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Abstract

UK policy for the management iotermediate level wast@LW)employs processing via encapsulation

in cementitious grouts to produce wasteforms suitable foedahgterm storage and disposal. These
wasteforms are intended to provide a physical and chemical barrier to prevent the release of harmful
radionuclides present within the ILWW the biosphere until decay to acceptable levels has occurred.
This requireshe cementitious grouts to be operation&br potentially thousands of yeari an
extreme service environment involving exposure to radiation. iffgact of high levels of radiation

on thesegrouts, which are typically blends of Portland cement (PC) igth volume replacement by
supplementary cementitious materials (SCMs)not currently well understood. In order tdlow
appropriatedesignof a geological disposal facility (GDH) important to understand how the effects

of radiation manifest in e encapsulation cements and what impact this may have on their

performance.

This thesis investigates thmpact of gamma and alpha radiation on grout formulations commonly
used by the UK nuclear industry; these consisted of PC with high volume repladgnieast furnace

slag (BFS) or pulverised fuel ash (PFA). Four blends representative of the Sellafield formulation
envelope for BFS:PC (3:1, 3.44:1, 5.67:1 andv&18 investigated, together with a single 3:1 blend

of PFA:PCThe BFS:PC grouts were gated to gamma irradiation, withncreasing levels of total
absorbed dose up t80 MGyachieved. Aalysisfound elevated carbonationonsidered to be caused

by irradiation insampleswith increasing total absorbed dose&hich was linked witlvariations tothe
structural characteristics of the-&SH. Minor variations to the microstructure (such as increased
micro-cracking) were observed with increasing total dose, as was decreased stréhgtimpact of
incorporation ofsimulant waste specie€CeQ) on gamma response and the subsequent leaching
response of BFS:PC cement was investigatieddiated and control samples were subjected to
leaching in simulant granitic groundwatesing two different testing methodologie$he results for
both samples showethe same response; development of a leached zone where decalcification of

Ca(OH)and GSH occurred, and formation of a carbonate rim.

Incorporation ofpowderedPuQ in BFS:PC and PFA:PC grouts allowed the impaatdiation to be
investigated. The prsence of cellulose (common in many-€antaining waste streams) within these
cements was also assesseahd was observed to cause a limited amount of variation to the
proportions of phases present in the hydrate assemblagmited reaction of the Puasobserved,
however, variations to the phase assemblage were noted in the BFS cetoetdiing Pu@ Further

investigation of the impact of -radiation on cement microstructure anghase assemblage was



completed using Héion accelerator experimentsnd although a colour change was induced due to

He?* exposure no significant chemical or textural damage zones were observed in the samples.



Acknowledgements

Firstly, | have to express my gratitude to Professor John Provis for his constant positivity and
enthusiasnfor this project and all things cement related. Many thanks for giving me the opportunity
to find out just how interesting cementa be! | would also like to tharibr. Claire Corkhill, DMike
Angus,and Dr. Martin Hayesfor all the advice, support and input from academic and industrial

perspectives into this project, which has been invaluable.

| am extremely grateful t®r. Carolp Pearce an@dr. Ruth Edge at theniversity of Manchester and
Dalton Cumbrian Facilitfor facilitating and completing the gamma irradiations using A€o
irradiator, and to Dr. Shavkatkhmadalievfor completing the H€& ion irradiations at HZDR amalso
incredibly thankful to Dr. Elena Tajuelo Rodriguez and Dé.[Jasgid ArreguMena for collaborating
with me on the characterisation ¢fe?* irradiatedcement using TEM, and for making my time at Oak
Ridge National Laboratory so enjoyalgle/ou made ne feel so welcome, and planned so much

entertainingstuff to do, so thank you!

| owe an enormous amount to those who helped methe Immobilisation Science Laboratory
whether it be for training me in the lab, helping me devise experimental setups thaldvaxtually

work, teaching me how best to analyse data, or helping me when everything seemed broken, so a
huge thank you tdr. OdayHusseinDr. BrantWalkley Dr. Rita VasconceloBr. LauraGardner, Dr.
SamWallingand Dr. SebLawson.

I was especialljucky to be funded by EPSRC as part ofNbBgt Generation NuclearCDT, and am
thrilled to have had such a great cohort to be partoekr the past few yeardolks, especially my
Sheffield lot- Sarah, Amber and Jpthanksfor all your help, support andginter school camaraderie

I would also like to thank everyone in the ISL for making it such a pleasure to be part of such a fun and
dedicated group.Special thanks to my cement pakntonia Ritaand Dan, for all the chats and

Sy O02dzN} 3SYSylygratefuQY SEGNBYS

Finally, | have to thank nfyiends andfamily, without their support | would not have been able to
come this farThank you for your belief in me, especially in those times when | had none in myself.

You lot are the best.



Publications

Jourral publications:

1. Kearney, S.A., McLuckie, B., Webb, K., Orr, R.M., Vatter, I.A., Yorkshire, A.S., Corkhill C.L.,
Hayes, M., Angus, M.J., Provis, Etfects of plutonium dioxide encapsulation on the physico
chemical development of Portland cement blendeslits., Journal of Nuclear Materials, 530,
Article 151960(2020)

Conference publications and presentations:

1. S.A.Kearng\. L. CorkhilindJ. L. ProvijRRadiolysis and radiation damage effects in cements
used in nuclear waste storage and disposél! @ement and Concrete Science Conference,
Cardiff, 2016(Extended abstract and poster presentation)

2. S. A. KearneyC. L. CorkhiéindJ. L. ProvjRRadiolysis and radiation damage effects in cements
used in UK nuclear waste storage and disposal, Eurosenon Microscopy Applied to
Building Materials, Les Diablerets, Switzerland, 20{Extended abstract and oral
presentation)

3. S. A. KearngyC. L. Corkhilind J. L. ProvjsGamma irradiation study of cement grouts used
for UK nuclear waste encapsulati@?Z" Cement and Concrete Science Conference, London,
2017.(Extended abstract and poster presentation)

4. S. A Kearneyl. L. ProviThe effects of radiation on Portland cement blended grouts used for
nuclear waste encapsulation in the Uiternational Conmittee on Irradiated Concrete (ICIC)
Prague, 2017 Oral presentation)

5. S. A. KearneyC. L. Corkhithind J L. Provis, Experimental investigatiof the effects of
radiation on Portland cement blended grouts used for waste encapsulation, N&ckatiers
Conference 2011Oral presentation)

6. S. A. Kearney, A. S. Yorkshire, C. L. Corkhill, R1.®tayesM. Angus, J. L. ProyRadiation
stability of high volume replacement cements used for nuclear waste dis@&aCement
and Concrete Science Confeoe, Coventry, 2018. (Extended abstract and poster
presentation)

7. S. A. KearneyC. L. Corkhiland J. L. ProvjsRadiation damage effects in high volume
replacement Portland cementNUWCEM Cement based materials for Nuclear Wastes
conference, 2018 Exterded abstract and oral presentation)

8. S. A. Kearneyl. L. ProviRadiation effects on the physhemical properties of novel and
Portland cement based systems for UK waste managemniatdrnational Committee on

Irradiated Concrete (ICIC) Knoxville, Tespes2018(Oral presentation)

v



9. S. A. KearneyC. L. Corkhitind J. L. Provjsimpact of gamma radiation on Cg@oped
cementitious grouts used for nuclear waste disposal in the UK, Goldschmidt, August 2019
(Abstract and poster presentation)

10.S. A. KearngyB. Walkley,C. L. Corkhiland J. L. ProvjsRadiation damage effects in
cementitious grouts used for nuclear waste disposal in thel3KInternational Congress on
the Chemistry of Cement Conference Proceedings, 2QEStended abstract and oral

presertation)



Abbreviations

AFm

AFt
BFS
BSE
GSH
dpa
EDX
FIB
FTIR
GDF
GGBS
HLW
ICROES
ILW
LET
LLW
LLWR
MAS
MCL
MIP

NMR

Alumina, ferric oxide, monosulfate; in this thesis includesphases referred to as

monosulbaluminate, hemicarboaluminate, and monocarboaluminate.
Ettringite

Blast furnace slag

Backscattered electron

Calcium silicate hydrate

Displacements per atom

Energy dispersivepay spectroscopy

Focussed ion beam

Fourier transform infrared spectroscopy

Geological disposal facility

Ground granulated blast furnace slag

High levelvaste

Inductively coupled plasmaoptical emission spectrometry
Intermediate level waste

Linear energy transfer

Low level waste

Low level waste repository

Magic angle spinning

Mean chain length

Mercury intruson porosimetry

Nuclear magnetic resonance

Vi



PC

PCM

PFA

PSD

SAED

SCM

SEM

SL

TEM

TGA

UpPv

w/s

XRD

XRF

Portland cement

Plutonium contaminated material
Pulverised fuel ash

Particle size distribution

Selected area electron diffraction
Supplementary cementitious materials
Scannig electron microscopy
Sellafield Limited

