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In this paper we describe the observed tetragonal nature of individual ion tracks produced in natural monoclinic
zirconia as a result of 167 MeV Xe irradiation at room temperature in the non-overlapping track regime. The direct
observation by transmission electron microscopy of the tetragonal latent tracks reveals a morphology which were
observed to be non-continuous in length and consisting of sections which are approximately 25 nm in length and
an angular separation of 9◦ which is consistent with the angular difference for the unit cells of the two phases.
The tracks are shown to have rectangular cross-sections which are of the order 2.5 nm. Transmission electron
microscopy in situ heating of the tracks reveals that the tetragonal phase transforms back to the monoclinic phase
in the range of 350–500 ◦C which is well below the bulk transformation temperature of about 1000 ◦C.
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1. Introduction

Zirconia (ZrO2) is a polymorphic oxide that exists
in three different crystal structures below its melting
point, namely, the high temperature cubic and tetrag-
onal phases, as well as the low temperature monoclinic
phase [1]. The tetragonal zirconia lattice has lattice pa-
rameters, a = 0.514 nm and c = 0.526 nm. The crys-
tal structure of the monoclinic phase has cell parame-
ters a = 0.518 nm, b = 0.521 nm, and c = 0.537 nm with
β = 98.8◦ (β is the angle between the a and c axis) [2].

The tetragonal to monoclinic transformation (t→ m)
is considered to occur via a diffusionless marten-
sitic mechanism. The monoclinic-tetragonal transition
spreads over a temperature range of 1100 to 1250 ◦C
and 1050 to 700 ◦C during heating and cooling cy-
cle, respectively. On cooling the phase transformation
from tetragonal to monoclinic results in a shear strain
of 8–14% and volume increase of the order of ≈ 5% [1].

The tetragonal to monoclinic transformation mech-
anism has received considerable attention and there
have been a number of modeling approaches which have
been adopted in the interpretation of the phase trans-
formation, namely, the thermodynamic-based models
and crystallographic-based models and more recently,
the phase field model [2]. The tetragonal phase can not
be quenched, however, the tetragonal phase can be stabi-
lized at room temperature in small particles having a di-
mension less than 30 nm and is demonstrated by the ob-
servation of transformation for crystallites in polycrys-
talline bulk material, thin layers, or powders [3–5].
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The tetragonal phase was shown to be stabilized at
room temperature after suitable irradiation of the mon-
oclinic phase, as reported by Sickafus et al. [5], based
on TEM observation of polycrystalline monoclinic zir-
conia irradiated with 340 keV Xe ions to a fluence of
2 × 1017 cm−2 at a temperature of 120 K. The results
produced from diffraction studies showed that a bulk
transformation took place due to the irradiation, how-
ever, they were not able to show unambiguously the dif-
ference between tetragonal or cubic transformations. Ev-
idence for the presence of latent tracks was not demon-
strated in this work. Recent work by Schuster et al. [7]
have demonstrated, using X-ray diffraction (XRD) and
the Raman spectroscopy, the quantification of the mon-
oclinic to tetragonal transformation by U and Pb ions
and found that the transformation occurred at a fluence
of 2 × 1012 cm−2 to 5 × 1012 cm−2 which increases to
2.5× 1013 cm−2 for lighter ions. This “apparent” fluence
threshold for the m → t transformation is probably due
to the detection limit (which is about 1%) of the ap-
plied analytical techniques such as XRD and the Ra-
man spectroscopy. Other techniques used to calculate
the ion damage to zirconia were ionoluminescence (IL),
cathodoluminescence (CL), and Rutherford backscatter-
ing spectrometry/channeling (RBS/C) techniques which
were used in combination with molecular dynamics (MD)
simulations and phenomenological modelling [8]. How-
ever, all the above mentioned techniques were applied
to materials irradiated to high fluences. It is therefore
apparent that alternative techniques are required to ob-
serve the m→ t transformation at lower fluences and/or
with irradiation as a result of lighter ions. The ideal and
most reliable analytical technique for this study is clearly
the direct observation of latent tracks by transmission
electron microscope (TEM) [9].
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2. Experimental

Sections of natural zirconia were irradiated with
167 MeV Xe ions at the FLNR cyclotron complex
in Dubna, Russia to a fluence of 2× 1010 cm−2 at room
temperature. TEM lamellae were prepared in cross-
section and plan view geometry using an FEI Helios
Nanolab focussed ion beam (FIB). Sections of bulk Xe
irradiated material were annealed in a quartz tube fur-
nace under inert atmosphere at 800 ◦C for 20 min prior
to FIB sectioning. FIB lamellae of bulk Xe irradiated
material were also cut for TEM in situ annealing using
a DENS Solutions Wildfire heating stage in the temp-
erature range 100–500 ◦C.

