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Abstract

Inorganic Polymers (IPs) are interesting alternative binder materials to Ordinary Portland Cement (OPC).
They could be potentially used in applications such as nuclear safety structures and radioactive waste
management since they are highly chemically and thermally resistant. However, their chemical and
mechanical stability still has to be proven when irradiated at the very early age.

This study investigated the effect of gamma irradiation on the mechanical and microstructural properties
of IPs cured for 1 hour, 24 hours or 28 days. For that purpose, IPs were irradiated using different dose
rates (1.6 Gy/h, 7.1 Gy/h, 152 Gy/h and 2 kGy/h) until different absorbed doses with a maximum of 624
kGy. The effects were evaluated by means of compressive strength tests, microstructural analysis by
image analysis, porosity analysis (water absorption and MIP), thermogravimetric analysis (TGA) and
infrared spectrometry. For each irradiation test, non-irradiated samples were kept as a reference at the
same environmental conditions as the irradiated samples. The results were compared with similar studies
on OPC-based samples.

At low doses (< 5 kGy) no statistically significant change has been found. Above 5 kGy however, a
significant increase in compressive strength was found for all the samples tested. An increase up to 22 %
in compressive strength was observed for the samples irradiated at 2 kGy/h. Gamma radiation induced
carbonation, Fe3* reduction and polymerization could explain the strength increase but need further
investigation.
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+ Plasma slag-based IPs were irradiated using gamma sources.
* Below 5 kGy no significant changes were observed
« Above 5 kGy an increase of compressive strength was observed.
* The total absorbed dose is of higher importance than the applied dose rate.
e The curing time before gamma irradiation influences the material its response.
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1 Introduction

For some decades, alternatives for cementitious barriers for shielding and radioactive waste
encapsulation have been studied worldwide. Calcium(alumino)silicate cements are currently used to
condition low and intermediate level radioactive nuclear waste [1]. These materials have a good
mechanical strength and chemical stability. However, alternatives to the commonly used ordinary
Portland cement (OPC) matrices are increasingly being studied to enhance the very long term durability

[2].

Inorganic Polymers (IPs) are one of the alternatives currently being studied intensively. IPs are a class of
inorganic binders which can be formed through the alkali activation of an aluminosilicate or ferrosilicate
precursor, e.g. fly ash and granulated blast furnace slag. A three-dimensional-tetrahedral network is
formed in which the aluminates and silicates are covalently bonded by shared oxygen atoms [3]. Alkali
activation technology has been recognized to offer high potential for immobilization of hazardous
components [4]. The high pH of the materials insolubilizes many metals and radioelements such as *’Cs
and protects metals from corrosion effects [5], [6], [7]. Additionally, these binders have promising
properties as high chemical and temperature resistance [3], [8], making them interesting candidates for
application in nuclear safety structures. In 2013, the first IP was introduced successfully for nuclear
waste encapsulation. SIAL® [9] was developed and used to immobilise a highly contaminated sludge for
which conventional methods using cementation or bitumen treatment could not be used due to the
presence of radionuclides, including **’Cs. This material can incorporate four times as much waste as a
traditional cement matrix and the encapsulation process takes less time. The material has a higher
mechanical strength, lower leachability for radionuclides, low fire risk, high radiation stability and good
physical stability in the presence of frost and water [9], [10]. However, a decrease in compressive
strength ranging from 16 to 39 % was found when this material was irradiated to a total dose of 1.027
MGy using a %°Co source with a dose rate of 2.5 kGy/h [10].

In 2013, the International Atomic Energy Agency (IAEA) [2] pronounced its interest in four types of
alternative cementitious materials for use in nuclear safety structures, including geopolymers,
magnesium phosphate cements, calcium aluminate cements and calcium sulfoaluminate cements [11],
[12]. The use of geopolymer-type materials however still requires precursor standardization and process
optimization. Moreover, understanding the durability of IPs is a fundamental prerequisite before they can
be used in nuclear applications.

Several studies have already proven the detrimental effect of gamma radiation on OPC-based matrices,
due to changes in compressive strength, changes in average pore diameter, radiation induced
carbonation and the formation of microcracks [13]-[20]. However, only a few studies examining the
effect of gamma radiation on IPs are published [5], [21], [22].

