.

Figure 5a is a bright-field image of NP, showing
clear transverse twin defect formed in the Zr,Fe grain
(as denoted by red arrow). The Zr,Fe NP, grain can
be divided into two regions (the upper and below
parts) by the twin boundary. Figure 5b, d shows the
EDPs obtained from the below part (as marked with
blue circle in Fig. 5a) while Fig. 5¢c, e are the corre-
sponding EDPs obtained from the upper part (as
shown in red circle in Fig. 5a) at the same tilting
conditions as Fig. 5c, d, respectively. It is evident that
all the diffraction patterns contain (110) plane, sug-
gesting that the defect was accomplished by a rota-
tion along the matrix [110] crystallographic axis.
Figure 5f shows the schematic of the crystallographic
relationships between these zone axes, in which the
angles between [111] and [001], [110] and [113] are all
nearly 60°. Therefore, these defects can be recorded
as 60° rotation twins along the [110] crystallographic
axis [23-26].

In order to determine the crystallography between
Zr,Fe phase and its contained twin defect structure,
three-dimensional unit cells based on the TEM results
was constructed base on the TEM results, as shown in
Fig. 6a. The blue and yellow frameworks were
referred to as the unit cells of the Zr,Fe and twin,
respectively. The twinning direction and twinning
plane can be easily determined to be[332] and (112)
from the geometrical relation between the Zr,Fe
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matrix phase and rotation twin [23]. Based on the
above analyses, the crystallographic relationship
between Zr,Fe matrix phase and rotation twin was
simulated, as shown in Fig. 6b.

Conclusion

The intermetallic phases in the Zr-4 alloy have been
identified as Clé-type Zr,Fe with a body-centered
tetragonal structure. Streaks, which either penetrate
through the whole grain or the terminated inside,
were frequently observed and determined to be
stacking faults and micro growth twins, respectively.
Atomic-scale investigations show that the stacking
faults plane and displacement vector are (110) plane
and 1/4[111], respectively. HRTEM analysis reveals
that the intrinsic growth twins belong to 60° rotation
twin with the rotation axis of [110] crystallographic
direction. In addition, the corresponding twinning
plane and direction were respectively determined to
be (112) and [332] by employed geometric analysis
method.
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