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Abstract

The  temperature  dependence  of  amorphization in a  high-entropy  pyrochlore,
(YboTmg,Lug2Hoo2Er02)2Ti,O7, under irradiation with 600 keV Xe ions has been studied using in-situ
transmission electron microscopy (TEM). The critical amorphization dose increases with temperature, and
the critical temperature for amorphization is 800 K. At room temperature, the critical amorphization dose
is larger than that previously determined for this pyrochlore under bulk-like 4 MeV Au ion irradiation but
is similar to the critical doses determined in two other high-entropy titanate pyrochlores under 800 keV Kr
ion irradiation using in-situ TEM, which is consistent with reported behavior in simple rare-earth titanate

pyrochlores.
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Introduction

The advancement of high-entropy oxides (HEOs), with 5 or more elements on a cation site, has ushered in
a new realm of complexity and flexibility in the tunability of functionalities in advanced technical oxides
for electro-optical, magnetic, ionic transport and nuclear applications. Many structure types of HEOs have
been formed by solid-state reactions and characterized [1,2], and HEOs with the pyrochlore structure
(A2B207) have been synthesized with multiple elements on either the A-site [3,4] or B-site [5,6], as well as
on both A- and B-sites [7]. The flexibility and phase stability of the cubic HEO pyrochlore structure allow
a range of compositions that can be tuned to create unique properties and functionalities, including exotic
magnetic properties [4], low thermal diffusivity [3,5], improved mechanical properties [6], high ionic

conductivity [8], and radiation tolerance [7,9].

Ion-beam modification is widely used to tune the properties, structure, and functionality of many types of
ceramic oxides [10], but data on HEOs are limited. While HEO pyrochlores have been suggested as
matrices for immobilization of nuclear waste [7,11], studies on the radiation behavior and kinetics are also
limited. One of the first studies on the response of HEOs to ion-beam irradiation has been conducted on a
single crystal titanate pyrochlore, (Ybo2Tmo2Luo2Hoo2Er02):T1,07, aligned along the [100] direction, and
Rutherford backscattering spectrometry in channeling geometry (RBS/C) has been employed to follow the
dependence of irradiation-induced amorphization on dose due to irradiation with 4 MeV Au ions at room
temperature [12,13]. Raman spectroscopy has been used to follow irradiation-induced amorphization in
single crystal (Ybo2Tbo2Gdo2Dyo2Er0.2)2Ti207 pyrochlore irradiated at room temperature with 23 MeV Ni
ions [13]. Both grazing incident x-ray diffraction and Raman spectroscopy have been applied to study
irradiation-induced  amorphization in  polycrystalline  (Gdo2Dyo2Hoo2Ero2Ybo2)2Ti207  and
(GdisDy1/6Er16YbiisHo16Ndi6)2Ti207 pyrochlores irradiated with 3 MeV Au ions at room temperature
[14]. Other studies of irradiation-induced amorphization have been carried out on polycrystalline
(Luo.25Y0.25Eu025Gdo25),Ti207 [15] and (Luo2Y02Gdo2Euo2Smo2),Ti2O7 [16] pyrochlores using in-situ
transmission electron microscopy (TEM) with 800 keV Kr ions at room temperature. Such in-situ TEM

approaches follow the ion irradiation of electron-transparent thin regions in a sample.

All irradiation studies to date on pyrochlores samples have been conducted at room temperature. In this
work, we report the results of an in-situ TEM irradiation study of the previously studied
(Ybo.TmgLug2Hoo2Er02)2Ti,O7 single crystal, but over a broad range of temperatures to evaluate the
temperature dependence and to determine the critical temperature for amorphization (i.e., temperature
above which full amorphization does not occur for a given ion species and energy). In addition, the critical
dose, D, for amorphization at room temperature in high-entropy and simple titanate pyrochlores under

different ion irradiation conditions is compared and discussed.



