
 
 

 

Characterisation of Hardened Cements 

Incorporating Simulant Intermediate Level Waste  

 

James Andrew Rickerby  

 

Submitted in accordance with the requirement for the degree of 

Doctor of Philosophy 

 

The University of Leeds 

 

Faculty of Engineering ɀ School of Civil Engineering 

Institute of Resilient Infrastructure  

 

January 2015 

 

 

 

 

 

 

 

 

 

 



 
 

 

 



James Rickerby 200266660  
 

I 
 

The candidate confirms that the work submitted is his own and that appropriate credit has 

been given where reference has been made to the work of others. 

This copy has been supplied on the understanding that it is copyright material and that no 

quotation from the thesis may be published without proper acknowledgement. 

© 2015 The University of Leeds and James Andrew Rickerby 

The right of James Andrew Rickerby to be identified as Author of this work has been 

asserted by him in accordance with the Copyright, Designs and Patents Act 1988.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



James Rickerby 200266660  
 

II 
 

Acknowledgements  

I am grateful to the Nuclear Decommissioning Authority for funding this project, presenting 

me with the valuable opportunity to continue my studies.  

I would like to thank my primary supervisor Prof. Ian G. Richardson for his supervision, 

guidance and support throughout my PhD research.  

I would also like to thank all those people involved with this project and who provided me 

with required training, feedback  and support which made this project possible: Dr Leon 

Black, Dr Steve Williams, Dr Shuangxin Li and Dr Rae Taylor. Additional thanks is due to the 

staff in LEMAS for their valuable help and training in electron microscopy especially Mr 

Mike Ward for his insights. I would also like to thank Dr D.C. Apperley and his staff at 

Durham University's EPSRC-funded NMR service for  the collection of 29Si and 27Al NMR 

spectra.  

I would like to extend my thanks to all my colleagues for their discussions, friendship and 

support along this journey, in particular; Mark, Shanshan, Sharlly, Rae, Sam, Julia and Josh. 

Your continued encouragement and company throughout this process has been a pleasure. 

I would also like to additionally thank all the civil engineering staff who gave me support  

particularly our materials technicians  Les and Becky. 

Thank you to my mum, dad and sister for their continued support and encouragement over 

the last 4 years, you've helped me whenever possible and I can never thank you enough. To 

my girlfriend Amanda thank you for putting up with me over the last few years, your 

patience has been incredible and I've always had a cheering face to come home to.  

A special thank you is reserved for my dad, without you these years would have been much 

harder and more stressful. Your incredible support and advice has helped guide me 

throughout this process; no matter how many spectra, plots or images we discuss you have 

never complained and you will always be an inspiration to me.  

 

 

 

 



James Rickerby 200266660  
 

III 
 

Abstract  

Blended cement grouts are used in the UK for the encapsulation of various intermediate 

level nuclear wastes (ILW). To ensure the long term confidence in the durability of these 

grouts detailed knowledge of the exact nature of the hardened cement and its interaction 

with the waste material is essential. This PhD project aims to characterise various aged 

blended cement grouts utilised in the encapsulation of radioactive wastes. The grouts have 

been modified by the incorporation of simulant wastes produced to allow comparison with 

current in-service waste formulations.  The grouts were analysed using a multi-technique 

approach to assess the reactions which have occurred within the cement matrix and their 

significance for successful encapsulation of the waste.  

The samples underwent investigation after long-term storage using a variety of techniques 

including thermal analysis, X-ray diffraction, electron microscopy and nuclear magnetic 

resonance spectroscopy. This suite of techniques allowed for the identification of various 

crystalline and amorphous phases produced during the hydration process and thereafter. 

Comparison was then made with similar samples containing no simulant waste to contrast 

the findings and possible effects upon the cement matrix and understand the implications 

for long-term storage.  

The blended cement samples showed a varying level of modification due to the inclusion of 

the simulant wastes. It was shown a major controlling factor was the relative solubility of 

the waste-form. A magnesium corrosion based simulant showed very little reaction in 

cement matrix, however aluminium based simulants typically displayed a wide range of 

reactions. Waste carbonate systems also displayed a high level of reaction, with the 

formation of new phases causing the destabilisation of AFt and encapsulation of the 

carbonate waste within AFm. The requirement for detailed characterisation of the C-S-H 

phase was confirmed with substantial changes being observed for samples containing 

waste flocs. Analysis of this phase proposed a high degree of substitution into the silicate 

chain lengths with the likely incorporation of additional metal cations into the structure via 

charge balancing. 

It was found all samples showed characteristics supporting the potential successful physical 

encapsulation of radioactive wastes. In addition to this various chemical immobilisation 

process have been studied, confirmed or proposed.  
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Chapter 1  : Introduction  

1.1 Context of study  

Radioactive wastes are produced throughout the world via many mechanisms and in a wide 

variety of forms. Due to their nature, the management of these wastes involves their 

containment and confinement rather than dilution and prospective release. The objective 

of radioactive waste management is to contain the waste and isolate it from the immediate 

environment. Radioactive waste management therefore consists of collecting the waste, 

processing into a stable form and interim storage prior to its final disposal in surface or 

geological repositories [1].  

The future public acceptance of new nuclear generating capacity relies upon confidence in 

the safe and efficient management of the resultant wastes. It is therefore fundamental that 

current waste management technologies can be demonstrated to effectively and safely 

manage the current waste portfolio in existence.  

This project is part of the NDA supported Diamond university research programme into the 

decommissioning, immobilisation and management of nuclear wastes for disposal;  with 

particular interest into legacy wastes, contamination migration and material performance. 

A number of management systems and processes have been established to respond to the 

hazardous nature of radioactive wastes and consequences of any potential release into the 

environment. 

After the desirable options of waste minimisation and recycling have been exhausted, 

waste immobilisation and containment becomes the next management process. 

Immobilisation reduces the potential for migration or dispersion on containments including 

radionuclides [2]. The IAEA [3] defines immobilisation as the conversion of a waste into a 

wasteform by solidification, embedding or encapsulation. Immobilisation of waste is 

achieved by its chemical incorporation into the structure of a suitable matrix so it is 

captured and unable to escape. Encapsulation of waste is achieved by physically 

surrounding it in materials so it is isolated and its radionuclides are retained [2]. 

One primary form of management for various radioactive waste streams is containment 

and subsequent encapsulation or immobilisation within cement grout, prior to interim and 

proposed long-term storage within a suitable geological disposal facility [4]. The grouts 

currently used in the UK for the encapsulation of intermediate level nuclear wastes (ILW) 
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involve formulations of ordinary Portland cement blended with high levels of cement 

replacement materials such as blast furnace slag (BFS) and pulverised fuel ash (PFA). 

However several alternative mix compositions are being actively developed [5, 6]. This 

study investigates the long term incorporation and potential chemical immobilisation of 

several simulant ILW waste-forms within their relevant cement encapsulation grouts.   

1.2 Research motivation  

Due to the varied legacy waste portfolio currently in storage and awaiting treatment it is 

vital to ensure confidence in our capacity to apply current technologies to its treatment. 

This project enhances current knowledge into the effective treatment and stability of the 

resultant wasteforms, this is done by addressing current weaknesses in the existing 

experimental literature.  

Considerable research activity has been targeted at confidently modelling the long-term 

performance and stability of nuclear waste-forms, nevertheless it  is foreseen there could 

be significant limitations into the material characterisation work completed with regards to 

cemented waste-forms. One such limitation is the inadequate characterisation of the 

primary binding phase for cement C-S-H, this is due to the techniques relied upon in 

previous research particularly x-ray diffraction and scanning electron microscopy. These 

techniques have limited value in characterising C-S-H due to its amorphous nature and fine 

scale morphology, structure and potentially intermixed phases. This difficulty in accurately 

characterising the amorphous phases present with these cemented waste-forms has led to 

levels of speculation on their exact nature; removing or reducing this level of speculation is 

essential for confident long term predictions on stability.  

 

1.3 Research objectives 

This research aims to improve current knowledge into the characterisation of a range of 

cemented intermediate level nuclear wastes. To do this a number of material 

characterisation techniques have been applied to various simulant cementitious waste-

forms which are based upon industry systems.  

The primary aim is to increase the understanding into the exact nature of these studied 

simulant waste-forms and the potential level of interaction between the cementitious grout 

materials and the additional simulant wastes. To understand these processes is seen as 

integral to producing accurate predictions into long-term performance and stability of the 
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waste-form. To accomplish this improved estimations of the micro-structural evolution and 

hydrated phase assemblages are required to enable higher levels of confidence into their 

effective management.  

The outcome of the stated aim will be improved insights into the effectiveness of the 

studied waste treatment processes and the associated stability of the waste form after 

extended storage.  

1.4 Experimental sco pe 

The proposed study objectives outlined in section 1.3 have been addressed using a multi-

technique experimental approach. Characterisation of the grouts composition and phase 

distributions was completed by backscattered electron (BSE) imaging of polished sections; 

additionally analytical transmission electron microscopy of ion-thinned sample allowed for 

finer scale analysis of resultant compositions and morphologies of identified phases.  

Bulk analysis techniques were used to provide additional capabilities aside from electron 

microscopy; powder x-ray diffraction was used for the identification of present crystalline 

phases within the studied waste grouts. Furthermore, thermal analysis with evolved gas 

analysis allowed for the quantification of amorphous phases alongside crystalline and gave 

the added capability of estimation of the potential quantities of phases within a sample. At 

the commencement of the project it was anticipated solid-state nuclear magnetic 

resonance spectroscopy (NMR) would be used extensively in selected systems. This was to 

provide information on the nature of alumino-silicate ions within the C-S-H phase. 

Unfortunately due to equipment problems this was not possible for the majority of samples 

in the study; however 29Si and 27Al NMR spectras were collected at the EPSRC UK National 

Solid-state NMR service at Durham University to allow for estimations into the nature of 

the C-S-H phase.  

 

1.5 Outline of thesis  

In Chapter 2, a fundamental literature review is presented. This review covers the chemical 

composition of Portland cement and the relevant hydration stages, additionally various 

proposed structural models for the C-S-H phase and its natural mineral analogues are 

discussed and compared. Separate sections are included for the compositions, hydration 

and microstructures of the primary supplementary cementitious materials used within the 

blended cements studied in this project. A final section gives a detailed industrial context 
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into the use of cement encapsulation for radioactive waste management; the review 

includes waste classifications, a description of waste forms, cement backfill material and 

alternative encapsulation systems.  

Chapter 3 provides descriptions of the materials studied in this project; with discussions 

into the simulant wastes, encapsulation grouts and mixing procedures. General 

explanations are provided into the experimental techniques which is followed by a detailed 

description into the relevant experimental procedures used. 

Chapters 4 to 8 include the related experimental results and discussions for the 

encapsulated simulant waste grouts. Each chapter includes an introduction, the bulk 

analysis and electron microscopy results and a conclusion into the effects of the simulant 

waste.  

Chapter 9 provides a summary of the main conclusions discussed in chapters 4 to 8, 

additionally it includes a section into potential future works and considerations.    
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Chapter 2  : Literature Review 

2.1 Introduction  

The use of cements as a primary encapsulation medium for various nuclear waste streams 

is well established in the UK. However, the potential micro and nano-structural effects 

caused by the inclusion of these waste streams within their respective encapsulation 

matrices is often poorly understood due to insufficient characterisation. To determine the 

possible effects and to allow for long-term confidence of waste-form stability, in-detail 

characterisation of the C-S-H phase and the additional hydrated products is necessary. This 

literature review discusses the basic hydration mechanisms for OPC and supplementary 

cementitious materials; whilst also detailing various structural models produced to describe 

C-S-H. Additionally the review examines the current use of cementation in radioactive 

waste encapsulation, their classifications and the various industry produced waste-forms 

which are studied within this project.  

2.1 Ordinary Portland cement (OPC)  

Portland cement is the mostly commonly produced cement type in general use worldwide, 

it forms the basis of the majority of mixes used in construction. Portland cement is made by 

heating a mixture of limestone or chalk (the source of CaO) and clay or shale (the source of 

SiO2, Al2O3 and Fe2O3ύ ǘƻ ŀ ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ ŀǊƻǳƴŘ мпрлɕ/Φ ¦Ǉon heating a level of fusion 

occurs and the materials combine to form a hardened clinker. Calcium sulfate dihydrate 

(gypsum) is added to the clinker which is then ground to form cement.  

2.1.1 Composition of OPC 

OPC clinker commonly contains four principal phases alite (C3S), belite (C2S), aluminate 

(C3A) and a ferrite phase (C4AF); additional minor phases will also be present such as 

sulfates and various oxides. Alite is seen as the most important single constituent of normal 

Portland cements and it typically constitutes over 50% of the clinker, it reacts relatively 

quickly with water and contributes the majority of strength. Alite is an impure form of 

tricalcium silicate which has been modified in its structure and composition by the inclusion 

of foreign ions such as Mg2+ , Al3+ and Fe3+. The second most common compound in cement 

clinker is belite which typically makes up to 30% of the material. Again belite is an impure 

compound of C2S modified by ionic subsitutions, belite is normally found in its beta 

polymorph in cement clinkers and is commonly denoted ŀǎ ʲ-C2S in cement notation. 

During hydration belite reacts more slowly than alite, contributing little to early strength 

development. However the effective hydration of belite is key to long-term later strength 
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development after the 28 day period, after one year the reported strengths of pure 

hydrated alite and belite are very comparable [7].  

The primary aluminate phase in OPC normally constitutes up to 10% of the clinker mix. It's 

typical composition is based upon C3A, however similarly to the earlier reported phases it is 

often heavily modified by foreign ions. Aluminate is well known to rapidly react with water 

causing unwanted rapid 'flash' setting. To mitigate a controlling agent is introduced into the 

OPC mix, typically calcium sulfate (gypsum).  The ferrite phase (C4AF) is a tetra-calcium 

aluminoferrite compound which again can be modified by ionic substitutions and by its 

Al/Fe ratio. It reactivity is much lower than the aluminate phase and can be highly variable 

depending upon its internal composition, it is suggested that ferrite phase can initially react 

fairly rapidly with the reaction slowing over time [7]. 

2.1.2 Hydration of OPC to form C-S-H 

As the cement clinker consists of multiphase solids each phase has a specific reaction with 

water creating a range of hydration products. The solid phases formed in the hydration of 

pure cement systems consist principally of calcium hydroxide, also known as portlandite, 

and a gel-like phase of a calcium silicate hydrate termed C-S-H. In the hydration reaction 

the alumina and ferrite phases react with the water, calcium and sulfate to form the 

products AFt (ettringite) and AFm.  Calcium silicate hydrate (C-S-H) is the most important of 

these hydration products and the hyphens signify that its composition is highly variable. 

The nature of  C-S-I Ŏŀƴ ōŜ ŀŦŦŜŎǘŜŘ ōȅ ŦŀŎǘƻǊǎ ǎǳŎƘ ŀǎ ǘƘŜ ŎŜƳŜƴǘΩǎ ǎǘŀǊǘƛƴƎ ŎƻƳposition, 

water: cement or water: binder ratio and temperature.  

2.1.2.1 Early age hydration 

¢ƘŜ ŘŜŦƛƴƛǘƛƻƴ ƻŦ ΨŜŀǊƭȅΩ ǎǘŀƎŜ ƘȅŘǊŀǘƛƻƴ ǳǎŜŘ ƛƴ ǘƘƛǎ ŎƻƴǘŜȄǘ ƛǎ ǊŜƭŀǘŜŘ ǘƻ ǘƘŜ ŦƛǊǎǘ нп ƘƻǳǊǎ 

of the hydration reaction. When water is added to the cement the ionic species begin to 

dissolve and a gel layer will form around the cement grains as the major phases of the 

cement react. These chemical reactions start the associated heat evolution found in the 

hydration of cement, with the main contribution coming from the hydration of aluminate. 

At this stage some aluminate and ferrite react with calcium sulphate to form an amorphous 

alumina silica-rich gel on the surface of the grains (Figure 2-1 Scrivener cited by Taylor [7]). 

Ettringite in small 'rods' then start to form across the surface of these grains as a product of 

C3A with available calcium sulphate via the following reaction: 
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ὅὃ σὅὛὌ ςφὌᴼὅὃὛὌ  ὉὸὸὶὭὲὫὭὸὩ 

 

During this early stage of hydration the level of dissolution is rapid, the heat evolution soon 

decreases due to saturation of Ca ions; at this point Ca(OH)2 and C-S-H are starting to form 

due to the hydration of C3S.  

ςὅὛ χὌᴼὅὛὌ  

The above equation shows the reaction of C3S and the resulting C-S-H formed does not 

have an exact composition so the given C3S2H4 is an approximation.  Inside one day the C-S-

H formed in the early hydration stages has formed a layer of 'outer product' (Op) on the 

arrangement of ettringite rods. In this middle stage it was reported by Scrivener that C-S-H 

began forming on the inside of the 'shell' formed from the outer product with additional 

production of C-S-H outer product. Scrivener also reported a secondary formation of 

ettringite by secondary hydration of the aluminate phase after 18 hours forming a small 

heat evolution peak. 
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Figure 2-1: Development of microstructure during the hydration of Portland cement, adapted from Scrivener 
cited in Taylor [7] 

2.1.2.2 Late age hydration 

At the later stages of hydration after one day the formation of AFm phase monosulfate is 

observed inside the original shell as a result of C3S and C3A reacting with destabilised 

ettringite.  The slow continued hydration of in-shell ettringite results in C-S-H deposition 

between the remaining anhydrous material and the shell until no anhydrous material 

remains and the grain is fully reacted. The heat evolution of the system continues to 

reduce. It is also during these later stages that the reaction of belite takes place in a 
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hydration reaction similar to alite but with a greatly reduced level of heat evolution. During 

this continual reaction, the outer C-S-H will continue to be formed from available reaction 

products provided there is still water available for hydration. The formation of this outer C-

S-H into the available pore spaces results in a differing morphology from ǘƘŜ ŘŜƴǎŜǊ ΨƛƴƴŜǊ-

ǎƘŜƭƭΩ /-S-H. Outer-product C-S-H will often appear more porous and less compact in 

nature.  

2.1.3 Basic morphology of C-S-H 

As mentioned in the preceding sections during the hydration of cement to C-S-H there is a 

formation of inner (Ip) and outer (Op) products. These references to the formed 

microstructure were first used by Taplin [8]. The convention denotes the difference 

between those products which lie within the original boundaries of the clinker particles 

(inner products), and those which lie outside (outer products) and various authors have 

followed in using this concept. Evidence of the usefulness and validity of this convention 

can be seen from high resolution electron microscopy which shows the difference between 

the products [9]. As briefly discussed in 2.1.2.2 it has been shown when C-S-H is formed in 

ƭŀǊƎŜǊ ǇƻǊŜ ǎǇŀŎŜǎ ŀǎ ƻǳǘŜǊ ǇǊƻŘǳŎǘ όhǇύ Ŏŀƴ ƘŀǾŜ ŀ ΨŎƻŀǊǎŜ ŦƛōǊƛƭƭŀǊΩ ƳƻǊǇƘƻƭƻƎȅΣ ǿƘƛƭǎǘ 

inner product (Ip) displays a 'fine fibrillar' compact structure [10].   

2.2 Structural models for C -S-H 

2.2.1 Natural mineral analogues 

There are number of crystalline minerals which are reportedly similar to the composition of 

C-S-H and a list of the related calcium silicate hydrates and calcium aluminosilicate hydrate 

phases has been published [11]. Many of these minerals are of particular interest due to 

their ability to help model the extremely variable and poorly ordered C-S-H phase which 

acts as the binder in cement. 

2.2.1.1 Tobermorite 

Tobermorite is a naturally occurring calcium silicate hydrate mineral, its layered structure is 

often classified by its interlayer basal spacings of 0.9nm, 1.1nm and 1.4nm [12, 13]. This 

interlayer spacing relates to the degree of hydration in the tobermorite which is affected by 

heating. Thus 1.1nm tobermorite is formed from 1.4nm tobermorite [14] by the loss of 

interlayer water via heating and 0.9nm tobermorite is created from further heating at 

higher temperatures. The structure of tobermorite consists of a central Ca-O 'sheet' which 

has silicate chains linked on both sides, the silicate chains are kinked with a three 

tetrahedron periodicity and are often called dreierketten chains [11].  This description is 
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backed by a detailed determination of 1.4nm tobermorite crystal structure by Bonaccorsi et 

al [15].  This study concluded that its structure is made up of co-ordinated Ca cations 

flanked by wollastonite-like (dreierketten) chains, the inter-space between the complex 

layers contained additional Ca cations and H2O molecules.    

2.2.1.2 Jennite 

Jennite is also a naturally occurring calcium silicate hydrate mineral which forms in the 

general composition Ca9Si6H11 the crystal structure of jennite is discussed fully by 

Bonaccorsi et al [16]; structurally it is similar to tobermorite with Ca-O layers and silicate 

chains. However the structure of jennite presents with half the quantity of silicate chains, 

resulting in a higher Ca/Si ratio than tobermorite (1.5 for the Ca9Si6H11 composition) [11], 

the reduced number of silicate chains are replaced by hydroxyl ions. Similarly to 

tobermorite, jennite loses water upon heating, at 70-90ɕC the interlayer spacing decreases 

due to uni-dimensional lattice shrinkage resulting in the formation of meta-jennite 

(C9S6H7)[7]. The reduction in the interlayer basal spacing from this structural transition upon 

heating is reported as being 1.05nm for jennite and 0.87nm for meta-jennite [17].  

2.2.2 Taylorȭs 

¢ŀȅƭƻǊΩǎ ƳƻŘŜƭ ŦƻǊ /-S-H [18] is an extension on the layered structural models outlined by 

Feldman and Sereda [19] displayed in figure 2-2 or the modification proposed by Daimon et 

al [20]. The model is based upon elements of both 1.4nm tobermorite and imperfect 

jennite structures which were originally considered to form separate layers in a similar 

manner to that displayed by figure 2-2.  

 

Figure 2-2: Feldman-Sereda model for the C-S-H gel nanostructure. Interlayer water is indicated by (í), 
physically adsorbed water indicated by (¹), A - Tobermorite sheets, figure is adapted from [19]. 
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Later studies and refinements to the model [21] however suggested that the tobermorite 

and jennite regions could be poorly defined potentially merging together within individual 

layers. The resultant T/J structure is highly disordered consisting of structurally imperfect 

jennite and levels of 1.4nm tobermorite altered by the loss of bridging tetrahedra.  In the 

model many of the silicate tetrahedra are missing from the chains in both structures and 

this is particularly pronounced in the tobermorite. It was further theorised that in cement 

pastes some AFm phases may occur as individual layers intimately mixed with those of the 

calcium silicate hydrates within the C-S-H gels. 

Taylor (1986) describes the silicate chains repeating in dreierketten form with three silicon 

tetrahedrals.  Two of the three tetrahedra share O atoms with the Ca-O layer of paired 

tetrahedrals, the third does not and is referred to as a bridging tetrahedron (Figure 2-3). An 

additional consideration in Taylor's later paper (1993) was the inclusion of Al3+ ions 

replacing the Si4+ in the bridging tetrahedra sites which was anticipated as a possibility in 

earlier work. The proposal of Al3+ substitution for Si4+ within the bridging sites was backed 

up by the observation of an increase in Al3+ with a decrease in the Ca/Si ratio.  

 

Figure 2-3: Silicate anion chain of the type present in jennite and 1.4nm tobermorite, consists of paired 
(bottom row) and bridging (top row) tetrahedral, suggested modification of a missing tetrahedron is shown at 

B [18]. 

 

Taylor continues that in theory both 1.4nm tobermorite and jennite silicate chains are 

infinitely long with the structure shown above . If some or all of the bridging tetrahedra 

were missing then finite chains containing 2, 5, 8,. . . ., 3n-1 tetrahedra would result.  This 

omission agrees with the experimental evidence and accounts for the difference in Ca/Si 

ratio when compared to that of tobermorite or jennite when both are modified by 

omissions of bridging tetrahedra.  It is also stated by Taylor that in both 1.4 nm tobermorite 

and jennite, if there is an omission of a tetrahedron then one of the broken ends of the 
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chain will carry a H+ as shown by A in figure 2-3. This would leave the net charge unchanged 

so the omission of a tetrahedron will not require any change in the amount of interlayer Ca.  

