Journal of Radioanalytical and Nuclear Chemistry
https://doi.org/10.1007/510967-024-09803-0

®

Check for
updates

Applicability of atomic force microscopy for nuclear forensic
examination

Csaba T6bi'?® . Nguyen Quoc Khanh3 - Zoltan Homonnay* - Eva Széles?

Received: 5 August 2024 / Accepted: 24 September 2024
© The Author(s) 2024

Abstract

The applicability of the Atomic Force Microscopy (AFM) was examined for nuclear forensic purposes. The hyper-stoichio-
metric form of uranium-oxide was identified as novel signature which indicates the production technology of uranium fuel
pellets. The AFM technique was compared with Scanning Electron Microscope (SEM) that is usually used for morphological
study in nuclear forensics. AFM has some unique features comparing with SEM and as a fast and less expensive technique,
it can be a good alternative solution or a supporting technique to the SEM.
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Introduction
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by the determination of the production technology, produc-
tion date, isotopic composition and other essential param-
eters. One of the key signatures is the material morphology
that can be easily used for origin assessment [1, 2]. Several
scientific studies focusing on the determination and analysis
of morphological signatures of nuclear materials can provide
valuable information on the origin and the process history of
the subject sample [3-5]. For example, the particle morphol-
ogy of nuclear materials produced and used in the nuclear
fuel cycle can be influenced by the parent material (e.g. in
the case of uranium ore concentrates, based on the chemical
procedure used for production) and the applied physical (e.g.
milling, heat treatment...etc.) and/or chemical processes
(e.g. precipitation, extraction...etc.) [6].

Characteristic properties related to the morphology of
uranium oxide connected to its chrystalic structure. Uranium
dioxide crystallises in fluorite structure. One of the special
abilities of the material is able to adapt to variable stoichi-
ometry, depending on pressure and temperature. Uranium
dioxide exists in stoichiometric (UO,), hypo-stoichiometric
(UO,-x) and hyper-stoichiometric form (UO,+x) [7]. “In
the case of hypo-stoichiometric oxides (x < 0) vacancies
in the normal oxygen sites are preponderant, on the other
hand in the hyper-stoichiometric region (x > 0) the oxygen-
excess atoms are accommodated in octahedral interstitial
sites. Such feature is allowed by the presence of a partially
filled 5f shell in uranium and the possibility for a U atom to
shift easily among the valances + 3,+4,+35, or+6 [8].” The
excess oxygen atoms appear as interstitial defects, which are
partially ordered. The excess oxygen atoms dynamics and
positions are able to control, such as thermal conductivity,
fission-product accommodation and transport, micro-struc-
ture evolution and corrosion behaviour [9].

The morphological signatures can be examined using
different microscopic techniques using visible light, elec-
trons or X-ray for the analysis. To determine the physical,
chemical and structural properties of different materials,
the following techniques can be used: Optical Microscopy
(OM), Scanning Electron Microscopy (SEM), Transmission
Electron Microscopy (TEM), Electron Microprobe Analysis
(EMA), X-ray Microanalysis (XRM) and Optical Spectros-
copy (OS) [10].

Based on the scientific publications in the case of nuclear
forensic examination, the most commonly used technique
is SEM. The reason of the popularity of SEM is that the
technique can achieve a higher resolution and magnifica-
tion in images than the Optical Microscopy and with the
combination of Energy-dispersive X-ray spectroscopy, it can
also able to determine elemental composition of the sample.
The image quality is also important in the case of nuclear
materials, especially e.g. uranium ore concentrates or ura-
nium oxide powders, where a 5-10 nm thin conductive layer
must be formed (e.g. Au, Pd, C) on the sample before SEM
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measurement to avoid surface charging. Furthermore, in this
way particles can also be fixed on the surface, so will not
be repelled off during the scanning with the electron beam
[10-12].

