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Simple preparation of specimens for X-ray powder diffraction analysis of
radioactive materials: an illustrative example on irradiated granite
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Materials in a high radioactive environment undergo structural changes. X-ray diffraction (XRD) is com-
monly used to study the micro-structural changes of such materials. Therefore, a safe procedure is
required for the preparation of specimens. In this paper, a simple methodology for the preparation of
radioactive powder specimens to be analyzed in a non-nuclearized laboratory diffractometer is presented.
The process is carried out inside a shielded glove box, where the milling of the radioactive sample and
specimen preparation occurs. Minimum amount of sample is required (<20 mg), which is drop-casted on
a polyether ether ketone (PEEK) foil and glue-sealed inside a disposable plastic holder for a safe handling
of the specimen. One example using neutron-irradiated granite is shown, where unit-cell parameters and
crystal density of the main phases were calculated. The developed methodology represents an easy and
affordable way to study neutron irradiated materials with low activity at laboratory scale.
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I. INTRODUCTION

Construction materials in nuclear facilities are constantly
under the effects of irradiation (neutron and gamma) and tem-
perature induced by irradiation. The irradiation induces
defects and changes in the structure of construction materials.
Thus, it is important to evaluate the microstructural changes
induced by neutron irradiation that might affect the mechani-
cal properties of materials at macroscale, affecting its perfor-
mance. X-ray diffraction (XRD) is a widely used technique
for structural characterization of materials in a bulk or powder
form. Special care must be taken when manipulating radioac-
tive material, especially in a powder form, since it can lead to
unwanted radioactive exposure or contamination of personnel
(Metcalf and Winters, 1975; Schiferl and Roof, 1978).
Therefore, the handling and milling of radioactive materials
(e.g., minerals-rocks and concrete) is carried out inside of a
hermetically sealed shielded glovebox under negative pressure.

Radioactive samples for XRD analysis must fulfill two
requirements: (1) small size to avoid excessive irradiation of
the operator and equipment and (2) a containment barrier
between the sample and its surroundings to avoid radioactive
contamination due to leaking of powder. Different approaches
have been used to fulfill those requirements. In some laborato-
ries, the whole diffractometer is inside a glove box, where the

sample preparation and measurement are carried out under
nitrogen atmosphere (Belin et al., 2015), others developed a
sample stage dedicated for irradiated samples (Vauchy et al.,
2021). Inspired by holders for air-sensitive samples (Ritter,
1988; Rink et al., 1994; Rodriguez et al., 2008), other authors
designed a holder to enclose the sample avoiding the powder
exchange with the external atmosphere. Mylar (Belin et al.,
2004; Ao et al., 2007) or Kapton (Strachan et al., 2003;
Sprouster et al., 2018) was often used as X-ray window. In
few cases, the powder samples were mixed with a binding
material as resin to avoid dispersion of the radioactive powder
into the air (Belin et al., 2004).

To simplify the procedure of specimen preparation,
instead of a full metal holder, a disposable plastic insert (com-
mercially available) was chosen, where the sample can be
enclosed between two X-ray transparent foils, like the holder
used by Sprouster et al. (2018). The advantage of this, is that
the low-activity specimen can be stored for future analysis and
afterward easily discarded as a radioactive waste without
opening the insert, reducing the risk of release of powder
and radioactive contamination.

II. EXPERIMENTAL

A. Description of the post-irradiation examination

facility at CVŘ

The preparation room of irradiated materials for post-
irradiation examination (PIE) is located at the hot cell facility

a)Author to whom correspondence should be addressed. Electronic mail:
claudia.aparicio@cvrez.cz

1 Powder Diffraction, 2024 0885-7156/2024/1/6/$18.00 © 2024 JCPDS-ICDD 1

https://doi.org/10.1017/S088571562400006X Published online by Cambridge University Press

https://orcid.org/0000-0002-6369-7621
http://creativecommons.org/licenses/by-nc-nd/4.0
http://creativecommons.org/licenses/by-nc-nd/4.0
mailto:claudia.aparicio@cvrez.cz
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/S088571562400006X&domain=pdf
https://doi.org/10.1017/S088571562400006X


at CVŘ (Husinec-Řež, near Prague, Czech Republic). At the
preparation room, there are three shielded glove boxes
(produced at CVŘ), which are connected to an independent
ventilation system for radioactive materials (active air condi-
tioning). The produced radioactive liquid waste is collected
in polyethylene containers. The boxes are made from low-
carbon steel (thickness=10 cm) with a radiation shielding win-
dow of lead glass and they are kept under negative pressure
(−90 to −120 Pa). One of the boxes is dedicated to the prep-
aration of metallographic specimens; and the other two are
dedicated to the preparation of specimens from irradiated geo-
logical samples, building materials and ceramics. Polishing,
grinding, and milling of radioactive samples are carried out
inside those boxes. A small semi-shielded glove box is used
to label and seal the holders containing the irradiated speci-
mens (Zoul et al., 2021).