Based on the above assumptions Taylor (1986) calculated the Ca/Si ratio at chain lengths 

moving from dimers to infinite lengths  to be 2.25 - 1.5 for jennite and 1.25 - 0.83 for  

tobermorite (Figure 2-4). Taylor suggests that tobermorite will be the first to nucleate as 

material of lower Ca/Si ratio is formed, next to form could be a mixture of tobermorite and 

jennite dimers with Ca/Si ratios of 1.25 and 2.25.  Later formations then appear as jennite 

pentamers,  jennite-type material with this number of anions would have a Ca/Si ratio of 

1.8 which is substantiated in his 1993 paper with NMR evidence.  

 

Figure 2-4: Calculated Ca/Si ratio against a function of chain length for jennite and 1.4nm tobermorite 
modified by omission of bridging tetrahedra [18]. 

2.2.3 Cong and Kirkpatrick 

The model outlined by Cong and Kirkpatrick [22] lies within the concept that the structure 

of C-S-H is layered in a similar manner to that displayed by natural occurring tobermorite 

and jennite calcium silicate minerals. A tobermorite based structural model was proposed 

for C-S-H where individual layers have the structural characteristics of the 1.4nm 

tobermorite but contain significant levels of disorder. As with tobermorite mineral 

structures an interlayer spacing with Ca2+ ions and H2O molecules was agreed in-between 
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the structural layers which vary between the two cases displayed in figure 2-5.   The first 

structure labelled a) is linked to an almost perfect tobermorite layer which has been 

distorted by the removal of some bridging tetrahedra. The secondary layered structure is 

highly distorted, containing  mostly dimers due to the absence of many bridging tetrahedra. 

In this secondary layer the remaining tetrahedra are tilted, rotated and displaced relative to 

the CaO layers as shown in figure 2-5. It was suggested by Cong and Kirkpatrick that the two 

differing layers may merge into or occur simultaneously within a single layer, either by 

stacking together or being present within different areas of a sample. The relative disorder 

created by potential stacking and inherent structural disorder described within the layers 

would account for the diversity observed amongst C-S-H samples. Additionally it was 

proposed that the presence of Ca(OH)2 layers may also occur within any stacking sequences 

in cement pastes, thereby further increasing the possible disorder and Ca/Si ratios.   

 

Figure 2-5: Proposed defect-tobermorite structural model for C-S-H, showing dreierketten and central CaO 
layers (filled circles). The interlayer Ca

2+
, OH

-
 groups, and H2O molecules are omitted. The layer on top (a) 

represents a relatively perfect 1.4nm tobermorite layer with a small number of bridging tetrahedral removed 
and relatively long structural chains. The bottom layer (b) represents a distorted layer, with individual 
tetrahedral and entire chains maybe tilted, rotated or displaced along the b axis.  Most bridging tetrahedra 
are missing, resulting in many dimers and the loss of entire segments of silicate chains, reproduced from [22]. 

2.2.4 Chen et al  

Chen et al investigated the relationships between the aqueous solubility and the chemical 

structure of calcium silicate hydrate formed using varied preparation methods using 29Si 

MAS NMR spectroscopy and charge balance calculations. The study concluded the observed 

solubility differences arise from systemic variation in the Ca/Si ratio, silicate structure and 

Ca-OH content. Based on this observed evidence the solubility curves were interpreted as 
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representing metastable phases whose structures ranged from purely tobermorite-like to 

largely jennite-like in nature [23].  

2.2.5 Richardson and Groves  

¢ƘŜ wƛŎƘŀǊŘǎƻƴ ŀƴŘ DǊƻǾŜǎ ΨƎŜƴŜǊŀƭΩ ƳƻŘŜƭ ǿŀǎ ǇǊƻǇƻǎŜŘ ƻƴ ǘƘŜ ōŀǎƛǎ ƻŦ ŜȄǘŜƴǎƛǾŜ 

experimental results obtained from TEM-EDX analysis of varied hydrated cement samples 

used in conjunction with NMR. The model outlines C-S-H as based upon a highly disordered 

dreierkette structure derived from 1.4nm tobermorite. The layers contain varying levels of 

Ca(OH)2 and finite silicate chains which obey the 3n-1 observation for bridging tetrahedra 

ŘƛǎŎǳǎǎŜŘ ŜŀǊƭƛŜǊ ŦƻǊ ¢ŀȅƭƻǊΩǎ ƳƻŘŜƭ [18, 24, 25].   

ὅὥὌ ὛὭ ὕ ȢὕὌ ὅὥȢȢάὌὕ 

Equation 2-1: General model for the structure and composition of C-S-H [25] 

The model can be classified as either a model like TaylorΩs with the structural perspective of 

both tobermorite and jennite structural units (T/J) or as a solid solution model with the 

structural units of tobermorite and calcium hydroxide (T/CH). A major point of the model is 

that both T/J and T/CH structural viewpoints can be used to account for compositional and 

structural data for the C-S-H in cement pastes [26].  

Refinements to the general model [24] shown in equation 2-1 were made to allow for the 

addition of various trace elements into the structural model. This accounted for the 

observed experimental evidence and is referred to as R in the modified equations 2-2 and 2-

3 for the T/J and T/CH viewpoints respectively, alongside the charge balancing interlayer 

ions (IC+). The models therefore allow for the substitution of Al3+ ions into the bridging 

tetrahedral sites previous occupied by Si4+ ions, with the substitution into the dreierkette 

chains reducing the Ca/Si ratio and increasing the overall mean chain lengths (MCL) as the 

substitution increases.  

 

ὅὥὌ ὛὭὙ ὕ Ὅ ȢὕὌ ȢὅὥȢȢάὌὕ 

Equation 2-2: T/J viewpoint [26] 
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ὅὥὌ ὛὭὙ ὕ ȢὍ ȢᾀὅὥὕὌ ȢάὌὕ 

Equation 2-3: T/CH viewpoint [26] 

Where:  

¶ n = number of units 

¶ (3n-1) = the mean length of the silicate chain units 

¶ w = amount of hydroxyl water  

¶ R[4]  = Trivalent cation (Usually Al3+ other cations i.e. Fe3+ possible) 

¶ Ic+= is the interlayer ion (Ca2+) 

¶ z = value for Ca(OH)2 in one unit 

¶ m = number of bound water molecules 

 

The use of the above described models allows for the determination of Si/Ca and Al/Ca 

ratios for the possible T/CH and T/J units with the variable levels of protonation and 

aluminium substitution into the available bridging sites. This can be plotted as shown in 

figure 2-6 and compared to the results from compositional TEM-EDX analysis of the sample. 

Additional information for the mean silicate chain lengths and % bridging tetrahedra can be 

obtained from NMR evidence and used in conjunction with TEM-EDX to determine the 

structural composition of the C-S-H phase.  

 

Figure 2-6: Si/Ca against Al/Ca atom ratio plot of the compositions of tobermorite (T) and jennite (J) based 

structural units with different levels of protonation of the silicate chains: the minimum (r; w/n=0), 

intermediate (Ï; w/n=1) and maximum (Ã; w/n=2). The additional points included represent tobermorite- 

based ǳƴƛǘǎ ǿƛǘƘ ŎƘŀƛƴ ƭŜƴƎǘƘǎ ƻŦ нΣ рΣ уΣ ммΣ мпΣ мт ŀƴŘ қΦ ¢ƘŜ ōƭŀŎƪ ŘŀǎƘŜŘ ƭƛƴŜǎ Ƨƻƛƴ Ǉƻƛƴǘǎ ŦƻǊ ǎǘǊǳŎǘǳǊŀƭ 

units of the same chain length but different degrees of protonation to CH.  
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The possible limits of the structural models for both the jennite and 1.4nm tobermorite are 

dictated by the levels of possible protonation in the silicate chains (w/n) , the maximum (2), 

intermediate (1) and minimum (0) levels are fully discussed in [26] and displayed in figure2-

6. The model differs from Taylor's in that it provides a greater flexibility in composition with 

a maximum Ca/Si ratio of 2.5 for a jennite dimer and a minimum of 0.67 which is for an 

infinite length tobermorite as shown in figure 2-7. Additional flexibility in this model is 

provided by freely variable approach to the hydroxyl water content of the C-S-H which was 

constricted in ¢ŀȅƭƻǊΩǎ ƳƻŘŜƭΦ hƴŜ ŀǎǎǳƳǇǘƛƻƴ ƳŀŘŜ ōȅ ǘƘŜ ƎŜƴŜǊŀƭ ƳƻŘŜƭ ƛǎ ǘƘŀǘ ǎƛƭƛŎŀǘŜ 

chains are not linked by Si-O bridges in a similar manner to tobermorites. This is justified by 

the fact silicate tetrahedra linked to (Q3 and Q4) groups were not detected by 29Si NMR, 

with only end (Q1) and mid-chain (Q2) units detected in the C-S-H gel [25].  

The use of the modified models outlined in equations 2-2 and 2-3 allows for several 

experimental observations to be explained. Increasing levels of substitution into a fixed 

chain length will reduce the Si/Ca ratio whilst increased levels of polymerisation will allow 

for increased substitution. When considering the C-S-H composition for slag: OPC blends or 

other pozzolanic materials the more highly polymerised nature of the C-S-H phases was 

illustrated by increasing R:Ca ratios and associated decrease in the Ca:Si ratio, showing the 

models compatibility with experimental data [24].  

 

 

Figure 2-7: Ca/Si ratio and mean silicate chain lengths for T/J and T/CH structural models with possible 
protonations, adapted from [26]. 
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2.2.6 Grutzeck 

The proposed model by Grutzeck et al [27] suggested that formed C-S-H evolves via a phase 

separation from a rapidly formed and therefore initially 'active' C-S-H that has a sorosilicate 

structure and a high level of calcium activity. During the later separation the early stage 

active C-S-H converts to a mixture of tobermorite-like phases and a less soluble and 

'inactive' sorosilicate-like phase; a representation of this is shown in figure 2-7.  

 

Figure 2-8: Fully stoichiometric sorosilicate-like structure for C-S-H (Ca/Si=2.0), reproduced from [27]. 

The sorosilicate-like C-S-H is not a layered structure as discussed for several of the previous 

models and natural mineral analogues for C-S-H, instead it is comprised of dimeric (Si2O7)
6- 

ions which are linked to CaO octahedrally co-ordinated chains. It is also stated that the 

produced mature cement paste sample would contain a mixture of dimer and dreierketten 

chains; with the dimeric C-S-H forming soon after setting being meta-stable in their own 

right. Certain issues appear with this model including a satisfactory explanation for the 

substitution of aluminium into the C-S-H structure, which has been observed to occur in the 

tetrahedral co-ordination sites [28].   

2.2.7 Nonat and Lecoq 

Nonat and Lecoq proposed a model based upon tobermorite containing two C-S-H phases 

with differing Ca(OH)2 concentrations [29]. The model differs from that suggested by Taylor 

or Cong and Kirkpatrick by not requiring a disordered structure  with no Jennite-like regions 

present, therefore the calcium in the main plane would not-ordinate to OH-. To allow for 

high Ca/Si values the model proposes  the interlayer sites are occupied by Ca2+ ions which 

are charge balanced by OH- in interlayer positions. Additionally missing bridging tetrahedra 

would allow for two further OH- sites; these would charge balance and allow for the 

accommodation of one Ca(OH)2 unit into the structure.  
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2.2.8 Jennings 

WŜƴƴƛƴƎǎΩ ǇǊƻǇƻǎŜŘ ŀ ŎƻƭƭƻƛŘ ƳƻŘŜƭ ŦƻǊ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ƻŦ /-S-H based upon experimental data 

on the surface area, density and water contents of hydrated phases; this was referred to as 

the colloid model I (CM-1) [30, 31].  The model describes globules of C-S-H clusters which 

pack together into two densities, named high density (HD) C-S-H and low density (LD) C-S-H 

which corresponds to the inner and outer products discussed earlier. The model treated    

C-S-H as a gelled colloid or a granular material rather than as a porous continuous material; 

the use of this packing model provided a basis for the later modelling of C-S-H via 

nanoindentation measurements [32]. The colloid model II (CM-2) made several refinements 

to CM-1, the globules were modified to include aspects of structural layers such as that 

presented by Feldman-Sereda (Figure 2-1). In CM-2 the concept of LD and HD C-S-H is still 

applicable due to the density of globules but the water maybe present in several locations. 

At the nanoscale the water either adsorbed onto the surface of calcium-silicate sheets, 

within the globules in nanopores or interlayer spaces or in the inter-globule spaces.  

The colloid C-S-H model places emphasis  in the scale range of approximately 1-100nm, 

placing its applicability into the meso/macrostructuǊŜ ƻŦ ƘȅŘǊŀǘŜŘ ŎŜƳŜƴǘΦ WŜƴƴƛƴƎǎΩ [33] 

does state however that below this scale the layer structure approach seems valid.   

2.2.9 Pellenq  

The model proposed by Pellenq et al [34] disregards the previous layered structural models 

based upon structurally imperfect 1.4nm tobermorite and jennite mineral analogues due to 

their incompatible densities and Ca/Si ratios to measured values [35].    

The authors propose a new molecular model based upon a bottom-up atomic simulation 

approach where the chemical specificity of the system is seen as the overriding constraint. 

To produce the computational model, cells of CaO and SiO2 were constructed with an 

interlayer spacing corresponding to 1.1nm tobermorite. Interlayer calcium ions were added 

to the model to maintain electroneutrality within the structure, SiO2 groups in the silica 

tetrahedra where then removed as guided by NMR results. The level of adsorbed water will 

relate to the measured required density for the C-S-H model, as increases in adsorbed 

water will increase density. This measured density can also be controlled however by slight 

increases or reductions in the interlayer spacing. The reported overall chemical composition 

of the computational model of hydrated C-S-H was found to be (CaO)1.65(SiO2)(H2O)1.75 

which was reported to be in reasonable agreement with the groups neutron scattering 

experiments [35].  
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2.2.10 Conclusions 

In summary, eight proposed structural models for C-S-H have been discussed in this 

literature review and summaries of their conclusions presented. The use of Richardson and 

Groves' model in this study is preferred due to its ability to explain a wide range of findings, 

including the models outlined by Cong and Kirkpatrick, Chen et al and Nonat and Lecoq. The 

model described by Taylor can be viewed as a special case scenario of the Richardson and 

Groves' model. It includes a mix of tobermorite and jennite - like structures but in more 

structurally rigid formations than that allowed by Richardson and Groves', particularly in 

regards to the addition of tetrahedrally co-ordinated bridging sites.  

Grutzeck's sorosilicate model describes a cement paste containing a mixture of dimer and 

dreierketten chain lengths after hydration. It does not however explain in detail the 

formation of these dreierketten chains. Additionally the model does not explain the 

observed experimental evidence for aluminium ions being accommodated within 

tetrahedrally co-ordinated bridging sites.  

Jennings colloid model primarily considers its applicability to the meso/macrostructural 

properties of cement gels, the author has stated that below these scales a layer structure 

approach may be valid. Due to the experimental approach and focus on the cement 

microstructure used in this study direct comparison to the Richardson and Groves' model is 

more applicable. Similarly the experimental evidence collated does not allow for an easy 

direct comparison to the Pellenq model. This is particularly true for waste immobilisation 

matrices due to the reduced experimental data to confirm Pellenq's model.  

2.3 Supplementary cementitious materials  

2.3.1 Blast furnace slag (BFS) 

Blast-furnace slags are formed during the manufacture of iron from iron ore. Slag forms 

between the temperatures of 1400ɕC and 1600ɕC and the slag rises to the surface of the 

melt and is tapped off. If the molten slag is fast cooled a vitreous Ca-Al-Mg silicate glass will 

form [36]. Once this glassy product is ground into a powder it has reasonable cementitious 

properties as it is latently hydraulic and is often known as GGBS (ground granulated blast 

furnace slag). Usually since the latent hydraulic reaction it produces solely is very slow, an 

alkaline activator is used normally OPC or free lime however additional activators have also 

been used [37-40]. 
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In common with many industrial products the composition of BFS varies upon the industrial 

source. However the main components have been summarised as: lime (30-50%), silica (28-

38%), alumina (8-24%), magnesia (1-18%), sulphur (1-2.5%) and ferrous and manganese 

oxides (1-3%) with other trace levels of titanium oxide and alkalis (Na2O, K2O)[41]. The use 

of slag-cement blends results in potentially higher strengths, lower heat of hydration, lower 

permeability and improved durability particularly to sulphate attack [42].  

2.3.1.1 Hydration reactivity 

Blast furnace slag displays slower hydration kinetics which results in a lower degree of 

hydration for composite cements containing significant fractions of slag. However due to 

resultant changes in composition and phase assemblage the performance of slag cements 

can surpass that of neat cement systems at later ages [43, 44]. It has been shown that the 

reactivity of slag-cement blends depends upon several factors including curing 

temperature, water/binder ratio and level of slag replacement [45] Additionally the slag 

chemistry itself should also be considered when estimating the potential degree of 

hydration.  

2.3.1.2 Hydration of BFS/OPC systems 

The hydration of slag cements generally produces comparable hydration products to neat 

cement pastes, C-S-H is formed as the primary binding phase with a potentially altered 

chemical composition due to the composition of the slag. The formation of ettringite and 

AFm phases within slag cements is seen to be related to the relative aluminate, sulfate and 

carbonate contents; the inclusion of one or more of these phases should be considered 

when accounting for the mineralogy of slag blended systems [46]. One additional hydration 

product expected in slag-cement blends is the a hydrotalcite-like phase associated with the 

reacted slap inner product. The quantity of this phase is therefore related to the proportion 

of slag included in the mix [47] and its initial magnesium content. It has also been observed 

that the measured levels of CH in slag-cement blends are greatly reduced, this is due to the 

consumption of CH in the activation of slag particles resulting in additional C-S-H production 

[47, 48].The chemical composition of the slag has been shown to have a measured effect 

upon the resultant composition of the formed hydrated phases and thus the performance 

of the hardened cements [43, 49].   

2.3.1.3 Microstructure of BFS/OPC systems 

Taylor  [4] describes the microstructure of slag cement pastes as 'essentially similar to those 

of pure Portland cement paste, apart from the lower CH content.' Richardson and Cabrera 
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[50] using a TEM study showed that the Op and Ip in slag pastes can be differentiated, they 

also showed the morphology of the Op C-S-H changes from fibrillar to a foil-like 

morphology as the slag content is increased. Richardson and Groves [51] also showed the 

presence of AFm phases within the Op C-S-H explaining the reported Al/Ca ratios. The 

effect of increasing levels of slag upon C-S-H composition has been extensively investigated 

with a C-S-H of a reduced Ca/Si and higher Al/Si atomic ratio usually being formed [8, 51-

55].  An example of the Op C-S-H morphology displayed by a high replacement slag cement 

system is shown in Figure 2-9. 

 

Figure 2-9: TEM micrograph showing Op C-S-H present in a OPC-75% GGBS paste at 14 months reproduced 
from Richardson [26] 

2.3.2 Pulverised fuel ash 

Fly ash is defined as being a 'fine powder of mainly spherical glass particles having 

pozzolanic properties which shall consist essentially of reactive silicon dioxide (SiO2) and 

aluminium oxide (Al2O3), the remainder being iron (III) oxide (Fe2O3) and other oxides. PFA 

can be obtained by electrostatic or mechanical precipitation of dust-like particles from the 

flue gases of power station furnaces fired with pulverised bituminous or other hard coal.' 

[56] 

Fly ash is a pozzolanic material rather than a latent hydraulic material and the impact of this 

is discussed below in section 2.3.2.1. Fly ashes are further divided depending on their 

production into either class C or class F subgroups. Class C ashes contain levels of calcium 

oxide (CaO) or free lime which gives them cementitous properties in addition to pozzolanic. 

Class F ashes contain predominately siliceous and aluminous materials which are not 

cementitously reactive but are pozzolans.   
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The composition, chemistry and affect on hydration of fly ashes are linked to the source of 

coal and the type of combustion technology used in the burning process. As mentioned 

above in the definition of fly ash significant levels of SiO2, Al2O3 and Fe2O3 along with 

potentially smaller levels of CaO depending on the class are present in the material. In 

general fly ashes are considered to be composed of relatively few mineral phases; clays, 

pyrite, quartz and some calcium, iron and magnesium carbonates [57]. Studies using SEM 

imaging and analysis show the presence of crystalline quartz (SiO2) and mullite (Al6Si2O13) 

alongside smaller levels of hematite (Fe2O3) and magnetite (Fe3O4) within the glassy 

structure of the PFA [58]. The same study showed the mean particle size from SEM studies 

for the fly ash was 10-12 µm while the chemical compositions of the fly ashes studied is 

shown below in table 2-1.  

Fly Ash SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 LOI 

FF 44.6 25.0 11.8 3.39 1.67 0.38 3.47 0.62 3.16 

WB 47.74 25.96 9.10 1.67 1.33 1.35 3.43 0.84 5.84 
(LOI= Loss on ignition) 

Table 2-1: Phase composition of two PFA's studied by Halse el al [58] 

2.3.2.1 Hydration reactivity 

As mentioned above PFA is a pozzolanic material not a hydraulic material and consequently 

PFA will not rapidly hydrate upon exposure to water as cement clinker does. For the PFA to 

react, the Si-O-Si links have to be broken and the silica dissolved. In order for this to occur 

the pH of the alkaline environment which exists within cement must reach 13.2 [59]. This 

will only happen once a level of hydration has occurred with the OPC in the mix.  This 

means the PFA is always delayed in its reaction when compared to the OPC. The delay is 

advantageous in respect to using PFA within a cement encapsulation material for nuclear 

wastes due to the reduction in the heat evolution exotherm associated with pure OPC 

mixes [60], this has been demonstrated experimentally and using simulation models [61].  

2.3.2.2 Hydration of PFA/OPC systems 

When PFA is involved in the hydration reaction alongside OPC the cement clinker material 

reacts first as described in section 2.3.2.1, the resultant CH formation increases the pH to 

the necessary levels for PFA reaction [62]. The initiation of this pozzolanic reaction has been 

reported at varying periods ranging from days to over a week after initial hydration [63, 64]. 

However the addition of fly ash has been shown to potentially have an effect upon the 

early silicate and aluminate reactions involving the OPC within the first two days of 

hydration [65].   
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2.3.2.3 Microstructure of PFA/OPC systems 

Generally the microstructure of PFA blended cements have been reported to be similar in 

nature to C3S and OPC based systems [66]; the primary difference being the reduction in 

visible CH crystals due to their consumption via the pozzolanic reaction. Examination of 

PFA/OPC samples has displayed the expected normal cement hydrate products C-S-H, AFt, 

AFm and CH in lower quantities [67, 68], iron-containing phases, hydrogarnet and 

hydrotalcite have also been reported however [66, 69]. When a fly ash particle activates, it 

forms a dense reaction rim of C-S-H which surrounds the edge of the particle. Inside this 

rim radial fibrils of C-S-H form often alongside a lower density inner product which 

characterises a fully reacted fly ash particle. Many of the crystalline phases associated with 

the PFA remain generally un-reacted during the hydration process and can be observed 

intact within the microstructure, this is particularly applicable to mullite and hematite 

formations. The reported Ca/Si and Al/Si atomic ratios for the C-S-H phase in PFA/OPC 

systems suggests a decreased level of calcium and increased levels of silicon and aluminium 

when compared to neat OPC cements [47, 70]. This is reported to result in an increase in 

polymerisation of the C-S-H silicate chains [68]. Additional levels of other elements have 

also been reported to exist in the outer product C-S-H such as potassium and other cations 

[66].  

2.4 Use of cementation in radioactive waste encapsulation  

The nuclear sector like most industrial processes produces waste. However the principal 

wastes produced apart from the actual spent nuclear fuel are widely varied solids, liquids or 

gases which have become contaminated through contact with radioactive substances.  

Wilson [71] described the object of radioactive waste management as: 

(a) To concentrate the radioactive material as far as possible in a small volume that can be 

isolated indefinitely from human contact.  

(b) Where streams such as the water from fuel storage ponds are too bulky for anything but 

release into the environment, to remove from them all radioactivity or harmful material 

that poses a significant risk.  

