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In this report, we present dramatically different behavior between isostructural Gd,Hf,0; and Gd,Ti,0-
pyrochlore using 400 keV Ne?* irradiation under cryogenic conditions (~77 K), in which the lattice vol-
ume of the irradiated layer of Gd,Ti»0, increased with ion fluence up to 1 x 10’ jons/cm?, whereas,
the lattice volume of the irradiated layer of Gd,Hf,0; decreased with increasing fluence from 1 x 10'®
to 6 x 10'® ions/cm?. The cation radius ratio ra/r, the bond-type of A-O and B-O bonds, the order-to-dis-
order transition energy of Gd,Hf,0; and Gd,Ti,0,, temperature-composition (T-C) phase diagrams of
HfO,-Gd;03 and TiO,-Gd,03 mixtures were used to explain the response of Gd,Hf>,0; and Gd,Ti,O to
ion irradiation-induced structure transformation.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Pyrochlore materials, with the general formula A,B,07, where A
and B are metallic cations that can either be trivalent and tetrava-
lent or divalent and pentavalent, represent an important structure
type for immobilization of actinide-rich wastes and inert matrices
[1-7]. In recent years, some papers have been published on ion
irradiation effects of rare-earth titanate pyrochlores (A,Ti,0-,
A=Y, and Sm-Lu) with different lanthanide elements occupying
the A sites [5-7]. The response of Ti pyrochlores to radiation-in-
duced amorphization is almost not dependent on the cations at
the A sites. All these Ti pyrochlores are sensitive to ion irradiation
and can be amorphized at a relatively low fluence [4]. On the other
hand, the response behaviors of rare-earth Zr pyrochlores (A;Zr,0-,
A=Y, and La-Gd) to radiation-induced amorphization are much
different from each other when the A cations are different. Certain
compositions readily disorder into the defect fluorite structure
upon ion irradiation, and therefore they are remarkably resistant
to amorphization. For example, Gd,Zr,07 do not experience a radi-
ation-induced transformation from crystalline to amorphous state
even at a peak ballistic damage dose as high as ~36 displacements
per atom (dpa). On the other hand, La,Zr,0; can be amorphized at
a relatively low ion dose of ~5.5 dpa for 1.5 MeV Xe" ion irradia-
tions at room temperature [8]. Theoretically studies showed that
the major factors that can influence the response of pyrochlores
to ion irradiation-induced amorphization include the cation radius
ratio of A cation over B cation [1], defect formation energies on the
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stability of pyrochlore [3], electronic structures of A-site cations
[9,10], and A-O4gr and A-Ogp, bonds [11]. Studies of Sickafus et al.
indicated that T-C diagram is a good indicator to predict the irra-
diation tolerance of complex oxides systematically [3]. It was sug-
gested that the compounds with natural order-to-disorder (O-D)
transformations have good tolerance to ion irradiation induced
amorphization.

Although extensive ion irradiation studies have been conducted
on Ti and Zr pyrochlores, so far, only a few experimental investiga-
tions have been performed on ion irradiation effects of hafnate
pyrochlores (A,Hf,0;), where the B-site cation ionic radius of
Hf** (0.71 A) is between those of Ti** (0.605 A) and Zr** (0.72 A)
[12]. In this paper, we compare, for the first time, the irradiation
effects of Gd,Hf,0; and Gd,Ti,O isostructural pyrochlores. Their
response to the irradiation is discussed in terms of ionic sizes of
the cations, the bond-type of A-O and B-0 bonds, the order-to-dis-
order transition energy of Gd,Hf,0, and Gd,Ti,0, and the temper-
ature—-composition (T-C) phase diagrams of HfO,-Gd,03 and TiO,-
Gd,03 mixtures.

2. Experimental procedure

Polycrystalline Gd,Ti,O; and Gd,Hf,0,; samples were synthe-
sized from Gd,0s3 (Alfa Aesar, 99.99% purity), HfO, and TiO, powers
(Aldrich Chemical company, 99.99% purity), by conventional cera-
mic processing procedures. The measured densities of the sintered
pellets were larger than ~90% of their theoretically densities.

Ion irradiation was performed under cryogenic condition (Tsyp.-
strate ~77 K) at the lon Beam Materials Laboratory, Los Alamos Na-
tional Laboratory, using a 200 kV Danfysik high current research
ion implanter. The 400 keV Ne?* ions were implanted at normal
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incidence at fluences ranging from 5 x 10' to 6 x 10'® ions/cm?
using an ion flux of ~1 x 10" jons/cm?s. The projected range of
the 400 keV Ne ions in Gd,Ti,O; and Gd,Hf,0; were estimated
using the Monte Carlo code SRIM [13]. The projected range, Ry,
was estimated to be 411+ 125 and 369 + 134 nm, respectively
(with a target density p = 6.567 g/cm® of Gd,Ti,0; and p = 8.95 g/
cm? of Gd,Hf,0-). In these calculations, we assumed the threshold
displacement energies for Gd, Ti, Hf and O are all 40 eV (these ener-
gies are arbitrary assumptions because we currently do not have
experimental or theoretical estimates for these values) [14,15].

