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Abstract Prediction of carbonation progress in
concrete exposed to ionizing radiation is important
for the durability assessment of nuclear power plants,
eventually needed for operational license extension.
The objective of this work is to reveal the influence of
gamma irradiation on the carbonation development
and resulting microstructural features of cement
mortar. The composition of mortar was varied by
using mineral additions. Canned specimens at elevated
CO, concentration environment were exposed to
gamma irradiation up to the absorbed dose of
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1.6 MGy in the vicinity of spent nuclear fuel rods in
pool of research reactor. Micromechanical properties
of carbonation reaction products were determined
using nanoindentation tests. The carbonation depth
was found to increase with increasing absorbed y dose.
The size of calcite crystals was about three times
greater in irradiated specimens. Gamma irradiation
improved the micromechanical properties of carbon-
ation products. Effects of mineral additives on the
characteristics of irradiated mortar are discussed.

Keywords Calcite - Carbonation - Cement mortar -
Gamma irradiation - Microstructure - Mineral
additions - Nanoindentation

1 Introduction

The significance of concrete carbonation phenomenon
for the durability of concrete structures at nuclear
power plants is recognized in design and maintenance
guidelines [1, 2]. Electricity providers perform
required structural condition monitoring by sampling
at most exposed locations to predict the progress of
carbonation in concrete. For a typical concrete mix in
nuclear power plants (NPP) in Japan, the prediction of
carbonation depth is feasible using the AlJ formula
[3]. The progress of carbonation is influenced both by
the concrete mix design and the environmental
exposure conditions, including CO, concentration in
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the air and the moisture state of concrete. It is
commonly assumed that for 40-50% RH, the carbon-
ation rate is medium, for 60—70% RH, carbonation rate
is high [2, 4, 5]. The role of increased temperature in
accelerated carbonation tests of concrete of “typical”
composition for NPP structures was studied by
Mitsugi et al. [3]. It was found that the environmental
parameters (temperature, relative humidity) were
different for carbonation progress and for steel rebar
corrosion progress. It is due to the fact that the
humidity environments where carbonation progresses
and the temperature environments where rebar corro-
sion progresses do not correspond with each other,
rebars are typically unlikely to corrode even if
carbonation has reached the rebars, provided they
are not subjected to extreme wet-dry cycles. Another
specific environmental condition potentially causing a
degradation of concrete in NPP structures is ionizing
radiation and therefore it should be included in the
carbonation studies. However, the evaluation of such
concrete property changes is challenging [6] because
of the limited number and size of specimens in
accelerated irradiation experiments.

According to previous accelerated irradiation
experiments, summarized by Field et al. [7], concrete
properties were found to deteriorate under neutron and
gamma irradiation. The irradiation induced strength
reduction was clearly evident beyond the gamma dose
threshold of 2.0 x 10" rad (2.0 x 10® Gy) which
has been suggested by Kontani et al. [8], however an
increased temperature and other test conditions are
considered as important influencing factors, too. A
review of test conditions for accelerated studies of
gamma irradiation are summarized in [9]. For lower
gamma doses up to 40 kGy a reduction of capillary
porosity and pore size refinement in hardening cement
mortar was found. Gamma irradiation of hardening
cement mortar, starting before initial setting time,
resulted in an increase of the flexural and compressive
strength by 71 or 102%, respectively. Also an
increased presence of portlandite was found. Mechan-
ical properties of calcium silicate hydrates were
examined with nanoindentation after gamma-ad-
sorbed doses up to 0.784 MGy, and neither elastic
modulus nor stress relaxation tests showed any
apparent trend with irradiation dose [10]. Reches
[11] concluded that gamma radiation does not have a
significant effect on the compressive or flexural
strength and on the modulus of elasticity of cement-
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based composites. Hilloulin et al. [12] revealed that
Young’s modulus of irradiated (up to 0.257 MGy)
specimens did not significantly differ from the one of
control specimens. Soo and Milian [13] analyzed the
influence of the dose rate on the compressive strength
of Portland cement based materials at 10 °C, revealing
that the strength of the irradiated materials exposed to
rather low dose rate 31 Gy/h failed rapidly once the
total dose exceeded about 0.1 MGy. But when expos-
ing the same materials to higher dose rate 380 kGy/h
led to an increase in mechanical strength [14].

