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Electron backscatter diffraction (EBSD) was employed to probe the structural order of a zoned radiation-
damaged zircon (ZrSiO4) on the sub-micron scale. The amorphous fraction of the growth-zones is in
the range of ~45-80%, due to variations in the amount of incorporated uranium and thorium (~0.22-
0.43 wt% UO, and ~0.02-0.08 wt% ThO,) and the resulting alpha-decay events over time. The obtained
Kikuchi patterns’ band contrast (bc) and band slope (bs) are indicative of the degree of atomic-scale or-
der. The excellent correlation of both parameters with the evolution of the elastic modulus validates the
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Electron backscatter diffraction (EBSD) is a well-established
technique in the frame of scanning electron microscopy (SEM) ap-
plications in materials and natural sciences, e.g., for micro texture
analysis and crystal morphology. When back-scattered electrons
from electron microscope measurements fulfill the Bragg condi-
tions (i.e., constructive interference), Kikuchi bands can be detected
that form a Kikuchi pattern (e.g., [1,2]). The patterns are correlated
with the lattice planes in the material and become visible as flu-
orescence of the e~ on a phosphor screen. They contain all neces-
sary crystallographic information to determine a material’s atomic
structure and orientation. Hence, decreasing structural order (e.g.,
due to radiation damage) will decrease the signal-to-noise ratio of
the Kikuchi pattern until no diffraction signal is evident (i.e., high
degree of amorphization).

Advance in probing structural disorder, or rather order, is essen-
tial to facilitate verification of the integrity and to generally better
understand the behavior of materials that are, e.g., exposed to high
radiation fields; like nuclear fuel, reactor materials, materials de-
signed for radiation shielding, and nuclear waste forms (see, e.g.,
[3,4]). Taking this into account, the following questions arise: (i) is
EBSD a useful technique to easily probe varying degrees of atomic-
scale disorder in materials; (ii) if so, how accurately can this be
done and (iii) what is the influence of the surface quality?
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In this letter, we focus on the mineral zircon (ZrSiO4) to address
these questions. While zircon itself has already been proposed as a
possible host matrix for the immobilization of actinides like pluto-
nium [5], it commonly incorporates up to 5000 ppm of U and Th
in nature [6,7]. As an object of study we choose a very well inves-
tigated zoned radiation-damaged zircon sample (#4601 from the
Ratnapura district in Sri Lanka; (100) oriented polished thin sec-
tion; for further details, see [8-12]). The ~5-30 um wide zones are
caused by variations in the uranium and thorium distribution that
lead to different degrees of amorphization. The «-decay events of
the incorporated actinides cause structural damage and finally lead
to an amorphous (metamict) state [5]. The studied area comprises
~10 obvious zones with varying UO, and ThO, concentrations be-
tween ~0.22-0.43 wt.% and ~0.01-0.08 wt.% (determined by elec-
tron microprobe analyses), respectively [8]. The resulting degree
of amorphization over the investigated zones ranges from ~45 to
~80% + 5% amorphous fraction (f;) [12]. This makes the zoned
sample an ideal layered ceramic model material to investigate the
varying effect of structural amorphization with the advantage of
using only a single sample to enhance comparability.

The EBSD technique, using a Tescan Clara field emission
scanning electron microscope equipped with an Oxford Symme-
try 2 detector (experimental parameters: EBSD camera pixels:
156 x 128, mode: Speed 2, exposure time: 3.00 ms, camera gain:
1, and frame averaging: 10 frames), was used to probe variations
in structural order of the zoned radiation-damaged zircon. There-
fore, we monitored the obtained Kikuchi patterns’ band contrast
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Fig. 1. Mapped variations of (a) elastic modulus (E) (data from [11]; areas where no data could be collected are gray), (b) the Kikuchi band contrast (bc) before, and (c,d)
band contrast and band slope (bs) after re-polishing of the zoned zircon specimen (color code: brighter — higher degree of crystallinity, i.e., higher E, bc, and bs; damage

due to o-decay).

Fig. 2. Exemplary Kikuchi pattern from (a) a highly (~80% f,) and (b) a lesser (~45% f,) amorphized zone (located around x = 23 pm and 77 pm in Figs. 1 and 3, respectively).