Transmission electron microscopy
Thermogravimetric analysis
Ultrasonic pulse velocity

water to solids ratio

X-ray diffraction

X-ray fluorescence

VII



Contents

Y 013 1 = o! PP O PP PPRTPPPPPPPPPRPPP l
F N [0 11T/ [=To [0 T=T g T=T £ PPPPRPRRSSRRRRY Il
PUBICALIONS......eeee ettt e st e e e e e e e br e e e e v
JOUNAl PUBIICALIONS:. ...t e e e e e s e e e e e e e v
Conference publications and PreSentationS:...........coiuiiiiriiiee e I\
ADDIEVIATIONS. ... \
CONTENTS...cceeeeeieciet et VIII
LIST Of FIQUIES. ...ttt e et e e e st e e e e e s st e e e e e s s anbrnneeeeenannne XIII
LISt Of TADIES ....eeieiieee e e e e e e e e e e e rnes XXIV
R 101 (o T [0 Tox 1 o] o FON T PP O PP PPPPP PRI 1
2 LITErature REVIBW......ciuiiiiiiiiiie ettt ettt ettt s et e e e st e e s e e e nne e 4
2.1  Nuclear power and waste ManNagEMENT............cueeeiiiiurrmrieeeriiiirrieee e e e e e 4
2.2 GeologiCal dISPOSAL........coiiiiiiiiiiei et a e 7
2.3 Cementation OF ILWN.........uiiiiiiiee ettt 10
2.4 Portland cement @nd SCIMS..........cuuviiiiiiiieiiiee e 12
241 POrtIaNd CEMENL......oiiiiiiiitei e 12
2.4.2  Supplementary cementitious MaterialS...........ccccooviiiiiiiieeiiiiiiiieeee e 18
2.4.3  Impact of SCMs on phase assemblagd miCrostructure.............ccccoocvvveeeeennnnnns 21

2.5 Radiation damage in [LMV........ooooiiiiiii e 23
251 Radiolytic degradation.............cccuuiiiiiiiiiieiieeeeee e, 25
2.5.2  AIOMIC AiSPIACEIMENTS.....coiiiiiiiiiiii et e e e e e e aenes 29

2.8 SUMIMIAIY . ..ttt e ettt et e e e e e e e et e et e e e e oo e o s s e e s e s a e bbb bbb bbb bbb e ne s e e e e e e e e e e e e e eeeeaaeeeas 31

3 Materials and MEtNOUS. .......ccoi i 33
I N /= L (=] =1 PO EET PRSPPI 33
3.2 FOIMUIALIONS. ...ttt e e e e e e e e s e e e e e nnaees 34

VIII



3.3 AnalytiCal METNOUS. .....ccoiiiee e e e 35

331 Particle size diStriDULION ... 35
3.3.2 ISOthermal CalOMMELIY..........uuiiiiiiiiiiiiiieeee e 36
3.3.3  Selective dissolution via EDTA SOIULION. .........cuviiiiiiiiiiiiiieieee e 36
3.3.4  Compressive Strength teSHING.......coooiiiiiiiie e 38
3.35 Ultrasonic pulse VEIOCIty teSHING..........uvriieieeieiiiiie e 38
3.3.6 Mercury intrusion POFOSIMEINY.........coiiiii e ee e e e e e eaaaaeeaas 39
3.3.7  Thermogravimetric analysis with mass Spectrometry.......cccccccveeeeeeeieiiiiiieee 41
3.3.8 XAy AIffTACHON. ... 41
3.3.9 Fouriertransform infrared SPeCIrOSCORY.......cvviurrrreieeeiiiiireie e 43
3.3.10  OPLiCAl MICTOSCOMY....ciiiiiiieeee e r e e e e e e e eeeeaaaaaaaaaaesd 44
3.3.11 Scaning electron MICIOSCORY..........ceetiiiieeieeieianreererr s rae e e rrrreeeeeeeaaeaaeeas 44

3.3.12 Solid state magic angle spinning nuclear magnetic resonance spectroscapy..46

3.3.13  Gamma irradiatin facCilities. ...........ooouiiiiiiiiiii e 49

3 ©7o ] [od (¥ o [T To [ (=T 0 0 = T3 & 50

4  Characterisation of nuclear specification Portland cement blends............cccccvvvvveevveeneen. 51
A1 BRSSP et a e e aareba 51
41.1 (770 | =V (0] o TSP PPPP PRI 51
4.1.2 Phase assembIage..... ...ttt —— 54
4.1.3  IMICTOSIIUCTUIE. ..ottt ettt ettt e e e e nne e e 62
4.1.4  MechaniCal PrOPEITIES. ...ccciiiiiiiiii et 65

4.2 PR AP C e e e e e ae e 70
4.2.1 [ 1770 = L T0] o O OUOUOUURRRRTPPPRPRRRY 4 0
4.2.2 Phase assembDIage..........uuuiiiiiiiiiieee s 72
4.2.3 IMICTOSTIIUCTUNE. ...ttt e e e e e e e e s e eeeeeeeas 77

4.3  Conclusion and discussion of baseline parameters...........ccvvvveeiiiiiiiiieeie e 78

5 Gamma stability Of BES:PC SYSLRITIS ........uuuuiiiiiiiiiiiiieiieiieeeeee et a e e e e e e e e 80
5.1 EXPerimental SEID.......cooiiiii it e e e e e e e e e e e e e e e e e e e 81



LI [ 4= To [ =i (o] I (o T 1Y [ OSSP 82

521 Phase assemblage..........cooooiiiiiiiie e 82
5.2.2  IMICTOSIUCTUI ...ttt ettt e et e e e e es 98
5.2.3 MechaniCal ProPEIrtIES.........uuuiiiiiiiiiiiiieeereee e 100
5.3  1rradiation 10 14 MGY.....coiuuiiiieee ettt a e e e e e s e e e 103
53.1 Phase assemblage..........coooiiiiiiiie e 103
5.3.2  IMICIOSITUCTUI . ...ttt ettt et e e 114
5.3.3 MechaniCal ProPEIrtIES.........uuuiiiiiiiiiiiiieeererr e 116
5.4  1rradiation 10 20 MGY.....coouuiiiiiee ettt e e 118
54.1 Phase assembBIage..........coooiiiiiiiiiee e 118
5.4.2  IMICTOSITUCTUI . ......itiiieiiiiee ettt e e e e e e e 131
5.4.3 MecChaniCal PrOPEITIES.........uuviiiiiiiiiieiieeeeeee e 134
5.5  Effect of increased total gamma dOSE...........coeeviiiiiiiiiieieeiiiiieeee e 135
5.5.1 Phase assemblage..........coooiiiiiiiiee e 136
5.5.2  IMICTOSITUCTUI . ...ttt ettt e e nre e 145
5.5.3 MechaniCal ProPEITIES.........uuviiiiiiiiiiiiieerrere e 146
5.6 CONCIUSIONS ...coiiiiiiiieiie et e e e e e e e e e e e e e nnb e e e s 148

6 Effects of plutonium dioxide encapsulation on the physibemical development of BFS and PFA

blended Portland CEMENT GrOULS..........oiiiiiiiiiiee e e 151
6.1 INEFOTUCTION ...ttt e e s e e e e e annneees 151
6.2  Materials and MethOdS...........ooiiiiiiiiiee e 152

6.2.1 IMAEETIAIS. ...t e e e e e e e e e e e e 152
6.2.2  SAMPIESYNINESIS......coiiiiiiiiiee s 153
6.2.3  Sample characCteriSation............ccoeviiiiiiiii e 154
6.3  Characterisation results and diSCUSSIQN.............uuviieeiiiiiiiiiee e 155
6.3.1  Influence of PU@ON BFS:PC.......ccuiiiiiiie it 155
6.3.2  Influence of PU@ON PFAIPC ...t 166
6.4 CONCIUSIONS ....ciiiiiiie ittt e e e e e e e e e e e e e eeas 174



7 Gamma stability and leaching characteristics of {ped cementitious grouts............... 176

7.1 EXPerimental SEIUPD. ....coiiuuiiiiiie ettt e e e 178
7.2 Gamma irradiation reSISTANCE .........ciiiiiriieiiiiee et 180
7.2.1 Phase assemblage and miCroStrUCIUIE............ccovvviiieiieeeee e, 180
7.3  Leaching characteriss of Ce@doped BFS:PC.........ocoiiiiiiiiiiee e 189
7.3.1 DYNAMIC TESTING. ...ttt e e e e e e e e e e e e e e eana 189
7.3.2  StAtiC tESHING.....co i i i r e e e e e e e e e e e e e e e e e e e e e e e e e e rr e 203
T4 CONCIUSIONS ...ttt e e et e e st e e s e e e e e e e e e 213

8 Simulation of radiation damage via alpha decay in BFS:PC groutéHgirign acceleratiof16

S 0 R | 011 (0T [0 Tox 1o o DT PP RPPPPOPPPPPPPPPN 216
8.2  EXperimental MEthOUS..........cooiiiiiii e e 218
8.2.1  SAMPIE SYNINESIS. ...t e e —— 218
8.2.2 [0 g I 1= o [ =11 0] o TP PP EPPP RPN 218
8.2.3 Post irradiation CharaCteriSation..............oooiuuveiiieeiniiieei e 220

8.3 RESUIS @Nd iSCUSSIONL....cceiuiiiiiiiiiie ettt e e 222
8.3.1  Optical MICIOSCOMY.....cceeeeiieeiiiee i eee e e e e e e e e e e e e e e eeeeaeaaeaaaaaaaaaaaeeas 222
8.3.2 KR e e e e e et a e 224
8.3.3 Ll | PP P PP TUPPPRRY 225
8.34 SEMED X e a e 227
8.3.5 TEM ED X . ittt e et e e e e e e e eenaenaa 229

8.4 CONCIUSIONS ....ciiiiiiite ittt e e e e e e e e s e e e e e e e e e e s 237

9 Conclsions and fUIther WOIK.............oooiiiiiiiiie e 238
9.1 CONCIUSIONS ...ttt ettt e et e e e e e e e e e e et e e e e 238
9.2 FUIMNEI WOTK ...t e e e e 240
10 Yo 1=] 0T 1) PSP PP PPPPPPPPPP 242
10.1 Dose rate variations froffCo irradiations completed in Chapter.5............c.cccoeuvee. 242
10.2 TGAMS data for 3.44:1 and 9:1 BFS:PC witheasing total absorbed dose.............. 243
REIEIEINCES....cceee et e e e e e e e e e e e e e e e e as 245



