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A B S T R A C T   

Magnesium potassium phosphate cements (MKPC) were investigated to determine their efficacy towards retar-
dation of reactive uranium metal corrosion. Optimised low-water content, fly ash (FA) and blast furnace slag 
(BFS) blended MKPC formulations were developed and their fluidity, hydration behaviour, strength and phase 
assemblage investigated. In-situ time resolved synchrotron powder X-ray diffraction was used to detail the early 
age (~60 h) phase assemblage development and hydration kinetics, where the inclusion of BFS was observed to 
delay the formation of struvite-K by ~14 h compared to FA addition (~2 h). All samples set within this period, 
suggesting the possible formation of a poorly crystalline binding phase prior to struvite-K crystallisation. Long- 
term corrosion trials using metallic uranium indicated that MKPC systems are capable of limiting uranium 
corrosion rates (reduced by half), when compared to a UK nuclear industry grout, which highlights their po-
tential application radioactive waste immobilisation.   

1. Introduction 

Magnesium potassium phosphate cements (MKPCs) are of growing 
interest as alternatives to Portland based cements, and are being actively 
researched for applications such as construction and rapid repairs [1,2], 
biocements (e.g. dental) [3] and for radioactive waste immobilisation 
[4–9], particularly for encapsulation of reactive metals (e.g. uranium). 
These MKPC binders gain their strength via an acid-base reaction be-
tween dead-burnt MgO, KH2PO4 (KDP) and H2O to yield struvite-K, 
MgKPO4⋅6H2O (Eq. (1)). This reaction product is an analogue of stru-
vite (NH4MgPO4⋅6H2O) [10], which is naturally cementitious and often 
found in guano and kidney stones [11,12]. Potentially advantageous 
properties of these MKPC binders include: near-neutral pH, low water 
demand, low drying shrinkage, and high early compressive strength 
[13–16]. 
MgO(s) +KH2PO4 (s) + 5H2O(l)→MgKPO4⋅6H2O(s) (1) 

These cements have been proposed as a potential option for immo-
bilisation of problematic radioactive waste streams occurring in the UK 
from more than 70 years of nuclear fuel operations. It is expected that 
these radioactive wastes will be treated by immobilisation and 

encapsulation techniques, and ultimately disposed of in a Geological 
Disposal Facility (GDF) after interim storage. The immobilisation of 
intermediate level waste (ILW) in suitable and stable wasteforms is a 
diverse and urgent challenge due to the high degree of variability in the 
physical/chemical composition and the waste condition (i.e. stored 
under water, inert gas, or open to air). 

The current baseline option for immobilising ILW in the UK involves 
cementation using a composite of Portland cement (PC) blended with 
either fly ash (FA) or ground granulated blast furnace slag (BFS), to form 
FA/PC and BFS/PC grouts (with up to 75 wt% and 90 wt% replacements 
for PC, respectively) [17,18]. Portland cement composites are readily 
available, inexpensive and durable, and the PC grout preparation is 
straightforward in remote operations, and the Portland-based cement 
matrix imposes a high pH environment, which can assist in the immo-
bilisation of many radionuclides (particularly actinides) through the 
formation of less soluble hydroxide species and sorption to mineral 
phases [19–21]. Despite these attributes, there is an increasing aware-
ness that PC composites may not be suitable for the immobilisation/ 
encapsulation of all ILW waste types present in the inventory [5,6,19], in 
particular reactive metal waste streams such as Magnox swarf derived 
from mechanically decanned Mg-alloy fuel cladding for Magnox 
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reactors, and metallic U-containing wastes. 
The high pH of blended PC composites (≈pH 13) [22] promotes the 

corrosion of Al, whilst Mg and U metals are known to corrode in wet 
environments [5,23–26]. Corrosion of reactive metals is considered to 
be problematic on two grounds: (1) the formation of expansive corrosion 
products (e.g. Mg(OH)2, UO2) that can cause a volumetric change within 
the wasteform, leading to the formation of stress-induced fractures [27] 
and (2) formation of hydrogen gas, which presents a flammable hazard 
(during interim storage, transportation, and disposal). Both have the 
potential to result in pressurisation and distortion of the waste container 
[28]. Consequently, the durability of the monolithic wasteform and its 
ability to retain radioactivity can be deleteriously affected, alongside a 
risk to the GDF of flammable gas build-up. It is therefore desirable that 
the corrosion rate of encapsulated reactive metals is controlled to ensure 
that the waste packages remain within regulatory tolerance. For these 
reasons, there is a clear need to develop a toolbox of tailored encapsu-
lation systems that are compatible with specific wastes. Some of the 
alternative cement binders under investigation as potential encapsulants 
for reactive metals (due to their lower pH and/or lower water content) 
include aluminosilicate geopolymer cements, calcium aluminate cement 
(CAC), calcium aluminium phosphate (CAP), calcium sulphoaluminate 
(CSA) and magnesium potassium phosphate cement (MKPC) [5,19]. For 
the case of MKPC, it is proposed that the lower water-to-solids (w/s) 
ratio of a MKPC grout (often ≤0.3 w/s, compared to typical PC blends at 
≥0.3 w/s), combined with water being chemically bound within the 
struvite-K crystal structure, might reduce the availability of free water 
for metallic waste (Mg/Al alloy, U-metal fuel) corrosion. 

The behaviour of MKPC encapsulating reactive metals has focused on 
metallic Al [5], grouting of a reactor with metallic Al components 
[7,29,30], Magnox swarf (Mg) metal encapsulation, U-metal pucks/ 
discs [31,32], and U-metal containing sludges [25]. Corrosion trials of 
natural U-metal pucks within FA/MKPC binders prepared with 0.26 and 
0.28 w/s ratio showed that corrosion and gas generation rates were 
significantly lower than FA/PC grout (3:1, 0.42 w/s) [31]. However, it is 
favourable to lower the water content of these cements even further to 
reduce corrosion. Based on the literature [33,34]; lowering the water 
content, if optimised correctly, should not be detrimental to the 
compressive strength, volume stability or fluidity. 

In this study, we develop blended MKPC formulations with fly ash 
(FA) or blast furnace slag (BFS) with the aim of further reducing the w/s 
ratio, and hence reducing reactive metal corrosion, whilst maintaining a 
fluid grout with acceptable setting and strength characteristics for 
radioactive waste encapsulation. Since our previous research indicated 
that BFS is not inert within MKPC systems [35], we perform detailed 
characterisation of the reactivity of this phase by studying the early age 
hydration of the formulations, including in-situ synchrotron powder X- 
ray diffraction. Finally, the efficacy of the reduced water content MKPC 
blends to retard reactive U-metal corrosion was assessed during a 700- 
day corrosion experiment. 

