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Microstructure evolution of zircaloy-4 during Ne ion irradiation and
annealing: An in situ TEM investigation∗
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The microstructural evolution of zircaloy-4 was studied, including the amorphization and recrystallization of Zr(Fe,
Cr)2 precipitates, and the density of dislocations under in situ Ne ion irradiation and post annealing. The results show that
irradiation at a relatively high temperature and dose induces the formation of nanocrystals in pre-amorphized Zr(Fe, Cr)2
precipitates. The recrystallized nanocrystals also have the structure of hcp-Zr(Fe, Cr)2. The formation of the nanocrystals is
thought to be the consequence of competition between atomistic disordering and the recrystallization of precipitates under
ion irradiation. The free energy of the nanocrystal is lower than that of the amorphous state, which is another reason for
the recrystallization of the precipitates. With increased annealing temperature, the density of the nanocrystals is increased.
The dislocation density sharply decreases with the increase in the annealing temperature, and its size increases.
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1. Introduction
Zirconium alloys have been extensively used in fuel-

cladding and structural materials in nuclear power reactors[1–7]

as they have a low absorption cross section for the thermal neu-
trons. To improve the performance of zircaloy in extremely
hazardous environments, different zircaloys with different al-
loyed elements have been developed in recent decades, includ-
ing ZIRLO,[8] E635,[9] M5,[2,10] Zr-4,[2,4–6] and Zr-2.[11] Both
the macroscopic mechanical and the corrosion resistance prop-
erties are critical factors determining their eligibility for use in
nuclear reactors.[12–14]

The macroscopic properties of materials are directly
affected by their microstructures, including the void
concentration,[15] dislocation loops,[10,16] and secondary
phase particles (SPP).[17,18] Different kinds of SPPs have been
observed in differently fabricated zircaloys. The hexagonal-
closed-packed (hcp) structure of Zr(Fe, Cr)2, with lattice con-
stants of a = 0.502 nm and c = 0.818 nm, is the main pre-
cipitate in Zr-4 alloy. The Zr(Fe, Cr)2 precipitation improves
the corrosion resistance; however, under neutron irradiation,
it is subject to amorphization.[5] The generation of dislocation
loops due to neutron irradiation transforms zircaloy from duc-
tile to brittle. Therefore, the lifetime of Zr-4 is limited by the
amorphization of SPP and the formation of dislocation loops.

Crystalline–amorphous (C–A) structural transition under
ion irradiation has been observed in many materials.[19–23]

The basic mechanism for the C–A transition is believed to be
the accumulation of many atomic displacements induced by
ion or electron collisions. For U3Si and Zr3Al[24] consisting
of 10 µm martensite laths before ion irradiation, the critical
amorphization doses are 1.2×1018 Kr+/m2 (0.3 displacement
per atom (dpa)) and 2.7×1018 Kr+/m2 (0.8 dpa), respectively.
The critical temperatures of the C–A transition for U3Si and
Zr3Al are 300 ◦C and 250 ◦C,[24] above which, at an irra-
diation temperature of 390–450 ◦C, the martensite laths dis-
appear from the transmission electron microscope (TEM) im-
age. This is accompanied by the appearance of nano grains
smaller than 20 nm when the irradiation dose is lower than
2.7×1019 Kr+/m2. With an increasing irradiation dose, the
amount of nanocrystals gradually increases. The phenomenon
of irradiation-induced precipitation of nanocrystals is also ob-
served in single crystals of Ca2La8(SiO4)6O2, Fe2SiO4, and
Zr2SiO4.[25,26] Above the critical C–A transition temperature,
the irradiated materials do not amorphize, but instead of crys-
tallization, the atomic damage cascades to produce chemical
disordering and changes the free energy of the materials.

