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ABSTRACT

Alternative cementitious materials to the commonly used ordinary Portland cement are being increas-
ingly studied for radioactive waste encapsulation. In this view, geopolymers and inorganic polymers
(IPs) have received wide attention. The absence of portlandite, the low water content and the high al-
kalinity, make IPs interesting candidates for the conditioning of certain radioactive waste streams. More-
over, Fe-rich IPs offer an interesting alternative to high density concretes for use in radiation shielding
applications. Materials can however be altered when subjected to ionizing radiation, creating the neces-
sity to study the material’s behavior under irradiation conditions. In this study, the effect of gamma irra-
diation is investigated on CaO-FexOy-SiO:2 slag-based IPs. Samples with different curing times (1 h, 24
h and 28 days) prior to the irradiation were irradiated at different dose rates varying from 1.52 Gy/h to
8.85 kGy/h resulting in doses varying from 137 Gy to 715 kGy. For each irradiation test, non-irradiated
samples were kept as a reference at the same environmental conditions as the irradiated samples. The

results were also compared with studies on OPC-based samples.

The effect of gamma irradiation is observed to be highly dependent on the curing time prior to irradiation.
The mechanisms behind the effects of irradiation are different for the non-hardened samples compared
to hardened samples. Multiple effects were observed: a change in macroscopic strength, a change in

porosity, radiation-altered carbonation, a decrease in water content and increase in Fe3*/ZFe ratio.
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Introduction

For some decades, alternatives to the commonly used ordinary Portland cement (OPC) matrices are
increasingly being studied. Inorganic Polymers (IPs) are one of the alternatives currently studied. IPs
encompass a broad range of binder systems formed by the reaction of an alkali metal source (solid or
dissolved) with a solid amorphous powdered precursor [1]. A three-dimensional-tetrahedral network is
formed in which the aluminates and silicates are covalently bonded by shared oxygen atoms [2]. The
alkali source can be any solid or solution which can raise the pH of the reaction mixture and dissolve
the precursor [1].

The chemistry of alkali-activation can be summarized in four steps: (i) dissolution, (ii) reorganization,
(iii) nucleation and (iv) polymerization and hardening [3]. In the first step, the ionic and covalent bonds
are broken at the surface of the precursor material in contact with the high alkaline solution. Next, the
diffusion of the alkali solution will bring more AI¥* and Si#* into solution. In the alkaline environment, the
alumina and silica forms monomeric tetrahedral structures of Al(OH)4)- and Si(OH)s). Due to polycon-
densation reactions, the gel will harden with the formation of an amorphous 3D network of Al-O-Si
chains. In this structure, each Al- and Si-atom is bonded to four oxygen atoms. The resulting negative
charge is compensated by the cations present in the activation solution (e.g. Na*, K*, Li*, Ca?*, Ba?*,
NH4*, H3O*). Moreover, recent study of Peys et al. [4] indicated the participation of Fe in the silicate
network which enables the use of Fe-rich precursors for AAM production. Slags originating from nonfer-
rous metallurgical industries which are currently underutilized can thus be used as a precursor for IP
production [4]. Although the process is summarized in four steps, it should be mentioned that the differ-
ent steps occur simultaneously [5], [6]. At the end, a three-phase material is formed consisting out of
pores, binder and aggregates of which the binder is reacted precursor material and the aggregates are
unreacted precursor particles.

Alkali activation technology has been recognized to offer high potential for immobilization of hazardous
components [7], [8]. The high pH of the materials insolubilizes many metals and radioelements such as
137Cs and protects metals from corrosion effects [9], [10], [11]. Additionally, these binders have prom-
ising properties as high chemical and temperature resistance [2], [12], making them interesting candi-
dates for application in nuclear safety structures. IPs can be designed to have a low water content and
thus generate less radiolytic hydrogen gas compared to OPC based matrices [9], [13]. IPs based on
slags show high potential for use as gamma shielding material. High linear attenuation coefficients can
be obtained using cheap slags, avoiding expensive aggregates currently used to produce high density
concretes [14]. Fayalite slag based IPs were proven to have a similar gamma shielding capacity to
basalt-magnetite concretes [14]. Also for neutron shielding, IPs form an interesting opportunity since
boron can be incorporated in the matrix as a substituent of aluminum [15]. Moreover, IPs lose less water
in time in comparison to fresh OPC samples what creates the possibility to easily design IPs with better

neutron shielding capacities compared to aged concrete [16].
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This work focusses on the effects of gamma irradiation on inorganic polymers. The effect of gamma

irradiation is investigated on iron-rich CaO-FeOx-SiO2 slag-based IPs.