The closure of the nuclear fuel cycle and safe disposal of radioactive wastes is fundamental 

for the effective use of nuclear power in the future. Without this dimension of safe disposal 

the use of nuclear energy as a future 'clean' source of power can be discounted. 
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2.4.1 Classification of radioactive wastes 

Radioactive waste in the UK is classified as High Level Waste (HLW), Intermediate Level 

Waste (ILW) or Low Level Waste (LLW) according to its level of radioactivity. Generally HLW 

is heat releasing waste which contains products directly linked with the irradiated fuel. LLW 

produces virtually no heat and near surface disposal of LLW contains no hazards,  ILW has 

too high levels of heat evolution to be classed as LLW [71]. Further definitions for high, 

intermediate and low level wastes are outlined in table 2-3.  

Radioactive Wastes 

High-Level Wastes (HLW): 

Wastes from the reprocessing of irradiated fuel which generate heat and will be vitrified. 

These contain over 95% of all the radioactivity in wastes from the generation of electricity 

by nuclear power. 

Intermediate-Level Wastes (ILW): 

Wastes with radioactivity exceeding the boundaries for low-level wastes, but of a lower 

activity and heat output than high-level wastes. 

Low-Level Wates (LLW): 

Waste with radioactivity not exceeding 4GBq/tonne alpha activity or 12 GBq/tonne 

beta/gamma activity, other than those acceptable for disposal with household refuse. 

These wastes do not normally require radiation shielding.  

Table 2-2: Radioactive waste definitions [72] 

The total volume of radioactive waste from all sources in the UK from the 1st April 2010 is 

shown below in Table 2-3.  

 HLW(ii) ILW(iii) LLW(iv,v) Total 

Volume (m3)(i) 1,020 287,000 4,430,000 4,720,000 

Mass (tonnes) 2,700 300,000 4,700,000 5,000,000 

(i) For HLW conditioned volume and mass are reported. Quantities of ILW and LLW are for untreated or partly 

treated waste, apart from conditioned waste streams (/C identifier) where the conditioned volume and mass are 

reported. Convention for reporting waste volumes given in chapter 2.4.4 of referenced report.  

(ii)HLW conditioned volume and mass reduced to account for exports of HLW  

(iii) ILW includes 8,690m
3 
of waste expected to become LLW as a result of decontamination or decay storage.  

(iv) LLW includes 3,060,000m
3
 of VLLW and a further 239,00m

3
 of mixed VLLW/LLW 

(v) LLW includes 14,860m
3
 held at the LLWR, as well as 16,800m

3
 previously disposed of at Dounreay to be 

retrieved and repeacked as LLW. It does not include waste already disposed in trenches and Vault 8 at the LLWR.  

Table 2-3: Wastes at 1st April 2010 and estimated for future arisings volumes and masses [73]  
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This study focuses upon various ILW waste streams generated during the nuclear fuel cycle; 

unfortunately many fuel cycle wastes often known as historic or legacy wastes are poorly 

characterised and stored under conditions which are far from ideal [74]. They can comprise 

a wide range of materials including fuel cladding, fuel elements and equipment. As many 

wastes were stored underwater long term degradation has occurred resulting in the 

formation of sludges and supernatant liquids.  

Most of the waste streams investigated are related to the treatment of legacy waste 

streams iƴ ǘƘŜ b5!Ωǎ ǇƻǊǘŦƻƭƛƻ ŀƴŘ ŀǊŜ ǇǊƻŘǳŎŜŘ Ǿƛŀ ƻƴŜ ƻǊ ƳƻǊŜ ƻŦ ǘƘŜ ŎƘŜƳƛŎŀƭ 

separation technologies listed [75]:  

¶ Solvent extraction 

¶ Ion-exchange  

¶ Precipitation 

¶ Dissolution 

¶ Solvent leaching 

¶ Filtration and/or membrane processes 

¶ Combustion and/or degradation processes. 

2.4.2 OPC and blended cement grouts for encapsulation of ILW 

In the UK cementation is seen as the preferred encapsulation medium for a wide range of 

nuclear waste streams; cements have many attributes which make them highly suitable for 

ŎƻƴǎƛŘŜǊŀǘƛƻƴ ŀǎ ǘƘŜ ŜƴŎŀǇǎǳƭŀǘƛƻƴ ƳŜŘƛǳƳ ŦƻǊ ǾŀǊƛƻǳǎ ǊŀŘƛƻŀŎǘƛǾŜ ǿŀǎǘŜǎ ƛƴŎƭǳŘƛƴƎ L[²ΩǎΦ 

The following advantages were outlined by Sharp et al (2005) [76]: 

¶ Easily available and relatively inexpensive 

¶ Can be used as a fluid grout 

¶ Durability 

¶ Can act as a barrier to diffusion of ions 

¶ They maintain a high pH which will decrease radionuclide solubility  

¶ Can incorporate many ions into solid solution  

¶ Provide radiation shielding that is not degraded by radiation 

¶ Can have a very low liquid and gas permeability in a hardened state 

¶ Are tolerant to a wide array of wasteforms 

¶ Can be modified to suit a particular purpose through selection of appropriate 

constituents 
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¶ Relatively easily process in a remotely operated plant environment  

Typically the immobilisation process consists of mixing the cement powders into a stainless 

steel drum of waste using a sacrificial mild steel paddle which remains after mixing. After 

the resulting matrix grout has hardened sufficiently the remaining ullage is filled with a 

PFA/OPC capping grout. The produced drum is then lidded and placed in an engineered 

storage area for final disposal [77]. 

The major formulations of cement grouts for the encapsulation of ILW involve composite 

cements with relatively high levels of supplementary cementitouǎ ƳŀǘŜǊƛŀƭǎ ό{/aΩǎύ ǿƘŜƴ 

compared to cements used in the construction industry. This is due to the expected high 

thermal gradients potentially created within a 500L drum if conventional primarily OPC 

based grouts are used, the resultant internal stress produced would potentially cause 

cracking of the wasteform and structural instability [76, 78]. The mass addition of 

pozzolanic or latently hydraulic matŜǊƛŀƭǎ ŀǎ {/aΩǎ ǊŜŘǳŎŜǎ ǘƘŜ ǘƘŜǊƳŀƭ ƎǊŀŘƛŜƴǘ ŎǊŜŀǘŜŘ 

during OPC hydration leading to an uncompromised wasteform. The following cement 

composite formulations are currently being used by the industry to treat ILW [79]: 

¶ 9:1 BFS:OPC 

¶ 3:1 BFS:OPC 

¶ 3:1 PFA:OPC 

¶ 5:4 PFA:OPC 

2.4.3 Description of cemented ILW wasteforms 

A wide variety of ILW wastes are, or are proposed to be encapsulated by in-drum mixing in 

cements as described in section 2.4.2. Some of the wide array of waste streams under 

investigation is discussed in this chapter along with their treatment. 

2.4.3.1 Metallic corrosion sludges 

Sludges containing metallic corrosion products may arise from the conditioning of pond 

water used to store spent fuel or from the storage of historic metallic wastes. These sludges 

can contain a variety of metallic corrosion products such as Mg(OH)2, Al(OH)3 and Fe(OH)2, 

additional organic matter and inorganic debris could also be present in service [77].  

Magnesium based sludges resulting from the storage of spent Magnox fuel rods in storage 

ponds have been investigated using an inactive simulant produced from corroded metals; 

this investigation determined the simulant sludge contained mainly brucite and artinite 

(Mg2CO3(OH)2.3H2O)[80]. Additional work has also been completed on liquor and sludge 
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samples taken from legacy fuel pond storage facilities at Sellafield. This study again showed 

the expected presence of brucite as a corrosion product and an Mg-hydrocarbonate phase 

linked to artinite; there was also indications of hydrotalcite phases formed via Al 

substitution during storage (Mg6Al2(CO3)(OH)16.4H2O) [81]. 

Sludges containing metallic wastes as described above are normally treated using 

composite cements based around a BFS:OPC formulation. A number of published studies 

have investigated the possible effects of encapsulating reactive metals within these 

systems. However these studies are primarily focused upon corrosion of metals within the 

encapsulation matrix and the resultant products not the encapsulation of actual metal 

corrosion products. In these studies it was demonstrated that achieving the desired product 

stability is dependent upon controlling the magnox metal corrosion using cement grouts 

with a lower water content [82]. Encapsulation of aluminium in a BFS composite cement 

was found to produce a corrosion zone consisting of bayerite (Al(OH)3) and stratlingite 

(2CaO.Al2O3.SiO2.8H2O); whilst magnesium encapsulation produced the expected brucite 

(Mg(OH)2) layer [83]. In both cases the hydration of the bulk cement matrix was not overly 

affected by the corrosion of these metals. 

Some work has been completed looking at the effects of simulated Mg(OH)2 slurries 

representing corrosion products within composite cement matrices [84]. Simulant 

magnesium hydroxide sludges were prepared using distilled water and NaOH before being 

mixed into three composite cement matrices formulations used by industry. Collier et al 

(2010) concluded there was little reaction between the simulant sludges and any of the 

composite cements during hydration. Phases identified included C-S-H, unreacted brucite 

and a small level of a hydrotalcite type phase containing magnesium. Due to this the 

authors concluded the Mg(OH)2 was successfully physically encapsulated within the matrix 

rather than any form of chemical immobilisation.  

The reason for this relative stability was discussed by Collier et al [84] and Utton and 

Godfrey [77]. When considering the potential formation of new phases the relative 

solubilities of the hydroxide, sulphate and carbonate phases of the concerned reaction 

metal and calcium are important.  
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Anion/Cation Ca2+ Mg2+ Fe2+ Al3+ 

OH- 0.185 0.0009 0.00015 Insoluble 

CO3
2- 0.0014 0.0106 0.0067 -- 

SO4
2- 0.209 26 Slightly soluble 31.3 

 

Table 2-4: Solubility of hydroxide, carbonate and sulphate compounds for Ca, Mg, Fe and Al g/100cc at 
ambient temperature [85] reproduced in Utton and Godfrey (2010). 

As table 2-4 shows the hydroxide phase is the least soluble for Mg, Fe and Al whilst for Ca 

the carbonate phase is the least soluble. This would mean for example Mg (OH)2 is unlikely 

react and form MgCO3  or MgSO4 in preference to Mg(OH)2 if exposed to common cement 

degradation mechanisms.   

Due to the solubilities shown above Utton and Godfrey (2010) summarised that Al and Fe 

hydroxide sludges may potentially react with cement hydration products but are likely to 

remain in their hydroxide forms.  The main consideration they raised however was the 

potential weakness an Al(OH)3 containing wasteform  could have to sulphate attack and the 

formation of ettringite due to the availability of aluminate ions.  

2.4.3.2 Inorganic process sludges  

Inorganic process sludges arise from pond storage and the reprocessing of spent fuel, 

generally they are described as being inorganic and unreactive. However one exception to 

this are wastes containing BaCO3 which are encapsulated in a BFS:OPC grout [77]. 

BaCO3 slurries are produced during nuclear fuel reprocessing at the Thermal Oxide 

Reprocessing Plant (THORP) at Sellafield.  During processing the uranium oxide fuel is 

dissolved in nitric acid releases gases including 14CO2 and 14CO, these gases are passed 

through a caustic scrubber forming sodium carbonate. This solution is treated with 

Ba(NO3)2 which precipitates Ba14CO3, the final waste slurry contains 20-30 wt% Ba14CO3 

precipitate which is then encapsulated in a 9:1 BFS:OPC system [86, 87].  

Studies carried out on simulated BaCO3 slurry in OPC and BFS:OPC matrices by Utton et al 

[86] indicated BaCO3 significantly reacted with available SO4
2- ions forming BaSO4 with the 

freed CO3
2- ions forming monocarboaluminate and potentially hydrotalcite. Further 

evidence for the uptake of sulfates via the addition of BaCO3 has been reported; in one 

study BaCO3 was added to decompose ettringite and stabilise sulphates via the formation 

of barite (BaSO4) with the aim to mitigate against sulphate attack [88]. Both studies suggest 

the reactivity of BaCO3 is determined by the relevant sulphate content within the cement 
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system. Utton et al [86] concluded that the presence of BaCO3 enhanced the hydration of 

BFS and the monocarboaluminate phase was stable effectively encapsulating the 14C. The 

addition of large quantities of BaSO4 into OPC cement systems has also been investigated 

and concluded BaSO4 can successfully be included in mixes with a potential increase in 

reported CaCO3 [89].   

2.4.3.3 Flocs 

Iron hydroxide flocs are produced from the treatment of liquids generated during the 

reprocessing of fuels typically in the Enhanced Actinide Removal Plant (EARP) at Sellafield 

[77]. EARP is a two stage process; firstly the ferric floc is formed by the addition of sodium 

hydroxide to acidic iron bearing waste streams, and secondly the precipitate is filtered 

using crossflow ultrafiltration [90]. Despite this ultrafiltration method Hildred (2000) 

reported a practical maximum solids content from EARP as 10 ς 20 wt% due to viscosity 

limits for the plant equipment. This is important as the minimum cement to floc ratio 

achievable is limited by the amount of water which is within the floc. The resultant flocs 

provide sorption of radioactive elements whilst in situ within the effluent before 

subsequently being encapsulated in composite cements. However it has been 

demonstrated that flocs must be pre-treated prior to their encapsulation using slaked lime 

(Ca(OH)2), the pre- treatment is reported to prevent subsequent cracking of the wasteform 

during curing [91]. 

Collier et al [92] investigated the reaction between the slaked lime and simulant ferric floc 

during the pre-treatment process. This work showed the floc reacts to form an amorphous 

hydrated calcium ferrite, additionally CaCO3 from the carbonation of Ca(OH)2 contributed to 

the formation of a crystalline iron hydroxyl carbonate phase (Fe6(OH)12(CO3)). The study 

concluded that the pre-treatment allowed a pozzolanic reaction to occur between the PFA 

and Ca(OH)2 durinƎ ǘƘŜ ŎŜƳŜƴǘ ƳŀǘǊƛȄΩǎ ƘȅŘǊŀǘƛƻƴΦ ¢his increased the amount of produced 

C-S-H resulting in a stronger stable wasteform [92].  

Once the pre-treated simulant flocs have been encapsulated in a PFA:OPC composite 

cement it was reported that none of the crystalline phases detected during pre-treatment 

were detected after 90 days; with a new iron substituted silicate hydrogarnet observed 

Ca3Al,Fe(SiO4)(OH)8 [91]. In a later more detailed study [93] Collier et al suggested that the 

iron in the floc reacted by substituting into and adsorbing onto the C-S-H phase formed 

during hydration in a similar manner to that described by Faucon et al [94]. This assumption 

was supported by EDS analysis showing iron was intimately mixed with hydration products 
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and indications from TGA suggesting two C-S-H types, the second containing iron 

substituting within the silicate chains resulting in a more stable hydrate [93]. The results are 

interesting as they suggest there is a level of chemical and physical encapsulation involved 

in the immobilisation of flocs; this situation was well summarised by Milestone [5] who 

explained the distinction between immobilisation and encapsulation can become unclear.  

2.4.4 Alternative encapsulation systems 

As outlined by Milestone [5] to achieve successful encapsulation of the wide array of legacy 

wastes in the UK a range of cement systems with differing chemistries maybe required.  

One potential alternative is an acid-base cement system, based on mixing calcium 

aluminate cement (CAC) with acidic phosphate solutions [95]. Swift et al [96] looked at 

using phosphate modified CAC for the encapsulation of problematic radioactive wastes 

such as reactive metals due to their low pH. The study stated a sodium polyphosphate 

modified CAC developed the required strengths and had potential as an alternative 

encapsulation matrix; this work as was later expanded into comparative studies of 

aluminium corrosion within CAC and OPC systems [97].  

Alkali-activated systems and geopolymers have also been touted as potential effective 

encapsulation systems [98, 99]. Fernandez-Jimenez et al [100] proposed the incorporation 

of Cs into the aluminosilicate gel of an alkaline activated fly ash matrix; Shi et al [101] has 

also demonstrated reduced leachability of contaminants from a alkali-activated cement 

when compared to a hardened Portland cement. Encapsulation of problematic metal alloys 

with metakaolin and Na-based geopolymers was investigated by Rooses et al [102, 103]; in 

these studies it was suggested that geopolymers were a suitable binder for Mg-Zr alloy 

encapsulation with respect to magnesium corrosion resistance. The use of metakaolin 

based geopolymers was further studied to immobilise Cs by Berger et al [104], the authors 

stated that geopolymers may be considered as alternative waste encapsulation materials. It 

was discussed however that the required efficiencies would only be realised with additional 

understanding of the reactions behind geopolymerisation.  

Modifications to the blended Portland cement grouts have also been proposed by several 

authors [105, 106] using near neutral salts as additives to the composite cement powders. 

The addition of anhydrite and gypsum resulted in an increase in ettringite and reduction in 

corrosion and rate of hydrogen generation. 
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2.4.5 Cementitious backfill material  

The phased geological repository concept (PGRC) was developed by Nirex for the long term 

management of long lived lower level radioactive wastes in the UK which were produced 

either during operation or subsequent decommissioning and clean-up of sites [107].  

The PGRC is seen as a generic concept consisting of multiple barriers to the release of 

radionuclides, including physical immobilisation and chemical conditioning by a cement-

based backfill material to reduce the mobility of many radionuclides [108, 109]. An outline 

of the containment phases in the PGRC including the cement-based backfill for chemical 

conditioning is shown in figure 2-10.  

 

Figure 2-10: The Nirex Multi-barrier Repository Concept [105] 

In the repository this chemical conditioning is one of the final steps of operation via 

'backfilling of the repository at a time determined by future generations' [107]. This cement 

based backfilling would entail the use of Nirex Reference Vault Backfill (NRVB), a specially 

formulated cement grout that would be flooded into the vault to surround the isolated 

waste packages. The NRVB is an important barrier in the disposal concept and is designed 

to complement the cementitious encapsulation matrices discussed earlier for 

immobilisation of various waste streams. The materials primary purpose however was to 

condition inflowing groundwater to a high pH limiting the solubility of actinides and 

transition metals. A description of the essential and desirable characteristics of NRVB is 

shown below in Tables (2-5 and 2-6) [110]. 
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Essential Requirements of a Vault Backfill 

¶ Long term pore water must be maintained ay pH 10.5 or greater to provide 

chemical retention of radionuclides in the repository near field 

¶ Cube strengths of not less than 1.5 MPa at 7 days and not less than 4.0 MPa at 28 

days are required to provide adequate support for the placement of successive 

waste package and backfilling layers. 

¶ A cube strength limit of 10 MPa at any age up to 50 years to assist grout removal 

should there be a future need to retrieve backfilled waste.  

¶ Workability must be suitable for flow without vibration into a horizontal space 5m x 

3m x 75mm high, which maybe typical under-package space. 

¶ The mix must be suitable for pumping along a horizontal pipeline at most 250m in 

length. 

¶ Bleeding/settlement must not exceed 2% to reduce the possibility of under-

package void formation and surfaces of weakness in the backfill.  

Table 2-5: Essential Requirements of a Vault Backfill [108] 

Desirable Characteristics of a Vault Backfill 

¶ Act as a chemical barrier to migration of long-lived radionuclides by providing: 

a) high pH to inhibit solubility 

b) good sorption capacity 

¶ Sufficiently permeable to promote homogeneous aqueous chemistry and to enable 

gas transport 

¶ Inhibit corrosion of steel packages 

¶ Relatively low heat of hydration 

¶ The use of cement additives (e.g. organic polymers), which might compromise the 

cement performance as a chemical barrier of the engineering properties, should be 

avoided. 

¶ Mineral composition should be sufficiently durable to provide long term chemical 

conditioning of repository porewater. 

¶ Possess well-understood mineral characteristics, which can be predicted during the 

repository evolution. 

¶ Use materials which can be reasonably assured in terms of quality and quantity 

during repository operational period. Suitable for placement by remote methods in 
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waste vaults.  

¶ Self-levelling and compacting and able to provide a firm level base for placement of 

further packages. 

¶ Suitable for easy excavation to allow retrieval of waste packages if that was 

required. 

¶ Relatively inexpensive to produce.  

 

Table 2-6: Desirable Characteristics of a Vault Backfill [108] 

Nirex completed various laboratory tests on the bulk mixing, performance and 

emplacement of NRVB against the above criteria, these studies were supported by detailed 

investigations of the physical chemistry and thermal properties of the material [111].  After 

these investigations the Nirex Reference Vault Backfill (NRVB) has been defined with one 

cubic metre containing [110]: 

¶ Ordinary Portland cement (OPC)    450 kg  (26%) 

¶ Limestone flour (Calcite)   170 kg  (10%) 

¶ Hydrated Lime (Calcium Hydroxide)  495 kg  (29%) 

¶ Water      615 kg  (35%) 

Most work on NRVB has focussed upon the chemical containment potential of the material 

particularly solubility limitation created by the high pH conditions and sorption of any 

potential radionuclides due to NRVB's high active surface area [112-115].  

Relatively little published academic work is available on the hydration and resultant 

composition of the NRVB material. McCarther et al [116] studied the short-term hydration 

and drying response of NRVB using electrical conductance and gravimetric measurements 

conducted at varied temperatures and humidities.  The author found an increasing ambient 

temperature lead to an expected reduction in setting time and increased rate of hydration. 

It was also noted the drying rate of NRVB didn't follow a classical two stage process 

reflecting the change in state of the grout as it hydrates, this again would be expected as 

cement hydration products are formed during the time scale studied from initial mixing up 

to 7 days hydration. In a later paper [117] using the same techniques McCarther et al 

discussed how the early hydration of NRVB can be divided into three regions resulting from 

bleed effects attributed to the setting processes and increases in rigidity of the grout which 

coincided with a maximum internal temperature. In these closed cell experiments a surface 

zone setting gradient was proposed in the near surface 15-20 mm indicating a slow increase 
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in rigidity due to increasing water content from bleed effects. At depths >30 mm electrical 

conductance decreased at a faster rate which was attributed to a more rapid increase in 

pore structure development due to hydration of the constituent materials. Butcher et al 

[118] led a study into leached NRVB samples which included a level of microstructural 

analysis; unleached samples showed a level of portlandite and C-S-H present once 

subjected to leaching however no portlandite was identified.  

Collier et al [119] led an industry study into the interaction between NRVB and the main 

cementitious matrix grouts BFS:OPC and PFA:OPC, with samples cast singularly or in contact 

with NRVB at varying curing temperatures. The report characterised the interface regions 

and bulk materials after one year of curing looking at their constituents and microstructure 

using SEM EDX and XRD. The main phases found in the hardened NRVB material were 

portlandite, calcite and C-S-H. The recommendation from this report was to examine the 

materials further using TEM and thermal analysis techniques to investigate the nature of 

the formed C-S-H phase. 

2.5 Conclusions from Literature Review  

The literature review has shown a significant amount of work has been completed on 

intermediate nuclear waste streams within blended cement grouts. However, the often 

limited scope of the investigations with regards to the selected experimental techniques 

fails to address adequately the potential for possible ion incorporation into and 

modification of the C-S-H phase. An example of this limitation is observed in investigations 

into the treatment of flocs  by Collier et al [91] who stated 'could this partly be an iron 

incorporated C-S-H?' during their conclusions. The experimental techniques discussed in 

Chapter 3 will attempt to push our knowledge beyond the use of XRD and SEM to analyse 

waste containing grouts. This will be accomplished by detailed analysis of the C-S-H phase 

which is responsible for much of the physical and chemical immobilisation in cements [77]. 

Samples will then be compared to the Richardson and Groves' structural model for C-S-H to 

guide insights into any modification due to the simulant waste inclusion.   

The reviewed literature does include a wide range of studied samples, however, the 

majority do not contain results from aged cement pastes over one year after curing. This is 

of interest due to the known potential for cement phases to alter with time rather than 

reaching an unchanging 'steady state'. When considering the long-term storage of these 

waste forms it seems sensible to characterise 'aged' samples where possible for greater 

satisfaction into their inherent stability. 
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Limited amounts of microstructural characterisation and data has been collected on NRVB 

grout samples, due to a greater focus being placed upon the optimisation of the chemical 

containment potential of the material. Additional work therefore is required into the 

hydrated composition of NRVB and the effects of varied curing conditions. It is anticipated 

this will be addressed during this study and will build on the current knowledge of NRVBs 

sorption and chemical containment capability.  
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Chapter 3  : Experimenta l  

3.1 Materials  

The samples used in this study were provided by the National Nuclear Laboratory and by 

Magnox Ltd at the request of the NDA. The known mixture designs of the NRVB, PFA/OPC 

and BFS/OPC samples are given below along with the waste: binder ratios (w/b) when 

known. Many of the samples studied are from long term storage and originate from 

previous industry research carried out over the past two decades. 