There are only few data on the influence of low-
dose gamma irradiation on the rate of carbonation of
cement-based materials, [15-18]. Vodak et al. [15]
applied the maximal gamma dose 1 MGy on hardened
cement paste (w/c = 0.4) and revealed that radiation at
least accelerated carbonation and besides natural
carbonation there was also independent carbonation
caused by y-irradiation. They showed a decrease of the
average pore diameter due radiation-induced carbon-
ation and they assumed that the natural carbonation
acted in the surface layer, while the carbonation due to
irradiation took part within the entire material. Bar-
Nes et al. [16] also studied y-irradiation effects on
hardened cement paste and revealed that an integral
dose of 107 Gy during a period of approximately
6 months was found to increase carbonation for the
irradiated specimens. They analyzed cementitious
paste (w/c ratio 0.30 and 0.45) which was exposed to
gamma dose of 10’ Gy during a half a year. They
confirmed that the depth of carbonation significantly
increased for irradiated specimens compared to non-
irradiated specimens. The enhanced carbonation was
associated with the dehydration due to radiolysis of
pore water in the paste, [16]. Bykov et al. [17]
observed the effect of gamma-ray irradiation on the
occurrence of cement paste carbonation. Increasing
the radiation dose up to 3.2 MGy lead to an increase in
the concentration of calcium carbonate in Portland
cement specimens. The phase content of CaCO;
(orthorhombic and rombohedra) in cement from
Rietveld calculation increased about 65%, [17].
Vodak et al. [15] showed that the proportion of calcite
to portlandite increased due to gamma irradiation.
Maruyama et al. [18] revealed that calcite was mainly
formed in the specimens exposed to the room atmo-
sphere without irradiation, while vaterite and arago-
nite were found in the irradiated specimens. They
concluded that the calcite is formed by the
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transformation of metastable vaterite because the
specimen that dried quicker is thought to exhibit more
vaterite. During their irradiation process, specimen
temperature was increased as a result of gamma-ray
heating (more than 5 °C) and, consequently, the
specimen was dried.

Due to the need to shorten the test duration,
accelerated carbonation tests are used, where the
CO, concentration and thus the carbonation rate are
much higher than under atmospheric conditions, [19].
The carbonation ingress rate under higher CO,
concentrations than the atmospheric level has been
reported to deviate from the rate implied by uniform
Fickian diffusion, [19]. Finding the correlation
between the natural and accelerated carbonation
effects of cement-based materials is still the subject
of many studies [20-22]. Previously, the diffusion rate
of CO, was assumed to be constant, but more specific
assumptions were made in the new models described
in [19, 22-24]. Many factors are taken into account,
including the degree of hydration, porosity, CO,
concentration, relative humidity, amounts and types of
microscopic phases or microstructural features which
determine the rate of CO, diffusion. However, so far
none of the models has considered the influence of
gamma irradiation on the carbonation process of
cement-based materials, but it could be estimated on
the basis of microstructure analysis—crystal size and
micromechanical properties of CaCOs.

Effects of long term gamma irradiation on in-
service concrete structures used for nuclear waste
storage were reported by Potts et al. [25]. In contrast to
accelerated irradiation studies, the exposure to 35.8
MGy did not result in a reduction of compressive
strength. Phenolphthalein indicator tests revealed
quite a small degree of carbonation of in-service
specimens, that was explained by a very limited
amount of air surrounding them during a long-term
storage inside the waste facility.

Previous studies indicated that substantial damage
to concrete would only occur for gamma doses of the
order of 10® Gy, [8, 13, 26]. However, there has been
little attempt to determine the influence of lower dose
of gamma irradiation influences on concrete
microstructure and properties [12, 27] or whether it
is an important factor in concrete degradation. The aim
of the investigation is to reveal the influence of low-
dose gamma irradiation on the mechanical properties
carbonation reaction products in mortar. The range of

tested materials include Portland cement mortar
modified with mineral additives. Companion tests
were conducted at the elevated temperature to gain
insight into comparative effects on carbonation pro-
cess and microstructural features of mortar.

2 Materials and test conditions

In all mortar mixes as a fine aggregate, standard
natural siliceous sand according to PN-EN 196-1 [28]
(specific gravity equal to 2.65 g/cm® and maximum
grain size of 2 mm) and tap water were used. The
differentiation of carbonation depending on the vari-
ability of the chemical composition was taken into
account, therefore the tested materials include Port-
land cement mortar modified with mineral additives,
such as fly ash or limestone powder. Portland cement
CEM 1 52.5 R (PN-EN 197-1 [29]), siliceous fly ash
class A (PN-EN 450-1 [30]) and limestone powder
(PN-EN 197-1 [29]) were used. Their chemical
composition and physical properties are given in
Table 1. The 20% or 40% of cement volume was
replaced by fly ash or limestone powder. Specimens
were marked RO—reference, R20V, R40V with fly ash
and R20LL, R40LL with limestone powder. The
constant water/binder ratio equal to 0.6 was main-
tained. The specimens were made with a high water-
cement ratio in order to distinguish the effect of
radiation from the maturation of the mortars. Three
prisms (40 x 40 x 160 mm) for each composition
were cast. Also cylinders with diameter of 100 mm
and height of 150 mm were cast for additional
carbonation test. All specimens were cured in water
at the temperature of 20 &+ 1 °C for 28 days before
testing. A large single crystal of calcite with the size of
few centimeters was used as a reference material for
micromechanical studies. The crystal was locally
collected in Poland.