(bc; also known as image quality) and band slope (bs) (Fig. 1b-
d). Both parameters have been reported as quality indicators for
Kikuchi patterns [13]. While bc denotes the average intensity of the
Kikuchi bands compared with the gross intensity of the measured
pattern, bs is a qualitative measure of the overall sharpness of the
bands [2]. EBSD mapping was conducted with a stage tilt angle
of 70°, an accelerating voltage of 20 kV, incident beam current of
10 nA, and a step seize of 0.25 pm. The raw data were analyzed
with the Oxford software package Aztec to deduce bc and bs val-
ues.

Although EBSD is known to be highly sensitive to sample sur-
face quality, we can show that even a mechanically polished thin
section [8] provides already useful information about the variations
in degree of crystallinity, visible in the obtained bc map (Fig. 1b).
To get a more detailed picture, the sample was mechanically (%
micron diamond paste) and chemically (colloidal silica) re-polished
(Fig. 1c and d). Due to the improved resolution of detected zones
visible in the corresponding bc and bs maps (Fig. 1c and d), we
focus on the re-polished sample results in the following. Fig. 2a
and b show exemplary Kikuchi patterns from a highly and a

lesser amorphized zone (i.e., ~80% and ~45% + 5% fg, respectively
[12]).

As a measure of structural integrity for comparison, we chose
the evolution of the elastic modulus (E) (Fig. 1a) that is directly
related to materials’ interatomic bonding, deduced form earlier
nanoindentation mapping of the same zones (see [11]).

Fig. 3 shows the excellent correlation between the evolution of
the avarege E and average bc (see also Fig. 1a and c).

In summary, we successfully showed the excellent applicability
of the EBSD technique to map and monitor variations in a zoned
zircon’s degree of radiation damage on the sub-micron scale, using
the Kikuchi band contrast or band slope as a measure. The very
good correlation of both parameters (i.e., bc and bs) with the evo-
lution of the elastic modulus (see Figs. 1 and 3), measured over
the different zones, validates the obtained results and the relation
to radiation damage. Hence, the shown technique could be used
to access the structural state of a material against a known ref-
erence sample (same material, measured with exactly the same
EBSD setup), as one has to keep in mind that absolute values of
bc and bs are also influenced by measurement and sample condi-
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Fig. 3. (a) Evolution of average E (open boxes) and (b) average bc (closed circles) for the zoned area (see Fig. 1a and c). Inset: bc versus E (open diamonds), spatially averaged

over 10 pm bins. Lines are a guide to the eye.

tions. This indicates the potentially great benefit for the broad field
of radiation effects in nuclear material, particularly for the analysis
of composite materials. EBSD bc and/or bs data can provide useful
additional information about the local degree of structural order
of, e.g., nuclear fuels and the fuels-cladding interface regions that
are already commonly investigated by SEM [14].

Data availability
Data will be made available on request.
Declaration of Competing Interest
The authors declare that they have no known competing finan-

cial interests or personal relationships that could have appeared
to influence the work reported in this paper. Tobias Beirau reports

financial support was provided by German Research Foundation.
Michael Stipp reports financial support was provided by German
Research Foundation.

CRediT authorship contribution statement

Tobias Beirau: Conceptualization, Validation, Formal analysis,
Writing - original draft, Visualization, Funding acquisition. Riidiger
Kilian: Methodology, Software, Validation, Formal analysis, Investi-
gation, Writing - review & editing. Michael Stipp: Resources, Writ-
ing - review & editing. Rodney C. Ewing: Resources, Writing - re-
view & editing.

Data Availability

Data will be made available on request.



T. Beirau, R. Kilian, M. Stipp et al.
Acknowledgements

This research was funded by the Deutsche Forschungsgemein-
schaft (DFG, German Research Foundation) - No. BE 5456/2-1 (T.B.).
The field emission scanning electron microscope is funded by the
Deutsche Forschungsgemeinschaft (DFG, German Research Founda-
tion) - No. 457729156, Martin Luther University Halle-Wittenberg
(M.S.).

References

[1] B.L. Adams, S.I. Wright, K. Kunze, Orientation imaging: the emergence of
a new microscopy, Metall. Mater. Trans. A 24 (1993) 819-831, doi:10.1007/
BF02656503.

[2] T. Maitland, S. Sitzman, W. Zhou, Z.L. Wang, Backscattering detector and EBSD
in nanomaterials characterization, in: Scanning Microscopy for Nanotechnol-
ogy, Springer, New York, 2006, pp. 41-75, doi:10.1007/978-0-387-39620-0_2.