A decrease in compressive strength for hardened concrete with a total absorbed gamma dose above 108
Gy was mentioned by Hilsdorf et al. in 1978 [13]. According to Ichikawa and Koizumi [14] gamma rays
only affect the characteristics of the hardened concrete for doses higher than 10'° Gy. Soo and Milian
[15] and Vodak et al. [16] found that the compressive strength drops with 10 to 15% once the dose
exceeds about 10° Gy due to radiolysis of the water in the pores and hydrates (reaction products) of the
OPC matrices. The latter might cause shrinkage of the cement paste and the formation of microcracks
and thereby increase the average pore diameter. Rosseel et al. [17] and Kontani et al. [18] however
concluded that only a small percentage (1%) of the chemically bonded water will decompose, even when
subjected to a dose close to the reference level of 108 Gy. Additionally, when radiolysis is taking place,
hydrogen peroxide H>0O, will be formed which can react with cement calcium (from cement hydration) to
form insoluble calcium peroxide, Ca0,.8H,0. The dehydrated peroxide reacts with water to form
portlandite Ca(OH), which in turn can react with CO, to form CaCOs; [23]. It is confirmed by the
experiments of Maruyama et al. (2018), who irradiated fully hydrated OPC mortars up to 5 x 10* kGy at
+ 7 kGy/h, that aragonite and vaterite are preferentially formed under irradiation while mainly calcite
was formed without gamma radiation [24]. Also a decrease in average pore diameter can be observed
[16]. It was found that under irradiation vaterite, which is less dense then calcite, can fill the small pores
around C-S-H [24]. Changes in pore size distribution are thus dependent on two competing processes:
carbonation and radiolytic dehydration [16]. According to Maruyama et al. [24], radiation-altered
carbonation could increase the strength of the Portland cement paste due to pore filling and the
formation of pseudomorph C-S-H. On the other hand, the formation of calcite may contribute to the
formation of microcracks and give rise to an increased porosity[17]. towinska-Kluge and Piszora [19]
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reported a modification of the cement composites’ morphology due to gamma radiation from
amorphization of cement hydrates. Mainly covalent bonds of e.g. Si-O are thought to be sensitive for
gamma irradiation due to the electronic excitations cause when a gamma ray interacts with matter [25].
Hilloulin et al. [20] mentioned an increase of the cement paste creep modulus and harness and decrease
of the creep characteristic time for a gamma irradiation up to 257 kGy at 8.5 Gy/h. The samples used in
the previously mentioned studies had already a certain state of hardening prior to irradiation which is not
the case for all barrier systems used in nuclear waste encapsulation.

In most gamma irradiation experiments, no distinction is made between damage caused by gamma-ray
heating and damage caused by the radiation itself since they cannot be uncoupled. According to
Maruyama et al. [24], a temperature increase is expected for the sample of more than 5 °C at the
sample surface for an irradiation at £ 7 kGy/h. This, together with the radiolysis of water, leads to an
accelerated drying of the material which also influences the carbonation behaviour. Carbonation could be
of higher importance in dry environment, since CO, would better diffuse through the material’s pore
network [26]. Also, the formation of vaterite is encouraged in dry conditions [24].

Craeye et al. [27] studied the effect of gamma rays (°°Co) at 2.0 Gy/h and 7.8 Gy/h on cementitious
samples during the hardening process with a total absorbed dose range of 0.042 kGy to 5.3 kGy. They
found an overall strength reduction with increasing absorbed dose of gamma radiation. 75% of the tests
resulted in a strength reduction of more than 5%. The maximal reduction was observed for samples
which were cured for 24 h prior to irradiation to a total absorbed dose of 1.3 kGy. Ettringite needle
formation [29] was observed in some cases. The formation of the expansive ettringite could cause
internal microcracking within the mortar microstructure leading to a lower strength.

Radiation effects on hardened alkali-activated materials as alternatives for ordinary cementitious barriers
have been studied by Lambertin et al. [22] using gamma rays from external ®°Co sources (600 Gy/h) up
to 750 kGy. They found that gamma rays altered the microstructure of the studied materials due to the
radiolytic hydrogen production. The same was observed by Chupin et al. [5]. An increase of the
compressive strength by 10% was observed, probably because of a densification of the structure under
gamma irradiation [22]. A decrease in the average Si-O-Al bonding angle due to gamma radiation was
observed by Deng et al. [21]. According to Deng et al. [21] and Leay et al. [28] , gamma rays do not
produce significant morphological changes, except for changes in the pore structure. All these studies
were performed on hardened samples.

In this study the effect of gamma radiation is investigated on synthetic plasma slag (PS) based IPs using
dose rates of 0.0016 kGy/h to 2 kGy/h and up to total absorbed doses of 0.032 kGy to 624 kGy]. The
effect on microstructural properties and macromechanical behaviour is studied. Plasma slag is one of the
materials streams produced when treating calorific waste using a plasma gasification reactor. The ashes
produced during gasification are melted and cooled rapidly to form a vitrified phase [29]. This slag mainly
consists of Si, Fe, Ca and Al oxides. Danthurebandara et al. [30] concluded that PS valorisation via IP
production yields high environmental and economic benefits. The input products of Na,SiO and NaOH
mainly determine the beneficial impacts. However, the valorisation of PS as an IPs reduces CO, emission
related to the production of OPC [31]. PS is more than 90% amorphous [32] when subjected to high
cooling rates during solidification. This leads to a low water demand and easy dissolution of the precursor
when in contact with (low molarity) alkaline solutions. A three phase system of binder, unreacted
particles and voids is created.

