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Abstract

In search for alternative cementitious materials for radioactive waste encapsulation, geopolymers and inorganic polymers
(IPs) have received wide attention. Moreover, 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
necessity to evaluate the material’s behaviour under irradiation conditions. In this study the effect of high dose rate (8.85
kGy/h) gamma irradiation is investigated on CaO-FeOx-SiOz slag-based IPs. Samples with different curing times (1 h, 24
h and 28 days) prior to the irradiation were irradiated to a dose of 200 kGy using a 8°Co source.

The effect of gamma radiation is observed to be highly dependent on the curing time prior to irradiation. 28 days cured
samples are found to be resistant to the irradiation for the dose(rate) and properties tested without any significant change
in strength, indentation characteristics, porosity and Fe3* content. The IPs studied show a different behaviour when
irradiated immediately after casting or after 24 h of curing. It is therefore thought that the mechanism behind the effect of
irradiation is different for the non-hardened samples compared to hardened samples. For the 1 hour cured’samples prior
to irradiation multiple effects were observed: an increase of the compressive strength by a factor 2.20,a decrease in
hardness of the binder by a factor of 0.73, a lower Young’s-modulus of the binder by a factor of 0.67, a'decrease of creep
in time for the binder by a factor of 0.72, a decrease in porosity by a factor of 0.92 and an increase ©fithe Fe3*/ZFe ratio by
a factor of 1.95.
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Highlights
e Iron-rich slag-based IPs were irradiated with a 8.85 kGy/h %°Co source.
e The curing timebefore irradiation affects the material’s response.
e We observed_ strengthening of IPs associated to radiation-induced iron oxidation.
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Abbreviations and symbols:

Ac Contact area

ATR-FTIR Attenuated Total Reflection Fourier-transform Infrared Spectroscopy
C Creep modulus

Crr Normalised indentation creep parameter
Em Indentation elastic modulus

Frmax Maximum indentation load

H Hardness

ho Initial indentation depth

ha Contact perimeter of indenter

hc Penetration depth

hr Residual impression

Hmax Maximum indentation depth

IAEA International Atomic Energy Agency
IPs Inorganic Polymers

IRR Irradiated

IS Isomeric Shift

L(t) Creep function

MIP Mercury Intrusion Porosimetry

OPC Ordinary Portand Cement

PS Plasma Slag

PSD Pore Size Distribution

QS Quadrupole Splitting

RAA Relative Absorption Area

REF Reference (non-irradiated)

RT Room Temperature

S Stifness

SEM Scanning Electron Microscope

TGA Thermogravimetrical Analysis

1 Introduction

In search for alternative cementitious materials forradiation shielding and radioactive waste encapsulation,
geopolymers and alkali activated materials have received wide attention [1], [2], [3]. These materials are
considered promising due to (i) their excellent performance characteristics and (ii) because they can be
synthesised from residue materials. Inorganic,polymers (IPs) is the class of inorganic binders which can be
formed through the alkali activation of @ calcium silicate source comparable to the conventional clinkers,
an aluminosilicate source, such as kaolinitefand fly ash, or a ferrosilicate source, such as slags from the
non-ferrous metal industry.

Plasma slag (PS) from urban “solid waste gasification can be considered as an industrial by-product
containing a Fe-rich glass fraction which can be valorised through polymer cement/block production [4]. A
number of publications cande found in literature using PS of different compositions as a precursor material
for IPs [5]-[10]. The_chemistry of the slag however influences the properties of the final IP, and thus
fluctuations shotld be limited [11]. Machiels et al. (2016) [7] compared the compositional data of different
freshly produced ashesito predict its compositional variation related to the source material, geographical
origin andsapplied pre-concentration method. It was found that most of the samples had a chemistry close
to ground granulated blast-furnace slag (GGBFS) and Ca-rich fly ash. Future work however has to focus on
the identification of an optimal precursor chemistry which allows the slag producers to harmonise the
compoaositionof the non-ferrous metallurgy slags [11].

Fe-rich” IPs offer an interesting alternative to high density concretes for use in radiation shielding
applications, from an economical point of view, since the slags necessary to produce IPs are cheaper than
the minerals used in high density concretes [12]. IPs are also interesting candidates for the conditioning of
certain radioactive waste streams due to (i) the absence of portlandite, (ii) the low water content and (iii)
the high alkalinity [3]. (i) Portlandite has weak immobilization capacities. Moreover, it is unwanted for the
immobilization of reactive metals since NaF cannot be added in the presence of portlandite to decrease the
metallic corrosion and corresponding dihydrogen production. (ii) A low water content is desired to limit the
radiolytic hydrogen yield, since radiolytic dehydration is one of the most important effects which can cause
damage in cementitious materials. Moreover, radiolytic dihydrogen formation should be limited to avoid
internal pressure build up. For IPs, however, this is expected to be of less concern, since literature indicates
that the apparent H; yield for IPs is below that of ordinary Portland cement-based samples [3]. The H>
yield is though affected by the presence of salts and ionic species in the pore water. Since salts as Ca(OH)3
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can interact with radiolytic H,O,, they can increase the hydrogen gas production [13]. As more H;O; is
consumed, less is available for the oxidation of hydrogen to water [13]. Ionic species and nitrate salts on
the other hand can decrease the H; yield as they interact with hydrated electrons and hydrogen atoms and
thus avoid recombination to H,. Moreover, this effect can increase when the ion concentration in the pore
solution increases as dehydration progresses. (iii) High alkalinity is desired since high pH insolubilizes many
metals and radioelements such as 137Cs and protects safety barriers from corrosion. [3]

Materials used for radioactive waste encapsulation are subjected to different dose rates, with a maximum
immediately after waste conditioning/emplacement and a decrease over time as a result of radioactive
decay. The dose rate highly depends on the type of waste and the position of the material in the conditioning
matrix. According to the Belgian waste management system, the gamma dose rate for waste conditioning
can vary from a minimum of 5 mGy/h at contact dose for the low-level wastes to a maximum ofs23 Gy/h
close to the radioactive source for vitrified high-level waste [14]-[16]. Peak gamma dose ratés, for high-
level waste disposal varying from 35 mGy/h to 10 Gy/h have been reported by Bennet et al..(2008) [17].
Much higher dose rates are applicable in nuclear reactors at the concrete interface. A flux¢f +3-10%rad/s
(=1-10'! Gy/h) has been reported for a three-loop pressurised water reactor [18], [19]:

The detrimental effects of gamma radiation on OPC-based matrices have been studied extensively [20]-
[27]. However, less studies can be found examining the effect of gamma radiation on'IPs [28]-[36]. Most
of these studies focus on metakaolin-based geopolymers. In literature, radiation-induced strengthening is
reported for metakaolin Na-geopolymers by Lambertin et al. (2013) [31] and for iron-rich IPs by Mast et
al. (2019) [35]. A possible explanation for this strengthening could be as€hangejin the pore size distribution
[35]-[37]. The increased strength as a result of irradiation can also be'relatedito the growth of carbonates
e.g. CaCOs or Na;COs in the microcracks and pores [24], [38]. Or, in‘the case/of iron-rich IPs, the strength
increase can be related to the radiolytic effect on the different oxidation states of iron, which also
determines the strength of non-irradiated IPs [8], [10].