2. Experimental programme 

2.1. Materials 

The precursors used were MgO (RBH Ltd., 89% purity), in the form of 
dead burnt magnesia (DBM), KH2PO4 (Prayon, >99% purity) as E340 
MKP and granular H3BO3 (Fisher Scientific, >99.5% purity). Fly ash 
(FA) was supplied by CEMEX (450-S grade, conforming to BS EN 450-1 
[36]). Blast furnace slag (BFS) was supplied by Hanson Cements (from 
Scunthorpe works) in accordance with established Sellafield Limited 
BFS specification for use in the UK nuclear industry [18]. It is a blend of 
fine slag and coarse calumite of the similar chemical composition at a 
ratio of 2:1. Detailed characterisation of this slag blend is reported by 
Sanderson et al. [37,38]. The characterisation and chemical composi-
tions of the precursors are noted in Tables 1 and 2. Particle size distri-
bution (PSD) was determined using a Malvern Mastersizer 3000 laser 

diffraction particle size analyser, with powder fineness measured using a 
Controls 62-L0041/A Blaine fineness apparatus calibrated using NIST 
SRM material 114q. Brunauer-Emmett-Teller (BET) surface area mea-
surements were carried out using a Coulter SA 3100 instrument, the 
density was determined using a Micromeritics AccuPyc II 1340 pyc-
nometer, and the oxide compositions were determined using X-ray 
fluorescence (XRF) analysis (using a PANalytical PW2404 spectrometer 
with powder fused into lithium tetraborate beads). 

2.2. Mix design 

The blended MKPC formulations (Table 3) were based on a 1.7: 1 
MgO: KH2PO4 molar ratio, which has been developed for nuclear ap-
plications by Covill et al., [6] and Gardner et al., [35], with w/s ratios 
(0.22, 0.24, and 0.26) calculated based on mass (g) where the w/s =
H2O/Σ(MgO, KH2PO4, H3BO3 and FA/BFS). FA and BFS were included 
in the formulation design as diluents, which were added in a quantity of 
50% of the mass of reactive binder constituents, including the mix water 
but excluding H3BO3 (Table 3). H3BO3 was added as a set retarder, as 2 
wt% of the cementitious components (MgO, KHPO4 and H2O). In addi-
tion, an MKPC-only binder (0.24 w/s) was produced to understand the 
impact of FA/BFS on the early age hydration behaviour in blended 
MKPC binders. The MgO:KH2PO4 (M/P) molar ratio and retarder addi-
tion were fixed to 1.7:1 and 2 wt%, respectively, commensurate with the 
formulations reported in Table 3. The formulation design for a 500 g 
MKPC-only (0.24 w/s) batch was: 132.1 g MgO, 262.3 g KH2PO4, 95.8 g 
H2O and 9.8 g H3BO3. 

The precursors were mixed initially for 10 min in a Kenwood 
benchtop mixer, added in the following order: H2O, H3BO3, FA (or BFS), 
MgO, and KH2PO4. Afterwards, the paste was transferred to a high shear 

Table 1 
Characterisation of raw materials using PSD, Blaine fineness, and BET surface 
area.  

Material d10 
(μm) 

d50 
(μm) 

d90 (μm) Blaine fineness 
(m2/kg) 

BET S.A. 
(m2/kg) 

MgO 3.2 ±
0.1 

24.4 ±
0.3 

63.8 ±
0.6 

329 ± 16 563 ± 72 

KH2PO4 250 ±
1.5 

600 ±
4.9 

1210 ±
16.5 

n.d. n.d. 

FA 2.7 ±
0.1 

14.0 ±
0.3 

66.1 ±
3.5 

560 ± 10 2258 ± 10 

BFS 1.6 ±
0.1 

16.0 ±
0.1 

1465 ±
15 

497 ± 17 993 ± 72  

Table 2 
Composition of raw materials determined by XRF analysis (precision ±0.1 wt%).  

Compound (wt%) MgO FA BFS 
Na2O  <0.1  1.1  0.4 
MgO  88.9  1.7  7.9 
Al2O3  1.7  25.2  12.0 
SiO2  4.3  50.2  36.6 
P2O5  <0.1  0.3  <0.1 
K2O  0.1  3.6  0.7 
CaO  2.1  2.4  40.2 
Fe2O3  1.5  9.3  0.4 
Total  98.8  93.8  98.3  

Table 3 
FA/MKPC and BFS/MKPC formulations based on three water-to-solids (w/s) 
ratios; 0.22, 0.24 and 0.26 w/s (±0.1 g precision).  

w/s MgO (g) KH2PO4 (g) H2O (g) FA or BFS (g) H3BO3 (g)  
0.22  160.0  318.0  180.0  329.0  13.0  
0.24  156.0  309.0  193.0  329.0  13.0  
0.26  149.0  303.0  206.0  329.0  13.0  
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Silverson mixer operating at 4000 rpm for 10 min to ensure that a ho-
mogenous paste was achieved. For compressive strength measurements, 
paste was cast into steel 50 mm cube moulds (lined with plastic film as 
MKPCs can bond to steel [39]) and cured in an environmental chamber 
at 20 ◦C and 95% relative humidity until testing. For analysis of fresh 
pastes (i.e. mini-slump and calorimetry analysis), small batches (<100 
g) were prepared by hand; the pastes were mixed for 2 min prior to 
analysis to allow for very early age data to be collected. 

2.3. Analysis methods 

The physical properties of the blended MKPC binders were measured 
using the mini-slump technique on a sheet of poly(methylmethacrylate) 
marked with 2 × 2 cm grid squares. The cone was a poly(tetrafluoro-
ethylene) cone based on a scaled-down Abrams cone: (h = 57 mm, 
d (top) = 19 mm and d (bottom) = 38 mm) [40]. A photograph was 
taken of the final slump from directly above the sample after 1 min, the 
slump area was then calculated using ImageJ software [41] calibrated to 
the grid squares. Each formulation was tested in triplicate using three 
separate batches per formulation (a total of nine measurements), similar 
to the methodology reported in [42]. The error bars are equivalent to 1 
standard deviation. The average time between each triplicate test 
(allowing for resetting equipment) was ~2 min, with all measurements 
per batch were completed within ~8–10 min. Using this method, there 
was no significant spread of data observed within individual paste 
batches suggesting reliable and reproducible results were obtained. 
Calorimetry analysis was performed using an eight channel isothermal 
calorimeter (TAM Air, TA instruments) set at 20 ◦C. Each sample was 
mixed externally for 2 min (as described in Section 2.2), after which the 
homogenous paste was weighed into a plastic ampoule (~15 g) and 
placed in the instrument for 7 days. 

