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The stability and reactivity of SrCO3 within a blended Portland-slag cement at both 20 °C and 60 °C (to simulate
an indicative waste form for disposal) was determined via XRD, TG-MS, SEM-EDX and thermodynamic model-
ling. Sr'#CO; is a potential long-term sink for trapping radioactive **C, produced through the nuclear fuel cycle,
therefore understanding its stability in potential cementitious waste forms is of interest and importance.
Incorporation of 30 wt% SrCOj3 in blended Portland-slag cement caused minor reactions to occur, resulting in
increased formation of carbonated AFm phases, along with stabilisation of ettringite at 20 °C, precluded at 60 °C

due to the reduced stability to ettringite at this temperature. Thermodynamic modelling predicted only minor
SrCOj3 reactivity up to 360 days, with carbonate remaining stable over this timeframe, validated by our exper-
imental results. Thus, thermodynamic simulations predict that SrCO3 is an effective immobilisation matrix for
14¢, within a blended Portland-slag cement waste form, suitable for long-term geological disposal.

1. Introduction

The safe management of radioactive wastes arising from the nuclear
fuel cycle is crucial for clean-up of legacy civil and defence nuclear
programmes, and for securing public confidence in civil nuclear energy
as a low carbon source of electricity in the context of eliminating CO5
emissions as part of international climate change commitments [1].
Radioactive wastes are managed at a national level according to various
policy and regulatory requirements, which increasingly emphasise the
principles of the waste hierarchy, to minimise the quantity of radioac-
tive waste to be disposed [2]. Moreover, there is generally a requirement
that radioactive wastes should be treated and packaged so as to be
passively safe for long term storage and disposal [3,4].

Carbon-14 (14C) is a potentially challenging radionuclide in the
context of the final geological disposal of radioactive wastes. It is a beta
emitter (decaying to '*N), has a relatively long half-life (5730 years),
and can distribute globally as part of the carbon cycle [5]. Consequently,

* Corresponding author.
E-mail address: c.corkhill@sheffield.ac.uk (C.L. Corkhill).

https://doi.org/10.1016/j.cemconcomp.2022.104823

proposed national waste repositories pay careful consideration to wastes
containing concentrated levels of }*C. Though some **C occurs naturally
in the atmosphere from the interaction of cosmic ray neutrons with N
(by the reaction 14N(n,p)14C), production of 14¢ within the nuclear fuel
cycle typically occurs via neutron mediated reactions with 13¢, 14N, 15N,
160 and 170 which may be present in nuclear fuels, reactor moderators,
and primary coolant systems [5,6]. The most significant route to pro-
duction of C in nuclear power plants is via the **N(n,p)!*C reaction,
due to the very high thermal neutron capture cross-section of }*N, with a
natural isotopic abundance of 99.6%. Other significant contributors to
14¢ generation are the 17O(n,oc)MC and 13C(n,y)”C reactions, the latter
being of particular importance in the context of graphite moderated
reactors and carbide fuels [5-7].

On average the production of *C in a conventional light water
moderated pressurised water reactor (PWR) is 1480 GBq-GW(e)’lvyr’l,
with the majority occurring within the fuel and fuel cladding, resulting
in peak release of *C during fuel reprocessing (if undertaken) [5]. A
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Table 1 A - Alite E- Ettringite Mc - Monocarbonate L - Aluminate
X . B -Belite Hc - Hemicarbonate Ms - Monosulfate * - SrCO
Batched mix formulations. C - Calcite P - Ca(OH), LDH - Layered double hydroxidé
GGBS (g) PC (g) SrCOs (8) H>0 (g) w/s ratio 1d i 4 20 °C
0% mix 180 20 0 78 0.39
30% mix 126 14 60 78 0.39

further portion of 1*C will be captured in ion-exchange resins used at the
power plants [8]. The generation of 1*C is much higher for heavy water
moderated reactors (e.g. CANDU reactors), typically being 10 GBq-GW
(e)"t-yr~! with the majority occurring in the coolant/moderator. This
leads to an accumulation of *C within ion-exchange resins used for
coolant/moderator purification at these facilities [5,9]. This increased
14C production is due to elevated levels of 170 within the heavy water
coolant/moderator resulting in an increased number of 170(n,0¢)14C re-
actions [10-12].

The occurrence of radioactive wastes rich in *C has encouraged
research to extract and concentrate the *“C inventory for immobilisation
in a waste form suitable for disposal. This route is of particular interest
for CANDU reactor operators, where research has been undertaken on
the selective stripping of *C from resins [13,14], or other low temper-
ature treatments [15], allowing residual resins to be classified as
low-level waste. However, one remaining issue is how to safely immo-
bilise the extracted C into a durable waste form. Within the UK, nu-
clear fuel reprocessing at the THermal Oxide Reprocessing Plant
(THORP, which ended reprocessing in 2018) utilised an off-gas system
to reduce radioactive discharges, which removed 14C with an alkaline
scrubber, precipitating solid Ba'*COg, which was then sent for on-site
cementation within a blended Portland cement [16,17]. Investigation
of BaCOs-Portland cement interactions demonstrated the potential for
carbonate release due to thermodynamically favourable Ba'*CO3 + SOF
— BaSO4 + 14CO§' reactions from sulfate within cements [18], or from
sulfates in groundwaters (e.g. post-disposal) [19]. The risk posed by this
reaction is mitigated, to some extent, by the use of blended Portland
cements (e.g. slag-cement blends) in the UK nuclear industry [18].
Nevertheless, uncertainties remain about long-term stability due to in-
teractions with sulfates from groundwater.