Sample IDM Formulation of 

encapsulate 

Composition w/b * Waste System 

97-118 3:1 BFS:OPC 75% BFS, 25% OPC 1.10 Al-based slurryÏ 

97-120 3:1 BFS:OPC 75% BFS, 25% OPC 1.10 Mg(OH)2 slurryÏ 

93-07 9:1 BFS:OPC 90% BFS, 10% OPC 0.33É BaCO3 slurry 

93-12 5:4 PFA:OPC 55.5% PFA, 45.5% OPC 1.125 Fe - FlocÏ 

91-13 5:4 PFA:OPC 55.5% PFA, 45.5% OPC 1.125 Fe - FlocÏ 

93-001 5:4 PFA:OPC 55.5% PFA, 45.5% OPC 1.125 Al - FlocÏ 

NRVB OPC:CH:CC 40% OPC, 24% CH, 15%CC N/A N/A 

*
w/b : waste to binder ratio (binder is classed as BFS:OPC or PFA:OPC blends) calculated by mass. 

ÉEstimated from literature on similar samples 

ÏSample preparation included pre-treament with lime prior to encapsulation 

Table 3-1: Sample formulations studied in this investigation 

For the successful encapsulation of the waste-forms within a sound solidified monolith the 

systems invariably underwent levels of pre-treatment before addition and mixing with their 

relevant cement powders. Details for the pre-treatment and preparation processes are 

given below in the following sections.   

3.1.1 Magnox Ltd sample preparation 

Mixes 97/118 and 97/120 were produced to assess the effects of sludges arising from 

corrosion products on candidate cement formulation envelops. They were designed to 

inform predictions of the short and long term evolution of the products formed when the 

sludges are solidified for onsite interim storage and eventual disposal. The sludge's were 

represented by inactive simulants comprising of aluminium/ferric floc and magnesium 

hydroxide, both samples were produced in 1997 and are described below: 
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¶ 97/118 is Al/Fe floc pre-treated with 10% Limbux lime - 3:1 BFS/OPC; 

waste/cement = 1.10 

 

¶ 97/120 is Magnox sludge  pre-treated with 10% Limbux lime - 3:1 BFS/OPC; 

waste/cement = 1.10 

The waste/cement ratio was calculated assuming the waste to be Al/Fe floc or waste dry 

solids + mix water or a combination of both. Cement is classed as blends of BFS/OPC. Lime 

is not included in calculating the waste/cement ratio.  

The Magnox sludge simulant was prepared with magnesium hydroxide which was supplied 

by Pennine Darlington Magnesia Ltd as a dry powder (trade grade PH9). The simplified 

aluminium hydroxide/ferric hydroxide or alumino/ferric floc material containing silicates 

was defined on the below composition:  

Based on waste sampling data the average dry solids contents was approx 7.6 wt% with a 

typical chemical composition of [120]: 

Silicates   24.7 wt% 

Aluminium hydroxide  64.7 wt%  

Iron hydroxide   3.9 wt% 

 

Table 3-2: Average chemical composition of dry solids in simulant waste 97/118 

The cementitious powders used in this programme of work were a Portland cement class 

42.5N, formerly ordinary Portland cement (OPC) supplied by Castle Cement Ltd. Ground 

granulated blast furnance slag (BFS) supplied by Frodingham Ltd in bulk to British Standard 

specifications [121]. 

Mixes were prepared by water being added to the dry simulant materials with the cement 

powder added to the slurry or Al/Fe floc within 2 minutes. Mixing was continued for 10 

minutes on the 20 litre mixes and 20 minutes on 60 litre scale mixes to obtain a 

homogeneous product; certain variations to this procedure were dependent on the pre-

treatment processes.  

3.1.2 NDA/NNL Samples 

The samples provided from the NDA and NNL focused upon the ferric and alumino flocs 

produced during treatment of radioactive liquid effluent as part of the Enhanced Actinide 

Removal Plant (EARP).  The composition of flocs is seen as being variable due to differing 
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conditions during their manufacture, additionally the flocs are known to age during storage 

[91, 122]. 

The ferric and alumino hydroxide flocs studied in this work are inactive simulants 

representing the  in service flocs ; work characterising the floc preparation was completed 

by Collier et al [92]. Flocs were pre-treated with Ca(OH)2 at 10%wt to allow for successful 

encapsulation into the cemented waste-form, without pre-treatment cracking will occur 

during hydration. The reported main phase formed by this pre-treatment was  an X-ray 

amorphous hydrated calcium ferrite with an estimated composition of 2CaO.2Fe2O3.12H2O 

alongside small amounts of calcite, Ca6Fe2(SO4)3(OH)12.26H2O and Fe6(OH)12(CO3) [92]. 

Additionally sample IDM 93-07 was sent from the NDA batch which consisted of a barium 

carbonate slurry encapsulated in a very high level replacement BFS:OPC composite grout. 

As discussed in chapter 2; BaCO3 slurry containing radioactive 14C is produced during waste 

treatment of spent oxide fuel. The slurry in service has been shown to include significant 

levels of soluble salts such as sodium nitrate [87], however for estimation of the effects of 

BaCO3 30wt% of pure grade BaCO3 is commonly added to create simulant samples. The 

BaCO3 powder is added to a 9:1 BFS:OPC system with a water to solid ratio designed to 

mimic that of a slurry added to cement powders as would be the case in service.  

These samples were taken from full scale (500 litre) non active waste-cement development 

producǘǎ ǇǊƻŘǳŎŜŘ ƛƴ ǘƘŜ ŜŀǊƭȅ мффлΩǎΦ Sellafield flocs are encapsulated in a 5:4 PFA:OPC 

system, pre-blended cement powders are mixed with the floc at a ratio of 1:1. As previously 

discussed flocs are pre-treated prior to encapsualtion with Ca(OH)2. The full scale 

development products were cured in normal operating conditions. Cores were later 

removed from the full scale products in 2003, bagged in polythene sleeves and stored in a 

laboratory environment since 2003. In 2011 a number of these cores approximately 50mm 

in diameter were provided for this study, subsequently they were resealed and stored at 

20ęc. The samples provided by the NNL via the NDA were described as follows: 

¶ Sample Ref 6  IDM 93/07 - BaCO3 in BFS:OPC from the Waste Encapsulation Plant 

¶ Sample Ref IDM 91/13 Waste Packaging and Encapsulation Plant (WPEP) - Iron 

Hydroxide Floc with PFA:OPC 

¶ Sample Ref IDM 93/12 WPEP - Iron Hydroxide Floc with PFA:OPC 

¶ Sample Ref 93/001 - Al(OH)3 Floc with PFA:OPC for WPEP 
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3.1.3 NRVB Samples 

100-200ml specimens of NRVB grout were prepared and a low shear mixer was used for the 

initial mix. The grout was then mixed for 5 minutes at 6000rpm with a high shear mixer and 

finally mixed for 1 hour with a low shear mixer.  The NRVB grout mixture was added to pots 

and cured for 7 days and left to cure at several temperatures (ambient, 35ęc and 80ęc). 

Sample were subsequently placed within HDPE bottle (250ml) and heat sealed with lengths 

of 500 gauge polythene tubing, with care taken to minimise the amount of air  enclosed 

within the specimens. The bottles were then placed inside lined steel cans and immersed in 

water. The integrity of the  sample cans was confirmed using a weighing programme after 1 

month and 1 year.   

After 1 year of hydrothermal storage the samples were removed from the sealed storage 

cans, visually inspected and removed from their curing pots. The samples were then sliced 

into quarters using a masonry saw before subsequent analysis and storage in sealed plastic 

bags with the air expelled. A selection of these quartered samples cured at ranging 

temperatures was then provided to the University of Leeds for this study.  

3.2 Introduction to Thermal Analysis  

Thermal analysis refers to a suite of techniques where a material's properties and/or 

reaction products are measured as a function of temperature. The term encompasses many 

techniques including thermogravimetry (TG), differential thermal analysis (DTA), differential 

scanning calorimetry (DSC) and evolved gas analysis (EGA)[123]. 

DTA involves heating the sample of interest (S) and an inert reference (R) under identical 

conditions whilst recording any temperature difference between the sample and reference. 

This differential temperature is then plotted against time or temperature and changes in 

the sample which lead to the adsorption or evolution of heat can be detected relative to 

the inert reference; a schematic representation of this is shown in figure 3-1. The 

convention when plotting DTA is that energy evolved by a transition or reaction is positive 

and an endothermic process, where heat is absorbed by the sample (for example during the 

melting of a metal) is negative. By determining the nature and temperature of observed 

peaks DTA can be used to obtain useful qualitative and quantitative analysis of a sample 

[123].  In contrast TG is a measure of the weight change of the sample as the temperature 

increases or decreases. This will occur as the phases decompose and gases are released. 

The TG data from OPC shown in figure 3-2 clearly illustrates the power of the technique in 

identifying physical changes within a material with temperature. Commonly both 
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techniques are used together as a combined analysis which is normally referred to as 

simultaneous thermal analysis (STA). 

 

Figure 3-1: Schematic diagram of a DTA cell 

The combined techniques of TG and DTA are frequently used in cement science to quantify 

the composition of phases within pastes. The primary reactions that occur during the 

heating of a cement paste sample are summarised below [124] :  

¶ 30 - 105 ɕ/Υ the evaporable water and a part of bound water, all evaporable water 

assumed lost at 120 ɕ/. 

¶ 110 - мтл ɕ/Υ ŘŜŎƻƳǇƻǎƛǘƛƻƴ ƻŦ ƎȅǇǎǳƳΣ ŜǘǘǊƛƴƎƛǘŜ ŀƴŘ ǘƘŜ ƭƻǎǎ ƻŦ ǿŀǘer from some 

carboaluminate hydrates [125]. 

¶ 180 - олл ɕ/Υ ƭƻǎǎ ƻŦ ōƻǳƴŘ ǿŀǘŜǊ ŦǊƻƳ ŘŜŎƻƳǇƻǎƛǘƛƻƴ ƻŦ ǘƘŜ /-S-H and 

carboaluminate hydrates. 

¶ 400 - 550 ɕ/: dehydroxylation of portlandite (calcium hydroxide). 

¶ 700 - 900 ɕ/: decarbonation of calcium carbonate. 

The resultant thermogram of a cement paste after a combined TG and DTA experiment is 

shown below in figure 3-2. In a typical OPC based cement paste such as this the most 

observable reactions are for the dehydroxylation of the portlandite (CH) phase and release 

of carbon dioxide from calcium carbonate.  
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Figure 3-2: DTA/TG thermogram of a 28 day OPC cement paste 

As shown in figure 3-2 the TG and data is used to quantify the amounts of portlandite (CH), 

calcium carbonate within the cement pastes. This is useful to assess the level of pozzolanic 

reactions using supplementary cementitous materials or level of carbonation in a sample 

[126-128]. To enhance the available data from thermal analysis evolved gas analysis (EGA) 

was used in conjunction with the aforementioned techniques to identify the gases 

generated as a function of the measured temperature.  

3.2.1 Experimental Procedure 

STA was performed using a Stanton-Redcroft STA 1000, the samples were crushed and 

ground into a fine powder in a agate mortar and pestle. Approximately 15-18 mg of 

powdered sample was placed into a platinum crucible in the STA apparatus. The samples 

were heated from 20-1000ęC at a heating rate of 20ęC/min; this was done in a constant flow 

of nitrogen at a rate of 58 ml/min. When available EGA analysis using a basic mass 

spectrometer   (Cirrus Mass Spectrometer, MKS Spectra) was carried out, the DTA was 

connected via a heated capillary tube and acts as the ionic source. The evolved gases forced 

into the mass analyser by a vacuum inducing turbo pump, the resultant signal is amplified 

and provides a mass spectrum plotted as a function of time or temperature.  

Once completed the TG curve with the % weight loss plotted against temperature was used 

to estimate the amount of CH and calcium carbonate present in the sample where relevant.  

The determination of the amounts of these phases is displayed below in equations 3-1 and 
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3-2.  As discussed the dehydration of calcium hydroxide (CH) occurs in the temperature 

range of 400-550ęC. A major peak observed in figure 3-2 can be described as a percentage 

of calcium hydroxide present by the following:   

ὅὥὕὌ ᴼὅὥὕὌὕ  τππυυπȍὅ 

As dehydration of one mole of water (18 gmol-1) results from one mole of Ca(OH)2 (74 gmol-

1) therefore when y is the % mass loss from 400-550ęC: 

ὖὩὶὧὩὲὸὥὫὩ έὪ ὅὌ
χτ

ρψ
ώ 

Equation 3-1: Calculation of CH% 

Similarly the percentage of calcium carbonate (CC) present at 600-800ęC can be determined 

by: 

ὅὥὅὕOὅὥὕὅὕ 

As decomposition of one mole of CO2 (44 gmol-1) results from one mole of CaCO3 (100 gmol-

1) therefore when x is the % mass loss from 600-800ęC.  

ὖὩὶὧὩὲὸὥὫὩ έὪ ὅὅ
ρππ

ττ
ὼ 

Equation 3-2: Calculation of Calcium Carbonate % 

3.3 Introduction to X -ray diffraction  

XRD was used to identify the presence of crystalline phase(s) within the solidified products. 

This technique consists of directing X-rays at the sample and because crystals are 

symmetrical arrays of atoms containing rows and planes of high atomic density, they are 

able to act as a 3-D diffraction grating. When X-rays interact with a solid, elastic scattering 

of X-ray photons occurs in any direction. When atoms spaced at regular intervals are 

irradiated the scattered radiation undergoes constructive interference which results in well- 

defined X-rays leaving the sample at various angles which give rise to diffraction peaks 

which are a 'finger-print' of the crystalline phases present in the probed volume. This 

constructive interference can only occur under highly restrictive conditions defined 

ƳŀǘƘŜƳŀǘƛŎŀƭƭȅ ōȅ .ǊŀƎƎΩǎ ƭŀǿΣ ŀǎ ǎƘƻǿƴ ōŜƭƻǿ [129].  
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Figure 3-3: Bragg's Law [130] where AB and BC is the additional distance travelled if incident beams are to 
continue travelling adjacent and parallel. {ƛƴŎŜ ƴ˂Ґ!.Ҍ./ ŀƴŘ ./Ґ Ř ǎƛƴ ɗ and BC=CD this eǉǳŀǘŜǎ ǘƻ ƴ˂Ґн./ 

which gives Bragg's law as defined below.  

.ǊŀƎƎΩǎ [ŀǿ ƛǎ ŘŜŦƛƴŜŘ ŀǎΥ 

n ˂  = 2d sin ̒  

Where n is an integer, l is the wavelength of the X-ray beam, and d is the interplanar 

spacing in angstroms and q is the angle of incidence in degrees.  

By measuring the scattering angle and the intensity of peaks it is possible to identify the 

various phases present in the sample. Figure 3-4 shows a diffraction spectrum where the 2̒  

position of the individual peaks are indicative of the material, in this case calcite. Therefore 

by matching the recorded positions and intensities of the peaks with those of known 

crystalline phases, it is possible to characterise the phases present in the sample material. 

The proportion of a given phase can be estimated by comparing the percentage of a phase 

as shown by XRD with the percentage in the total sample of the same phase. The 

percentage content in the total sample may be determined by alternative characterisation 

techniques or by adding a known quantity of crystalline material (e.g. 32OAl  ) to the 

sample.  



James Rickerby 20026666                                                                                                     Chapter 3                           
 

- 44 - 
 

 

Figure 3-4: Experimental XRD spectra of calcite 

Within cement samples XRD is an important technique as each crystalline phase will 

produce a unique diffraction pattern which can be identified. From this data additional 

information on a minerals structural state can be asserted. This is significant ,especially if 

new phases are being formed within the studied systems [131].  

3.3.1 XRD experimental procedure 

The XRD measurements were performed using a Bruker D2 phaser diffractometer with a 

lynxeye detector, operated with Cu Kh radiation at 10mA and 30kV. Samples for XRD were 

freshly sliced from the provided cores and then crushed and ground into a fine powder in 

an agate mortar and pestle. Samples were backfilled into the sample holders to reduce 

preferential orientation and mounted onto a spinning stage set at a rotation of 2 turns a 

second. The samples were run on a continuous scan mode over the range of 5 - 65ę н ̒with 

a step size of 0.024ę (2424 steps) and an acquisition time of 5 seconds. Samples were 

additionally run containing a 10%wt internal standard of corundum (Al2O3) under the same 

conditions; this was to allow calibration of peak positions with the known standard.  

The resultant XRD patterns were collected and analysed with peak listings, phase 

identification and matching completed with Pan'alytical's X'Pert Highscore software with 

attached databases from the International Centre for Diffraction Data (PDF-4). Additional 

analysis of the samples diffraction properties was completed using  Crystaldiffract and 

Crystalmaker software (CrystalMaker Software Ltd). This software allowed for the 

modification and comparison of crystal phases from databases with the measured 

experimental results.   
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3.4 Introduction to Solid -State MAS NMR 

Nuclear magnetic resonance (NMR) has proven to be a powerful and versatile spectroscopy 

tool. The phenomenon of nuclear spin and its relative isolation from its surroundings makes 

it an ideal non-interfering probe of the electronic environment [132].  

The basic principles of NMR are based upon the physical spinning of the nucleus of a certain 

selected chemical element. Investigated nuclei must have spin properties to be used in 

NMR (eg 13C, 27Al , 29Si). When nuclei with a nonzero spin property are placed within a 

strong magnetic field an energy transfer is possible producing a spilt of energy levels known 

as the Zeeman interaction [133] and is displayed graphically for a proton with spin I=1/2 in 

figure 3-5. The energy transition and absorption or emission of photons corresponds to a 

radio frequency which can be measured and yield an NMR spectrum for the nucleus under 

investigation.  

 

Figure 3-5: Energy level diagram for spin with ╘  in a magnetic field B0 [134] (Ŭ=high level energy, ̡ Ґƭƻǿ 

level energy)  

In summary the nonzero spin nucleus is placed in a strong external magnetic field and the 

resulting spilt of energy levels of the nucleus will depend on the different local structural 

environments. The nucleus is then perturbed by an applied pulse of radiofrequency 

radiation which will induce electronic transitions. The perturbation to the nucleus is then 

removed returning it to its initial state which will absorb or emit a photon, the frequency of 

which is measured as a reported chemical shift (ɻ ύ[133]. 
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Figure 3-6: A conceptual block diagram of the pulsed Fourier transform NMR experiment [134] 

The adoption of NMR to materials in solid form has developed at a slower rate than its 

solution-state counterpart. This is primarily due to the produced broad peaks created by a 

number of interactions notably the dipolar and quadrupolar interactions and spin - spin 

relaxation which can generally be ignored in solutions [132]. Additionally the second major 

difference between NMR in solids and solutions is generated by the chemical shift 

anisotropy (CSA). This chemical shift is produced by electrons shielding the nucleus from 

the applied magnetic field, due to this chemical shifts can take on directional properties 

[134].  To overcome this the solid sample can be spun at the magic spinning angle (MAS) at 

high speed (10-15kHz), in solids the dipolar coupling and CSA contain an angular 

dependence of the form 3cos2 -̒1. As when ̒= 54ę47', 3cos2 -̒1 will =0 this angle therefore 

is referred to as the magic spinning angle. By spinning the sample at this angle to the axis of 

the applied magnetic field it will reduce the potential observed line broadening in solid-

state samples. 

NMR has proved very useful in probing the atomic environments of cement pastes, this is 

primarily due to the fact that NMR has no limitation to crystalline phases. Additionally NMR 

is capable of monitoring changes to the structural order over time and show the 

development of hydrated phases. Most solid-state NMR studies have been based around 

the study of 27Al MAS and 29Si MAS NMR; this reflects both the importance of these 

elements in cement science and the natural abundance of these elements allows for their 

acquisition to be experimentally viable [135, 136] 
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3.4.1 MAS NMR experimental procedure 

The 29Si NMR spectra collected at Leeds University were acquired from a Varian Infinity Plus 

300 MHz spectrometer equipped with Chemagnetics style MAS probes and 7.1T magnet, 

the instrument was referenced to a belite (C2S) sample with a known peak at -71.3ppm. 

Samples were sliced from the supplied cores and then crushed and ground into a fine 

powder which was packed into a 6mm zirconium spinning rotor. The examination of the 

sample was operated with a spinning speed of 6500Hz, pulse delay of 2s, pulse width of 

4.0˃ s and an acquisition time of 20ms over approximately 32 hours.  

The quantitative information from the 29Si MAS NMR relating to the structural order of the 

sample included the mean aluminosilicate chain length (MCL), Al/Si ratio, percentage of 

silicate type  and estimation of hydrated material. These were obtained through the 

deconvolution of NMR spectra using Igor Pro 6.0 software (Wavemetrics) utilising a user 

made procedure. The spectra were fitted with the initial setting of a baseline to a cubic 

multinomial function and the parameters (intensity, peak shift, shape and width) were then 

fitted to the experimental spectrum. The integrated areas below each of these fitted curves 

was then used to produce the structural order data discussed previously.   

Due to issues with the NMR facilities at Leeds additional solid-state 29Si NMR spectra for the 

samples were obtained at the EPSRC UK National Solid-state NMR service at Durham 

University. Samples were run as direct excitation experiments on a Varian VNMRS 400 

spectrometer using neat tetramethylsilane as a reference standard. The samples were 

loaded into a 6mm rotor spun at 6800Hz with a pulse delay of 5s, pulse width of 6.2s˃ and 

an acquisition time of 30ms for on average over 1000 repetitions.   

All solid-state 27Al NMR spectra for the samples were obtained at the EPSRC UK National 

Solid-state NMR service at Durham University. Samples were again ran as direct excitation 

experiments on the same spectrometer using 1M aqueous Al(NO3)3 as the reference 

standard. The samples were loaded into a 4mm rotor spun at 14000Hz with a pulse day of 

0.2s, pulse width of 1.0˃s and an acquisition time of 10ms for on average 7000 repetitions.   

3.5 Introduction to Transmission Electron Microscopy (TEM)  

To understand a materials behaviour and to facilitate the design of new or improved 

materials it is necessary to characterise both composition and microstructure at the highest 

levels of resolution possible. Transmission electron microscopy (TEM) is an established 

method for the characterisation of materials and provides the capability for physical and 
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chemical analysis [137].  The use of TEM in cement science and characterisation was 

reviewed by Richardson (2002) which outlined the historical context of microscopy in this 

field and the possibilities of TEM imaging and X-ray analysis [138]. The mentioned review 

discusses the various studies which have utilised TEM-EDX to examine the microstructure of 

cements and specifically calcium silicate hydrates [10, 139-141]. 

