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In this study, well-hydrated cement paste samples made from Portland cement CEM 1-42.5R were
gamma irradiated with a 200 TBq %°Co source, resulting in a total absorbed dose of 13.82 MGy. During
irradiation, the samples were stored under specific relative humidity (RH) conditions of 11 %, 33 %,
76 %, 96 %, and water. Grid nanoindentation was performed on polished sample surfaces to assess the
nanoindentation Young’s modulus of both irradiated and non-irradiated control samples. An increase
in Young’s modulus by 9.3 % was observed for irradiated samples at low RH (11 %). Samples stored
at medium RHs (33 %, 76 %) showed negligible differences in micromechanical properties. However,
a significant decrease in Young’s modulus, approximately 15 %, was measured for samples stored at

high RHs (96 %, water).
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1. INTRODUCTION

Concrete in nuclear power plants, used as biological
shielding around the active zone, is exposed to radia-
tion and thermal strains [I]. A decrease in mechanical
properties, primarily the compressive strength of con-
crete, was previously reported in [2] [3]. The deterio-
ration is mainly caused by neutron radiation, gamma
radiation, drying, and heating [I]. Gamma rays pri-
marily affect the water in Calcium-Silicate-Hydrates
(C-S—H) gel due to water radiolysis, causing concrete
drying [4]. As most of the studies are conducted
on a macro-scale, only a limited amount of research
investigates mechanical properties at the micro-scale.

Micromechanical properties of gamma irradiated
mortar with an absorbed dose of 12-15 MGy were
previously studied by Khmurovska et al. [5]. The
samples were exposed to standard relative humidities
(RHs) of 40 %60 %, showing a negligible effect on
the Young’s modulus of C—S—H phases. Similar find-
ings were presented by Hilloulin et al. [6], but with
a significantly lower total absorbed dose of 0.257 MGy.
Further, nanoindentation of C—S—H pellets irradiated
at 11% RH was performed by Hunnicutt [7], who
irradiated samples up to a dose of 0.784 MGy, report-
ing again negligible changes in micromechanical prop-
erties. However, the authors continued irradiating
the pellets with significantly higher doses of 24 MGy
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and 189 MGy in Baral et al. [8]. The higher dose
falls within the range of approximately 100-200 MGy,
which is the total gamma dose to which a biological
shield is exposed over an 80-year lifespan [9]. In these
cases, a significant increase in the nanoindentation
Young’s modulus by 15 %25 % was reported for the
189 MGy total dose. It was also reported by Némecek
et al. [I0] that the RH level in the environment sig-
nificantly affects the micromechanical properties of
28-day-old cement paste under gamma radiation (ab-
sorbed dose 2.88 MGy), especially at low (4-11 %) and
high (100 %) RHs.

Therefore, it is evident that during the gamma
irradiation of cementitious materials, not only the
total absorbed dose but also the RH level and the
samples’ hydration degree affect the final microme-
chanical properties. Thus, this study aims to quantify
the effect of RH conditions on mature ordinary ce-
ment paste exposed to a higher gamma irradiation
dose (13.82 MGy).

2. EXPERIMENTS AND METHODS

2.1. MATERIAL AND SAMPLE PREPARATION

The ordinary cement paste samples were prepared
from Portland cement CEM 1-42.R (Ceskomoravsky
cement, Czech Republic) with a water-to-cement ratio
of 0.4. After mixing, the paste was cast into cylindri-
cal molds with a diameter of 27 mm and a height of
70mm, and then vibrated to remove entrapped air.
The samples were demolded after 1 day and placed
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Label 11 33 76 96 W
RH (%) 11 33 76 96 100
Salt LiCl MgCl, NaCl KNOs -
Other - — — — water

TABLE 1. Labeling and summary of conditions used
to control RH.

in a 1% limewater solution for 20 months, represent-
ing fully hydrated samples with degree of hydration
(DoH) estimated as 0.88 based on the Cemhyd3D
calculation [IT]. This high DoH was chosen to mini-
mize changes due to varying storage conditions during
one year of gamma irradiation. Subsequently, the
samples were cut into smaller cylinders, 20 mm thick,
and further placed into plastic containers with five
different RH (11 %, 33 %, 76 %, 96 %, and 100 %) con-
ditions. Four of these conditions were created using
salt-saturated solutions, while the fifth container was
filled with limewater, where the samples were origi-
nally stored. The details about the RH conditions
and the salts used are provided in Table [I}

2.2. GAMMA IRRADIATION

The containers with samples were gamma irradiated
using a %°Co radiation source in the Gamma Radia-
tion Facility of the Research Centre Rez, Czech Re-
public. The average dose rate ranged from 0.675
to 1.890kGy h~!. The samples were irradiated (IR)
for 341 days and absorbed a total dose of 13.82 MGy.
Simultaneously, non-irradiated (Non-IR) containers
were left under the same RH conditions. The plastic
containers were replaced every two months to ensure
stable RH conditions throughout the irradiation pe-
riod [10].