2 Material and methods

2.1. Inorganic Polymer
A synthetic plasma slag was produced using urban solid waste incinerated bottom ash, iron ore,
limestone and sand to create an ash with a similar composition to enhanced landfill mining ash as
reported in Machiels et al. [29]. The melt was quenched using water jets and a water tank to obtain a
vitrified material with limited crystalline phases (< 2 wt%). [29]

The quenched glass was crushed until a particle size lower than 5 mm after which further size reduction
was performed using a ball mill until a Blaine value of (4.07 + 0.04) - 10° cm2/g according to EN 196-6
was obtained [33]. The milled slag had a density of (3.094 £ 0.009) g/cm3 measured using a
Quantachrome Multipycnometer MVP-6DC and a particle size distribution of Dig= (1.50 £ 0.06) um, Dso=
(10.2 £ 0.7) pm and Dgg= (40 £ 2) ym. The chemical composition of the synthetic PS was determined
using X-ray fluorescence analysis (Bruker S8 TIGER). High amounts of SiO,, FeO, CaO and Al,O3 were
detected, as can be observed in Table 1.
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Table 1: Chemical composition of synthetic plasma slag (PS) and inorganic polymer (IP) according to XRF.
*expressed as Fe,03
wt.% SiO, FeO Cao AlLbO; MgO TiO; K>0 Na.O CuO MnO
PS 29.4 279 26.8 13.4 0.8 0.7 0.6 0.2 0.1 0.1
IP 34.0 24.17 21.1 11.9 0.9 0.5 0.5 6.3 0.1 0.1

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 activation solution was characterised by a SiO,/Na,O molar ratio of
2.0 and a H,0/Na,0 molar ratio of 29.0. The paste was cast in plastic cubic moulds of 25 mm?3 and was
manually tapped for 30 seconds to eliminate air bubbles. The samples were cured at a temperature of
(28.8 £ 0.5) °C and a relative humidity of (54 £ 10) % for a further defined period before irradiation.

A dense microstructure as shown by scanning electron microscopy (SEM) in Figure 1 is obtained with a
low BET value: (12 £ 2) m2/g measured on samples after 28 days hardening using TRISTAR 3000
Micromeritics with N, sorption measurements at -196.2 °C. According to Leay et al. this would be
beneficial to a low H, yield from radiolysis [28].

2.2. Irradiation set-up
Samples were hardened for 1 hour, 24 hours or 28 days prior to irradiation. Table 2 shows the
characteristics of the three types of gamma sources used in the irradiation tests (A-C).

Table 2: Three types of gamma emitting sources used for irradiation of IP samples.

A B C

Low dose rate Intermediate dose rate High dose rate
Source 80Co 137Cs 137Cs
Energy 1.173 MeV, 1.332 MeV 0.662 MeV 0.662 MeV
Activity 2 TBqg 35 TBq 123 TBq
Max dose rate 7.1 £ 0.7 Gy/h 152 £ 8 Gy/h 2 kGy/h

1.6 £ 0.2 Gy/h
Time before 24 hor28d 1h 24 h

irradiation

For the low dose irradiation test (A), two times 16 samples were placed at two different distances under
the °Co-source. The dose rate determined by film dosimetry using a radiochromic film (Gafchromic EBT),
calibrated using a ®°Co-source, was at the upper level equal to (7.1 £ 0.7) Gy/h and at the lower level
equal to (1.6 £ 0.2) Gy/h. All samples were covered with an acrylic glass plate of 5 mm thick so that the
maximum dose is received at the upper surface of the samples. The irradiated surface was limited to 50
mm from the central axis in order not the induce more than 5 % deviation from the average dose rates.
10 sets of samples (A1-A10) hardened for 24 hours or 28 days prior to irradiation (t,.r) Were irradiated
for a certain time interval t;, between 24 hours and 100 days resulting in a received total dose range of
0.032 kGy to 16.8 kGy. Samples were characterised immediately after irradiation.

For intermediate dosing tests (B), a *3’Cs source (IBL 437 C irradiator) with a dose rate of (152 + 8)
Gy/h was used to irradiate 6 samples for 1 hour (t,ior = 1 h) after casting. The dose rate and dose
distribution were analysed using EBT3 grafchromic films calibrated using a 6 MeV Linac, indicating no
deviations in dose rate larger than 5 %. Since setting of the material only starts after 4.5 hours (NBN EN
196-3:2016) [34], no large amount of IP binder gel was formed when the irradiation was started. The
samples were rotated in a cylindrical sleeve in order to prevent delivered dose inhomogeneities. Five
irradiation periods t;, were selected between 1 hour (0.152 kGy) and 26 days (95 kGy). After irradiation,
samples (B1-B7) were stored in the curing chamber at (28.8 £ 0.5) °C and (54 £ 10) % relative
humidity until 28 days of total hardening before characterisation.

The dose rate for the high dose rates experiments (C) was approximately 2 kGy/h. Only samples
hardened for 24 hours (tuir= 24 h) were irradiated for ¢, varying between 2.5 hours (5 kGy) and 13
days (624 kGy). Sample sets C1-C6 each composed of eight samples were characterised immediately.

For the characterisation techniques, a reference sample, identical to the others, was considered for each
different irradiation test. Except for the irradiation, the same procedures were applied to these reference
samples. The reference samples were kept at the same ambient conditions as the irradiation samples.