Xl



List of Figures

Figure 2.1 The relationship betwed¢ime volume of each waste category versus the radioactivity it

contains. Figure reproduced frOmM [B]........ccuuiiiiiioiiiiei e 5

Figure 2.2 Examples of encapsulated ILW for solid waste items, liquids and sludges, and annul

grouting of supercompacted pucks. Image from [L5].........cccciiiiiiiiiieeeiniiiiieeeeeeiieeeeee el
Figure 2.3 Schematic of the mtd@rrier system for ILW and HLW. Image taken from [2Q]........ 8
Figure 2.4 Schematic of a potential GDF layout for ILW and HLW. Image taken from.[20]......9

Figure 2.5 Schematiec&H structure. Paired (p) and bridging (b) Si tetrahedra are repredéntdlue
and green triangles, Ca is represented by red circles, and orange circles represent charge balancing
alkali cations. The purple triangle represents Al substitution in silicate chains, as discussed in Section
2.5, Adapted from [52], [53)-.. oot e e e e e e e e e e e ———— 15

Figure 2.6 Ca®@LOs-SiQ ternary diagrams showing A: PC composition and that of different SCMs,

and B: hydrate phases formed dependent on composition. Reproduced from.[67]................ 18

Figure 3.1 PSD data for GGBS:Calumite mix, and Ketton PC, demonstrating the bimodal and

monomodal diStribUutioNS rESPECHIVELY..........ccueiiiiiie e 34

Figure 3.2 UPV testing equient and procedure A) Testing equipment and calibration bar, B)

calibration of transducers, C) schematic of direct transmission testing setup, D) setup for testing of

Figure 3.3 Derivan of Bragg's Law (equation 3.9)...........oooiiiiiiiiiiiiiiiiievvervree e eee e 42

Figure 3.4 Xay diffraction patterns for a) PC, b) PFA and c) BFS. A: alite, B: belite, F: ferrite, a:
aluminate,d: calcite,”Y gypsum M: mullite, Q: qutz, Mh: maghemite, Ml: melilite, Mw: merwinite
................................................................................................................................................ 43

Figure 3.5 Schematic of the interaction volume of an incident beam in a sample, and the zones from
which the signals are generated: secondamgctbns, backscattered electrons and characteristic X

rays. Adapted from [L16L]. . ...t e e e e e e e e e aae e e e e e e e e AD)

Figure 3.6 Deconvolutions 855i MAS NMR spectra for A) PC: i) experimental data, ii) deconvoluted

fit, iii) alite spectrum, iv) belite spectrum; and B) BFS: i) experimental data, ii) deconvoluted48.

Figure 3.7 A) Photograph #Co irradiator and B) schematic showing dimensions of the irradiation

chamber. Adapted frOM [LB6].......ccoeiiiuuriiiiie et a e 49



Figure 4.1 A: Isothermal calorimetry and B: total heat evolution of BFS:PC systems with varying BFS

(010 91 (=11 1 52

Figure 4.2 XRD diffractograms of hydrated BFS:PC blends at 28 days. E: Ettringite, HC:

hemicarboaluminate, HT: hydrotalcite, Mc: monocarboaluminate, P: portlandite, MI: melilite, B: belite

Figure 4.3 XRD diffractograms of hydrated BFS:PC blends at 28 days (subsection of Figure 4.2). E:
Ettringite, Ms: monosulfoaluminate, HC: hemicarboaluminate, HT: hydrotalcite, Mc:

(paTolalolox=Tg oo =1 8]0 aT[gT= (= T h6

Figure 4.4 TGA and MS results of hydrated BFS:PC blends at 28 days. E: ettringite, HT: hydrotalcite, P:

[oTo] =T glo [ (=T O o= T o[0T 1 F= 1 =1V 58

Figure 4.5 Micrographs and EDX maps &:BE blends at 28 days A: 3:1, B: 3.44:1, C: 5.67:1, D: 9:1.
BFS: blast furnace slag, C: clinker, P: portlandite. Region 1 in 4.5 A is discussed.in.text.....60

Figure 4.6 EDX point analysis from:BEDlend samples at 28 days. Each point sample was taken from
a region that visually appeared to be binder rather than residual anhydrous phases. Composition of
anhydrous BFS shown in A by symbol. Tie lines link to the other prominent hydrate fltdises;

portlandite; AFm: monosulfoaluminate; AFt: ettringite; and HT: hydrotalcite......................... 62

Figure 4.7 BSE micrographs of 3:1 BFS:PC A, B: 28 days, C, D: 24 weeks. C: clinker, P: portlandite. Labels
I o (1Yo U1 <Y o T IR (=) SRR 63

Figure 4.8 BSE micrographs of 9:1 BFS:PC A, B: 28 days, C, D: 24 weeks. Labels in figure are discussed

Figure 4.9 Data for UPStrength relationship for all BFS:PC blends. A: 3:1 BFS:PC, B: 3.44:1 BFS:PC, C:
B.67:1 BES:PC, D: O:L BESIPC ... oot e e e et 67

Figure 4.10 Standard deviation at each test pfanA) UPV, B) compressive strength and C) coefficient

of variation from A and B. Key shows colour variations for each BFS:PC.blend.................... 69

Figure 4.11 A: Isothermal calorimetry and B: total headletion data for the 3:1 PFA:PC system.

Dashed line shows comparison with same level of replacement by.BES..............................71

Figure 4.12 XRD diffractograms of hydrated 3:1 PFA:PC at 28 days. E: Ettringite, HC

hemicarboaluminate, M: mullite, Portlandite, Q: quartz, C: calcite, B: beliteL..................... 73

Figure 4.13 TGA and MS response from 3:1 PFA:PC at 7 and 28 days. E: ettringite, P: portlandite, C:

(oF= ¢ o10] A= 1 (1T PTRRRPPRPY 2"

XV



Figure 4.14 SEM EDX of 3:1 PFA:PC at 28 days. Labels mark AFt: ettringite, P: portanditeuiunt

carbon and PFA. Red dashed circle indicates residual.itQn..........cccocovveviveeiiiiiieiiiieieeeeeeeed D

Figure 4.15 EDX point analysis from 3:1 PFA:PC A: Al/Ca versus Si/Ca, B: (Al+Fe)/Ca versus S/Ca. Each
point sample was taken from a region that visually appeared to be binder rather than residual
anhydrous phase Tie lines link to the other prominent hydrate phases; CH: portlandite; AFm:

monosulfoaluminate; and AFt: ettriNGIte........ccoi i 76

Figure 4.16 SEM micrographs of PFA:PC after curing for 28 days asimgreegnification. P:

Portlandite, ClI: clinker. Regions 1 and 2 in 5 D discussed in.text.........cccccovvvmiriievienieeneeennnn. 8

Figure 5.1 Xay diffractograms of hydrated BFS:PC blends irradiated to 7 MGy and the corresponding
control (Ctrl). BFS:PC ratios corresponding to each data set are: A: 3:1; B: 3.44:1; C: 5.67:1; D: 9:1. Ms:
monosulfoaluminate, HC: hemicarboaluminate, HT: hydrotalcite, Mc: monocarboaluminate, P:
portlandite, B: belite (£5), C: CaICIIE......ciiii it 83

Figure 5.2. TGA data for 7 MGy and control (Ctrl) BFS:PC samples. BFS:PC ratios corresponding to each
data set are: A: 3:1; B: 3.44:1; C: 5.67:1; D: 9:1. The apparent shift in the portlandite (P) peak observed
in B is due to equipment undergoing repair and recalibration between testing of the two samples

shown here. Mc: monocarboaluminate, Ms: monosulfoaluminate, HT: hydrotalcite, P: portle8ilite.

Figure 5.3 SEM images and corresponding EDX elemental maps (for selected elements as marked) for
different BFS:PC blends, exposed to 7 MGy and respective control samples: A: 3:1 7 MGy; B: 3:1
control; C: 3.44:1 7 MGy; D: 3.44:1 control; E: 5.67:1 7 MGy6F15control; G: 9:1 7 MGy; H: 9:1

(o0 ] 011 (o] FH TR 88

Figure 5.4 EDX point analysis data for all BFS:PC blends, for 7 MGy irradiated and control samples. A,
C, E: 7 MGy; B, D, F: control. Each paintie was taken from a region that visually appeared to be
binder rather than residual anhydrous phases. Composition of anhydrous BFS shown in A, B by
symbol. Tie lines link to the other prominent hydrate phases; CH: portlandite; AFm:

monosulfoaluminge; AFt: ettringite; and HT: hydrotalCite................ooveeiiiiiiiiiieeceeee 89

Figure 5.5°Si MAS NMR spectra of A: 3.44:1 BFS:PC 7 MGy and control; B: 9:1 BFS:PC 7 MGy and
control; and deconvolutions of: C: 7 MGy 3.44:1 BE®P¢Ebntrol 3.44:1 BFS:PC; E: 7 MGy 9:1 BFS:PC;
oo 1 0 R I = o 92

Figure 5.67Al MAS NMR spectra for anhydrous PC and.BES............cccccovvieiieiieiie e 96

Figure 5.7’Al MAS NMR Spectra for A: 3.44:1 BFS:PC 7 MGY and control; B: 9:1 BFS:PC 7 MGy and

(o0 ] 1 (o | T 97



Figure 5.8 SEM micrographs of A: 3.44:1 BFS:PC 7 MGy; B: 3.44:1 BFS:PC cdnBBEE®7 MGy;
(DI B A 2 T S = O o0 a1 (o] PR a8

