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a b s t r a c t

Perovskite, ABO3, structures are an important class of ceramics with a large variety of derivative struc-
ture-types (cubic, tetragonal, hexagonal, orthorhombic, and rhombohedral). Radiation damage in per-
ovskites is of interest due to their potential as actinide waste forms and to understand radiation
effects in uranium- and thorium-bearing phases. Powder CaZrO3 perovskite was irradiated with 940-
MeV Au ions up to 1.5 � 1013 ions/cm2. Changes in the crystal structure were followed in situ as function
of fluence by means of a sequence of X-ray diffraction (XRD) measurements. Ion-induced amorphization
is evidenced by a decrease in diffraction intensity and an increase in diffuse scattering. Based on XRD
measurements, as well as transmission electron microscopy (TEM), CaZrO3 is completely amorphized
at a fluence of 1.5 � 1013 ions/cm2. From the evolution of the integrated XRD-maxima intensities with
fluence, the diameter of the amorphous tracks is estimated to be 6.0 ± 0.6 nm, which is independently
confirmed by bright-field TEM images: 6.7 ± 0.4 nm. Changes in the positions of diffraction maxima
may be caused by at least two processes. Broadening of the diffraction maxima is analyzed using a Wil-
liamson–Hall plot. Strain-induced broadening is the dominant process.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

The ABO3 perovskite structure-type has a wide variety of techno-
logical applications, as sensors and catalysts [1], solid-state proton
conductors [2], multiferroics [3], substrates for superconductors
[4,5], and nuclear waste forms for fission products and actinides
[6]. The very different physical and chemical properties of perov-
skite materials reflect their large structural flexibility. Many differ-
ent chemical compositions can be synthesized due to a variety of
possible combinations of charge for the A- and B-site cations. The
mineral name perovskite has the composition: CaTiO3 which is
orthorhombic [7]. The perovskite structure (Pbnm) is derived from
the ideal cubic perovskite (Pm�3m) by tilting the corner-sharing
BO6 octahedra [7,8]. The larger A-site cations are located within
cages created by the octahedral framework of smaller B-cations.
The degree of distortion from the ideal cubic structure is determined
by the amount of tilting of BO6 octahedra, which depends on the
relative size of the A- and B-site cations. CaZrO3 has one of the larg-
est structural distortions among the perovskite compositions
(Fig. 1).

Titanium- and strontium-based perovskites are of particular
interest due to their potential as materials for the immobilization
All rights reserved.
and disposal of actinides. Perovskite is one of the main phases in
SYNROC, a polyphase, Ti-based nuclear waste form [9–12]. The ef-
fect of alpha-decay events in CaTiO3 and SrTiO3 perovskite has
been studied via irradiation experiments [12–25] and by character-
izing natural radiation damage in uranium- and thorium-bearing
compounds [26]. Irradiation experiments exposing different tita-
nate, tantalate and niobate perovskites to 800-keV Kr+, Xe+, and
Ne+ ions revealed an enhanced radiation stability with the decreas-
ing mass of A- and B-site cations [12]. For the CaTiO3 and SrTiO3

compositions, ion-induced amorphization was evident only above
a critical energy-loss (dE/dx) threshold [12]. The radiation toler-
ance of different perovskites with respect to the underlying ener-
getics of defect formation has also been the subject of classical
and quantum–mechanical simulations [27,28]. These studies
showed that the resistance to radiation depends on the structure
type, with orthorhombic perovskite being one of the least resistant
to radiation damage [27].