Paste samples cured for 7 days were crushed and subsequently 
ground using an agate mortar and sieved to <63 μm prior to powder 
XRD analysis. This was undertaken using a STOE STADI P diffractometer 
with an image plate detector (Cu Kα, 1.5406 Å) with diffraction patterns 
collected between 10 and 50◦ 2θ. Thermogravimetric analysis (TGA) 
was conducted on samples cured for 28 days using a Pyris 1 TGA in-
strument in an aluminium crucible at a heating rate of 10 ◦C/min to 
1000 ◦C in a nitrogen atmosphere. Compressive strength was deter-
mined from 50 (±0.50) mm cubes at 3, 7 and 28 days curing ages, using 
a Controls Automax 5.0 testing machine at a load rate of 0.25 MPa/s. 
The values reported correspond to an average of three measurements, 
with errors of ±1 standard deviation. Calorimetry was performed on all 
formulations using an isothermal calorimeter (TAM Air, TA In-
struments) at 20 ◦C, with each sample (~15 g) weighed into a plastic 
ampoule and placed into the instrument for 7 days. Setting was deter-
mined by Vicat testing, using a Mastrad E040 automatic Vicat apparatus, 
with fresh cement poured into a 70 mm diameter mould on a Perspex 
plate. A 1.13 mm diameter needle in free-fall mode was used to pene-
trate the cement every 15 min. 

To determine the early age reactions occurring in MKPC systems, 
time-resolved synchrotron powder X-ray diffraction (SXPD) was con-
ducted on Beamline I11 at the Diamond Light Source on fresh blended 
MKPC pastes (0.24 w/s formulation only). The intense incident beam 
with a calibrated wavelength of λ = 0.82570(5) Å was used to measure 
diffraction patterns from the samples. In a disposable container, the 
H3BO3 was added to H2O and stirred for 1 min, after which, the dry 
precursors (MgO, KH2PO4 and FA/BFS) were added and mixed for an 
additional 2 min. Using capillary action, the cement paste was drawn 
into Kapton® polyimide tubes (d = 0.8 mm) and was flame sealed inside 
a borosilicate capillary tube (d = 1 mm) prior to analysis using the po-
sition sensitive detector (PSD) and sample changing robot with scan 
times typically of 2 min, at intervals up to 60 h post-mixing. Detailed 
descriptions of the SXPD instrument and long-duration SXPD experi-
ments can be found in [43,44]. 

2.4. Uranium corrosion experiment 

Gas evolution was determined by measuring the gas displacement of 
water over time. Cement samples were cast into 15 mL centrifuge tubes, 
into which a strip of uranium-foil (Goodfellow, supplied as 0.178 mm 
thick foil, 99.98% purity) was placed. The U-foil was pre-cleaned with 
nitric acid, then rinsed in distilled water to remove any external oxide 
formation, and cut into 10 × 29 mm strips, with one strip placed into 
each fluid cement sample. Samples were prepared and set-up in tripli-
cate for FA/MKPC and BFS/MKPC formulations (0.24 w/s) and in 
duplicate for the BFS/PC (3:1, 0.35 w/s) formulation, because only 8 
experimental stations were available. 

The cement samples were sealed into glass vessels with a single thin 
glass spout to allow gas escape but not water ingress. The vessels were 
each placed into 5 L glass beakers filled with water, with a water-filled 
upended measuring cylinder (with wide neck) clamped in place over the 
gas egress spout. A schematic diagram of the set-up is shown in Fig. 1. 
The water was periodically re-filled due to evaporation and treated with 
Virkon-S disinfectant to eliminate the risk of microbial growth. Gas 
formation was measured by visually determining the volume of water 
displaced from the measuring cylinder, with cylinders re-filled when 
nearly empty of water. This method likely over-stated hydrogen evolu-
tion due to de-gassing of the water, however, this set up does enable a 
quantitative assessment of gas evolution over a long timeframe between 
sample sets. For the duration of the experiment (700 days), the tem-
perature was recorded hourly with a data logger and the average tem-
perature was determined to be 22.5 ± 2.5 ◦C (±1 standard deviation). 
Additional U-foil containing samples were cast at the same time and 
stored under the same temperature regime to allow for destructive 
testing (sectioning for SEM-EDX analysis) at 18 months, without 
affecting the gas evolution experiment. 

3. Results and discussion 

3.1. Paste properties 

Mini-slump measurements were conducted on all formulations to 
provide a measure of fluidity, which is important to ensure that the grout 
is pourable to allow for complete encapsulation of complex shapes often 
encountered in the immobilisation of nuclear waste. The mini-slump 
results (Fig. 2) revealed that the blended MKPC binders (except the 
0.22 w/s FA/MKPC paste) achieved a flow area equivalent to, or greater 
than, the baseline Portland cement (PC) composite grout typically used 

Fig. 1. Schematic of the experimental setup for one sample.  
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in the UK nuclear industry (91.3 ± 1.7 cm2 with a 3:1 BFS/PC ratio, 0.35 
w/s), with the miniature-slump flow area increasing commensurately 
with an increasing water content. The BFS/MKPC mixes consistently 
produced larger flow areas, which was unexpected as the inclusion of FA 
in MKPC binders was anticipated to enhance the workability (i.e. 
fluidity) more than the angular BFS particles as a result of the “ball- 
bearing effect” of the spherical FA particles [45–48]. The characteristics 
of the raw materials, however, help in part to explain the differences 
observed in mini-slump measurements. The FA used in this study had a 
finer particle size (resulting in a higher powder surface area) than BFS 
(Table 1), which is a special blend of fine/coarse material used for nu-
clear waste encapsulation in the UK. Consequently, it is expected that 
the FA absorbed more water than the BFS, leading to reduced overall 
fluidity of the FA/MKPC paste. Detailed powder properties for the 
blended fine/coarse BFS are reported in [38]. 

Only minor differences were observed between the flow areas of the 
0.24 and 0.26 w/s ratios in the FA/MKPC and BFS/MKPC pastes: 5 cm2 

and 3 cm2, respectively. By utilising the 0.24 w/s ratio formulation, 
there would be an 8% reduction in the water content without having a 
notable negative impact upon the workability designed for UK nuclear 
applications. Any reduction in the water content of the cement encap-
sulant would be expected to reduce the rates of reactive metal corrosion, 
as the presence of water is a driver for uranium corrosion [49]. The 
setting times of these blended binders was observed to increase 
commensurate with an increasing in w/s ratio (Table 4), which indicates 
that the FA/BFS diluted the precursors and delayed the acid-base reac-
tion, leading to extended workability in addition to improved flow 
properties (Fig. 2). The initial and final set time for MKPC-only was 
suddenly achieved by 1.25 h; this highly exothermic reacion led to the 
samples being hot to touch. These results support the utilisation of dil-
uents for applications of MKPCs where control of the setting time/ 
workability are required (e.g. plant operations) and where strict heat 

generation limits exist (e.g. nuclear waste immobilisation). From 
Table 4, it was apparent that the blended BFS systems set more quickly 
than the FA containing cements despite being the most fluid samples, 
which infers a different mechanism between the two systems. The 
setting times observed for both the FA/MKPC and BFS/MKPC binders 
(Table 4) were close to the reported values for a similar formulation 
design, which ranged between 4.5 and 5 h (initial set) at 0.26–0.28 w/s 
with the final setting noted to be within 24 h [6]. 