2.3. Evaluation of irradiation effects

2.3.1. Macro-mechanical behaviour
Compressive strengths tests were performed to evaluate the mechanical properties of the prismatic
samples of (25 x 25 x 20) mm3. The tests were executed in triplicate. Uniaxial tests were performed
according to NBN EN 12390-3 [35] using ZWICK Z050 with a compression speed of 1.0 mm/min. The
maximum compressive strength (P.) in MPa was calculated as the maximum load at fracture (F.) in
Newtons divided by the contact area of the auxiliary plates (A) in mm2.

The relative strength change (Ds) illustrates the relative change in compressive strength of the irradiated
samples (P..rr) in respect to the compressive strength of the reference samples (Pc.rer).

2.3.2. Microstructural properties
Porosity measurements were performed using several techniques since no single technique can provide a
full multiscale characterisation: Scanning Electron Microscopy (SEM), Water Absorption Test (WA-test)
and Mercury Intrusion Porosimetry (MIP). Each technique delivers information on a different scale. For all
techniques, oven dried (40 °C) samples were used.

(i) SEM was used to evaluate the microstructure in the macropore region (> 1 um) using a Tabletop
Microscope TM3000 (Hitachi, Krefeld, Germany) with an accelerating voltage of 15 kV. Samples were not
polished or coated in order not to induce surface artefacts. A low vacuum was applied during SEM-
analysis to avoid charging up effects without the need to apply a conductive coating layer. Unreacted
particles and cracks were identified using a global threshold level for binarization of the grayscale images
based on Otsu’s method [36]. Noise from the images was filtered using a median filter and large shades
were removed using a top-hat filtering. Otsu’s method was then used to define a grayscale threshold
based on the grayscale histogram of the SEM-image to maximize the inter-class variance of the black and
white pixels. The method was adapted to the local-binarization method of Li. et al. [37] to detect the
cracks more precisely. MATLAB morphological operations (fill, clean, erode, dilate, etc.) were used to
optimize the segmented image.

(ii) WA-test was performed following the ASTM C642 [38] test method for density determination and void
determination in the region of 1 nm to 100 mm [39]. Three samples (20x20x20) mm3 of the same batch
were analysed.

(iii) MIP was performed using the Micromeritics Autopore IV 9510. Samples (5x5x5) mm3 were
additionally dried for 48 hours at 30 °C at 1 ym Hg and next dried for 5 min at 25 °C and 10 pm Hg. The
samples were tested in the range of 0.01 to 414 MPa. Reproducibility of the analysis was tested by
measuring two samples from the same batch. An experimental difference of 0.5 % was noted for the
porosity of the samples. MIP is applicable to quantify pores in the 3.6 nm to 100 pm region.

2.3.3. Other properties
Attenuated total reflectance Fourier-transformed infrared (ATR-FTIR) was performed using a Bruker
Alpha-P with diamond crystal on milled powder samples of the IPs; 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 the average
of 5 measurements on a homogenized powder made of four different samples.

Thermogravimetric analysis (TGA 550 - TA instruments) of the 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.

In the high dose rate experiment, also the sample mass change and sample volume change in time was
evaluated. The mass was measured using a semi-analytic balance (0.01 g). The dimensions for the
volume determination were measured using a calliper (0.01 mm).



3 Results and Discussion

3.1. Low dose rate experiment (A)

Samples were hardened for 24 hours or 28 days and irradiated using a ®°Co source. Irradiated samples
and reference samples were both tested for uniaxial compressive strength. The results of the experiment
(1.6 Gy/h and 7.1 Gy/h) are listed in Table 3. At low doses (< 3 kGy), the irradiated samples show an
overall decrease in compressive strength, however no significant change was observed due to the large
spread in the results. At higher doses (> 3 kGy), an increase of compressive strength is visible in most
cases (samples A5.1, A4.2 and A5.2). Both the samples hardened for 24 hours and 28 days show this
increase in strength, however only a significant increase could be observed for the samples A5.2, tyior =
28 days. The reference samples had a compressive strength of (31 £ 2) MPa and the irradiated samples
had a compressive strength of (36 £ 2) MPa. Notice that the time prior to irradiation also seems to affect
the strength change of the material when irradiated.

Compared to literature, IPs have a better resistance to low dose rate gamma irradiation than OPC-based
cements. 75 % of the self-compacting mortar samples tested by Craeye et al. [27] show a reduction in
strength higher than 5%. Of the IPs tested, only 12 out of 30 samples (40 %) irradiated after 24 hours of
hardening show a decrease in strength larger than 5%. For all samples A1-A5, the WA and MIP tests
(results are not shown) revealed no significant irradiation effect on the porosity of the samples. Water
content of the samples was determined by TGA analyses and no differences were present.

Table 3: Strength change relative to reference in low dose rate experiment (A) - torior = 24 h and 28 d - with one
standard error of the mean. Samples Ax.1 are irradiated at <1.6 Gy/h and Ax.2 are irradiated at <7.1 Gy/h/.