In this study, CaZrO3 perovskite was irradiated with 940-MeV
Au ions and analyzed by in situ X-ray diffraction (XRD) and trans-
mission electron microscopy (TEM). Such projectiles lose their en-
ergy almost entirely through ionization and excitation processes
(electronic dE/dx). Up to now, zirconate perovskites have only been
subjected to gamma radiation [29], low-energy light ions [29,30]
and neutrons [31]. The general information on the response of
perovskite under ion irradiation has focused mainly on titanate
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Fig. 1. Crystal structure of orthorhombic CaZrO3 (Pcmn). The corner-sharing ZrO6

octahedral framework forms cavities filled with Ca atoms. The unit-cell volume and
unit-cell parameters of the initial CaZrO3 powder were determined from the XRD
pattern by a refinement-like fit: V0 = 257.8(1) Å3, a = 5.588(1) Å, b = 8.015(2) Å and
c = 5.756(1) Å.

Fig. 2. Series of XRD patterns of CaZrO3 perovskite before and after irradiation with
940-MeV Au ions at different fluences. Amorphization with increasing fluence is
evident by the decrease in intensity of the diffraction peaks concurrent with the
growth of a diffuse background intensity (�30�). XRD contributions from the copper
sample holder are labeled with an asterisk (⁄). XRD pattern of the unirradiated
sample is indexed. Note, the 101 and 020 (202 and 040) diffraction maxima
overlap and appear as one single peak.
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perovskites and low-energy ions [12–25],the knowledge of the ef-
fects of swift heavy ion irradiation in the electronic stopping re-
gime is limited [32–34].

2. Experimental

A powder sample of CaZrO3 was synthesized by solid state reac-
tion of CaO and ZrO2 in an oxygen atmosphere at 1300 �C for several
days. The two components were repeatedly intermixed,pressed
into pellets (diameter 1.25 cm, thickness �2 mm), and subse-
quently sintered for 24 h at 1200 �C. Perovskite oxides fabricated
under such conditions have a typical grain size of a few microns,
and the porosity is estimated to be between 25 and 50%.The starting
material was characterized by means of XRD confirming the ortho-
rhombic perovskite structure. The pellets were glued with epoxy
resin onto single crystal silicon substrates (to minimize background
radiation for XRD measurements), which were attached to copper
sample holders. The irradiation experiments were completed with
940-MeV Au ions at the new M2 beamline at the UNILAC accelera-
tor of GSI (Darmstadt, Germany). With a theoretical density of
4.62 g/cm3 for CaZrO3 perovskite, the ion range was calculated to
35 lm. The beam spot size was 2.25 cm2, thus exposing the entire
sample. The ion flux was between 0.5 � 109and 2 � 109 ions/cm2 s
which is sufficiently low to avoid macroscopic sample heating.
The room temperature irradiations were performed in steps of
1 � 1012 ions/cm2 up to a fluence of 8 � 1012 ions/cm2 with two
additional exposures at 1 � 1013 ions/cm2 and 1.5 � 1013 ions/
cm2. During interruptions to the irradiation, the structure of the
powder material was analyzed by XRD measurements in situ at
the beamline. The instrument is a standard 4-circle X-ray diffrac-
tometer (Cu-Ka) operating in vacuum and equipped with a posi-
tion-sensitive detector. The X-ray tube was operated in point
focus geometry. XRD patterns were recorded between 20� and 60�
using symmetric Bragg scattering with an exposure time of 100 s
up to 7 � 1012 ions/cm2 and 200 s for the last three irradiation
steps. The instrumental resolution in the scattering angle 2h, binst,
was determined by means of a crystalline Al2O3 sample (standard
reference material 1976a from NIST) and approximated by

b2
inst ¼ 2:89� 10�4 þ 3:05� 10�7 tan hþ 5:18� 10�6 tan2 h;