The basic layout of a typical transmission electron microscope is shown in figure 3-7, the 

electron gun is situated at the top of the column which is kept under vacuum. The resultant 

electron beam is focused by one or more condenser lenses (C1 & C2) often with variable 

apertures onto the specimen which sits in a holder inserted via an airlock. The objective 

lens (O) sits below the sample above an intermediate lens (I) both of these lenses also have 

variable apertures, the projector lens P then forms the final image onto the fluorescent 

screen; below this screen a film, plate or digital camera sits enabling images to be saved 

[130]. The theoretical limit of TEM resolution is limited primarily by the aberrations of the 

objective lens the main aberrations (Chromatic, spherical and axial) therefore should be 

minimised; to accomplish this a routine alignment procedure is followed when using the 

TEM prior to sample examination [142]. 
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Figure 3-7: Schematic representation of the layout of the main TEM components figure adapted from Bowen 
and Hall [130] 

One primary disadvantage of TEM analysis is the potentially higher levels of difficulty in 

producing electron transparent samples which can lead to extensive preparation 

techniques depending on the application; a review of preparation techniques for thin films 

and bulk samples is discussed by Bowen and Hall [130]. Additionally a level of care and 

attention must be exercised by the observer during sample examination to reduce the 

potential for damage due to beam exposure.  This can be reduced by utilisation of the 

lowest possible magnifications for general viewing [138] and by simply minimising the 

exposure and 'idle' time in sensitive areas. Rößler et al [143] discussed the examination of 

C-S-H structure using TEM and proposed an electron dose of 6.4x103 e Å-2 at room 

temperature above which its crystalline structure is degraded leaving only an amorphous 

diffraction pattern.  
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3.5.1 TEM Experimental Procedure 

The samples were sectioned and then cut into thin 1mm slices using a low speed saw 

(ISOMET) using a diamond edged wavering blade, the slices were then dried at 50ęC after 

cutting. Samples were then flatted using a 600 micron SiC paper and attached to a glass 

slide by cyanoacrylate glue. Once attached the slice was thinned by hand to about 30m˃ 

thick or until the samples were sufficiently thin enough to be able to read text though it 

with the aid of a light box. The samples were thinned using 600, 1200 and 2400 micron SiC 

papers whilst being constantly checked for uniform thinning or grit damage. Once thinned 

sufficiently the slice and glass slide was immersed in acetone to allow the thinned sample 

to be removed, once removed copper TEM slot grids were glued to both sides of the 

sample using epoxy. After this the sample was checked under an optical microscope and 

then transferred to an ion beam miller (Fischione Model 1010 low angle miller) for thinning 

for TEM observation. The conditions used for milling were 4kV, 3mA at a milling angle of 

15ę with constant rotation using argon gas, during milling the sample was cooled using 

liquid nitrogen to avoid heat damage and kept at vacuum. Once milled satisfactorily with a 

hole in the centre the samples were coated with approximately 2nm of carbon (Agar Turbo 

Carbon Coater with film thickness monitor) and then stored in vacuum desiccators until 

observation. Samples were produced ready for observation to reduce the amount of 

required storage time and possible atmospheric affects upon the thinned samples.  

The samples were examined in a FEI Tecnai TF20 FEGTEM with a LaB6 filament operated at 

200kV. The TEM was equipped with an Oxford Instruments 80mm X-Max SDD detector and 

associated INCA EDX system and software for elemental analysis. Imaging of the 

microstructure used a Gatan Orius CCD camera. Whilst studying the microstructure of the 

samples a maximum basic magnification of 10000x was used with higher magnifications 

only utilised when a site of interest was found. EDX analysis of the sample was performed 

at 17500x unless additional magnification was required to analyse 'pure' phases 

adequately. Acquisition time for EDX was limited to 45s and performed at spot size 6. Prior 

to EDX analysis the selected area electron diffraction (SAED) aperture was inserted and 

diffraction mode used to check the analysis area (often C-S-H) for intermixed crystalline 

phases such as calcium hydroxide. Due to the interest in additionally formed phases in the 

cements hydration, potentially due to the simulant waste addition, intermixed phase 

analyses where not discarded; however the data points were removed from pure phase 

composition estimations later. Micrograph imaging was performed at 6500x - 27500x 
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magnification with the exposure time user controlled via software to reduce possible beam 

damage.  

3.6 Introduction to Scanning Electron Microscopy (SEM)  

In scanning electron microscopy (SEM) a controlled beam of electrons usually generated by 

thermionic emission from a heated tungsten filament is directed at the specimen. When 

the incident beam of electrons hits the specimen the electrons are either scattered or 

adsorbed producing various signals including secondary electrons (SE), backscattered 

electrons (BSE), X-rays and auger electrons.  

The most commonly used signals on the SEM for imaging are secondary and backscattered 

electrons. Secondary electron images (SEI) are useful for surface and fracture imaging of 

microstructure phases due to the high resolution possible. This high resolution is due to the 

majority of the SE signal being generated from a region only a little larger than the diameter 

of the incident beam; therefore SE has the smallest sampling volume giving better spatial 

resolution than other signals [144].  SEM SEI imaging has been used extensively to the study 

of fracture surfaces of cement providing useful information on the microstructure of 

cement and morphologies of various phases [138]. Backscattered electron (BSE) imaging 

offers compositional contrast based images based upon the relative atomic number of the 

elements images; phases of the greatest mean atomic number appear brightest on the 

image [145]. Successful BSE imaging relies upon minimizing topographical variations on the 

sample surface to represent phases accurately [146].  Figure 3-8 shows a basic schematic of 

the generation areas of secondary and backscattered electrons in SEM analysis.  

 

Figure 3-8: Schematic of the interaction volume created in the SEM 
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Energy dispersive X-ray analysis (EDX) is used to help characterise the chemistry of phases 

found during SEM BSE imaging. The method is based upon the generation of characteristic 

X-rays in the atoms of the specimen by the incident beam electrons as shown in figure 3-9. 

When the incident electron hits an atom it can cause an inner shell ionization. This results 

in an empty space which is subsequently filled by an electron transition from a higher 

energy state, the resultant freed energy is ejected in the form of an X-ray. The energy of the 

ejected X-ray is characteristic for the element from which they originate and so allow you 

to gain data on the elements present within the specimen [147].   

 

Figure 3-9: Generation of characteristic and continuum X-rays in atoms of the specimen by incident electrons 
[147] 

Certain considerations must be made when using SEM EDX analysis; since the X-ray 

generation volume in a bulk specimen is estimated at 1-2µm3 compositional analyses of 

hardened cements will often correspond to a mixture of different phases [138]. The actual 

size of the interaction volume as illustrated in figure 3-8 will depend upon the examined 

ǎǇŜŎƛƳŜƴǎΩ ǇƘȅǎƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ όŘŜƴǎƛǘȅΣ ŎƻƳǇƻǎƛǘƛƻƴύ ŀƴŘ ǘƘŜ ƻǇŜǊŀǘƛƴƎ ŎƻƴŘƛǘƛƻƴǎ ƻŦ ǘƘŜ 

microscope (accelerating voltage, probe diameter) [148]. Wong and Buenfield applied a 

Monte Carlo technique to simulate the interaction within a cement material; the authors 

estimated that the maximum penetration depth was 1.5µm at 10KeV and 5.0µm at 20KeV 

with a hemispherical interaction volume [148].  

3.6.2 SEM sample preparation 

For SEM analysis approximately 5mm slices of the cement grout were cut from the 

segmented cores using a low speed cut off saw (Buehler Isomet) equipped with a diamond 
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edged wavering blade. After cutting samples were simply dried in a 35ęC oven and if 

required stored in a desiccator before further preparation. Samples were then flattened on 

one surface using 1200˃m SiC paper before being vacuum impregnated using a low 

viscosity cold setting embedding resin (Struers Epofix), mixed according to the 

manufacturers guidelines. Samples were cured at 40ęC for 24 hours to set then demoulded 

and precision cut to remove excess resin for the polishing procedure. The grinding and 

polishing of the  samples was accomplished on Struers RotoPol units equipped with PdM 

force-20 and 30 units. The samples were ground down using 600, 1200 and 2400 m˃ SiC 

papers until uniformly smooth; due to the varied sample compositions grinding times and 

pressures varied, additionally Struers Kemet lubricant was used during the process. After 

grinding and the removal of excess resin the samples were polished using 6, 3, 1 and 1/4 

m˃ diamond paste cloths. Polishing continued until the visible scratches from the SiC 

papers were removed; during the whole process the samples were regularly checked using 

optical microscopy to avoid over polishing until no excess resin was remaining. When ready 

for SEM examination an electron conductive coating was applied to prevent charging on the 

examined surface; carbon was applied primarily due to its ease of use and low atomic 

number which reduces potential absorption of emitted X-rays. After coating conductive 

copper taping was applied across the edges of the sample again to reduce potential 

charging.  

Samples were examined using a Jeol 5800LV SEM equipped with Oxford Instruments Aztec 

Energy EDX system and a Philips XL30 FEGSEM equipped with a Bruker Quantax EDS system 

for BSE imaging and EDX analysis. Additional secondary electron imaging utilised a Philips 

XL30 ESEM which had low vacuum capabilities for fracture surface imaging. Typical 

operating procedures for SEM analysis included a maximum operating voltage of 20kV with 

a typical voltage of 15kV used for EDX analysis, working distance was approximately 10mm 

and acquisition times for EDX analyses were at least 30 seconds.  
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Chapter 4  : Results and discussion of NRVB grout  
 

4.1 Introduction  

The NRVB samples were cast by the NNL during a study to increase the understanding of 

interactions between NRVB and the primary cementitious grouts used for the 

encapsulation of nuclear wastes. The samples were cured at ambient, 35ęC and 80ęC for at 

least one year before removal and storage in sealed bags in laboratory conditions.  

As discussed in section 2.4.5 relatively little published academic work is available on the 

hydration of NRVB or characterisation of the resultant composition. Most work focuses 

upon the chemical containment potential of the material [111-113] and potential 

carbonation kinetics [149]. Due to the high constituent level of limestone flour as part of 

the NRVB grout mix (10%wt) the majority of the results from this study are therefore 

discussed with reference to the extensive literature on the addition of calcium carbonate to 

OPC systems and the resultant phases formed [46, 150-157]. It is expected the NRVB 

material will perform within the model outlined by Matschei et al [46], with the observed 

formation of AFm phases within the matrix in addition to C-S-H.  

4.2 XRD 

The main crystalline phases present in the grout cured under ambient conditions were 

portlandite, calcite and a carbonate containing AFm phase identified as 

monocarboaluminate (see Figure 4-1). Small peaks were also identified for ettringite (AFt), 

C-S-H and a hydrotalcite phase (Ht). 

The presence of large crystalline peaks for CH and calcite are expected due to the original 

constituents of the NRVB grout being both hydrated lime (29%wt) and calcite-based 

limestone flour (10%wt) along with OPC (26%wt). The noticeable formation of 

monocarboaluminate (Mc) is also expected with Mc known to be relatively stable and can 

exist in the presence of calcite [46, 150, 152, 153]. Damidot et al [150] showed that with 

increasing carbonate availability firstly hemicarboaluminate (Hc) and then 

ƳƻƴƻŎŀǊōƻŀƭǳƳƛƴŀǘŜ ŀǊŜ ŦƻǊƳŜŘΦ bƻ IŎ όмлΦуϲ нʻύ ǿŀǎ ƛŘŜƴǘƛŦƛŜŘ ōȅ ·w5 ŦƻǊ the NRVB 

samples as shown in Figure 4-1. These findings are in accordance with the modelling 

calculations of Matschei et al [46], which ǎǘŀǘŜŘ Ψ!CǘΣ ƳƻƴƻŎŀǊōƻŀƭǳƳƛƴŀǘŜΣ ŎŀƭŎƛǘŜ ŀƴŘ 

portlandite will be observed as an important stable phase assemblage in limestone-blended 

ŎŜƳŜƴǘǎΩΦ Matschei et al [8]  also showed that Hc would not remain stable at 25°C in the 

presence of excess calcite as shown in Figure 4-2 thus explaining its absence in the NRVB 
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grouts.  In all bw±. ǎŀƳǇƭŜǎ !Cǘ όфΦмϲ нʻύ ǿŀǎ ŦƻǳƴŘ ƛƴ ǎƳŀƭƭ ǉǳŀƴǘƛǘƛŜǎ, suggesting that in 

the presence of limestone that the stabilisation of Mc indirectly stabilises ettringite [153] 

and therefore carbonates; monocarbonate not monosulphate is the stable AFm phase at 

ambient temperatures. A small reflection at around 32.2ɕ 2ʻ ǿŀǎ ŀǘǘǊƛōǳǘŜŘ ǘƻ unreacted 

clinker phases (C3S, C2S) this was present  in all samples but especially prevalent at 80ɕC.   

 

 

Figure 4-1: XRD trace of NRVB samples. Data are plotted using same intensity scales. ̧  - Calcite, Ï- 

Portlandite,Ƹ - Monocarboaluminate (Mc), Ë - Ettringite (AFt), Â - Hydrogarnet (HG), p - Hydrotalcite (Ht). 
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Figure 4-2: Relative amount of hydrate phases of a hydrated model mixture consisting of 1 mol C3A, 1.25 mol 

portlandite and with a fixed initial sulphate ratio (SO3/Al 2O3 = 1) showing phase development and its 

dependence on changing carbonate ratios (CO2/Al 2O3) at 25°C, Matschei et al [46]. 

The primary difference for the higher temperature (80°C) sample is the absence of the Mc 

ǇŜŀƪ όммΦтϲ нʻύ ŀǎ ǎƘƻǿƴ ƛƴ ŦƛƎǳǊŜ 4-3 indicating that the Mc phase is not stable at this 

curing temperature. The stability of the Mc phase under temperature changes was 

investigated by Matschei et al [154] with Mc remaining stable and unchanged at 

temperatures Җтлϲ/Φ Iowever Mc is reported to decompose to a mixture of C3AH6 and 

CaCO3 ŀǘ ǘŜƳǇŜǊŀǘǳǊŜǎ җфлϲ/Φ Fentiman [158] reported the  peak area of Mc to reduce at 

higher curing temperatures up to 70°C in a calcium aluminate cement with CaCO3. Utton et 

al [86] formed Mc during the encapsulation of BaCO3 and reported the presence of Mc in 

both an OPC and BFS: OPC matrix, the phase was stable at ambient conditions but unstable 

in the OPC matrix at 60°C forming a hydrogarnet phase and additional CaCO3. In the 

mentioned study it was interesting to note in the 9:1 BFS:OPC the Mc phase was stable at 

60°C probably due to the higher Al content in this system.  
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Figure 4-3: Comparative low angle XRD traces for ambient and 80°C cured NRVB sample; Relevant AFt and 

AFm phases shown. Mc ς Monocarboaluminate (Ca4Al2(CO3)(OH)12.5H2O), AFt ς Ettringite, Ht - Hydrotalcite 

To assess if there had been a decomposition of Mc in the 80°C system it was important to 

identify the associated reported decomposition products as described in [86, 154, 158]. 

Figure 4-4 below shows an identified hydrogarnet phase (C3AH6) found in the elevated 

temperature sample, this phase matches that predicted by Matschei et al [154] to result 

from the decomposition of Mc at around 85°C.  

 

Figure 4-4: XRD trace showing two small peaks associated with C3AH6 for the 80°C sample 

The second expected decomposition phase from Mc is additional calcite formed from  /hо
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calcite in the sample as shown in Figure 4-1 it is difficult to correctly assess a small calcite 

content increase by XRD.  There was however an increase in peak intensity for the ambient 

ǘƻ улϲ/ ŎǳǊŜŘ ǎŀƳǇƭŜ  όнфΦпϲ нʻύ ǎƘƻǿƛƴƎ ǇƻǘŜƴǘƛŀƭƭȅ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ǉǳŀƴǘƛǘȅ ƻǊ ŎǊȅǎǘŀƭƭƛƴƛǘȅ 

of the CaCO3 phase. However it should be noted an increase in CH intensity and content 

was also seen. This potential increase in calcite content was further investigated using 

thermal analysis as shown below. Few changes were found between the ambient and 35ęC 

samples in terms of identified phases with Mc still stable at this temperature along with the 

presence of ettringite, the hydrogarnet peaks for the katoite (C3AH6) were not identified in 

the 35ęC sample. 

4.3 Thermal Analysis  

Simultaneous thermal analysis confirmed the presence of portlandite and calcite in the 

NRVB samples in line with the XRD results presented in 4-1. The relevant STA data trace for 

the ambient NRVB sample is shown in Figure 4-5, the TGA measurement for the ambient 

sample confirms the presence of an AFm phase at around 150°C which has been attributed 

to Mc [153, 157]. Note that the weight loss at 150°C is not present in the 80°C sample 

agreeing with the XRD data that the Mc phase has decomposed at the higher curing 

temperature. The associated evolved gas analysis (EGA) in Figure 4-6 shows the mass trace 

for water (mass 18) and carbon dioxide (mass 44) in the ambient sample, the associated 

losses for Ca(OH)2 and CaCO3 were observed alongside the decompositions seen for AFt, C-

S-H and Mc which closely match the DTA trace in Figure 4-5.  
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Figure 4-5: STA trace for NRVB sample cured at ambient conditions; AFt ς Ettringite, Mc ς 

Monocarboaluminate AFm phase 

 

 

Figure 4-6: Associated mass spectrometer trace for NRVB sample cured at ambient conditions. 

The STA traces for the sample cured at 80ęC can be seen in Figure 4-7, the higher 

temperature cured sample had a lower unbound water content than the ambient sample 

but showed the characteristic mass losses related to the decomposition of Ca(OH)2 and 

CaCO3. The decomposition loss for monocarboaluminate at 150ęC was not present for the 

80ęC cured sample showing its instability at this higher temperature. Additionally the 

doublet decomposition associated with C-S-H and the AFt phase isn't resolved in the 80ęC 

sample as was shown at the ambient temperature. A small mass loss at around 300ęC has 

been attributed to the potential hydrogarnet phase seen by XRD, this decomposition 
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temperature is consistent with work on a synthetic Al - katoite hydrogarnet (C3AH6) by 

Dilnesa et al [159].  

 

Figure 4-7: STA trace for NRVB sample cured at 80ęC ; AFt ς Ettringite, HG ς Hydrogarnet (Al-Katoite C3AH6) 

 

 

Figure 4-8: Associated mass spectrometer trace for NRVB sample cured at ambient 80ęC. 

The 35ęC cured NRVB sample performed similarly to the ambient cured sample with near 

identical TG traces for unbound water, Ca(OH)2 decomposition and CaCO3 content; these 

contents are shown in table 4-1. The mass loss and associated water loss by EGA for 

monocarboaluminate was present at 150ęC; however this was less prominent than that 

found at ambient temperatures using the same techniques. Like the sample cured under 

ambient conditions there was a doublet decomposition loss for C-S-H + AFt which changed 

for the higher temperature sample.  
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Sample Cure Ca(OH)2 content (%) CaCO3 content (%) 

NRVB Ambient 15.2 36.4 

NRVB 35ęC 16.0 36.8 

NRVB 80ęC 13.2 38.4 
 

Table 4-1: Calcium hydroxide and calcium carbonate contents calculated by TGA 

All the calculated contents for Ca(OH)2 and CaCO3 in the NRVB samples showed a reduction 

in CH content by weight when compared to the original composition of the NRVB mixture 

(29% wt). The CaCO3 content of all three samples was greatly increased by approximately 

25% wt from an original composition of 10% wt of limestone flour. This relates to a 

consumption of CH to CaCO3 primarily due to the carbonation of the original unreacted 

hydrated lime in the mix in addition to the potential carbonation of CH produced from the 

hydration of the OPC. This production of CaCO3 and decomposition of Ca(OH)2 was most 

noticeable in the 80ęC sample which showed the lowest levels of remaining CH and highest 

levels of carbonation.  

The carbonation of NRVB material was not unexpected due to the original starting 

constituents. As mentioned in section 2.4.5 a benefit of carbonation for the geological 

disposal concept would be the absorption of radioactive 14C contained with CO2 generated 

from degradation of certain waste components [112]. Sun [149] studied the carbonation 

kinetics of NRVB and identified that the various stages of carbonation were controlled by 

the openness of the pores in the NRVB material. This presents initially as a rapid stage 

controlled by the diffusion rate of CO2 followed by a slow final stage as the decalcification 

of C-S-H releases Ca2+ for further carbonation. The TG/DTA data from Sun [149] shows a 

carbonated specimen carbonated for 102 hrs under pressure. Weight loss from 

decomposition of CaCO3 was increased with no Ca(OH)2 present after accelerated 

carbonation. The 'fresh' NRVB trace was comparable to the samples from this study 

however the percentage weight losses were not calculated. Industry ς based investigations 

into the carbonation of NRVB has shown the carbonation kinetics depend greatly upon the 

water saturation. In partially saturated material the carbonation kinetics are parabolic with 

a well-defined K value, in more saturated material (+90% RH) the carbonation kinetics 

cannot be described by a simple parabolic rate equation and the rate is considerably slower 

than at a lower humidity. The reasons for this may be linked to microstructural changes 

after extensive carbonation of the material in addition to the slower diffusion rates present 

when the material is saturated [160, 161].  
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4.4 SEM-EDX 

The relevant microstructures for the NRVB grouts cured at each temperature are shown in 

Fig 4-9 a) - f). The BSE imaging of the samples shows a microstructure dominated by the 

presence of unreacted CaCO3 particles as shown by the lack of any hydration rims, smaller 

CaCO3 particles are seemingly acting as nucleation sites surrounded by C-S-H.  

 

Figure 4-9: SEM BSE images for the NRVB grouts; Ambient cure (a - b), 35ęC cure (c - d), 80ęC cure (e -f). CH = 

Calcium Hydroxide, Anh = anhydrous material. 
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The effect of finely ground limestone accelerating cement hydration due to additional 

surface area for nucleation and growth of hydration products is known [153, 162].  As 

shown in figure 4-9 a large quantity of portlandite (marked CH) remains within the 

microstructure often in close relation to larger unreacted limestone particles, this agrees 

with the observed TG and XRD traces discussed earlier.  The large quantities of limestone 

and portlandite are found in all of the NRVB samples for each curing temperature with the 

content percentages best calculated by TGA.   

Anhydrous clinker material was observed at all temperatures in the samples, particularly 

unreacted belite (C2S) and calcium aluminoferrite phase (C4AF) shown in figure 4-10 and 

labelled as  anhydrous (Anh) on figure 4-9. This is also shown in elemental mapping of a 

35ęC sample in figure 4-11. Unreacted alite (C3S) was not commonly observed in the 

samples leading to the suggestion that the early - age hydration of alite is not greatly 

hindered in the NRVB samples. Indeed it has been reported finely ground limestone should 

accelerate the hydration of C3S [163].  

 

Figure 4-10: BSE Image of NRVB ambient sample showing higher density C-S-H surrounding partially reacted 

clinker with associated AFm and Aft hydrate phases formed locally (x1000). 

 

In the BSE images variations in C-S-H grey scale can be seen which relate to changes in the 

density of C-S-H formed. For example figure 4-10 shows an area of denser C-S-H 

surrounding a partially hydrated clinker particle with the C3S hydrated leaving unreacted 
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C2S, C4AF and AFt. In this area of denser formed C-S-H, limestone particles can be seen 

incorporated along with the presence of substantial amounts of an AFm phase, this was 

confirmed by EDX analysis to be monocarboaluminate with smaller amounts of AFt. The 

presence of unreacted clinker particles and potential Ip C-S-H was indicated by the use of 

elemental mapping as the OPC was the primary source of Al and Si within the system. 

Whilst Si is present in varying concentrations throughout the paste within the C-S-H, Al and 

other elements such as Mg and Fe are more likely to remain within the local environment 

of the hydrated PC particle  within Ip [164]. In the BSE images this should correspond to the 

lighter greyscale in BSE imaging of Ip C-S-H, due to the higher atomic mass of contained 

elements or potentially show an increase in calcium content within the C-S-H phase [145, 

165]. EDX analysis of distinct Ip and Op C-S-H phases was found to be difficult due to the 

fine intermixing of limestone particles, unreacted clinker phases and portlandite. Atomic 

ratios for all three curing temperatures were plotted to visualise trend lines corresponding 

to intermixing phases with C-S-H as shown in figure 4-11.  

 

Figure 4-11: Elemental mapping for NRVB 35ęC showing presence of CH and unreacted C2S and C4AF. 
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Figure 4-12: SEM EDX from the NRVB samples a) Ambient cure, b) 35ęC cure and c) 80°C cure; tie lines shown 

for detected intermixed phases. 

Atomic ratio plots of Si/Ca against Al/Ca from SEM-EDX with trend lines for additional 

intermixed phases  are shown in Figure 4-12. The analyses clearly show an intermixing of C-

S-H with a pure calcium phase which can be assumed to be either of the primary crystalline 

phases identifed by XRD (portlandite or calcite). SEM-EDX also showed the intermixing of C-

S-H with an aluminate hydrate phase; to identify this phase trend lines for a pure AFm and 

AFt phase have been displayed  with their respective Al/Ca ratios (0.50, 0.33).  

