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ABSTRACT. Concrete exposed to irradiation from nuclear reactor undergoes atomic-level degradation
due to the influence of neutrons, secondary gamma rays, and associated gamma heating. The radiation-
induced damage decreases the mechanical properties of the concrete and affects its performance as a
construction material. The concrete samples analysed in this work were prepared from blended Portland
cement CEM II 32.5R mixed with siliceous aggregates with a size of 0—2.5 mm. The material underwent
irradiation in the LVR-15 research reactor in Research Centre ReZ to the target neutron fluence of
1.6-1.8-10 nem=2 (E>0.1MeV) and received the gamma dose of ~500 MGy. The temperatures
during irradiation were kept within a range of 50-60 °C. The mechanical properties of the individual
phases in the cementitious matrix after neutron irradiation were assessed by the nanoindentation.
To track the evolution of the nanomechanical properties of individual components under radiation,
a comparison was made between the mechanical properties of neutron-irradiated material and pristine

concrete.
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1. INTRODUCTION

With increasing demands for power generation and
nuclear safety all materials used in nuclear reactor
are a subject of precise examination regarding degra-
dation caused by long-term radiation exposure [I1 2].
Concrete is an essential construction material for var-
ious types of nuclear reactor power plants, providing
the structural foundation for the reactor pressure ves-
sel and serving as a component of radiation shielding.
The irradiation effects influence the behaviour of the
concrete structure, leading over time to alterations in
its mechanical properties and potential failure [3], 4].
The material degradation caused by gamma and neu-
tron radiation significantly impacts the functional and
performance requirements of the shield [5]. Micro-
scale analyses of the concrete material are needed to
observe the actual changes in the material via irradia-
tion. In this work, microscopic analyses are combined
with micromechanical testing to evaluate the effects
of neutron irradiation on the microstructure of the
concrete. Specifically, cement paste of the concrete
and its major phases are a matter of examination.
The mechanical properties of the cement paste are
measured by nanoindentation testing. Typically, this
can be done by a matrix array of indents over the
large area with subsequent statistical deconvolution
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of the data [5H7]. However, this method may be in-
adequate for distinguishing the mechanical properties
of irradiated materials from those of the reference
equivalent. This limitation arises due to the overlap-
ping measured values of the individual phases present
in the cement paste, as the anticipated changes in
mechanical properties after the irradiation are within
the range of a few percent. Therefore, we propose an
alternative approach in which nanoindentation mea-
surements are manually positioned, and the indented
phases are identified using optical microscopy and
scanning electron microscopy (SEM) coupled with
energy dispersive x-ray spectroscopy (EDS). The re-
sulting data from measurements of individual phases
could serve as a key to interpreting extensive datasets
obtained from wide area matrix measurements.

2. MATERIALS AND METHODS
2.1. CONCRETE

The concrete samples were manufactured using the
standard procedure following CSN EN 206-1 [§]. The
used binder component was blended Portland cement
CEM 11 32.5R (Portland cement 62 %, limestone 11 %,
fly ash 21 %, gypsum 6 % by mass) mixed with siliceous
aggregates with a grain size of 0-2.5 mm used as a filler.
The samples were left for 28 days in closed containers
for curing and hardening, subsequently stored for 18
months in laboratory conditions with T"= 23 + 1 °C,
RH 45 £ 5% and afterwards cut into slices with ap-
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FIGURE 1. Cut neutron irradiated concrete slices (A).
Mounted concrete sample on a steel block (B).

prox. size of 28 x 28 x 5mm, dried at 60 % for 7 days
and then placed in the irradiation channel and assem-
bly designed and developed for long-term irradiation
campaign in LVR-15 research reactor. The irradia-
tion was carried out in 6 campaigns over a period
of 170 days [9]. The reference cement sample was
produced using the original recipe, the composition
of Portland cement CEM II 32.5R slightly differed
(Portland cement 76 %, limestone 18 %, gypsum 6 %
by mass).

2.2. NEUTRON IRRADIATION

Neutron irradiation was performed in the LVR-15
research reactor with a power of 10 MW in Re-
search Centre Rez to the target neutron fluence of
1.6-1.8- 10 necm =2 (E>0.1MeV) with the received
gamma dose of ~ 500 MGy. The temperatures dur-
ing irradiation were kept within a range of 50-60 °C.
Such fast neutron fluences correspond approximately
to 40 years of operation of the biological shielding
components at the Dukovany Nuclear Power Plant
(NPP-EDU) of VVER-440 type. This allows for the
simulation of concrete degradation due to neutron flux
corresponding to the entire planned lifespan of the
NPP. After the irradiation, the housing with samples
were transported to hot-cells, where cutting, dismount-
ing, and sorting was performed using remote manip-
ulators. Samples intended for nanoindentation were
transferred to shielded glove-box for further surface
preparation.