2.3. SAMPLE SURFACE POLISHING

After the gamma irradiation experiment, all samples
were removed from the containers and dried for 3 days
at 50 °C to prepare them for polishing. DoH for sam-
ples below 76 % RH remain 0.88, while those stored
at 96 % RH and 100 % RH showed only a minimal
increase of DoH, estimated as 0.90. The dried samples
were then polished using silicon carbide papers in the
following sequence: #1200 grit for 10s, #2000 grit
for 60s, and #4000 grit for 200s. Between each step,
the samples were placed in an ultrasonic cleaner with
alcohol for 60s to remove any free particles [I2]. The
surface roughness of the samples, characterized by the
root-mean-square (RMS) parameter, was 41 7 nm on
55 x 55 um?, which is acceptable for nanoindentation
with ~200nm deep indents.

2.4. NANOINDENTATION

The nanoindentation was performed with a Hysitron
TI-980 Triboindenter equipped with a Berkovich di-
amond tip. On each sample, ten grids of 22 x 22
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indents were conducted using the accelerated prop-
erty mapping mode (XPM). The separation between
individual indents was set to 2.5 pm to provide high
spatial resolution and avoid interaction between in-
dents. A numerical study by Phani and Oliver [13]
showed that the safe indentation distance is 10 times
the indentation depth. Since our indentations reach
depths of up to 200 nm, the 2.5 pm separation falls
within the safe range. A total of 484 indents were
performed. The load function was selected as trape-
zoidal, consisting of linear loading, maximum force
holding, and linear unloading, each lasting 0.1s. The
maximum force was set to 1.5 mN.

The elastic properties were evaluated from the un-
loading segment of the force-displacement curve using
the Oliver and Pharr theory [I4], and the reduced
modulus F, was determined as

E, = Sym
" 2BVAL

where A, is the tip projected contact area, S repre-
sents the elastic unloading stiffness, and § is the tip
geometry correction factor (8 = 1.034 for a Berkovich
tip). The reduced modulus combines the elastic stiff-
ness of both the nanoindentation tip and the material.
The Young’s modulus, E, of the (isotropic) material
can then be calculated using the following equation:

(1)
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where F; and v; represent the Young’s modulus and
Poisson’s ratio of the nanoindentation tip, respectively.
For a diamond tip, the constants are assumed to be
E; = 1141 GPa and v; = 0.07. v denotes the Poisson’s
ratio of the sample, which was assumed to be 0.2 [15].

3. RESULTS AND DISCUSSION

In Figure[l] a typical example of a Young’s modulus
map measured by XPM is shown. A large range of E
values, from 10 to 130 GPa were measured and based
on the mechanical response and chemical composition,
five different phases (residual clinker, Portlandite, in-
ner product, outer product, low stiffness phase) were
recognized [I2]. The first phase consists of residual
clinker with F values ranging from 50 GPa to 130 GPa.
The second phase composed of Portlandite crystals
where E are typically measured in the range of 36—
43 GPa. Additionally, two phases based on C-S—H gel
varying mainly in density of hydrates, were identified.
The inner product, created primarily around resid-
ual clinker (E' = 26-38 GPa) and outer product, more
porous phase connecting the rest of the hydrates (E =
19-26 GPa). The last, low stiffness phase was mostly
affected by larger pores with F < 15GPa [I5] [16].
The typical load—displacement curves of these phases
are shown in Figure [2|

In the next step, all 4840 indents were merged to-
gether, and frequency density plots were created for
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FIGURE 1. An example of a Young’s modulus map
obtained using XPM for the 76-IR sample.
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FIGURE 2. An example of typical force-displacement
curves of main phases measured for the 76-IR sam-
ple.

