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Abstract—The processes occurring during hardening of special cement pastes for the construction of storage
facilities or disposal of radioactive waste containing aluminum metal were studied by means of a neutron radi-
ography method. High reactivity of aluminum causes rapid release of hydrogen-containing components from
the entire volume of cement paste. The cement pastes with organic additives to suppress the process of hydro-
gen-contained gases formation during the hardening of the cement materials were studied. Time dependences
of the neutron attenuation coefficients for these special cement materials were obtained. Based on the neu-
tron radiography data, the kinetics of hardening of those special cement pastes is discussed.
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INTRODUCTION

Cement-based materials are the key building com-
ponents used in the construction of special-purpose
facilities intended for the storage or disposal of radio-
active waste of various types. Stringent criteria and
requirements are imposed on such building materials
in terms of their mechanical, physical, and chemical
properties, as well as structural longevity of up to hun-
dreds of years [1—3]. Special attention is paid to
mechanical defects in cement and concrete structures
such as cracks and cavities, which can cause the escape
of radionuclides from the repository into the environ-
ment. Pores and cracks can be caused in cement mate-
rials not only by external factors, viz., humidity, tem-
perature, etc., but also by the specific features of
chemical reactions that occur during the hardening of
the cement paste [4, 5]. The problem is especially
acute as applied to cement materials intended for the
long-term disposal or utilization of aluminum metal
[4, 6, 7]. The reactivity of aluminum with the compo-
nents of the cement paste results in the formation of a
large number of cracks and hidden internal cavities,
which motivates scientific research into the develop-
ment of modified cement pastes with inorganic [8] or
organic [5, 6] additives to suppress the mechanical
degradation of the hardened cement or concrete
[9, 10].
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To bring cement-based materials promising from
the point of view of storing radioactive waste in com-
pliance with the technological requirements and the
requirements for mechanical and chemical stability,
numerous detailed studies into the structure of new
cement materials and its validation are needed [9, 11].
Recently, a trend towards studying cement grades by
nondestructive test methods has been visible [9, 12, 13].
One of these methods is neutron radiography [9, 11, 14].
The specific features and the nature of the interaction
between neutrons and a substance determine the addi-
tional advantages of the method, such as the deep pene-
tration of neutrons into the depth of massive objects, the
sensitivity to the distribution of water and other aqueous
compounds [14, 15] inside cement-based materials, and
the noticeable radiographic contrast between the com-
ponents containing light or heavy elements. Thus, the
internal structure of several promising cement-based
materials intended for the storage of aluminum radioac-
tive waste has been studied by neutron tomography [9].
Based on the neutron data, spatial distributions of pores
and cracks inside cement samples under investigation
have been found using mathematical analytical algo-
rithms. The results of this work underlay the recommen-
dations for the optimization of production of particular
cement matrices that can be used for the long-term stor-
age of radioactive metal waste.
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Table 1. Additives to the cement pastes, the hardening of which was studied in the experiment

Sample Composition of cement paste
Cement_1 CEM YV + 2.0H,0O
Cement_2 CEM V + 1.1H,0
Cement_3 CEM V + 1.1H,0+Al + Al,(SO,); + C4HgO; + PANTARHOL
Cement_4 CEM YV + 1.1H,0+Al + Al,(S0,4); + C4HgO; + pantarhol + LiNO;

It should be noted, however, that the development
of structural evolution models [1, 3] and the determi-
nation of temporal characteristic parameters of hard-
ening of cement-based materials require radiographic
experiments to study the kinetics of the cement paste
hardening processed [16]. The results of such studies
may be of great significance for optimizing the chemical
synthesis of special-purpose cement grades. In this
work, experiments were conducted to study the kinetics
of the hardening of a cement paste based on Portland
cement with various organic additives in the presence of
aluminum metal using neutron radiography.

2. EXPERIMENTAL

The CEM V-A cement matrix, a detailed composi-
tions of which was provided in previous works [8, 9],
was chosen as the subject of the tests to study the
kinetics of the hardening of cement-based materials
designed for the storage of aluminum metal. For the
experiments using neutron radiography, several
cement-based materials with chemical additives were
selected [5, 6]. The compositions of the resulting
cement pastes are presented in Table 1. The Cement_ 1
and Cement_2 cement paste samples differ in the con-
tent of water added to cement powder. A large amount
of water upsets the optimal ratio between the compo-
nents of the cement paste, which may result in critical
changes in the kinetics of the hardening processes.

The chemical components of the cement pastes
were thoroughly agitated and placed into similar cylin-
drical alumina containers.