In literature, also altered creep properties of cementitious materials as a result of gamma irradiation are
reported [27]. Hilloulin et al. (2018) [27] used microindentations with a maximum load of 2000 mN to
characterise the creep properties of the individual phases of fully hardened mortar samples after irradiation.
They found a significant increase (+ 17%) in cement paste creep modulus after an exposure of 257 kGy at
510 Gy/h [27]. The creep modulus increase is corfesponding to a slight increase in indentation hardness.
The indentation modulus was not significantly affected. No results have yet been found in literature
describing the effect of gamma irradiation on the micromechanical properties of IPs.

This research focusses on a general description of the effects of gamma irradiation on inorganic polymers,
proposing a mechanism to descfibe the stréngth increase for irradiated samples [35]. The effect of high
dose rate (8.85 kGy/h) gamma irradiation is investigated on iron-rich CaO-FeO4-SiO; slag-based IPs. A
high dose rate was applied¢to increase'the irradiation effects and to mimic irradiation effects at the larger
timescale. The macro-#and micromechanical properties are studied as well as the microstructural
characteristics. Compressive strength, indentation modulus, hardness, creep, pore size distribution, water
content, carbonate’ content, and iron oxidation state were evaluated for the irradiated samples and
compared to non-irradiated samples. The mix design used in this study should be optimised when focussing
on a specific application such as nuclear waste management.

2 Material and methods

2.1. Inorganic polymer
A synthetic plasma slag (Figure 1) with chemical composition as given in Table 1 was produced using
bottomsashy iron ore, limestone, and sand to represent a slag often used in non-ferrous metallurgy [7].
The melt was quenched using pressurised water jets and a water tank to obtain a vitrified material with
high amount of amorphous phase (> 98 wt.%). The methodology for producing the synthetic slag is
described in more detail in Machiels et al. (2016) [7].

The quenched glass was milled using a ball mill until a Blaine value of (2.68 + 0.02) - 103 cm?2/g according
to EN 196-6 [39] before alkali activation. The milled slag, hereafter referred to as precursor, had a density
of (3.094 = 0.009) g/cm3 measured using the Quantachrome Multipycnometer MVP-6DC and a particle
size distribution of Dig = (3.87 £ 0.06) um, Dso = (22.3 £ 0.7) ym and Dgg = (68 £ 2) pm. The chemical
composition of the precursor 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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Figure 1: Photograph of non-milled plasma slag.

Table 1. Chemical composition of synthetic plasma slag (PS) according to XRF. FexOy is expressedd@s 92% FeO"and
8% Fex0s.

wt.% Si02 Fex0y CaO Al:0O; MgO TiO2 K0 Other
PS 29.2 28.2 26.7 13.4 0.8 0.7 0.6 0:4

The IP pastes were produced by mixing the precursor with a sodiumgsilicate activation solution. The
activation solution was a mixture of sodium silicate solution (molar ratio SiO3/Na,O = 3.3 and 65 wt.%
water, supplied by ABCR GmbH), sodium hydroxide pellets (grade 98.8%, supplied by VWR international)
and distilled water. An activation solution with molar ratios of SiO,/Naz0 =_146 and H,0O/Na,O = 20.0, was
used. 69.54 g of NaySiOs solution, 8.05 g of NaOH pellets and 22.41 g of distilled water were mixed for
100 g of activation solution. The precursor was mixed with the selution.in a solid to liquid ratio of 2.6 g/ml.
The binder recipe has been selected as the authors focussed“on,aidesign with enough binder phase such
as to allow the characterisation of the individual phases via hanoindentation. The binder recipe was also
adjusted to have limited reactivity to avoid microcrackingsince this would both affect the performance
and the nanoindentation results. Moreover, a higher amount of binder phase was preferred to make the
impact of the irradiation more pronounced. Irradiationyeffects in the binder were expected to be of higher
importance to the material properties than effects in‘the'unreacted particles.

The paste was cast in a small cubic (253smm3) or cylindrical (d = 30 mm, h = 40 mm) mould and vibrated
during 3 minutes at 50 Hz using the{Controls 55-C0159/L vibrating table. The samples were cured at a
temperature of (28.8 £ 0.5) °C and a relative humidity of (54 + 10)% in an environmental chamber for 1
hour, 24 hours or 28 days priof to_rradiation. These time intervals are chosen based on the different
reaction stages:

e 1 h: minimum time,aftericasing necessary to load the samples in the irradiation cell;
e 24 h: right after the main reaction peak;
e 28 d: stabledand fully cured sample.

After 28 d of curing, 'samples with a bulk density of about 2.5 g/cm3 were obtained with a microstructure
as in Figure 2/(i). Someymicrocracks as a result of drying shrinkage can be observed. Dimensional changes
are reported in a previous study of Mast et al. (2019) [35]. For the non-irradiated samples, volumetric
changes/up to -5%were observed. As large deformations resulting from shrinkage are undesired for nuclear
waste management applications, dimensional stability should be optimised by adapting the synthesis
parametersisuch as precursors’ reactivity and curing conditions [40].

Since the final setting time is about 6 hours, the 1 hour hardened samples were still very viscous at the
start of the irradiation, while the others were solidified. The IP.1s were irradiated during the dissolution
and polymerisation stage, while for the IP.24s the irradiation started when then main reactions (dissolution,
reorganisation, gelation and polymerisation) were already finished. A stable and fully cured sample is only
obtained after a sufficient curing time. Therefore, also IP.28s were included in the experimental design.
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.

2.2. Irradiation set-up
Irradiation was performed at the SCK-CEN BR2 research reactor facility [41]-[43]. The underwater gamma
irradiation facility BRIGITTE (Big Radius Installation under Gamma Irradiation for Tailoring and Testing
Experiments) was used [41]. Table 2 summarizes the characteristics of the gamma source used in the
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irradiation test. The irradiation container was surrounded by ten ¢9Co sources. The irradiation container
was a stainless-steel double-wall (3.5 mm wall thickness) barrel with a 20 cm internal diameter.
Temperature evolution of an IP sample was recorded using a thermocouple which was placed in the centre
of a sample via a 5 mm diameter drilled hole. At the start of the irradiation, a temperature of 25.4 °C was
registered. The temperature however quickly raised to 30.1 °C after 1.5 hour and reached a plateau after
4 hours at 33.6 °C. The irradiation was performed in stagnant atmosphere with the sample container
immersed in a water basin of about 25 °C.

Table 2. Characteristics of irradiation set-up.

Irradiation facility Brigitte position B at
SCK-CEN MOL

Source 50Co

Decay 0Co > ONi + e + ve+ Y

Energy 1.173 MeV,
1.332 MeV

Irradiation time 22.5h

Time before irradiation 1h,24hor28d

Max dose rate 8.85 kGy/h

The dose-rate for the irradiation was calculated using a dose rate map based on measurements with Harwell
Amber 3042 Dosimeters [44]. To perform the dose-rate mapping, the dosimetersiwwére placed on the central
axis of the container. The dose-rate variation on horizontal planes.n the container without samples is +
10%. Samples were placed at the position with maximum dose rate 0fy8.85 kGy/h for 22.5 hours resulting
in a total dose of 200 kGy.

Samples were named according to their time before irradiation. The ID’s are listed in Table 3. Irradiated
samples were compared to reference samples for which the same procedures were applied as for the
irradiated samples, except for the irradiation itself. Nowreaction stoppage procedure was applied. The
reference samples were kept at the same ambieng,conditionsvas the irradiation samples during and after
irradiation. It is not recommended to compare sample results to other than their reference since manual
operations in the production method of different batches,might slightly deviate.