Dose rate tirr Dose D¢ D¢

D (Gy/h) (h) (kGy) (%) (%)
torior = 1d tprior=28 d

Al.1 - 20 0.032 + 0.004 461 ]
A2.1 1.57 46 0.072 + 0.009 4 +1 13+ 3
A3.1 1.56 671 1.0 £ 0.1 20+ 2 +2+1
A4.1 1.54 1439 2.2 +0.2 -5 %2 14 + 2
A5.1 1.49 2400 3.6 £ 0.4 +5 + 2 -
A1.2 7.06 20 0.14 £ 0.01 -9 +2 -
A2.2 7.05 46 0.32 £ 0.03 22 %2 -15 + 4
A3.2 7.01 671 4.7 £ 0.5 -1.8+0.2 7 +4
A4.2 6.90 1439 10 £ 1 (+6 = 2) - 10* 19+
A5.2 6.71 2400 16 + 2 +26 + 8 +18 £ 1

Also, the SEM images (Figure 1) revealed no visible effect on the microstructure. In low dose rate
experiment (A), almost all the samples showed a decrease in density of between 0.2% to 1.1%.
However, no correlation was found between the decrease in compressive strength and the decrease in
density.
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Figure 1: Scanning Electron Microscopy (SEM) images at 1200x of (i) irradiated samples (A5.2) and (ii) its reference
sample - torior = 24 h. The light grey phases are unreacted slag particles and the dark grey phase is reacted IP binder.



3.2. Intermediate dose rate experiment (B)

Samples were hardened for 1 h and irradiated at a dose rate of 152 Gy/h using a !*’Cs source. An
uniaxial compressive strength test on the irradiated and reference samples was performed. A significant
decrease in compressive strength was found for the samples which received doses up to 3.6 kGy (B1-B3
in Figure 2). However, for the samples B4 and B5, which received doses higher than 3.6 kGy, an
increased strength was observed. A 33% higher strength was measured for the samples with a dose of
95 kGy. An inversed trend was observed for porosity results of the WA-test (Figure 2). A higher porosity
was measured for the irradiated samples with low doses (< 25 kGy) while a decrease of 22% was visible
for the samples irradiated to 95 kGy (B5).

B1 B2 B3 B4 B5

150%
B Compressive Strength

@ Porosity

100%

0%

Ralative change according to the reference

-100%
0.152 0.91 3.6 25 95
Dose (kGy)

Figure 2: Relative change of compressive strength and relative change of porosity (WA-test) of irradiated samples
compared to the reference samples - tyior = 1 hour — with one standard error of mean.

The porosity and pore size distribution of B5 and reference samples were determined using MIP analysis.
As shown in Figure 3, B5 has a higher level of pores below 10 nm with respect to the reference sample.
Moreover, B5 has a significantly lower number of pores in the 10 to 100 nm region. The peak at 50 nm in
the distribution curve of the reference sample is almost absent in the curve of B5. It can thus be stated
that for samples only hardened for 1 hour prior to irradiation, a shift in pore size distribution occurs
towards the smaller pore sizes. This causes the total porosity to decrease and the total pore area to
increase. This could also explain the lower porosity of B5 from the WA-test and its higher strength. Since
the sample is still liquid when the irradiation starts, porosity is easily affected due to e.g. shrinkage
effects. The time of hardening of the sample prior to irradiation will thus highly influence the effect of
gamma rays on the IP’s microstructure. Also Lambertin et al. [22] observed a shift in pore size
distribution, giving rise to two peaks in the pore size distribution for the irradiated samples instead of one
peak for the reference samples. This phenomenon is explained as the reorganization of the thin pore
walls [22].

0.02

= B5

0.01

Incremental intrusion (cm3/g)

A ET =
1 10 100 1000 10000 100000

Pore size diameter (nm)
Figure 3: Pore size distribution of irradiated sample (B5) compared to a reference sample - tprior = 1 h.

For the same two samples, a TGA analysis and ATR-FTIR analysis were performed. Both tests revealed a
higher water content for sample B5 compared to the REF. TGA analysis indicated a water content of 16
wt% for sample B5 where the REF only has a water content of 8-9 wt%.
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ATR-FTIR (Figure 4) confirms the higher water content of sample B5 with larger peaks present at the
water bands at 3000 cm™ to 3500 cm™® and 1650 cm™ to 1655 cm™. Moreover, a slightly larger peak is
present from 800 cm™ to 1000 cm™ corresponding to Si-O(-T) stretching vibration (T = Al or Si). This
may be attributed to a better tetrahedral network formed during the polymerisation reaction. Radiation
induced polymerisation was also observed by Mubasher et al. [40]. Since this is a polycondensation
reaction, this could also explain the higher free water content for B5. Moreover, more NASH gel may be
formed thus leading to more hydrates. The radiation induced polymerisation might also explain the higher
compressive strength for the samples. This statement however, needs further investigation. The smaller
peaks at 1500 cm™ and 860 cm for the irradiated samples, indicate that less carbonates are formed.
The larger peak at 400 cm™ to 500 cm™ can be attributed to aluminosilicate internal vibrations [41]. Also
the SEM-images (Figure 5) show larger amount of binder phase in case of the irradiated samples (B5)
relative to the non-irradiated samples. From the SEM-image it might look as B5 is more porous than its
reference which is not in accordance with the porosity results (Figure 2), indicating that the voids and
cracks found in the image are mainly external cracks and that porosity changes occur at the level below 1
pm so it cannot be observed with SEM.

