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Defect-induced microstructures: an X-ray
diffraction analysis
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Single crystal X-ray diffraction was applied in order to investigate defect-induced
microstructures in radiation damaged zircon. The formation of domains with different
degrees of order was observed and in particular, it was possible to distinguish two types of
defects: isolated lattice defects and dislocations. These lattice deformations have a great
influence on the structural and physical properties of the materials. © 7999 Kluwer
Academic Publishers

1. Introduction mechanism [3, 4]. The damage is caused by two sep-
The presence and the distribution of defects clearly inarate but simultaneous processes: firstlyaparticle
fluence the physical properties of solid state substancedisplaces several hundred atoms and generates mainly
and this effect is of great importance in all areas ofFrenkel defect pairs; and, secondly, recoil of the radio-
materials science. The atomic arrangement in the unigenic atom produces clouds of several thousand atomic
cells of crystalline solids determines the properties ofdisplacements [6]. The structural state of zircon is com-
the bulk material under ambient conditions as well agnonly characterized by the volume proportions of its
their thermal, electric, magnetic and pressure deperfollowing regions:
dent behaviour. However, the presence of defects can
introduce microstructures and modify certain physical 1. Regions of crystalline and essentially undistorted
properties. material that are equivalent to the undamaged zircon.
Recently developed high-resolution X-ray diffrac- 2. Regions of the crystalline but radiogenically dam-
tion (XRD) facilities have already been shown to be ide-aged or distorted part.
ally suited for the analysis of phase-transition-induced 3. Regions of aperiodic zircon (see [7]).
microstructures [1, 2]. These instruments combine a
large number of rotational and translational degrees oThese regions are heterogeneously distributed due to
freedom with position sensitive detectors in a way thathe non-uniform distribution of radiogenic atoms [8, 9].
there is no restriction in either size or orientation of the The aim of this study is the understanding of the radi-
sample [2]. ation damage-induced microstructures in zircon, which
Diffuse as well as Bragg intensities are detected sihas direct implications for the assessment of the appli-
multaneously using an area detector and are integratezhbility of zircon-type ceramics as potential host for
within a suitable range around the Bragg reflectionsradiogenic waste such as Pu, U, Th [5, 10-11].
If then plotted versus the respective angle of incidence
(mainlyw, x or ¢, see Section 2) the results are usually
referred to as XRD rocking curves [2].
In order to observe defect-induced microstructure®. Experimental procedure
we use a natural single crystal of zircon. This mineralFor the diffraction experiments we used novel high-
occurs in various degrees of crystallinity depending orresolution instruments, which have been described in
the amount of radiation damage it has suffered througlietail elsewhere [1, 2], and strictly monochromatic ra-
a events and recoil damage due to the substitution ofliation (ClKy,).
Zr mainly by U and Th [3-5]. To be able to observe the influence of an inho-
The study of zircon is helped by its widespreadmogeneous distribution of the radiation damage a
presence as an accessory mineral in igneous, met20 x 9 x 6 mn? zoned single crystal of zircon was lon-
morphic and sedimentary rocks and by its comparagitudinally scanned in its central positionin 1 mm steps
tively simple tetragonal structure, which allows a ratheracross thg1 0 0} face. In order to observe diffuse scat-
straightforward structural interpretation of the damagetering from the radiation-induced microstructuresin the
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crystal the (2 0 0) Bragg reflection was chosen and tl
angle of incidenceay, was varied over a comparatively
large range (19 with a counting time of 1200 s per
step.

The rocking curves were then constructed by inte
grating a certain “region of interest” of each spectrur
with respect to the tilt angle, yielding integrated inten
sities versus.

(a)

3. Results

XRD was used to investigate the structural state of tl
zircon single crystal. The (2 0 0) reflection was chose
in order to extrapolate the best results because of its hi
structure factor. Farges [12] reported that this sign
remains visible in highly amorphized zircon even whe
the other Bragg reflections have disappeared from t
powder diffraction pattern.

The procedure of characterizing the defect-induce
microstructures in a single crystal involves: (i) identifi
cation of the type of defects, i.e. interstitials, vacancie
dislocations, prevailing in a given region; and (ii) the
orientation of this region with respect to the matrix, i.€
mosaicity.