where binst is given in rad and refers to the full-width at half-max-
imum (FWHM). Even at the largest scattering angle of 2h = 60�,
about 90% of the scattered intensity originated from the first
10 lm below the specimen surface. Within this range, the elec-
tronic dE/dx of the energetic gold ions was within 35–36 keV/nm
nearly constant, and the nuclear dE/dx was well below 0.5% of the
total energy loss (SRIM 2008). A synchrotron-based characterization
of radiation-induced amorphization is superior in terms of
signal-to-background ratio [35]; however, measurements at the
M2 X-ray diffractometer beamline at GSI allow for a larger number
of fluence steps. All diffraction profiles were analyzed with the soft-
ware DataLab by fitting Gaussian curves to the main diffraction
maxima. The use of Gaussian line profiles will be discussed below
(see also remark [47]). Peak position, FWHM, intensity and area
were determined for each irradiation step. Refinement-like fitting
of the full XRD patterns of the starting material using the software
FullProf [36] yielded a unit cell volume of V0 = 257.8(1) Å3 with
a = 5.588(1) Å, b = 8.015(2) Å and c = 5.756(1) Å in good agreement
with previously published results. Finally, samples from irradiations
at two different fluences were subsequently investigated by TEM
(JEOL 2010F) obtaining bright-field images, electron diffraction pat-
terns and energy dispersive X-ray spectra (EDAX). In order to image
single ion tracks without overlap, one pellet was limited to a fluence
of 1 � 1011 ions/cm2. The second TEM sample was prepared from
the pellet exposed to the highest fluence after the entire irradiation
series (1.5 � 1013 ions/cm2). In both cases, a few grains were care-
fully scraped off from the sample surface and dispersed onto a
holey-carbon grid for TEM examination.
3. Results and discussion

A series of diffraction patterns of CaZrO3 perovskite before and
after irradiation are shown in Fig. 2.The main crystalline diffraction
maxima (101, 020, 200, 121, 002, 202, 040; see unirradiated
sample in Fig. 2 for indexing) decrease strongly with irradiation,
accompanied by pronounced broadening. Beginning with a fluence
of 3 � 1012 ions/cm2, ion-induced amorphization is evident. The
interaction of X-rays with amorphous domains is characterized by
a broad maximum in the two theta region of the most intense
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diffraction maxima of the crystalline phase [37]. With increasing flu-
ence (bottom to top in Fig. 2), the broad, amorphous ‘‘peak’’ grows
systematically and is the dominant feature in the pattern at the max-
imum fluence with no indication of crystalline CaZrO3 diffraction
maxima. Two prominent sharp peaks at 1.5 � 1013 ions/cm2 at
2h = �43� and �50� are due to the interaction of the copper sample
holder with the X-ray beam when its spot size exceeds the sample
dimension (see caption of Fig. 2). The remaining peaks are probably
due to double Bragg scattering (Umweganregung) from the single
crystal substrate. These diffraction maxima are present in all pat-
terns, but are particularly prominent at higher fluences for which
the overall sample intensity is greatly reduced by the amorphization
process. TEM characterization independently confirms completion
of the radiation-induced crystalline-to-amorphous phase transfor-
mation at the highest fluence. Bright-field images and selected area
electron diffraction patterns (both not presented) indicate only the
presence of amorphous material, i.e., based on uniform contrast
without any evident crystalline contribution to the diffraction
pattern and diffuse scattering from the amorphous domains.

The crystalline and amorphous contributions were quantified
by a peak-fitting procedure at each irradiation step. Above a flu-
ence of 2 � 1012 ions/cm2, all patterns were additionally deconvo-
luted in the two-theta region between 25� and 35� into four
different contributions consisting of three crystalline peaks (002,
121, 200) and a diffuse broad peak from the amorphous domains
of the sample (Fig. 2). This procedure is described in detail else-
where [37]. Note, the diffraction maximum from the sample
holder, at �30�, was also considered in the deconvolution/fitting
process. Fits to the 101, 020 and 202, 040 diffraction maxima
(see Fig. 2 for indexing) were directly applied without deconvolu-
tion due to the absence of the diffuse scattering from the amor-
phous domains and no peak overlap. With increasing fluence, the
normalized area of the crystalline sample fraction, shown in
Fig. 3 by the relative areas of the 101, 020 diffraction maxima
(one peak in Fig. 2), decreases quickly with increasing irradiation.
The loss of long-range XRD periodicity due to radiation damage
and amorphization is the main cause for this decrease [38,39].
The decrease of the relative area nCðUÞ ¼ CðUÞ=Cmax as function
of irradiation fluence can be well described by an exponential
expression [40]:

nCðUÞ ¼ 100 � e� r�Uð Þ; ð1Þ

where CðUÞrepresents the measured crystalline peak area at the flu-
ence U and Cmax the maximum value prior to irradiation,
Fig. 3. Relative peak area of amorphous (diffuse diffraction maximum at �30�) and
crystalline (101, 020 diffraction maxima) fraction as a function of increasing
fluence. The curves are fits to the data by Eqs. (1) and (2) and provide the cross-
sections for amorphous tracks.
nCðUÞ ¼ 100%. Fitting Eq. (1) to the data points of the crystalline
fraction (filled circles in Fig. 3) allowed for the estimate of the
cross-section for the decrease of crystalline maxima, r = 38.6 nm2,
and the corresponding effective track diameter, d = 7.0 nm, by
assuming cylindrical track geometry (r = p�(d/2)2). The identical
procedure was applied for several other crystalline diffraction
peaks, yielding similar values (002: 5.4 nm; 121: 5.8 nm; 200:
6.4 nm; 202, 040: 5.9 nm).

Concurrent to the exponential decrease of the crystalline peak
area, the normalized area of the broad amorphous peak,
nAðUÞ ¼ AðUÞ=Amax;grows linearly in the initial stage and finally
reaches saturation at higher fluences (Fig. 3). This behavior is de-
scribed by an exponential Eq. (2) based on a direct-impact model
[40].

nAðUÞ ¼ 100 � 1� e� r�Uð Þ� �
; ð2Þ

where AðUÞ represents the measured peak area at the fluence U and
Amax the maximum value for complete amorphization nAðUÞ ¼ 100%:

The amorphization cross-section per incident ion is given by r. In
the direct-impact model, amorphization is described by the accumu-
lation of individual amorphous tracks. At larger fluences, tracks
begin to overlap, and the increase in amorphous fraction becomes
sub-linear. Fitting Eq. (2) to the XRD data of the amorphous fraction
(filled squares in Fig. 3) yields the amorphization cross-section,
r = 23.3 nm2, and the corresponding effective track diameter,
d = 5.4 nm, of the amorphous track zone. Direct-impact amorphiza-
tion was not observed within the nuclear dE/dx regime of keV–
MeV ions in SrTiO3 perovskite, but defect-stimulated amorphization
by overlaps of damage cascades [23,24]. Deviations from Eq. (2) in
Fig. 3 can be ascribed to the low-intensity of the diffuse amorphous
diffraction maximum, particularly for low fluences, and related
uncertainties in the peak-fitting procedure. However, the cross-sec-
tion for the increasing amorphous fraction is somewhat smaller than
the corresponding decreasing crystalline fraction (Fig. 3). This trend
can be understood in terms of the specific material modifications
contributing to both cross-sections [35]. The ingrowth of the diffuse
amorphous peak is only caused by the amorphous phase; whereas,
highly defective and strained sample regions may also contribute
to the larger cross-section of the decreasing intensity of peaks from
crystalline domains. A defect-rich, yet crystalline, track halo sur-
rounding individual amorphous track cores can account for the smal-
ler amorphization cross-section. Such a halo may also be responsible
for the small deviation of the ingrowth of amorphous phase (filled
squares in Fig. 3) with respect to the direct-impact model (fit of Eq.
(2) in Fig. 3). Concerning the uncertainty in the XRD measurements,
only one pattern was recorded at each irradiation step. Additionally,
the error in the peak-fitting procedure is not unambiguously deter-
mined. Thus, a mean diameter and sigma were established for the
XRD data by averaging over all values obtained from different dif-
fraction maxima: 6.0 ± 0.6 nm.