The compressive strength (CS) of blended MKPC binders was found 
to vary as a function of both the supplementary cementitious material 
used (FA, BFS) and the water content (Fig. 3). CS values for FA/MKPC 
binders reached between 20 and 25 MPa at 28 days of curing, which is 
comparable to literature values based on a similar system [6]. The 0.22 
w/s FA/MKPC sample achieved the lowest strength, with a CS value of 
19.93 ± 1.00 MPa at 28 days curing. Overall, the highest strengths were 
achieved by the 0.24 and 0.26 w/s FA/MKPC samples, which were 
within one standard deviation and close to the CS values achieved for an 
MKPC-only (0.24 w/s) formulation prepared using similar methods 
(previously published, achieving 14.71 ± 0.25 MPa, 18.82 ± 0.36 MPa 
and 22.65 ± 1.27 MPa at days 3, 7 and 28, respectively [35]). 

The BFS/MKPC binders were observed to have superior mechanical 
properties compared to the FA/MKPC binders, with the CS values 
ranging between 25 and 36 MPa for the w/s ratios at 28 days of curing, 
with the highest strength achieved by the 0.22 w/s BFS/MKPC sample, 
in contrast to the FA/MKPC system. The difference in mechanical 
properties could in part be explained by FA, which has a smaller particle 
size (14.0 ± 0.3 μm, Table 1: d50) and larger surface area (560 m2/kg, 
Table 1: Blaine fineness) than BFS (16.0 ± 0.3 μm (d50), 497 m2/kg, 
Table 1). This results in FA having a greater water demand during the 
initial setting phase, which would reduce the amount of water available 
for struvite-K formation. Secondly, the difference could also be associ-
ated with the different particle packing capabilities of FA (spherical 
particles) and BFS (angular particles), where the latter has a better 
physical interlocking in the MKPC binder than FA [50], leading to 
improved mechanical performance. 

Compared to other MKPC studies, the CS values reported for both the 
FA/MKPC and BFS/MKPC were on the lower range of achievable 
strength for MKPC systems. In the present study, the M/P molar ratio 
was fixed to 1.7:1. This M/P molar ratio is relatively low: values between 
3:1 to 10:1 are typically used [13–15,51–54], resulting in CS values >40 
MPa at 28 days curing [14,15,53]. Recent studies have indicated that the 

Fig. 2. Mini-slump flow areas of fresh FA/MKPC and BFS/MKPC pastes at 0.22, 
0.24 and 0.26 w/s ratios compared to a BFS/PC grout (0.35 w/s) represented by 
the dashed line. 

Table 4 
Setting time of MKPC formulations determined using Vicat measurements.  

Sample w/s Initial set (h) Final set (h) 
MKPC only  0.24  1.25  1.25 
FA/MKPC  0.22  2.0  6.0 
FA/MKPC  0.24  4.5  7.0 
FA/MKPC  0.26  5.0  7.5 
BFS/MKPC  0.22  1.0  4.5 
BFS/MKPC  0.24  2.0  6.0 
BFS/MKPC  0.26  3.5  7.0  

Fig. 3. Compressive strength of FA/MKPC and BFS/MKPC hardened pastes 
cured for up to 28 days, as a function of the w/s ratio (NB: the 0.24 w/s data set 
was previously included in [35]). 
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highest compressive strengths at w/s ratios ~0.2 are typically achieved 
when the M/P ratio is in the range of between 4:1 to 6:1 [13,33,34] with 
observed CS values in the range of ~60 MPa at 28 days. The compressive 
strength can decrease, by up to 40 MPa, when the M/P ratio is below 4 
(at 0.2 w/c) in diluent-free systems [13]. Another parameter that may 
impact the strength development in the present study (compared to 
MKPC literature) is the inclusion of 50 wt% filler (FA/BFS), which 
effectively dilutes the total quantity of the cementitious binding phase 
(struvite-K), although much of the MgO bulk in higher M/P ratio systems 
(e.g. 6:1) does not react, acting largely as a filler once set. 

In the present study, the formulation design stemmed from [5,6] 
with specific targets on the heat of hydration, fluidity and setting time 
for application within UK nuclear waste applications. In the UK, there is 
no set limit for compressive strength of cemented waste packages, the 
only requirement is for wasteforms to have “sufficient mechanical 
strength” for normal operations (storage, stacking, transportation) and 
accident scenarios (impact, fire) [55]. Therefore, the compressive 
strength values reported in Fig. 3 are likely to be appropriate for the 
target application, albeit lower than the potential mechanical properties 
achievable following formulation amendments. 

3.2. Powder X-ray diffraction 

The X-ray diffraction patterns of the 7-day cured FA/MKPC and BFS/ 

MKPC binders are shown in Fig. 4. These binders do not form additional 
crystalline phases after further curing, data shown here correlate to 
those observed at 28 days of curing [35]. Diffuse scattering was iden-
tified between 15◦

< 2θ < 25◦ and 25◦
< 2θ < 35◦ in the FA/MKPC and 

BFS/MKPC binders, respectively, which is associated with the glassy 
fractions present in the fly ash (aluminosilicate) and slag (calcium 
aluminosilicate) precursors. Struvite-K (MgKPO4⋅6H2O, powder 
diffraction file (PDF) #01-075-1076) was observed as the main crys-
talline phase, with traces of periclase (MgO, PDF #00-045-0946) iden-
tified in all formulations, which was added in excess (1.7:1 MgO:KH2PO4 
molar ratio). This was to ensure that the KDP was fully consumed during 
the acid-base reaction and to provide nucleation sites for the formation 
of struvite-K [56,57]. In Fig. 4A, quartz (SiO2, PDF #00-011-0252), 
mullite (3Al2O32SiO2, PDF #00-015-0776) and hematite (Fe2O3, PDF 
#87-1164) from FA were identified, whilst åkermanite (Ca2MgSi2O7, 
PDF #01-076-0841) reflections from BFS were observed in Fig. 4B. 

The phase assemblage of the blended MKPC binders did not appear to 
change with the varying water content (w/s ratio). However, with an 
increased w/s ratio, the relative intensity of the struvite-K reflections 
increased commensurately with a decreased relative intensity of the 
main periclase reflection at 2θ = 42.9◦. This was especially prevalent for 
the FA/MKPC system at 0.22 w/s ratio, which suggests a difference in 
the degree of reaction at lower w/s ratios. The results presented suggest 
that blended MKPC binders are chemically stable to small alterations in 
the water content and do not form additional crystalline phases due to 
reaction between MgO/KH2PO4 and the diluent material, forming only 
MgKPO4⋅6H2O as a crystalline material. 