Table 3. "Sample ID’s.

Reference Irradiated
samples samples
1 hour hardened IP.1.REF IP.1.IR
24 hoursshardened IP.24.REF 1P.24.1R
28 dayshardened IP.28.REF 1P.28.1IR

2.3. Evaluation of irradiation effects

2.3.1.4 Macro=mechanical behaviour
Compressive 'strengths tests were performed to evaluate the mechanical properties of the samples
measuring ([25yx 25] x 20) mm3. The tests were executed in triplicate. Uniaxial tests were performed
according to NBN EN 12390-3 [45] using a Instron 5985 with a compression speed of 1.0 mm/min. The
compressive strength in MPa was calculated as the maximum load at fracture in Newtons divided by the
contactarea of the auxiliary plates in mm2.

2.3.2. Micro-mechanical behaviour: nanoindentation
Nanoindentation was used to determine the Young’s modulus, hardness and creep of the individual
constituents of the IP. The irradiated and non-irradiated samples for nanoindentation were cut plane-
parallel and polished to reduce the surface roughness. The procedure followed, as described in Table 4,
was similar to that of Miller et al. (2008) [46] and Nedeljkovic et al. (2018) [47]. Next a disk of £ 2 mm
thickness was cut of the cylindrical samples using a water-cooled diamond saw. Finally, the samples were
cleaned in an ultrasonic bath and mounted on a rigid sample holder with little amount of glue.
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Table 4. Mechanical polishing procedure for nanoindentation tests.

Polishing Material Grit (pm) Duration (min)
1 Sandpaper P-80 201 5
2 Sandpaper P-120 82 5
3 Sandpaper P-320 46.2 5
4 Sandpaper P-800 21.8 10
5 Sandpaper P-1200 15.3 10
6  Silicon carbine P-4000 2.5 15
7 Diamond paste 6 6 20
8 Diamond paste 3 3 20
9 Diamond paste 1 1 30
10 Colloidal Silica 0.02 >(5h
Suspension

For the evaluation of the mechanical properties of the different phases present in the material, a large grid
nanoindentation test was performed using an Alemnis ASA fnanoindenter with a Berkovich diamond tip
(Figure 2). The indenter was operated in-situ within the SEM vacuumfchamber (FIB/SEM Versa 3D from
FEI). A grid test was performed executing 50 indents with,a Spacing of 15 ym between the individual
indents (Figure 2). The in-situ configuration was used tosselectithe regions of interest prior to indentation.
Light microscopy was used to observe the indentation pointstafter testing and to assign each indent to the
corresponding phase (binder or unreacted slag particle). The elastic modulus at the microscale (E,), the
indentation hardness and the indentation creep,of. each”individual phase can be determined from the
analysis of the indentation curves. Load controlled indentations were performed. A trapezoidal loading
curve was applied with a loading rate of 1 mN/s up,to a maximum of 20 mN and an unloading rate of 1
mN/s (Figure 3). The maximum load was heldiconstant for 40 seconds, in order to perform a creep analysis.
This time interval was chosen long enough to jobserve creep and short enough to limit thermal drift during
this stage. During the unloadinga furtherstep at constant load of 1mN was held for 60 seconds in order
to calculate the thermal drift and apply the necessary corrections.

Figure 2: (i) Microstructure of IP.24.REF using light microscope Leica DMI5000M with 53 indentation points (A) and
(ii) Berkovich indenter tip approaching IP.24.REF surface in in-situ SEM. The light grey phases are unreacted slag
particles and the dark grey phase is reacted IP binder.
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Figure 3: Trapezoidal load curve in function of time.

For the analysis, only two phases were considered: (i) the unreacted slag/particles'which remain in the
paste and (ii) the geopolymer binder phase resulting from the dissolution.of slag particles which constitutes
the matrix surrounding the unreacted slag particles.

The binder phase is difficult to characterise. When possible, the regionfor indenting the binder was carefully
chosen using the in-situ SEM configuration. Despite the limited footprint of the indent, due to the
morphology and distribution of the unreacted particles, it was'difficult to select and indent regions where
only the binder phase was present. Moreover, it is reasonablesto assume that unreacted particles concealed
underneath the visible surface of the binder phase randomly,contribute to the mechanical response. The
binder has therefore to be assumed inherently heterogeneous within the indentation volume probed by the
indenter. The probed volume extends well below the, maximum’indentation depth. A wider scattering of the
binder indentation parameters is expected with respect to the unreacted particles’ indentations. The
indentation load of 20 mN and the corresponding maximum indentation depth represents a good
compromise for the selection of a meaningful ‘indention volume for the binder phase. The resulting
indentation depth is small enough to minimise the likelihood of subsurface unreacted particles but not too
small to suffer from the uncertainties associated to the actual indenter shape (see further discussion on
area function). Indenting an unreacted particle with a load of 20 mN resulted in a maximum indentation
depth in the 400 - 500 nm range whereasithe corresponding indentation depth for the binder phase was
in the 1100 - 1200 nm range, as showed in Figure 4. Both type of indents are therefore clearly
distinguishable using light micrescopetimages as shown in Figure 2, where the small indents relate to the
unreacted particles.

hU hmax

25.00 25.00 \
0,00

Load (mMN)

Load (mN)

5.00
(4] / hl‘
0.00 0.00
0.00 100.00 200.00 300.00 400.00 500.00 0.00 20000  400.00 600.00 800.00 1000.00 1200.00 1400.00

Displacement (nm) Displacement (nm)

Figure 4: Typical load-displacement curve of indentation on i) unreacted particle and ii) the binder phase.

According to the method proposed by Oliver and Pharr (1992) [48], the material elastic modulus and the
indentation hardness can be determined from the elastic unloading part € of the load (P)-displacement
(h) curve (Figure 4). A Berkovich diamond tip (three-sides pyramid with face angle of 65.27°) was used
for the indentations. Following the Oliver and Pharr approach, the contact depth (h.), as measured form
the maximum penetration depth, can be determined from:

he = hipax — € 2322 Equation 1
dh
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Where ¢ = 0.75 for a Berkovich indenter and Z—z is the samples contact stiffness represented by the slope of
the tangent to the curve at maximum load. Least square fitting of the unloading section is necessary to
calculate the slope. P, and hy.x correspond, respectively, to the maximum load and the maximum
indentation depth. Once h. is known, the area of contact can be calculated from the geometry of the
indenter. For an ideal Berkovich indenter the contact area is given by:

Ac (he) = 24.56 - h? Equation 2

In order the take into account the real geometry of the indenter tip, i.e. the rounding of the tip which
greatly affects the measurements at shallow depths, a correction generally referred to as “area function”
is used. The area function is obtained by indenting a fused silica standard with well-known elastic modulus
and hardness and it is presented in equation 3.