In order to determine the influence of gamma
irradiation on the mortar carbonation, two types of
testing conditions were adopted: (1) specimens stored
in sealed containers in a pool with spent fuel in
working research reactor (named-irradiated), and (2)
specimens of the same composition, also stored in
sealed containers but in a laboratory tub (named non-
irradiated). The test conditions were designed to
obtain differentiation not only due to the composition
of the mortars but also the initiated carbonation
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Table 1 Chemical

. Constituent CEM I 52.5R Fly ash Limestone powder

composition (XRF,

chemical methods) and Si0,, % 20.10 52.00 6.26

E:g;ﬁ?l g;":;“;i;"f Ca0, % 63.70 1.10 48.39

limestone powder AL, O3, % 4.70 30.10 2.06
Fe,03, % 2.80 6.69 1.58
MgO, % 1.30 2.72 1.58
SO3, % 2.70 0.33 0.26
K,0, % 0.80 3.16 0.29
Na,0O, % 0.10 1.47 0.10
Cl, % 0.05 0.01 0.01
Loss of ignition, % 3.30 2.37 39.11
Blaine specific surface, cm?/g 4500 2250 8000
Density, g/cm® 3.10 2.16 2.62
Activity index, % - Kss 80.3 -

Koy 97.0

process. From literature [16] it is known that in sealed
specimens (w/c ratio of 0.45) that were not subjected
to either free atmospheric conditions or irradiation, no
carbonation was detected. Therefore, the tested mortar
specimens were placed in tight containers filled with
1% CO, and constant RH = 50% =+ 10%. The gas was
already in the cans, without any additional flow. A
superabsorbent polymer was used to ensure constant
humidity.

Spent fuel rods which are stored in a dedicated pool
next to the research reactor were used as the source of
gamma irradiation. A high flux Polish research
reactor, which is a water and beryllium moderated
reactor of a pool type with graphite reflector and
pressurised channels containing concentric six-tube
assemblies of fuel elements was used, [31]. Nominal
power is 30 MW (thermal), thermal neutron flux is
310" n/s cm? and fast neutron flux 1-10'* n/s cm?.

Each of the sealed protective containers containing
mortar prism was placed in a sterilization container
which in turn was placed in a spent fuel pool, as close
as possible to the spent fuel elements. Temperature
markers were individually attached to the backsheet of
the containers. A thermoluminescent dosimeters (TLD
meters) MCP-N were mounted on the top and bottom
surfaces of the protective sealed containers. The
analysis of the results were performed using the
UHTR method (the ultra-high temperature ratio) [32].
The determined amount of the dose absorbed in water
is the average value of the readings of two dose meters
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attached to the walls of protective containers. The
maximum dose absorbed in water was estimated to be
1.6 MGy.

The preliminary tests showed that the temperature
of the water in the pool was around 40 °C, so such
temperature was assumed in the laboratory tub (non-
irradiated specimens). During the experiment the RH
and temperature values were recorded using the
iButtons, which were placed next to mortar prisms in
the sealed containers in a laboratory tub. The summary
of the thermal and humidity conditions measured
during the tests is presented in Table 2.

Additionally, a series of specimens were left in free
atmospheric conditions at temperature 20 + 2 °C and
RH = 50% =+ 10% (named-laboratory conditions),
during the same period as stored in a spent fuel pool.

3 Test methods
3.1 The carbonation depth

The carbonation depth was determined on the freshly
broken surface of the mortar prisms. Specimens were
tested at the same time after being in the spent fuel
pool for 10 months. The depth of carbonation was
determined with phenolphthalein (Fig. 1) and esti-
mated on the photographs, with an accuracy of
0.01 mm (Fig. 1a and b). For the further analysis the
mean value of 20 measurements from each fracture
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Table 2 The summary of
the thermal and humidity
conditions in sealed

containers and in the
laboratory

Specimen Temperature Relative humidity Initial CO, concentration
°C % %

Gamma irradiated 40 £ 3.0 N/A 1+02

Non-irradiated 40 £ 0.6 59 £ 45 1+02

Laboratory conditions 23 £ 1.0 43 £ 50 0.04

Fig.1 The carbonation depth determined with phenolphthalein on freshly split surface: a reference mortar RO after gamma irradiation
(spent fuel pool), b reference mortar RO without gamma irradiation (non-irradiated, from the chamber)

surface was used. In parallel, the carbonation depth
was determined on specimens in CSM climatic
chamber at constant concentration of CO, (1%) at
22 °C and 60% relative humidity. The depth of
carbonation was examined on the freshly split surface
(cylinder, height 150 mm and diameter 100 mm) with
phenolphthalein solution after 0 and 28 days of CO,
exposure according to PN-EN 13295 [33]. The
carbonation depth was determined also after 55 and
316 days of CO, exposure which corresponded to the
beginning and end of storing specimens in the pool
with spent fuel.