3.3. Thermal analysis 

The dehydration behaviour of the blended MKPC binders (Figs. 5–6) 
revealed a single mass loss event between 50 and 150 ◦C (based on a 
10 ◦C/min heating rate), associated with the one-step dehydration of 
MgKPO4⋅6H2O to MgKPO4 (Eq. (2)), in agreement with literature using 
similar heating regimes [53,54,58]. In the FA/MKPC system, the mass 
losses observed up to 120 ◦C were: 17.0%, 17.8%, and 18.6% for w/s 
ratios 0.22, 0.24, and 0.26, respectively. In the BFS/MKPC system 
(Fig. 6), the mass losses were observed to be 14.1%, 16.3%, and 16.9% 
for w/s ratios 0.22, 0.24, and 0.26, respectively. This strongly suggests 
that the increased w/s ratio can result in an increased yield of struvite-K, 
though this needs to be balanced against the physical effects in fluidity, 
setting and strength. The assessments here, however, hold valid if only 
struvite-K is formed. No other crystalline phases were identified with 
XRD analysis, however we have previously reported evidence of an 

Fig. 4. X-ray diffraction patterns of A) FA/MKPC and B) BFS/MKPC pastes at 
various w/s ratios after 7 days of curing (λ = 1.5406 Å). 

Fig. 5. TGA A) and DTG B) traces of hardened FA/MKPC pastes after 28 days of 
curing, at various w/s ratios. 
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additional unknown reaction product within the BFS/MKPC system 
[35]. 
MgKPO4⋅6H2O(s)→MgKPO4 (s) + ↑6H2O(g) (2)  

3.4. Early age hydration behaviour from 0 to 60 h 

To further study the effect of water content on the reaction of these 
systems, and whether the diluents (FA, BFS) might be reacting, 
isothermal calorimetry (IC) was conducted on the 0.22, 0.24 and 0.26 
w/s formulations. In addition, time-resolved synchrotron XRD (SXPD) 
was undertaken on the 0.24 w/s formulation (as a mid-point in the water 
content) to provide high-resolution data about the early age setting re-
actions within the MKPC system. Both of these analyses were performed 
in conjunction with an MKPC-only (0.24 w/s) binder, which was used as 
a reference. 

3.4.1. MKPC-only 
In Fig. 7, the calorimetric traces of the MKPC-only binder (1.7:1 

MgO:KH2PO4, 0.24 w/s, no diluent) show a a rapid exothermic peak, 
with the maximum exotherm achieved around ≈1 h. Closer inspection of 
the initial exotherm reveals some complexity, with a small endotherm at 
~6 min, which is attributed to KH2PO4 dissolution (endothermic) 

[59,60]. In Fig. 7, there is a shoulder (~30 min) to the main exotherm, 
which is likely exothermic MgO dissolution, prior to the exothermic 
precipitation of struvite-K at 1 h 5 min, which was close to the setting 
time for the MKPC-only binder at 1 h 15 min (Table 4). 

A second exothermic event occurred between 10 and 50 h, which 
was associated with a low heat generation. The early shape (<10 h) of 
the calorimetric trace of the MKPC-only sample is similar to that re-
ported in the literature for conventional acid-base magnesium phos-
phate cements (with no diluent) [59,61], however, data are limited as 
most calorimetric studies for MKPC do not extend beyond 24 h. Qiao 
et al. [59] identified two exothermic peaks, associated with the disso-
lution of MgO in a weakly acidic media (caused by KH2PO4 dissolution), 
followed by the crystallisation of struvite-K [59]. However, this study 
extended only to 5.5 h (also using high M/P ratios of 2 to 11, resulting in 
rapid crystallisation) and so did not identify the later shallow exotherm 
observed here. Viani & Mácová reported calorimetry data up to 13 h 
[62] and suggested that the presence of the later exotherm was indica-
tive of an amorphous product crystallising to struvite-K, though this has 
not been confirmed by other researchers. We interpret this shallow 
exotherm as the continuation of struvite-K formation from MgO reaction 
with phosphate in the pore solution, though kinetically limited by the 
formation of an interconnected struvite-K network, limiting Mg 
mobility. 

3.4.2. FA/MKPC 
The calorimetric traces for FA/MKPC pastes at w/s ratios 0.22, 0.24 

and 0.26 are presented in Fig. 8. The hydration behaviour of the FA/ 
MKPC binders appeared broadly comparable in heat flow to the MKPC- 
only binder (Fig. 7), though with three exothermic peaks detected. The 
first well-resolved and short exotherm likely corresponds to initial MgO 
dissolution, and potentially some dissolution of soluble alkalis from FA 
[63]. The second exotherm at ~2–5 h is associated with the precipita-
tion of struvite-K, delayed compared to the MKPC-only paste in Fig. 7, 
with the third peak attributed to the continuous formation of struvite-K 
within a more restricted, hardened system. The position of each exo-
therm shifted to longer reaction times with an increased water content, 
with the third exotherm particularly drawn out up to ~70 h in the 0.26 
w/s FA/MKPC sample. The delay in formation of struvite-K (peak 2) is 
commensurate with the delay in setting times in Table 4, observed with 
increasing water content. 

The FA/MKPC binders had a lower thermal response during the 
dissolution/precipitation than the MKPC-only binder. This is expected 
as the FA/MKPC binders are diluted with 50 wt% FA, resulting in a lower 
exothermic output. In a previous study, the formation of a poorly crys-
talline potassium aluminosilicate was reported following a secondary 
reaction between the FA (or BFS) and MKPC components [35], however, 
there was no distinct isothermal calorimetry (IC) feature that could be 
assigned to this mechanism in the FA/MKPC binder and it is likely 
hidden by the high signal from the struvite-K formation reaction. 

The hydration behaviour of the FA/MKPC binder (0.24 w/s ratio) 
was observed from 0.5 to ~60 h using synchrotron powder X-ray 
diffraction (SXPD) (Fig. 9). During the early time points (0.5–1.5 h), the 
only reflections in the diffraction patterns were those associated with 
unreacted periclase (MgO, PDF #00-045-0946) and the crystalline 
phases present in the FA: mullite (PDF #00-015-0776), quartz (SiO2, 
PDF #00-011-0252) and hematite (Fe2O3, PDF #00-087-1164). The 
emergence of struvite-K (MgKPO4⋅6H2O, PDF #01-075-1076) re-
flections was observed at 2 h, after which the relative intensity of these 
reflections increased (up to 60 h) commensurate with periclase con-
sumption. This is in agreement with the IC data (Fig. 8) where the 
precipitation was estimated to begin by 2 h of curing and a weak exo-
therm was observed, extending to 70 h, and attributed to continued 
struvite-K formation. 