Figure 5.9 Comparison of UPV global mean values for 7 MGy and control systems. A: 3:1 BFS:PC, B:
3.44:1 BFS:PC, C: 5.67:1 BFS:PC, D: 9:1 BFS:PC. Ca#tadvand 72 weeks are considered to have

been affected by local environmental conditionS..............ooooiiiiiiiiiiiieeeeee e 101

Figure 5.10 Xay diffractograms of hydrated BFS:PC blends irradiated to 14 MGy and the
correspondng control (Ctrl). BFS:PC ratios corresponding to each data set are: A: 3:1; B: 3.44:1; C:
5.67:1; D: 9:1. Ms: monosulfoaluminate, HC: hemicarboaluminate, HT: hydrotalcite, Mc:

monocarboaluminate, V: vaterite, P: portlandite, B: belitegS)CC: calcite.............occvvivreiennnnns 103

Figure 5.11 TGA data for 14 MGy and control (Ctrl) BFS:PC samples. BFS:PC ratios corresponding to
each data set are: A: 3:1; B: 3.44:1; C: 5.67:1; D: 9:1. Mc: monocarboaluminate, Ms:

monosulbaluminate, HT: hydrotalcite, P: portlandite.............ccccooiiiiiiieieiiiiieee e 105

Figure 5.12 SEM images and corresponding EDX elemental maps (for selected elements as marked) for
different BFS:PC blends, exposed to 14 MGyrespkctive control samples: A: 3:1 14 MGy; B: 3:1
control; C: 3.44:1 14 MGy; D: 3.44:1 control; E: 5.67:1 14 MGy; F: 5.67:1 control; G: 9:1 14 MGy; H: 9:1
(o0 11 £ ] FH PP PP RPT TP 108

Figure 5.13 EDX point ansily data for all BFS:PC blends, for 14 MGy irradiated and control samples.
A, C, E: 7 MGy; B, D, F: control. Each point sample was taken from a region that visually appeared to
be binder rather than residual anhydrous phases. Average composition of antsyBFS shown in A,

B by symbol. Tie lines link to the other prominent hydrate phases; CH: portlandite; AFm:

monosulfoaluminate; AFt: ettringite; and HT: hydrotalCite..............ccccooviiiiiiii i 109

Figure 5.14°Si MAS NMR spectra of A: 3.44:1 BFS:PC 14 MGy and control; B: 9:1 BFS:PC 14 MGy and
control and deconvolution of C: 14 MGy 3.44:1 BFS:PC; D: control 3.44:1 BFS:PC; E: 14 MGy 9:1 BFS:PC;
(ot o 11 (0] S B0t R = s T = o 111

Figure 5.15’Al MAS NMR Spectra for A: 3.44:1 BFS:PC 14 MGY and control; B: 9:1 BFS:PC 14 MGy and
(o0 11 (o | R 114

Figure 5.16 SEM micrographs of A: 3.44:1 BFS:PC 14 MGy; B: 3.2 d@k8ol; C: 9:1 BFS:PC 14
MGy; D: 9:1 BFS:PC control. Box 1 diSCuSSed IN.IeXL.........uuviiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeee e 115

Figure 5.17 Comparison of UPV global mean values for 14 MGy and control systems. A: 3:1 BFS:PC, B:
3.44:1 BB:PC, C: 5.67:1 BFS:PC, D: 9:1 BFS:PC. Data from 52 and 72 weeks are considered to have

been affected by local environmental cCONdItioNS............ccoovviiiiiiiiii e 117

XVI



Figure 5.18 Xay diffractograms of hydrated BFS:P@nbls irradiated to 20 MGy and the
corresponding control (Ctrl). BFS:PC ratios corresponding to each data set are: A: 3:1; B: 3.44:1; C:

5.67:1; D: 9:1. Ms: monosulfoaluminate, HT: hydrotalcite, Mc: monocarboaluminate, V: vaterite, P:

Figure 5.19 TGA data for 20 MGy and control (Ctrl) BFS:PC samples. BFS:PC ratios corresponding to
each data set are: A: 3:1; B: 3.44:1; C: 5.67:1; D: 9:1. Mc: monocarboate, Ms:

monosulfoaluminate, HT: hydrotalcite, P: portlandite............ccccoooiiiiiieiiiiiiiee e 120

Figure 5.20 SEM images and corresponding EDX elemental maps (for selected elements as marked)
for different BFS:PC blends pased to 20 MGy and respective control samples: A: 3:1 20 MGy; B: 3:1
control; C: 3.44:1 20 MGy; D: 3.44:1 control; E: 5.67:1 20 MGy; F: 5.67:1 control; G: 9:1 20 MGy; H: 9:1
(o0 011 (o ] PSP RRPT TP 124

Figure5.21 EDX point analysis data for all BFS:PC blends, for 20 MGy irradiated and control samples.
A, C, E: 7 MGy; B, D, F: control. Each point sample was taken from a region that visually appeared to
be binder rather than residual anhydrous phases. Compuosif anhydrous BFS shown in A, B by
symbol. Tie lines link to the other prominent hydrate phases; CH: portlandite; AFm:

monosulfoaluminate; AFt: ettringite; and HT: hydrotalCite..............cccooviiiiiiiie e 125

Figure5.222°Si MAS NMR spectra of A: 3.44:1 BFS:PC 20 MGy and control; B: 9:1 BFS:PC 20 MGy and
control and deconvolution of C: 20 MGy 3.44:1 BFS:PC; D: control 3.44:1 BFS:PC; E: 20 MGy 9:1 BFS:PC,;
F2CONrOl Qi1 BESIPC. ..ottt e e s e s a e e e e 127

Figure 5.23'Al MAS NMR Spectra for A: 3.44:1 BFS:PC 20 MGY and control; B: 9:1 BFS:PC 20 MGy and
(o0 011 (o ] ISP PP PRP PR 130

Figure 5.24 SEM micrographs of A: 3.44:1 BFS:PC 20 M&A44 B BFS:PC control; C: 9:1 BFS:PC 20
MGy; D: 9:1 BFS:PC control; E: Increased magnification of area (i) in A; F: increased magnification of

area (i) in C . Boxes 1, 2 diSCUSSEA IN IEXL.......eiiiiiiiiiiiiiieeee et e e e 132

Figure 5.25 Comparison of UPV global mean values for 20 MGy and control systems. A: 3:1 BFS:PC, B:
3.44:1 BFS:PC, C: 5.67:1 BFS:PC, D: 9:1 BFS:PC. Data from 72 weeks are considered to have been

affected by local environmental CONItIONS..............iiiiii i e 134

Figure 5.26 Xay diffractograms showing effect of increasing total gamma dose on hydrated BFS:PC
blends for A: 3.44:1; B: 9:1 systems. Ms: monosulfoaluminate, HT: hydrotalcite, Mc:

monocarboaluminate, V: vatite, P: portlandite, B: belite ¢8), C: calcite..................cccc.ooeo. 136

XVII



Figure 5.27 TGA results showing effect of increasing total gamma dose on hydrated BFS:PC blends for
A: 3.44:1; B: 9:1 systems. Mc: monoaaluminate, Ms: monosulfoaluminate, HT: hydrotalcite, P:

1011 F= T o 1 (OO PP PPTPPPRR 137

Figure 5.28 EDX point analysis showing effect of increasing total gamma dose for A,C,E: 3.44:1 BFS:PC,;
B,D,F: 9:1 BFS:R@stems. Each point sample was taken from a region that visually appeared to be
binder rather than residual anhydrous phases. Tie lines link to the other prominent hydrate phases;

CH: portlandite; AFm: monosulfoaluminate; AFt: ettringite; and HT: hydi&alc..................... 140

Figure 5.29°Si MAS NMR spectra of A: 3.44:1 BFS:PC; B: 9:1 BFS:PC with increasing total gamma dose.

Figure 5.31 Comparison of UPV global mean values with increasing total gamma dose. A: 3.44:1

BFSIPC; B: OBIFSIPC ... ittt 147

Figure 6.1 BSE micrograph of BFS:PC showing characteristic microstructural development and some
identifiable phases: C: unreacted cement clinker, BFS: unreacted BFS (larger g@atsraite), AFm:
monosulfoaluminateype phase, P: Portlandite (lighter grey area s of matrix), IP: matrix inner product,

(O] S 4 T 1 () o U (=T g o] o Lo L1 o A 156

Figure 6.2 BSE micrograph and EDX analf/&§S:PC grout showing a clinker grain which is almost
fully hydrated. A: inner product-&SH, B: outer product &-SH and C: S rich inner produgt

potential AFM fOrMaAtiON.............oooi e e e e e e e e e e e e e e e e e 156

Figure 6.3 Aimic ratio plots from EDX spot analysis of areas A, B and C from Figure 2 demonstrating
the variations in A: S/Ca and Al/Ca, and B: Al/Ca and Si/Ca across the matrix. Each point sample was
taken from a region that visually appeared to be binder rather tresidual anhydrous phases. Tie

lines link to the other prominent hydrate phases; CH: portlandite; AFm: monosulfoaluminate; and AFt:

L] oL (PP PUPPPRPR 157
Figure 6.4 Optical images of BFS:PC + Punten#) Bright field image, B) Dark field image..157

Figure 6.5 BSE micrograph of BFS:PC + C grout. Cel: cellulose powder, BFS: unreacted BFS (larger grains
are Calumite), P: Portlandite (lightgrey areas of matrix), IP: matrix inner product, OP: matrix outer

o100 U Tt SR PP PPPPPPPPP 158

Figure 6.6 Optical images of BFS:PC + C + Pu cements. A) Bright field image, B) Dark fielkbBnage