3.2 X-ray diffraction analysis

The outer layer, up to a depth of approx. 3 mm, was
taken from mortar specimens for analysis of the
mineral composition using X-ray diffraction method
(XRD). They were powdered and sieved through a
0.045 mm sieve. The Bruker D8 DISCOVER diffrac-
tometer was used with a voltage of 40 kV and 40 mA
lamp current. Copper lamp was used as an X-ray
source. The diffraction patterns were collected over a
20 range from 5° to 70° with a 1°/min step by flat plane
geometry. The Diffrac.Eva V5.2 software was used to
evaluate the XRD patterns and to determine the
crystallite phases. Reference specimens RO and with

40% of limestone powder R40LL or fly ash R40V,
irradiated and non-irradiated were investigated.

3.3 Microstructure analysis

Evaluation of the microstructure was performed using
a combination of scanning electron microscopy (SEM)
in the back scattered electrons (BSE), the secondary
electrons (SE) modes and Energy Dispersive X-ray
analysis (EDX) on irradiated specimens (stored in a
pool with spent fuel) and non-irradiated specimens
(stored under the same conditions, without radiation).

The effect of gamma irradiation (SEM as well as
nanoindentation) was tested on specimens irradiated
to the highest dose of about 1.6 MGy.The analysis was
carried out on specimens without and with additions
used as 40% of cement replacement. Specimens for SE
mode were pieces of mortar broken off from an
adjacent location with a fresh fracture surface includ-
ing an outer surface of the specimen. The specimens
for the BSE mode were obtained by slicing mortar
specimens with a slow speed diamond saw. The
specimens 50 x 30 x 15 mm were dried at 50 °C for
3 days, vacuum-impregnated with a low-viscosity
epoxy, lapped and polished using a special procedure
for SEM specimens. Each specimen was prepared in
such a way that the polished face which was to be
examined was a cut surface from the edge of the bar.
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The specimens were coated with carbon and a strip of
conductive tape has been attached to each specimen.
Each of the specimen was thoroughly examined using
JEOL JSM-6380 LA SEM-EDX using an acceleration
voltage of 15 kV.

3.4 Mechanical properties of calcite

The mechanical properties of calcite were measured
using nanoindentation method. Calcite crystals
located in the outer layer of the specimens, from 0 to
approx. 5 = 6 um, were subjected to the nanoinden-
tation test. Before each indent, a SEM-EDS analysis
was performed to verify the calcite composition.
Nanohardness tests were conducted by an in-situ
Alemnis indentation tester equipped with diamond
Berkovich tip placed inside the Zeiss Crossbeam 350
chamber. The maximum force was 30 mN. The load
control was applied. The speed of both loading and
unloading was equal to 1 mN/s. After reaching the
maximum force, the indenter was held for 10 s. In
order to determine the exact values of hardness and
Young’s modulus from the indentation curves Olivier-
Pharr [34] method was used. The results are the
average of at least 10 measurements for each mortar.

3.5 Mechanical properties of mortar

Mechanical tests were conducted on mortar beams
40 x 40 x 160 mm. The dynamic modulus of elas-
ticity (Eq4yn) and flexural strength (f;) were determined
on three bar specimens, while the compressive
strength (f.) was tested on four halves of the bars.
Tests were carried out for each of the three types of
specimens storage (pool, similar to the pool but
without radiation and laboratory conditions). Eg4y, was
determined using GrindoSonic apparatus, which gives
the frequency of a vibration created by slight shock on
the specimen and the elastic modulus was calculated
from this frequency with the Spinner and Teft [35]
model. Three point bending test was used to determine
the flexural strength. The external load P was applied
in the mid-span of the specimen through a loading
machine, having a load capacity of 50 kN. Tests were
performed by controlling the displacement of the
loading cell, whose stroke moved at a velocity of
50 N/s. Compressive load was applied by using a
2000 kN capacity universal testing machine at the
loading rate of 500 N/s. Flexural and compressive
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strength was determined according to PN-EN 196-1
[28].

4 Test results
4.1 Carbonation depth

Changes in the carbonation depth in the mortar under
the influence of gamma radiation are shown in Fig. 2.
The results concerning mortars stored under reference
conditions (non-irradiated) and in laboratory condi-
tions are also presented. It was found that gamma
irradiation increased the carbonation depth (Fig. 1) in
all the mortar specimens. In the reference mortar the
increase of carbonation depth due to the vy irradiation
was 125%. In irradiated specimens containing 40% of
mineral additions, slightly greater increase of carbon-
ation depth was determined in specimens containing
limestone powder (41%) compared to fly ash (31%),
but in both cases a linear shift in the carbonation depth
in the mortars subjected to radiation is visible.

Figure 2 shows the results of the carbonation depth
of mortars tested in three different conditions: after
gamma irradiation (irradiated, spent fuel pool), with-
out gamma irradiation (non-irradiated, from the
chamber), without gamma irradiation (non-irradiated,
from the laboratory conditions). Figure 3 shows the
results of a standard carbonation test performed on a
mortar.