B. Radiological safety and waste management during

and after specimen preparation

The present study focuses on low-level activity or low
radiation level samples (contact dose rate on sample
<1 mSv/h). Manipulation of the radioactive samples is done
only by radiation workers trained in radiation protection.
During the sample milling and specimen preparation, the
worker must wear clothes only to be used at controlled
areas, lab coat, rubber gloves, lab goggles, and a half-mask
respirator with filters. An electronic dosimeter is worn to mon-
itor the dose rate. Sample milling and specimen preparation
must be performed inside a glove box. All the disposable
objects after specimen preparation used inside the glove box
become solid radioactive waste.

The prepared specimen is transported to the XRD lab
inside a lead-shielded steel container. After loading the speci-
men into the container, dose equivalent rate on the surface of

the container must be measured and it should not exceed
1 μSv/h. Monitoring the contamination on the surface of the
container and on the worker must be performed before leaving
the controlled area (hot-cell facility).

In case of contamination, inside the glove box or diffrac-
tometer, we must clean up any radioactive powder using a wet
cellulose tissue, being careful to not expand the contaminated
area, then cleaning the surface with absolute ethanol, continue
until the values registered by the surface contamination detec-
tor are ≤0.4 Bq/cm2 for β and γ radiation or ≤0.04 Bq/cm2 for
α radiation.

After XRD measurements, the specimens are taken back
to the glove box, where they are removed from the metallic
ring holder, keeping the plastic holder sealed. Then, they are
stored in a small polyethylene container. The specimens inside
the container are considered a non-compactable radioactive
waste and they are sent to the radioactive-waste handling cen-
tre, where they manage their final disposal.

C. Milling of the solid sample and specimen preparation

for XRD analysis

Powder preparation from the bulk sample (a cylinder with
a 1 cm height and 1 cm diameter) and subsequent preparation
of specimens for XRD were carried out inside a shielded glove
box (Figures 1(a) and 1(b)). The powder was prepared using
an oscillating ball mill, model MM400 (Retsch, Germany),
equipped with two stainless steel milling jars (35 ml) with zir-
conium oxide (ZrO2) inner coating and zirconium oxide balls
(diameters of 10 and 20 mm) (Figure 1(c)). “Wet”milling was
chosen because it offers the advantage to produce a powder
with a homogeneous size distribution and to reduce the risk
of dispersion of radioactive dust in the glove box. Three
steps were followed for the milling of the bulk sample in eth-
anol: (1) fast grinding to break down the bulk sample into a

Figure 1. Preparation of specimen for XRD analysis. (a) Shielded glove box where the specimens are prepared; (b) inside of the glove box, on the left is the
oscillating mill and micropipette, on the right a weighing scale; (c) insertion of the bulk sample and ZrO2 ball to the milling jar; (d) drying of the drop-casted
samples before closing the plastic holder; (e) sealing of the plastic holder containing the radioactive sample; and (f) specimen ready for XRD analysis.
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coarse powder (one 20 mm ZrO2 ball, 20 Hz, 1.5 min); (2)
first cycle of “wet” milling to reduce the size of the particles
in the powder (two 10 mm ZrO2 balls, 20 Hz, 10 min); (3) sec-
ond cycle of “wet” milling with lower oscillation frequency to
homogenize the size distribution of the particles in the powder
(two 10 mm ZrO2 balls, 15 Hz, 10 min), thus producing a fine
powder. Using this method, a mean particle size of 2.80 ±
0.05 μm was achieved, the value is a result of fitting the
data set of independent measurements to a lognormal distribu-
tion. The use of ethanol (2 ml) as a wet medium reduces the
friction between the particles, therefore more homogeneous
and rounded particles with narrower size distribution are pro-
duced (Sathiyakumar and Gnanam, 2002). After the milling,
the resulting slurry was poured into a labelled polystyrene
vial, and it was air-dried at room temperature.

The XRD specimens were prepared by drop-casting of the
sample (approx. 15 mg) with a micropipette onto a polyether
ether ketone (PEEK, 6 μm, BIEGLO GmbH) foil fixed to a
disposable plastic transmission holder (bought from Malvern-
Panalytical). After drying, the sample is covered with a second
PEEK foil (Figure 1(d)). The reason for choosing PEEK over
Mylar foil is that it does not show diffraction peaks in the region
of interest during the XRD measurements (Figure 2). The
specimen enclosed between foils inside the plastic holder is
then transferred to the semi-shielded glove box, there the plas-
tic holder is sealed with polyvinyl acetate glue (Figure 1(e))
before its insertion into the metallic holder (Figure 1(f)).
The sealing of the two rings secures the active specimen inside
the internal holder preventing any powder leaking. Now the
specimen is ready for transport, in a shielded container, to
the room where the XRD measurement is performed.

