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Abstract: Microstructural evolution of the zirconium alloy deformed at a strain rate of about 1000 s ' was investigated. Four
different strain levels of the zirconium alloy subjected to dynamic compression were designed by several-times impacting at almost
the same strain rate. The results show that abundant low angle boundaries at different strain levels were observed in the deformed
microstructures, and the quantity and density of low angle boundary increase dramatically with the strain increasing. Besides low
angle boundaries and high angle boundaries observed in grain boundary maps, the twin boundaries including the tensile twins
{1012}, {1121} and compressive twins {1122} were distinguished at different strain levels, and most twin boundaries were
indexed as {1012} twins. With the stain increasing, the twin boundary density in the deformed microstructures increases
indistinctively. Based on the characterization of the deformed microstructures at the different strain levels, the deformation and
evolution processes of the zirconium alloy subjected to dynamic loading were proposed. Microhardness measurements show that the
microhardness in the impacted specimens increases gradually with the strain increasing, which should be associated with the strain

hardening caused by the tangled dislocation.
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1 Introduction

Zirconium alloy as the fuel cladding material has
been widely used in the nuclear power reactors due to its
high melting point, low neutron absorption cross section,
good corrosion resistance and excellent mechanical
properties. Before application, the blasting tests, as an
important service property, for the zirconium alloy tubes
should be conducted to ensure the security of the nuclear
power reactors. Thus, the dynamic deformation behaviors
of the zirconium alloy should be paid attention to.

The main difference between the dynamic and
quasi-static deformation is the strain rate, and rarely
observed deformed microstructures under quasi-static
deformation can be induced by dynamic deformation.
Furthermore, the deformed microstructures under both
dynamic and quasi-static loading conditions are closely
related with the deformation and fracture processes,
leading to the wide interests in investigating the

deformed  microstructures for  enunciating the
deformation process of the materials. As reported,
various deformed microstructures of the materials
subjected to dynamic loadings have been observed, such
as dislocation structures [1,2], deformation twins [3,4],
adiabatic shear bands [5,6], dynamic recrystallized grains
[7,8], and phase transformed microstructures [9].
However, limited results referring in the deformed
microstructures of the zirconium alloy subjected to
dynamic loading are available [10,11], leading to the
deformation process in zirconium alloy subjected to
dynamic deformation still unclearly. Therefore, a
systematic investigation of the deformed microstructures
in zirconium alloy subjected to dynamic loading is
necessary for understanding the deformation process.

In this work, four different strain levels of the
zirconium alloy deformed at a strain rate of about 1000
s ' are designed, and the corresponding microstructures
are characterized for understanding its deformation
behaviors under dynamic loading.
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2 Experimental

The annealed zirconium plate with thickness of 4.6
mm was selected as the experimental material, and its
chemical compositions in mass fraction were: 1.20%—
1.70% Sn, 0.18%—0.24% Fe, 0.07%—-0.13% Cr. The
cylindrical specimens with ¢ axis parallel to the normal
direction (ND) were cut from the plate, and the diameter
and height of the specimens were 6 mm and 4.6 mm,
respectively. Dynamic impact experiments were
conducted on a split Hopkinson pressure bar (SHPB),
and the strain rate for every impacting was kept constant,
about 1000 s '. The metallographic specimens were cut
along the rolling direction (RD), then polished and
etched in a solution of 45 mL H,O + 45 mL HNO; + 10
mL HF, and a final anodization step was performed on
the specimens [10]. The metallographic specimens were
observed by an optical microscope (OM) with a
polarized light mode (ZEISS Axiovert 40). Electron
backscatter diffraction (EBSD) specimens were prepared
by electropolishing in a solution of 70 mL CH;OH + 20
mL C¢H;4,0, + 10 mL HCIO,, and the polishing voltage
and temperature were kept at 20 V and —30 °C,
respectively. EBSD tests were performed on a FEG-SEM
(FEI Nova 400) with a HKL-EBSD system (Oxford HKL
Channel-5) operated at 20 kV. The transmission electron
were prepared by
ion-milling, and the observations were carried out on a

microscopy (TEM) specimens
ZEISS microscope operated at 200 kV. Following optical
metallographic observation, Vickers microhardness was
measured by a MH—5L microhardness tester. A load of
9.8 N and a dwell time of 15 s were employed during
microhardness measurements.