Grazing Incidence X-ray Diffraction (GIXRD) was used to char-
acterize the crystal structure of the pristine and ion irradiated sam-
ples using a Bruker AXS D8 advanced X-ray diffractometer, 0-20
geometry, Cu-Ko radiation, and the X-ray incidence angle
y =0.5°. The depths of the X-rays in Gd,Ti,0; and Gd,Hf,0; at
y=0.5°are 89 and 75 nm, respectively. The X-ray penetration
depths were estimated geometrically [16]. The step size of the scan
angle was 0.02° and a dwell time of 4 s per step. The scan range
was 10-75°.

3. Results and discussion

Fig. 1 shows GIXRD patterns obtained from the pristine
Gd,Hf,0; and the Gd,Hf,0- irradiated with 400 keV Ne?* ions at
fluences of 1.0 x 10'°-6.0 x 10'ions/cm?, corresponding to a
peak ballistic damage dose of ~0.25-15 dpa. The Gd,Hf,0; sam-
ples exhibit a weakly ordered pyrochlore structure: only three fun-
damental pyrochlore diffraction peaks of P{111}, P{113} and
P{331} with small number counts can be discerned, diffraction
peaks of P{222}, P{400}, P{440} and P{622} (or F{111}, F{200},
F{220} and F{311}) are fundamental fluorite reflections, which
are contributed by both diffraction of pyrochlore structure and
fluorite structure. From Fig. 1, one can discern the following phe-
nomena: The three fundamental pyrochlore diffractions of
P{111}, P{113} and P{331} diminished for the irradiated
Gd,Hf,05. All fluorite peaks shift towards larger 20 with increasing
Ne ion fluence from 1 x 10'° to 6 x 10! ions/cm?. As an example,
P{222} peak was zoomed on in Fig. 1, showing the gradual dis-
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placement with increasing Ne ion fluence. The displacement of
the lattice reflections to larger 20 is indicative of unit cell
contraction.

Fig. 2 shows GIXRD patterns obtained from pristine Gd,Ti,07
and Gd,Ti,0, irradiated with 400 keV Ne?* ions at fluences of
5.0 x 10'-1.0 x 10> ions/cm?, corresponding to a peak ballistic
damage dose of ~0.16-0.32 dpa. The samples exhibit a pyrochlore
superlattice structure. All peaks shift towards smaller 20 with
increasing Ne ions. The displacement of the lattice reflection peaks
to smaller 26 indicates unit cell swelling. That is to say, the lattice
parameter of the irradiated Gd,Ti,O, increases with increasing Ne
ion fluence.

In order to quantify the changes of the lattice parameter of
Gd,Ti,0; and Gd,Hf,0; with Ne ion fluence, Table 1 summarizes
lattice parameter of the pristine and the irradiated Gd,Ti,O; and
Gd,Hf,05. All data in Table 1 were calculated by using XRD data
of Gd,Ti,0; and Gd,Hf,0, pellets before irradiation and after irra-
diation at y = 0.5° X-ray incident angle. In Table 1, d-spacings were
calculated according to Bragg’s law, 2d-sinf = n4, and the lattice
parameter a was calculated using individual reflection indices
{hkl} and the cubic unit cell relationship a = dpu(h? + k? + [2)/2. Four
fundamental fluorite reflections P{222}, P{400}, P{440} and
P{622} were used to calculate the average lattice parameter. From
the lattice parameter value obtained for a given fluence, the
changes of lattice parameter were determined as Aa = a—ap, where
ap is the lattice parameter of each pristine, unirradiated Gd,Ti,O-
and Gd,Hf,05, while a is the lattice parameter of each irradiated
Gd,Ti,0; and Gd,Hf,0,. According to the previous study of ion
irradiation effects on Y,Ti,O; pyrochlore, the lattice change is not
a constant; the calculation result of lattice parameter is an average
value, (a) [14]. From Table 1, the average lattice parameter changes
of Gd,Ti»0, and Gd,Hf>,07 were opposite. For Gd,Ti,O-, the average
lattice parameter increased with increasing fluence from 5 x 10'*
to 1 x 10" ions/cm?, and it was amorphized when the irradiated
fluence reached 1 x 10'®ions/cm? with the corresponding peak
ballistic damage dose of 3.2 dpa (there is no attempt to show the
TEM image here). Whereas for Gd,Hf,0, the average lattice
parameter decreased with increasing dose from 1 x 10'° to
6 x 10! ions/cm?. The irradiated Gd,Hf,0; transformed to a disor-
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Fig. 1. GIXRD patterns obtained from un-irradiated and irradiated Gd,Hf,0, samples to a fluence of 1 x 10'°-6 x 10'® ions/cm? at X-ray incidence angle of 0.5°. The inserted

diagram was the zoomed in P{222} peak.
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Fig. 2. GIXRD patterns obtained from un-irradiated and irradiated Gd,Ti,O; samples to a fluence of 5 x 10'*~1 x 10'® ions/cm? at X-ray incidence angle of 0.5°. The inserted

diagram was the zoomed in P{222} peak.