Ao (h)) = 24.56 - R2-7.61 - 1075+ hl- 1.35 - 105 - h!/* + 8.86 - 107°- AY/*- 1.23 - 10 5- hY® +1.65 - 1075 4R/ — 1.06
©107% - hY** — 400 - 1075+ pY** + 560 - 1076 - p2/*%

Equation 3
The combined elastic modulus (E*[GPa]) of the indenter and specimen is then given by
dpP
LN )
— Zldglm Equation 4

Where B is a correction factor for non-symmetrical indenters equal to 1.034 for, a Bekovich tip and 4. is the
area of contact described previously. The elastic indentation modulusiof the sample (E,, [GPa]) can derived
from the relationship:

1 _ 1-v3ing 1-v2

E* Eind Em

Equation 5

Where Ej,q and v;,q are the elastic modulus and the Poisson’s‘ratio of the indenter, with values of Ej 4 =
1140 GPa and v;,q = 0.07 for the diamond tip. The Poisson’s ratio of the sample material, v, was taken as
0.18.

As for the indentation hardness, (H [GPa)), is given by:

H = Pmax Equation 6

Ac
The normalised indentation creepsparameter;r [%], was calculated as:

Cir(%) = h’“%ﬂ'h“ =100 Equation 7

with h, being the initialdndentation, depth at the start of the indentation creep stage @. The indentation
creep curves were generated using equation 8. The creep function L(t) [Pa™!], also called creep compliance
rate j.(t), is fitted with a three parameter logarithmic curve from which the creep parameters (C [GPa] and
7 [s] ) can be caleulated [27], [49], [50]. The higher the value of C, the lower the rate of the creep.

17 2-ay(f)-Ah(y) logarthmic fit In (%H)

Jo(®) = L(t) gb(O= L(t) 29— Fna ¢

Equation 8

In this formula, 'Ah(t) represents the increase in indentation depth during the creep stage. q, [m] denotes
thelradius ofsthe equivalent projected contact area of the indentor tip with the specimen surface ( a, =

VAc (ho)fT):

The results of the indentation tests of irradiated samples were compared to these of non-irradiated samples.
A two-sided two sample t-test at 0.05 level, assuming unequal variances were used to evaluate whether
the observed differences are significant.

2.3.3. Other properties - sample preparation
(i) Mercury intrusion porosimetry (MIP) was performed using the Micromeritics Autopore IV 9510 to
quantify pores in the 3.6 nm to 100 um region. Samples of (5 x 5 x 5) mm3 were dried for 48 hours at 30
°C and at atmospheric pressure and next dried for 2 hours at 25 °C down to 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 observed for the porosity of the samples.
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(ii) Attenuated total reflectance Fourier-transformed infrared (ATR-FTIR) spectroscopy was performed on
IP samples using a Bruker Alpha-P with diamond crystal. Samples were powdered just before analysis using
a Retsch RS200 vibratory disc mill for 10 s. 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 five measurements on
a homogenised powder made of three different samples.

(iii) Thermogravimetric analysis (TGA 550 - TA instruments) of the samples was carried out from 20 °C to
800 °C with a heating rate of 10 °C/min in a nitrogen atmosphere. The mass was measured up to 10 g
precision. Samples were powdered just before analysis using a Retsch RS200 vibratory disc mill for 10 s.

(iv) >’Fe Mossbauer spectroscopy measurements were performed to investigate the state and the
environment of the Fe atoms in irradiated and reference samples. Samples were powdered manually to a
fine powder and pressed into the sample holder right before measurement. Gamma rays from a >?Co source
in a Rh matrix was used. The samples were measured at room temperature (RT, 300 K) in4ransmission
geometry on a constant acceleration spectrometer. Calibration of the spectrometer was performediusing
a-Fe at 300 K. The isomer shift (IS) values are reported relative to a-Fe at RT. The IMSG, software was
used to fit the data [51].

3 Results and Discussion

3.1. Macro-mechanical behaviour

Samples were hardened for 1 h, 24 h or 28 d and next irradiated at a dose rate of 8,85 kGy/h using a ¢°Co
source for 22.5 hours. Directly afterwards, uniaxial compressive strength tests” on the irradiated and
reference samples were performed. The results are visualised in Figure 5« The compressive strength of the
IP.1.IR samples was higher by a factor 2.2 than the corresponding reference samples. For the IP.24.IR
samples, an increase by a factor 1.81 was registered. For the samples with tprior = 28 days no significant
difference could be observed. Radiation-induced strengtheningywasyalready reported by Lambertin et al.
(2013) for geopolymers [31] and by Mast et al. (2019) for.ifon-rich IPs irradiated at low dose rate [35].
This effect was assigned to a change in pore size distribution‘er to the growth of carbonates in cracks and
pores [38], [52].

i ii. iii.
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Figure 5: Compressive'stfength of irradiated samples compared to the reference with (i) torior = 1 h, (ii) tprior = 24 h
and (iii) tprior = 28 d — with one standard error of mean.

3.2..Micro-mechanical behaviour: nanoindentation?
Micromechanical properties were evaluated using nanoindentation. The samples were tested 14 days after
irradiation. To characterise the fully hardened reference material, the values of IP.28 were used. The results
are summarised in Table 5 and Table 6. The hardness of the unreacted particles was found to be (5.80 =
0.07) GPa. For the binder phase a value of (1.08 £ 0.07) GPa was found. This is in accordance with the
hardness of the different phases in an IP, reported by Puertas et al. (2011) [53], Lee et al. (2016) [54]
and Nedeljkovic et al. (2018) [56]. In these studies, a hardness in the range of 5 - 10 GPa was reported
for unreacted slag particles and 0.5 - 2 GPa for the IP binder.

An indentation modulus of (70 £ 1) GPa was found for the unreacted particles whereas for the binder phase
a value of (25 £ 1) GPa was found. This value is comparable to that of a CSH paste as reported in Lee et
al. (2018) [57]. Both values are also in agreement with the values reported by Nedeljkovic et al. (2018)
[56]. They identified three intervals: Em < 4 GPa for pores, 21 < Em < 45 GPa for C-(N-)A-S-H gel and Em
> 46 GPa for unreacted fly ash and GBFS particles. These intervals are consistent with the results from

1 n this section, the data is reported as the arithmetic mean * one standard error of the mean.
10
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other studies [53], [58], [59]. Lee et al. (2016) [54] reported an indentation modulus range of 4.44-16.78
GPa for pure N-A-S-H phase in fly ash based inorganic polymers and 47.61-70.47 GPa for the non-activated
slag particles. These values are of the same order of magnitude as found in this study.

Creep characteristics measured by nanoindentation are reported by Lee et al. (2018) [56]. For the non-
activated slag particles, a range in creep modulus (C) of 519 to 1488 GPa was found. For the N-A-S-H gel
a creep modulus varying from 41 to 106 GPa was reported. Creep properties in the same order of magnitude
were measured for the PS-IPs in this study. For the unreacted particles, a creep modulus of (1.4 £ 0.1) -
103 GPa was found. For the binder phase a lower creep modulus of (1.9 £ 0.2) - 102 GPa, and thus higher
rate of creep was found.

In the following paragraphs, the effect of gamma irradiation will be discussed in more detail. The unreacted
particles and the binder phase are discussed separately.

3.2.1. Unreacted particles
The results for the indentation points in unreacted particles are summarised in Table 5. No significant
difference could be observed for the hardness between the irradiated and non-irradiated,.samples. This was
in accordance to the assumption that unreacted particles are not affected by irradiation.yAverage values
varying from 5.6 to 6.4 GPa were measured depending on the curing conditions.

