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Lattice expansion in ZrN and Dy, 3Zr, ;N irradiated by 200 MeV Xe ions
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Lattice parameter and heterogeneous strain in ZrN and Dy3Zr, ;N irradiated with 200 MeV Xe ions were
examined by conventional X-ray diffraction (XRD) analysis to obtain fundamental knowledge on the
microstructure evolution induced by fission fragments in nitride fuels, which is important for the development
of inert matrix fuels for transmutation of minor actinides (MA). The XRD measurements revealed that no
phase transformation induced by irradiation occurred and indicated an increase in the unit cell parameter and
the accumulation of heterogeneous microstrain with increasing ion fluence. These data were fitted with a
single-impact model of damage accumulation. It is indicated that cylindrical defects which induce increasing
lattice expansion and lattice distortion are formed in ZrN and Dy, ;Zr;N.
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1. Introduction

Zirconium nitride (ZrN) is one of the candidate inert
matrix of the nitride fuel for transmutation of minor
actinides (MAs: Np, Am, Cm) in a subcritical core with
an accelerator driven system (ADS) [1,2]. For this
system, transuranium (TRU) nitrides consisting of Pu
and MAs are diluted with 55~70 mol% ZrN, which
enables to control local peaking of such fuels. The fuel
is single-phase solid solution between ZrN and TRU
nitrides, so called MA-bearing nitride fuel.

Among the radiation sources under the environments
of MA nitride fuels, radiation damage induced by fission
fragments (FFs) with kinetic energies ranging from 70 to
100 MeV, is one of the crucial issues. FFs induce high
density electronic excitation along the penetrating path
to result in the formation of cylindrical or tubular defects,
so called ion tracks. In the ion tracks, amorphous region
or voids surrounded by a defective region forms in
variety of oxide ceramics [3]. On the other hand, very
little information on such damage in ZrN and nitride
fuels are available.

For investigating feasibility, fabrication and
properties of MA-bearing nitride fuels, lanthanide
nitrides have been utilized as a surrogate materials of
TRU nitrides, because of the identical crystal structure
and similar material properties [4,5]. Especially, DyN,
which has lattice parameter very close to that of PuN
and vaporization behavior similar to that of AmN, forms
a complete solid solution with ZrN [6].

The present study aims to gain insights into high
density electronic excitation in ZrN and Dy, ;Zry;N as a
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surrogate materials of MA-bearing nitride fuels,
irradiated with swift heavy ions as a function of 200
MeV Xe ion fluence. The irradiated materials were
analyzed by conventional X-ray diffraction (XRD)
measurements to evaluate the microstructure evolution.

2. Experimental
2.1. Sample preparation

DyN and ZrN were prepared from corresponding
metals through an intermediate synthesis of the hydrides.
The metal rods were heated at 693 K in a purified
Ar-20%H, mixed gas flow for 20 h for hydrogenation.
The hydrides were pulverized into coarse powders,
respectively. These powders were heated at 1073 K for 1
h and subsequently at 1573 K for 4 h in a purified N, gas
flow for nitridation, respectively.

The powders of DyN and ZrN were mixed at 30/70
molar ratio. The mixtures were ground by a high-speed
planetary ball mill with a tungsten carbide (WC) pot and
balls in order to ensure the homogenecous and fine
powder mixtures. The mixtures were molded at a
pressure of 200 MPa and then loaded into an electric
furnace. The heat treatment for solid solution formation
was performed at 1873 K for 6 h in the N, gas flow.

The sintered pellets of ZrN and Dyg3Zr,7N solid
solution were obtained by the similar way to the solid
solution preparation at 1973 K for 6h in the N, gas flow.
The sintered pellets were evaluated to be about 90% of
theoretical density, which was calculated from the
dimensions and the mass. The impurity oxygen content
was 0.2 wt% and the average grain size was 5 pm.
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2.2. Swift heavy ions irradiation

Surface of the 2 mm thick specimens were polished
and then irradiated with 200 MeV Xe ions at ambient
temperature under vacuum. The irradiation was
performed by using a tandem ion accelerator at Japan
Atomic Energy Agency, with the fluence between 1 x
10" em™ and 1 x 10" em™. The electronic (S.) and
nuclear (S,) stopping power of 200 MeV Xe ions were
calculated to be about 31 keV nm™ and below 0.05 keV
nm’ at the surface region, respectively, by using the
SRIM2012 (Stopping and Range of Ions in Matter) code
[7] with a threshold displacement energy (£y4) of 40 eV
for cation and 20 eV for anion, and using theoretical
density derived from lattice parameter of ZrN and
Dyy3Zry7N. The values of E, are based on the estimation
of ZrC [8]. Figure 1 shows that S, becomes dominant
compared to the one induced by FFs in nuclear
fuel/target materials (around 20 keV nm™). The higher
electronic stopping power (31 keV nm™) is used in the
present study to investigate the high density electronic
excitation damage in Zr-based nitirde, to make it easier
to detect microstructural change by depositing more
energy to the materials.
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Figure 1. Ton energy dependence of electronic stopping
power (S.) and nuclear stopping power (S,) for Xe ions. Target
materials are ZrN and Dy, 3Zr, ;N.

2.3. X-ray diffraction analysis

In order to investigate the change in the lattice
structure of irradiated ZrN and Dy,3Zry;N, we used a
conventional Cu-Ko X-ray diffractometer. XRD
patterns were recorded at room temperature in a
260 range from 20° to 150° with 0.04° steps; the
acquisition time was 5 s per step.