The C–A transition of Zr(Fe, Cr)2 precipitates has been
reported by Kai et al.[18] and Lefebvre et al.,[27] and also by
Rodriguez et al.[28] on the basis of the metastable free-energy
diagram. Yang et al.[5,29] demonstrated that Zr(Fe, Cr)2 starts
to amorphize when the neutron irradiation is up to 2 dpa at
288 ◦C, and dislocation loops are also observed, which alter-
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natively yields the degradation of the mechanical properties.
Proton irradiation has been employed to simulate the neutron
irradiation-induced microstructure damage in Zr-4. The amor-
phization phenomenon of Zr(Fe, Cr)2, accompanied by the Fe
loss in the precipitation, was observed when Zr-4 was irradi-
ated under a 2 MeV proton beam at 310 ◦C.[17]

We have previously reported changes in the microstruc-
ture of the irradiated Zr-4 alloy under in situ Ne irradiation.[17]

We found that the density of the dislocation continues to in-
crease with the increasing dose (∼ 2.7 dpa), while Zr(Fe, Cr)2

starts to amorphize when irradiated under a high-dose Ne irra-
diation at 350 ◦C. In the present study, we present the behavior
of the alloy under a much higher-dose Ne irradiation (∼ 7 dpa),
and the phenomenon of recrystallization of Zr(Fe, Cr)2. In ad-
dition to the change in the crystal structure of Zr(Fe, Cr)2 due
to Ne irradiation, in situ annealing of the irradiated Zr-4 alloy
is studied.

2. Experimental methods
The cold-worked stress-relief-annealed (SRA) zircaloy-4

sample used in this work was provided by Western Zirconium
Inc., and its composition has been reported elsewhere.[17,18,27]

SRA zircaloy-4 is primarily used for pressured water reac-
tor (PWR) cladding. The in situ Ne ion irradiation was con-
ducted in a Hitachi H-9000 TEM operating at 300 keV at the
IVEM/Accelerator Facility at Argonne National Laboratory.
The TEM specimens were prepared by a conventional jet elec-
trochemical polishing procedure using a solution containing
10% perchloric acid plus 90% methanol at −40 ◦C and a volt-
age of 40 V. The Ne ion with an energy of 600 keV is sup-
posed to have a projection range of 595 nm, calculated by the
stopping and range of ions in matter (SRIM) program.[30] A
displacement energy of 40 eV was chosen for the SRIM calcu-
lation. It is reasonable to assume that most Ne ions have pen-
etrated throughout the observed thin areas of the TEM speci-
mens. Therefore, the dpa values at a depth of ∼ 100 nm are
considered as the dpa values after the zircaloy has been Ne+-
irradiated to a certain dose as the TEM sample is about 100
nm thick. The irradiation temperature and the displacement
rate were 350 ◦C and 10−3 dpa/s, respectively. The final Ne
ion irradiation was ended at a dose of ∼ 7 dpa, followed by in
situ heat treatment at different conditions (500 ◦C for 30 min,
700 ◦C for 10 min, and 850 ◦C for 10 min, as shown in Table 1)
in the TEM with a temperature ramping rate of 10 ◦C/min.

3. Results and discussion
Figure 1(a) shows a bright-field (BF) image of a Zr(Fe,

Cr)2 particle with irradiation damage up to 2.7 dpa at 350 ◦C.
The inset is the corresponding selected-area electron diffrac-
tion (SAED) pattern showing the typical amorphous halo fea-

tures, from which we can conclude that the Zr(Fe, Cr)2 parti-
cle has been completely amorphized by Ne irradiation.[17] The
bright diffraction spots are ascribed to the Zr matrix.

(b)

(a)

100 nm

200 nm

Fig. 1. Bright-field images and (inset) the corresponding SAED patterns of
Zr(Fe, Cr)2 particles in zircaloy-4 after in situ 600 keV Ne+ irradiation up to
(a) 2.7 dpa and (b) 7 dpa at 350 ◦C. The hcp-Zr(Fe, Cr)2 spot in the SAED pat-
tern disappears and an amorphous ring begins to appear up to 2.7 dpa, while
nanoparticles start precipitating in the BF image and diffraction spots appear
on the amorphous halo in the SAED pattern up to 7 dpa.