Material and Methods
Plasma slag has been chosen as resource material for the IP production in this study. This slag falls

into a large group of non-ferrous metallurgy residues with a high iron content. When the slag is rapidly
cooled, the resulting granulates are highly amorphous [17], making it a good candidate for IP production.
The glass was milled using a ball mill until a Blaine value of (2.68 + 0.02) - 103 cm?/g according to EN
196-6 [18] before alkali activation. The chemical composition of the synthetic plasma slag was deter-
mined using X-ray fluorescence analysis (Bruker AXS S8 TIGER spectrometer). High amounts of SiOz,
FexOy, CaO and Al2O3 were detected (Table 1).

Table 1: Chemical composition of synthetic plasma slag (PS) according to XRF.

wt.% SiO; Fe,O, CaO Al,O;  MgO TiO, K20 Na,O CuO MnO

PS 29.2 28.2* 26.7 13.4 0.8 0.7 0.6 0.2 0.1 0.1

*
expressed as 92 % FeO and 8 % Fe,0;

The IP pastes were produced by mixing the dry milled slag with a sodium silicate activation solution in
a solid to liquid ratio of 2.6 g/ml. The solution was a mixture of sodium silicate solution, sodium hydroxide
pellets and distilled water (SiO2/Na2O molar ratio = 1.6 and H20/Na2O molar ratio =20.0)x.

Samples cured for 1 h, 24 h or 28 d prior to irradiation were tested. These time intervals are chosen
based on the different reaction stages:

e 1h: minimum time after casing necessary to load the samples in the irradiation cell;

e 24 h: right after the main reaction peak;

e 28d: stable and fully cured sample.
The different curing times reflect different material applications in radioactive waste management. For
certain barriers, prefabricated and fully hardened materials are preferred, while for others, the material

is poured close to the radioactive source(s) causing irradiation during hardening.

1 This recipe has only been used in experiment D. For the other experiments different mix
design has been used.
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Different irradiation experiments were executed as summarized in Table 2.

Table 2: Description of the four different irradiation experiments.

A B C D

Low Intermediate High Very High

dose rate dose rate dose rate dose rate
Location HE?B ISIB UHasselt HE?B ISIB SCK CEN
Source 8Co ¥ics B¥ICs %Co

1173 MeV & 1.173 MeV &
Energy 1332 MeV 0.662 MeV 0.662 MeV 1332 MeV
Activity ~1 TBq 35 TBq 123 TBq unknown

6.9+0.15 Gy/h
Max dose rate 1,52 +0.03 Gy/h 152 + 8 Gy/h 1.25 kGy/h 8.85 kGy/h

. 0.032 kGy — 0.152 kGy — 3kGy -

Dose interval 47 KGy 95 kGy 390 KGy 200 kGy
Time before ir- 1h,24h
radiation 24hor28d Lh 24h or28d

For the characterization of the irradiation effects, a reference sample identical to the irradiated ones was

considered for each different irradiation test. Except for the irradiation, the same procedures were ap-

plied to these reference samples:

Macro-mechanical strength

Uniaxial compressive strength tests were performed on samples of (25 x 25 x 20) mm? accord-
ing to NBN EN 12390-3 using the Instron 5985 at a displacement of 1.0 mm/min.

Mercury Intrusion Porosimetry

MIP was performed using the Micromeritics Autopore IV 9510. Samples of (5 x 5 x 5) mm3 were
used. The samples were tested in the range of 0.01 to 414 MPa, applicable to quantify pores in
the 3.6 nm to 100 um region.

Fourier-transformed infrared

A Bruker Alpha-P with diamond crystal was used on powdered samples. 32 spectra per sample
were acquired from 4000 cm! to 380 cm at a resolution of 4 cm™. The reported spectra are
the result of an average of five measurements.

Thermogravimetric analysis

TGA (TGA 550 - TA instruments) of the powdered samples was carried out from 20 °C to 1000
°C with a heating rate of 10 °C/min in a nitrogen atmosphere. The mass was measured up to
10 g precision.

5"Fe Mdssbauer spectroscopy

Samples were powdered manually and pressed into the sample holder right before measure-
ment. Gamma rays from a 5’Co source in a Rh matrix were used. The samples were measured
at room temperature (RT, 300 K) in transmission geometry on a constant acceleration spec-
trometer. The isomer shift (IS) values are reported relative to a-Fe at RT. The IMSG software
was used to fit the data [21].
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Results and Discussion
Figure 1 summerizes the results of all compressive strengths tests executed for the different irradiation

experiments. As observed, the relative strength change becomes predominantly positive above 5 kGy
and increases further with increasing absorbed dose. Below 5 kGy on the other hand, manly a negative
impact on the strength is observed. This suggests two opposing effects which work on an IP under
irradiation conditions. At low dose rates and low absorbed doses the detrimental effects dominate, while
for high doses (> 5 kGy) beneficial effects for the strength dominate. The effects are the strongest for
IP samples only cured for 1 h (+) prior to irradiation. For the 28 d cured samples (m) on the other hand,

the effects stay within the -16 % and +18 % limits, with one exception at +55 %.
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Figure 1: Overview of change in compressive strength relative to the corresponding reference, in function of the
total absorbed dose for all the executed experiments.