Table 1

Experimental results for lattice parameter and volume change in Gd,Hf,0; and Gd,Ti,05, as a function of Ne ion irradiation fluence, based on four main XRD peaks of pyrochlore

P(222}, P{400}, P{440} and P(622}.

Dose (ions/cm?) Gd,Hf,0 Gd,Ti, 04
a or ag(A) Vo or V(A%) AV(A%) AV|Vo(%) a(A) Vo or V(A%) AV(A?) AV[Vo(%)
Pristine 10.5288 1167.178 0 0 10.1542 1046.977 0 0
5x 10 No experimental data 10.2990 1092.409 45.432 434
7 x 10 10.3049 1094.288 47.311 4.52
1x 10" 10.5228 1165.178 -2.0 -0.17 10.3066 1101.638 54.661 5.22
1x 106 10.5118 1161.533 -5.6 -0.48 Amorphous
6 x 10'¢ 10.4420 1138.555 —28.62 —-2.45

dered fluorite structure as proved by the disappearance of the
pyrochlore superlattice reflections P{111}, P{113} and P{331}.
No evidence of amorphization was observed for Gd,Hf,0, even
at a high ion fluence of 6 x 10'® ions/cm? (~15 dpa).

The dramatically different behavior of Gd,Ti,0; and Gd,Hf,0,
under ion irradiation showed striking opposite differences in lat-
tice parameter and resistance to amorphization. Gd,Ti,0, swelled
and was amorphized readily, whereas Gd,Hf,0, contracted and
could not be amorphized even at 15 dpa. Similar example involves
the dramatic difference in irradiation resistance between Er,Ti;0
and Er,Zr,0-, with Er,Ti,07 is readily amorphized while ErZr,0;
remains crystalline even at very high doses [1]. Another research
indicated that La,Zr,0, pyrochlore is more resistant than structur-
ally identical La,Hf,0; pyrochlore [17]. The radiation response of
pyrochlore is highly dependent on composition and has previously
been interpreted as being related to the radius ratio, r3*/ri*, of the
A- and B-site cations. The compounds with more similar cation ra-
dius are more likely to form as disordered fluorites than as ordered
pyrochlore, and fluorites are inherently more radiation resistant
than pyrochlores [1]. So, Gd,Hf>0,, with an ionic radius ratio of
rat/rgt = 1.48, would more likely disorder to the defect fluorite
structure than Gd,Ti,07 (13 /rg* = 1.74) [12]. Therefore, Gd,Hf,0;
is more resistant to amorphization than Gd,Ti,O; under ion
irradiation.

Another factor that plays an obvious and important role in
determining the radiation response is the bond-type of A-O and

B-O bonds [9,18]. According to the Mulliken overlap population
analysis by Lumpkin et al. [19], the covalency of Ti-O bond is larger
than that of Hf-0. This trend also roughly follows that of Pauling’s
electronegativity. The electronegativity of Hf (1.3) is much smaller
than that of Ti (1.54). The fact that Ti-O bond is more covalent than
Hf-0 bond may also explain why Gd,Ti,0O is more difficult to dis-
order than Gd,Hf,0; [18]. As the disordered structure is usually
more resistant to the radiation damage [3], it is quite natural to
understand that Gd,Hf,0, is more resistant to radiation than in-
duced amorphization Gd,Ti,0;.

First-principle calculations suggested that defect formation en-
ergy of order-to-disorder transition also plays an important role in
determining the stability of radiation-induced amorphization of
pyrochlore [9,10,20]. Pyrochlores with high defect formation en-
ergy will not easily relax back to the pyrochlore structure once de-
fects are formed by either ion irradiation or high-pressure, and
therefore the compounds behave less robust in a radiation environ-
ment [20,21]. Chao et al. calculated the disordering energies of
A,B,0, (A3* = Er, Dy, Tb, Gd and B*" = Zr, Hf, Ti, Sn) using first-prin-
ciple, they found that for the same A3* cation, the disordering ener-
gies increase in the order A,;Sn,07; > A,Ti,07 > A;Hf,07 > AyZr,05
(A =Er, Dy, Tb and Gd)[18]. So, as compared to Gd,Ti,07, the de-
fects in Gd,Hf,0, are easily formed. The weakly ordered pyroch-
lore Gd,Hf,0; structure has a strong propensity to
transformation to the disordered-fluorite structure.
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Fig. 3. Temperature-composition (T-C) phase diagram for Gd,03-HfO, binary oxide mixtures (based on the T-C phase diagram in [22]). The vertical line in the diagram
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Previous ion irradiation experiment on derivate fluorite showed
that a structure which has a strong propensity to accommodate
ion-induced defects should have a high resistance to amorphiza-
tion [3]. For example, Dy4Zr;0;, cannot be amorphized even at
very high radiation dose (55 dpa) because Dy4Zr30,, is initially a
disordered fluorite. Whereas, titanate pyrochlores are far more
susceptible to radiation-induced amorphization because titanates
cannot readily accommodate disorder (the amorphous dose is less
than 0.5 dpa). That is to say, disorder in titanates is energetically
costly [14]. Our previous study indicates that the temperature-
composition (T-C) phase diagram of compound is a good indicator