Transmittance (a.u.)
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Figure 4: ATR-FTIR spectrum of irradiated sample (B5) compared to a reference sample - tyrior = 1 h.
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Figure 5: SEM images at 1200x of (i) irradiated sample (B5) and (ii) its reference sample - tpior = 1 h. Each SEM
image has been binarized first (a) to make the aggregates and binder better visible and second (b) to clearly visualise
the cracks and voids.



3.3. High dose rate experiment (C)

Samples were hardened for 24 hours and irradiated at a dose rate of 2 kGy/h using a 3’Cs source. The
uniaxial compressive strength was measured of the irradiated samples and the corresponding reference
samples immediately after the irradiation was stopped. Figure 6 gives the trend for the relative change of
compressive strength and the relative change of porosity in function of the total absorbed dose. No direct
relationship could be found. The total absorbed dose varied between 4.7 kGy and 624 kGy. As shown in
Figure 6, all the samples C1-C6 tested showed an increase in compressive strength. However, only a
statistically significant increase is present for test C1, C2 and C4. The highest gain in compressive
strength is registered for the C1, C2, C4 and C6-samples with an increase of 23 %, 16 %, 22 % and 15
% respectively. The reference samples of C1 had a compressive strength of (32 £ 3) MPa while the
irradiated samples had a compressive strength of (39 £ 2) MPa at a dose of 4.7 kGy. For C2 there was an
increase from (32 £ 3) MPa to (37 £ 1) MPa and for C4 from (27 £ 1) MPa to (33 £ 2) MPa. Radiation
induced carbonation might be the cause of the increase in strength as reported by [17] for concrete. The
increase of compressive strength up to 10% of hardened IPs under irradiation was already reported by
Lambertin et al. [22] for a high dose delivered at a dose rate of 600 Gy/h under argon atmosphere and
attributed to a densification of the matrix and a structural relaxation.

The same irradiation set-up as for this study was used by B. Craeye et al. [27] to evaluate the effect of
gamma irradiation on self-compacting mortar. All the samples tested in Craeyes study showed a decrease
in compressive strength, with a maximum decrease of 16.3 %. This indicates that IPs could be better
resistant to gamma radiation than OPC mortars from mechanical point of view. However, the WA-test
shows a relative increase in porosity for the IPs due to gamma irradiation.

An increase in porosity was observed for most of the samples tested (C1, C2, C4 and C5). The C1
samples showed the largest increase in porosity. The C1 reference samples had a porosity of (20.3 +
0.2) % and the C1 irradiated samples had a porosity of (22.3 £ 0.2) %. For test C6 no significant
increase is present. The increased porosity may be related to the accelerated drying (Table 5) due to
radiolysis and gamma heating, which might also induce the formation of micro cracks and pores.
However, the relative porosity change seems to decrease with increasing irradiation time. The formation
of insoluble CaCOj; in the pores and the further formation of IP binder (NASH-gel) can decrease the
porosity in time. In the normal hardening process of an IP, water escapes from the matrix, creating a
dryer environment which stimulates the formation of vaterite in a gamma radiation field. In wet
conditions vaterite is easily transformed into stable calcite, a phenomenon which is not been observed for
aragonite [42]. Vaterite, however, has a lower density than calcite and thus a higher pore filling efficiency
[24]. Sample C6 is expected to have more carbonates than C1 due to the longer irradiation time. In
addition, it is expected that more vaterite will be formed since the samples are dried during gamma
radiation and due to the natural evaporation of water in the hardening process of the IP.

The increase in porosity was not confirmed by MIP-analysis (Figure 7). No significant changes were
observed for the porosity of the samples within the range of 3.6 nm to 100 um at high dose rate
irradiation. This might be due to the formation of carbonates (e.g. Na,COs) in the pores which can
dissolve during the WA-test but do not dissolve in mercury when executing the MIP-analysis. In the pore
size distribution however, very small changes are noticeable. For all the samples tested (1 sample for
each irradiation of C1-C6) more pores were present for the irradiated samples in the 10 nm - 50 nm
diameter region. Below 10 nm a small decrease in number of pores is visible. As shown in Figure 7 for
C6, an increase of the number of pores in the 300-1000 nm diameter region is noticed. This can be
explained by the pore wall reorganisation mechanism as mentioned by Lambertin et al. [22].
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Figure 6: Relative change of compressive strength and relative change of porosity (WA-test) of irradiated samples
compared to the reference samples - tyior = 24 h — with one standard error of mean. The porosity result of C3 is not
determined.
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Figure 7: Pore size distribution of the irradiated sample C6 (624 kGy) compared to a reference sample - tyior = 24 h.

A summary of SEM-images is given in Table 4. The images were binarized using a local-binarization
method to visualise the cracks and voids. The SEM-images did not show morphological changes due to
irradiation. Deng et al. [21] who irradiated fly ash based IPs up to 100 kGy using a 700 Gy/h %°Co-
source, could neither observe significant changes in the morphology.