Prior to the crystallisation of struvite-K at 2 h, neither the phosphate 
reagent (KDP) nor intermediate phosphate phases were identified in the 
FA/MKPC binder. This indicated that the complete dissolution of KDP 

Fig. 6. TGA A) and DTG B) traces of hardened BFS/MKPC pastes after 28 days 
of curing, at various w/s ratios. 

Fig. 7. Normalised calorimetric traces for MKPC-only at 0.24 w/s, with data for 
0–5 h expanded in the inset. 
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occurred between the sample preparation and prior to the first diffrac-
tion pattern being collected at 30 min. To highlight this, the KDP 
(PDF#00-035-0807) was included in Fig. 9. Due to the narrow Kapton 
tubes (ø = 0.8 mm), the KDP was ground slightly using a pestle and 
mortar to reduce the particle size, which may have increased the reac-
tivity of the KDP compared to the calorimetry samples (although this 
does not appear to have affected struvite-K formation times). Crystalline 
phases reported here are in agreement with the results of Viani et al. 
using both 1.7:1 and 1:1 Mg:P ratios [62,64]. 

The early hydration behaviour by SXPD of the FA/MKPC binder does 
not reveal the formation of any crystalline phase other than struvite-K. 
Therefore, no additional crystalline phases can account for the later 
exotherm in Fig. 8 (10–60 h), which must be either attributed to the 
continued formation of struvite-K (also consistent with consumption of 
MgO) or the formation of a poorly crystalline product. The latter cannot 
be comprehensively proven in this study but recent literature proposes 
the presence of poorly crystalline phases within MKPCs as: 1) an inter-
mediate product in MKPCs with no diluents [62] and 2) a secondary 
reaction product from MKPC – FA interactions [35]. 

Lahalle et al. [60,65] reported that the early age hydration of MKPCs 
could lead to the formation of various additional magnesium phosphate 
phases such as MgHPO4⋅7H2O, Mg2KH(PO4)2⋅15H2O, or 
Mg3(PO4)2⋅22H2O, which were stable throughout the duration of their 
ex-situ hydration experiments. However, there was no evidence to 
support the formation of such phases in this in-situ hydration experi-
ment, shown in Fig. 9. Those ex-situ studies utilised high w/s ratios (100 
[60] and 1 [65]) to elucidate a mechanistic understanding of MKPC 
hydration as opposed to this study, where formulations were designed 
for UK nuclear waste applications (e.g. lower water content, 0.24 w/s) as 
such, direct comparisons should not be drawn. 

3.4.3. BFS/MKPC 
The calorimetric traces of the BFS/MKPC binders at 0.22, 0.24 and 

0.26 w/s ratios (Fig. 10) reveal a considerable difference in the hydra-
tion behaviour compared to both the MKPC-only and FA/MKPC binders. 
Within the BFS/MKPC binders an initial well-resolved exotherm (<1 h) 
was observed, potentially associated with MgO dissolution (Fig. 10 
inset). This was followed by an induction period (with low but not zero 
signal), which increased consummately with an increased water con-
tent, for example, the delay was ~8 h for 0.22 w/s and ~20 h at 0.26 w/ 
s. Following the induction stage, an exotherm was observed with three 
distinct, but overlapping peaks, increasingly delayed with higher con-
tents of water. The 0.26 w/s sample, in particular, exhibited a long in-
duction period with low (though not zero) heat output, before the first 
heat output peak at ~45 h. This implies the presence of altered reaction 
kinetics in the BFS/MKPC binders compared to the FA/MKPC binders. 

The reactivity of the BFS might explain the early setting character-
istics of the BFS/MKPC blends, since BFS is known to at least partially 
react in these systems [35]. All the BFS samples have a faster initial and 
final set, compared to the FA samples, despite delayed exothermic re-
actions. Within the FA samples, the setting times are roughly 

Fig. 8. Normalised calorimetric traces for fresh FA/MKPC pastes at A) 0.22 w/ 
s, B) 0.24 w/s and C) 0.26 w/s, with data for 0–10 h expanded in the inset in 
each plot. 

Fig. 9. Time-resolved SXPD patterns of 0.24 w/s FA/MKPC binder up to 58.8 h 
(λ = 0.82570 Å). 
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commensurate with the observed exothermic reactions in Fig. 8, whilst 
with BFS, setting appears delayed with respect to the thermal response 
(Fig. 10). If, as with the FA samples, the exothermic features represent 
struvite-K crystallisation, this implies the formation of an intermediate 
product in BFS/MKPC which contributes at least to early stiffening of the 
cement paste (as the final set was observed between 4.5 and 7 h) 
(Table 4). 

The time-resolved in-situ SXPD data of the 0.24 w/s BFS/MKPC 
binder (Fig. 11) support the occurrence of a delayed reaction mecha-
nism, concurring with the calorimetry data (Fig. 10). In the first two 
hours post-mixing, only reflections associated with MgO and KDP were 
detected, in contrast to the FA/MKPC binder at a similar time point 
(Fig. 9) where KDP had fully reacted. 

The SXPD data show evidence of preferred orientation, especially for 
the KH2PO4 (KDP) reflections. The stronger (200) and (321) reflections 
at 12.73◦ and 24.05◦ 2θ respectively were greatly reduced by 2.2 h. This 
does not indicate KDP dissolution, as the major (112) reflection at 2θ =

16.32◦ increased in relative intensity, along with other minor 

reflections. No other phases could accurately be matched to these re-
flections, leading us to infer preferential KDP orientation due to the large 
crystallite size and confinement of the small capillary tube. This is evi-
denced by the lack of struvite-K reflections until 13.9 h, at which time 
the major KDP reflection at 2θ = 16.32◦ begins to decrease in relative 
intensity (more noticeable over a smaller 2θ range in Fig. 12), with KDP 
reflections disappearing by 57.7 h, in line with the emergence of 
struvite-K reflections. 

The formation kinetics of struvite-K observed by SXPD agree well 
with the calorimetry data in Fig. 10, where an exothermic reaction 
occurred at ~12 h, exactly when struvite-K formation was observed to 
initiate. The first exothermic peak maximum, associated with struvite-K 
formation, occurred at ~25 h, which was in agreement with SXPD where 
the relative intensities of struvite-K reflections were observed to increase 
(28.1 h scan, Fig. 11). This struvite-K crystallisation occurs after the 
cement sets, further suggesting evidence of an intermediate product, 
which is poorly crystalline in nature, as no other crystalline products 
were observed prior to 13.9 h. However, other poorly crystalline fea-
tures are present in this synchrotron data from both the BFS and the 
Kapton capillary, so we are unable to confirm its presence due to these 
complicating background signals. 