2.3. SAMPLE PREPARATION

After the neutron irradiation, the concrete samples
were cut in gamma-shielded glove box into smaller
pieces in cross-section using gravitational low-speed
saw (Buehler). The dimensions of cut sample were
approx. 1.5 x 1.3 x 0.5 cm. The reduction of sample
dimensions was necessary for the surface preparation
process and for the overall reduction of radioactivity
of the sample. Cut concrete samples are shown in
Figure

After the cutting, the irradiated concrete sample
was glued to cylindrical steel block using hot wax
(Figure. Mounting of the sample was performed for
easier manipulation during the hand-polishing process

FIGURE 2. Light optical microscopy image of cement
phase after grinding.

and for better handling during nanoindentation and
SEM analyses.

Surface preparation of the neutron irradiated con-
crete sample was performed by dry hand grinding
using silicon carbide sandpapers of 400—4 000 grit in
gamma-shielded glove box. No water was used during
the grinding process to prevent further hydration of
the cement paste and to achieve uniform flat surface.
Adding water during the grinding process would cause
higher erosion in the cement paste and therefore un-
even surface. For those two reasons, further polishing
using suspensions was not used. The surface of the
ground irradiated concrete sample was washed with
pure ethanol after each grinding step. The whole sur-
face preparation process was identically performed for
the reference non-irradiated concrete sample.

Quality of prepared surface was assessed by light
optical microscopy. The cement paste area of interest
(light) is shown in Figure [2] Larger dark areas in the
image are siliceous aggregates that are not a subject
of examination in this work. The surface in Figure [2]
has uniform flatness and good visibility of features in
the cement paste. Visible scratches on the surface are
an unavoidable phenomenon due to the applied sur-
face preparation method. However, the unscratched
areas between the scratches can be hand selected for
nanoindentation measurements in nanoindenter scan-
ning probe microscopy (SPM) mode.

A 20nm conductive carbon layer was deposited on
the ground surface prior to SEM measurements with
PVD carbon coater.

2.4. NANOINDENTATION

Nanoindentation measurements were performed in
gamma-shielded hot cell with Bruker Ti 950 nanoin-
denter using Berkovich diamond indenter tip at room
temperature. Positions for the measurements were
hand selected on the SPM scan of the surface per-
formed by the nanoindenter tip. Individual selected
positions are shown in Figure 3] The dimensions of
the SPM scan area were 70 x 70 pm.

Load-controlled indentation mode with 4 mN max.
indentation force was selected for nanoindentation
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FIGURE 3. Hand selected indent positions on the SPM
scan image of the cement paste.

measurements. The estimated size of indented area
using this load in cement paste is approx. 3um in
diameter with indentation depth in the range of 300—
500nm. A custom load function with three stages
was used: 1s linear load, 10s hold, 1s linear unload.
The hold period was used for material relaxation un-
der load and for possible short-term creep behaviour.
Measured load-displacement curves were analysed by
the Oliver-Pharr method [I0]. Tip area function was
calibrated using fused quartz calibration standard
prior to all measurements.

2.5. SEM ANALYSES

SEM analyses were performed on Tescan Mira GMU
electron microscope equipped with EDS detector (Ox-
ford Instruments). Surface imaging was performed
using SE and BSE imaging mode. EDS chemical
mapping were performed over nanoindentation mea-
surement areas for further identification of individual
cement paste phases based on chemical composition.

2.6. RESULTS AND DISCUSSION

The elemental composition of the scanned cement
paste area of the neutron irradiated concrete is shown
as EDS sum spectrum and individual maps of the
major elements in Figure [d] Majority of the area is
composed of Ca-Si hydrate phase (C-S-H). Areas with
dominant Ca concentration indicate the presence of
portlandite Ca(OH)s phase. The Al map revealed
the presence of larger patches of unreacted porous fly
ash particles which are usually round or oval in shape.
Residual clinker also occurs locally.

Identified phases are labelled in Figure [fa] which is
a composition of selected EDS maps with SE image
of the measured area on the background. The same
image is complemented with SPM image with indent
positions overlay in Figure [5b

Despite the visible scratches caused by dry hand
grinding preparation method, the resulting microstruc-
ture visibility, and surface flatness of the cement paste
area of the concrete were sufficient for precise indent
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FIGURE 4. Distribution of selected elements in the
cement paste of neutron irradiated concrete analysed
by SEM EDS.

FIGURE 5. Selected elemental distribution maps over-
lay on SE image of indented area (a) and the same
image combined with SPM image with highlighted
indent positions (b).

positioning in the SPM nanoindentation mode. Mea-
sured nanoindentation hardness (H;;) and reduced
modulus (Er) results relative to the identified phases
are shown in Figure [6a] [6b] The difference between
each phase is clearly visible for both H;; and Er val-
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FIGURE 6. Comparison of measured reduced modulus
(Er) and hardness (H;:) between identified phases in
cement paste area of the neutron irradiated concrete.

ues. However, without phase identification knowledge
gained with the use of correlation of SEM-EDS and
SPM scans, lower measured values of fly ash and port-
landite would be easily mixed with C-S-H gel values.
The same applies for high fly ash values and clinker.