For the IP.1, a decrease by a factor of 0.87 was found for the elastic indentation modulus of the irradiated
samples. The reference value for non-irradiated samples was (84 * 2) GPa, while the value for the
irradiated sample was (73 = 2) GPa. For the IP.24 samples an increasé by a factor of 1.21 was observed
from (57 £ 1) GPa for the non-irradiated samples to (69 + 1) GPa for the.irradiated samples. There seems
to be no consistency about the effect of gamma irradiation on the indentation modulus of unreacted slag
particles. It should be mentioned that possibly also the underlaying binder layers influence the results of
the unreacted particles due to the large difference in hardness.y)No significant difference of the indentation
modulus was observed for the 28 days cured samples priofito,irradiation.

A higher creep modulus and thus smaller ¢y value was,found, for the IP.1.IR samples compared to the
IP.1.REF samples. Relative change in displacement during.the,creep stage was (5.1 £ 0.2)% for the non-
irradiated samples and (2.9 + 0.1)% for the irradiated samples, resulting in an increase in creep modulus
from (1.01 £ 0.05) - 103 GPa to (3.0 + 0.2) - 10%:GPa. For'the IP.24 samples, the creep modulus increased
by a factor of 1.47 from (1.7 £ 0.2) - 103 GPa to (2.5 + 0.3) - 103 GPa.

For the 28 days cured samples no significant difference was observed for any of the parameters under
consideration. It is observed that unreacted particles in 1 h cured samples are more sensitive to gamma
irradiation than longer cured samples. This result is, however, unexpected since it was suggested that slag
particles are insensitive to gammajirfadiation.

Table 5. Overview of nangindentationifesults related to the unreacted slag particles of the irradiated and non-
irradiated IPs with HardnessyIndentation modulus, Creep parameter and normalised indentation creep parameter.
Parameters for which alsignificant difference (at 0.05 level) between the irradiated and non-irradiated samples is

observed, are markedfwithiadox. It is discouraged to compare sample values to others than their reference sample,
since curing conditions ean deviate. Sample ID’s can be found in Table 3 - one standard error of mean is reported.

H Em C Crr

(GPa) (GPa) (GPa) (%)
IP,1.REF 6.38 £ 0.07 84 % 2 (1.01 £ 0.05) - 103| |5.1£0.2
IP. 1.IR 6.2 £0.2 73 2 (3.0 £ 0.2) - 103 2.9 + 0.1
IP.24.REF 5.6 £ 0.1 57 +1 (1.7 £ 0.2) - 103 3.9+ 0.3
IP.24.IR 5.96 + 0.07 69 + 1 (2.5 + 0.3) - 103 2.6 £0.4
IP.28.REF 5.80 £ 0.05 70 £ 1 (1.4 £ 0.1) - 103 3.8 £ 0.1
IP.28.IR 5.6 + 0.1 70 + 2 (1.1 +0.2) - 103 5.0 £ 0.7
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3.2.2. Binder Phase

The nanoindentation results the binder are summarized in Table 6. For IP.1, changes seem to occur as a
result of gamma irradiation. The hardness decreased by a factor of 0.73 from (1.20 + 0.07) GPa to (0.87
£ 0.08) GPa. This might correlate with the increased macroscopic compressive strength [60]. For IP.24,
also a significant difference was observed for the hardness. The irradiated samples had a hardness of the
binder 1.29 times higher than the non-irradiated samples, (1.19 £ 0.08) GPa and (0.92 + 0.03) GPa
respectively. It appears to be no clear trend about the effect of gamma irradiation on the hardness of the
binder phase.

For the IP.1 samples, the Young’s modus decreased by a factor of 0.67 from (32 £ 1) GPa to (21.5 + 0.9)
GPa. For the other samples, no significant difference was observed. A lower creep and thus a higher creep
modulus was observed for the irradiated IP.1 samples. The relative change in displacement during the
creep stage was (8.2 = 0.6)% for the non-irradiated samples and (5.9 + 0.4)% for the irradiated,samples,
a decrease by a factor of 0.72. From these results we conclude that the IP binder phase in 1 hour'samples
are more sensitive to gamma irradiation than older samples.

For the 28 days cured samples no significant difference was observed for any of the parameters under
consideration. The hardness was (1.02 + 0.04) GPa for the non-irradiated samplessand (1.07.+ 0.06) GPa
for the irradiated samples. Fully hardened cement paste properties of irradiated /(257 (kGy) an non-
irradiated mortar specimens were determined by Hilloulin et al. (2018) [27].4They reported a hardness of
(0.41 £ 0.06) GPa and (0.43 + 0.06) GPa for the reference and the irradiated samples respectively. This
indicates that the IP binder in this study is harder than cement paste. The indentation modulus of the 28
days cured IP samples was (25 £ 1) GPa and (23.5 = 0.9) GPa for the reference and irradiated samples
respectively, which is in the same order of magnitude of the indentation ' modulus obtained for the cement
paste: (20 £ 2) GPa in the study of Hilloulin et al. (2018) [27].4For the lattér, no significant change after
irradiation was observed. IP.28 showed a small decrease in creepymodulus from (1.9 + 0.2) - 102 GPa to
(1.5 £ 0.1) - 102 GPa as a result of irradiation corresponding te,an‘in€rease of C;r from (7.1 £ 0.5)% to
(7.3 £ 0.4)%. Although the creep modulus decreased by afactor of 0.79, it is not considered significant
according to the two-sided Student’s t-test. Hilloulin et'al. (2018) [27] found an increase by 1.17 in creep
modulus from (1.5 £ 0.2) - 102 GPa to (1.8 + 0.3) - 102 GPanas results of irradiation. It corresponds to a
decrease in relative change in displacement from (5.9, 0.6)% to (5.3 £ 0.6)% [27]. Comparing the results
of the fully hardened IPs of this study and thedmertar samples of Hilloulin et al. (2018) [27] and Robira et
al. (2018) [60] is difficult since different experimental set-up was used. The data however suggest that the
binding phase of IP is harder and has a slightly higher indentation modulus compared to cement paste. On
the other hand, creep is higher for thedP-binder compared to the cement paste. For the IP binder phase it
was also found that creep decreasesafter irradiation, which was also the case for the cement-based mortar
samples.

Table 6. Overview of nanoin@entation‘results related to the binder of the irradiated and non-irradiated IPs with a
Hardness, Indentation modulus, Creep parameter and normalised indentation creep parameter. Parameters for which a
significant difference (at Q405 level) between the irradiated and non-irradiated samples is observed, are marked with a

box. It is discouraged,to@@mpare sample values to others than their reference sample, since curing conditions can

deviate. Sample ID’s can be found in Table 3 - one standard error of mean is reported.