Materials and Methods

The single crystal (Ybo,Tmg2luo2Hoo2Er02)2Ti207 used in this study and a previous study [12,13] was
grown using the floating-zone growth technique and a two-mirror optical floating-zone furnace (Canon
Machinery model SC1-MDH) with 1500-W halogen lamps. This crystal growth procedure used oxygen
atmosphere at a pressure of 0.2 MPa and a growth rate of 5-6 mm per hour. A section of the crystal was
crushed for TEM specimen preparation, and a small amount of the crushed HEO pyrochlore was placed in
a mortar and mixed with ethanol. A small amount of the suspension (containing ethanol and HEO
pyrochlore grains) was deposited onto TEM grids covered with holey carbon film. Only HEO grains found
at the edge of the holes and having similar thicknesses were characterized to avoid diffraction data coming

from the amorphous carbon film.

Transmission electron microscopy (TEM) analysis under in-situ Xe ion irradiation was performed at the
MIAMI-2 facility in Huddersfield, UK [17]. The TEM analysis was carried out on a Hitachi H-9500 TEM
(300 keV) equipped with Gatan Model 963 GIF (Gatan Imaging Filter), which allowed Energy Filtered
Transmission Electron Microscopy (EF-TEM) images to be taken and determinations of the HEO
pyrochlore grain thickness to be made. The inelastic mean free path (A) in pyrochlore for 300 keV electrons

is 120 nm, which was calculated using information and methodologies reported previously [18,19].

In-situ ion irradiations with 600 keV Xe*" were carried out with a 350 kV National Electrostatics
Corporation ion accelerator connected to the electron microscope [17]. The irradiations were performed at
an incident angle of 2 to 5 degrees from the sample normal by tilting the TEM holder towards the ion beam
with ion fluxes between 2x10' to 3.5x10'? ions cms! for the various experiments conducted for the
determination of critical amorphization fluence (ion beam monitoring and dosimetry at the MIAMI-2
facility are discussed in detail elsewhere [17]). The electron beam was turned off during the ion irradiation
and switched on only for a few seconds (less than 5 s) when capturing the selected area electron diffraction
(SAED) patterns between the ion irradiation steps. The irradiations were repeated at each temperature until
the HEO pyrochlore became completely amorphous (when no diffraction spots were visible). The
irradiations and subsequent TEM analysis were conducted at temperatures of 143 K, 200 K, 298 K, 483 K,
683 K, 723 K, 753 K, 783 K, 883 K, 983 K and 1073 K. The range of fluences increased with temperature,
up to a maximum fluence of 6.03 x 10'5 ions cm™ at 1073 K. The SAED images were processed with the

DigitalMicrograph, Fiji DiffTools [20] and SingleCrystalTM software (www.crystalmaker.com).

The Stopping and Range of Ions in Matter code (SRIM-2013) [21] was used to determine the ion ranges
and depth profile of damage production for the 600 keV Xe ions in the HEO pyrochlore, as well as the
depth profiles of electronic energy loss (S.) and nuclear energy loss (Sy). As in the previous study on this

HEO pyrochlore [12], the simulations were performed in full-cascade mode [22], assuming a threshold
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Figure 1. The depth profiles of local damage dose (dpa) and implanted Xe concentration (appm)

for an ion fluence of 1.1 x 10" (critical amorphization fluence at 298 K).

displacement energy of 50 eV for each element in the HEO pyrochlore and an experimentally derived
density of 7 g/cm®. All comparisons to other HEO and simple pyrochlores in this work are based on similar
SRIM simulations of damage production assuming a threshold displacement energy of 50 eV for all
elements and the appropriate density for each compound. In this work, the depth dependent damage dose
in displacements per atom (dpa) was determined at each fluence for full amorphization, and the damage
dose assigned for full amorphization was that at a depth of 30 nm, as in previous in-situ TEM studies on

pyrochlores [23].

Results

The depth profiles of local damage dose (dpa) and implanted Xe concentration (appm) at a fluence of 1.1
x10' ions/cm? (the amorphization fluence at 298 K) are shown in Fig. 1. Analyzed regions in the TEM
specimens were selected to be about 70 nm thick; thus, the Xe concentration is less than several hundred

appm, even at the highest fluence of 6.03 x 10" ions/cm?.