D. XRD measurement of the radioactive specimens

The data collection was performed at room temperature
using a non-nuclearized multipurpose diffractometer (Empyrean,
Malvern-PANalytical) with a Co X-ray tube (Co-Kα1, λ =
1.7890 Å, generator settings: 40 kV, 40 mA, line focus) in
transmission mode. An elliptic focusing mirror, fixed divergence

slit 1/2°, fixed anti-scatter slit 1/2°, and Soller slit of 0.02 rad
were used in the incident beam. A PIXcel3D detector
(1D mode) attached to a new optical module dCore containing
a programmable anti-scatter slit (fixed mode 1/2°) and Soller
slit (0.02 rad) were used in the diffracted beam. All patterns
were collected in the angular range from 4° to 82° 2θ with a
step size of 0.013° 2θ. For the Mylar, PEEK, and LaB6

samples scan speed of 0.022 °/s was used. For the radioactive
samples, a scan speed of 0.010 °/s was used. The diffractom-
eter possesses a magazine and a robotic arm for automatic
loading of specimens, and it can be operated remotely reduc-
ing the exposure of the operator to radiation. Data analysis and
Rietveld refinement was performed using Profex 5.2.2 soft-
ware package (Döbelin and Kleeberg, 2015), the crystal struc-
tural models were taken from the Profex internal database
(*.str files, freely available from http://www.bgmn.de/down
load-structures.html) and PDF-4+ database (Gates-Rector and
Blanton, 2019).

E. Correct assembly of the inner plastic holder for

specimen preparation

Given that the correct position of the specimen in the cen-
ter of the goniometer is an important requirement, especially
when the data are used for determination of unit-cell parame-
ters, tests were performed to find the best position of the sam-
ple in the plastic holder.

The disposable plastic holders are composed of four sep-
arated pieces, the bottom part consists of a base and a ring to
keep in place the PEEK foil, and the top part consist of two
rings, the internal ring has a smooth surface, and the external
ring has three legs (Figure 3(a)). There are two possibilities of
assembly the top part, either with the external ring with the
“legs up” or the “legs down” (Figures 3(b) and 3(c)). To
observe whether it affects the position of the peaks of a
given sample, one specimen for each assembly was prepared,
using hexaboride lanthanide LaB6 (SRM660c NIST-certified
standard) as a testing sample. Both specimens were measured
in transmission mode using the configuration described in the
previous section.

After the measurement, the position of the peaks of both
specimens were compared with the certified values of LaB6

(NIST, 2015), those values are listed in the Table I. From
the table, there is a visible difference between the 2θ position
of peaks from both assemblies up to 0.020° at higher angles.
In the 2θ range of measurement, the assembly with “legs
down” has less deviation from the certified values, therefore
it was used when preparing specimens of radioactive samples.

Additional test has been performed to observe the varia-
tion of the 2θ peaks position with the repeated insertion of
the plastic holder into the metallic ring holder, the action
was repeated five times using the LaB6 standard as a reference.
The measured 2θ values are listed in the Table II, where the
variability of the peaks position due to insertion is minimal,
with a deviation of ±0.003° from the certified 2θ values.

III. CASE STUDY: NEUTRON-IRRADIATED GRANITE

The studied sample was granite rock from Hästholmen
(Finland) containing quartz (34%), plagioclase (19.5%),
potassium feldspar (38.5%), biotite (5%), hornblende (2%),
and chlorite (1%) as reported by mineralogical analysis.

Figure 2. Diffraction patterns of Mylar and PEEK foils in transmission
geometry. Mylar pattern is shifted upwards for better clarity.
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Figure 3. Disposable plastic holder. (a) Disassembled
pieces before the adding of PEEK foil, (b) partially
assembled holders with the fixed PEEK foil,
showing the assemblies of the top part with the
“legs up” (left) and “legs down” (right), (c) a frontal
view of the top part of the holders. The PEEK foil
was fixed to the plastic holder by a resin-based
adhesive for rigid plastics.

TABLE I. Variation of the peak positions of LaB6 (SRM660c) depending on the assembly of the inner plastic holder during specimen preparation.