H Em C Crr
(GPa) (GPa) (GPa) (%)
IP.1.REF 1.20 % 0.07 32+1 (1.5 + 0.2) - 102 8.2 + 0.6
IP.1.IR 0.87 + 0.08 21.5 £ 0.9 (1.6 + 0.3) - 102 5.9 + 0.4
IP.24 REF 0.92 + 0.03 22.0 £ 0.7 (1.8 + 0.2) - 102 5.8 + 0.4
IP.24.IR 1.19 + 0.08 24 + 1 (2.6 + 0.4) - 102 6.0 + 0.6
IP.28.REF 1.02 + 0.04 25+ 1 (1.9 + 0.2) - 102 7.1+ 0.5
IP.28.IR 1.07 + 0.06 23.5 £ 0.9 (1.5 + 0.1) - 102 7.3+ 0.4

12



423
424
425
426
427
428
429
430

431
432
433
434
435
436
437
438
439

440

441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458

459
460

461

462
463

It can be observed that both the binder phase and the unreacted particles in the 1h cured samples were
more sensitive to gamma irradiation than the longer cured samples. Moreover, nanoindentation results
show that the binder properties were more affected by gamma irradiation than the unreacted particles.
This is related to the higher water content of the binder phase. Water radiolysis leads to reactive species
which can affect the properties of the phase. Loss of water as a result of radiolysis and evaporation
moreover leads to drying shrinkage of the binder phase. This was not the case for the unreacted particles.
This difference in irradiation response causes tensile stress in the hardened inorganic polymer and,
eventually, microcracking [61].

Both the unreacted particles and the binder showed an inverse effect of the irradiation on the Young’s
modulus of the IP.1 compared to the IP.24. In case of IP.1, a decrease due to irradiation was observed
while for IP.24 an increase was measured. The same trend was observed for the hardness as for the Young’s
modulus. It is therefore concluded that the mechanism behind the effect of irradiation are different for non-
hardened samples compared to hardened samples. Moreover, fully hardened IP samples (IP.28) seem to
withstand irradiations up to 200 kGy without any significant changes in micromechanical properties asisuch
hardness, Young’s modulus and creep. It can also be concluded that creep for non-fully’hardened samples
(IP.1 & IP.24) is lower for irradiated samples compared to non-irradiated samples. A significantjincrease of
39% in the binder creep modulus for the non-hardened samples (IP.1) could be found.

3.3. Other properties

3.3.1. Mercury Intrusion Porosimetry

The porosity and pore size distribution (PSD) of irradiated and non-irradiated, samples were determined
using MIP analysis. As shown in Figure 6, for the three curing conditions,the main porosity is related to
pores in the 100 - 2000 nm region and pores < 10 nm. The porosity. for the/IP.1 samples is significantly
reduced in the 100 - 2000 nm region as result of irradiation with4a shiftto the smaller pore sizes. For pores
smaller than 10 nm a small shift to the larger pore size diameters,was/detected. In general, a net lower
porosity (- 2.7%) was measured for the irradiated samplesscompared o the reference samples (Table 7).
For the IP.24 samples no significant change could be observed intthe PSD apart from the very small shift
to the larger pore diameters at 1000 nm, resulting in an increased net total porosity with + 3.0%. For IP.28
no significant change in total porosity was observed. In.the PSD plot, however, a shift to the larger pore
diameters at 4 - 5 nm was detected and a small shift to the lower pore diameters at 200 - 300 nm was
detected. No consensus can be found about the“effect of gamma irradiation on the porosity of the tested
IPs. For IP.1 samples a shift in PSD to the smalleripore sizes with a decrease in total porosity was reported.
For IP.24 and IP.28, no significant but a,small increase in porosity was observed. Due to gamma heating
and gamma radiolysis, water is eliminated from the geopolymer structure leading to an increased porosity
for solidified matrices. For IP.1 samples, on the other hand, which were still viscous at the start of the
irradiation, the matrix can shrink{plasticallywithout inducing microcracks. It can be concluded that mainly
significant changes in the PSDfonlyioccurswhen irradiating non-hardened samples.

Table 7. Porosity of non-irradiatedyand irradiated samples measured with MIP. The estimated error parameters is +

0.7%
IP.1 IP.24 IP.28
Reference 'samples 17.0% 14.7% 10.9%
Irradiated samples 15.7% 17.7% 11.6%

......... IP.24.IR wveenenees [P.28.IR

IP.24.REF — |P.28.REF

E
£
s

Pore size diameter (nm) Pore size diameter (nm)

Figure 6: Pore size distribution of the irradiated samples compared to the reference samples with (i) tprior = 1 h, (ii) tprior
= 24 h and (III) tprior= 28 d.

13



464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480

481

482

483
484

485
486
487
488
489
490
491
492
493

494
495
496
497
498
499
500
501
502

3.3.2. ATR-FTIR

Infrared spectra of the different samples do not indicate a difference as a result of irradiation. Only a small
decrease in water content for the irradiated samples can be observed. As an example, the infrared spectra
of IP.24 are presented in Figure 7. The IR peak from 3000 - 3500 cm™ and from 1650 - 1655 cm™ are
correlated to the water content of the samples. Around 1400 cm™! the peak for Si-O-Si bond stretching can
be found. At 950 cm™ - 1250 cm™! the Si-O-T (with T = Al or Si) asymmetric and symmetric stretching and
vibration is found. At 680 cm™! the value for Si-O stretching vibration is located and at 440 cm™! T-O bending
vibration response is detected. No difference for carbonates (+ 1400 cm!) as a result of irradiation was
observed. This differs from a previous study [35] in which an extra peak at 1404 cm! was observed related
to CaCOs. Radiation-induced carbonation at high dose rate irradiation can thus not be confirmed in the
current study. Radiation-induced carbonation was earlier observed by Maruyama et al. (2018) when
irradiating fully hydrated OPC mortars up to 5 x 10% kGy at £ 7 kGy/h [52]. Carbonates were formed as
the result of the reaction of Ca(OH): (forming after cement hydration) with H,0; (formed from radiolysis)
towards insoluble calcium peroxide, Ca0,.8H>0 [62]. The peroxide is very slightly soluble and, easily. loses
its water of crystallization [52]. Dehydrated peroxide reacts with water to form portlandite,Ca(OH). which
in turn can react with CO, to form CaCOs [13], [52]. Notice that the presence of Ca(QH). results in the
consumption of the radiolytic H,O, (equation 9) [52], [62].

Ca(OH)2 + H202 > Ca02 + 2H20 Equation 9

nce (a.u.)

nsmittar

3300

2300 1800 1300 800 300
Wavenumber (cm™)

Figure 7: ATR-FTIR spectra of thefirradiated samples compared to the reference samples for IP.24.

3.3.3. Thermogravimetricianalysis

The first mass loss from 20 °C to 250 °C in the TGA curves is attributed to the dehydration of free
evaporable water and interstitial water. The TGA results (Figure 8) indicate a lower water content for the
irradiated samples which is intagreement with the ATR-FTIR results. This is related to water radiolysis
during irradiation and due to the'accelerated evaporation of water as a result of gamma heating. During
irradiation the temperature evolution in a cubic (20 x 20 x 20) mm3 sample was monitored. A thermocouple
was placed in the€entre of a sample accessible through a 5 mm diameter drilled hole. A temperature
increase from 25.4°2€ to 34.2 °C was registered. TGA results indicate that higher tpior lead to less water
loss as a result of irradiation.

The weightlossifrom/250 °C to 700 °C can be attributed to bound water present in the hydrates [5], [63].
In this region no difference could be observed. In the region from 570 °C to 620 °C however, a small
differenceywas observed. This was clearly visible for the IP.24 and IP.28 samples and can be related to the
decompesition of (calcium) carbonates [64], [65]. According to Thiery et al. (2007) [66], who investigated
carbonation”in cementitious materials, this temperature interval can be associated to the crystalline and
metastable polymorph of CaCOs;: vaterite. Similar effects are observed in a previous study [35]. From the
TGA curves it can be concluded that more carbonates decompose for the reference samples than for the
irradiated samples. However, since samples were grinded before TGA analysis, local carbonation could also
occur during sample preparation.
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Figure 8: TGA curves and dm/dT curves of the irradiated and non-irradiated IR{24 samplessfrom 25 °C to 800 °C with
a zoomed view of the dm/dT curves from 500 °C 'to Z@0°C.