Figure 1(b) shows a BF image and the corresponding
SAED pattern of a Zr(Fe, Cr)2 precipitate after the Zr-4 alloy
has been irradiated to 7 dpa at the same temperature. Many
nanograins, with one marked by a white arrow, can be seen to
decorate the Zr(Fe, Cr)2 particle. The nanograins are visible
with black contrast in the BF image and are almost 20 nm.
The SAED pattern in the inset of Fig. 1(b), which is differ-
ent from that in Fig. 1(a), shows some crystalline diffraction
spots overlapping the halo. The diffraction spots overlapping
the amorphous halo stem from the recrystallized nanograins.
It can be concluded that the pre-amorphized Zr(Fe, Cr)2 pre-
cipitate has started to recrystallize after 7 dpa Ne irradiation
at the irradiation temperature. As mentioned in the intro-
duction, irradiation can induce the amorphization of ceram-
ics and intermetallic compounds. So the precipitation of the
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Zr(Fe, Cr)2 nanocrystals is also attributed to the competition
between amorphization and recrystallization. One can also
speculate that the recrystallization would be induced by the
proposed competition mechanism during irradiation. Here,
the precipitation of nanocrystals Zr(Fe, Cr)2 is thought to be
a consequence of the competition between amorphization and
recrystallization.[24–26,31] In addition, the crystal structure of
the nanocrystals remains the same as that of hcp-Zr(Fe, Cr)2.
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Fig. 2. Schematic diagram of the free-energy change with dpa value.

The chemical disordering and accumulation of point de-
fects, which are produced by ion collisions, change the free
energy of the Zr(Fe, Cr)2 precipitate. Therefore, the varia-
tion in free energy of the system may also be a reason for the
formation of the nanocrystals during irradiation. Nagase et
al.[32] found that MeV electron irradiation can induce crystal-
lization in metallic glasses, as a large composition fluctuation
is introduced by electron irradiation. The composition fluctu-
ation introduced by irradiation always leads to the devitrifica-
tion of the amorphous phase in some metallic glasses, which
has also been demonstrated by Brimhall et al.[33] and Doi et
al.[34] Besides, the crystallization temperature of amorphous
alloys has been found to be significantly lower if irradiated by
heavy ions or electrons during annealing.[33] As for the unir-
radiated Zr-4 alloy, it has been proved that the Zr(Fe, Cr)2 pre-
cipitate is single-crystalline.[15] After Ne ion irradiation, the
increase in both the chemical disorder and the density of point
defects increases the free energy of the single-crystal phase of
Zr(Fe, Cr)2, thus shortening the free-energy disparity between
the single-crystal phase and the amorphized phase. Once the
irradiation damage has reached 2.7 dpa, the free energy of the
amorphous phase will be lower than that of the single-crystal
phase. Thus the single-crystal Zr(Fe, Cr)2 starts to amorphize.
With the increase in the irradiation damage to 7 dpa, the free
energy of the recrystallized nanograins is lower than that of
the amorphous state due to the high thermal and composition
fluctuation at a high irradiation temperature of 350 ◦C, thus
inducing the formation of nanocrystals. This proposed mech-
anism is schematically shown in Fig. 2.

100 nm 100 nm

100 nm 100 nm

100 nm100 nm
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Fig. 3. The BF, DF images and (inset) the corresponding SAED pat-
terns of the Zr(Fe, Cr)2 particles, which were 600 keV Ne+ irradiated
in situ up to 7 dpa at 350 ◦C after heat annealing at 500 ◦C for 30 min
((a), (b)), 700 ◦C for 10 min ((c), (d)), and 850 ◦C for 10 min ((e), (f)).