The neutron radiography images of the containers
with the cement paste were obtained on a special-pur-
pose experimental facility [17, 18] on the 14th channel
of the IBR-2 high-flux pulsed reactor. The neutron
images represent an array of data that characterize the
degree or coefficient of neutron attenuation at a defi-
nite point of the sample under investigation [14]. The
size of a pixel in the neutron radiography experiment
was 54 X 54 um. In the radiography experiment, neu-
trons were converted into visible light recorded by a CCD
video camera by a 0.1-mm-thick RC TRITEC Ltd
°LiF/ZnS scintillator plate (Switzerland). The high
neutron flux on the sample under examination deter-
mined the short exposure time of 10 s when recording
a neutron image. The overall number of the neutron
radiography images obtained in the experiment at an
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imaging interval of 5 min was 72 and the total time of
a neutron experiment to study the kinetics of harden-
ing of the cement paste was 4.5 h, starting from the
time when water was added to the cement powder. The
correction for background interference of the detector
system and the normalization to the incident neutron
beam, as well as the visualization and analysis of the
neutron radiography data, were performed using the
Image] software package [19].

3. RESULTS AND DISCUSSION

Examples of characteristic neutron radiography
images of the cement paste in an aluminum container
for different time periods starting from the beginning
of the experiment are shown in Fig. 1. The outline of
the aluminum container is penetrable for the neutron
beam, while the cement paste with a large amount of
water greatly weakens the neutron beam [20].

During the first hour of the experiment, no
changes were observed in the Cement_1 cement paste
with water excess. However, in the period from 1 to
3.5 h starting from the moment of adding water to
cement powder, great changes were observed in the
cement paste under investigation in the course of its
hardening (Fig. 1a). The process was accompanied by
the violent bubbling of the paste, predominantly from
the area where the cement mixture contacted the walls
of the aluminum container. In the course of time, the
bubbling of the cement paste spread over the entire
bulk of the material under investigation. Moreover, a
cavity formed in the course of hardening between the
bottom of the aluminum container and the cement
paste was observed. During the third hour of the
experiment, the volume of the cavity began to increase
with time and, by the beginning of the fourth hour of
the experiment, the volume of the cavity stopped
increasing. The neutron radiography data make it pos-
sible to fairly accurately determine the volume of the
cavity; 4 h after the beginning of the experiment, the
height of the cavity reached 1.21(3) mm, which corre-
sponded to a volume of 94.98(9) mm?>. By that time,
the bubbling and formation of cracks and cavities in
the already hardened cement paste ceased (Fig. 1a).

The processes of cement paste bubbling during
hardening can be caused by the release of water and/or
hydrogen vapors [7, 21] as a consequence of hydration
and hydrolysis reactions under the contact between
Vol. 17
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Fig. 1. Neutron radiography images of the cement pastes under investigation obtained at different time points during the harden-
ing of the pastes. The light areas in the neutron images correspond to the high degree of the neutron attenuation inside the cement
paste. The walls of the aluminum container are penetrable for neutrons when compared with the cement paste.
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Fig. 2. (a) Dependence of the neutron attenuation coefficient on the hardening time of the Cement_1 paste. The dashed line
denotes the interpolation of the experimental data by the Boltzmann function [27]. (b) Radiography image of the hardened
cement paste with marked inhomogeneities induced by the hardening process, viz., surface roughness, a crack between the wall

of the aluminum container and the cement material, and a cavity at the bottom of the container.

the cement paste and the aluminum container and the
exchange interaction that occurs during the mixing of
cement with water in the liquid phase or on the surface
of solid cement particles [22]. Such chemical reactions
may be accompanied by the contraction effect
[21, 22], characterized by a reduction in the absolute
volume of the cement—water system when compared
with the volumes of the source components. This
effect may be the cause of the formation of the cavity
at the bottom of the container (Fig. 1a). To support the
assumption about the release of hydrogen or water
vapors out of the cement paste, the neutron attenua-
tion coefficient X, was calculated [20] for different
hardening times. The time dependence of the coeffi-
cient for the Cement_1 paste is shown in Fig. 2. In the
dependence, three characteristic time periods can be
clearly seen. The first time interval from 0 to 1.2 h is
characterized by a practically constant neutron atten-
uation coefficient and is probably related to the inter-
action of neutrons with the cement paste and insignif-
icant effects resulting from the evaporation of water. A
slow lime hydration reaction may also occur at that
time [23]; the concentration of the calcium hydroxide
formed is, however, insufficient for the continuation of
the chemical reactions with other cement paste compo-
nents. During the second time interval, 1.2—3.8 h, a
noticeable decrease in the neutron attenuation coeffi-
cient in the cement paste is observed (see Fig. 2a). This
time interval corresponds to the beginning of the
release of excessive hydrogen and water vapors in the
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course of dissociation of carbonates out of the entire
bulk of the cement paste [22]. After 4 h of the experi-
ment, the neutron attenuation coefficient almost does
not change, which may correspond to the termination
of the chemical reactions in the cement-based mate-
rial under investigation in which reactions water and
hydrates participate or to a considerable reduction in
the intensity of the above reactions. During this
period, the hydration and chemical binding of water
continue; the plasticity of the cement paste decreases
and it noticeably thickens; and the setting and harden-
ing occur, after which the cement starts to acquire
strength. However, the chemical reactions in the hard-
ened cement may last for several years [24].