The results for the ambient and 35ęC cured samples show a similar trend towards AFm and 

AFt phases being present within the binding matrix. The 80ęC sample didn't show a strong 

response for a AFm phase when compared to the lower temperatures,  however it did show 

a potential trend for the presence of AFt and a Al - substitued hydrogarnet phase 

containing both Al and Si. These results match well with the previously reported XRD results 

for the samples cured at lower temperatures, showing greater trend responses for AFm at 

lower temperatures and potential AFt responses for all samples.   To assess the 

composition of the aluminate hydrate phases the S/Ca and (Al+Fe)/Ca ratios were plotted in 

figure 4-13, all the samples showed evidence of a monocarbonate phase (Mc) due to the 

low S/Ca ratio . The 80ęC sample showed the best response for an AFt phase despite this 

phase appearing on all XRD traces, however the XRD response was small and BSI showed it 
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occured close to partially reacted clinker which was avoided by SEM-EDX. The amount of 

Mc suggested by EDX for the high temperature sample is less than suggested for lower 

temperatures.   

The average Ca/Si ratios for the C-S-H phase from SEM-EDX in the NRVB samples are not 

displayed due to the level of intermixing and high standard deviation of the results when 

calculated. More accurate ratios for the C-S-H phase are discussed in section 4.5 using the 

TEM-EDX method. The trend for ambient and 35ęC samples in figure 4-12 suggested a very 

similar Ca/Si ratio with a level of Al incorporation within the C-S-H. The 80ęC sample 

showed a difference in Al content for the potential C-S-H cluster due to a reduced Al/Ca 

ratio compared to the lower temperature cured samples.  The measured Si/Ca atom ratio 

seemed to be roughly similar to the lower temperature samples with the maximum 

potential Ca/Si ratio from EDX being around 2.0 when measured by the SEM.  

 

Figure 4-13: (Al+Fe)/Ca against S/Ca Atomic Ratio plot showing composition of aluminate phases by SEM-EDX; 
Ambient (Ï), 35ęC (Ã), 80ęC (r). 
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4.5 TEM-EDX 

Transmission electron microscopy on ion beam thinned sections was used to investigate 

the microstructure of the NRVB grouts cured at various temperatures. The microstructure 

consisted of very homogeneous amorphous C-S-H which presented a coarse fibrillar 

morphology outer product (Op), C-S-H bridges the open gaps found within the paste as 

shown in figures 4-14 to 4-16. The morphology of the Op C-S-H is similar to that described 

for the fibrillar outer products in tricalcium silicate (C3S) paste investigated by Groves et al 

[166], and that of a 330 day old C3S paste by Jennings et al [140]. Inner product (Ip) C-S-H 

tended to show a coarse foil - like morphology however only very small areas of Ip were 

observed in the TEM and this was identified by the presence of Mg responses within it 

which are known to be present in Ip for OPC pastes [167].  

 

Figure 4-14: TEM micrographs of ambient NRVB showing AFm Mc phase. 

At ambient temperature the presence of AFm crystals was identified intermixed with C-S-H 

hydration products consistent with the XRD data. This was confirmed by point EDX analysis 

as shown in figure 4-18. AFt was not observed by EDX analysis in the TEM, however this was 

not unexpected due to its relatively instability under TEM analysis [167] and weak response 

from XRD. In some areas there was a suggestion that microcrystalline calcite was 

intermixed within the coarse fibrillar C-S-H similar to observations on carbonate deposition 

in Op discussed by Groves et al [168].  The samples cured at 35ęC show similar results as for 

the ambient paste sample, AFm again was observed in the microstructure formed within 

the Op C-S-H. In more open spaced areas the nature of the Op C-S-H was again very coarse 

and fibrillar as shown on the left of figure 4-15.  
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Figure 4-15: TEM micrographs of 35ęC NRVB showing C-S-H, AFm and fine calcium carbonate particles 

In areas close to fine calcium carbonate particles identified by selected area electron 

diffraction (SAED), a more compact but still essentially fibrillar Op C-S-H is found. This is 

shown in figures 4-15 and 4-16 and agrees with the idea that fine calcium carbonate 

particles will act as nucleation sites for the growth of C-S-H during hydration.  The 

continuing presence of calcium carbonate and calcium hydroxide phases within the TEM 

samples at all temperatures matches with the XRD data of the pastes. The CH phases are 

assumed to be mainly from the initial mix rather than hydrated from the OPC due to their 

differing appearance from that in studies of ion milled OPC pastes [167]. 

 

Figure 4-16: TEM micrograph of 80ęC NRVB showing Op C-S-H 

The sample cured at elevated temperature showed a more compact fibrillar - like Op C-S-H, 

again there was evidence for calcium carbonate particles acting as nucleation sites for the 

C-S-H phase.  No AFm phases were found during TEM studies of the 80ęC sample which 

agrees with previous experimental evidence that this phase is reduced at elevated 

temperatures.   
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To summarise the TEM observations the outer product C-S-H present in the NRVB pastes 

has a fibrillar morphology which can be likened to the outer product found in hardened C3S, 

 ̡-C2S and OPC pastes  [26, 140]. In open pore spaces such as that shown in figure 4-14 and 

4-15 the fibrils of C-S-H have formed with a high length to width ratio which was described 

by Richardson [26, 138] as being of a coarse fibrillar nature.  In the TEM images fibrils of C-

S-H can also be seen in more compact spaces often near hydrated phases or nucleation 

sites. In this case the C-S-H takes on a more fine fibrillar and directional appearance. Figure 

4-17 shows an enlargement of the two different morphologies showing how the finer 

fibrillar morphology seems to suggest several layers of fibrils, whist the coarse morphology 

seems to have a different length to width ratio in comparison. Richardson [10] described 

this morphology as being a function of the space constraint with the Op forming in a more 

space efficient manner with a directional aspect in smaller spaces. This comparison with 

model C3{ ŀƴŘ ʲ-C2S pastes is sensible as the C-S-H present in hardened OPC pastes are 

compositionally similar [10], except with the addition of small levels of Al which has been 

detected by SEM and TEM.  

 

Figure 4-17: Comparison of observed coarse (a) and finer fibrillar (b) Op C-S-H morphology in NRVB samples 
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Figure 4-18: NRVB Ambient, Si/Ca against Al/Ca atom ratio plot of TEM-EDX analyses of AFm (r), Op (¹), Op 

+ AFm (¹), Op/CH (¹). 

The overall TEM-EDX results for the ambient NRVB sample is shown in figure 4-18 with the 

same trend lines as used for the SEM-EDX analysis, intermixing phases are shown and only 

the identified Op values where used in the calculations. This analysis confirmed the 

identification of AFm phases within the cement matrix for the lower temperature samples 

and close scale intermixing of C-S-H with 'pure' calcium phases (calcite or CH) being present 

in all samples.   

Detailed investigation of the Si/Ca and Al/Ca ratios found in the three samples is shown in 

figure 4-19 with the relevant mean atomic ratios presented in table 4-2. All three samples 

show a high Ca/Si ratio which is consistent and similar to those found for C3S and neat OPC 

mixes [10, 167]. The mean values for the Ca/Si ratio varies with curing temperature, with an 

increased spread in data observed for samples produced under ambient conditions. In the 

literature the effect of temperature regarding variations in Ca/Si ratio are conflicting [169] 

and depend on whether Ip or Op are being analysed. It is generally agreed that high 

temperature curing results in denser hydration Ip rims resulting in a coarser porosity and 

increase of mean pore radii [165, 170, 171]. From figure 4-19 it can be seen that the actual 

range of Si/Ca compositions remains relevantly similar despite the temperature changes in 

curing. Figure 4-19 also shows there seems to be a definite minimum value to the  
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Ca/Si ratio of Op C-S-H is these samples (Ca/Si min =1.59) whilst the maximum value for the 

Ca/Si ratio was (Ca/Si max = 2.50, 1.95, 2.14) respectively for ambient, 35ęC and 80ęC 

samples. It seems however from figure 4-19 that the Ca/Si ratio seems not to be greatly 

affected by the increase in curing temperature for these NRVB samples , this agrees with 

the findings of Lothenbach et al [172] and Escalante García and Sharp [169]. It should be 

noted however that the Ca/Si max for the ambient sample (2.50) is very high. This suggests 

that the TEM analysis may include responses from an additional Ca phase, since the centre 

of the ambient C-S-H cluster suggests a median Ca/Si value of 1.92.  

 

 

Figure 4-19: Si/Ca against Al/Ca atom ratio plot of TEM-EDX analyses of Op C-S-H present in NRVB samples; 
Ambient (¹), 35ęC (Ã), 80ęC (r). 

The Al/Ca ratio for all samples is < 0.1 as expected for a sample related to neat OPC. The 

most noticeable observation from the change in temperature for these samples is the 

decrease in Al/Ca ratio as the curing temperature is increased to 80ęC. Similar reductions  in 

Al/Ca ratio has reported previously [169, 172] along with a potential increase in the mean 

S/Ca ratio by Garcia and Sharp [31] and Lothenbach et al [34]. These changes in Al content 

are likely linked to a reduction in available Al due to the known increase in Ip density 
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caused by higher temperature curing [173, 174]. The aluminium is at higher temperatures 

more likely to be incorporated in the denser Ip C-S-H rather than the Op, partly due to the 

reduced diffusion into the Op. Additionally a reduced degree of hydration has been 

observed for the ferrite phase (C4AF)  in cements cured at higher temperatures [170], which 

would reduce the long - term availability of Al.  

Sample  Ca/Si  Ca/(Al+Si)  Al/Si  

 N× Mean SD Mean SD Mean SD 

Ambient 67 1.96 0.21 1.78 0.20 0.10 0.03 

35ęC 37 1.75 0.10 1.64 0.09 0.07 0.02 

80ęC 52 1.83 0.13 1.77 0.13 0.03 0.01 
×N = Number of EDX analysis 

Table 4-2: Atomic ratios of Op C-S-H in NRVB samples obtained by TEM-EDX 

4.5.1 Nanostructural model for C-S-H 

The applicability of the TEM-EDX data has been discussed in relation to the tobermorite-

jennite (T/J) and tobermorite - 'solid solution' calcium hydroxide (T/CH) approaches for the 

nanostructure of C-S-H proposed  by Richardson and Groves [24, 26, 175]. 

The polymerisation sequence of C-S-H formed during the early stage hydration of C3S or 

neat PC has been shown by solid-state NMR to mostly consist of dimeric silicate units [176, 

177]. The subsequent later age C-S-H consists of higher polymeric species mainly linear 

pentamer and octamer leading to the 2, 5, 8. . . (3n-1) chain length sequence. However with 

long - term ageing it has been suggested that dimer's will remain in substantial quantities 

[178, 179]. Additionally NMR has shown that in systems with significant Al substitution for 

Si  within the C-S-H phase the (3n-1) chain length sequence remains applicable as the Si4+ in 

the bridging tetrahedra sites are replaced with Al3+ [180-183]. 

For the described (3n-1) structural chain lengths the associated Ca/Si ratios were calculated 

using equation (4-1) for structural units without any potential Al substitution; equation (4-

2) was used for structural units with the incorporation of Al assuming full saturation of the 

available bridging sites (n-1) with Al3+. In equations (4-1 & 4-2) y relates to the relative 

degree of protonation  (w/n), the limits to which are shown graphically in figure (4-20) and 

explained by Richardson [26], a relates to the Al/Si ratio which can be expressed as: 0Җ a 

Җ(n-1)/(3n-1). As mentioned full saturation is plotted unless otherwise stated.   

ὅὥὛὭϳ
ὲτ ώ

ςσὲ ρ
 

Equation 4-1: Calculation for Ca/Si of a chain length n with no Al substitution present from Richardson [23] 
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Equation 4-2: Calculation for Ca/Si of a chain length n with full Al saturation from Richardson [23] 

 

ὃὰὛὭϳ
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Equation 4-3: Calculation for Al/Si ratio  

 

 

Figure 4-20: The combinations of the degree of protonation w/n and y possible in formula X, Taylor's [184] 
tobermorite-based structural units occur at T and jennite at J, reproduced from [26]. 

 

The resultant calculated atom ratios were plotted for fully protonated, half protonated and 

unprotonated tobermorite and jennite units. The experimental data for Si/Ca and Al/Ca was 

then plotted to assess which is the most appropriate structural arrangement to fit the TEM-

EDX data. This can give an insight to the likely dreierkette chain structure according to 

Richardson and Groves' structural model for C-S-H.  
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Figure 4-21: Si/Ca against Al/Ca atom ratio plot of TEM-EDX analyses of Op (¹) C-S-H present in Ambient 
cured NRVB. The additional symbols represent the compositions of tobermorite (T) and jennite (J) based 
structural units with different levels of protonation of the silicate chains: the minimum (r; w/n=0), 
intermediate (Ï; w/n=1) and maximum (Ã; w/n=2). The additional points included represent tobermorite- 
based units with chain lengths of 2, 5, 8, 11. All units are assumed to be saturated with Al where possible. (ie 
all the occupied bridging sites are occupied by Al rather than Si). The only exception is for units with 11 
tetrahedral chain length, as additionally to those saturated with Al (T11) those with only one or two of the 
three possible bridging sites are also shown labelled as (T11(1Al) and (T11(2Al) respectively. The black dashed 
lines join points for structural units of the same chain length but different degrees of protonation to CH. T11 
units with the same protonation but differing Al content are joined by coloured dashed lines. 

Examination of the ambient TEM-EDX data in figure 4-21 indicates only some of the 

analyses definitely fall inside the possible limits for the T/CH structural model. Those that 

do are situated with a lower Al/Ca ratio than that represented by a chain length of 5 (T5) 

suggesting  a level of substitution of Al below the full saturation level plotted in figure 4.21 

(T8, T11 etc). This is expected as the level of Al in these examined systems is much reduced 

from that seen in blended cements. Therefore an aluminosilicate chain length of below 8 

with partial substitution of 1 Al bridging site is proposed to explain the analyses which fall 

best within the T/CH model. The mean aluminosilicate chain length (MCL) for a OPC paste 

which has been shown to be microstructurally similar has been reported as 5.6 [53] so the 

proposed chain length would seem sensible. As only some of the analyses are explained by 

the T/CH model the remaining data has been evaluated against the T/J approach as shown 

in figure 4-22. 

0.4

0.3

0.2

0.1

0.0

A
l/
C

a
 A

to
m

 R
a

ti
o

1.41.21.00.80.60.40.20.0

Si/Ca Atom Ratio

T2J2 ă Ą J11

T11(1Al)

T11(2Al)

T8

T5

T11

CH



James Rickerby 20026666                                                                                                     Chapter 4                           
 

- 75 - 
 

 

Figure 4-22: As Fig 4-21 except black dashed lines now join points for T11 structural units with the points 
representing jennite-based dimer of the same protonation. Op (¹) C-S-H. 

As shown in figure 4-22 the T/J model does fit the remaining number of analyses with the 

represented tie-lines on figure 4-22 relating to jennite-based dimer units, as it is known a 

large amount of dimer remains even after long - term hydration of neat PC pastes [26]. The 

TEM-EDX analyses displayed agree with this conclusion that a large amount of short J-based 

units remain within the C-S-H. Additionally present are a level of longer chain length T-type 

structures which contain the required tetrahedral Al3+ by substitution to explain the 

experimentally found Al/Ca atomic ratios.  

The 35ęC sample analyses are shown in figures 4-23 and 4-24 for the T/CH and T/J structural 

viewpoints respectively. As with the ambient sample a percentage of the data analyses with 

higher Al/Ca ratio can be explained by the T/CH model if partial substitution of the T-type 

structure is allowed along with previously reported chain lengths for neat OPC pastes. 
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Figure 4-23: As Fig 4-21 except TEM-EDX analyses of Op C-S-H present in 35ęC (Ã) and 80ęC (r) cured 
samples. 

 

 

Figure 4-24: As Fig 4-21 except black dashed lines now join points for T11 structural units with the points 
representing jennite-based dimer of the same protonation. TEM-EDX analyses of Op C-S-H present in 35ęC (Ã) 

and 80ęC (r) cured samples. 

The T/J approach for the 35ęC analyses show a tighter grouping of data points relating to 

narrowing of the possible J-type chain lengths in the C-S-H. The data also indicates a 

possible increase in the J-type chain length on average when compared to an ambient 
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sample suggesting an increase in polymerisation in the J-type structure. However the tie 

lines do indicate a substantial quantity of dimer will still remain within the C-S-H phase at 

35ęC. Similarity to the ambient sample, the J-type structure will coexist alongside a level of 

longer chain length T-type structures which contain the required tetrahedral Al3+ to explain 

the experimental data points.  

The 80ęC cured sample has a much lower Al/Ca ratio when compared to the lower 

temperature samples. Due to this the analysis points do not fit into the T/CH model in 

figure 4-23 for structural units with either full or partial substitution of Al, with even very 

long chain lengths (T17 +) substituted with 1Al forming a tie line above the maximum Al/Ca 

ratio suggested by a T/CH model.  The 80ęC analyses are better explained by the T/J model 

with the analyses showing a tight grouping suggesting an increased J-type chain length 

away from dimer to the pentamer and octamer form. The data is then explained by a small 

inclusion of T-type structures to account for the small level of Al incorporation. Tie lines in 

figure 4-22 propose that the T-type maybe of a longer chain sequence with low saturation 

(T11(1Al)) rather than lower amounts of smaller chain lengths fully saturated by Al3+. 

However mean chain length (MCL) cannot be confidently proposed without supporting 

quantitative 29Si NMR evidence.  

4.6 NMR  

Solid-state NMR spectra for the NRVB samples were obtained at the EPSRC UK National 

Solid-state NMR service at Durham University for comparison with 29Si and 27Al NMR 

spectra of neat PC and C3S pastes.  

4.6.1 29Si MAS NMR 

The 29Si MAS NMR spectra for the NRVB samples are shown in figure 4-25 and have been 

annotated with 3 initial peaks relating to anhydrous material and the hydrated phases Q1 

and Q2. The small peak relating to anhydrous material is found with a chemical shift of 

Ғ71.8ppm and is referred to as Q0. The reason anhydrous material (Anh) has been used as a 

marker in Figure 4-25 is that the small response could be due to two responses; either 

unreacted alite with a broad peak centered around -73 ppm or ̡ -belite which represents as 

a single resonance at -71.3 ppm [136, 185]. Q1 denotes chain end group tetrahedra with the 

characteristic chemical shift observed at -79 ppm, Q2 denotes mid chain groups in which 

both adjacent tetrahedra are occupied by Si with a shift observed at -85 ppm.  
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The observed spectra for the NRVB samples all show essentially two responses related to 

Q1 and Q2 and  they closely resemble the spectra found for C3S pastes [176, 177, 186] at 

later stages of hydration.   

 

Figure 4-25: 
29

Si MAS NMR experimental spectrum for NRVB samples 

The results for the 29Si NMR for the sample cured at the primary elevated temperature 

(80ɕC) shows a relative increase in the amount of mid chain Q2 groups when compared to 

end chain groups Q1. This agrees with studies carried out on C3S pastes which found a 

increased level of polymerisation with time and temperature resulting in increased levels of 

mid chain units [167, 176, 177]. An additional peak can be attributed to the asymmetric Q2 

peak at Ғ-82.5 ppm representing a mid-chain unit with one adjacent tetrahedra occupied by 

aluminium Q2(1Al) [181]. This peak has not been fully resolved but it potentially seems 

larger in the ambient and 35ęC samples due to the observed peak shape. This increase in 
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mid chain units supports the evidence found by TEM-EDX in which the J-type units seemed 

to increase in chain length with increasing temperature. The incorporation of larger 

amounts of Q2 (1Al) for the samples with a lower curing temperature also would seem 

sensible when a comparison is made with the  TEM results and each sampleΩs mean Al/Ca 

atom ratio. 

4.6.1 27Al MAS NMR 

 

 

Figure 4-26: 
27

Al MAS NMR experimental spectrum for NRVB samples; E - AFt, Mc - AFm, TAH - third 
aluminate hydrate. 

The 27Al MAS NMR spectra for the NRVB samples are shown in figure 4-26 and have 

annotated peaks relating to the centerband resonances from tetrahedrally coordinated 

Al(IV) (40-90 ppm), five-fold Al(V) (20-40 ppm) and octahedrally coordinated Al (-10-20 

ppm)[182, 183, 187, 188]. 

The octahedrally coordinated responses in the region of (-10ppm - 20ppm) originate from 

the AFt and AFm calcium aluminate hydrate phases [182, 187] annotated as E (AFt) and Mc 

(monocarboaluminate) in figure 4-26. Additionally the 'third aluminate hydrate' phase 
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(TAH) is found at -5 ppm and is attributed to a nano-structural aluminate phase formed at 

the surface of the C-S-H [188]. 27Al NMR does not allow for individual identification of AFm 

phases due to different AFm phases having almost identical chemical shifts [157, 187]. Due 

to the previous XRD results this observed response for AFm at Ғ9.8 ppm has been 

attributed to the formation of monocarboaluminate. The second main octahedral 

resonance at Ғ13 ppm is known to be due to the formation of ettringite [182].  

The weak resonance centred ŀǘ Ғ70 ppm is due to the presence of Al3+ which has been 

incorporated within the C-S-H structure. The intensity of this peak is reduced when 

compared to neat OPC pastes which agrees with studies into limestone - blended cements 

by NMR [187] and the TEM Al/Ca ratios.  The observed resonance for the ambient cured 

sample between (60-50 ppm) is currently an unknown phase, Le Saout et al [189] observed 

a similar unknown peak for  a Al(IV) in a study on oilwell cements. One line of enquiry is 

whether this could be related to a ferrite phase similar to the synthetic calcium 

aluminoferrite samples discussed by Skibsted et al [190], which displayed central transition 

at 61 ppm.   

4.7 Conclusions on the composition of NRVB grouts  

The NRVB samples displayed the expected basic phase composition with large quantities of 

calcium carbonate and calcium hydroxide observed at all temperatures. SEM analysis of the 

general microstructure showed the presence of fully and partially reacted cement particles 

and produced C-S-H which was the binder between large amounts of unreacted limestone 

particles. Analysis by TEM imaging showed the microstructure consisted of a coarse C-S-H 

binding phase with a high Ca/Si ratio similar to that observed in neat PC and C3S cements; 

the C-S-H was interspersed with areas of calcite which acted as nucleation sites. The 

morphology of the C-S-H phase altered from coarse to a more fine fibrillar nature with a 

directional aspect as a function of the space constraints locally. The main effect of 

temperature upon the observed C-S-H was a reported reduction in the mean Al/Ca ratio for 

the 80ęC sample. This was linked to the reduced diffusion of Al3+ into the Op due to 

densification of the formed Ip under increased temperature curing. The TEM-EDX data was 

analysed with regards to Richardson and Groves' nanostructural model for C-S-H, this 

showed the measured atomic ratios for lower temperature samples were partially 

explained by both the T/CH and T/J models. The higher temperature sample at 80ęC was 

best explained by the T/J model due primarily to the reduced Al/Ca ratio observed by TEM-

EDX. It was proposed the data points could be explained by longer chain length sequences 
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with low levels of Al saturation. This conclusion is supported by the 29Si NMR evidence 

which showed a large proportion of Q2 groups when compared to Q1, this progressively 

increased with higher curing temperatures indicating the increased chain lengths.  

Additional phases formed within the samples included small levels of ettringite and 

hydrotalcite detected by XRD and the noticeable formation of an AFm phase identified as 

monocarboaluminate. The primary effect of temperature on these additional hydrated 

phases was the decomposition of the monocarboaluminate at 80ęC with that sample 

showing the associated hydrogarnet decomposition product. Few changes were found 

between the ambient and 35ęC samples in terms of these additional phases with 

monocarboaluminate still stable up to 35ęC. 

In service, the NRVB material's role is to maintain a high near-field pH that minimises the 

solubility of many radioelements and to additionally provide a high sorption capacity [115, 

118]. These combine to retard the migration of radionuclides in the proposed GDF. One 

major source of interest is the potential for cementitous materials to change over time 

especially in hydrothermal conditions which maybe present during geological disposal. This 

study has characterised a 5 year old sample which was hydrothermally cured for one year 

[119], it has been shown large quantities  of C-S-H and calcium hydroxide remain in the 

system at this age. These phases are of particular interest due to their capacity for chemical 

sorption and maintenance of pH levels respectively. In service it is likely the NRVB material 

would undergo increase compositional changes due to dissolution of the calcium hydroxide 

and C-S-H [191]. Baston et al [115] has shown via accelerated testing the removal of 

calcium hydroxide after leaching aged NRVB samples.  Some evidence of C-S-H alterations 

due to differing curing regimes has also been observed, however these alterations were 

reported to have a minimal effect on the sorption capacity of the NRVB material [115, 192].  
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Chapter 5  : Results and discussion  of BFS:OPC + BaCO3 

grout  
 

5.1 Introduction  

As noted in section 2.4 the primary academic paper which focused on the encapsulation of 

barium carbonate was carried out by Utton et al [86], it observed the interactions of OPC 

and blended systems with BaCO3 up to 60ęC. This study concluded there were significant 

reactions involving the BaCO3 and available soluble sulfate in the mixes. This section looks 

at the long - term addition of BaCO3 to a blended 9:1 BFS:OPC grout and the resultant 

interactions and microstructure of the system.  The results are referenced to the previous 

findings of Utton et al and other relevant papers, both with regards to barium inclusion in 

cements [88, 89, 193] and the addition of CaCO3.  