In an industrial setting, free C is typically trapped via alkaline
scrubbers and precipitated as a less soluble carbonate (BaCO3, CaCOs,
etc.), but it can also be trapped via molecular sieves or potentially via
direct gas interaction with a substrate (such as Sr(OH),) [5,20]. Pre-
cipitation as an alkaline earth carbonate is favoured due to proven cAsH 30% SrCO,
technology, relatively low cost inputs, low solubility and good thermal
stability [6]. Some research has also been undertaken on sintering of
BaCOs3 or BaCa(CO3); waste forms [7,21]. Other carbonates, of lower
solubility, are also of interest such as PbCO3, CdCO3 and ZnCOs, but
these will decompose at a much lower temperature (<500 °C) releasing
carbonate [22].

For disposal in a geological repository, the long-term stability of the
carbonate waste form is paramount [23]. For near-neutral conditions,
(Bi0)2CO3, Pb3(OH)2(CO3)2 and MnCO3 have been promoted as prom-
ising candidates [19]. However, for countries developing geological
repositories which will contain significant quantities of cementitious
material, higher pH conditions are likely to prevail (such as in several
proposed generic UK designs [24]). Under such conditions, the most
widely favoured method for trapping 1*C is within alkaline earth car-
bonates due to their particularly low solubility in alkaline conditions.
From thermodynamic considerations, only CaCO3 and SrCOg are resis-
tant to sulfate reactions, with SrCO3 being the least soluble [6,22,25].
Therefore, the use of SrCO5 as the 1“C immobilisation matrix in a cement
encapsulated waste form, would improve the long-term safety function. 1 1 L !
Remarkably, however, this optimisation has been largely overlooked
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and the potential interaction of SrCO3 within a cementitious environ- 20(°)
ment is uncertain.

Much of our understanding of the interaction of Portland cement
with alkaline earth carbonates is based on CaCOs-cement interactions,

Fig. 1. X-ray diffraction patterns of samples cured at 20 °C from 1 day through
to 90 days.
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Fig. 2. TG/DTG-MS plots for samples cured at 20 °C for 1 day at 0 wt% SrCO3 a) TG/DTG and b) MS and, for 30 wt% SrCO3 ¢) TG/DTG and d) MS (n.b. increased
scale in c) and d)). He: Hemicarbonate, Mc: Monocarbonate, Mg-LDH: Hydrotalcite-like layered double hydroxide.

since calcite is a common material blended into commercial cement
products. CaCOs typically affects cement hydration via partial reaction,
and competition with sulfates for aluminium released during clinker
hydration, resulting in the formation of calcium monocarboaluminate
(CayAl5(CO3)(OH)12-5H50), referred to as monocarbonate hereafter.
This can lead to the stabilisation of ettringite (CagAly(-
S04)3(0OH);12:26H50), which would otherwise typically slowly convert
to calcium monosulfoaluminate (CasAl>(SO4)(OH)12-6H50), referred to
as monosulfate hereafter, via further reaction with clinker aluminates
[26,27]. Certain amounts of calcium hemicarboaluminate (CasAly(-
C03)o.5(0OH)13-5.5H,0), referred to as hemicarbonate hereafter, have
been identified as a kinetically favoured intermediate phase, though this
is not predicted to be thermodynamically stable [26-28]. Overall, the
calcite reaction is limited by alumina availability for hemi/-
monocarbonate formation [26], and by mobility of CO%’ within the pore
solution. Similar results were observed for the reaction of dolomite
(CaMg(C0s3)2), but with more hydrotalcite (MggAloCO3(0OH);6-4H20)
formation due to increased Mg, which removes Al from the solution. At
higher temperatures, dolomite reduces monosulfate content, partially
stabilising ettringite due to the increase in hydrotalcite-like content
[29].

The aim of this study was to investigate the effect of SrCO3 within a
blast furnace slag — Portland cement matrix, typical of that utilised
within the nuclear industry. It may be expected that SrCO3 should
perform in a similar manner to CaCOs within a Portland cement, and
blended Portland-slag system, though with reduced solubility. The af-
finity for carbonate trapped as SrCO3, and aluminates within the cement
clinker need to be understood, both at ambient and elevated tempera-
tures to allow for the greater certainty necessary in nuclear waste
management. To investigate this, simulant waste forms were fabricated
with (30 wt%), and without the incorporation of SrCO3, The simulant

waste forms were cured at 20 °C and 60 °C with characterisation per-
formed at varying time points to follow the phase evolution within the
hardened products.