Atomic Force Microscopy uses a very sharp probe (tip)
mounted on the microcantilever to grope the sample surface,
thus determining its topology. One of the main advantages of
the AFM compared to SEM is that the sample is not needed
to be conductive or to be covered with thin conductive film
for measurement, so it can scan almost any relatively smooth
surface without sample preparation. Furthermore, the AFM
can produce 3D topographic images using its basic software,
with a vertical resolution of 0.02 nm and a lateral resolution
of 0.1 nm, while SEM is only capable of 5 nm resolution
without 3D topography. Most of the AFM can also be used
in ambient air or liquid environments [13-15]. AFM is used
in many scientific fields such as examination of biological
samples (e.g. soil, proteins DNA...etc.) or in material sci-
ence (e.g. analysis of metal alloys, semiconductors, ceram-
ics...etc.) [16-22]. Here, it is also worth mentioning its
forensic application, where many different type of material
residues can be examined with this technique. That is why
AFM gained ground in traditional forensic sciences as well,
applicable to the examination of blood and human hair sam-
ples, damaged SIM cards, remains of packaging stuff, docu-
ments or explosive materials [23]. Although plenty of mate-
rials science studies have already been conducted with AFM
on uranium, thorium thin layers and plutonium surfaces, the
application of the technique for nuclear forensic purposes is
very limited in the available literature [24—26]. Richard Scot
Peeke’s report may be mentioned who the debris of atomic
explosion for nuclear forensic purposes by AFM [26].

Based on the advantages of AFM technique, such as sim-
plicity and cost effectiveness, as well as its applicability for
forensic science, AFM could be an alternative analytical
technique for nuclear forensic purposes to SEM. As it was
rarely used for nuclear forensic examination reported in the
available literature, the purpose of this study is to investigate
the applicability of AFM in nuclear forensic examination
together with comparison of AFM and SEM in the case of
measurement of uranium oxide fuel pellet samples.

Experimental

In this study, nine different uranium oxide fuel pellets were
analysed by both SEM and AFM techniques. Among the pel-
lets, there were reference materials with known production
technology originating from international round robin exer-
cises (e.g. Collaborating Material Exercise (CMX) organised
by the Nuclear Forensics International Technical Working
Group (ITWGQ)), as well as real confiscated nuclear fuel pel-
lets with known measurement data using other techniques.
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The samples examined are in a range of different uranium e NPF-1, NPF-2, NPF-4, NPF-8 pellets were produced for

isotopic composition. The data of the samples are given in research purposes,

Table 1. e NFP-5, NFP-6 samples resemble to pellets typical for
The examined samples had different physical characteris- pressurised heavy-water reactors,

tics, from which one can track back to different manufactur- e NFP-3, NFP-7, NFP-9 samples are similar to the pellets

ing technologies (Fig. 1). We have found that: for pressurised water reactors.

Table 1 Isotopic and chemical
composition of the nuclear fuel
pellets (NFP), among them
those having the same chemical
compositions but different
origin for SEM and AFM
measurements

Fig. 1 Different physical
characteristics of the examined
samples (A, B-rear ends of
the pellets; C, D-mantle of the
pellets)

Sample ID Sample origin* Isotope enrichment™** Phase composition***
NFP-1 ITWG round robin exercise (CMX4) LEU (2.19%) U0,, U;04

NFP-2 ITWG round robin exercise (CMX4) LEU (2.9%) uo,

NFP-3 ITWG round robin exercise (CMX5) LEU (4.3%) uo,

NFP-4 ITWG round robin exercise (CMX5) LEU (4.3%) uo,

NFP-5 Confiscated by authorities NU uo,

NFP-6 Confiscated by authorities NU uo,

NFP-7 Confiscated by authorities LEU (Reproc. 2.6%) uo,

NFP-8 Confiscated by authorities DU (0.23%) U0,, UO;-2H,0
NFP-9 Confiscated by authorities LEU (1.9%) uo,

“Please note, that the origin of samples cannot be given specifically for security reasons.
**NU: Natural Uranium, LEU: Low Enriched Uranium, DU: Diluted Uranium.
*#*Phase composition were determined by X-ray Diffraction Analysis (XRD).
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No special sample preparation (including the coating) was
needed for the SEM and AFM measurements of the samples,
because the uranium fuel pellets are solid materials, they are
not pulverised and based on experience, they are not charged
by the electron beam.

Images of the samples were collected on a LEO 1540
XB SEM using accelerating voltages of 5 kV. During the
SEM measurements, the ESPIRIT 1.9 software was used
for imaging. In case of the AFM measurements an AIST-NT
SPM SmarsSPM™-1000 device was used in tapping/semi-
contact mode with probe oscillation amplitude of 150 nm.
The type of AFM tip used for scanning was PPP-NCHR
AFM probe with 42 N/m spring constant. The images were
taken at 0.4 Hz scanning rate. Five points were examined on
each side of the fuel pellets.