Certified peak position
2θ (˚)

Legs-up peak position
2θ (˚)

Diff. with certified value
(˚)

Legs-down peak position
2θ (˚)

Diff. with certified value
(˚)

Difference up –down
(˚)

24.853 24.834 −0.019 24.847 −0.006 0.013
35.435 35.412 −0.023 35.427 −0.008 0.015
43.766 43.744 −0.022 43.760 −0.006 0.016
50.983 50.959 −0.024 50.978 −0.005 0.019
57.524 57.501 −0.023 57.520 −0.004 0.019
63.620 63.596 −0.024 63.616 −0.004 0.020

The certified values of LaB6 peak position are taken from the corresponding certificate of analysis (NIST, 2015).

TABLE II. Variation of the peak positions of LaB6 (SRM660c) after several insertions of the plastic insert into the metallic ring holder.

Certified
peak position
2θ (˚)

LD-1
peak position

2θ (˚)

LD-2
peak position

2θ (˚)

LD-3
peak position

2θ (˚)

LD-4
peak position

2θ (˚)

LD-5
peak position

2θ (˚)

LD avg.
peak position

2θ (˚)

Diff. with
certified value

(˚)

24.853 24.848 24.848 24.850 24.851 24.851 24.850 −0.003
35.435 35.430 35.431 35.432 35.434 35.434 35.432 −0.002
43.766 43.762 43.763 43.765 43.766 43.765 43.764 −0.002
50.983 50.981 50.982 50.983 50.984 50.985 50.983 0.000
57.524 57.524 57.524 57.526 57.526 57.527 57.525 0.001
63.620 63.621 63.622 63.622 63.625 63.625 63.623 0.002

The certified values of LaB6 peak position are taken from the corresponding certificate of analysis (NIST, 2015).

Figure 4. Diffraction patterns of non-irradiated (black line), low-dose (blue line), and high-dose (red line) neutron-irradiated granite (a), where shift to lower
angles of the main reflections of quartz (b and c), microcline and albite (b) is evident.
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Inside the research reactor LVR-15 at CVŘ, bulk granite sam-
ples were exposed to two different neutron fluences: low dose
1.74 × 1019 n/cm2 and high dose 4 × 1019 n/cm2 (>0.1 MeV).
Specimens from the non-irradiated and irradiated (low and
high dose) samples were prepared and afterwards measured
in transmission mode using the procedure and settings
described in the experimental section.

There is a visible shift of several peaks to lower angles with
the increase of the neutron fluence (Figure 4), which is a clear
indication of volumetric expansion of unit cells. The unit-cell
parameters of the main phases were determined by Rietveld
refinement of their corresponding structural models: quartz
(space group P3221, quartz.str), microcline (space group C-1,
Micromax.str), albite (space group C-1, PDF 04-007-5466).

The results of the refined unit-cell parameters are shown in
Figure 5(a). The increase of the unit-cell parameters is more
noticeable in the quartz a-axis going from 4.9138(1) Å up to
4.9413(1) Å, for non-irradiated and neutron-irradiated, respec-
tively, giving an increase of the unit-cell volume up to 1.3%.
The other two phases affected show a smaller volumetric
expansion, being only 0.35% for microcline and 0.65% for
albite. However, with higher irradiation dose we found coex-
isting albite with differently expanded unit cell, being the sec-
ond albite more expanded, but conserving the same space
group, in this case the volumetric expansion reached 0.9%.

Knowing the unit-cell parameters allows the calculation
of the crystal density (ρc) by using the equation ρc = 1.6604
⋅ (ZM/Vcell), where Z is the number of formula units in the
unit cell, M the molecular mass of the formula unit, Vcell the
unit cell volume in Å3, and 1.6604 is a conversion factor
(Madsen and Scarlett, 2008). The calculated crystal densities
are plotted in Figure 5(b). In all cases it is observed a decrease
of the crystal density with the increasing neutron fluence,
being again the maximum decrease at high dose for quartz
(−1.3%), followed by albite (−0.9%) and microcline
(−0.3%).

IV. CONCLUSIONS

Following the described mounting and handling proce-
dures, both criteria for handling radioactive samples has
been fulfilled, where contention barriers and reduced amount
of radioactive sample are used. Therefore, over exposure to
radiation during manipulation of the specimens is reduced.
Wet milling achieved a homogeneous particle size distribution
of powder suitable for XRD analysis, while enclosing the
powder sample between X-ray transparent foils prevents the
leakage of radioactive dust particles. Correct assembly of
the disposable holder offers a reliable specimen positioning
in the center of the goniometer, thus reducing the source of
error due to misalignment. With the described procedure the
phase identification, semi-quantitative analysis, and Rietveld
refinement analysis to monitor the changes in unit-cell param-
eters of the identified crystalline phase can be safely per-
formed on low activity radioactive samples. The method can
also be extended to semi-quantitative analysis of amorphous
content using the internal-standard method. The presented
methodology represents a simplified and affordable way to
study irradiated materials at laboratory scale.
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