3.5. Formulation design summary 

The main motivation for the present study was to modify the MKPC 
formulation design with specific reference to UK specific requirements 
for cement encapsulation of radioactive waste. Previous work (UK) re-
ported formulations between 0.26 and 0.32 w/s at M/P molar ratio 
1.5:1, which utilised 50 wt% FA as a diluent (for cost savings and to 
reduce heat of hydration) and 2 wt% boric acid (set retarder) for 
improved workability [5,6,66]. It is within these specific requirements 

Fig. 10. Normalised calorimetric traces for fresh BFS/MKPC pastes at A) 0.22 
w/s, B) 0.24 w/s and C) 0.26 w/s, with data for 0–10 h expanded in the inset in 
each plot. 

Fig. 11. Time-resolved SXPD patterns of 0.24 w/s BFS/MKPC binder up to 
58.8 h (λ = 0.82570 Å). 
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and targeted application (reactive metal encapsulation) that we define 
our “optimised” w/s ratio. In the lowest w/s ratio (0.22 w/s), the fluidity 
of the FA/MKPC binder was below the current UK nuclear industry 
standard grout (BFS/OPC) and both FA/BFS systems had the quickest 
initial and final set times (Table 4). The rapid setting and lower water 
content of the 0.22 w/s binder appeared to affect the total quantity of 
struvite-K formed in these systems, as evidenced by the increased rela-
tive intensity of the main MgO reflection at 2θ = 42.8◦ (indicating more 
unreacted MgO; Fig. 4) and the smaller mass loss at ~100 ◦C (associated 
with struvite-K dehydration; Fig. 5). The MKPC formulation design al-
lows for unreacted MgO, which provides nucleation sites for struvite-K 
crystallisation. However, excessive MgO could be problematic if it un-
dergoes a delayed hydration reaction (to form Mg(OH)2), which is 
associated with a volume increase and could affect wasteform integrity 
(e.g. stress-induced cracking). Therefore, the 0.22 w/s formulation was 
deemed not suitable for further investigation. 

To differentiate between the 0.24 and 0.26 w/s formulations, the 
results indicated that no significant improvement could be identified 
based on the phase assemblage, fluidity or compressive strength. The 
setting times were slightly longer at 0.26 w/s, whilst the compressive 
strength was higher (albeit within one standard deviation) at 0.24 w/s. 
The fluidity revealed that both FA/MKPC and BFS/MKPC binders 
matched or exceeded the reported values for BFS/OPC suggesting that 
both water contents could maintain workability during plant operations. 
Therefore, the “optimised” formulation must be derived from the overall 
water content required to decrease the corrosion rate of encapsulated 
reactive metals arising from intermediate level waste streams in the UK. 
The 0.24 w/s formulation appeared to be the most suitable, and as such, 
was content chosen for metallic uranium corrosion trials (Section 3.6). 

However, it should be noted that the calorimetry data for the BFS/ 
MKPC formulations were dissimilar from the MKPC-only, FA/MKPC and 
reported literature for these systems. Our in-situ SPXD studies revealed 
that the 0.24 w/s BFS/MKPC binder achieved the same end point (for-
mation of a single hydrated phosphate phase) but the utilisation of BFS 
impacted the setting reaction, struvite-K crystallisation timeframe 
(Fig. 11) and extended/lowered the reaction heat output (Fig. 10). These 

blended MKPC formulations warrant further investigation to explore, in 
detail, the different reaction kinetics between the FA/MKPC and BFS/ 
MKPC binders. 

3.6. Interaction between MKPC binders and reactive uranium metal 

To determine the performance of the optimised blended MKPC 
formulation for nuclear waste management applications, particularly 
targeting reactive metals, a small-scale encapsulation experiment was 
performed using uranium metal, and monitored up to day 700 post- 
mixing. The aim of this experiment was to measure gas evolution from 
both FA and BFS blended MKPC (0.24 w/s) samples, compared with a 
conventional BFS/PC blend (3:1 blend, 0.35 w/s). The oxidative 
corrosion of U metal by water yields hydrogen, according to Eq. (3), 
therefore the total gas evolution can be used as a means to quantify the 
extent of corrosion, although this is not an absolute measure of corro-
sion. The generation of uranium hydride, according to Eqs. (4) and (5), is 
a particular concern as it is unstable in air and pyrophoric in specific 
conditions (e.g. high surface area), which generates challenges associ-
ated with the management and disposal of metallic uranium wastes 
[49,67,68]. 
U(s) + 2H2O(l)→UO2 (s) + 2H2 (g) (3)  

U(s) + 1.5H2 (g)→UH3 (s) (4)  

UH3 (s) + 2H2O(l)→UO2 (s) + 3.5H2 (g) (5) 
The cumulative gas evolution (with minimum, mean and maximum 

values) for the all three binder systems are presented in Fig. 13. It was 
immediately apparent that the gas evolution from the FA/MKPC and 
BFS/MKPC formulations were significantly lower than that for BFS/PC. 
The averaged cumulative gas evolution after 700 days was calculated to 
be: 64.7 ± 15.0 mL, 70.4 ± 12.7 mL and 143.5 ± 2.7 mL (±1 standard 
deviation), for FA/MKPC, BFS/MKPC and BFS/PC, respectively. From 
these values, little difference could be assigned between the behaviour 
of the two blended MKPC binders. Fig. 13 highlights the importance of 
conducting long-term corrosion studies to underpin the corrosion 
behaviour of the encapsulating grout and waste. Below 50 days, the 
difference in gas evolution between all binder systems was almost within 
one standard deviation (indicating similar corrosion behaviour). How-
ever, above 200 days, a clear divergence in the gas evolution rate was 

Fig. 12. Time resolved SXPD patterns of 0.24 w/s BFS/MKPC binder between 
16◦ ≤ 2θ ≤ 18◦, from 13.9–57.7 h (λ = 0.82570 Å). 

Fig. 13. Cumulative gas evolution for uranium encapsulated within FA/MKPC, 
BFS/MKPC and BFS/PC binders, up to day 700 (the solid line represents the 
mean value, the dotted line represents the minimum value and the dashed line 
represents the maximum value). 
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observed, indicative of an improved wasteform performance for the 
blended MKPCs due to a lower overall gas evolution (which infers a 
lower uranium corrosion rate than BFS/PC, within the remit of this 
experiment). 

To explore the corrosion behaviour further, gas evolution rates 
(determined by linear regression) are reported in Table 5 for three time 
ranges: 0–200 days, 200–450 days and 450–700 days. The time periods 
were identified based on observed changes in the BFS/PC trace in 
Fig. 13. For all formulations, the highest evolution rate occurred be-
tween the first 200 days after which, the rate of gas evolution slowed 
between 200 and 450 days and further between 450 and 700 days. The 
final evolution rate (450–700 days), revealed that FA/MKPC and BFS/ 
MKPC gas evolution rates, at 0.044 ± 0.001 mL d−1 and 0.062 ± 0.001 
mL d−1 respectively, were an order of magnitude lower than that for the 
BFS/PC system (0.102 ± 0.005 mL d−1). Given that U-metal corrosion is 
dominated by aqueous oxidation to UO2, it is clear that the blended 
MKPC formulations confer reduced reactivity due to the lower propor-
tion of free water. 