The pattern of changes in the neutron attenuation
coefficient can indicate the first approximation the
applicability of the formalism of the phase transition
kinetics [25, 26], in which definite stages are singled
out, viz., the formation of a new phase of the com-
pound in the original phase, i.e., the nucleation pro-
cess, the growth in the volume of the new phase, and the
corresponding disappearance of the original compo-
nent. In this case, the cement hardening kinetics can be
described by an exponential function of time as [25]

X (t) =1-exp(—kt)", (1)

where X is the volume fraction of the new phase; 7 is
the time; k ~ 1/t is a function that expresses the
dependence of the phase transition rate on the tem-
perature, pressure, grain size, or internal stresses; T is
No. 1
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Fig. 3. Dependence of the neutron attenuation coefficient on the hardening time of the Cement 2, Cement_3, and Cement_4
materials. The dashed line denotes the interpolation of the experimental data by the Boltzmann function [27].

the lifetime of the mixed phase state; and » is a param-
eter that characterizes the transient processes of the
phase transition, viz., the rate and probability of the
nucleation of a new phase, the growth rate, etc. Then,
based on the neutron radiography data, the “lifetime”
T [25] of the hardening phase of the cement paste can
be assessed as T ~ 132 min. It should be noted that the
calculation is a strictly rough estimation, since the
chemical processes that occur in the cement paste
during its hardening are of a more complicated nature.

The addition of organic components to the cement
paste results in the suppression of the processes of gas
release and binding of hydrogen-containing compo-
nents [2]. In Figs. 1b—1d, neutron radiographic
images of the containers with the Cement 2,
Cement_3, and Cement_4 pastes are shown. During
the four hours of the experiment, the release of the gas
accompanied by weak bubbling was observed only in
the Cement_2 sample without any additives. In the
neutron radiography images of the cement pastes with
additives, no changes with time were observed. The
radiography experiment yielded neutron attenuation
coefficients X, for the cement pastes under investiga-
tion at the initial point of time of the experiment. They
were 0.53(2), 0.64(3), and 0.68(4) for the Cement_2,
Cement_3, and Cement_4 samples, respectively. The
time dependences of the relative attenuation coeffi-
cient 2/%,, where X, is the respective initial value, are
shown in Fig. 3. It can be seen that, for the Cement_2,
Cement_3, and Cement_4 samples, no intermediate
area of the violent release of hydrogen and/or water
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vapors characteristic of the Cement 1 sample (see
Fig. 2a) are observed. However, during the first 20 min
of the experiment, a drastic reduction in the neutron
attenuation coefficient is observed, which may be
related to the simple evaporation of water from the
surface of the cement paste or through the pores in the
material [22, 23]. As the experiment proceeds, no
noticeable changes in the time dependences of the
neutron attenuation coefficients of these three
cement-based materials are observed.

It should be noted, however, that, in the Cement_2
compound without any additives, the dehydration
process occurs somewhat faster: during the first half
an hour, the change with time in the neutron attenua-
tion coefficient is dZ/ dt = 1.3(2) h™!, while the rate of
change in the coefficients of the neutron transmission
of the Cement_3 and Cement_4 pastes was dZ/ dt =
0.9(2)h"!. This may imply the chemical binding [23] of
the hydrogen-containing components inside the
Cement_3 and Cement_4 pastes, which reduces the
probability of formation of cracks and cavities inside
the hardened cement [8, 9]. At 3.5 h of the experi-
ment, high neutron attenuation coefficients, 0.61(2)
and 0.65(2), are characteristic of the Cement_3 and
Cement_4 pastes, respectively. This also implies the
binding of the hydrogen-containing components
inside the cement pastes. Therefore, the Cement 3
and Cement_4 materials with organic additives, which
chemically suppress the violent release of hydrogen-
containing components during the hardening of the

No.1 2020
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cement pastes when in contact with aluminum or its
compounds, can be considered to be potential candi-
dates for the materials used to construct radioactive
waste repositories [2, 3].

4. CONCLUSIONS

The processes that occur during the hardening of
cement pastes in the presence of aluminum have been
studied by neutron radiography. The high reactivity of
aluminum causes a violent release of hydrogen-con-
taining components from the entire bulk of the cement
paste. As a result, internal cavities and cracks are
formed in the hardened cement. The addition of
organic components to the cement paste leads to the
retardation and suppression of the above processes,
which offers great possibilities for using cement sam-
ples of this kind as materials for construction of facili-
ties for storage or disposal of radioactive waste that
contains aluminum metal.
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