that can directly reflect the structural tolerance to the irradiation
induced order-to-disorder (O-D) transformation. Figs. 3 and 4
show the T-C phase diagrams of HfO,-Gd,03 and TiO,-Gd,;03 mix-
tures, respectively [22,23]. The Gd,Ti,O; pyrochlore is stable be-
fore it melts. While for 2:2:7 Gd,Hf,0; pyrochlore, it transforms
to a disordered fluorite phase with increasing temperature before
melt. For disordered fluorite Gd,Hf,0,, Hf and Gd cations are ran-
domly arranged on the cation sites, oxygen ions and oxygen vacan-
cies are randomly arranged on the anion sites. Thus, it is
reasonable to understand the experimental results: Gd,Ti,O; is
amorphized at low ion irradiation fluence, whereas Gd,Hf,0,
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transforms to a disordered fluorite and shows remarkable resis-
tance to amorphization under ion irradiation.

In addition, the volume changes associated with different A and
B cations of A;B,07 structural transition from pyrochlore to fluo-
rite, pyrochlore to amorphous were generated by Rushton et al,,
using molecular dynamics, as shown in Fig. 5(a) and (b), respec-
tively [24]. The volume changes from pyrochlore to fluorite re-
ported in Fig. 5(a) suggest that for Gd,Zr,0; the transformation
from pyrochlore to fluorite is accompanied by a volume compac-
tion of about 1%. This was also confirmed by the ion irradiation
experiments in Gd,Zr,07 [25]. However, for Gd,Ti»O5 the transfor-
mation from pyrochlore to amorphous as shown in Fig. 5(b), there
is a significant volume expansion of about 7-8%. Although the vol-
ume change of Gd,Hf,0; from pyrochlore to fluorite transforma-
tion was not calculated, it can be deduced from Fig. 5(a) that
there is also a volume compaction effect on Gd,Hf,0- under ion
irradiation. The conclusion is based on the following facts:
Gd,Hf,0; undergoes an order-to-disorder transformation from
pyrochlore to fluorite when exposed to ion irradiation according
to T-C phase diagram of Gd,Hf,0; meanwhile, the main structural
transformation in Gd,Hf,0; under ion irradiation within the max-
imum fluence of 6 x 10'® ions/cm? is pyrochlore-to-fluorite trans-
formation as shown in Fig. 1. So Fig. 5(a) can be used to explain the
volume changes of Gd,Hf,0 after ion irradiation. From Fig. 5(a),
the pyrochlore-to-fluorite change in Gd,Sn;05 is also accompanied
a volume compaction a little smaller than 1%. The radius of Hf*" is
0.72 A, which is larger than that of Sn** (0.69 A) but only slighter
smaller than that of Zr** (0.73 A). Therefore, the volume also de-

creases due to the pyrochlore-to-fluorite transformation in
Gdsz207, as in Gd22r207.

4. Conclusions

In summary, hafnate pyrochlore Gd,Hf,0; is found to be more
radiation tolerant than its titanate equivalent Gd,Ti,O; because
Gd,Hf,0- is more similar to the parent fluorite phase. On the other
hand, other factors such as ionic radius ratio and bond-type of A-
and B-site cations, defect formation energy of cations and anions
also play a role in the ion irradiation effect of these compounds.
The experimental observation reported here is consistent with pre-
vious predictions: a structure that has a strong propensity to
accommodate ion-induced defects should have a high resistance
to amorphization. Volume changes of the irradiated Gd,Hf,0,
and Gd,Ti,0; are consistent with the theoretical prediction from
atomic scale computer simulations.

The results from the current study further confirm that the T-C
phase diagram, the ionic radius ratio and bond-type of A- and B-
site cations, the O-D fluorite defect reaction pair energy are good
indicators to judge potential high radiation tolerance ceramic com-
pounds for the immobilization of high-level nuclear waste and ex-
cess nuclear materials.
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