A bright-field TEM image of the specimen irradiated at 298 K is shown in Fig. 2 (a), and an EF-TEM
thickness map of the specimen is provided in Fig. 2 (b), with the corresponding histogram in Fig. 2 (¢). The
region labeled 1 in Fig. 2 (a) is where the SAED analysis was conducted after each fluence in this specimen

and has mean thickness of about 70 nm based on the inelastic mean free path (A) of 120 nm for 300 keV
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Figure 2. (a) Bright-field TEM image of HEO pyrochlore irradiated with 600 keV Xe ions at 298 K; (b)
EF-TEM thickness map of sample; (c) pixel histogram for region labeled 1 in (b), which yields mean
thickness value of 70 nm; (d) SAED pattern along [110] for unirradiated sample; (e) — (h) SAED patterns
along [110] after irradiation with 600 keV Xe ions to different fluences at 298 K; (i) SAED pattern for

amorphous state at a fluence of 1.1 x10'* ions cm™.

electrons. The SAED pattern of the pristine (unirradiated specimen) is shown in Fig. 2 (d). SAED patterns
taken at several increasing fluences during 600 keV Xe ion irradiation at 298 K are shown in Figs. 2 (e) —

(). Complete amorphization is observed at a fluence of 1.1 x 10'* ions/cm?, as shown in Fig. 2 (i), and the
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Figure 3. (a) Critical dose, D., for amorphization in the HEO pyrochlore after irradiation with 600
keV Xe ions at different temperatures; also included is the value of D, previously determined in this
HEO pyrochlore under irradiation with 4 MeV Au ions at room temperature [12]. (b) Critical
temperature, T, for amorphization as a function of average A-site ionic radius for the HEO pyrochlore
under 600 keV Xe ion irradiation, along with the values of T, for several rare-earth titanate pyrochlores

under 600 keV Bi ion irradiation [23] and 1.0 MeV Kr ion irradiation [27,28].

critical dose, D, for amorphization at 298 K is 0.27 dpa, as determined at a depth of 30 nm. The critical
amorphization dose as a function of temperature is shown in Fig. 3 (a) for the in-situ TEM irradiation with
600 keV Xe ions; also included is the D, value previously determined by RBS/C for this material due to
irradiation with 4 MeV Au ions at room temperature, where D corresponds to the dose at which the RBS/C
spectrum reaches the random level at the damage peak depth [12]. The in-situ critical dose at room
temperature for the 600 keV Xe ions, 0.27 dpa, is about a factor of two larger than that previously
determined by RBS/C for this material, 0.13 dpa, due to irradiation with 4 MeV Au ions [12], as well as
larger than that determined for several simple rare-earth titanate pyrochlores by RBS/C for Au ion
irradiations, 0.14 + 0.01 dpa [24,25,26] and by in-situ TEM irradiation with 600 keV Bi ions, 0.18 = 0.01
dpa [23]. However, the D, value for the 600 keV Xe ions at room temperature is consistent with those
values determined in other HEO pyrochlore compositions, 0.26 and 0.27 dpa [15,16] by in-situ TEM
irradiation with 800 keV Kr ions. In contrast, similar in-situ studies on simple rare-earth titanate pyrochlores
using 1 MeV Kr ions show a factor of three wider range of D, values, 0.27 — 0.55 dpa [27]. In the case of
single crystal (Ybo2Tbo2Gdo2Dyo2Ero2)2Ti,07 pyrochlore irradiated at room temperature with 23 MeV Ni

ions, the critical amorphization dose is 2.5 dpa [13], an order of magnitude higher than any other HEO or



Table 1. Critical dose, D, for amorphization determined for the HEO pyrochlore composition in this

study, other HEO pyrochlore compositions, and related single-component rare-earth titanate pyrochlores

under different irradiation conditions.

