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Abstract: The effect of borosilicate glass on the thermal neutron shielding performance and the
compressive strength of cement mortar was investigated. The borosilicate glass was used as a
replacement material for fine aggregate in this study. The cement mortars were mixed by four
different replacement ratios of borosilicate glass. The following tests were conducted with the cement
mortar: (1) Compressive strength, (2) TG/DSC and (3) neutron shielding rate using >4! Am-Be neutron
source. Results indicated that the cement mortar with borosilicate glass showed higher compressive
strength and higher thermal neutron shielding rate as the replacement ratio of borosilicate glass
increased. The increase of the compressive strength and the thermal neutron shielding rate was
associated with the pozzolanic reaction of borosilicate glass and the increase of boron content in
cement mortar, respectively.
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1. Introduction

Concrete is one of most widely used materials for neutron shielding because in addition to having
the proper structural properties, there are a variety of choices for the materials used to build it, leading
to the manufacture of concrete with different densities and different combinations [1]. However, when
the concrete absorbs neutrons, the concrete releases secondary gamma rays that should be considered
in shielding design [2].

Boron carbide (B4C) absorbs neutrons without the radiation of secondary gamma ray and is
generally used in the neutron shielding application [3]. However, the increase of boron carbide content
in a concrete mixture leads to the significant decrease of the compressive strength of concrete [4,5].

This study investigated the effect of borosilicate glass on the thermal neutron shielding
performance and the compressive strength gain of cement mortar. The compressive strength,
the amount of calcium hydroxide and the thermal neutron shielding rate of cement mortar with
borosilicate glass were measured for the investigation.

2. Experiments

2.1. Material and Specimen Preparation

To investigate the effect of borosilicate glass on the thermal neutron shielding performance and
the compressive strength gain of cement mortar, the borosilicate glass (boron content of 13% by mass,
DURAN-Borosilicate glass 3.3, SCHOTT) crushed by the jaw crusher was used in this study. Table 1
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shows the chemical composition of borosilicate glass. Figures 1 and 2 show the crushed glass and the
particle size distribution of crushed glass, respectively.

Table 1. The chemical composition of borosilicate glass.

Composition SiO; B,O3 Na,O + K,O Al O3
Contents (wt %) 81 13 4 2

Figure 1. Borosilicate glass used in this study.
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Figure 2. Particle size distributions of standard sand and borosilicate glass.

For the preparation of cement mortar specimens, ordinary Portland cement (OPC) equivalent to
ASTM C 150 type I Portland cement and the standard sand equivalent to ASTM C 778 were used [6,7].
The cement mortar mixture was prepared at a water to cement ratio of 0.475 and a cement to fine
aggregate ratio of 1:2.25. The borosilicate glass was used as a replacement material for fine aggregate.
The cement mortars were mixed by four different replacement ratios of borosilicate glass (25%, 50%,
70% and 100% by mass of standard sand). For each mixture, a total of 27 cement mortar cubes
(50 x 50 x 50 mm?) were cast. The specimens were demolded in 24 h and cured in the lime water
until the day of testing.
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3. Testing Procedures

The flow test was conducted according to KS L 5105 to evaluate the fluidity of the fresh mortar.
The compressive strength test was conducted for cement mortar mixtures at the age of 3, 7 and 28 days.
A total of nine specimens were tested for each mixture at each age. The specimens were loaded using a
universal testing machine with a loading rate of 10 kN /min and the load value was recorded until the
failure of the specimens occurred. The strength of the cement mortar was calculated using the peak
load value divided by the loading area of the specimens. The calcium hydroxides in cement mortar
were quantitatively evaluated by TG/DSC analysis at the age of 3, 7 and 28 days. The temperature
was raised up to 1000 °C at heating rate of 10 °C/min using TG/DSC (SDT Q600, TA Instrument).
The amount of calcium hydroxide in the cement mortar was calculated using the weight loss and
endothermic DSC peak at about 450 °C.

The test of thermal neutron shielding rate of cement mortar specimens was performed using
241 Am-Be neutron source. Figure 3 shows 2*! Am-Be neutron source and the experimental setup for the
thermal neutron shielding rate. 241 Am-Be neutron source (neutron emission rate of 2.334 x 10° s~ 1)
was surrounded by a thick polyethylene neutron moderator which reduced the speed of fast neutrons
producing thermal neutrons. Each side of the polyethylene was covered with a lead block to prevent
leakage of thermal neutrons. Produced thermal neutrons passed through the 50 mm thick cement
mortar specimen and the thermal neutron counter measured the amount of passed thermal neutrons
using an SPy 3*He proportional counter (sensitivity of 3.163 cm?)