Results and discussion

In the SEM images, on the surfaces of the samples, two
different structural formations were identified, which are
characteristic for the UO, nuclear fuel pellets: smooth fea-
tureless grains and facetted grains showing surface steps or
areas. Though these morphological features of the UO, thin
films are well known in the scientific literature on mate-
rial science, these characteristics were never examined for
nuclear forensic purposes [27, 28]. Based on the literature
the smooth featureless grains can be assigned to the stoichio-
metric form of UO, and the facetted grains are the hyper-
stoichiometric form of UO, [29].

During the present study the stoichiometric form was
identified only on the sample surface in the case of the NFP-
1, NFP-4, NFP-5, NFP-6, NFP-7 and NFP-8 samples. In
the case of samples NFP-2, NFP-3 and NFP-9 a mixture
of both stoichiometric and hyper-stoichiometric forms were
observed. These samples were analysed by AFM at 2 sides
in 5 points (10 measurement points/sample) and hyper-sto-
ichiometric form was found in every image consequently.
From these three samples two of them (NFP-2, NFP-3) are
produced for scientific purposes (exercises) and not com-
mercial nuclear fuel pellets used in reactors. See an example

Fig.2 SEM images showing A
stoichiometric form on NFP-5 o :
(A) and the hyper-stoichiomet- S
ric form on NFP-2 (B) ¥ _‘{,/
e :
4 e
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in Fig. 2. Long term storage or storage conditions cannot be
the origin of the hyper-stoichiometric form as NFP-5, NFP-
6, NFP-7 and NFP-8 samples were produced much earlier
than NFP-2 and NFP-3, while the production date of the
NFP-9 is close to samples mentioned above The production
date of the samples was determined by mass-spectrometry
at our institution. All these samples were stored under the
same conditions.

As the hyper-stoichiometric forms can be found only in
certain nuclear fuel pellets it can indicate different produc-
tion technology of these pellets. In the followings this differ-
ence will be demonstrated via the analysis of two reference
materials with known production technology originating
from the same round robin exercise. The physical charac-
teristics such as fine and large macrostructure of the samples
can already be seen during visual inspection and under the
optical microscope. The microscopic images are demon-
strated in Fig. 3.

Based on Fig. 3 the NFP-3 sample is a compact, dense,
well-formed pellet with specific surface shape characteris-
tics, such as edges and lenses on the bottom and the top area
of the pellet. However, the NFP-4 sample is clearly different,
it contains large and rough grains, the surface is not smooth
and there are no specific shape characteristics. The bottom
and the top parts of the pellet are flat. So obviously the fuel
fabrication procedure is different, as it is known from the
round robin exercise description. The UO, raw material
of the pellets were manufactured by the integral dry route
preparation, dry sintering. Two very different macrostruc-
tures were created. In the case of NFP-4 sample 0.8 wt%

[\ ' - )
N

1 pm
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pore-maker was mixed to raw material 50 MPa compaction
pressure was used for NFP-3 and definite grain size (160 um)
was obtained by sieving/forcing before formatting compac-
tion (450 MPa) and sintering. 600 MPa compaction pressure
was utilised for NFP-4, however in this case larger grain
size (800 um) was obtained from Forced sieving and used
for preparation of soft mix before formatting compaction
(400 MPa) and sintering. Sintering was carried out in pure
H, atmosphere, in 1700 °C, 4 h long.

Based on the open literature, the most common reason for
formation of the hyper-stoichiometric surface morphology
in uranium is the application of low temperature and/or not
inert atmosphere such as hydrogen during flash sintering
process. Especially, using H, atmosphere the interstitial oxy-
gen can diffuse easily to the material and is able to formulate
different stoichiometric uranium-oxide forms. However, in
the case of the NFP-3 and NFP-4 samples the parameters of
the sintering procedure are the same (1700 °C during 4 h in
pure H, atmosphere), the hyper-stoichiometric form can be
found only on the surface of the NFP-3 sample. The poten-
tial reason of this difference based on the information of the
full production technology of the two samples (see below) is
the different grain sizes formulated after compaction, during
forced-sieving. The finer 160 pm grain size results in a larger
total surface area of the grains that causes adsorption of oxy-
gen in larger amounts. Thus, it is more difficult the diffusion
of oxygen out from the material during the sintering process.

The samples were also analysed by AFM in order to get
more detailed information on surface morphology using dif-
ferent type of AFM scan images, such as 3D topography
and surface roughness that cannot be performed by SEM.
The different stoichiometric forms seen in the SEM images
appear in higher details on the AFM scan images (Fig. 4).