2. Experimental programme

A reference cement paste was produced comprising a 9:1 (by weight)
ratio of ground granulated blast furnace slag (GGBS, Hanson Port
Talbot) to Portland cement (PC, Hanson Ribblesdale Works CEM I) with
a water to solids (w/s) ratio of 0.39 by weight, using deionised water. To
assess the stability of SrCO3 as a'*C immobilisation matrix, an additional
mix was produced where 30 wt% of the cementitious powder (GGBS +
PC) was replaced with SrCOs, produced at the same w/s ratio of 0.39
using deionised water (SrCOs, Fisher Scientific, 97.5% purity). The
cement pastes were produced using a Heidolph RZR 2020 overhead
mixer, with powders added into water, mixing for a fixed time of 5 min
in batch sizes of 200 g per formulation (as shown in Table 1). Both mixes
were cast into multiple 15 mL centrifuge tubes (then sealed with screw
lids), with each batch split into two sub-batches, curing at 20 °C and
60 °C to determine if any radiogenic heating or heat from emplacement
in a disposal facility would affect carbonate stability. For each testing
time point (1 day, 7 days, 28 days and 90 days curing), a single centri-
fuge tube for each condition (4x conditions) was removed, and sectioned
and/or crushed according to characterisation needs.

Solid monolith samples for SEM (scanning electron microscopy)
analysis were prepared by sectioning samples using a diamond wafering
blade, mounting within epoxy resin, grinding and polishing using
sequentially finer grit paper and diamond pastes to a 1 pm finish. SEM
samples were taken at 28 and 90 days curing, with samples analysed
within 24-28 h after demoulding (delayed due to sectioning, mounting
and polishing). This deviation from sampling time to analysis was
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Fig. 3. TG/DTG-MS curved for samples cured at 20 °C for 90 days. 0 wt% SrCO3 a) TG/DTG and b) MS, 30 wt% SrCO3 c¢) TG/DTG and d) MS (n.b. increased scale in
c) and d)). He: Hemicarbonate, Mc: Monocarbonate, Mg-LDH: Hydrotalcite-like layered double hydroxide.

Fig. 4. Scanning electron micrograph of the 0 wt% SrCO3 sample after curing
at 20 °C for 90 days.

unavoidable for these samples due to the detailed preparation, however,
this only results in a maximum of <5% deviation from the stated sam-
pling time. Samples were analysed using a Hitachi TM3030 Scanning
Electron Microscope (SEM), with a Bruker Quantax 70 Energy Disper-
sive X-ray Spectrophotometer (EDX). Micrographs were collected in
backscattered electron mode (BSE) with a 15 kV accelerating voltage.
Ground samples were prepared for XRD (X-ray diffraction) and TG-
MS (thermogravimetry-mass spectrometry) analysis. Unlike the solid
samples, these were crushed at the required timepoints, and

immediately immersed into acetone for 48 h, to arrest hydration. Sam-
ples were dried following the immersion, and ground to a fine powder
using an agate pestle and mortar for further analysis. XRD was per-
formed using a Bruker D2 PHASER diffractometer (Ni-filtered Cu Ka
1.5418 [o\), with data collected between 5° < 26 < 60°, with a step size of
0.01° and a 1 s dwell per step. TG-MS was performed using a Netzsch
STA 449 F3 Jupiter utilising a QMS 403 D Aéolos mass spectrometer,
using nitrogen as a carrier gas. Samples were held at 40 °C for 30 min
under flowing nitrogen to remove any absorbed water, prior to begin-
ning the thermal program. After which, samples were heated at 10 °C
min~! from 40 to 1200 °C in alumina crucibles.

2.1. Thermodynamic modelling

The thermodynamic modelling was performed using GEM-Selektor
v3.6 (GEMS) [30,31], using the CEMDATA18 database [32]. The
solid, liquid and gaseous phases used, along with thermodynamic data
and points of departure from the reference database, are provided in the
Supplementary Information (Tables S1-S3).

Our modelling utilised the degree of hydration values for this Port-
land cement clinker minerals and GGBS (utilising the sample precursor
material and GGBS replacement levels) up to 360 days, as determined by
Prentice et al. [33]. The key differences between these two experiments
were curing temperature and water to solid ratio (w/s). In the Prentice
et al. study, a w/s of 0.35 and curing temperature of 35 °C were used,
which will alter the degree of hydration, but not to a significant degree
for long-term hydration (curing time >28 days). Therefore, assuming
these are the inputs of the degree of hydration in the SrCOs-free and
SrCO3 containing systems, these inputs should be adequate for esti-
mating the degree of hydration within these systems, given the identical
mineralogical composition of the precursor cement and slag.
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Fig. 5. Scanning electron micrograph and elemental maps (at higher magnification) of the 0 wt% SrCO3 sample after curing at 20 °C for 90 days.