Figure 3 shows the BF and dark-field (DF) images of the
Zr(Fe, Cr)2 precipitate after the specimen has been annealed
at 500 ◦C for 30 min, 700 ◦C for 10 min, and 850 ◦C for
10 min. The insets in each of the images are the correspond-
ing SAED patterns taken from the Zr(Fe, Cr)2 region. Note
that the diffraction spots of the Zr matrix are also present
in the SAED pattern, as the size of the smallest diffraction
aperture is larger than that of the Zr(Fe, Cr)2 precipitate. In
the Zr(Fe, Cr)2 particles, many nanograins are observed, as
marked by the arrows in both the BF and the DF images. From
all three SAED patterns in Fig. 3, with the appearance of the
obvious polycrystalline rings, we can draw a conclusion about
the formation of nanocrystals in the Zr(Fe, Cr)2 particles. As
shown in Fig. 3(a) and 3(b), once the irradiated Zr-4 alloy has
been in situ-heated at 500 ◦C for 30 min, recrystallization
has started, resulting in the formation of ∼20 nm sized crys-
tals. Obvious polycrystalline rings appear in the SAED pat-
tern. From Fig. 3(c) and 3(d), the density of the nanograins be-
comes higher, while the intensity of the polycrystalline rings
increases and the polycrystalline rings in the SAED patterns
become sharper. This suggests that the amount of nanocrystals
significantly increases after annealing at 700 ◦C for 10 min.
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The density of the nanocrystals continues increasing with the
development of the annealing. Figure 4 shows a BF image
of the Zr(Fe, Cr)2 precipitate and the SAED patterns of the
Zr matrix and the Zr(Fe, Cr)2. The Zr(Fe, Cr)2 particle com-
posed of nano-sized grains is the recrystallized Zr(Fe, Cr)2, as
identified by the SAED. From Fig. 4(b), we can see that the
Zr matrix retains the hcp structure, with less damage by the
irradiation. The polycrystalline rings appearing in Fig. 4(c)
originate from the Zr(Fe, Cr)2 particle indexed as the hcp
structure.[35] The structure is the same as that of the precip-
itate before irradiation.[15]

Table 1. The dislocation density evolution of the zircaloy-4 alloy with
7 dpa pre-irradiation, induced by annealing under different conditions.

Annealing Annealing Dislocation
temperature/◦C time/min density/1021 m−3

Pre-irradiated sample 11
500 30 9
700 10 4
850 10 0.2

Figure 5 shows BF images of the irradiated sample, show-
ing the evolution of the dislocation density with the progress
in annealing. The statistics for the approximate dislocation
densities after annealing under different conditions are tabu-
lated in Table 1. The dislocation densities decrease with an

increase in the annealing temperature, starting from about 11
× 1021 m−3 before annealing to 0.2 × 1021 m−3 for the sam-
ple annealed at 850 ◦C. In comparison with the decrease in the
dislocation densities, the dislocation lengths increase substan-
tially with the progress of the annealing due to the migration of
the point defects becoming highly activated during annealing,
resulting in the aggregation of dislocations.
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Fig. 4. The BF image (a) of the Zr(Fe, Cr)2 particle after heat annealing
at 850 ◦C for 10 min. Panels (b) and (c) show the corresponding SAED
patterns of the pure-Zr matrix and precipitated Zr(Fe, Cr)2 nanocrystals.
After annealing, the microstructure of the matrix remains unchanged,
but the SAED pattern shows significant precipitation of nanocrystals in
the Zr(Fe, Cr)2 particle.
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Fig. 5. The dislocation evolution of zircaloy-4, which was 600 keV Ne+ irradiated up to 7 dpa in situ at 350 ◦C (a), due to heat
annealing at (b) 500 ◦C for 30 min, (c) 700 ◦C for 10 min, and (d) 850 ◦C for 10 min. Before annealing, the dislocation density is
about 11×1021 m−3. After annealing for 30 min at 700 ◦C, the dislocation density becomes 9 × 1021 m−3, and about 0.2 × 1021 m−3

after annealing for 10 min at 850 ◦C.

4. Conclusion

In the present study, we found the following. 1) The
precipitate of Zr(Fe, Cr)2 amorphizes at the Ne irradiation of
2.7 dpa at 350 ◦C. Then it starts to crystallize after the irra-
diation has reached 7 dpa at the same temperature. The large
thermal and compositional fluctuations at high temperatures

explain the formation of the nanocrystals. 2) A large amount

of nanocrystals form in the pre-amorphized Zr(Fe, Cr)2 after in

situ heat annealing. The density of the nanocrystals increases

with an increase in annealing temperature. 3) The dislocation

density decreases with the increase in the annealing tempera-

ture, with the dislocation length also significantly increased.
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