As it was expected, the influence of mineral
admixtures on carbonation depth is visible. As in the
standard tests, Fig. 3, there is a correlation between the
replacement of a part of the cement by limestone
powder or fly ash. The higher content of cement
replacement, the higher the carbonation depth. Above
correlation is more evident in specimens tested under
laboratory conditions (Fig. 2). This is probably due to
the conditions of testing the specimens, in the pool and
under the same conditions without gamma irradiation,
where the specimens were closed in airtight contain-
ers. So the available CO, was consumed after some
time. However, the influence of both the additive
content and the gamma radiation is visible.

A standard carbonation test procedure was also
performed to verify the effect of the mineral additives.
As expected [36, 37] the depth of carbonation
increased with time and increased with increasing
the cement replacement, 20 and 40% by limestone
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Fig.2 Influence of replacing cement with mineral additive and CO, exposure conditions on the carbonation depth in mortar: a fly ash,

b limestone powder

powder or fly ash, Fig. 3. When replacing 20% of
cement, the difference in carbonation depth between
limestone powder and fly ash is not significant, 18 and
15 mm respectively, but when using 40%, a consid-
erable increase in carbonation is seen for limestone
powder, 50 mm compared to 30 mm in mortar with
40% of fly ash.

4.2 Microstructural observations

The results of microscopic observations performed on
mortar specimens exposed and non-exposed to Y-
irradiation are presented in Figs. 4, 5, 6. The major
gamma irradiation induced changes were visible in an

external layer of the specimens, up to I mm from the
edge of specimens subjected to irradiation. Clear
differences in the size of calcite crystals are visible,
Fig. 4. Calcite crystals formed on the surface of
specimens subjected to gamma irradiation are approx.
15 pm dimension while in non-irradiated specimens
about 5 pm. It can also be seen that the calcite crystals
formed on the non-irradiated specimens are of similar
size and shape, like elongated columnar, while on the
irradiated specimens have non regular shapes, like
mosaic, which may indicate the higher crystal growth
rate, [38]. A uniform compact layer of calcite in all
specimens containing mineral additives under gamma
radiation was found (Fig. 5b), while in non-irradiated

L
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Fig. 3 Depth of carbonation vs time, standard test [33]

(a)

16 by

0.8 — 1.0 -

0.6 - 0.7 A

KCnt KCnt!

0.4 - ad
0.2

0.2 0

(]

0.0 -

0.0 ~ 1.00 2.0 3.0 1.00 5.00

1.00 2.00 3.00 4.00 5.00 Enerav - keV
Energy - keV

Fig. 4 SEM-BSE images of polished specimens without any addition, outer surface of the specimen, EDS analysis showing CaCOs:
a without irradiation, b after gamma irradiation
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Fig. 5 SEM-BSE images of polished specimens with 40% of fly ash, outer surface of the specimen: a without irradiation, b after
gamma irradiation; 1-calcite, 2-fly ash, 3-sand grain
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Fig. 6 SEM-SE (secondary electrons) images of specimens with 40% of fly ash with EDS analysis showing portlandite plates, about
500 pm form the surface of the specimen: a after gamma irradiation, b without irradiation
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specimens only a local carbonation was noticed
(Fig. 5a). Examination of SEM-SE images revealed
larger portlandite plates in specimens under gamma
irradiation. Average dimension of single crystal was
about 60 pm for irradiated and about 30 pm for non-
irradiated specimens, Fig. 6. Also C-S—H was char-
acterized by more needle structure (Fig. 6b) in non-
irradiated specimens, regardless of their composition.

Also in the irradiated specimens stored in the spent
fuel pool, depending on the depth from the surface,
differences in the microstructure in terms of porosity,
cement grains and the presence of microcracks and
monosulfate are visible. The area of increased porosity
in the surface zone at a depth of max. 1 mm is clearly
visible. These are not characteristic air pores, rather it
looks like empty spaces with irregular shapes.

Figure 7 shows diffraction patterns of analysed
reference mortar specimens non-irradiated and after
exposure to y-radiation with dose in the range up to 2
MGy. The stronger diffraction peaks of calcite

500
450
400
350
300
250
200

intensity [a.u.]

150
100

a(OH)z

CaCoOs;

[

50

(3.03 A) and portlandite (4.9 A) are shown. Although,
the mineral composition obtained using the X-ray
diffraction analysis of the irradiated and the control
specimens was similar, the effect of irradiation on
carbonation was noticeable. After the y-irradiation an
increase in the concentration of calcium carbonate was
found which is equated with larger carbonation. In
addition, after gamma irradiation the lower the
concentration of the portlandite phase was present
which is consistent with the results of the increase of
calcite. Within the analysis the strongest diffraction
peaks of calcite, the increase of calcite intensity was
found in the irradiated mortars, about 80%, 90% and
60% for RO, R40LL and R40V, respectively. At the
same time, the reduction of the portlandite intensity
amounted to about 50, 70 and 30%, respectively. No
other carbonation products like aragonite or vaterite
were found.
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Fig. 7 XRD patterns of Portland cement mortars RO after irradiation and non-irradiated
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Table 3 The nanoindentation test results in calcite at constant force of 30 mN