each sample. An example of these plots is shown
in Figure [3| for samples stored at 33 % RH. It is ev-
ident that the main peak is predominantly created
by the main hydration products, including inner and
outer products and Portlandite. This behavior was
similar for all samples, with only a shift in the main
peak being observable. Thus, it was decided not to
separate the mechanical response into the main five
phases but instead into two phases: one created by
the main hydrates and the other by residual clinker,
using a statistical deconvolution method, which as-
signs Gaussian distribution for each phase, as shown
in Figure [ for 76-IR sample. More details of the
method can be found in [I5] [I6]. Based on these
results, the micro-mechanical behavior between irra-
diated and non-irradiated samples was analyzed and
is summarized in Figure [f]

The first group consists of samples stored at medium
RHs (33 %, 76 %). The results show negligible differ-
ences between irradiated and non-irradiated samples,
suggesting that the water loss caused by radiolysis is
most likely counterbalanced by the RH conditions in
the container. These findings are in accordance with
other studies and apply to total gamma doses in the
range of 0.257-15 MGy [5] [6], [10].
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FIGURE 3. A typical example of frequency plots of
Young’s modulus for irradiated and non-irradiated
samples stored at 33 % RH.
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FIGURE 4. An example of statistical deconvolution of
Young’s modulus for the 76-IR sample.

The second group consists of samples stored at low
RH (11 %), which showed an increase in E by 9.5%
for non-irradiated samples and by 19.9 % for irradi-
ated samples compared to those stored at medium
RHs. This increase is attributed to drying shrinkage
leading to the densification and compaction of C-S—H
globules [17], [I8]. The effect is even more pronounced
in irradiated samples, where water radiolysis likely
removes water from the interlayer space, further
enhancing the densification and compaction effect.
The increase of irradiated sample was measured as
9.3 %. The increase in irradiated samples aligns with
other studies conducted at 11 % RH [} [10]. However,
the increase is much smaller compared to our previous
study [I0], where a 24.8% increase was measured
for samples irradiated with a significantly lower dose
of 2.88 MGy. The main reason for this difference
lies in the total hydration times of the samples; in
the previous study, the samples were hydrated for
only 4 weeks, compared to the well-matured samples
that were hydrated for 1.5 years in the current study.
This suggests that the degree of hydration at the
beginning of irradiation has a significant effect on the
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FIGURE 5. Summary of Young’s modulus results of
main hydrates for irradiated and non-irradiated sam-
ples stored at different RH levels.

overall changes due to irradiation.

The increase in irradiated samples aligns with other
studies conducted at 11 % RH [8] [10]. Additionally,
it should be noted that the local increase in FE is
accompanied by micro-cracking of the samples, lead-
ing to a decrease in mechanical properties at larger
scales [I0].

The third group consists of samples stored at high
RHs (96 %, water—100 %). The mechanical properties
of this group showed a significant decrease in E by
14.6 % (96 % RH) and 15.5% (water), indicating the
most negative effect and deterioration of the samples
due to irradiation. Similar finding were also reported
by Némecek et al. [I0] for 28 days old samples ir-
radiated with dose of 2.88 MGy. This deterioration
is likely due to water radiolysis, although the exact
mechanism is still unknown. Further analyses, such
as X-ray diffraction, thermogravimetry, and poros-
ity measurements by mercury intrusion porosimetry,
will be performed to detect changes in structure and
chemical composition.

The second phase created by residual clinker is not
affected by gamma radiation, as it does not impact
the crystalline phase [I]. The measured differences in
micro-mechanical properties are primarily attributed
to the dimensions of the clinker, which are embedded
in the surrounding compliant cement matrix.

4. CONCLUSIONS

In this paper, the nanomechanical properties of or-
dinary cement paste exposed to different RHs and
gamma radiation (total dose of 13.82 MGy) were in-
vestigated. Based on the different RH levels, the
following conclusions were drawn:

e Samples irradiated at low RH (11 %) showed an
increase in the Young’s modulus by 9.3%. This
increase is attributed to the combination of water
radiolysis and drying, possibly due to water removal
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from the interlayer space and compaction of the C—
S—H phases.

e Samples irradiated at medium RHs (33 %, 76 %)
showed almost identical nanomechanical properties,
suggesting that samples in these conditions with-
stand gamma radiation best.

e Samples at high RHs showed a decrease of Young’s
modulus by 14.6 % (96 % RH) and 15.5% (water),
indicating that samples at high RH perform worst
during gamma irradiation.

Future research should complement these findings
with additional analyses detecting changes in porosity
and chemical composition.
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