Fig. 6. Scanning electron micrograph of the 30 wt% SrCO3 sample after curing
at 20 °C for 90 days.

Activity coefficients for the aque ous species were determined via the
Truesdell-Jones extension of the Debye-Hiickel equation (Eq. (1)) [34]:

—A, 7221 X

log,yi=———"——F=+b,] +log,;——
8107 1+a'By\/i 12 glOXW

Here, y; and gz; are the activity coefficient and charge of the ith
aqueous species respectively, A, and B, are temperature and pressure
dependent coefficients, I is the molal ionic strength, X}, is the molar
quantity of water, and X,, is the total molar amount of the aqueous
phase. A common ion size parameter, a (3.67 [o\) and short-range inter-
action parameter, b, (0.123 kg/mol), were used, treating KOH as the
background electrolyte [34,35].

CEMDATA18 mineral phases are recorded at standard conditions
(298 K and 1 atm), therefore temperature corrections for the apparent
Gibbs energy of formation, AaG%,, of these minerals are required to

extrapolate to the temperatures of interest, T. Integration of the heat
capacity function (Eq. (2)) is used in GEMS [36-38]:

T T
CO
AaG‘}U:AfG‘}“—S(;O(T—TO)—//%deT 2

To To

T
= AGY, —S) (T—Tp) —aO(TlnF— T+T0) —a\(T—Ty)*
0

(r-1) (VT -V&)
Trer; YT T

Where A;G} is the standard Gibbs energy of formation, S3, is the
standard absolute entropy at Tp = 298 K, and Cg is the standard heat
capacity, where ay, a;, a2, and a; are the empirical coefficients of the
heat capacity equation C) = ao+ a;T+ a;T >+ a3T-°°. The apparent
Gibbs free energy of formation, AHG‘%O, refers to the free energies of the
elements and S‘;ﬂ is the standard absolute entropy at T, = 298 K.

Due to the high proportion of Sr within this system, it was decided to
utilise the ECSH model within CEMDATA18 in Table S1 (alongside other
thermodynamic data) [32], to account for the potential for Sr substitu-
tion within C-S-H. A consequence of this is the limitation of the current
ECSH model which does not allow for Al substitution within the C-S—-H,
which is likely to be significant due to the high proportion of slag. Uti-
lising a C-(N-)A-S-H model which allows for Al substitution would,
however, disregard the possibility for Sr uptake by C-S-H (which in turn
might affect SrCO3 dissolution). We expect the ECSH model to result in
increased Al availability for AFm phase formation, and increased SrCO3
dissolution — making this the potentially more conservative model, in
terms of long-term durability, for these specific conditions. A series of
hydrotalcite-like solid solution models (MAH, MAcH and MAsH [39])
replaced the OH-hydrotalcite and MA-OH-LDH model found within
CEMDATA18 to better represent the magnesium aluminate hydrate
(M-A-H) phase. The solid thermodynamic data are summarised in S1.
Aqueous and gaseous phases included within this study are summarised
in Tables S2 and S3, respectively.
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Fig. 7. Scanning electron micrograph and elemental maps (at higher magnification) of the 30 wt% SrCO3 sample after curing at 20 °C for 90 days.

3. Results and discussion
3.1. Ambient temperature (20 °C) curing

The cementitious materials cured at 20 °C appeared and behaved
similar to a conventional PC blended cement while being physically
handled, demoulded, and prepared for analysis. The phase composition
was determined by XRD, at curing times of 1, 7, 28 and 90 days (Fig. 1).
Fig. 1 revealed a conventional slag-PC hydration for the 0 wt% SrCOs3
samples, as expected [33,40]. Within the first day, principal reflections
revealed the formation of ettringite (CagAl2(SO4)3(0H);12-26H,0) and
hemicarbonate (CasAlz(CO3)0.5(0H)13-5.5H20). This was accompanied
by partially unreacted clinker phases (alite (CasSiOs) and belite
(CaySi0y)), calcite (CaCOs), and possibly a small amount of mono-
carbonate (CasAl2(CO3)(OH);2-5H20) or Mg-Al layered double hy-
droxide (LDH - e.g. Meixnerite (MggAl2(OH)16(OH)2-4H20)), though
reflections for these latter two phases were weak and overlapping, and
therefore they cannot be independently differentiated here. The Mg-Al
layered double hydroxide formed in blended Portland-slag or alkali
activated slag systems is typically described as ‘hydrotalcite-like’
(MggAlyCO3(0OH)14-4H20), however with a formulation much closer to
Meixnerite (MgeAl2(OH)16(OH)2-4H20) due to likely incorporation of
OH™ in the interlayer, rather than CO%’ [41-43]. Thermal analysis of the
1 day cured 0 wt% SrCOs sample (Fig. 2 a, b) agreed with the phases
observed via XRD analysis (Fig. 1), but also further underlined that
phase formation was still an ongoing process. Typically, at <200 °C,
there is a high proportion of weight loss associated with loss of water
from C-S-H (poorly crystalline calcium silicate hydrate, the main
strength forming phase and key product formed from clinker hydration),
but also from overlapping ettringite, hemi/monocarbonate, and layered
double hydroxide dehydration, making it difficult to differentiate these
signals. A <2% mass loss was observed up to 200 °C, indicating that
these phases, and C-S-H in particular, was only poorly developed - to be
expected at an early age of hydration. The mass loss observed between
200 and 400 °C was assigned to the decomposition of layered double
hydroxides, followed by portlandite decomposition (and additional
hemi/monocarbonate dehydroxylation) at 400-450 °C. Mass loss be-
tween 600 and 1200 °C was ascribed to the loss of CO5 from calcite