The high scatter of measured nanoindentation val-
ues for fly ash is most likely caused by high porosity
of the particles. This causes variations in indenter tip
contact and uneven deformation area during nanoin-
dentation testing. The variance of measured values of
the C-S-H phase is likely caused by multiple factors.
First, the surface in the C-S-H area is uneven and to
certain extent porous, which means that same nanoin-
dentation effects as for the fly ash phase will apply
for C-S-H phase. And second, from previous investi-
gation it is known that C-S-H phase can be divided
into two sub-categories: low density (LD) and high
density (HD) C-S-H [I1I]. These two types of C-S-H
vary in mechanical properties, thus create the variety
of measured results. The C-S-H phases present in ce-
ment paste are mixed with other minor phases and are
specifically designated as inner (HD) and outer (LD)
product [I2]. Using SEM SE imaging on the reference
concrete (Figure [7a] [7h), HD C-S-H areas are visible
as lighter areas and LD C-S-H as darker. However,
this differentiation is not possible on neutron irradi-
ated concrete, as is shown in Figure [7, where both
C-S-H products are not distinguishable. Therefore, it
is to be assumed that it is a mixture of both LD and
HD types.

»
-Ae
SEM HV: 15.0 kV WD: 14.86 mm
SEM MAG: 9.11 kx Det: SE 20 pm
SEM MAG: 9.1 kx  Date(m/dly): 04/30/24

i
SEM HV: 15.0 kV
SEM MAG: 9.06 kx Det: SE 20 ym
SEM MAG: 9.06 kx Date(m/dly): 05/16/24

WD: 14.80 mm MIRA3 TESCAN

FIGURE 7. SE image of C-S-H gel distribution on
reference non-irradiated concrete (a) and neutron ir-
radiated concrete (b).

Although it was previously assumed that the ef-
fects of neutrons on cement paste would be small or
negligible [13] [T4], recent research suggests that degra-
dation of cement paste components due to neutron
interaction also needs to be considered. The change
of surface morphology and chemical bonding of C-S-H
globules after irradiation was reported by [I5]. Other
authors have described changes in nano-porosity due
to the effects of radiolysis, carbonation [16], formation
of secondary vaterite [I6], and, on the other hand,
also a certain self-healing effect in C-S-H gels [17].

A comparison of Er and H; of LD and HD C-
S-H phases from nanoindentation measurements on
reference non-irradiated concrete and mixed C-S-H
phase from nanoindentation measurements on neutron
and gamma irradiated concrete was made. The results
shown in Figure[§|indicate that the measured values of
the irradiated C-S-H phase are in between the values
of the HD and LD C-S-H on reference material and we
observe a greater scatter in the measured Er and H;
values of the neutron-irradiated C-S-H phase. This
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FIGURE 8. Comparison of averaged nanoindentation results of Er and H;: of low density (LD) and high density
(HD) C-S-H phase on reference non-irradiated concrete and mixed C-S-H phase on neutron and gamma irradiated

concrete.

measurement supports the previous findings that the
neutron irradiation has an effect on the mechanical
behavior of the C-S-H phase. This effect is to be
verified by further investigation.

2.7. CONCLUSIONS

Nanomechanical properties of the hydrated cement
phases after neutron irradiation were investigated and
these conclusions can be drawn:

o It was verified that the dry grinding surface prepa-
ration method for nanoindentation measurements
is suitable for neutron-irradiated concrete.

e SEM images in combination with SEM-EDS chemi-
cal maps over the indented cement areas provided
useful identification of the measured phases. Mea-
sured mechanical properties were linked to the indi-
vidual phases creating, separated datasets for each
measured phase.

o The correlative approach effectively compares over-
lapping phase data, which is challenging with large
array methods without phase identification, and
combining both methods yields extensive statistical
data with improved phase identification.

e The LD and HD types of the C-S-H phase in
neutron-irradiated concrete appear indistinguish-
able in SEM images, indicating altered properties
due to irradiation. The measured Er and H;; values
of the neutron-irradiated C-S-H phase show greater
variability compared to non-irradiated material.

LIST OF SYMBOLS
NPP Nuclear Power Plant

VVER-440 Water-Water Power Reactor with electrical
output of 440 MW

SEM Scanning Electron Microscope
EDS Energy-dispersive Spectroscopy
SPM Scanning Probe Microscopy
SE Secondary electron Image

BSE Backscattered Electron Image
PVD Physical Vapor Deposition
C-S-H Calcium-Silicate Hydrate

H;; Hardness [GPa]
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Er Reduced Modulus [GPa]
LD Low Density C-S-H gel
HD High Density C-S-H gel
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