5.2 XRD 

 

Figure 5-1: XRD trace of BFS:OPC + BaCO3 with simulant waste and primary resultant phases simulated 

patterns shown, Ƹ- AFm (Monocarboaluminate), Ï- Portlandite, ¹-  Barium Carbonate, ̧ - Barium Sulfate, 

Â- Calcite, s- Gehlenite, r- HT phase. 

The hydration products for the 9:1 BFS:OPC + BaCO3 are shown in figure 5-1, and as can be 

seen a large proportion of the BaCO3 remains unreacted within the grout. The cement 

hydration products observed by XRD include the AFm phase monocarboaluminate (Mc), 

calcite, a hydrotalcite-like phase (HT) and a small quantity of portlandite. The primary new 
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phase detected solely associated with the inclusion of the simulant waste was barite 

(BaSO4).  

The formation of BaSO4 occurs due to the reaction between BaCO3 and the available {hп
н-

 

ions from the hydration of OPC in the blended grout. However a large percentage of the 

BaCO3 remains within the system due to the relatively small amount of OPC added in the 

composite grout, therefore this greatly reduces the available {hп
н-

 ions for reaction with the 

BaCO3. The reason for this uptake in {hп
н-

 ions relates to the relative solubility of barium 

sulphate when compared to calcium suphate as discussed in section 2.4. BaSO4 is less 

soluble than BaCO3 whereas with calcium the opposite solubility is observed with CaCO3 

being the least soluble phase. The resultant formation of BaSO4 from soluble sulfate 

destabilises any ettringite formed during the early - stage hydration of the OPC as the {hп
н-

 

is consumed to form  BaSO4 [86, 88]. This results in the aluminate and carbonate ions 

forming monocarbolauminate (Mc) rather than monosulfate (Ms). As discussed in chapter 

4,  Mc is formed as the stable phase at ambient temperatures in the presence of additional 

carbonate ions [46]. In this regard the formation of this carboaluminate phase is similar to 

that observed in blended OPC- limestone cements [153] due to the addition of BaCO3 and 

availability of carbonate ions. 

The observed Mc phase peak at (11.7ę 2ɗ) was slightly asymmetric similarly to that 

reported by Utton et al [86] at 60ęC where doublet formation allowed easier identification 

of a hydrotalcite-like (HT) phase. Whilst the detection of HT was difficult in this XRD study 

its presence is expected in a BFS composite cement [194] and was observed later using TEM 

EDX. The formation of HT was of interest due to its potential to contain carbonate ions in its 

structure similarly to its natural mineral analogue [195]. Additionally the presence of calcite 

in small quantities could be attributed to the liberation of /hо
н-

 by the BaCO3 forming 

CaCO3. It cannot however be distinguished whether the CaCO3 came from this reaction or 

carbonation using XRD. The presence of gehlenite in the XRD results was expected due to 

the large quantity of unreacted glassy slag remaining due to the high slag replacement 

levels, this was later confirmed by imaging of the microstructure by SEM.  

5.3 Thermal Analysis  

The TG/DTA trace from the BaCO3 containing grout is shown in figure 5-2. The trace shows 

the decomposition at 150ęC which is associated with the AFm - Mc phase [153, 157]. Small 

mass losses for the portlandite and calcite phases were identified which agree with the 
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results from XRD which identified their presence in small quantities. Additional small mass 

losses were seen for a hydrotalcite (HT) phase with the DTA showing corresponding weight 

losses at around 210ęC and 380ęC. This two - stage mass loss pattern for hydrotalcite-like 

phases has been reported previously in various slag - based cements [38, 196] and for a 

syntheised HT-LDH phase with a Mg/Al ratio of 2.0 investigated by TGA and HTXRD [197]. 

 

Figure 5-2: STA trace for BFS:OPC + BaCO3; Mc - Monocarboaluminate, HT- Hydrotalcite 

 

5.4 SEM-EDX 

Typical BSE images of the 9:1 BFS:OPC + BaCO3 sample can be seen in Figure 5-3; the 

barium - containing phases identified by XRD (BaCO3 , BaSO4) are easily distinguished due to 

the high atomic number of barium (56) compared to cement hydrate phases resulting in the 

highly contrasted bright features.  
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Figure 5-3: BSE image of BFS:OPC + BaCO3 - High contrast areas are linked with barium; a) 500x, b) 1000x 

The microstructure contained quantities of partially reacted BFS particles with only minimal 

hydration rims being observed on the majority of the large slag grains. Very little anhydrous 

OPC products (C2S, C4AF) were seen indicating the near complete hydration of all available 

OPC. These findings are in agreement with the expected microstructure for high 

replacement slag cement systems such as 9:1 BFS:OPC [53, 79]. The evidence from BSI 

suggested a possible interaction with the BaCO3 acting as nucleation sites for hydrate 

phases in a similar fashion to that described for finer particles of CaCO3 [153, 198]. 

Barium was distributed throughout the binding matrix and is assumed to be surrounded by 

predominantly Op C-S-H this is shown by the higher contrast responses in figure 5-3 

surrounded by mid grey scale product associated with C-S-H [145]; this was later supported 

by TEM-EDX.  The barium did however tend to agglomerate into more concentrated areas 

of Ba rich materials as can be seen in the BSE images figures 5-3 and 5-4. The presence of 

AFm phases can be seen in figure 5-3 b) and indicates that quantities of the 

monocarboaluminate phase (Mc) identified by XRD are formed throughout the 

microstructure due to the freed carbonate ions from the formation of BaSO4.  

Quantitative elemental mapping by SEM-EDX shows the barium distributed throughout the 

microstructure with some intense responses showing agglomerations of barium products ( 

Figure 5-4). The quantitative mapping does indicate some association in these intense 

groupings for barium and sulphate responses linking with the partial reaction of BaCO3 to 

BaSO4. Additionally figure 5-4 shows the small reaction rims of partially - hydrated slag 

grains as shown by the magnesium responses indicating the higher Mg content of the Slag 

Ip product when compared to the Op C-S-H.  
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Figure 5-4: Elemental quantitative mapping of BFS:OPC + BaCO3 microstructure (x500) 

EDX point analysis and elemental line scanning were carried out in conjunction with the 

elemental mapping in areas of significant barium response and thus the incorporated 

simulant waste. The spectra and scans showed a large variation in the association of barium 

with sulphate in the microstructure agreeing with the XRD results in confirming the 

presence of large quantities of unreacted BaCO3 alongside relatively low levels of BaSO4,; 

the variation can be seen in figure 5-5.  

 

Figure 5-5: Point EDX analyses from a) suspected BaSO4 and b) suspected BaCO3 

Figure 5-6 shows the elemental mapping of a barium agglomeration described earlier. Slag 

particles are identified by the magnesium response map and the location of Ba and C 

indicates the location of BaCO3 agreeing with the BSE imaging. Utton et al [86, 199] 

suggested the potential incorporation of Ba2+ into the CSH matrix around hydrating OPC 
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particles from EDX analysis. Figure 5-6 however only shows very low levels of barium linked 

with the binding matrix and the Ba and Ca responses do not seem to be associated in this 

matrix. The potential effects of BaCO3 addition on the C-S-H phase was investigated in more 

detail using TEM in section 5.5. 

 

Figure 5-6: BSE image of a Ba rich area (x2500) showing Ba, C associated with BaCO3 and Ca, Mg from 

hydration products and slag particles. 

The presence of BaSO4 was also directly confirmed by the observation of crystalline phases 

using higher magnification SEM which are shown in figure 5-7. The nature of the BaSO4 

seems more obviously crystalline when compared to the nature of the predominantly 

BaCO3 formation shown in figure 5-6. Figure 5-7 also shows the relatively intimate 

intermixing of small barium - based crystals within the cement's Op matrix. This could 

explain the assumption that barium is incorporated into the cements microstructure if SEM-

EDX is used for this purpose due to the electron interaction volume.  

 

Figure 5-7: BSE image of BaSO4 crystals with the binding matrix (x12000) 

Plots of the EDX analyses also show a correlation between barium content and increasing 

sulphur content indicating BaSO4 formation indicated by a Ba/S ratio of around 1 (see figure 

5-8). The dotted circled area in figure 5-8 indicates analyses from the general binding matrix 
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rather than BaCO3 or BaSO4, due to the interaction volume of the SEM a certain level of Ba 

is measured within this grouping.  

 

Figure 5-8: SEM EDX analyses showing presence of barium containing phases 

5.5 TEM-EDX 

The Op C-S-H for the BFS:OPC + BaCO3 paste with 90% slag replacement shows a 

predominantly foil-like morphology. This has been observed and described in previous 

studies of high replacement slag cements with foil - like Op becoming more dominant with 

the increasing slag content  [53, 54, 200]. There is however a variation in both the relative 

'fineness' of the observed foil-like C-S-H and morphology which can be seen in figures 5-9 

through to 5-11 respectively. These changes in fibre length within the same sample 

potentially relate to local variations in space constraint. Additionally whilst the general 

microstructure does exhibit as foil - like Op, some areas do show a fine-fibrillar morphology 

often in the presence of hydrated particles or simulant waste additions (figure 5-11). 

However the hydration of OPC grains would be expected to exhibit a more fibrillar 

morphology for the Ip. The nature of the fibrillar product found in this sample was much 

finer and shorter than that that displayed for a neat OPC paste as described earlier for the 

NRVB paste. Large quantities of AFm product were identified by XRD analysis of this sample 

and the presence of AFm was confirmed within the Op by TEM imaging with its chemical 

composition confirmed by EDX.  
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Figure 5-9: TEM Micrographs of a) Fine foil op C-S-H and b) Foil like Op C-S-H surrounded by AFm product 

In the hydrated regions of the slag grains the Ip zones displayed a dense and homogeneous 

morphology of fine C-S-H product intermixed with quantities of a hydrotalcite - type phase 

(HT); these presented as  laths of varying sizes within the Slag Ip (figure 5-10 region B). The 

identification of HT was useful to confirm the presence of Ip zones within the system, the 

EDX data for the slag intermixed with the HT phase can be seen in figure 5-14. These data 

help describe the possible composition of the HT phases and the underlying Al content of 

the formed slag Ip.  

 

Figure 5-10: TEM micrographs of A) Op C-S-H product B) Fine Slag Ip C-S-H product intermixed with 
hydrotalcite like LDH phases, BaSO4 crystal circled. 

The addition of the simulant waste material BaCO3 was noted in the examination of the 

sample using TEM as shown in figures 5-10 and 5-11. The agglomerations of BaCO3 

observed (figure 5-11 b)) are similar to that described in section 5.4 and observed in figure 

5-6. The primary resultant phase ( BaSO4 ) was also observed in the matrix displaying a 

more crystalline like formation than that of the BaCO3 (figure 5-11 a)), small formations of 
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BaSO4 were also seen surrounding the large BaCO3 agglomerations which agreed with the 

SEM imaging.  These simulant waste sites seemed well incorporated within the binding 

matrix and did not show any inclusion issues or apparent increase in porosity compared to 

normal high slag cements. Evidence of C-S-H hydration products surrounding the waste 

sites has been observed and the potential for the inclusion of barium into the hydrate 

phases is discussed using TEM-EDX. However whilst this is interesting it should be noted the 

primary waste in service would be 14C contained within the BaCO3 rather that the barium 

itself.  

 

Figure 5-11: TEM micrographs of a) BaSO4 formation and b) BaCO3 agglomerations within the Op C-S-H matrix 

TEM-EDX analysis points for the binding matrix are shown in figure 5-12, the analyses 

include the finer C-S-H shown in figure 5-9 a) and the foil like C-S-H found throughout the 

rest of the sample. The analysis points from slag Ip and the intermixed HT phase and 

observed AFm phases have also been included in the scatter plot in figure 5-12. The related 

atomic ratios for Ca/Si, Ca/(Si+Al) and Al/Si are shown in table 5-1. The mean Ca/Si ratio for 

the 3 studied C-S-H phases ranged from 1.31 to 1.19 with the lowest Ca/Si ratio present in 

the Slag Ip. The values for Ca/Si and Al/Si for the Op C-S-H phases fall in between the 

reported values for a 90% slag cement hydrated for 14 months and 20 years by Richardson 

and Groves [51] and by Taylor et al [52, 53]; this is acceptable since the slag content and 

age of this sample sits within the aforementioned studies.  
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Figure 5-12: BFS:OPC + BaCO3, Si/Ca against Al/Ca atom ratio plot of TEM-EDX analyses of AFm (r), Op (¹), 

Fine Op ( )̧ and slag Ip (É). 

The scatter plot for the barium - related phases is shown in figure 5-13 and presents data 

similarly to figure 5-8 for the SEM-EDX, again the presence of BaSO4 was confirmed by 

chemical composition. The most noticeable change between the SEM-EDX data shown in 

figure 5-8 and the TEM-EDX is the composition of the binding phase labelled as C-S-H in 

figure 5-13. Due to the smaller interaction volume in the TEM a much tighter composition 

for the C-S-H is found and the possible substitution of Ba2+ into the C-S-H phase can be 

discussed with more confidence. Any substitution of Ba2+ for Ca2+ as mentioned by Evans 

[201] within the cement hydrate phases should be measurable by TEM-EDX as the expected 

level of Ca will reduce alongside a noticeable increase in Ba. In the observed C-S-H phase 

the Ba/Ca ratio observed is at or near to 0 suggesting mass barium inclusion is unlikely 

within the phase. 

 

Figure 5-13: Scatter plots of TEM-EDX for Ba/Ca against Ba/S a) and S/Ca against (Al+Fe)/Ca b) 
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The Mg/Si against Al/Si scatter plot is shown in figure 5-14. The plot indicates that EDX 

analyses of slag Ip consists of C-S-H intermixed with varying amounts of HT-like Mg-Al LDH 

phase. The gradient of the linear regression line shown is the Mg/Al ratio of the HT phase 

(2.45). The Al/Si ratio of the slag Ip is given when Mg/Si=0 (0.15), which is slightly lower 

than that reported for the Op C-S-H phases of both morphologies discussed in the study 

and shown in table 5-1. This reported Mg/Al ratio for the intermixed HT phase is within the 

reported measurements by Richardson and Groves [51] for a slag system at 18 months 

hydration. Taylor et al [52] reported a lower set of values using the same techniques for the 

sample after 20 years suggesting a decrease in the Mg/Al ratio of this phase over time.  The 

given value of 2.45 however does seem acceptable when compared to the Mg/Al ratio of 

the pure mineral analogue of hydrotalcite phases (Mg/Al = 3) and synthesised double - 

layered hydroxides [197, 202]. 

 

 

Figure 5-14: Mg/Si against Al/Si atom ratio plots of TEM EDX analyses of fine C-S-H (¹), Op C-S-H (¹), slag Ip 

(É)  
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  Ca/Si  Ca/(Al+Si)  Al/Si  

 N× Mean SD Mean SD Mean SD 

Fine C-S-H 22 1.31 0.11 1.12 0.09 0.16 0.01 

Slag Ip C-S-H 15 1.19 0.12 -  0.15*   

Op C-S-H 55 1.24 0.08 1.05 0.07 0.19 0.03 
* Slag Ip Al/Si ratio calculated from regression analysis (Figure 5-14) when Mg/Si = 0 

×N = Number of EDX analysis 

Table 5-1: Mean atomic ratios for both Op and slag Ip C-S-H in the 9:1 BFS:OPC + BaCO3 cement paste 

obtained using TEM-EDX 

5.5.1 Nanostructural model for C-S-H 

As discussed in chapter 4, the TEM-EDX data can be compared with the tobermorite-jennite 

(T/J) and tobermorite - 'solid solution' calcium hydroxide (T/CH) models for the 

nanostructure of C-S-H proposed by Richardson and Groves [24, 26, 175]. The Si/Ca against 

Al/Ca plots in figures 5-15 to 5-17 show the experimental TEM - EDX and the theoretical 

structural plots using the approach outlined in the previous chapter.  

 

Figure 5-15: Si/Ca against Al/Ca atom ratio plot of TEM-EDX analyses of Fine Op (¹), Op (¹) and intermixed 

slag Ip (É) C-S-H present in 9:1 BFS:OPC + BaCO3 sample. The additional symbols represent the compositions 

of tobermorite (T) and jennite (J) based structural units with different levels of protonation of the silicate 

chains: the minimum (r; w/n=0), intermediate (Ï; w/n=1) and maximum (Ã; w/n=2). The additional points 

included represent tobermorite- ōŀǎŜŘ ǳƴƛǘǎ ǿƛǘƘ ŎƘŀƛƴ ƭŜƴƎǘƘǎ ƻŦ нΣ рΣ уΣ ммΣ мпΣ мт ŀƴŘ қΦ !ƭƭ ǳƴƛǘǎ ŀǊŜ 
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assumed to be saturated with Al where possible. (ie all the occupied bridging sites are occupied by Al rather 

than Si). The only exception is for units with 11 tetrahedral chain length, as additionally to those saturated 

with Al (T11) those with only one or two of the three possible bridging sites are also shown labelled as 

(T11(1Al) and (T11(2Al) respectively. The black dashed lines join points for structural units of the same chain 

length but different degrees of protonation to CH. T11 units with the same protonation but differing Al 

content are joined by coloured dashed lines. 

Examination of the TEM-EDX experimental data in figures 5-15 and 5-17 shows that both 

the T/CH and T/J structural models can account for the data points for the BaCO3 containing 

paste. Figure 5-15 shows that while the T/CH model can explain the observed data the 

displayed trend lines demonstrate that the level of Al incorporation is below that for fully 

saturated T5 ς T8 structures when examining the Op C-S-H. Due to this the theoretical 

structural units and trend lines were re-plotted (figure 5-16) with regards to more 

appropriate units. This graph suggests the most appropriate structural units seem to be 

around T17(3Al), T17(2Al) and T14(2Al) for the Op C-S-H. This indicates the presence of 

T/CH structural units with a long average MCL which is partially substituted with Al with 

degrees of protonation between the minimum (w=0) and intermediate (w=1) as is shown in 

table 5-2. Due to the close approximation to the aforementioned T units only a small 

amount of CH or J-like structure (figure 5-17) would need to be present within the C-S-H to 

account for the experimental data. The suggested more appropriate structural units are 

shown in table 5-2 with their relevant atomic ratios.   
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Figure 5-16: As Fig 5-15 except additional points included represent tobermorite- based units with chain 

lengths of 11, 14, and 17 with varying saturations of Al. Points were chosen to relate to the compositional 

data for the BFS:OPC + BaCO3 sample. Ip (¹), Op (¹) and intermixed slag Ip (É) C-S-H. 

The T/J model shown below in figure 5-17 also matches the experimental results with the 

data sitting around the tie line for T11(2Al) and T17(3Al) again between minimum (w/n=0) 

and intermediate protonation (w/n=1).  The fine Op C-S-H phase with the differing 

morphology shown in figure 5-9 requires a larger proportion of CH or J-like units to account 

for its slightly higher Ca values. 
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Figure 5-17: As Fig 22 except black dashed lines now join points for T11 structural units with the points 

representing jennite-based dimer of the same protonation. Fine Op (¹), Op (¹) and intermixed slag Ip (É)  

C-S-H. 

 

Structural Unit Degree of protonation Si/Ca Al/Ca B (%)* 

T11 (2Al) Minimum  w/n=0 0.750 0.167 66 

T14 (2Al) Minimum  w/n=0 0.800 0.133 50 

T14 (2Al) Intermediate  w/n=1 0.960 0.160 50 

T17 (2Al) Minimum  w/n=0 0.830 0.111 40 

T17 (3Al) Minimum  w/n=0 0.780 0.167 60 

T17 (3Al) Intermediate  w/n=1 0.930 0.200 60 
* B(%) Bridging tetrahedra occupied by Al/ bridging tetrahedra occupied by Al and Si 

Table 5-2: Selected appropriate T-like structural units for the 9:1 BFS:OPC + BaCO3 sample 

 

 

5.6 NMR  

Solid-state NMR spectra for the BaCO3 containing sample was obtained at the EPSRC UK 

National Solid-state NMR service at Durham University for comparison with 29Si and 27Al 

NMR spectra of previously studied GGBS-PC pastes with no additional simulant waste.  
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5.6.1 29Si MAS NMR 

 

 

Figure 5-18: 
29

Si MAS NMR experimental spectrum for BFS:OPC + BaCO3 sample 

29Si NMR spectra shows a pair of small peaks at approximately -71.5 ppm and -73 ppm 

which have been  labelled in figure 5-18 as Q0 and Slag. The sharper peak to the left at -71.5 

ppm is attributed to unreacted belite (C2S) which matches the chemical shift and sharp 

peak shape observed in references [185, 203]; it is assumed all the alite has reacted at this 

late stage. The presence of an unreacted belite peak has been noted in previous studies of 

high replacement slag systems hydrated at 3 weeks with a pair of peaks similar to those 

observed in figure 5-18 [50, 54]. It is however unusual for significant quantities of 

unreacted belite to be present in an aged high replacement system as shown by Taylor et al 

[53]. However a later paper by this research group displaying spectra for various levels of 

slag replacement for aged pastes indicated the presence of a noticeable Q0 peak for pastes 

with 75% - 90% slag [52].  The broad peak which is centred at -73 ppm to the right of Q0 is 

known to represent unreacted glassy slag which is expected to be present in high 

replacement slag cements such as this [50, 53, 54].  

The hydrated phases have been annotated using the three peaks for C-S-H discussed 

previously   (Q1, Q2(1Al) and Q2) with chemical shifts at approximately - 79 ppm, -81.5 ppm 

and -85 ppm respectively. The quantity of Q2 and Q2(1Al) peaks observed respectively for 

mid-chain tetrahedra and a mid-chain unit with one adjacent tetrahedra occupied by Al 

agrees with the expected spectra for a high slag replacement cement. This result also 
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agrees with the TEM-EDX data when applied to the nano-structural model for C-S-H in the 

T/CH structural model illustrated in figures 5-15 and 5-16. The T/CH model indicated a 

larger chain length (MCL) with partial substitution of Al, which is accounted for by the 

combination of additional Q2 and Q2(1Al) sites compared to an ambient cured neat PC 

paste. It should be noted if Al substitution wasn't present the amount of Q2 would have to 

be increased to account for the estimated chain lengths discussed in section 5.5.1. In 

comparison to other 90% slag replacement systems [51-53] the cement hydration phases 

detected by 29Si MAS NMR are similar and seem to be unaffected by the inclusion of 

significant quantities of BaCO3 or the reaction product BaSO4.  

5.6.2 27Al MAS NMR 

 

 

Figure 5-19:  
27

Al MAS NMR spectra for BFS:OPC + BaCO3 sample 

The 27Al MAS NMR results for the BaCO3 containing material are similar to those presented 

in the previous chapter in section 4.6.2 with resonances for tetrahedrally (Al[IV]) five-fold 

(Al[V]) and octahedrally co-ordinated Al. The broad peak centred around 65ppm is due to a 

combination of the unreacted glassy slag [9, 204] which will be present and tetrahedrally 

co-ordinated aluminium in the C-S-H phase [182]. The presence of a C-A-S-H phase is known 

from analysis in the TEM and by 29Si NMR. Murgier et al [205] reported the 27Al tetrahedral 

co-ordinance onto C-S-H at above 70ppm in activated slags, whilst no separate peak is seen 

here Al-substitution has been shown to be present as mentioned previously. 