A bright-field TEM image of the sample irradiated at
1 � 1011 ions/cm2 is shown in Fig. 4. Ion tracks are apparent due
to their different contrast with respect to the surrounding matrix.
The number of tracks is in agreement with the irradiation fluence
(slightly larger). Thus, in CaZrO3 each impinging ion creates an indi-
vidual track, supporting the use of the single-impact model to fit
the XRD data. Size measurements of 20 tracks yield a mean diame-
ter and sigma of d = (6.7 ± 0.4) nm. The track size distribution is
rather narrow, which is attributed to cylindrical track morphology.
The track diameters deduced from TEM and XRD are in good
agreement and indicate that CaZrO3 perovskite has an increased
resistance to swift heavy ion irradiation as compared with other
ceramics, e.g., Gd2Ti2O7 pyrochlore (d = 9.2 ± 0.9 nm, 129Xe ions,
1.4 GeV, dE/dx = 28.5 keV/nm, [35]) and Ca10(PO4)6(OH, F, Cl)2

apatite (d = 9.0 ± 1.0 nm, 197Au ions, 2.2 GeV, dE/dx = 26 keV/nm,



Fig. 4. TEM bright-field image of CaZrO3 perovskite after irradiation with 1 �
1011 cm�2 Au ions of energy 940 MeV. Amorphous tracks of diameter 6.7 ± 0.4 nm are
visible by concentric contrast variations.

Fig. 6. Relative shifts of the interplanar distances, dd/d0 = �dh/tanh, for the most
prominent diffraction maxima (101, 020, 002, 121, 202, 040) as a function of ion
fluence. The initial interplanar distance d0 denotes to prior to irradiation.
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[41,42]). The higher radiation tolerance of the perovskite structure
was also evident in studies on natural and ion-induced radiation
damage in uranium- and thorium-bearing minerals suggesting that
calcium-titanate perovskite is more stable than pyrochlore or
zirconolite [25]. The enhanced structural stability of CaZrO3 might
be related to the relatively small mass of the A-site cation, as
suggested by a previous ion-beam investigation of different perov-
skite compositions [12].The predicted lower radiation performance
for the orthorhombic structured perovskite as compared with
A2B2O7 pyrochlore [27] could not be confirmed for swift heavy
Fig. 5. Detailed view of 101 and 020 diffraction maximum for starting material
and first 5 irradiation fluences up to 5 � 1012 ions/cm2. With accumulating ion
bombardment, the peak intensity decreases, whereas the peak width increases. The
position of the diffraction maximum shifts first to lower and then to higher 2h.
ion irradiation, even though CaZrO3has the most distorted structure
of a wide range of perovskite compositions [43]. For a more detailed
comparison, the dE/dx thresholds for track formation must be
compared in the different ceramics.

The 101, 020 peak (two overlapping peaks, see Fig. 2 for index-
ing) of the unirradiated sample and its evolution under irradiation
up to 5 � 1012 ions/cm2 is shown in Fig. 5, illustrating the decrease
in peak intensity and pronounced broadening. The peak position
with respect to the unirradiated sample (dashed line in Fig. 5) is
complex. The relative changes of the interplanar distances, dd/
d0 = �dh/tanh, are calculated from Bragg’s law and are displayed
for the most prominent peaks as a function of fluence in Fig. 6.
The lattice plane distance prior to irradiation, d0, is given by
1=d2

0 ¼ h2
=a2 þ k2

=b2 þ l2
=c2 with the Miller indices h, k and l.

Mechanisms which can contribute to changes in interplanar dis-
tances after irradiation are: (i) generation of defects in the crystal-
line matrix or by compositional changes due to radiolysis, and (ii)
the build-up of mechanical stresses caused by the formation of an
amorphous phase with a concomitant volume change or by bom-
bardment-induced pore shrinkage of the porous powder. The com-
plex shift of interplanar distances with fluence (Fig. 6) is indicative
of at least two different operative mechanisms. The determination
and separation of (i) and (ii) is, in principle, possible with a
four-circle diffractometer but requires the knowledge of the X-
ray elastic constants which are presently unknown for orthorhom-
bic CaZrO3. No compositional changes were evident by the TEM
analysis (EDAX) at the level of a few atomic percent; however,
Fig. 7. Full widths at half maximum (FWHM) in 2h in degrees of the most intense
Bragg diffraction maxima. The curves are drawn to guide the eye.