Fig. 1 shows the ideal cases of diffraction patterr
as observable on a two-dimensional detector for eith
a single crystal (Fig. 1a), a randomly oriented pow
der sample (Fig. 1b) and a sample with some degr
of mosaicity (Fig. 1c). We define single crystalas a
defect-free sample, if the full-width-at-half-maximurr
(FWHM) of its rocking curves with respect to any ol
the relevant angles, x, 20) are of the order of 0.01
and, in particular, if their respective ratios are equal 1
one [2].

In arandomly oriented powder sampiiee width in
20 varies according to the grain size and is typically c
the order of 0.1 Along the x cones there is an equal
intensity distribution, which is usually referred to as
powder line. It is, in general, not possible to construt
rocking curves from a powder sampledéfective crys-
tal represents an intermediate case whose diffracti
pattern requires a careful analysis.

In our zircon sample the observed (2 00) peaks a
generally broadened when compared with the sigr
from an ideal single crystal, indicating that it is indee:
a sample with some degree of radiation damage. Sci
ning across the crystal allows us to distinguish the struc-
tural inhomogeneities and to characterize the presefgyre 1 Examples of diffraction patterns for (a) a single crystal, (b) a

lattice distortions. randomly oriented powder sample, and (c) a sample with some degree
of mosaicity.

e

3.1. Gaussian line fitting

In the firstinstance, all reflections in all three directionsage value is considerably larger than the one expected
are fitted with two Gaussian curves. from statistical noise only. The G2 values are more scat-
tered, in particular, point No. 2 is very close to the G1
value, indicating that it is necessary to use three curves
3.1.1. 26 direction in order to take into consideration the high diffuse scat-
Fig. 2 shows the distribution of the peak positions attering contribution at lower2angles. Fig. 2 shows the
the different scanning points for the peak (G1) and theesults of the peak analysis using three curves. While
background (G2). The distribution of the G1 pointsthe position of the main peak is now consistent with
is quite constant around the valué 2 26.95°; peak the other datum point, lower angle scattering is cen-
No. 10 is at higher 2 and its deviation from the aver- tred at 2 =26.83°. G2 points more separated from the
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Figure 2 Distribution of the peak positions in thé girection at different Figure 4 Line broadening, described as FWHM, for G1 peaks if
scanning points for the peakiand for the background)). The crosses  the 2 direction. The crossesH) refer to peak analysis of point No. 2
refer to peak analysis of point No. 2 using three curves: (1) main peakusing three curves.

(2) diffuse scattering at lowen2and (3) background.
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Figure 3 Ratio of the integrated intensities of the peak{Jrind of the  Figure 5 Distribution of peak positions in thg direction at different
background (Ing) in the 2 direction. scanning points for the peaky) and for the background).

G1 points indicate that the curve indeed fits just the

background. L B
The ratio between the intensity of the peak (G1) and i o
of the background (G2) is quite constant around 1.6

(Fig. 3). or ° I
The line broadening, described as FWHM, of the G1 _ )
peaks is also not too scattered around an average (-~

0.21°. Peaks No. 9, 10 and 2 (three-curve fitting) are% Lar o o © i
therefore definitely much broader (Fig. 4). = o o
= 121+ R
(@)
3.1.2. x direction i o o
A similar analysis of the observed profiles of the 200) ;L. + . . + . + .
peak in they direction shows scattered values of the 2 4 6 8 10

peak positions (Fig. 5), while the intensity ratio is al- scan (mm)

most constantly equal to one. This ratio is much higher_ ‘ ‘ _ o

for peaks No. 5 and 6 because they are more symmetri€!9ure 6 Line broadening, described as FWHM, for peaks inthe-
The line broadening data are instead scattered "™

(Fig. 6). Notice, that the average FWHM value is £,40

whichis much larger than the average FWHM observed

in the @ direction (0.22). The widths of peaks No. 2, 3.1.3. w direction

7 and 10 are smaller compared with the others becaudeeak positions in the direction are quite scattered

of the asymmetric distribution of the intensity, which (Fig. 7) and so are both the intensity ratio (Fig. 8) and

results in the presence of two sharper peaks (G2 datthe FWHM values (Fig. 9), althougtt tan be chosen

Fig. 6). as an average value for the broadening in this direction.
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Figure 7 Distribution of peak positions in the direction at different
scanning points for the peaklY and for the backgroundX).
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Figure 8 Ratio of the integrated intensities of the peak{Jrand of the
background (Inf) in the w direction.
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Figure 9 Line broadening, described as FWHM, for peaks in the
direction.