Specimen Displacement Nanohardness Young’s modulus
[nm] [GPa] [GPa]
Non-irradiated  Irradiated  Non-irradiated  Irradiated ~ Non-irradiated — Irradiated
Reference (no additions) RO 730 352 3+05 24+ 3 58 £ 4 M +£5
40% of fly ash R40V 1295 382 2+05 12 £ 05 45 + 4 51£6
40% of limestone powder R40LL 865 N/A 2+04 N/A 39+£5 N/A
Calcite-mineral 745 - 2 + 0.05 - 60 + 1 -
(a) curves obtained for pristine calcite mineral are also
Roirradiated RO non-irradiated  Calcite-mineral presented. Unfortunately, the surface of the irradiated
- specimen R40LL was damaged and it was not possible
to carry out the nanoindentation test.
7z 25 A significant influence of ) irradiation on calcite
% 20 nanohardness is found. With the application of the
£ 15 / same force 30mN the displacement of the indenter in
10 the specimens subjected to gamma irradiation was
: much smaller than in the specimens without irradia-
o tion, Fig. 8a and b, which proves their higher values of
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Fig. 8 Nanoindentation load—displacement relationship for
calcite in mortar subjected to irradiation and without irradiation
and calcite-mineral without irradiation: a reference mortar and
b mortar with 40% of fly ash

4.3 Micromechanical properties of calcite formed
in mortar

In Table 3 the summary of the nanoindentation results
in calcite is shown. The differences in the shape of
load—displacement curves for gamma irradiated and
non-irradiated are illustrated in Fig. 8 Reference

nanohardness. The maximum indenter displacement
for the calcite in the reference mortar RO without
irradiation and for the calcite-reference mineral were
quite the same size, 730 nm and 745 nm respectively.
For the calcite in mortar with 40% of fly ash, the
nanohardness after irradiation was six times higher
than without irradiation, 12 = 0.5 and 2 &+ 0.5 GPa,
respectively. As the hardness of calcite increased after
irradiation, the Young’s modulus also increased by
more than 50% for mortar without additions and about
13% for the mortar containing 40% of fly ash. The
elastic properties of the non-irradiated calcite-mineral
were quite similar as for the calcite in the non-
irradiated reference mortar RO, with the range from 58
to 60 GPa. Despite large differences in the values of
displacement in non-irradiated specimens from 1275
to 730 nm, all the irradiated specimens showed similar
values of max. displacement, about 350-380 nm.

4.4 Mechanical properties of mortar

The results of compressive and flexural strength as
well as dynamic modulus of elasticity of tested
mortars are shown in Table 4. The irradiated speci-
mens showed slightly lower values of f;, f. and Eqy,
compared to not irradiated specimens, stored in similar

-
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Table 4 Results of the compressive and flexural strength and modulus of elasticity of mortar

RO R20LL R40LL R20V R40V
Gamma irradiated I MPa 542+ 14 429 £22 28.8 £ 2.7 475 £ 2.1 29.0 £ 2.7
fi MPa 79 £ 0.1 7.0 £0.2 5.6 £0.2 79 £ 04 64 +03
Eqyn GPa 240 £ 0.5 222 +0.2 189+ 1.0 22.1 £ 0.1 18.8 £ 0.2
Non-irradiated fe MPa 543 £ 25 46.0 £ 2.6 30.2 £ 2.0 485 £ 2.6 323 + 4.6
f, MPa 82+£03 73 £ 0.1 5.7£05 84 £ 0.1 6.7 £0.2
Egyn GPa 242 £ 0.1 23.1 £ 0.3 19.8 £ 0.3 222 +03 19.5 £ 0.9
Laboratory conditions fe MPa 604 + 2.7 513+ 4.6 349 + 3.1 554 £ 1.6 476 £ 42
fe MPa 85 +£02 84 £0.2 7.0+ 04 89 £0.3 79 £ 04
Egyn GPa 25.6 £ 0.5 234+ 04 19 £ 0.2 233 £ 0.6 20.8 £ 1.7

conditions. In the current research (max. 1.6 MGy)
and in the studies known from the literature
[8, 12, 38, 39], the values of the standard deviation
were so large that confirming a linear relationship
between gamma dose and compressive/flexural
strength is not precise. However the general trend
that gamma irradiation reduces the mechanical prop-
erties of mortars is noticeable. The irradiation induced
reduction of the compressive strength was with the
range from 0.1 to 3.1 MPa, the flexural strength from
0.1 to 0.5 MPa and modulus of elasticity from 0.1 to
0.9 GPa. Due to gamma irradiation the largest
differences in compressive strength occurred in spec-
imens containing 40% of fly ash, a decrease by 10.3%.
The highest reduction in flexural strength was
observed in specimens containing 20% fly ash, a
decrease about 6% and the largest decrease in the
value of the modulus of elasticity was visible in the
specimens with 40% of limestone powder, about 5%.