(either as ground addition to the PC, or carbonation of the clinker/slag
during storage) and from the decarbonation of mono/hemicarbonate,
both of which only contributed to ~1% mass loss in Fig. 2 a,b [29,
44-49].

By day 7 most clinker phase reflections were reduced, indicating
continued reaction of these phases over time (as typical of Portland
cements). This was further evidenced by the emergence of portlandite
(Ca(OH)y) and a poorly crystalline reflection associated with C-S-H
centred 20 = ~29° [50,51]. The principal reflection for ettringite dis-
appeared by day 7, with a concurrent emergence of reflections associ-
ated with monosulfate (CasAl>(SO4)(OH);2-6H,0), while reflections for
hemicarbonate, monocarbonate and hydrotalcite-like LDH all remained
visible. With continued curing through 28 days and up to 90 days, the
phase assemblage continued to change, with increasing intensity of re-
flections for monocarbonate and hydrotalcite-like LDH, and the
continued presence of hemicarbonate reflections. The decreased
reflection intensity for portlandite, along with the commensurate in-
crease in relative intensity observed for hydrotalcite-like LDH was
indicative of continued slag dissolution (providing Mg for
hydrotalcite-like LDH formation) and C-S-H formation [52]. This
change in phase assemblage was also apparent in the thermal analysis of
the 90 day 0 wt% SrCOg sample (Fig. 3 a, b), with increased mass loss
associated with water from C-S-H, hemi/monocarbonate and
hydrotalcite-like LDH when compared to that observed after 1 day of
curing (Fig. 2 a, b).

The addition of SrCO3 to these binders appeared to result in some
minor, but noticeable changes to the phase assemblage, as shown in
Fig. 1. Due to the large number of strong reflections for SrCO3 (stron-
tianite), weak reflections from other mineral phases (especially if pre-
dominantly at 20 > 35°) may not be observed due to overlapping
reflections. After curing for 1 day, the differences (aside from SrCO3
content) between the two samples (0 wt% and 30 wt% SrCOs) were
relatively minor and were associated with increased relative intensity
for the ettringite and hemi/monocarbonate reflections (in the 30 wt%
sample). Thermal analysis (Fig. 2¢ and d) of the 30 wt% SrCO3 sample
revealed a broadly similar mass loss, with initial decomposition of
C-S-H, hemi/monocarbonate and ettringite, then continued slow water
loss from the hydrated phases (hydrotalcite-like, portlandite, hemi/
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Fig. 8. X-ray diffraction patterns of samples cured at 60 °C from 1 day through
to 90 days.
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Fig. 9. Scanning electron micrograph of the 0 wt% SrCO3 sample after curing
at 60 °C for 90 days.

monocarbonate), up to ~800 °C when substantial decomposition of
SrCO3 occurred, as evidenced by the strong signal for CO, and associated
mass loss.

The key difference between the 30 wt% SrCO3 and 0 wt % SrCO3 was
the apparent stabilisation of ettringite in the former, which was evident
from day 7 up to day 90. This observation was reinforced by the absence
of any monosulfate reflections within the SrCO3 containing sample,
which indicated that sulfate remained bound within the ettringite phase.
Alongside this, there appeared to be a slightly more intense reflection for
hemicarbonate, and a less intense portlandite reflection. The formation
of a C-S-H gel was observed, though partially overlapping with a strong
strontianite reflection, with a poorly crystalline reflection centred at 26
= 29° appearing by day 7 of curing (though likely to occur before but
was much less prominent at 1 day of curing). Thermal analysis of the 30
wt% SrCO3 sample at 90 days curing (Fig. 3 ¢, d) revealed clear changes
compared to the 0 wt% SrCO3 sample. There was a reduced mass loss at
<200 °C (3.3% mass loss with SrCO3 addition, compared to 7.1%
without), with a visibly reduced DTG (differential thermal gravimetry)
signal at ~150 °C which largely corresponds to C-S-H, indicating
reduced C-S-H formation. Hydrotalcite-like was still present, releasing
water at ~220 °C and 400 °C, in addition to SrCO3 which released CO,
between 800 and 1000 °C. Most noticeably, in comparison to the 0 wt%
SrCO3 sample, there was a greatly increased mass loss centred at
~600 °C releasing CO2, which was attributed to decomposition of hemi/
monocarbonate. This demonstrates that the reaction of SrCO3; with
clinker aluminates involves the formation of carbonated AFm phases.