Figure 3. Experimental setup for thermal neutron shielding performance.

4. Test Results and Discussion

Figure 4 shows the flow of fresh cement mortars. The flow value of plain cement mortar was
108 mm. The flow values of all the cement mortars with borosilicate glass were slightly higher than
that of plain cement mortar. However, the replacement of borosilicate glass showed no significant
influence on the fluidity of the cement mortar.
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Figure 4. Flow of fresh cement mortar with borosilicate glass.
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Figure 5 shows the compressive strength of cement mortar at the age of 3, 7 and 28 days. All the
cement mortars with borosilicate glass showed higher compressive strength compared to the plain
cement mortar, regardless of the age of cement mortar. The compressive strength of cement mortar
with borosilicate glass increased as the replacement ratio of borosilicate glass increased. However,
when the level of replacement ratio exceeded 75%, the compressive strength of cement mortar did not
significantly increase.
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Figure 5. Compressive strength of cement mortar with borosilicate glass.

Figure 6 shows the amount of calcium hydroxide in the cement mortar at the age of 3, 7 and
28 days. The amount of calcium hydroxide in the cement mortar with borosilicate glass decreased as
the replacement ratio of borosilicate glass increased up to 75%. However, when the level of replacement
ration exceeded 75% (reached 100%), the amount of calcium hydroxide in the cement mortar did
not decrease.
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Figure 6. Amount of calcium hydroxide in cement mortar with borosilicate glass.

Figure 7 shows the thermal neutron shielding rate of cement mortar at the age of 28 days.
The thermal neutron shielding rates were 66%, 89%, 93%, 94% and 95% for the cement mortar with
replacement ratios of 0%, 25%, 50%, 75% and 100%, respectively. All the cement mortar showed higher
thermal neutron shielding rates compared to plain cement mortar. The thermal neutron shielding
rate of cement mortar with borosilicate glass increased as the replacement ratio of borosilicate glass
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increased. The thermal neutron shielding rate of cement mortar with a replacement ratio of 100%
showed the largest increase (approximately 43%) from that of plain cement mortar.
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Figure 7. Thermal neutron shielding performance of cement mortar with borosilicate glass.

It is known that borosilicate glass is a pozzolan material [8]. The pozzolans, like borosilicate glass,
are silicate-based materials that consume the calcium hydroxide during the period of the hydration
process of cement to produce the calcium silicate hydrates (C-S-H). The strength of cement mortar is
governed by the quantity of C-S-H gel. Thus the incorporation of pozzolans in a cement mixture can
increase the strength of the cement mortar because of the additional C-S-H gel produced by pozzolanic
reaction [9]. However, it is difficult to quantify C-S-H in cementitious materials. Since the amount of
calcium hydroxide is proportional to the amount of C-5-H, it can be used to deduce the amount of
C-5-H in the hydrated cement paste. From the experimental results, the cement mortar with borosilicate
glass showed higher compressive strength gain in all ages. The results from TG/DSC showed that
the calcium hydroxide of cement mortar with borosilicate glass decreased as the replacement ratio
of borosilicate glass increased. The results of the compressive strength and the amount of calcium
hydroxide tests suggest that the strength development in cement mortar with borosilicate glass is
associated with the increase of C-S-H gel produced by the pozzolanic reaction.

It is known that the thermal neutron shielding rate of concrete increases as the boron content in
concrete increases [4,5]. From the results of testing for the neutron shielding performance, the cement
mortar with borosilicate glass showed higher thermal neutron shielding rates as the replacement
ratio of borosilicate glass in the cement mortar increased. The increase of thermal neutron shielding
rate of cement mortar with borosilicate glass is associated with the increase of boron content in the
cement mortar.

5. Conclusions

This study investigated the effect of borosilicate glass on the thermal neutron shielding
performance and the compressive strength gain of cement mortar. The cement mortar with borosilicate
glass replacing fine aggregate showed higher compressive strength and higher thermal neutron
shielding rate in all ages. The compressive strength and thermal neutron shielding rate of cement
mortar increased as the replacement ratio of borosilicate glass increased. Through TG/DSC results,
the cause of increase in compressive strength of cement mortar with borosilicate glass was associated
with the pozzolanic activity of borosilicate glass in cement mortar. Also, the cause of increase of
thermal neutron shielding rate of cement mortar with borosilicate glass was associated with the
increase of boron content in the cement mortar. Based on the results and discussion, cement mortar
with borosilicate glass can be effectively used as thermal neutron shielding material without decrease
of strength.
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