Fig. 9. Fluence dependence of microstrain, e, as derived from slopes in Fig. 8 by
applying the Williamson–Hall formula as function of fluence.
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compositional changes below this limit cannot be excluded. Inter-
estingly, at fluences > 4 � 1012ions/cm2, dd/d0 is negative (Fig. 6). If
this quantity is interpreted as an elastic strain caused by an in-
plane stress, this stress must be tensile; an observation which is
in conflict with the typical volume expansion by defect generation
[44], by amorphization and ion hammering of the amorphous
phase. However, swift heavy ion-induced efficient pore shrinkage
of porous CaZrO3 would result in a tensile stress and explain the
observed effect. It should be noted that the pellets were prepared
with a hand press operating at low pressure. Thus, the actual den-
sity of the powdered samples was significantly lower than the cal-
culated value (estimated on the order of 75%).

The experimentally determined FWHM of the five main diffrac-
tion maxima versus ion fluence is shown in Fig. 7, displaying signif-
icant increase for all peaks. For Gaussian line profiles of the Bragg
diffractions, the Williamson–Hall formula is given by

b2 ¼ g
Kk

D cos h

� �2

þ 16e2tan2h

( )

where the line width b is corrected for the instrumental resolution
by b2 ¼ FWHM2 � b2

inst .The constant g = (4ln2)/p converts integral
line widths into FWHM values. k is the X-ray wavelength, D the
(weighted) average crystallite size proportional to the cubic root
of the crystallite volume, and e is a measure for the strain fluctua-
tions, sometimes also denoted as microstrains. The shape of the
crystallites and their orientation relative to the X-ray scattering
vector is taken into account by the Scherrer constant K. With
increasing ion fluence, the amorphous tracks overlap and D de-
creases. One might be tempted to ascribe the increase in b to the de-
crease in D. However, in the specific geometry of this work, the
scattering vector coincided with the direction of the incident ion
beam and, for a perfectly aligned setup and perfectly parallel ion
tracks, the crystallite size in this direction remains unaffected and
is of the order of a few micrometers (cf. Section 2).Theoretically,
for prismatic crystallites with their lengths much larger than their
diameters and all prism axes parallel to the X-ray scattering vector,
K is close to zero [45,46]. In fact, plotting b2cos2h versus sin2h (see
Fig. 8) reveals that Kk/D is zero within the experimental uncertain-
ties for all fluences. Hence, the measured increase in b is essentially
due to microstrains [47]. The quantity e is plotted in Fig. 9 and is
almost linear in ion fluence. It should be noted that close to com-
plete amorphization, i.e., for a fluence above 8 � 1012 ions/cm2, e
approaches the elastic strain limit, which is between 0.2 and 0.3
for ionic ceramics [48].
Fig. 8. Williamson-Hall plot for the most intense Bragg diffraction maxima for 5
different fluences. Note, that the straight lines intersect the ordinate close to the
origin indicating negligible crystallite size broadening. This effect is due to the
specific geometry used during irradiation and measurement (see text for details).
4. Conclusions

CaZrO3 was irradiated with 940-MeV Au ions to a maximum flu-
ence of 1.5 � 1013 ions/cm2. By means of in situ XRD measure-
ments, ion-induced amorphization was followed as a function of
increasing fluence. Based on the diffraction data, individual tracks
had a calculated diameter of 6.0 ± 0.6 nm. This was independently
confirmed by direct TEM measurements, giving an observed size of
6.7 ± 0.4 nm. The shifts of the position of the diffraction peaks are
complex and indicate contributions from several processes. Micro-
strains approach the elastic limit and cause significant peak
broadening.
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