Typically in Portland cement blends, tricalcium aluminate
(Ca3Al;0¢) within the clinker reacts with sulfates added into the cement
during manufacture (e.g. gypsum or anhydrite) to form ettringite
(Equation (3)), which subsequently reacts with more tricalcium alumi-
nate to form monosulfate (Equation (4)) [53,54]. However, carbonate
additions (e.g. CaCOs3), can promote the formation of carbonated AFm
phases (such as hemi- and mono-carbonate) resulting in the preferential
formation of these from clinker aluminates, instead of reaction with
ettringite [26,27]. Formation of hemi- and mono-carbonates also in-
creases the SOs/Al ratio within the pore solution, with both effects
stabilising ettringite [55]. The continued presence of ettringite in the
30% SrCOs samples is considered to be the result of SrCOs partially
reacting, leading to the stabilisation of ettringite, and preventing the
conversion to monosulfate.

Ca3A1206 + 3(CaSO4v2H20) + 26H20 g Ca6A12(SO4)3(OH)12‘26H20 3

Ca6A12(SO4)3(OH)12-26H20 + 2(Ca3A1206) + 4H20 - 3(Ca4A12(SO4)
(OH);,-6H,0) 4
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Fig. 10. Scanning electron micrograph and elemental maps (at higher magnification) of the 0 wt% SrCO3 sample after curing at 60 °C for 90 days.

Fig. 11. Scanning electron micrograph of the 30 wt% SrCOs; sample after
curing at 60 °C for 90 days.

SEM micrographs and EDX maps of the 0% SrCO3 sample at 90 days
curing (Figs. 4 and 5) revealed a conventional slag-Portland cement
microstructure, with angular particles of unreacted slag intertwined
within a C-S-H binder. This is typical of UK nuclear cements containing
such a high proportion (9:1 mix GGBS:PC) of slag, with much slag
remaining unreacted [33,41]. At higher magnification in Fig. 5, the
elemental maps confirm the imaging observations — angular slag parti-
cles (particularly enriched in Mg and Si), with a distribution of Ca, Al
and Si throughout the matrix. The Sr map has been shown to retain ease
of comparison with the SrCO3 containing samples. The apparent signal
within Fig. 5 EDX map is from slightly overlapping emission lines from
Si (Kq1 = 1.740 eV) and Sr (Ly; = 1.806 keV), rather than indication of Sr
within the sample. A narrower window was selected for Sr, but some
overlap from Si K, emission was still observed.

The SEM-EDX micrographs (Figs. 6 and 7) for the 30 wt% SrCO3

samples were similar to those of the 0 wt% samples, except for the large
amount of unreacted SrCOs indicated by the very bright particles
dispersed throughout the matrix. At higher magnification (Fig. 7) these
solid particles of SrCO3 do not reveal any obvious reaction rims (at this
magnification) or migration of Sr away from the SrCOg particles (though
a background signal from overlap with Si does give rise to a weak signal
apparent throughout). No cracks can be seen emanating from the SrCO3
particles, suggesting these have overall been successfully encapsulated
by the GGBS:PC matrix.

From both the XRD data, and electron microscopy analysis the
immobilisation of SrCO3 does not result in any deleterious microstruc-
tural or chemical reactions which would affect structural integrity (e.g.
expansive phase formation) within a 90 day period at a curing tem-
perature of 20 °C, other than the formation of minor amounts of
carbonated AFm phases and stabilisation of ettringite from reaction with
Sl‘COg.

3.2. Elevated temperature (60 °C) curing

Increasing the curing temperature to 60 °C resulted in formation of
the same product phases as observed when curing at 20 °C, although in
different relative proportions (Fig. 8) for both the 0 wt% and 30 wt%
SrCO3 samples. At early ages (1d and 7d) there were lower intensity
reflections associated with the unreacted clinker phases, and reflections
for monosulfate, hemicarbonate, monocarbonate and hydrotalcite-like
LDH were also observed, together with a reflection centred at 26 =
29°, characteristic of a poorly crystalline C-S-H phase. These changes
were expected since curing at 60 °C will accelerate reactivity at early
ages. Similar to the 20 °C cured material, the reflections associated with
strontianite were still present in the 30 wt% SrCOs sample cured at
60 °C. Of most significance is the absence of ettringite in the 30 wt%
SrCO3 sample cured at 60 °C (dissimilar to the 20 °C 0 wt% SrCOgs
sample), which is consistent with the observation of more intense re-
flections for monosulfate at both 1- and 7-days curing times. This was
not unexpected because ettringite is often noted to be less stable above
50 °C, leading to the preferential formation of monosulfate [38,56].
Unfortunately, this precludes using the absence of ettringite as a proxy
for SrCO3 dissolution, as we postulated for the 20 °C samples.
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Fig. 12. Scanning electron micrograph and elemental maps (at higher magnification) of the 30 wt% SrCO3 sample after curing at 60 °C for 90 days.