Regardless of the method of storing the specimens,
the effect of replacing a part of the cement with 20 or
40% limestone powder or fly ash is clearly visible.
With an increase in the content of the additive, the
mechanical properties decrease, except when 40% of
limestone powder is used. Of all the mortars, those
matured in laboratory conditions were characterized
by the highest values of mechanical properties.

5 Analysis and discussion

In the conducted research was found that y-irradiation
increased the depth of carbonation. A linear relation-
ship between the depth of carbonation and gamma

nilem

irradiation was determined, Fig. 9. With the increase
of the absorbed gamma dose, the depth of carbonation
increased. The above results are in line with the
research of Vodak et al. [15] and Bar-Nes et al. [16],
however they analysed the Portland cement paste with
much lower w/c ratio. In the presented research on the
influence of gamma irradiation on the carbonation
depth, there is a difference between the specimens
containing mineral additives and the reference spec-
imens, Fig. 9, which is due to the reduced content of
portlandite and the faster progress of the carbonation
process. In the reference mortar the increase of
carbonation depth due to the vy irradiation was more
than twice, whereas in mortars with 40% of mineral
additions was about one third. However, the general
trend is maintained, with increasing gamma irradiation
dose the depth of carbonation increases.

In the current research the test conditions designed
in such a way that the temperature was very close in
irradiated and non-irradiated specimens to distinguish
the effects of gamma irradiation. It is presumed that
for this reason the presence of vaterite was not found in
the analysed specimens as it was shown in research by
Maruyama et al. [18]. This finding is in line with the
observations of Goni et al. [41]. They revealed that
during the natural carbonation process of cement-
based materials, three varieties of crystalline CaCOj3;
(calcite, vaterite and aragonite) are produced, but
calcite is the main polymorph produced by accelerated
carbonation.

All the microstructural observations show the
intensification of the carbonation process under the
influence of gamma radiation, which confirms the
results on the depth of carbonation, Fig. 9. The above
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Fig. 9 Influence of gamma dose on the depth of carbonation in mortar with and without mineral additions

statement was confirmed in the literature by Dab-
rowski et al. [42]. They demonstrated qualitative
effects of gamma early-irradiation in cement matrix in
the surface layer up to the depth of 2 mm in concrete
by a visible higher degree of cement reaction with no
unhydrated cement grains as well as more abundant
portlandite crystals. However, Bykov et al. [17] did
not find any significant morphological changes in
cement paste specimens irradiated up to 3.3 MGy. As
well as Maruyama et al. [18] when comparing the FE-
SEM images. They did not find any differences
between the images of irradiated and reference
specimens, but they analysed the broken surface of
the specimens where micro-area analysis is not
recommended. In the current research an analysis of
the polished surface was also performed using SEM in
backscattered mode (BSE), Figs. 4 and 5. Also in the
presented research the temperature value was the same
for the irradiated and non-irradiated specimens
(Table 2) and allowed to distinguish the effects of
gamma irradiation. The effect of a low dose (up to
56 kGy) of gamma irradiation in the outer layer of the
concrete was also observed by Dabrowski et al. [42].
They found the effects of early vy-irradiation on
microstructural features of cement matrix in the
subsurface layer up to the depth of 2 mm. Khmur-
ovska et al. [43] revealed that gamma irradiation (up to
15 MGy) lead to the increase in porosity in cement
mortar due to the pore structure rearrangement and

microcrack occurrence. However, Vodak et al. [40]
found that porosity of concrete was decreased under
the influence of gamma radiation.

The results on the gamma irradiation effect on the
micromechanical properties of calcite are consistent
with already presented microstructural features
(Figs. 4 and 5) and also with previous research on
cement paste and mortar, [12, 15]. Gamma irradiation
caused an eightfold increase in calcite nanohardness in
the reference specimen and sixfold increase in calcite
nanohardness in the specimen containing 40% of fly
ash. It was associated with an increase in Young’s
modulus, by 55% in mortar without additives and by
13% in mortar with 40% fly ash. The obtained
nanohardness value for mortar without mineral addi-
tions after gamma irradiation was 24 + 3 GPa which
is much higher that the hardness of calcium silicate
(C3S, C,S) and calcium aluminoferrite (C4AF) which
are similar (between 8 and 9.5 GPa) and even higher
that the hardness of C3A (10.8 GPa), [44]. The gamma
dose of 2 MGy was too low to exhibit any influence on
calcite embrittlement, although a similar phenomenon
is known in metals where radiation leads to the
displacements of atoms from their equilibrium lattice
sites, causing lattice defects, which are responsible for
an increase of hardness but also embrittlement, [45].
Hilloulin et al. [12] revealed that y-irradiated mortar
specimens exhibited greater hardness than references.
Vodak et al. [15] showed that the hardness of cement