The TGA results (Figure 8) clearly show a higher water content for the non-irradiated samples. However,
the difference becomes smaller when the irradiation time becomes longer. In the beginning, gamma
heating and hydrolysis cause an accelerated drying of the material. This process however diminishes
when the samples cure since the free water content of the system decreases. Natural evaporation of
water in the reference samples than causes the difference between the irradiated samples and reference
samples to become smaller. For the irradiation of 24 hours (47.5 kGy), the difference in water content is
the largest (3.17%). The first major decline in the TGA curves is attributed to the dewatering of free
evaporable water and the interstitial water present in the sample and is located in the 20 °C - 250 °C
region. The weight loss between 250 °C and 700 °C can be attributed to bound water present in the
hydrates [43], [32]. As shown in Figure 8, the difference between the C samples and the reference
samples is mainly from the free water and the interstitial water (20 °C - 250 °C). In addition, above 250
°C, samples C5 and C6 have a different behaviour with respect to the other samples. Where C1 - C4 lose
most of their weight (95% of the total weight loss) from 20 °C - 250 °C, this is less (80%) for C5 and C6.
The latter lose some extra mass in the 250 °C - 800 °C temperature range (Table 5). This effect is both
present for the C samples and the reference samples and is the consequence of the further hardening
with the formation of extra IP binder and the formation of carbonates in time. The mass loss from 400 °C
-700 °C (Figure 8) is attributed to the decomposition of calcium carbonates [44], [45] or can be assigned
to the decomposition of sodium carbonates. According to Thiery et al. [46] three modes of the
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decomposition of CaCO; can be distinguished. The first and second modes are related to the crystalline
polymorphs of CaCOs. Mode I ( 780 °C - 990 °C) can be attributed to the most stable polymorph, calcite,
mode II (680 °C - 780 °C) can be assigned to aragonite and vaterite, and mode III (550 °C - 680 °C) is
associated with amorphous CaCOj5' Vaterite, which is the most unstable form can transform into calcite
from a temperature of 356 °C [42], [47]. Aragonite, which is slightly more stable, starts to transform
from 387 °C and will decompose at 615 °C [48]. However, these processes can take place over a wide
temperature range of heating [48]. Moreover, the calcite produced according to an allotropic
transformation is less stable and decomposes more likely within the temperature range of mode II due to
impurities [46], [49]. Also particle size is important, as indicated by Salvador et al. who found that a
larger particle size of CaCOs; leads to a smaller activation energy [50].

It seems that more calcite decomposes for the reference samples and more amorphous CaCOs is present
in the irradiated samples. When looking at the total mass loss for C5 and C6 in the region 250 °C - 800
°C, only a small difference is noticed between the irradiated and the reference samples: C5-IR loses 1.28
wt% while C5-REF loses 1.21 wt%. C6-IR loses 1.71 wt% and C6-REF 1.69 wt%. This could indicate that
the different forms of CaCOs; are present in different quantities or that different particles sizes of
carbonates are present.
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Table 4: Overview of SEM images at a magnification of 1200. Each SEM image has been binarized to make the cracks

and voids in the material better visible - tyrior = 24 h.

C1

C6

Irradiated samples

nd eI
NL 1.3k

e

50um

Reference samples

Table 5: TGA results recalculated to mass loss percentage of the original mass when heating the samples up to 800°C

- tprigr =24 h
Dose rate tirr Dose Mass change Mass change
1D (kGy/h) (h) (kGy) (vf,ﬁio) ("}v'if/j)
20 - 250 - 20 - 250 -
250 °C 800 °C 250 °C 800 °C
C1 2.37 4.7 -10.36 -0.68
c2 4.92 9.8 -9.75 -0.48 ~12.90 -0.43
C3 8.33 16.6 -10.89 -0.40 -13.66 -0.44
Cc4 2 23.73 47.5 -6.62 -1.17 -9.68 -1.30
C5 168 336.0 -5.01 -1.28 -6.08 -1.21
Cc6 312 624.0 -5.50 -1.71 -6.54 -1.69
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Figure 8: TGA curves and dm/dT curves of the C2 and C6 samples. For both tests (C2 and C6), a reference sample and
an irradiated sample are plotted.

The higher water content at 2500 cm™ to 3600 cm™ for the reference samples and the difference in
carbonates at 1250 cm™ to 1560 cm™ is also suggested by the infrared spectra. As an example, the
infrared spectra of C6 are presented in Figure 9. The extra peak for the irradiated sample at 1404 cm™
can be attributed to CaCOs;, indicating a radiation induced carbonation. Also at 860 cm™ a small
difference is present which is associated with the formation of CaCOs. According to Sato et al. [25] peaks
of vaterite are located at 1490, 1420, 1085, 870 and 750 cm™; peaks of aragonite at 1475, 1080, 855,
840 and 715 cm™; and peaks of calcite at 1430, 870, 845 and 715 cm™. This means that the peaks for
samples C6 at Figure 9 are most likely linked to the formation of vaterite in the irradiated samples.