Composition Irradiating D. (dpa) Characterization Reference
Ion
(Ybo2Tmo2Luo2Hoo2Er02): Ti2O7 4 MeV Au* 0.13 RBS/C [12]
Gd,Ti1207, Sm>Ti1207, Ho,Ti,07 1-4MeV Au* 0.14£0.01 RBS/C [24,25,26]
(Ybo2Tmo 2Luo2Hoo2Er02):Ti2O7 600 keV Xe* 0.28 In-Situ TEM This study
(Luo.25Y0.25Eu0.25Gdo25)2Ti207 800 keV Kr* 0.26 In-Situ TEM [15]
(Luo2Y02Gdo.2Eug 2Smy2),Ti2O7 800 keV Kr* 0.27 dpa In-Situ TEM [16]
Y,Ti,07, Lu,Ti,07, Gd2Ti,07, 600 keV Bi* 0.18+£0.01 In-Situ TEM [23]
Sm2T1207
szTi207, LU2Ti207, HOzTi207, 1 MeV Kr* 0.25-0.55 In—Situ TEM [27]
EI‘zTizO7
(Ybo.2Tbo2Gdo.2Dyo.2Er0.2)2Ti2O7 23 MeV Ni* 2.5 dpa Raman [13]

simple rare-earth titanate pyrochlore. A summary of all these critical doses for amorphization is presented

in Table 1.

Based on the data in Figure 3(a), the critical temperature, T, for amorphization in the HEO pyrochlore in
this study is determined to be 800 K under 600 keV Xe ion irradiations. Irradiation of this HEO pyrochlore
with 600 keV Xe ions at 883 K resulted in only a weak halo in the SAED pattern at a dose of 37 dpa,
indicating a partial amorphous state, and irradiation at 983 K and 1073 K at doses up to 60 dpa indicates no
evidence for amorphization. In simple rare-earth titanate pyrochlores, the value of T, tends to scale with the
ionic radius of the A-site cation [27] but exhibits a strong dependence on the mass of the incident ions [28],
as shown in Fig. 3(b). In the case of the HEO pyrochlore, the A-site ionic radius is assumed to be the
average of the ionic radii for the rare-earth elements on the A-site, with a value of 0.0995 nm. The value of
T, 800 K, for the HEO pyrochlore is less than that determined by in-situ TEM, 1000 K, for several simple
rare-carth titanate pyrochlores irradiated with 600 keV Bi ions [23], as shown in Fig 3(b). In other simple
rare-carth titanate pyrochlores irradiated with 1 MeV Kr ions, the critical temperatures for amorphization
range from 480 K to 1100 K [27,28], depending on the ionic radius of the rare-earth cation, as shown in
Fig. 3(b).



Discussion

The critical dose, D, for amorphization at room temperature in (Ybo.Tmo L uo>Hog 2Er02)>Ti,07 under 600
keV Xe ion irradiation in the present study is comparable to that measured in other HEO titanate pyrochlores
at room temperature under similar in-situ TEM irradiation with 800 keV Kr ion irradiation, but less than
that determined previously in the same material by RBS/C (Table 1). This dependence of D, on mass of the
incident ion has been previously observed in simple titanate pyrochlores, as shown in Table 1 for Au and
Bi ion irradiations versus 1 MeV Kr ion irradiations, as well as in other ceramic materials [29]. This ion
mass dependence has been attributed primarily to the efficiency of dynamic ionization-induced recovery
along the ion trajectory that affects damage production and accumulation; it is related to the ratio, S¢/Sn, of
electronic energy loss to nuclear energy loss for the different ions [10,29], which varies from about 0.25
for the Au and Bi ions to about 1.2 for 1 MeV Kr ions in the simple rare-earth titanate pyrochlores. This is
supported by the much higher value of D. (2.5 dpa) reported for (YboTbo.Gdo2Dyo2Er02).Ti207 under
irradiation with 23 MeV Ni ions, where the ratio, S¢/Sh, is on the order of 100 at a depth of 100 nm. Although
defect mobility is often minimal in these pyrochlores at room temperature, as supported by the near
temperature independence of D. at room temperature, as shown in Fig. 3 and reported for other simple
titanate pyrochlores [23,27], defect recovery at the surfaces of the thin regions characterized in the in-situ
TEM studies could also play a role in the higher values of D, observed. This is consistent with the higher
values of D. (up to a factor of 2.3) reported for simple rare-earth titanate pyrochlores under in-situ TEM
irradiation with 1 MeV Kr ions compared to the D. values determined by cross-sectional TEM of similar
single crystal pyrochlores irradiated with 1 MeV Kr ions [30]; however, the S./S, ratio is significantly lower
(~0.2) for the cross-sectional TEM determination of D. as compared to 1.2 for the in-situ TEM
determination, which  further —promotes the S¢S, dependence. In general, D. for
(YboTmg,Lug2Hoo2Er02)2Ti,O7 in this study does not indicate any significant increase or decrease in

radiation tolerance relative to other HEO or simple titanate pyrochlores under similar irradiation conditions.