XVIII



Figure 6.7 BFS:PC + C + Pu at increasing magnification levels in A), B) and C). Red zone in image B)

shows Pu®@particle shown in image C). Labels 1, 2, in image C) are expanded on in.text...159

Figure 6.8 Xay diffractograms of BFS:PC and BFS:PC + Pu grouts. E: ettringite, Ms:
monosulfoaluminate, Hc: hemicarboaluminate, HT: hydrotalcite, Mc: monocarboaluminate, P:
portlandite, CA-SH: aluminium subgiuted calcium silicate hydrate, B: belite.8}, C: calcite, Pu:
PUG. et e e e e e e e e e e e e e e e e et e nrr e aas 160

Figure 6.9 Thermogravimetric analysis of BFS:PC and BFS:RC.+.PU..........cccooiiiiiieninnnnns 163

Figure 6.10 Xay diffractograms of BFS:PC and BFS:PC + C grouts. E: ettringite, Ms:
monosulfoaluminate, Hc: hemicarboaluminate, HT: hydrotalcite, Mc: monocarboaluminate, P:

portlandite, GA-SH: aluminium substituted calcium silicate hydrate pBlite (GS), C: calcite....165
Figure 6.11. Thermogravimetric analysis of BFS:PC +C and BFS:PC.+.C.+.Pu................. 166

Figure 6.12 BSE micrograppf PFA:PC sample. Unhydrated cement clinker: C, unreacted PFA: PFA,

matrix inner product: IP, matrix outer product: QP............covviiiii, 166

Figure 6.13 BSE micrograph and EDX analysis of PFA:PC showing carbomtparticle. Label i)

shows ettringite needle formation, and ii) Al enriched PFA LIM.........cccooiiiiiiinnee e, 167
Figure 6.14 Optical images of PFA:PC + Pu. A) Dark field image, B) Bright field.image.....168

Figure 6.15 BSE images of PFA:PC + Pu at increasing magnification. Unhydrated cement clinker: C,

unreacted PFA: PFA, matrix inner product: IP, matrix outer product. OP............cccevvveveeeeee. 168

Figure 6.16 BSE micrograph of PFA:PC + C grouts showing encapsulation of cellulose powder in the

matrix. Cel: cellulose powder, PFA: unreacted PFA, OP: matrix outer product................... 169
Figure 6.17 Optical images of PFA:PC + C + Pu cements. A) Dark field image, B) Bright fiikDimage.

Figure 6.18 Xay diffractograms of PFA:PC and PFA:PC + Pu grouts. S: stratingiteingite, Ms:
monosulfoaluminate, Hc: hemicarboaluminate, Mc: monocarboaluminate, M: mullite, Q: quartz, B:

belite (GS), C: CalCite, PU: PUO........oo it 170
Figure 6.19. Thermogravimetric analysi?FA:PC and PFA:PC . PU........ccccccoviiiiiiieeniiiiinn, 171

Figure 6.20. Xay diffractograms of PFA:PC and PFA:PC + C grouts. S: strétlingite, E: ettringite, Ms:
monosulfoaluminate, Hc: hemicarboaluminate, Mc: monocarboahate, M: mullite, Q: quartz, B:

o1 1 I (€35 IR @i o= o | = U 172

XIX



Figure 6.21 Thermogravimetric analysis of PFA:PC + C and PFA:PC + C + Pu. Data acquisition of PFA:PC
+ C + Pu is considered SUSPEICT > 750C..........c.uuuiiiiiiiiiiiiieee e 173

Figure 7.1 Xay diffractograms of 3.44:1 BFS:PC A: Sample at 28 days age (28D) compared to CeO
doped (28D+Cefpsample. B: 1.2 MGy irradiated Gedped sample and Ce@opedcontrol (Ctrl).
E: Ettringite, Ms: monosulfoaluminate, HC: hemicarboaluminate, HT: hydrotalcite, Mc:

monocarboaluminate, P: portlandite, V: vaterite, B: belitegS)CC: calcite.............occvvvveeiennnnns 180

Figure 7.2TGA of 3.44:1 BFS:PC A: Sample at 28 days age (28D) comparegdopeéd@28D+CeQO

- also referred to as Ctrl) sample. B: 1.2 MGy irradiated.@efded sample and Ce@oped control
(Ctrl). Mc: monocarboaluminate, Ms: monosulfoaluminate, HT: hydrotaleitgortlandite. The shift

in portlandite decomposition peak in A is due to replacement of equipment requiring recalibration

DEIWEEN TESTING. ... teeeeeeee ittt e e e e st e e e e e r e e e e e s anbrnr e e e e e e aann 182

Figure 7.3 EDX point analysis for 28 days agetple (28D) compared to Ce@oped (28D+Cefp
sample. Each point sample was taken from a region that visually appeared to be binder rather than
residual anhydrous phases. Tie lines link to the other prominent hydrate phases; CH: portlandite; AFm:
monosulfaluminate; AFt: ettringite; and HT: hydrotalcite. Composition of anhydrous BFS shown in A
DY SYMIDOL . 185

Figure 7.4 SEM EDX of BFS:PC rat@8days. A: Ce@doped control (Ctrl) and B:AMGy irradiated
(O1=T@ o (o] o110 KS7= 10 1] o] [T TP PO PPPPPPPPPP 186

Figure 7.5 EDX point analysis for 1.2 MGy irradiated @mged sample and Ce@oped control. Each

point sample was taken from a region that visually equed to be binder rather than residual
anhydrous phases. Tie lines link to the other prominent hydrate phases; CH: portlandite, AFm:
monosulfoaluminate; AFt: ettringite; and HT: hydrotalcite. Composition of anhydrous BFS shown in A
DY SYMDOL . 187

Figure 7.7 Xay diffractogram®f A: 1.2 MGy irradiated and control 3.44:1 BFS:PCx@e@nd post
dynamic leaching (DL) in simulated granitic groundwater and B: Enlarged vietb32'6 a K2 g A y 3
the development of ettringiteE: Ettringite, Ms: monosulfoaluminate, HC: hemicarboaluminate, HT:

hydrotalcite, Mc: monocarboaluminate, P: portlandite, B: belitsS{CCcalcite................ccue..... 190

XX



Figure 7.8 TGA of A: 1.2 MGy and control samples post dynamic leaching (DL) and B: 1.2 MGy irradiated
and control 3.44:1 BFS:PC+ ep@ and post dynamic leaching in simulated granitic groundwater.

Mc: monocarboaluminate, Ms: monosulfoaluminate, HT: hyalmte, P: portlandite.................. 192

Figure 7.9 SEMIDX analysis of control sample post dynamic leaching. The red dashed line in the BSE

image denotes the [INe SCAN trANSECL...........uiiiiiiiiiiiire e 195

Figure 7.10 SEMDX analysis of 1.2 MGy sample post dynamic leaching. The red dashed line in the

BSE image denotes the [iN@ SCaN tranSECL..........uvviiiiiiiie e 196

Figure 7.11 EDpOInt analysis data of 1.2 MGy irradiated and control samples post dynamic leaching.

A, C, E: control; B, D, F: 1.2 MGy. Each point sample was taken from a region that visually appeared to
be binder rather than residual anhydrous phases. The green dasineld in A, B denotes the
approximate GA-SH composition, and the arrow indicates the decalcification of this phase due to
groundwater contact. Tie lines link to the other prominent hydrate phases; CH: portlandite; AFm:
monosulfoaluminate; AFt, ettringgt and HT: hydrotalcite. Composition of anhydrous BFS shown in A,

B DY  SYMDOL... e 199

Figure 7.12 ICPES analysis of elements in leachate solution for 1.2 MGy and control samples after
each reppacement in dynamic leaching experiments, showing elemental concentration difference from
the blanks of A: calcium, B: cerium, C: magnesium, D: sulfur, and E: the average pH of 2 duplicate

Samples at @aCh tESTING POIML......c.iiiiiiiiiiii e e e e s e e e e s e neeeeas 202

Figure 7.13 Xay diffractograms of 1.2 MGy irradiated and control 3.44:1 BFS:PCipfeeéhd post
static leaching (StL) in simulated granitic groundwater. Ms: monosulfoaluminate, HC:
hemicarboaluminate, HT: hydrotalcite, Maopnocarboaluminate, P: portlandite, V: vaterite, B: belite
(@S] IO o 1 L= TSRS 203

Figure 7.14 TGA of A: 1.2 MGy and control samples post static leaching (StL), B: 1.2 MGy irradiated
and control 344:1 BFS:PC+ Ggide and post static leaching in simulated granitic groundwat05

Figure 7.15 SEM EDX of 1.2 MGy control sample post static leaching. The red dashed line in the BSE

image demtes the liNe SCAN FANSECL............ccoii i e e e e e e e e e e 207

Figure 7.16 SEM EDX of 1.2 MGy sample post static leaching. The red dashed line in the BSE image

AENOLES the [INE SCAN TTANSECT. . ceeee ettt et e et e et e e e et e e e er e e reereens 208

Figure 7.17 EDX point analysis data of 1.2 MGy irradiated and control samples post static leaching. A,
C, E: control; B, D, F: 1.2 MGy. Each point sample was taken from a region that visually appeared to be

binder rather thanresidual anhydrous phases. The green dashed circle in A, B denotes the

XXI



approximate GA-SH composition, and the arrow indicates the decalcification of this phase due to
groundwater contact. Tie lines link to the other prominent hydrate phases; CH: pditdaAFm:
monosulfoaluminate; AFt, ettringite; and HT: hydrotalcite. Composition of anhydrous BFS shown in A,
B BY  SYMDOL... e 210

Figure 7.18 IGRES analysis for 1.2 MGy and control samples sfatic leaching showing elemental
concentration difference to the blanks of A: calcium, B: cerium, C: magnesium, D: sulfur, and E: the
average pH of samples at each testing point. Results are compared to those from dynamic leaching