3 Results and discussion

Figure 1 shows the stress — strain curve and
macroscopic images of the impacted specimens at
different strain levels. The strain of about 0.14 is
obtained by impacting once, while the strain levels of
about 0.22 and 0.27 are obtained by impacting twice and
three times, respectively. After impacting four times, the
total strain level of about 0.31 is acquired. During
dynamic compression, the strain increments decrease
gradually after every impacting, from 0.14 at first to 0.04
at the fourth times, which should be associated with the
strain hardening. High strength caused by strain
hardening leads to the strain level decreasing at almost
the same impact velocity. Under dynamic compression,
the stress—strain curve presents the distinct strain
hardening, and almost no thermal softening behavior can
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Fig. 1 Stress—strain curve (a) and macroscopic, front view (b)

sample one time four times

and top view (c) of specimens impacted by SHPB at strain rate
of about 1000 s~

be observed, as shown in Fig. 1(a). The macroscopic
views of the specimens impacted by SHPB are shown in
Figs. 1(b) and (c). After every impacting, the specimen
heights reduce, and the corresponding specimen
diameters increase, indicating that the strain levels of
materials increase gradually.

OM images of the deformed microstructures in
zirconium alloy subjected to different strain levels are
shown in Fig. 2. The undeformed specimens composed
of the equiaxed grains with diameter ranging from 10 to
20 pm can be observed in Fig. 2(a). With the strain
increasing from 0.14 to 0.31, the grains in zirconium
alloy are elongated gradually, and the elongated direction
of the severely deformed grains is consistent with the RD.
At a large strain, the severe plastic deformation leads to
the grain boundary difficult to distinguish, indicating that
high density dislocations are piled up at the grain
boundary. Under the different strain levels, a few twin
laths can be observed in the deformed microstructures,
and no adiabatic shear band or strain localization
phenomenon is detected, indicating that the twinning as
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RD

well as shear band is not the main plastic deformation
mechanism of the zirconium alloy subjected to dynamic
loading at the strain up to 0.31 and a strain rate of about
1000 s .

Figure 3 shows the grain boundary maps of the
deformed microstructures in zirconium alloy subjected to
different strain levels, and the corresponding statistically
relative frequencies of the grain boundary including low
angle boundary (LAB) and high angle boundary (HAB)

Fig. 2 OM
microstructures in zirconium alloy

images of deformed

impacted by SHPB at strain rate of
about 1000 s ' under different strain
levels: (a) Undeformed; (b) Strain of
0.14; (c) Strain of 0.22; (d) Strain of
0.27; (e) Strain of 0.31

are shown in Fig. 4. By comparison, the statistical grain
boundary of the original sample is added in Fig. 4. In the
original sample, the statistically relative frequency of
LAB to HAB is about 28.1%. With the strain increasing
to 0.14, the relative frequency of LAB to HAB increases
dramatically, from 28.1% to 69.8%, further indicating
that lots of dislocations are triggered. With the strain
increasing from 0.14 to 0.31, the relative frequency of
LAB to HAB increases gradually, and the maximum
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including {1012}, {1121} and {1122} appearing in

loading, and the {101 1} twin could be only triggered at

the elevated temperature. In our experimental results, the

room temperature under both tension and compression
severely dynamic deformation leads to three twin modes
the deformed microstructures at different strain levels,

{1012}, {1121} and {1122} could be activated at

obtained at a strain of 0.31. Apart from LAB and HAB,

the twin boundaries are observed and distinguished in

grain boundary maps at different strain levels. According
to previous reports [12,13], three twin modes including

relative frequency of LAB to HAB of about 79.4% is
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Fig. 4 Statistical misorientation in specimens deformed at
different strain levels impacted by SHPB at strain rate of about
1000s™'

and the tensile twins {1012} play a dominant role,
which should be associated with the shear displacement
and critical shear stress. As reported, the calculated shear
displacements for the deformation twins {10 1 2},
{1122} and {112 1} in zirconium alloy were about 0.17,
0.23 and 0.63, respectively [13,14]. Small shear
displacement assisted with low critical shear stress leads
to the {1012} tensile twins activated in the deformed
microstructures in zirconium alloy easily. With the strain
increasing from 0.14 to 0.31, the density of the twin
boundaries increases indistinctively, indicating that the
twinning plays an assistant role on the plastic
deformation of the zirconium alloy subjected to dynamic
loading at a stain rate of about 1000 s™'. Compared with
the quasi-static deformation, dynamic deformation leads
to the deformation twins formed in zirconium alloy, and
almost no deformation twins in zirconium alloy can be
activated by quasi-static deformation. Thus, the main
microstructural difference between the dynamic and
quasi-static deformation is the deformation twins. Under
high strain-rate deformation, dislocation slipping cannot
accommodate the local strain due to the rapidly plastic
deformation, leading to the local stress concentration to
trigger the deformation twins. In addition, abundant
adiabatic shear bands have been observed in various
materials subjected to the dynamic deformation, and the
adiabatic shear bands were considered an important
plastic deformation mechanism of the materials
subjected to the dynamic loadings. However, the
adiabatic shear bands, especially the transformed bands,
are difficult to form in the materials under the
quasi-static deformation. Thus, the adiabatic shear bands
are also regarded as the microstructural difference for the
materials deformed under the dynamic and quasi-static
loadings. Thermal accumulation in a local area because

of insufficient heat diffusion is considered the formation
reason of the adiabatic shear bands in many materials. In
our experimental results, no adiabatic shear band is
detected due to the low strain rate and strain levels of the
materials suffered. Therefore, the microstructural
difference in zirconium alloy in our experiments between
the dynamic and quasi-static deformation is the
deformation twins.