Fig.4 The MAG type and 3D
topographic image of hyper-
stoichiometric form (Red arrow)
of UO, in the surface of sample
NFP-9 by AFM (A: 50 x50 um;
B: 20x20 pm)

In order to compare SEM and AFM, first the so-called
MAG type images were taken by AFM, which are similar
to the SEM imaging. The MAG images show the lateral
distribution of the amplitude of the probe oscillation which
has highest value at the grain boundaries, steps, thus giv-
ing clearer contour of the grain boundaries. The result of
this is the surface borders are drawn more contoured in the
case of uranium fuel pellets. Therefore, with the examina-
tion of the MAG together with 3D topographic scans, the
hyper-stoichiometric form can be certainly identified and
cannot be mixed with other surface effects. Based on the
morphological analysis of the pellet by SEM and AFM, the
morphological differences of the samples identified using
both microscopic techniques, however using AFM with the
3D topographic scan mode, more detailed morphological
information can be obtained comparing with SEM technique
(Fig. 5).

All the other analysed samples were also scanned by
AFM. MAG images of four other samples can be seen in
Fig. 6.

Another analysing tool to compare the two techniques is the
grain size distribution. Based on both SEM images and AFM
scans, the grain size distributions can be determined. The
comparison of grain size distribution calculated from SEM
and AFM measurements is demonstrated in Fig. 7. For these
calculations the same area of the NFP-3 and NFP-4 samples
were scanned both by SEM and AFM. As it can be seen, the
two techniques gave similar results. NFP-3 and NFP-4 sam-
ples were both analysed for grain size distribution on the same
scanning area but significant differences in the grain size was
not found, as was expected. Both SEM and AFM can pro-
vide similar results however, they are using different scanning
methodology. The differences between the two samples can

@ Springer
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Fig.5 SEM (A), AFM MAG
(B) and 3D (C) images of
NFP-3 and NFP-4 samples from
the same spot

NFP-4

be seen in the grain size. The most common diameter of the
particles can be found at the NFP-3 sample are between 10 and
12 um and for NFP-4 samples between 6 and 14 pym. It con-
firms that the NFP-3 sample material is more homogeneous.

Furthermore, contrary to the SEM, using the AFM, the
surface roughness of the pellets can also be examined, which
allowed to analyse another characteristic parameter of the sam-
ples. However, in this case comparing the grain size distribu-
tion and surface roughness of the stoichiometric and hyper-
stoichiometric form pellets, no significant differences were
found (Fig. 8).

@ Springer

Conclusions

Based on the results presented, it can be concluded that
similarly to SEM measurements, AFM is also capable to
provide information about the morphology of nuclear fuel
pellets, however with higher resolution. As an advantage
the SEM equipped with Energy Dispersive X-ray Spec-
troscopy (EDX) is useful for semi-quantitative elemental
analysis and elemental mapping. On the other hand, the
AFM is also capable to produce 3D-topographic images,
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Fig. 6 Examples of stoichio-
metric and hyper-stoichiometric
form among the samples

Number of particle
o]

Diameter (um)

Stoichiometric form

Number of particle

Hyper-stoichiometric form

g T P v

21000
17000

12000

-1000

Diameter (um)

Fig. 7 Grain size distribution of NFP-3 and NFP-4 samples measured by AFM and SEM

that can be useful for calculation of grain size distribution
and measurement of the surface roughness. Furthermore,
the AFM is also capable to identify the different material
components (phases). In summary the AFM provides mor-
phological data similar to SEM, so it can be suitable as an
additional microscopic technique to morphological study
for nuclear forensic examinations. The main advantage of
the AFM compared to SEM is that it is a cost effective,

simpler to operate technique and additionally it is capable
to produce 3D-topographic model of the surface of the
samples that gives more tools for forensic examination.
Based on the morphological analysis of more nuclear fuel
pellets with different production technology, a characteristic
parameter of fuel pellets was identified, i.e. the hyper-stoi-
chiometric form of UO,. This form was found only in cer-
tain fuel pellets. It means that the hyper-stoichiometric form

@ Springer
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Fig.8 Height distribution of NFP-8 (A) and NFP-9 (B) samples

does not occurred random, it can indicate differences in the
parameters of the sintering process or in this study different
grain size used for pellet production. That can identify the
production technology and in such way to identify or exclude
producers or differentiate samples. In conclusion, the hyper-
stoichiometric form of nuclear materials was found as a pos-
sible novel signature in origin assessment to nuclear forensic
examination.
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