(transparent SYMDOIBDOVE)...........uuiiiiiiiiiiei e e e 213

Figure 8.1 Optical micrograph of radiohaloes observed in biotite with thorium rich inclusions, from

Figure 8.ZEstimated displacemertamage depth and ion density profiles for 3.44:1 BFS:PC cements
irradiated with 5 MeV H&to a fluence of 1 x ¥0ions cn¥ calculated using SRIM [123].......... 219

Figure 8.3 B samples of CEM3Y after cutting, thinning and polishing completed. Variations in finish
are due to the multiphase nature of the material; hard unreacted BFS particles adjacent to softer

hydrates complicate preparation of a uniformly thick sample.........................cooe, 221

Figure 8.4 Photograph of CEM3Y post'liteadiation compared to control samples showing colour

variation. Reference grey card shown at base of figure............ccccooviiiiiiieeeeeee e, 222

Figure 8.5 Xay diffractograms of Héirradiated (Hé") and control (Ctrl) CEM3Y samples. Difference
pattern shows H&- Ctrl. Ms: monosulfoaluminate, HT: hydrotalcite, Mc: monocarboaluminate, V:

vaterite, P: portlandite, B: belite £§, C: CalCIte..........ccccciiiiiiiiiiiiiiieeeeeeeee e, 225

Figure 8.6 FTIR spectra of CEM3¥ iffadiated (Hé") and control (Ctrl) samples. Difference pattern
shows Ctrk He?*. Spike at 800 crhin He* results considered to be due equipment error........226

Figure 8.7 SEM micrographs of CEM3Y control. A, B: Surface of sample; C, D: Cross section through
sample (surface on left hand side of image). Slight smudging of sunfaceB due to inconsistent

[or= 14 oJo] g T - 111 T PSP P T POPPPPPPPPPRO 227

Figure 8.8 SEM micrographs of CEM3¥ ifmdiated. A, B: Surface of sample; C, D: Cross section
through sample (surface on top and left hand s@feimage respectively). Dashed red line shows

estimated damage zone from SRIM calCulations.............cuvvviiiiiiieeiiiee s 228

Figure 8.9 SEMDX of cross sections through CEM3Y. A: control, sample surface on right hand side;
B: Hé&" irradiated, sample surface on left hand side. Red Dashed line shows estimated damage zone

FTOM SRIM CalCUIATIONS. ...oee ettt e e e e e e e e e 229



Figure 8.10 Overview of CEM3Y?Headiated TEM samples. Irradiatesurface on bottom left of

Figure 8.11 TEM micrographs of CEM3Y control. A: Hydrotalcite laths observed; B:-8dthdeil€
with microcrystals / laths, dashed circle represents asESAED pattern 1: calcite; C,D: Dense fibrillar
GSH with zones of foillike GSH, dashed circle represents area of SAED patteraSHC......... 231

Figure 8.12 TEM micrographs of CEM3Y" Madiaed. A: < lum from irradiated surface: dashed
circle represents area of SAED pattern iSK B: Approximately 2.8m from irradiated surface,
interface between dense-GH foils and more open foils, with many crystal laths; Qo from
irradiated surfae, interface of open foil like-6H and dense foils; D: 34n from irradiated surface,
dense fibrillar and foil like-SH with zones of microcrystals, dashed circle represents area of SAED

0=V I o= o | = 232

Figure 8.13 EDX point analysis oftiteadiated and control samples. The green dashed circle denotes
the approximate GA-SH composition. Tie lines link to the other prominent hydrate phases; CH:

portlandite, AFm: monosulfoalumingaté\Ft: ettringite...........coooiiiiiiiieiiiieee e 235

Figure 8.14 Mg/Si and Al/Si atomic plots from EDX point analysis 2firkeliated and control
samples. Tie line links to idealised hydrotaldike composition with Mg/A=2..........ccccceeeenee 236

Figure 10.1 Variation in dose rate for each sample over time taken to complete irradiations. A: 3:1
BFS:PC, B: 3.44:1, C: 5.67:1, Di5.BT:du.cco ittt e e e e snree e 242

Figure 10.2 TGKS from BFS:PC blends exposed to increasing total gamma dose, A: 3.44:1, B: 9:1.
MS results for 3.44:1 MGy suspected to be erroneous, particularly feOH.................ccceeee 244

XXII



List of Tables

Table 2.1 Radioactive waste category classifications and reported UK waste volumes as of April 2016

including estimated future arisings to 2125. Figures taken from.[S]...........cccooiiiiiiniiiiinneenns 5

Table 2.2 PC clinker phases, ideal oxide composition of each and oxide abbreviated shorthand form.

................................................................................................................................................ 12
Table 2.3 Cement chemist oxide abbreviated NOLAtIQN..........covvuiieeiiieee e 13
Table 2.4 Typical hydration products Of PC..........uuiiiiiiiiiiiiiieiiieeeeeeee e 14

Table 2.5 Examples of UK ILW waste streams, average specific activity levels and key radionuclides
present. Data modified from [87], [88].......uuuiiiiiiiiiiiiii e 24

Table 3.1 Composition of raw materials determined mayxfluorescence (XRF) and represented as

oxides, Blaine fineness, and PSD analySiS..........ccoioiiooioieiniiiiiiiiirireeeeeeeer e eer e e e aeaaaa e e e e e e e e 33
Table 3.2 Blend ratios of the grout formulations used throughout this study................cccvvue. 34

Table 4.1 Quantification of the free water, portlandite and carboraietent of all BFS:PC blends at

Table 4.2 Summary of porosity of cement samples containing different amounts of BFS at 58 days.
Table 4.3 Fit parameters for UPZompressive strength relationships shown in Figure.4.9.....67

Table 4.4 Quantification of free water loss, portlandite and carbonate content from 3:PERA28

(0 oS OO PP PP POPPPPPPPPOPPY 4.

Table 5.1 Summary of gamma irradiation conditions. See Appendix Section 10.1 for dose rate

Az e o T SRV R T [T RTPRR 81

Table 5.2 Quantification of free water, portlandite, and calcium carbonate content of 7 MGy irradiated

and control BFES:PC SAMPIES. ... e e e e 85

Table 5.3 Site allocations used for different silicon envirents in?°Si MAS NMR deconvolutions.
Peak width was constrained to 3%.2 ppm for @and @ species, and > 12 ppm fof §pecies. Based
on data from [53], [79], [214] e e et 91

Table 5.4 Degree ofydration of BFS fraction after 7 MGy exposure for 3.44:1 and 9:1 blends. Results
from both EDTA dissolution method af#&i MAS NMR deconvolutions................cccceeeeveeeenneenn 93

XXIV



Table 5.5 Degree of hydration of clinker qmmnents after 7 MGy exposure for 3.44:1 and 9:1 blends
taken from?°Si MAS NMR d€CONVOIULIOMS..........ccveiuieieiireiesieesieeiee e eee e eeese e e seesneeseeenes a3

Table 5.6 Structural characteristics 6AGH in 7 MGy and control systems from deconvolutiohs
29ST IMAS NIMR ...ttt sttt et s e st e e s e et e e ese e st e e st e s seeseeese e teeseeaseeneeaseentenseenaeenaenreas 94

Table 5.7 Results 81Si MAS NMR with proportions of Q species shown from deconvolution of the 7

MGy spectra. The estimated uncertainty in absolute site percentageb 9$.............................. 95

Table 5.8 Porosity measurements for all 7 MGy irradiated samples and corresponding controls

obtained through MIP @nalySiS..........ccoooiiiiiiiii e a e e e e e e e e e e e e e 99

Table5.9 Summary of average change in material properties after 7 MGy exposure from UPV
measurement (compared to control sample). Density of 2000 R/ R t 2Aaa82y Qa NI (A2

F2 Lo ] 4 AT T 102

Table 5.10 Quantification of free water, portlandite and carbonate content of 14 MGy irradiated and
CONLIOl BFES:PC SAMPIES....ccooiiiieiiieieeeee e e e 105

Table 5.11 Degree of hydration of BFS fraction after 14 MGy expémuB44:1 and 9:1 blends.
Results from both EDTA dissolution method &i&i MAS NMR deconvolutions....................... 112

Table 5.12 Degree of hydration of clinker components after 14 MGy exposure for 3.441 dohehds
taken from?°Si MAS NMR d€CONVOIULIONS.........ccceeiuieirieeieeeieecteeeeteeereestee e e ereesreeereeeaeeereea 112

Table 5.13 Structural characteristics 6AGH in 14 MGy and control systems from deconvolutions

OF 29GT IMAS NIMIR...... ettt et ettt e e te e s e s st et e e seenteeneesreeneeaneenteaneennas 113

Table 5.14 Results 81Si MAS NMR with proportions of Q species shown from deconvolution of the

14 MGy spectra. The estimated uncertainty in absolute site percentages is.£.1.%.............. 113

Table 5.15 Porosity measurements for all 14 MGy irradiated samples and corresponding controls

obtained through MIP @NalySiS.........ccccciuuiiiiiiiiiiiiiiiiieeeeeeee et e e e e e e e e e e 116

Table 5.16 Summary of average charigenaterial properties after 14 MGy exposure from UPV
measurement (comparative to control sample). Density of 2000kh/iyf R t 2 A 34 a2y Qa NI (A 2

= 11 8|0 4110 IRPT TP 118

Table 5.17 Quantification dfee water, portlandite and carbonate content of 20 MGy irradiated and