Transmittance %
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Figure 9: ATR-FTIR spectrum of irradiated samples (C6-IRs) compared to reference samples (C6-REFS) - tyrior = 24 h.
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In the high dose rate experiment (C), the sample mass change and sample volume change in time was
also evaluated. Each sample was measured before and after the irradiation. The relative change is
expressed in Figure 10. As demonstrated, all the samples show a decrease in mass over time/dose, and a
decrease in density. However, a plateau for both seems to be reached after 7 to 8 days of
irradiation/hardening (C5) at a level of approximately -15% and -11% respectively. Also a decrease in
volume is visible for both the irradiated and reference samples. It is clear that the irradiated samples
have a higher mass and volume loss which is due to the accelerated loss of water as a result of radiolysis.
However, the difference with the reference samples becomes smaller in time/dose. In most cases, except
from C2, the irradiated samples have a lower density (approximately 12% after 7 to 8 days of irradiation)
than the reference samples mainly attributed to a higher mass loss.

e REFS

Mass change
Density change

Figure 10: (i) Relative mass change (ii) relative Volume change and (iii) relative density change expressed as the
relative difference of the samples measured before and after irradiation, tprior= 24 h.

3.4. Overview and prospects

A graphical overview of the results from the compressive strength tests for all irradiation set ups is given
in Figure 11. At low doses (< 5 kGy) no statistically significant change can be stated. Above 5 kGy
however, a significant increase in compressive strength was found for all the samples. However, more
irradiations exceeding the 5 kGy level are necessary, especially for the lowest dose rate of 1.6 Gy/h to
support this conclusion. Also, it is not clear yet what will happen when the samples are irradiated to
absorbed doses higher than the reference level of 2 x 10°> kGy [24]. The relative change in strength
seems to be more related to the total absorbed dose then to the applied dose rate. Moreover, the curing
time prior to irradiation also affects the IP’s response to gamma irradiation from the mechanical point of
view. For the intermediate dose rate set-up at 152 Gy/h (B), the relative changes seem to be more
pronounced then in the other set-ups, which might be related to the fact that the samples were in this
case only hardened for 1 hour prior to irradiation. It is expected that in this case the radiation induced
polymerization is of higher importance than the radiation induced carbonation.

We can compare the relative change in compressive strength of the samples of experiment A irradiated at
7.1 Gy/h with the samples of experiment C irradiated at 2 kGy/h since they are irradiated until the same
dose rate. All the samples were hardened for only 24 h before irradiation. The mechanical response of the
material to gamma irradiation seems to depend on the applied dose rate. For the samples of A.4.2 an
increase of (+6 + 2) - 10! % in strength was observed, while this was only (+16 + 1) % for the samples
in the C2 irradiation experiment.
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Figure 11: Relative change of compressive strength of the irradiated compared to the reference samples - in function
of total absorbed dose (log scale) sorted per ascending dose rate with 80% confidence interval: A (1.6 Gy/h), torior =
24 h = A (7.1 Gy/h), torior = 24 h = B (152 Gy/h), tprior = 1 h = C (2kGy/h), tprior = 24 h.

15



The increase in strength can be related to the growth of carbonates e.g. CaCOs; or Na,COs in the
microcracks and pores [17], [24]. Next to radiation induced carbonation strengthening, a possible
explanation for the strength increase could be the iron reduction under gamma radiation. The minimal
amount of Fe*' present in the Fe-rich precursor material and the additional amount of Fe** formed
simultaneously with the polymerization reaction in the IP synthesis reaction [51]-[55] can be reduced in
alkaline environment under gamma radiation [56], [57]. Due to gamma irradiation, a reducing
environment is generated [23]. Under these conditions, non-structural Fe3* from the initial dissolution
step in IP formation can reduce to Fe?*.Tetrahedral Fe3* can be incorporated in an IP framework [52],
[54], Fe?* on the other hand will form two dimensional trioctahedral layers similar to Fe(OH), which
might contribute to a higher strength. Whether the reduction of Fe3* to Fe?* in the IP contributes to the
strength increase of the IPs under gamma irradiation will be further investigated in future research.

The IPs tested show a better resistance to gamma radiation from a mechanical point of view compared to
the mortar samples from Craeye et al. [27]. An increase of compressive strength of 10% was also
observed by Lambertin et al. [22] for hardened metakaolin based sodium geopolymers which is
comparable to the IPs used in this study.

4 Conclusions

Inorganic polymers based on plasma slag were are found to have a better gamma irradiation resistance
from a mechanical point of view compared to OPC-based-samples. The IP samples irradiated to doses
between 5 kGy and 624 kGy all show an increase in compressive strength compared to the non-irradiated
samples. The IPs studied show a different behaviour when irradiated immediately after casting (B) or
after 24 hours of hardening (A & C). IP samples irradiated immediately after casting show a higher
increase in porosity and a clear shift in pore size distribution in favour of the smaller pores. The increase
in strength in experiment B could be explained by a radiation induced polymerization reaction and a
change in porosity. For all the samples irradiated, the increase in strength could be explained by the
formation of amorphous carbonates and the reduction of iron.

Data availability
The raw/processed data required to reproduce these findings cannot be shared at this time as the data
also forms part of an ongoing study.
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