From 28 days through to 90 days curing the relative proportions of
monosulfate and hemicarbonate decreased in both the 0 wt% and 30 wt
% SrCO3 samples, commensurate with increasing relative intensities for
monocarbonate reflections. We postulate this finding based on the sec-
ondary hydrotalcite-like LDH reflection at 20 = 23-24° which remains
essentially constant at all curing time points. Therefore, the observed
increase of intensity of the primary hydrotalcite-like LDH reflection
(that overlaps with monocarbonate) at 20 = ~12° could be attributed to
the continued formation of monocarbonate.

SEM/EDX analysis of the 0 wt% SrCO3 sample after 90 days curing at
60 °C (Figs. 9 and 10) revealed a conventional slag-Portland cement
microstructure, with a large proportion unreacted slag remaining (fully
expected with this high slag content; Table 1), interspersed within a
calcium (aluminium) silicate rich binder indicative of a C-S-H gel. The
Sr EDX map was included for comparison, indicating that a low back-
ground signal was present across the sample due to minor overlap of the
Si Ko emission (rather than from the presence of Sr).

The addition of 30 wt% SrCOs into the matrix (Figs. 11 and 12) also
afforded a conventional slag-Portland cement microstructure, however,
with the addition of bright solid SrCOs3 particles which were uniformly
scattered across the microstructure. The EDX map for Sr (Fig. 12) did not
reveal any strong diffusion of Sr from the SrCOs particles, which
appeared to be well encapsulated within the cementitious system.

The samples cured at 60 °C did not show any chemical or micro-
structural changes which would indicate any deleterious reactions
(aside from a potential increase in carbonate AFm phases) in good
agreement with the samples cured at 20 °C. No deleterious expansive
phases were formed and there was no obvious cracking or shrinkage
observable from the microstructure. It can therefore be surmised that up
to 30 wt% SrCOj3 has been successfully incorporated within these GGBS:
PC cement matrices, up to at least 90 days curing.

3.3. Thermodynamic modelling

The results of phase and microstructure analysis by XRD and SEM-
EDX indicated limited reaction occurred as a result of SrCO3 incorpo-
ration. The strongest evidence of a reaction thus far is the apparent
stabilisation of ettringite at 20 °C with additions of SrCOs, indicative of

some limited reactivity, along with increasing formation of mono/hemi-
carbonates identified via thermal analysis. To determine whether the
identified phases are likely to be thermodynamically stable, or are
merely transient kinetically favoured phases, thermodynamic modelling
was undertaken using GEMSelektor for the samples containing SrCOs.
Data are presented up to 90 days in Fig. 13(a) and Fig. 14(a), corre-
sponding to the maximum age observed experimentally, and further
extended in Figs. 13(b) and Figure 14(b) up to 360 days, to gain an
appreciation of the longer-term phase stability.

The results of the simulations are depicted graphically in terms of
grams of hydrates per 100g of solid reactant (or precursors). The mass of
solids in the phase diagram will increase above 100g initially due to
phase formation with water. For the 20 °C cured sample, the first 90 days
fully predicted the formation of the phases identified within XRD anal-
ysis of the physical samples (Fig. 1), with clinker and slag reacting to
form a C-S-H phase, ettringite, monocarbonate and hydrotalcite-like
LDH. A small quantity of portlandite, monosulfate and hemicarbonate
were predicted as transient phases. From day 36 up to day 360, no new
phases were predicted with only the slow continued hydration of GGBS:
PC (indicated by the increasing hydrotalcite-like LDH contribution). A
very minor quantity (3.3%) of the SrCOs; was predicted to react
(changing the SrCOs3 content from 30g/100g solid reactants to 29g/100g
after 360 days), with the bulk remaining unreacted.

The difference between predicted and observed phases (particularly
the predicted transient phases) can be explained by both limitations of
the thermodynamic simulations, and the more limited kinetics of the
physical cementitious system. Particularly, this simulation predicts
transient phase formation, followed by the disappearance of hemi-
carbonate (with a subsequently larger formation of monocarbonate).
Within the observed XRD patterns (Fig. 1), hemicarbonate was still
visible after 90 days curing at 20 °C. This difference between the
simulation and experimental determination is likely due to the lower
mobility of carbonates within the physical cement, which is limited by
the granularity of the SrCOs, by required mobility within the pore so-
lution, and the kinetics of formation. Hemicarbonate has been found as a
kinetically favoured intermediate phase when CaCOs is added to ce-
ments [26-28]. Furthermore, due to the estimated degree of reaction of
the GGBS, the CO,/Al;03 ratio of the simulation may be higher than
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Fig. 13. Thermodynamic simulations of predicted phase assemblages at 20 °C,
(a) first 90 days, (b) up to 360 days.

what was occurring in the system which realised the formation of
monocarbonate in place of hemicarbonate in the simulation. It is likely,
therefore, that monocarbonate will be the ultimate phase formed at the
expense of hemicarbonate, but equilibrium was not reached by 90 days.