[3] KE. Sickafus, RW. Grimes, J.A. Valdez, A. Cleave, M. Tang, M. Ishimaru,
S.M. Corish, CR. Stanek, B.P. Uberuaga, Radiation-induced amorphization re-
sistance and radiation tolerance in structurally related oxides, Nat. Mater. 6
(2007) 217-223, doi:10.1038/nmat1842.

[4] S.E. Prameela, TM. Pollock, D. Raabe, M.A. Meyers, A. Aitkaliyeva, K.L. Chinter-
singh, Z.C. Cordero, L. Graham-Brady, Materials for extreme environments, Nat.
Rev. Mater. (2022), doi:10.1038/s41578-022-00496-z.

Journal of Nuclear Materials 581 (2023) 154440

[5] R.C. Ewing, W. Lutze, W.J. Weber, A host-phase for the disposal of weapons
plutonium, J. Mater. Res. 10 (1995) 243-246, doi:10.1557/]JMR.1995.0243.

[6] J.A. Speer, B.J. Cooper, Crytal structure of synthetic hafnon, HfSiO4, comparison
with zircon and the actinide orthosilicates, Am. Miner. 67 (1982) 804-808.

[7] W.A. Deer, R.A. Howie, J. Zussman, Rock Forming Minerals: Orthosilicates, The
Geological Society, London, 1997.

[8] B.C. Chakoumakos, T. Murakami, G.R. Lumpkin, R.C. Ewing, Alpha-decay—
induced fracturing in zircon: the transition from the crystalline to the metam-
ict state, Science 236 (1987) 1556-1559, doi:10.1126/science.236.4808.1556.

[9] B.C. Chakoumakos, W.C. Oliver, G.R. Lumpkin, R.C. Ewing, Hardness and elastic
modulus of zircon as a function of heavy-particle irradiation dose: 1. In situ
«-decay event damage, Radiat. Eff. Def. Sol. 118 (1991) 393-403, doi:10.1080/
10420159108220764.

[10] C.S. Palenik, L. Nasdala, R.C. Ewing, Radiation damage in zircon, Am. Miner. 88
(2003) 770-781, doi:10.2138/am-2003-5-606.

[11] T. Beirau, W.C. Oliver, C.E. Reissner, W.D. Nix, H. Pollmann, R.C. Ewing,
Radiation-damage in multi-layered zircon: mechanical properties, Appl. Phys.
Lett. 115 (2019) 081902, doi:10.1063/1.5119207.

[12] T. Beirau, E. Rossi, M. Sebastiani, W.C. Oliver, H. Péllmann, R.C. Ewing, Frac-
ture toughness of radiation-damaged zircon studied by nanoindentation pillar-
splitting, Appl. Phys. Lett. 119 (2021) (2021) 231903, doi:10.1063/5.0070597.

[13] J.Y. Kang, SJ. Park, M.B. Moon, Phase analysis on dual-phase steel using band
slope of electron backscatter diffraction pattern, Microsc. Microanal. 19 (2013)
13-16, doi:10.1017/S1431927613012233.

[14] T. Ajantiwalay, C. Smith, D.D. Keiser, A. Aitkaliyeva, A critical review of the
microstructure of U-Mo fuels, J. Nuc. Mat. 540 (2020) 152386, doi:10.1016/j.
jnucmat.2020.152386.


https://doi.org/10.1007/BF02656503
https://doi.org/10.1007/978-0-387-39620-0_2
https://doi.org/10.1038/nmat1842
https://doi.org/10.1038/s41578-022-00496-z
https://doi.org/10.1557/JMR.1995.0243
http://refhub.elsevier.com/S0022-3115(23)00208-8/sbref0006
http://refhub.elsevier.com/S0022-3115(23)00208-8/sbref0007
https://doi.org/10.1126/science.236.4808.1556
https://doi.org/10.1080/10420159108220764
https://doi.org/10.2138/am-2003-5-606
https://doi.org/10.1063/1.5119207
https://doi.org/10.1063/5.0070597
https://doi.org/10.1017/S1431927613012233
https://doi.org/10.1016/j.jnucmat.2020.152386

	Probing structural disorder in zircon by electron backscatter diffraction (EBSD): Radiation damage and Kikuchi pattern
	Data availability
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Acknowledgements
	References