These FIB lamellae were examined using a double
Cs corrected ARM 200F transmission electron micro-
scope operating at 200 kV in both TEM and STEM
mode.

3. Results

3.1. TEM results at room temperature

Figure 1 shows two bright field (BF) TEM micro-
graphs of Xe latent tracks in the same material in
cross-section (a) and plan view (b). Individual tracks
have a rectangular cross-section and consists of sections
misaligned at a slight angle to the incident radiation.
The discontinuity is demonstrated in the BF TEM micro-
graph (Fig. 2) showing one such latent track along the ion
direction. It is observed that the sections for the la-
tent tracks are approximately 25 nm length. The an-
gular displacement at the discontinuity between the two
sections is about 9 degrees which is in agreement with
the fact that the tetragonal columns are discontinuous
because of 9◦ a–c angle mismatch with monoclinic phase.
The contrast due to the strain at the boundary between
the tetragonal column and the monoclinic matrix, due
to the lattice mismatch, is clearly visible. The crys-
tallographic structure for the two phases are shown for
a planar view in the HAADF STEM micrograph (Fig. 3).
The insets show the simulated atomic columns which
are overlaid for comparison and hence confirming both
the tetragonal phase for the latent track and the mono-
clinic phase for the matrix. It is clear that the tetrago-
nal phase was found to remain stable at room tempera-
ture and also after preparation of the FIB lamellae using
Ga ions. The stability of the tetragonal phase was also
not compromised under electron irradiation in the TEM.

3.2. TEM analysis of annealed material

In an attempt to verify the (t → m) transforma-
tion temperature, bulk irradiated zirconia was subjected
to annealing at 800 ◦C for 20 min. The tetragonal
phase in the tracks had transformed back to the mon-
oclinic phase leaving a line of defect clusters as shown
in the bright field TEM image (Fig. 4). The nature of
these defects was not determined due to their small size.

Fig. 1. (a) BF TEM micrographs in cross-section
and (b) plan view of 167 MeV Xe latent tracks
in natural ZrO2.

Fig. 2. BF TEM micrograph (in cross-section) of a sin-
gle ion track showing the discontinuity. The image was
taken close to the [100] zone axis of the monoclinic phase
and the visible fringes are the (001) planes.



Observation of Stabilized Tetragonal Latent Tracks Induced by Single SHI Impacts. . . 239

Fig. 3. (a) HAADF STEM micrographs for a single 167 MeV Xe latent track in planar view, (b) atomic simulation
for the two phases shown in (a) with Zr columns red and O columns blue. O columns are not visible in the HAADF
image.

In the case of bulk material, the transformation stress
and volume increase is reported to be relieved by micro-
twinning of the material [2]. However, due to the small
size of the tetragonal inclusions, twinning is not ex-
pected for the studied system and indeed no evidence
of twinning was observed. Further to the furnace anneal-
ing of the bulk material, controlled annealing studies of
the FIB lamellae were performed in the TEM using an in
situ heating holder. It was observed that the reverse
phase transformation (t → m) of the tracks occurred
in the range 350–500 ◦C resulting in a line of defects as
observed for the furnace annealing of the bulk material.
The in situ transformation temperature range is well
below the expected bulk material temperature value of
700 ◦C. The transformation temperature for the tetrag-
onal tracks can be explained in terms of the sub-critical
volume for the tetragonal phase and the subsequent re-
lease of strain energy upon the back transformation to
the monoclinic phase. The monoclinic phase is still
the thermodynamically preferred phase between 350 and
500 ◦C where the back transformation was observed.
Given this, and the fact that the surrounding monoclinic
phase exerts significant stress on the tetragonal inclu-
sion, it is likely that the activation energy for the back-
transformation is sufficiently lowered that the transfor-
mation may be initiated at 350 ◦C.

4. Conclusion

In this work we have observed single ion tracks
by transmission electron microscopy which were pro-
duced under low fluences and using relatively light
ions (Xe) in monoclinic zirconia (ZrO2). The tracks were
analyzed in the TEM and found to consist of the tetrago-
nal phase. Back transformation to the monoclinic phase

Fig. 4. BF TEM image showing lines of defects in zir-
conia after annealing of latent tracks.

started upon heating to 350 ◦C and complete transfor-
mation was observed at 500 ◦C. The low temperature
at which the back transformation occurred compared to
that in the literature is believed to be due to high levels
of stress in the tetragonal phase due to the adjacent mon-
oclinic bulk material. To our knowledge, this is the first
report of stabilized tetragonal zones within individual la-
tent tracks in the non-overlapping regime for zirconia.
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