 The octahedral peak centred at 9ppm is due to a combination of resonances attributed to a 

AFm phase and the hydrotalcite LDH phase [206] which has been observed in the slag Ip 

product by TEM-EDX. No major resonance was resolved at around 13ppm which is normally 

linked to the presence of the AFt phase, this supports the proposal that the addition of   

BaCO3 destabilises the ettringite sulphate phase forming BaSO4. The five-fold Al[V] co-
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ordinance which is noticed in this sample is attributed to Al3+ substituting for Ca2+ ions 

situated in the interlayers of the C-S-H structure [183, 188].  

5.7 Conclusions on effects of Ba(CO)3 addition on BFS:OPC paste 

BaCO3 seems to have a high level of reactivity in relation to available sulphates supplied 

from the OPC present in the mix. BaCO3 reacts with the available {hп
н-

 ions destabilising 

ettringite and forming BaSO4 the resultant freed carbonate ions /hо
н-

 then form new phases 

within the paste. This reaction occurs due to the differences in solubility between BaCO3 

and BaSO4 with the carbonate phase being more soluble whilst the opposite is true for 

CaCO3 and CaSO4. When hydration of OPC occurs in the presence of BaCO3 (Ksp = 2.58x10-9) 

the carbonate phase will react with the soluble sulphate available to form the lower soluble 

species BaSO4 (Ksp = 1.1x10-10) [5, 207] this was discussed in section 2.4.1. This reaction 

releases the soluble carbonate anions to form new phases as shown in the equations below 

described by Utton et al [86]. 

ὄὥὅὕὅὥὛὕὅὥὃὰὕ ρρὌὕᴼὄὥὛὕὅὥὃὰὅὕ ὕὌ ȢυὌὕ 

Equation 5-1: Formation of monocarboaluminate from BaCO3 addition 

ὄὥὅὕὅὥὛὕOὄὥὛὕὅὥὅὕ 

Equation 5-2: Formation of calcium carbonate from BaCO3 addition 

The formation of substantial quantities of monocarboaluminate has been confirmed by the 

experimental techniques discussed in section 5.6, this indicates that the primary new phase 

formed after the addition of BaCO3 is monocarboaluminate. This is of particular interest 

due to the phases ability to uptake carbonate ions produced in decommissioning process 

[208] so its stability at higher temperatures must be considered. Although low levels of 

CaCO3 where identified using XRD and STA, it has not been possible to ascertain whether 

this CaCO3 was formed due to carbonation or the reaction described in equation 5-2. The 

study of a similar system by Utton et al [86] did not observe CaCO3 in samples aged for 

short times as the reaction is limited by the availability of sulphates, consequently it has 

been assumed the presence of CaCO3 is likely due to carbonation rather than equation 5-2. 

The  levels of CaCO3 and Ca(OH)2 measured are in line with aged high replacement slag 

systems previously studied by Taylor et al [52, 53], the presence of Ca(OH)2 in small 

quantities suggests that the presence of CaCO3  in the current work is from conventional 

carbonation rather than as a result of the BaCO3 addition.  The formation of hydrotalcite 

(HT) in the material is expected due to the high slag content. Electron microscopy analysis 
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suggests the Mg phases are primarily associated only with the slag hydration rather than 

formed in the Op. This is of interest due to the potential of HT to contain carbonate ions 

which have been released from the BaCO3, the results however suggest the formation of HT 

is predominantly located in the slag Ip and is not associated with the reaction of BaCO3. The 

formation of these phases and others from the carbonation anions is obviously of interest 

to address the encapsulation of 14C. Since the carbonate ions seem not to remain in the 

pore solution but within one of the Mc or CaCO3 phases this is a positive as it greatly 

reduces the possibility of leaching 14C [209].  

The chemical immobilisation potential of cements for the absorption of ions into and 

adsorption onto the C-S-H phase primarily due to its high surface area is well known [210-

212]. The potential for this immobilisation will range widely depending upon the species in 

question. Glasser [210] gives an example of a weak potential for monovalent cations such 

as Cs but stronger potentials for multivalent cations and very variable potentials for anionic 

species. There has been a discussion that Ba2+ may incorporate into the C-S-H structure 

substituting for the Ca2+ ions in PC grouts [210, 213] in a similar manner to the substitution 

of  Ca2+ for waste ions in synthetic C-S-H crystals [214, 215]. However evidence of 

substitution of Ba2+ into the C-S-H structure of non-synthetic blended cement is lacking. If 

isomorphic substitution of calcium ions for other divalent waste cations such as Ba, Sr and 

Pb is investigated the basic rules for chemical substitution in solid solution should be 

considered. Goldschmidt outlined 3 rules for crystal chemistry substitution [216] with the 

final point a later modification by Ringwood [217]: 

¶ The ions of one element can extensively replace those of another in ionic crystals if 

their radii differ by less than approximately 15%. 

¶ Ions whose charges differ by one unit substitute readily for one another provided 

electrical neutrality of the crystal in maintained. If the charges differ by over one 

substitution is reduced.  

¶ When two differing ions could occupy a particular position, the ion with the higher 

ionic potential forms a stronger bond with surrounding ions.  

¶ Substitutions may be limited even if points 1 and 2 are satisfied when competing 

ions have differing electronegativities and form bonds of different ionic character.  

When considering Ba2+ for Ca2+ the ionic radii are 1.38Å and 1.06Å respectively (a radius 

difference of 30.2%)   when in the same seven-fold coordination [218]. This suggests that 

the substitution of Ba for Ca is unlikely to be extensive by simply considering the first rule 
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outlined above. Reducing the co-ordination number from [VII] to [VI] increases the ionic 

radii percentage difference to 35% which suggests the potential replacement of Ca2+ 

becomes less likely as the co-ordination number increases. 

Experimentally the effect of the barium inclusion upon the nature of the C-S-H phase seems 

very limited in this sample. Any mass substitution of Ca with Ba would result in a noticeable 

decrease in the mean Ca/Si ratio when compared to similar samples and should be 

observed in the local chemical environment around waste sites. As discussed in section 5.5 

there is little indication of significant levels of barium being intermixed in analysed Op C-S-H  

even in the local environment around barium waste sites. Additionally the averaged Ca/Si 

ratios and scatter plots closely match previous studies on 90% slag pastes with no waste 

inclusions [52, 53]. Imaging using electron microscopy also shows little effect from the 

barium inclusion on the C-S-H phase save from providing a potential nucleation site during 

early stage hydration of the OPC.  

It is estimated that a significant quantity of the waste 14C ions will remain within the BaCO3 

phase even after prolonged periods of hydration; XRD and direct experimental observation 

support this conclusion. Since the typical sulfate contents of OPC and BFS are relatively low 

(<5% weight), it is unlikely the sulfate content of the blends would be sufficient to fully 

consume the added Ba to form BaSO4 and free the additional 14C. It is proposed the 14C 

waste will lie predominately within its original BaCO3 waste form, therefore the bulk of the 

14C will remain physically encapsulated. The remainder is retained within Mc and potentially 

formed CaCO3 phases, the stability of which lowers the risk of any 14C release from the 

waste product.In conclusion the reactivity of the BaCO3 waste addition is dictated by the 

relative sulphate content in the system, once the available sulphates have been consumed 

the remaining BaCO3 remains in the system. Due to the high replacement of OPC in the mix 

design the level of sulphates is much lower than for a neat PC system; this results in a large 

proportion of the BaCO3 being unreacted especially in the larger agglomerations with the 

locally available sulphate exhausted.  The presented results show that the primary formed 

carbonate phase Mc and the simulated BaCO3 waste stream are stable over longer time 

periods of at least a decade with similar phases observed to that of Utton et al [86] after 

one year of hydration. Due to this stability of phases in the waste form it seems likely that 

the 14C waste stream inclusion would be effectively encapsulated in high replacement slag 

cements.  
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Chapter 6  : Results and discussion of BFS:OPC + Al 

simulant slurry  

6.1 Introduction  

A 15-year old BFS: OPC grout was investigated with an Al-based waste-form designed to 

simulate the worst-case scenario for the encapsulation of an aqueous waste slurry. This 

waste results from corrosion products which have been generated by irradiated fuels and 

other components which have resided in the fuel cooling ponds [120]. The composition of 

this slurry is described in section 3.1 but it is essentially a simplified aluminium floc material 

containing silicates and small levels of iron. The samples have been compared to previous 

work on slag-based cements particularly with interest to slag cements with high aluminium 

contents. The encapsulation potential of the solid phases formed during storage are 

compared to other academic papers dealing with the treatment of other Al - based 

industrial wastes [219] and the encapsulation of aluminium as a reactive metal within 

composite grouts [83, 97]. 

6.2 XRD 

The XRD pattern for the 3:1 BFS:OPC + Al slurry system shows the formation of several 

cementitous hydrated solid phases such as monosulfoaluminate (Ms) and 

monocarboaluminate (Mc) alongside C-S-H and a hydrotalcite ς like phase (see figure 6-1). 

XRD reflections were also observed for the formation of strätlingite (hydrated gehlenite), 

the reflections were relatively broad and weak showing possible poor crystallinity of this 

phase. The noted reflections agree with the results for synthetic formed strätlingite [154] 

and for a natural crystal analogue [220]. The presence of unhydrated gehlenite was 

expected due to the high levels of slag replacement in the mix design and partial reaction of 

large slag particles.  
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Figure 6-1: XRD trace of BFS:OPC + Al slurry with simulated patterns for resultant phases are shown; Ƹ ς AFm 
(Monocarboaluminate), s- Gehlenite, r- Hydrotalcite, û - C-S-H, ß - AFm (Monosulfoaluminate),  ¡ - 

Strätlingite 

The results compare well to the XRD analysis for an ambient cured 3.44:1 BFS:OPC which 

was produced in 2009 (figure 6-2) and studied as part of preliminarily investigations in 2011 

[221]. Again the primary hydration products expected for a slag - PC cement were observed 

with C-S-H formed alongside levels of the hydrotalcite-like phase. However due potentially 

to the younger age of the sample, quantities of unreacted belite were seen alongside a 

much greater proportion of portlandite. The main difference between the samples in Figure 

6-2 is the noticeable difference in intensity of the labelled hydrotalcite/Mc peaks at around 

11ę and 23ę 2 ,̒ this has been attributed to the mass formation of the AFm Mc phase in the 

Al simulant paste. The sample with no waste addition also showed no indication of the 

formation of strätlingite showing that this phase formation is indeed due to the waste 

interaction with the hydrating system.  

 

14

12

10

8

6

4

2

x
1

0
3
 

70605040302010
2ɗ

20
15
10

5

x
1

0
3
 

20
15
10

5x
1

0
3
 

20
15
10

5 x
1

0
3
 

20
15
10

5x
1

0
3
 

CSH PDF 00-033-0306 - 

Hydrotalcite - 

Monocarboaluminate - 

Strätlingite - 

/

/

/



James Rickerby 20026666                                                                                                     Chapter 6                           
 

- 104 - 
 

 

Figure 6-2: Comparison of XRD traces from two studied slag based systems with and without Al simulant 
waste; Ƹ ς AFm (Monocarboaluminate), s- Gehlenite, r- HT-LDH, û - C-S-H, ß - AFm 

(Monosulfoaluminate), ̧  - Portlandite (Ca(OH)2), ¡ - Strätlingite, Â - .ŜƭƛǘŜ όʲ-C2S) 

6.3 Thermal Analysis  

 

Figure 6-3: STA trace for BFS:OPC + Al slurry; Mc - Monocarboaluminate, Str - Strätlingite, HT- Hydrotalcite-
like phase 

Thermal analysis using STA helped confirm the findings from XRD that an AFm phase with a 

mass loss at 150ęC has been formed within the grout; losses at this temperature have been 

attributed to monocarboaluminate (Mc) in various studies [153, 157] and this would agree 

with the observed 2  ̒position by XRD. The formation of strätlingite was supported by STA 

analysis of the sample with a decomposition at 220ęC which agrees with the experimental 

data for Al-rich slags reported by Haha et al [39] and the DTG for synthetic  strätlingite [39, 
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154]. The slight decomposition labelled at 390ęC has been attributed to hydrotalcite due to 

its expected presence and findings from the XRD analysis. Only very small levels of Ca(OH)2 

were observed by XRD and the decomposition of that phase usually presents a much 

sharper profile than that shown in figure 6-3. This temperature matches the reported losses 

for a hydrotalcite - like phase by Haha et al [39]; Gruskovnjak et al [222] reported a two-

stage mass loss at 230ęC and 400ęC however the lower temperature mass loss in this 

sample is likely to be overlapped by the presence of strätlingite especially since the relative 

mass loss observed for hydrotalcite phase is minimal.    

 

Figure 6-4: Associated mass spectrometer trace for BFS:OPC + Al slurry 

The associated mass spectroscopy trace for the Al - simulant sample taken during the STA 

run is shown in figure 6-4 and shows good consistency with DTA and TG results. The mass 

spectrometer trace for water is indicated in figure 6-4 and this confirms the loss of water 

from the C-S-H, AFm and strätlingite constituents on heating at the expected temperatures. 

In figure 6-4 the flat trace in red indicates no carbon dioxide was detected during the 

experimental run, this agrees with the XRD and TG evidence that no carbonation of that 

sample has taken place or calcite formed. The formation of Mc AFm was suggested from 

the XRD analysis however no CO2 was noticeably released at 150ęC similarly to the data in 

chapter 4 for the limestone containing NRVB sample.  The lack of a CO2 detection could be 

due to the fact CO2 isn't released in the measured temperature range or that the 

equipment was not capable of detecting the low quantity of CO2 released. The sensitivity of 

the experimental apparatus was investigated using the calculated CO2 contents of the NRVB 

sample and pure calcite as controls. It was found that the expected level of CO2 released in 

the blended cement from Mc was within the levels of experimental 'noise' due to its 

relative small quantity. This explained why it proved difficult to detect CO2 produced from 

the Mc phase using associated gas analysis during thermal analysis.  The lack of any CO2 
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detection for the hydrotalcite-like phase is to be expected if no carbonation has occurred. 

In this case the phase formation can be compared to the HT-like double layered hydroxide  

Meixnerite (Mg6Al2(OH)18.4(H2O) which contains no CO2,  

6.4 SEM 

Typical BSE imaging of the 3:1 BFS:OPC + Al slurry sample can be seen in figures 6-5 and 6-6, 

with the general microstructure well displayed in figure 6-5 a). The microstructure is 

dominated by large quantities of slag particles which are observed as both fully and 

partially reacted particles and marked as A and B respectively in figure 6-5. In this regard 

the cement matrix is as would be expected for a well reacted slag based cement after 

extended curing.  

 

Figure 6-5: BSE image of the microstructure of the BFS:OPC + Al slurry waste (x1000); A - Partially hydrated 
slag grains, B - Fully hydrated slag grains showing slag Ip, C - Suspected waste agglomeration surrounded by 

laths 

The general matrix of the waste-form was extremely brittle and fragile during preparation 

with levels of cracking evidenced in the SEM imaging, this was despite identical preparation 

procedures being followed as for the other samples in this study described in chapter 3. The 

addition of the simulant aluminium waste has had a dramatic effect upon the 

microstructure with the obvious formation of large quantities of laths throughout the 

material. These laths are easily observed within the microstructure by their higher contrast 

when compared to the grey scale contrast of the C-S-H phase. The second primary affect 

from the addition of the simulant waste was the presence of large agglomerations of the 

flocculated waste as indicated by the feature labelled as C in figure 6-5.  Figure 6-6 shows 

another suspected waste site labelled as B which displays similar characteristics to 

formation C in figure 6-5. In both cases the formation of the laths is concentrated locally to 

these features suggesting they are linked to the waste addition.  The morphology of these 

laths are similar to that for synthetic strätlingite described by Matschei et al [154], however 
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the relative size and crystallinity of most of the laths indicates they are more likely to be 

related to the large quantity of AFm found during XRD analysis of the sample.  The 

formation of these laths around waste sites suggests the waste-form is not inert within the 

matrix and modifies the hydration process of this slag cement.  

 

Figure 6-6: BSE images of encapsulated waste areas and formation of products; A - Fully hydrated slag, B - 
Suspected waste site enlarged in b). 

The general microstructure, waste sites and the formation of laths was investigated by 

elemental mapping as shown in figure 6-7 and in the appendices. The image and mapping 

in figure 6-7 shows an increase aluminium response which is associated with both the 

waste agglomeration and surrounding lathe-like products. The calcium map shows the pre-

treatment of the Al-based slurry with lime was successful in producing a waste-form which 

seemed to be well incorporated within the matrix.   
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Figure 6-7: BSE image of suspected large waste site and associated elemental mapping 

The magnesium and BSE image from figure 6-7 indicates the fully and partially hydrated 

slag particles within the matrix which are not associated with the primary Al responses. The 

slag particle reaction rim was imaged by FEGSEM as shown in figure 6-8 which shows two 

different fully hydrated slag grains in images a) and b).  

 

Figure 6-8: BSE imaging of the microstructure and fully hydrated slag grains 

The hydration of the slag grains shows the characteristic variation in density as shown by 

the grey scale contrast from the BSE imaging. As evidenced by images a) and b) in figure 6-8 

the hydration of slag particles is not a uniform process producing various layers of hydrated 

products even after 15 years of hydration. For example, the slag grains in figure 6-8 show a 

different nature or stage of hydration with a) showing an empty centre and b) a higher 

density inner product. In each sample however a clear definition was seen between the 

prior boundary of the slag particles and the outer product C-S-H phase formed around it. 

Within this boundary a denser product assumed to be related to the hydrotalcite - like 

phase formation and inside that a lower density formation of what is assumed to be a 

mixture of slag inner product and the HT-like phase. The hydration of slag particles within 

this paste was studied using TEM and is discussed in more detail in section 6.5 whilst the 
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estimated chemical composition of the hydrotalcite -like phase using SEM-EDX is discussed 

below. 

Atomic ratio plots for the simulant Al slurry sample have been generated from SEM-EDX 

analysis with trend lines added for the relevant phases formed within the sample. The 

analysis points all relate to  either hydrated slag particles or the general binding matrix 

including areas where quantities of the aforementioned laths are present. Figure 6-9 shows 

the Si/Ca against Al/Ca scatter plot which indicates the presence of the C-S-H phase which 

is intermixed with an AFm phase and related slag products. The cluster labelled C-S-H 

indicates a phase with an average Ca/Si ratio lower than that reported for a hydrated 

Portland cement system [167] with a significant level of aluminium also present for all the 

analyses. The presence of intermixed AFm phases was expected having observed the level 

of lathe formation within the binding matrix using SEM BSE imaging which seem to be 

related to the aluminium waste addition. Due to the amount of hydrated slag particles seen 

in the matrix a considerable level of hydrated slag products was expected with a 

hydrotalcite - like phase identified by XRD analysis. This was supported by SEM-EDX and is 

shown in Figure 6-9 by the 'slag product' formations. The additional aluminium containing 

analyses seen above the C-S-H cluster in figure 6-9 but not directly related to the formation 

of AFm or slag products could be due to the intermixing of strätlingite with C-S-H. The 

relative Al/Ca and Si/Ca ratios for strätlingite would be 1.0 and 0.5 respectively so these 

analysis are potentially related, a similar analysis of intermixed strätlingite using SEM-EDX 

was described by Antoni et al [223] in a study of a Portland cement/metakaolin paste.  
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Figure 6-9: Si/Ca against Al/Ca scatter plot for the BFS: OPC + Al slurry sample. 

The scatter plot for the Al/Si against Mg/Si atomic ratios is shown in figure 6-10 which 

displays the C-S-H cluster described in figure 6-9 and the related slag products with a best 

fit line for these phases added. The estimated level of aluminium incorporation in the C-S-H 

can be found by observing the average Al/Si value for the CSH cluster when the Mg/Si ratio 

is 0; in this sample looking at figure 6-10 the average value is over 0.3 for the cluster by 

SEM-EDX. Since the reported maximum value of Al incorporation of Al in to the C-S-H phase 

is 0.33 when all the bridging sites in the dreierkette chain structure are occupied this Al/Si 

value seems unlikely to be accurate. The most likely reason for this high Al/Si ratio is the 

inclusion of intermixed aluminate hydrate phases particularly strätlingite being intermixed 

intimately within the C-S-H phase. Due to the interaction volume for SEM-EDX analysis this 

would increase the general Al/Si value for the C-S-H. This theory suggests the aluminate 

hydrate phases are associated with C-S-H in a very large proportion of analyses of the 

binding phase. Therefore the effect of the aluminium waste addition upon the binding 

matrix is substantial rather than being a purely localised affect. An additional idea for the 

inclusion of Al incorporation was suggested by Renaudin et al [224] who reported that a 

level of Al could be inserted into the C-S-H interlayer spacing increasing the potential 

maximum allowed Al content. An additional way of estimating the Al/Si content of formed 

C-S-H phases is to find the average Al/Si ratio of the C-S-H formed from slag hydration. 

Since the formed C-S-H from slag is normally assumed be richer in aluminium than that 

formed from OPC systems [39, 204] it can be used as a upper boundary for the estimation 
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for the Al/Si content in a system. The EDX analysis points relating the hydrated slag can 

clearly be seen and show a good linear relationship with the line of best fit having an R2 

value of > 0.95 for the SEM-EDX.  Using this fitted line the estimated uptake of Al into the C-

S-H phase can be found when the Mg/Si = 0. This estimates that the Al/Si ratio when Mg/Si 

= 0 is 0.21 which is lower and more sensible when considering the possible Al incorporation 

within the C-S-H chain structure.  

 

Figure 6-10: Al/Si against Mg/Si scatter plot for the BFS: OPC + Al slurry sample. 

The hydrotalcite - like phase composition can also be estimated using the fitted lines 

gradient. This is of interest due to the fact that the composition of this phase is known to be 

affected by the Al2O3 content of the hydrated slag so possibly could also be affected by the 

addition of Al to the system. In this sample the estimated Mg/Al ratio for the phase by SEM-

EDX was 2.01 which is within the expected limits for this phase reported in literature [38, 

39, 52, 225]. It seems therefore that the Mg/Al ratio isn't unexpectedly low thus no major 

incorporation of Al into the hydrotalcite - like phase seems likely. The majority of Al richer 

response data points labelled on figure 6-10 were taken from around the larger 

encapsulated waste sites showing the localised Al phase formation around these phases.  
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Figure 6-11: Al/Ca against S/Ca scatter plot for the BFS: OPC + Al slurry sample. 

The chemical composition of the AFm phase has been investigated by the atomic ratio plot 

of Al/Ca against S/Ca in figure 6-11, trend lines have been added for the primary aluminate 

hydrate phases.  The data shows a strong correlation to the formation of 

monocarboaluminate (Mc) as the primary formed AFm phase in the system with low 

quantities of sulphur generally observed. This is in agreement with the XRD evidence which 

suggested the mass formation of AFm resulting in the strong 2ɗ responses at 11.6ę and 

23.2ę.  

6.5 TEM 

The observed outer product (Op) C-S-H in the 3:1 BFS: OPC + Al slurry sample displayed a 

predominantly foil-like morphology which has been observed in literature as becoming 

more dominant with the increasing slag replacement [52-54]. The morphology of the C-S-H 

is shown in figure 6-12 and this closely resembles the Op reported in the previous chapter. 

Some areas of the matrix do show a more fine-fibrillar type morphology which is likely to 

relate to localised hydration of Portland cement grains rather than activated slag particles. 
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Figure 6-12: TEM micrographs of Op C-S-H areas analysed showing foil morphology, circled area shows 
suspected strätlingite formation. 

The overall nature of the C-S-H exhibited therefore agrees with the expected 

microstructure with regards to the C-S-H morphologies. Large quantities of foil like C-S-H 

are present from the activation of slag which reduces the overall porosity of the system, 

smaller levels of fibrillar C-S-H related to the hydration of Portland cement grains were also 

observed in smaller quantities. The circled area in figure 6-12 shows suspected strätlingite 

formation within the C-S-H as exhibited by the slightly larger needle-like formations, 

however it is also possible these are very fine formations of AFm.  Figures 6-13 and 6-14 

show the predominately foil like microstructure of C-S-H intermixed with large quantities of 

AFm and potentially strätlingite with both being aluminate hydrate products they are 

potentially linked to the added simulant waste.   

 

Figure 6-13: TEM micrographs of Op C-S-H with examples of intermixed AFm laths and strätlingite (Str) 
marked by arrows 
























































































































































































































































