3.2. Peaks deviating from average
behaviour

3.2.1. Peak No. 2

This peak is one of the sharpest in thalirection, in-
dicating a low degree of mosaic spread, while itis very
broadened in thef2direction, where diffuse scattering,
at low 29 with respect of the Bragg peak, is dominant
with an integrated intensity 1.9 times the one of the
Bragg peak. In the direction there are no main devi-
ations from average behaviour.

3.2.2. Peak No. 6

This peak is so asymmetric in the direction that it
will be better fitted using three curves instead of just
two. In this way, the diffuse scattering (background ex-
cluded) has an integrated intensity of approximately
six times the one of the main peak and a width of 3.2
which is considerably broader than the ones in all other
directions.

3.2.3. Peak No. 10
This peakis asymmetric and broadened in all directions.

4. Discussion

Single crystal XRD analysis of a highly defective and
inhomogeneous phase [13, 14], such as radiation dam-
aged zircon, allows observation of domains with dif-
ferent structural states (microstructures). In particular
it is possible to distinguish two main types of defects:
(i) isolated defects [15, 16] relateddeparticles radia-
tion and their contribution to the formation of strained
domains with expanded lattices; and (ii) dislocations
[16-18].

4.1. Isolated defects

The simplest structural imperfections in solids are those
involving single lattice points. A Frenkel defect results
when the displaced atom is lodged in an interstitial site
in the lattice. The total volume change produced by the
presence ofi defects (i.e. interstitial atoms and vacan-
cies) toN atomic sites isAV/V =n/N + (AV/V)e,
where AV/V)e is the volume change due to elastic
strain caused by evenly distributed point defects and
is simply that which would be given by homogeneous
dilatation AV /V)e [19].

In the diffraction pattern the resulting diffraction sig-
nal is broadened in theg2direction by the presence
of diffuse scattering in the lowé2side of the Bragg
peak. For example, peak No. 2 can be deconvoluted
into two components: the Bragg peak @& -=226.92
and diffuse scattering ab2=26.83". The lattice strain
is eg = Aa/ag=0.03, whereAa is the difference be-
tween the value of the lattice paramegecalculated
using the diffuse scattering position and the vadye

From these observations it is possible to identify peakgalculated using the Bragg peak position. The mea-
No. 2, 6 and 10 as the ones deviating from averagsured lattice strain is indeed in good agreement with
behaviour. Therefore, a more detailed description othe values expected for volume expansion induced by

these peaks follows.
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4.2. Dislocations defects and dislocation lines.The former manifest them-
It is obvious that the defect with the lowest energy ofselves as line broadening in the 8irection. An esti-
formation will predominate. The simple defect config- mate of the lattice strain induced by volume expansion
uration of isolated Frenkel defects is not necessarily thés obtained using the position of the Bragg peak and
most stable structure. For example, a pair of closely asef the diffuse scattering component. The dislocations
sociated vacancies might have a lower energy than thaccount for a general broadening of the reflection but
two defects considered separately. Detailed computewith a stronger effect on the direction perpendicular
calculations have led to a number of interesting conto the dislocation line. Their presence is therefore best
figurations for point defect complexes involving three envisaged calculating the peak eccentricity.

and four vacancies [19]. Under certain conditions, e.g. The possibility of observing the presence of disloca-
irradiation, a large supersaturation of point imperfec-tions using XRD is of great importance in all areas of
tions may exist and it may lead to a more extensivenaterials science, in fact, almost any sample is suitable
form of defect aggregation. Dislocation lines may befor characterization without the need to be, for exam-
produced under extreme conditions when point defectple, ion-thinned for transmission electron microscopy
coagulate on some atomic plane to form a sheet or diser polished for X-ray topography.

of point defects [19].
In the diffraction pattern the resulting diffraction sig-

nal when dislocations are present is widely broadene@cknowledgements
in the direction perpendicular to the dislocation line This work was supported by British Nuclear Fuel

and some broadening is observed in both thedR
rection, because of dislocation-induced lattice strain,
and in they direction, because of small angle tilt be-
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