In this document, the focus will be on the results of irradiation experiment D - 1 h cured samples. More
results and details can be found in the related publications: [19], [20].

The samples irradiated at 8.85 kGy/h (D) to a total dose of 200 kGy showed in increase in strength by
a factor 2.2 and a factor 1.81 for samples with tprior= 1 h and tprior= 24 h, respectively. For the 28 d cured

samples, no significant difference was observed as a result of irradiation.

The porosity and pore size distribution (PSD) of irradiated and non-irradiated samples were determined
using MIP analysis. The pores were mainly of the 100 - 2000 nm and < 10 nm size. The porosity for
the 1 hour cured samples was significantly reduced in the 100 - 2000 nm region as result of irradiation
with a shift to the smaller pore sizes. For pores smaller than 10 nm a small shift to the larger pore size

diameters was detected.
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Figure 2: Pore size distribution of the irradiated samples compared to the reference samples with tprior= 1 h.

Infrared spectra of the different samples did not indicate a difference as a result of irradiation. Only a
small decrease in water content (3000 — 3500 cm™ and from 1650 — 1655 cm?) for the irradiated
samples was observed. In other irradiation experiments, radiation-altered carbonation however was ob-
served. TGA results confirm the lower water content for the irradiated samples. This is related to water
radiolysis during irradiation and due to the accelerated evaporation of water as a result of gamma heat-
ing. Moreover, in the region from 570 °C to 620 °C a small difference was observed. This effect is
however better visible for samples irradiated over a larger time span. Therefore, the derivative thermo-
gravimetrical curve (DTG) of a sample irradiated for 312 h at 1.25 kGy is visualized in Figure 3. A clear

difference in the 400 °C to 650 °C is visible and is related to a difference in carbonates.
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Figure 3: dm/dT curve of 24 h cured sample irradiated at 1.25 kGy/h until 624.0 kGy.

Mossbauer spectroscopy was used to determine the redox ratio of ferric (Fe3*) and ferrous (Fe?*) iron
in the irradiated and non-irradiated IP samples. Based on the relative absorption areas the Fe3*/>Fe
ratio and Fe?*/Y Fe ratio was calculated. An increase in Fe3* content from 20% to 39% was observed for
the 1 h cured samples prior to irradiation. Strengthening of the samples can be related to the increase
in Fe®* content as a result of gamma irradiation since Fe3* can take place in the silicate network [22],
[23] while Fe?* takes place in a trioctahedral layer [22]. Radiation-induced iron oxidation occurs as Fe?*
from the slag dissolution is oxidized by radiolytically produced *OH radicals and H202. Especially in the
initial reaction stage of the IP, when unbound Fe?* can still be found, the effect of radiation-induced iron
oxidation is expected to have the highest impact. In function of time, radiation-induced oxidation be-
comes more difficult as the samples dehydrate and more Fe-atoms will already be bound in the IP

structure.
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Figure 4: Comparison of the raw >’Fe Mdssbauer spectra of the irradiated and non-irradiated samples with tprior =
1 h. The shaded areas indicate the regions of the higher velocity parts of the Fe3* and the Fe?* doublets used to
fit the spectra.

Conclusion

1 hour cured samples are still viscous at the start of the irradiation and are therefore easily affected by
gamma irradiation. As a result of gamma heating and radiolysis, water escape is promoted at the initial
stage, leading to an accelerated drying and accelerated (plastic) shrinkage. Strengthening in this case
can thus be related to the densification of the matrix. As water is found a crucial component in de radi-
ation-induced Fe oxidation, a decrease in porosity favors this effect by preventing water escape from
the matrix. Fe3* can take place in the silicate network and contribute to the strength development of the
polymer. Moreover, Fe2* oxidation causes densification of the matrix which also leads to higher strength.
Water retainment moreover slows down the IP reactions, thus giving irradiation effects more time to
make their mark. Multiple effects were observed for the one hour cured samples: an increase of the
compressive strength by a factor of 2.20, a decrease in porosity by a factor of 0.92, and an increase of

the Fe3+/3 Fe ratio by a factor of 1.95. Radiation-altered carbonation was also observed.

Irradiation effects in Fe-rich IPs are complex and occur simultaneously and moreover continuously affect
each other. An illustration is provided in Figure 5. The final response of the material highly depends on
the absorbed dose and the state of the material at the start of the irradiation.

The mix design used in this study should be optimized when focusing on a specific application such as
nuclear waste management.
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Figure 5: Radiation-induced strengthening.
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