3.3.4. >’Fe M{ssbauer spectroscopy

Mossbauer spectroscopy was used to determine the redox ratio of.ferric) (Fe3*) and ferrous (Fe2*) iron in
the irradiated and non-irradiated IP samples. All spectra are fitted with a model using three quadrupole
split components (C1, C2 and C3) as visualised in Figure 9 for the.case of the IP.24.REF sample spectrum.
The different raw spectra of all samples are comparedtin Figure 10. The relative absorption areas (RAA)
are calculated for each component and reported in Table 8."Based on these RAAs, the Fe3+/3Fe ratio and
Fe2+/3Fe ratio can be calculated. According to Mysen (2006) [67], the isomeric shift (IS) most probable
values for Fe3+ at RT are found between 0.23@nd 0.41,mm/s within a range of distributions from 0.12 to
0.40 mm/s and the quadrupole splitting (QS) values between 1.06 and 1.61 mm/s within a range of
distributions from 0.10 to 0.74 mm/s. The correspending IS and QS values for Fe?* at RT are reported
there to lie from 0.91 to 1.14 mm/s within"a, range of distributions from 0.06 to 0.45 mm/s and 1.64 to
2.08 mm/s within a range of distributions from 0.11 to 0.60 mm/s, respectively. Both parameters are also
reported there with a tendency«to decrease with increasing Fe3*/SFe ratio. Taking into account these
characteristics, from the IS and QSfvalues reported in Table 8, components C1 and C2 are characterized
as Fe?* and component C3 as Fe3* [68]:

= a e

FEMEEEEE S

P

<

@ Experimental data
Fitted spectrum
C1 (Fe*)

C2 (Fe*)

C3 (Fe¥)

Transmittance{%)

Dopplar‘ shift (mm/s)
Figure 9: >’Fe Mdssbauer experimental spectrum of IP.24.REF (points) with the fitted components in different colours.

The dashed rectangles indicate the regions where the contributions from the higher velocity parts of the Fe** and Fe?*
quadrupole split doublets appear.
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A RAA(Fe3+) of 20% was found for IP.1.REF, while for IP.1.IR a RAA(Fe3+) was found of 39%. This indicates
clearly that gamma irradiation stimulates the oxidation of iron in the IP matrix. Also for IP.24 an increase
in RAA(Fe3*) was observed. The relative amount of Fe3* increased from 24% to 38%. However, for IP.28
no increase in Fe3* content is observed as a result of irradiation. Both the irradiated and non-irradiated
samples had a RAA(Fe3*) of 43%. It can thus be concluded that non-hardened samples (tprior = 1 h) are
more sensitive to iron oxidation as a result of gamma irradiation than hardened samples. Radiation-induced
oxidation of Fe2* is associated to the formation of iron oxyhydroxide. We believe the oxidation in IPs is
caused by radiolytically produced *OH radicals as explained in section 3.3.5. The extent of the phenomenon
can be explained by the evolution of the water and of the dissolved Fe2* content. Since both decrease in
time, a longer curing time prior to irradiation leads to less radiation-induced iron oxidation. Water in the
samples decreases over time as a result of natural evaporation. The Fe2* content decreases in function of
time as a result of the natural oxidation of iron as a result of the polymerisation reactions, which reduces
the amount of Fe?* iron, susceptible to oxidation, in the sample with time [10]. This is indicated by the
increase of the Fe3*/>Fe ratio for the reference samples with increasing tprior = [1 h, 24 h, 28 d1:.20%, 24% and
43%. Future experiments will give better insight in the process taking place.

Table 8. Hyperfine parameters values resulting from the components used to fit the *’Fe Méssbauenspectra. IS stands
for isomer shift given relative to a-Fe at RT, QS is the central value of the quadrupole splitting andthe RAA is the
relative absorption area of each component. The estimated errors on the parameters are £,0.02 mm/s for IS and QS,
and = 5% for the absorption area.

IS Qs RAA 56 <
Component E% %
(mm/s) (mm/s) (%) ©E°
C1 - (Fe?*) 1.22 2032 38
IP.1.REF  C2 - (Fe?*) 0.88 199 42
C3 - (Fe™) 0.35 0092 20
C1 - (Fe?*) 1.19 M4 20 ¢
IP.1.IR C2 - (Fe?*) 0.95 1.84 41 ~
C3 - (Fe™) 0.33 0.95 39 0
C1 - (Fe?") 1922 2.30 32
IP.24.REF  C2 - (Fe*) 0.89 1.96 44
C3+- (Fe34) 0.35 0.92 24
C1 - (Fe?*) 1.17 2.13 17 N
IP.J4.IRN,. C2- (Fe**) 0.97 1.79 45 ~
C3 - (Fe™) 0.33 0.89 38 0
C1 - (Fe?*) 1.19 2.16 9
IP.28.REF  C2 - (Fe?*) 0.98 1.88 48
C3 - (Fe™) 0.37 0.80 43
C1 - (Fe?*) 1.21 2.21 10 ~
IP.28.IR  C2 - (Fe*) 0.99 1.85 47 ~
C3 - (Fe™) 0.36 0.85 43 ~
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Figure 10: Comparison of the raw °’Fe Méssbauer spectra of the irradiated and non-irradiated samples with (i) tprior =
1 h, (i) torior = 24 h and (iii) tprior = 28 d. The shaded areas indicate the regions of the higher velocity parts of the Fe3*
and the Fe?* doublets used to fit the spectra.

3.3.5. Radiation-induced oxidation of iron

Radiation-induced oxidation of Fe?* has already been widely studied for applications other than inorganic
polymers. Radiation-induced oxidation of iron is currently used as technique to control the.formation of
iron oxide nanoparticles for use in cancer treatment, environmental clean-up, Ccatalysis and gas sensors
[69]-[72]. Gamma-irradiation synthesis is used for the reduction or oxidation of metal ions, followed by
metal clustering in nuclei growth. This technique makes use of the strong reducing (seaq, *H) and oxidising
species (*OH, H,0,) formed as a result of water radiolysis. When the irradiation,is terminated, the reactive
species recombine to reform into water [70].

According to Wren et al. (2010) [73], in alkaline conditions (pH > 8.5) the’main radiolysis products are
molecular Hz, Oz and H>0;. Upon irradiation their concentration ‘accumulates very quickly, followed by a
slower increase, taking a few hours to reach the steady-state level.%The redox reactions taking place are
dependent on the pH of the environment. At pH < 9.7, *eaghis Femoved by reaction with H*(equation 10).
At higher pH’s however, which is the case for most IPs;,this reaction becomes too slow and the removal
path of *esq shifts to a reaction with the secondary -radiolysis product, O, originating from the
disproportionation reaction of *O>- (/HOz*). A reaction logp is established in which O; acts as a catalyst for
*eaq” and *OH removal (equation 11, 12). The effectiis an increase in concentrations of H> and H>O,, since
these products normally decompose as a resultiof the reaction with *eaq” or *OH [73]. H2O> is a strong
oxidant and can cause iron oxidation in for.examplethe inorganic polymer samples. We note that according
to equation 9, the calcium content ind@ sample might suppress this effect of iron oxidation as a result of
the consumption of H,O, by Ca(OH)2 toiproduce calcium peroxide.