The HEO pyrochlore in this study consists of a random distribution of rare-earth cations on the A-site, and
its radiation response may be representative of a mixture of simple rare-earth titanate pyrochlores having
relevant A-site compositions. This seems to be the case for the critical dose for amorphization (Table 1)
and is even more so for the critical temperature. The rare-earth cations on the HEO pyrochlore A-site all
have ionic radii less than 0.1015 nm, with an average ionic radius of 0.0995 nm. As shown in Fig. 3(b), this
average ionic radius positions the HEO pyrochlore in the lower range of A-site ionic radii, where the T,
exhibits a dependence on the mass of the incident ion for simple rare-carth titanates, and the value of T, for
the HEO pyrochlore for 600 keV Xe ion irradiation is between the values for 1 MeV Kr ions and 600 keV
Bi ions, as expected [28,29]. This shift in critical temperature with ion mass in other pyrochlores and

ceramics has been attributed to the effectiveness of dynamic ionization-induced recovery relative to damage
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production along the ion trajectory that varies with composition, and models of this behavior in other
materials indicate a dependence on the ratio S¢/S, of the incident ions [10,29]. In the case of smaller ionic
radii on the A-site (< 0.104 nm), including the HEO pyrochlore, T. increases with increasing ion mass for
a given composition; however, a correlation for variations in composition in the simple rare-earth titanate
pyrochlores has yet to be developed due to limited data. Based on the models of this behavior, the
temperature dependence of amorphization is independent of dose rate for this range of ionic radii and
depends primarily on the ratio of ionization-induced recovery rate to damage production rate. For the case
of larger A-site ionic radii (> 0.104 nm), the values of T. converge. For these compositions, the thermal
recovery rates are dominant and the kinetics of amorphization are dependent on dose-rate. As a result, Tk is
defined by the condition where the thermal recover rate equals the damage production rate. Furthermore,
the slight scatter in values of T, at the higher values of ionic radii in Fig. 3(b) is most likely the result of
different dose rates in each study. Clearly, additional irradiations of other HEO titanate pyrochlores having
rare-carths on the A-site with larger ionic radii, as well as simple rare-carth titanate pyrochlores, are needed

to fully interpret the T, behavior under irradiation with 600 keV Xe ions, and such irradiations are planned.

Conclusions

The irradiation-induced amorphization of the HEO pyrochlore (Ybo>Tmo2Luo2Hoo2Er2)>Ti»O7 has been
investigated by in-situ TEM under irradiation with 600 keV Xe ions over a range of temperatures. The
critical dose for amorphization increases with temperature but is about a factor of two higher at 300 K than
that previously determined under irradiation with 4 MeV Au ions. This difference is consistent with that
observed in other HEO pyrochlores and related simple rare-earth titanate pyrochlores under different
irradiation conditions, where the critical dose increases with decreasing mass of the incident ion. The critical
temperature for amorphization in this HEO pyrochlore is 800 K under irradiation with 600 keV Xe ions.
While the critical temperature for amorphization has not yet been reported for other HEO pyrochlore
compositions, the critical temperature determined here is less than that determined for related rare-earth
titanate pyrochlores under irradiation with 600 keV Bi ions but generally higher than those measured in
related simple titanate pyrochlores under 1 MeV Kr ion irradiation. Additional studies on related simple
titanate pyrochlores under 600 keV Xe irradiations are needed to better understand the role of the different
A-site cations in the HEO pyrochlore on critical temperature. Further studies on the properties of amorphous
HEO pyrochlores are needed, as are studies on the temperature dependence of amorphization in other HEO

pyrochlore compositions.
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