CONLrOl BFES:PC SAMPIES. .....oeiiiiiiiiiiieiee et e e e e 121

XXV



Table 5.18 Degree of hydration of BFS fraction after 20 MGy exposure for 3.44:1 and 9:1 blends.
Results from both EDTA dissolution method &i&1 MAS NMR deconvolutions....................... 128

Table 5.19 Degree of hydration of clinker components after 20 MGy exposure for 3.44:1 and 9:1 blends
taken from?°3 MAS NMR dECONVOIULIONS..........ccoveirieiiieieeeiie e ettt eteesree e eveeeree 128

Table 5.20 Structural characteristics 6AGH in 20 MGy and control systems from deconvolutions

OF 2951 MAS NIMR SPECII . ....c.uveiitieeeieeeetieeeetee e ettt e s etee e et e e eteeesbeeeeateesbeeessseesnseeesabeeenseeesnreeaan 129

Table 5.21 Results &5i MAS NMR with proportions of Q species shown from deconvolution of the20

MGy spectra. The estimated uncertainty in absolute site percentages is £.1 %................... 129

Table 5.22 Porosity measurements for all 20 MGy irradiated samples and corresponding controls

obtained through MIP @NalySiS.........ccccciuuiiiiiiiiiiiiiiiiiieeeree e e e e e e e e e e e e 133

Table 5.23 Summary of average change in material prgsedfter 20 MGy exposure from UPV
measurement (comparative to control sample). Density of 2000kh/iyf R t 2 A 34 a2y Qa NI (A2

F2 LoY 1] 4 AT TR 135

Table 5.24 Quantification of free water, portldite and carbonate content of 3.44:1 BFS:PC and 9:1

BFS:PC samples with increasing total gamma doSse.............ooo o ei e 138

Table 5.25 Degree of hydration of anhydrous components for 3.44:1 and 9: BFS:PC sytems w

iNCreasing total gamIMa JOSE.........ciiiuiiiiiie et e e e s eaeeeas 142

Table 5.26 Structural characteristics ofAGH at each total gamma dose. Calculated from

deconvolute®Si MAS NMR SPECHA. ... ...cccueeeireeeereeeeee e et e eetee e et e e eteeeeteeeeaeeaeaeeeeneeesreeeanes 142

Table 5.27 Results 81Si MAS NMR showing proportions of Q species with increasing total gamma

dose from deconvolutions. The estimated uncertainty in absolute site percentages is.+.1.%43

Table 5.28 Porosity measurements for irradiated samples from 3.44:1 and 9:1 BFS:PC systems

obtained through MIP @NalySiS.........ccccciuuiiiiiiiiiiiiiiiiieeeeeeee et e e e e e e e e e e 145

Table 5.29 Summary of average changeaterial properties after 7, 14 and 20 MGy exposure from
UPV measurement (comparative to control samples). Density of 2000°kghfhR t 2 A a a2y Q& NI

0.28 WL ASSUIMEBH. ... eee ettt ettt ettt e ettt e e e et e e et e e e e e e e ea e eeaee e e eeneaenaeeen 148

Table 6.1 Plutoniunand americium isotopic composition of Pu@ccounting for*?Am ingrowth.

XXVI



Table 6.3 Clinker pisas present in anhydrous PC calculated (TeéBtmue method [239] using data
from Table 3.1, and estimated DOHL...........oieuiiii e e ea e 161

Table 6.4 Sulfate content of 3.44:1 BFS:PC at varying DoH, with and withocarttidution of
oxidised sulfide from BES..........oo e 162

Table 6.5 Amount of free water loss, Ca(©at)d CaC@detected by thermogravimetry. Results

should be treated tentatively and considered seqnanttative. ................ccccceeeeei e, 164
Table 7.1 Summary of cement composition and irradiation conditioNS..........cc.ccceeveeveeeee... 178
Table 7.2 Synthetic granitic groundwater compiositused in leaching tests, after [260].......... 179

Table 7.3 Quantification of free water, portlandite and carbonate contents of BFS:PC (28D), and BFS:PC
+ CeQ@doped samples exposed to 1.2 MGy and tberesponding CONtrol..............ccccvveeeeninee 184

Table 7.4 Quantification of portlandite and carbonate contents of 1.2 MGy BFS:P¢sa@ef@ and

control post dynamic leaching in simulated granitic groundwater..............ccccvvvveeeeeeeeereenenn. 193

Table 7.5 Quantification of portlandite and carbonate contents of 1.2 MGy BFS:PC + Ce0O2 sample and

control post static leaching in simulated granitic groundwater.....................coeeeeeeeeeieecccnnns 206
Table 8.1 Details of samples and irradiation parameters.........cccccvvevveviiieiiiiiiieeeeeeeeeeeeeee, 218
Table 8.2 Indexed RGB values for irradiated and control CEM3Y samples............cccccceenne 223

XXVII



1 Introduction

Management ofnany types ofntermediate levehuclear wastgILW)in the UK isachieved through
encapsulation in cementitious grouts. These wastes contain levels of radioactivity exceeding the
threshold values for lovlevel waste(LLW, but are not heat generating]. The cementitious grouts

used for encapsulation are therefore subjectedhigh levels ofadiation, which has the potential to

alter the physicechemical properties of the materials. Current UK guidelines for disposal of
radioactive waste state that emplacement of a processed wasteform (i.e. cement encapsulated waste)
in a geological disposé#cility (GDF) should isolate harmful radionuclides from lfesphere for
sufficient time to allow decay to neharmful levelq2]. Given thisit is important to understand how

the effects of radiation manifest in the encapsulation cements and what impact this may have on their
performance. Only once we understand the interactions and subsequent impacetwésteform,

canthese be incorporated into safety caaesessments requirgdr GDF construction.

Radiation stability studies of cementitious grouts availabléh@nopen literatue have focussed on
pure Portland cement (PC) systems. However, waste encapsulation grouts in the UK camwjdéese
formulation envelope ohigh volume replacement blends of R@h supplementary cementitious
materials (SCM) such as blast furnace slag) @pulverised fuel ash (PEAhe specification of the
powder supplies for the encapsulant grouts are also b&spo the UK nuclear industfg], and as

such,the impact of high levels of ionising radiation on these cememnstisvell understood.

In this thesis, the effects of gamma and alpha radiation on contyngsed encapsulation grouts were
investigated.This wadntendedto provide a more thorough understanding of how exposure affects
the physicechemical properties of thee materials, andvhat implications thismay havefor the

service life capabilities of cement encapsulants. The findings are provided as support for the GDF

safety case moving forward.

The aims of this project are to elucidate the effects of radiatiothencement systems currently used

in the UK. This will involve:

T 5SaO0ONAOAYT GKS YAONRAGNHzOGdzNY f | yR O#BYAOL f
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doses (> 10 MGy).

1 Developingfurther understandingof the influence ofradiation exposure orthe capacityof

cementsto chamically condition radionuclides.



Chapter 2 presents a literature review outlinigrgintroduction to nuclear wastandcurrent UK waste
management policyAbackground to the use of cementitious materials émcapsulation purposes is
presented An assessment of relevant literature assessing radiation effeactsmentitious materials
and natural analogues is outlined, specifically focussinggamma and alpha sources they are

consideredo have a more pemsive effect than beta radiation.

Chapter 3 describes the materials used throughout the thesis, taedexperimental methods
employed to analyse these materiaformulations for the four blends of BFS:PC (ratios of 3:1, 3.44:1,
5.67:1, 9:1)and single P&APC (ratio of 3:1) blenased throughout this thesis are outlined

Chapter 4describes the typical characteristicstbé blended cement grouts that are used for nuclear
waste encapsulation in the UKharacterisation oBFS:PC and PFASshplesoutlinedin Chapter 3

was completed to allowa full evaluation of changes due to radiation exposure in subsequent chapters.
The impact of SCM replacement on hydration behaviour was also outliftesl.development of
correlation curves between the ultrasonic pulselacity (UPV)and compressive strength of BFS:PC
samples fo the four different BFS blends was outlined, to allow evaluation of the impact of radiation

on these samples in later chapters.

Chapter 5 addresses the impact of gamma radiation on cementitiauggin order to evaluate the

impact of radiolysis on thphase assemblage, microstructure and mechanical properties of BFS:PC
samples. The four blends of BFS:PC outlined in Chapter 3 were exposed to increasing total absorbed
dose (7, 14 and 20 MGy) allowi evaluation of both the increasing dose and increasing level of BFS
replacement. Characterisation was completed using thermogravimetric analysis (TGry X
diffraction (XRD), scanning electron microscopy with energy dispetsaxespectroscopy (SEEDX)

UPV 2Si and’Al magic angle spinning nuclear magnetic resonance {NMR)

Chapter 6presents the findings of a collaboratigtudy with the National Nuclear Laboratory (NNL)
investigating the effects of Pu®@n the physicechemical behaviour of BE®d PFA blended PC. The
presence of cellulose within these cements was also evaluated. The effect pihRafns of impact
to the phase assemblage and microstructure were assessed giitgl microscopy, SEEDX, XRD,
and TGA.

Chapter 7 outlines th@otential impact external exposure to gamma radiation may have had on the
PuQ containing samples in Chapter 6. Using £&©a noAradioactive surrogate for PuOsamples
using the same formulation of BFS:PC as in Chapter 6 were exposed to a total gaserobld2 MGy.
Thisaimed toassessf the radiationwould be attenuated differentlyfrom the samples in Chapter 5

when the cement containedurrogatewaste materialsin order to assess if increased attenuation



may decrease the ability of the cement epsalant to effectively retain waste species, leach testing
was completed on the samples. The irradiated and control samples were subjeeb talternate
leaching methodologies; dynamic testimgposedregular sampling and replacement of the leachate,
whereas the leachate irstatic testingwas not samplel until the end of the testing period.
Characterisation of control and irradiated samples post irradiation and after leachate testing allowed
assessment of the phase assemblagel amcrostructure. Leachateamples were analysed using
inductively coupled plasmaoptical emission spectroscopy (KOES) to allow investigation of the

solution chemistry.