H* + *eaq <> °H Equation 10
*€aqg” + 02 & 02 Equation 11
*O2" + *OH & 024, OHF Equation 12

Wren et al. (201Q) [73] reported the formation of iron oxyhydroxide (FeO(OH)) nanoparticles from
dissolved e2*. In this process, dissolved Fe2* was oxidised to Fe3* by radiolytically produced *OH radicals
and H,0;, followed by theé hydrolysis of Fe3* with the precipitation of Fe(OH)s. Nevertheless, no precipitation
was observed by Wren et al. (2010) [73] although the solubility limits were exceeded. Instead, a colloid
formation of Fe3* oxy-hydroxide was observed [73]. The formation of islands of Fe;Os on the surfaces of
FeO_and'Fes304 as a result of irradiation was also reported by Sarah et al. (2019) [71]. Sutherland et al.
(201670 reported the formation of magnetite particles as a result of the gamma irradiation of FeSO4
solutions. In silicate free IP systems, colloidal FeO(OH) as observed by Wren et al. (2010) might be formed
[73]. In this study, however, the aqueous silica from the activation solution can inhibit the Fe3* hydrolysis
via the formation of stable ferric silicate complexes [74], [75].

Oxidising *OH radicals are produced in the Fenton’s reaction. Ferrous iron acts as a catalyst in this reaction
scheme leading to the disproportionation of hydrogen peroxide (equation 14) with the production of very
oxidising *OH radicals [76]. These radicals can even attack Fe(III) to form Fe(IV) species [76]. Bouniol
(2010) [77] found that at high pH (>13) ferryl-based complexes (Fe(OH)s) become the main oxidising
species being formed. It is concluded that radiolysis leads to the coexistence of Fe(II), Fe(III) and Fe(IV)
[77], [78]. Fe?* ions are more easily oxidised by *OH radicals than Fe3* ions are reduced by *e.q” and *Oy
, thus giving a possible explanation for the iron oxidation in the IP samples. [73].
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Radiolytic oxidation: Fe2* + *OH > Fe3* + OH" Equation 13

2Fe?* + H202 > 2Fe3* + 20H"

Fenton Reaction: Fe?* + H,0, > Fe3* + *OH + OH-
Fe3* + H,0, > Fe?* + *O0H + H* Equation 14
Hydrolysis of ferric ions: Fe3* + 30H ¢« Fe(OH)?* + 20H" ¢> Fe(OH)2" + OH <> Fe(OH)3 <> FeO(OH) + H20

Equation 15

Since inorganic polymers are known to be highly alkaline materials (pH > 11) the reaction mechanisms as
in equation 13-15 can lead to an increased Fe3+/Fe2* ratio in the IP gel and pore solution. Especially in the
initial reaction stage of the IP, when unbound Fe2* can still be found, the effect of radiatiom=induced iron
oxidation is expected to have the highest impact. Since in function of time more Fe-atoms will be bound in
the IP structure, oxidation of iron becomes more difficult. As the main oxidation of €aO-FeO«-SiO; in IP
samples happens during the first 24 h, irradiation during this reaction stage can have aillargerimpact on
the final sample [10]. Since Fe2* and Fe3* are incorporated in the IP 3D structure'in different ways, a
change in Fe3*/Fe?* ratio leads to the formation in different phases in the material,and“ean influence the
final macroscopic strength. It is suggested that tetrahedral Fe3* takes place in the silicate framework [10],
[79] while Fe2* takes place in a trioctahedral layer [10]. The contribution of /ferryl ions to the IP
microstructure has not been investigated. The valence however suggests ferryltos€ontribute to the silicate
framework.

The effect of irradiation on unsolidified samples is of importafce when considering these materials as
conditioning matrix for nuclear waste, since these materials are, subjected to gamma irradiation from time
zero. A side note should be made that in the presence of ironwalso'causes more H; to be produced. Radicals
such as *O- react faster with iron species than they do with Hy thus'increasing the survival rate of H, [77],
[80]. Moreover, *eaq” and *O" are potentially trapped in the Fe(II)€~> Fe(III) oxidation-reduction equilibrium
thus reducing their reaction potential with H; [80]«

4 Conclusions

Iron-rich CaO-FeO«-SiO; slag-based inorganic polymer samples were hardened for 1 h, 24 h or 28 d and
next irradiated for 22.5 hours at a dose'rate,of 8.85 kGy/h using a %°Co source. Several properties of the
samples were evaluated after irradiation and compared to the non-irradiated materials. An overview of the
effects related to the gamma irradiation is, given in Table 9. It is indicated that samples of only 1 hour old
prior to irradiation (IP.1) are affected more'by gamma irradiation than hardened samples (IP.24 & IP.28).
28 days cured samples are_found toybefresistant to the irradiation for the dose(rate) tested without any
significant changes for the executed tests. From the results of IP.1 and IP.24 it is clear that the irradiation
response depends highly on the “materials condition at the start of the irradiation. For the change in
hardness and the changeiin pore size distribution, an opposite effect could be observed when comparing
IP.1 tot IP.24. Since 1P« samples are still viscous at the start of the irradiation, the matrix can more easily
shrink, thus leading to a decrease in porosity. Moreover, it is indicated by nanoindentation that the binder
is more sensitive to gamma irradiation than the unreacted particles, which is related to the higher water
content ofsthe 'binder/phase.

For non-fully hardened samples (IP.1 and IP.24), it can be concluded that gamma irradiation increases the
macromechanical compressive strength. This effect can be related to the accelerated dehydration at the
early,agenof the sample, causing densification of the samples. Strengthening of the samples however can
also beé related to the increase in Fe3* content as a result of gamma irradiation, since Fe3* can take place
in the silicate network. Radiation-induced iron oxidation occurs as Fe2* from the slag dissolution is oxidised
by radiolytically produced *OH radicals and H;O,. 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 becomes more difficult as the samples
dehydrate and since more Fe-atoms will be bound in the IP structure. Changes in the Fe3+/Fe2* ratio can
lead to the formation of different phases in the material which can influence the macroscopic strength.

For the IP.1 samples multiple effects were observed: an increase of the compressive strength by a factor
of 2.20, a lower Young’s-modulus, lower creep in time, a decrease in porosity by a factor of 0.92, and an
increase of the Fe3*/3Fe ratio by a factor of 1.95. A significant decrease by a factor of 0.67 for the binder
indentation modulus and a significant decrease by a factor of 0.72 for the binder creep was found.
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Table 9. Summary of the irradiation effects observed for the samples with tprior= 1 h, 24 h and 28 d. 11 indicates a
strong increase as a result of irradiation, I indicates an increase as result of irradiation, = indicates that there is no significant change as a result of
irradiation and { indicates a decrease as a result of irradiation.

IP.1 IP.24 IP.28

Macromechanical ™~ 0 ~
compressive strength
Hardness (binder) NZ 0 ~
Indentation modulus (binder) NZ ~ ~
Creep (binder) NZ N2 ~
Total open porosity N% 0 ~
Free water content 4 \ ~
Carbonates ~ 2 2
Fe3t NN 0 s

ratio ~
Y. Fe

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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