3. Results and discussion

Figure 2 shows XRD patterns recorded on the surface
of ZrN irradiated with 200 MeV Xe ions and
non-irradiated samples. The peaks of non-irradiated
samples correspond to the NaCl-type structure. In Figure
2 (a), additional peaks can’t be observed at any fluence

compared to non-irradiated patterns in all the measured
range, revealing that no phase transformation induced by
irradiation occurred. In Figure 2 (b), broadening of the
diffraction peaks and shift towards lower angles are
confirmed with increasing ion fluence. Such tendencies
were also observed on the Dy, 3Zry ;N samples. The peak
shift indicates an increase in the lattice parameter for
both nitrides. The peak broadening is attributed to the
irradiation-induced structural distortion and the change
in crystallite size, respectively. In order to determine the
source of the peak broadening, we utilized Williamson-
Hall plots [9], as shown in Figure 3. The plots were
constructed from the XRD data on Dy, 3Zr ;N irradiated
at each fluence, where A is the wave length of Cu-Ka., S
is the induced peak broadening, the slope depends on the
heterogeneous strain, and y-intercept is inversely
proportional to the grain size of irradiated Dy 3Zr,;N.
This analysis indicated that the peak broadening in the
irradiated Dy, 3Zrq ;N is due to increasing heterogeneous
strain and crystallite size.

Figure 4 (a) shows the heterogeneous strain values
(¢) as a function of the ion fluence for ZrN and
Dyy3Zry;N, while Figure 4 (b) shows the lattice
parameter evolution (da/a,) with the irradiation fluence,
which has been derived from the peak shift of the XRD
profiles for ZrN and Dy,;Zry;N. Both data show
monotonic increase followed by saturation. This
behavior is discussed by using a single-impact
mechanism for damage accumulation [10]. In this model,
an ion to penetrate a certain volume of the material fully
modifies the region, assuming cylindrical shape and
subsequent overlaps of the region give no modification
to the materials. The single impact model is given as;

A=A [ 1-exp(-@a(D/2)")] (1)

where A4 is the parameter being modified, A, is the
saturation value of the parameter, @ is the irradiation
fluence, and D is the effective diameter, in which the
modification of interest is induced. The solid and dashed
curves shown in Figure 4 represent the fitted results of
data obtained by irradiated ZrN and Dyy;Zry7N,
respectively. This fitting procedure gives a maximum
strain value of 0.28+0.01% and a saturation lattice
parameter of 0.15+£0.01% for Dy(3Zry7N. The A, of
unit cell is a half of or less than those obtained by
Takano [11] for alpha-particle irradiations in the TRU
nitrides, suggesting that damage production by swift
heavy ions in lanthanide and TRU nitrides is less
efficient than that of alpha particle self-irradiation.

The D values of Aa/a, and ¢ corresponding to D, and
D, are given in Table 1. D, of ZrN is smaller than that
of Dy 3Zry;N. In this analysis, we assume that Aa/a, of
ZrN reach saturation similar with Dy 3Zry;N. Although
the curve of ZrN in Figure 4 (b) does not reach
saturation, the dependence of Aa/a,on fluence is smaller
than that of Dy, 3Zr, 7N, which supports the size relation
of D, between ZrN and Dy 3Zr,;N. In this study, the S,
values are almost same between ZrN and Dy ;Zr,;N.
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Figure 2. (a) XRD patterns of irradiated and non-irradiated
ZiN. (b) Representative XRD patterns in Figure 2 (a) are

shown in a range from 93° to 100° (26).
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Figure 3. Williamson-Hall plots of representative XRD
data corrected from irradiated Dy, 3Zry/N.
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Figure 4. Ion fluence dependences of (a) heterogeneous
strain and (b) lattice parameter change for ZrN and
Dyg3Zr 7N irradiated with 200 MeV Xe ions.

Table 1. Effective diameters extracted from the fits to XRD
experimental data with Eq. (1).

D, (nm) D, (nm)
ZrN 1.23+0.12 2.63+0.13
Dy 3Zrg 7N 3.17+0.41 2.12+0.35

It is considered that the different size of D, is attributed
to the difference of characteristic properties between
ZrN and Dy 3Zr,7N. For example, thermal conductivity
of (TRU,Zr)N solid solutions decrease with increasing
TRU fraction [12]. In addition, the thermal conduction
in Zr-based lanthanides and TRU nitride solid solutions
is principally derived from electronic conduction, so it is
suggested that the difference of thermal properties has
an influence on the deposition of energy through the
electronic system of target under irradiation. Finally, it is
considered that the ion tracks that induce the lattice
expansion are easier to form in (Dy,Zr)N than in ZrN, so
D, of ZrN is smaller than that of Dy, ;Zrq-N. In case of
ZrN, the difference between D, and D, indicates a
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core-shell track morphology. The core is fully modified,
such that a larger unit cell parameter exhibited, while the
shell is defect rich, such that heterogeneous strain occurs
there. On the other hand, D, of Dy 3Zr(;N is larger than
D., which suggest that the increase in unit cell parameter
is attributable to not only modification but also the
change in composition of (Dy,Zr)N.

4. Summary

The change in lattice parameter and the structure of
defects induced by high-density electronic excitation in
ZrN and Dyy;Zrp;N have been investigated by the
irradiation with 200 MeV Xe ions and by means of XRD
analysis. Followings are drawn as summaries from the
present study.

XRD patterns showed that the NaCl-type crystal
structures are retained with fluence up to 1 x 10" cm?,
although the peak broadening and shift corresponding to
the increase in heterogeneous strain and lattice
expansion were observed. The fitting analysis of ion
fluence dependence of lattice expansion indicated that
the sizes of region that induces the lattice expansion are
different between ZrN and Dyy;Zro;N, and the
difference is considered to be attributed to the different
thermal properties.

Further study on the structural and accumulation
behavior of ion tracks in Zr-based nitride is expected to
contribute to gain insight into the fundamentals of defect
formation and accumulation in the MA-bearing nitride
fuel.
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