Comparison with other U corrosion studies is challenging due to 
differences in experimental protocols, and there are fewer studies that 
include an MKPC binder. At the Pacific Northwest National Laboratory 
(USA), a magnesium phosphate cement, Tectonite (a proprietary 
formulation) was found to have a higher hydrogen generation from 
encapsulated metallic uranium beads when compared to a range of PC- 
based grouts [25]. This was dissimilar to the results of Covill [31], who 
reported that FA/MKPC grouts (0.26 and 0.28 w/s) performed consid-
erably better than a FA/PC grout (3:1, 0.42 w/s) encapsulating natural U 
pucks. Since there was no information given about the composition of 
the Tectonite material, an explanation for why the present study shows 
the opposite result is not apparent, but it may be due to the greater 
surface area of the U metal beads, when compared to natural U pucks 
(~20 cm2) [31] and the metallic U strips (~5.9 cm2) used in the present 
study. 

Overall the results of the present study indicate that the employment 
of blended MKPC binders in the encapsulation of metallic U has the 
potential to reduce reactive metal corrosion by half, when compared to a 
UK nuclear industry standard grout, BFS/PC. Furthermore, a continued 
drive towards lower water content could further improve performance, 
although corrosion will still proceed, albeit at a low rate. 

At 18 months, sacrificial samples were taken for microstructural 
analysis using SEM-EDX, with one sample for FA/MKPC and BFS/MKPC. 
Unfortunately, corrosion within the BFS/PC sample had caused sub-
stantial cracking, and the sample broke apart during sectioning. As such 
it is not possible to demonstrate the U-cement interaction for BFS/PC for 
comparison with the FA/MKPC and BFS/MKPC samples (Fig. 14). 
Further work is planned to investigate the effect of uranium corrosion on 
these binders, including using non-destructive techniques. 

The backscattered electron micrographs of the FA/MKPC and BFS/ 
MKPC binders encapsulating U-foil were typical for magnesium phos-
phate binders. In the FA/MKPC binder (Fig. 14A), large struvite-K 
crystallites, unreacted periclase and the spherical particles associated 
with fly ash were clearly evident. A good adhesion with the U-foil 
(which appears as bright white contrast) was observed with only minor 
indication of uranium corrosion, as further evidenced by enhanced 
magnification of the foil-cement interface in Fig. 15. No apparent 
cement/uranium interactions could be observed at the magnification 

presented in Fig. 14A. The elemental maps suggest that K and Ca 
(Fig. 14A: K and Ca) were associated with the uranium foil, however this 
is due to an overlap of the characteristic X-rays detected by EDX analysis 
and the overall low Ca content (2.4 wt% in FA, Table 2), which resulted 
in a background signal across the sample. For K, the strong Kα1 X-ray at 
3.314 keV (used in Fig. 14) coincided with the Mβ1 X-ray of U at 3.336 
keV. Attempts were made to isolate the K signal from U by using the Kβ1 
emission at 3.590 keV with narrow windowing. However, the resulting 
signal was weak, which resulted in K being detected uniformly across 
the microstructure even in particles with no K (e.g. fly ash and slag 
particles), due to background signal in this region. Therefore, K cannot 
be differentiated from U due to signal overlaps, but the U foil is clearly 
distinguishable from the cement matrix. 

The SEM/EDX data for the BFS/MKPC sample are quite different, 
with a continuous struvite-K matrix observed, embedded with angular 
BFS particles. The condition of the encapsulated U-foil displayed clear 
corrosion on all exposed surfaces (Fig. 14B), with the corrosion layer 
spalling away from the metal, creating a gap between the MKPC binder 
and the U-foil. This is indicative of the formation of UO2 in a porous 
laminar layer, which is reported to spall in sheets from the underlying 
metal surface [49]. No other elements appeared to be associated with 
the U corrosion layer other than U (noting the K, U energy overlap as for 
the FA/MKPC binder), further implying that it is composed only of UO2. 

The clear difference in corrosion between the BFS/MKPC and FA/ 
MKPC samples does not concur with the long-term gas evolution studies. 
The BFS/MKPC system continually released more gas than the FA/MKPC 
system however, the averaged cumulative values at day 700 were within 
one standard deviation of each other. This may suggest that localised 
regions of high corrosion may persist, which were not fully captured in 
the analysis if the sacrificial sample for FA/MKPC, or that there might be 
differences in the metal-cement interface between samples, for example 
the shrinkage of cement paste allowing room for spalling to occur. 

4. Conclusions 

MKPC formulations blended with FA and BFS with a w/s ratio 
ranging from 0.22–0.26, were developed and characterised with the aim 
to maintain key physical properties, such as setting time, fluidity and 
compressive strength for potential deployment as a radioactive waste 
encapsulant. Detailed analysis of the hydration behaviour of these 
blends was investigated, with calorimetry data and time-resolved SXPD 
revealing significant differences in the early reaction behaviour, reac-
tion commencement and duration between MKPC blended with FA and 
BFS. SXPD revealed that in FA/MKPC and BFS/MKPC binders (at a M/P 
molar ratio of 1.7:1), struvite-K was the only observed crystalline hy-
dration product. Notably, the addition of BFS to the system delayed the 
crystallisation of struvite-K by ~14 h in the 0.24 w/s system, in contrast 
to only ~2 h in the FA/MKPC system. The setting of the BFS/MKPC 
system was observed prior to formation of crystalline struvite-K, which 
suggests the formation of an intermediate poorly crystalline product, 
whereas the setting and crystallisation of FA/MKPC were broadly in 
agreement with the diluent-free MKPC system. The delayed setting of 
BFS/MKPC may be advantageous for industrial applications (especially 
larger products / wasteforms) as the thermal output and setting time can 
be controlled by modifying the diluent added to the MKPC binder. The 
optimised blended MKPC binders (0.24 w/s ratio) in this study were 
found to reduce the corrosion of uranium by up to 50% when compared 
to the UK nuclear grout (3:1 BFS/PC) for cementation and, as such, offer 
a promising alternative for immobilising radioactive metal inventories, 
as well as for use in other applications that involve close contact of 
cement with reactive metals. 
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Fig. 14. A) FA/MKPC (0.24 w/s) with encapsulated uranium foil at 18 months, B) BFS/MKPC (0.24 w/s) with encapsulated uranium foil at 18 months.  

Fig. 15. BSE micrograph of FA-MKPC sample at higher magnification.  
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