Simulation of the system at the elevated curing temperature of 60 °C
(Fig. 14(a) and (b)) predicted a similar phase assemblage to that
observed experimentally (Fig. 2), with a few minor points of difference.
The simulation predicted the formation of a C-S-H gel concurrent with
dissolution of the GGBS and clinker phases, alongside the formation of
monosulfate, monocarbonate and hydrotalcite-like LDH in agreement
with Fig. 2. Ettringite was predicted to form initially, but disappearing
by day 2 concurrent with monosulfate formation. Another transient
phase predicted to form almost immediately was portlandite, which
disappeared by day 36. There remains a large quantity of unreacted
strontianite throughout the simulated time periods, with only 1.3% of
the SrCO3 predicted to react (changing the SrCOs content from 30g/
100g solid reactants to 29.6g/100g after 360 days). The modelling for
the 60 °C system was in broad agreement with the observed phase
assemblage in that no appreciable quantity of ettringite was predicted to
form, apart from very transiently (up to day 2) before a rapid conversion
to monosulfate. Hemicarbonate was not predicted to form, but was
experimentally observed (Fig. 2), although the major X-ray reflections
for hemicarbonate appeared to slowly decrease in intensity from 1 day
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Fig. 14. Thermodynamic simulations of predicted phase assemblages at 60 °C,
(a) first 90 days, (b) up to 360 days.

to 90 days curing. Similar to the predicted phase assemblages at 20 °C,
this difference between model and experimentally determined is antic-
ipated to be due to kinetic limitations within the physical cement matrix,
with monocarbonate likely to predominate at later ages.

4. Conclusions

In this study, we demonstrated that a substantial quantity of stron-
tium carbonate (SrCO3) can be effectively immobilised within a blast
furnace slag — Portland cement blend, with only minor reactivity,
following a reaction pathway and phase formation similar to those
encountered for Portland cements blended with CaCOs. Phase analysis
and microstructural investigation revealed a typical PC-GGBS matrix
consisting of C-S-H, hemi/monocarbonate, hydrotalcite-like, ettringite/
monosulfate and unreacted slag particles, all encapsulating particles of
SrCO3. A minor reaction with SrCO3 occurred leading to the formation of
carbonated AFm phases (hemicarbonate and monocarbonate), and
resulting in stabilisation of ettringite. The formation of hemicarbonate
alongside monocarbonate within the cement systems was indicative of a
kinetic lag between thermodynamic predictions and the physical sam-
ples, perhaps due to SrCOs particle size and consequent restricted car-
bonate mobility. This may ultimately result in further dissolution of
SrCO3 as hemicarbonate converts to monocarbonate, however,



S.A. Walling et al.

monocarbonate was predicted to remain stable for at least the 360 days
modelled, therefore this would not be expected to decompose and
release 1%C into the environment under the timeframe modelled.

The reaction of SrCOs is therefore dependent on both carbonate
mobility within the waste form (which would in turn be affected by
precipitated particle size), and reaction with clinker aluminates to form
carbonated AFm phases. This indicates that a higher incorporation of
SrCO3 could easily be tolerated (as the relative proportion of clinker
aluminates to react would be reduced), up to the point at which incor-
poration severely reduces compressive and tensile strength (due to
reduced cementitious content, and a larger proportion of filler).
Conversely, variation of the cement to slag ratio (e.g. increasing the
cement content) could potentially result in a higher proportion of
reacted SrCOs due to more clinker aluminate reaction, resulting in a
higher relative amount of carbonate AFm phases. The lower decompo-
sition temperature (~200 °C lower) for both hemi- and mono-
carbonates compared to SrCO3 should however be noted, as under fire
accident conditions *C-AFm phases would release their radiocarbon
inventory earlier than Sr'*COs.

The use of SrCO3 as a'*C host can be recommended over BaCOs or
CaCOs3 due to both lower solubility, and lack of reactions with sulfates.
No reactions between SrCOs and sulfate were observed (nor are they
thermodynamically favourable under these conditions), whereas BaCO3
reacts with sulfates to release carbonate. Although some SrCOs has
reacted within the cement matrix, following a similar reaction path to
CaCOs, the lower aqueous solubility of SrCOs is likely to reduce this
reaction and retain the *C inventory within Sr!'*COs. Indeed, the
slightly higher reactivity of CaCO3 could be exploited through addition
of a small fraction finely ground CaCOs into SrCO3-GGBS:PC waste
forms, with the aim to preferentially react CaCO3 with clinker alumi-
nates, therefore eliminating SrCOj3 reactions. Ultimately however, the
long-term stability of any '*C containing waste form would be depen-
dent on repository conditions, particularly the composition and flow of
any groundwater as well as the aqueous geochemistry over much longer
timeframes, and interactions with backfill material.
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