L
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paste increased with dose of irradiation. However, in
the above tests of paste and mortar, due to the large
heterogeneity of the material a probable-error-bars
was up to 50%. Hughes and Trtik [46] using a by
depth-sensing nanoindentation to estimate the micro-
mechanical properties of cement paste concluded that
the large standard deviation for individual categories
of phases and mixtures of phases within the cement
paste was the reason that only the most basic
conclusion could be reached. In the current research
the large-enough calcite phase could be well detected
in mortar and the nanoindentation test was performed
only in calcite crystals. That ensures proper certainty
regarding the micromechanical representation of
tested mineral phase. No published data is available
for comparison of micromechanical properties of
calcite formed under the influence of gamma irradi-
ation. Pignatelli et al. [47] revealed the influence of
ArY ion irradiation on the density reduction of calcite,
contrary to the density increase of quartz. These
differences were found correlated with the type of
bonds in these minerals (predominantly ionic or
covalent) and the rigidity of the mineral’s atomic
network. Such observations suggest, that under a
mixed radiation exposure like in the vicinity of nuclear
reactor, a combination of neutrons and gamma rays
could lead to a complex materials response, that
requires further studies.

In the conducted research a decrease of compres-
sive and flexural strength as well as dynamic modulus
of elasticity in mortar after gamma irradiation (up to
1.6 MGy) was shown, respectively up to 10.3, 6.5 and
4.6%. Similar observations regarding the reduction of
mechanical properties in the results of gamma irradi-
ation were shown by Vodak et al. [38], despite the fact
that the specimens were subjected to gamma irradia-
tion of about 0.30 = 0.55 MGy. Robira et al. [39]
showed a decrease of the compressive strength by
3.6% between unirradiated and irradiated cement
paste specimens after a total dose of 0.086 MGry.
Similarly, a decrease by 18% was observed concern-
ing the bending strength. Khmurovska et al. [41]
revealed that the cement mortar strength was reduced
about 20% under the exposure to gamma-ray irradi-
ation with the total absorbed dose up to 15 MGy. On
the other hand, Mobasher et al. [14] obtained an
increase in the compressive strength of the mortar
under gamma irradiation using 18,600 Gy/h. An
explanation of such phenomenon is probably due to

nilem

the gamma dose rate. The results of Soow and Milian
[15] showed that for a given dose, cement mortar
strength losses will be greater at lower dose rates. The
effect of the gamma irradiation on the mechanical
properties of cement based material varied with the
radiation dose rate.

The linear correlation between carbonation depth
and compressive strength and dynamic modulus of
elasticity was also found, Figs. 10 and 11. In both
cases, better fit was demonstrated for the irradiated
specimens. This may be due to the influence of gamma
radiation on the microstructure and porosity of the
mortars. The porosity of concrete has been reported to
decrease under irradiation [11], which would actually
be advantageous for the durability of concrete to mass
transfer weathering phenomena [38]. It has been
proposed that because gamma radiation facilitates
the formation of vaterite and aragonite (rather than
calcite) during carbonation [18]. However, in the
conducted research no traces of vaterite or aragonite
were found, therefore it can be assumed that also
calcite with increased hardness (Table 3) can have a
similar effect.

6 Conclusions

Spent nuclear fuel in technological pool of research
reactor was used as a source of long-term gamma
radiation. Cement mortar carbonation and microstruc-
tural properties under gamma irradiation were exper-
imentally investigated. The following conclusions can
be drawn:

— Gamma irradiation up to 1.6 MGy resulted in
accelerated carbonation of mortar with the

® irradiated * non-irradiated @ laboratory cond.
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Fig. 10 Carbonation depth vs. compressive strength



Materials and Structures (2022)55:164

Page 15 of 17 164

® irradiated ® non-irradiated @ laboratory cond.
7
y=-0.5252x+15.979

6 R =099 &
£
Es e
£
Q

4
< <
k=
o3
.'é y = -0.1296x + 4.2662 °
.g 2 R = 0.93 P
S 1 - ‘ >

E °
0
15 17 19 21 23 25 27
Egye GP2

Fig. 11 Carbonation depth vs. dynamic modulus of elasticity

carbonation depth linearly increasing with increas-
ing absorbed gamma dose. The correlation was
valid for mortar without and with addition of
limestone powder or fly ash.

— As a result of gamma irradiation a dense and
homogeneous layer of calcite was found in irradi-
ated mortar with limestone powder or fly ash, and
only local carbonation in mortar stored in labora-
tory conditions. A higher content of calcite in
gamma irradiated specimens was confirmed, but
vaterite was not found.

— The carbonation products were significantly
enlarged by v irradiation. The size of calcite
crystals was approx. 15 um in contrast to 5 pm in
non-irradiated specimens.

— Gamma irradiation substantially improved the
micromechanical properties of products of car-
bonation. Calcite in irradiated mortar showed from
six to eight times greater hardness. The Young’s
modulus of calcite was increased by 55% in mortar
without mineral additives and by 13% in mortar
with 40% fly ash.
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