TEM images of the deformed microstructures in
zirconium alloy subjected to different strain levels are
shown in Fig. 5. High density dislocation can be
observed at different strain levels, and the dislocation
density increases with the strain increasing from 0.14 to
0.31. At a strain of about 0.31, lots of subgrains in the
deformed microstructures can be observed, which should
be associated with the interaction of high density
dislocation. However, twin laths distinguished by EBSD
are not found by TEM observation because of the
limitation of the number. As reported, the c/a axial ratio
had a dominant influence on the slipping systems to be
activated [12]. As for the zirconium alloy, the c/a axial
ratio is smaller than the ideal sphere packing (c¢/a=1.633),
and the prismatic slipping with <112 0> direction is
considered the main dislocation slipping mode of the
zirconium alloy at room temperature due to the low
critical resolved shear stress [13,15]. Besides the
prismatic slipping, in the stress concentration or the
severe deformation zones, the basal slipping with
<11 2 0> direction and the pyramidal slipping with
<11 2 3> direction in zirconium alloy were observed and
confirmed [16,17], leading to the zirconium alloy
exhibiting a good ductility. Thus, the prismatic slipping,
the basal slipping and the pyramidal slipping are
considered the main dislocation slipping modes of the
zirconium alloy subjected to dynamic loading, and
{10 1 0} prismatic slipping and {101 1} pyramidal
slipping play a dominant role [13,18].

Based on the characterization of the deformed
microstructures at different strain levels, the deformation
and evolution processes of the deformed microstructures
in zirconium alloy subjected to dynamic loading can be
depicted. At the initial stage, the {101 0} prismatic
slipping is proposed as the primary plastic deformation
mechanism of the zirconium alloy [19]. With the strain
increasing, the pyramidal slipping and {101 2} twins can
be activated to accommodate the plastic deformation of
the zirconium alloy because of high local shear stress.
With the strain proceeding, high density prismatic and
pyramidal dislocations in the preferential oriented grains
can be triggered by high stress and strain levels, but the
deformation twins are difficult to be activated ulteriorly
because of small grain size in zirconium alloy, leading to
the twin density at different strain levels unchanged
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Fig. 5 TEM images of deformed microstructures in zirconium alloy impacted by SHPB at strain rate of about 1000 s ' under different

strain levels: (a) 0.14; (b) 0.22; (c) 0.27; (d) 0.31

distinctively. With the strain proceeding, high density
dislocation can be slipped and interacted with each other,
leading to the formation of the subgrains. When the
strain increases to the critical point, the deformed
microstructures can be saturated by high density
dislocation, then slipping cannot
accommodate the plastic deformation further, leading to
strain localization to form the shear bands or cracks,
finally breaking into fragments.

the dislocation

Vickers microhardness values of the specimens
deformed at different strain levels are shown in Fig. 6.
By comparison, the microhardness of the original sample
was measured. It can be noted that the microhardness
increases with the strain increasing, and the maximum
microhardness of about HV206 is obtained at a strain of
about 0.31, which is about 1.2 times higher than that of
the original sample. High microhardness in the deformed
specimens should be associated with the strain hardening
caused by tangled and piled dislocations.
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Fig. 6 Vickers microhardness in specimens impacted by SHPB
at different strain levels and at strain rate of about 1000 s '

4 Conclusions

1) Different strain levels of the zirconium alloy
subjected to the dynamic loading are designed by means
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of impacting several times at almost the same strain rate,
and four different strain levels about 0.14, 0.22, 0.27 and
0.31 are obtained.

2) The {10 1 0} prismatic slipping, {10 1 1}
pyramidal slipping and {10 1 2} tensile twin are
considered the main deformation mechanism for
zirconium alloy subjected to different strain levels.

3) Microstructural evolution of the zirconium alloy
subjected to dynamic deformation was proposed by the
characterization of the deformed microstructures at
different strain levels.

4) Strain hardening leads to the microhardness in
the deformed specimens higher than that of the original
sample.
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