Chapter 8hows the results of a novel experimental methodology to simulaibaaparticle damage

in cementslon accelerator experiments were used to invgate the interface between encapsulated

alpha emitting species (such as Bu@sanalysed in Chapter 6) and the encapsulant cement. Post
irradiation characterisation was completed to assess changes to theeplamsemblage and
microstructure. Collaboration with Oak Ridge National Lab (ORNL) allowed preparation of SEM
focussed ion beam (FIB) sections to be prepared and analysis using transmission electron microscopy

(TEM)EDX to be completed.

Chapter 9 summarés the research findings of the work presented in this thesis, and outlines the

recommendations for further work related to this project.



2 Literature Review

2.1 Nuclear power and waste management

The first civil nuclear power station in the UK became openatiat Calder Hall in 1956. This was the

F A Maghoxdype gas cooled reactomwhich subsequently were constructed at several sites across

the UK[4], [5]. These reactors generated electricity for civil use together with plutonium for military
purposes. The reactors were graphite moderated andc@@led, with unenriched uranium metal fuel

clad in a magnesiuraluminium alloyd pdp®o i ® 72 a3l ndt gid 22 1 f0 FN
derived (Magnesium nooxidising)6]. Degradation of the alloy meant that reprocessing of the waste

fuel was required prior to disposal. To allow this, Magnox fuel cladding was mechanically decanned
FYR GKS NBadzZ GAy3a Wag!| Nip®@ssad @KV, NB Wasta fyiel yhderwént | RR A
reprocessing to separate residual uranium and plutonium in order to manufacture fresh mixed oxide

(MOX) fuel using the PUREX (Plutonium Uranium Redox Extraction) dijcEssther infrastructure

was required to allow interim storage and reprocessing to be completed, which, together with the
secondary wastes arising from the PUREX process, created additional waste streams that require
management[8], [9]. Reprocessing actiiés are set to cease with the closure of the Thermal Oxide
Reprocessing Plant (Thorp) in 2018 and the Magnox reprocessing plant in 2020, after which the UK

will move towards an open fuel cydg).

Development of different reactor designsanthe subsequent decades as nuclear power was used to
generate electricity led to different materials being used as fuel, cladding, moderators and coolants
[4], [10], [11] This led to a diversification of wastes generated from both fuel reprocessing and reactor

decommissioning, leaving a range of radioactive wastes which require safe diffjosal

These radioactive wastes are defined as any materials containing levels of radioactivity higher than
legislated threshold valueld2]. The wastes are classified dependent on the level of actiity t
contain and potential for heat generation, as outlinedTiable 2.1. If materials are classified as

radioactive waste, they require management to isolate and contain the hazard.

Civil nuclear power generation produces the &sgvolume of nuclear waste in the UK inventory, with
additional minor contributions from research practices, military developments, medical and industrial
activities[8]. Nuclear power generation produces waste at every stage of the fakd,dyom mining
uranium ore to fuel fabrication to decommissioning of power plants. The highest levels of radioactivity
are generated from spent nuclear fuel (SNF) and reprocessing of this material, but this represents a

small fraction of the total invemtry volume at 0.07 vol. %0 éble2.1, Figure2.1). Larger volumes of



LLW are generated but they contain proportionally smaller radiological burden; estimated as
F LILINREAYLF 0SSt & f n onanmdgactvityf GKS Ay dSyi2NEBQa (2

Table2.1 Radioactive waste category classifications and reported UK waste volumes as of April 2016 including estimated
future arisings to 2125. Figures taken fré@h

Wastecategory Classification Reported volume (%)
x4 GBq per tonné orx12 GBq pet
tonnei x | yR 3ISy SN

High level waste (HLW) is taken into account for design ¢ 1,150
storage and disposal facilities.

x4 GBqper tonneh orx12 GBq pet

Intermediate level waste (ILW)
heat.

Radioactive material containe
Low level waste (LLW) within this is below activity level 1,350,000
stated for ILW and HLW.

“Includes a subcategory of very low level waste wisichtains levels of radioactivity so low it c:
be disposed of with municipal, commercial or industrial waste.

ILW 590,000 TBq 295,000 m?

HLW 1,150 m?

Figure2.1 The relationship between the volume of each waste category versus the radigdictiontains. Figure reproduced
from [8].

In order to reduce the environmental and biological burden of these materials on future generations,
they are managed using a variety of methods dependent on the waste streams. Increased
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recycling central to reduce reliance on dispdsl

Management of nuclear waste is typically achieved through conditioning of waste &iecee
wasteform. A wasteform is defined as a solid, stable and passively safe material that is designed and
engineered to retain radionuclides in a disposal environm@if, [14] This can be achieved via
immobilisation or encapsulation of the radionuclides, and is dependent on the waste category

classification and type material within the gta stream.

LLW generated in the UK often undergoes supercompaction (where suitable) before placement in
large containers that are filled with cement grouts prior to disposal at the Low Level Waste Repository
(LLWR) facility. Bulk material within these teestreams currently comprises paper, plastics and scrap
metal but will likely change dramatically during decommissioning of power stations; construction

materials and soil will form the majority of the final volumes in these categ{8jefl2].

Management of ILW and HLW is more complex due to the higher levels of radioactivity present (both
categories have the same lower thresholds of radioactivity for classification, but are separated by their
capady for heat generation) and the variety of waste streams from which they arise. HLW is a product
of the reprocessing of spent fuel and consists of concentrated nitric acid with soluble fission products,
insoluble fission product residues, and items of gsging plant that have become contaminated.
HLW undergoes vitrification, which involves mixing calcined powdered waste with crushed glass and
heating this in a furnace to produce a conditioned waste glass prd@liciThe glass wasteform
immobilises the radionuclides by incorporating them into its structure, reducing the overall waste
volume and creating a durable material for disposal. The wasteforms are 150 L stainless steel canisters

which are currently stored in temperature controlled WaLto ensure overheating does not ocq¢R].

ILW incorporates a much wider range of waste materials which are processed in several different
ways. The majority of the wastes are metal (mainly steel and magnesium based alloys from fuel
cladding and graphite from reactor moderators), ion excharagns, flocs and sludges (from the
treatment of liquid waste and contaminated storage materials), plutonium contaminated materials,
and miscellaneous activated materig®. The preferred method of management of ILW in the UK is
encapsultion in cementitious grouts. The grouts comprise Portland cement (PC) with high volume
replacement by supplementary cementitious materials (SCMs) and are tailored for specific suitability
to the waste materials by altering the SCM used, and the ratio B BC8], [15] The formation of a
physical barrier to restrict the movement of radionuclides is a key objective opsulzion, but the

cement also forms a chemical barrier that can prevent mobilisation of radionuclides through the high



pH promoting insolubility, and through sorption/ionic substitution of radionuclides in hydration
products[16], [17]

Wasteforms produced from processing of ILW typically comprise 500 L stainless steel drum% or 3 m
stainless steel boxes. Encapsulation processes used in the UK fall into three main categdrigs; in

mixing of liquids or sludges, -gontainer grouting of solid waste items, and annular grouting of

supercompacted waste pucks, which are demonstrateféigure2.2 [18].

Figure2.2 Examples of encapsulated ILW for solid waste items, liquids and sludges, and annulus grouting of supercompacted
pucks. Image fronfil 8]

For certain waste streams (e.g. reactive metals), cementitious grouts have some drawbacks as
conditioning materials; high alkalinity in cement pore waters is reactive with certain metals and can
cause hazardous gas production, or pyrophoric spd@i@s Encapsulation using low pH binders or

other alternative cements (e.g. geopolymers) has been investigated for use in these ingi@jces

2.2 Geological disposal

UK policy for disposal df\WW and HLW follows the findings outlined by the Committee on Radioactive
Waste Management (CoRWM), who in 2006 and 2[P13, [21] stated that geological disposal
together with safe andeure interim storage of higher activity nuclear waste was the best available

approach for long term management of nuclear wg&e], [23]

Geological disposal is the internationally favoured opfimnwaste management, as it is deemed the

safest long term management solution for highly active wag2d$ The principle behind geological



disposal is that the construction of an engineered vault several hundred metres below ground will
isolate and contain the harmful radionuclides away fritw biosphere. This is referred to as the multi
barrier concept, and is designed to prevent the release of hazardous radionuclides to the surface
environment until they have undergone decay to near background lekajsire2.3) [8], [23]. Once

closed, the GDF is designed to be passively safe, avoiding burdens engiemarationg23].

An Example Multi-barrier System An Example Multi-barrier System
for Intermediate Level Waste for High Level Waste

Cemented Solid Glass
Wasteform Wasteform
Stainless Steel Durable Metal

Waste Container

Waste Container

Cement Buffer Clay Buffer
Rock Rock
2392-03-NDA

Figure2.3 Schematic of the mutbarrier system for ILW and HLW. Image taken f{28}.

The multibarrier concept refers to the implementation of physical, chemical and geological
containment through carefully designed engineered barriers and placement of the facility in a suitable
geological fomation. The barriers consist of the waste form, waste container, local backfill / chemical
buffer material (adjacent to waste), mass backfill (throughout the whole facility i.e. access tunnels and
shafts) together with a tectonically stable, low permetypibedrock that has limited groundwater
flow present[25]. Due to the high proportion of cemented wasteforms in the UK inventory, clay

backfill materials of the types used inhar countries are likely to adversely red26], [27], and as



such a bespoke cementitious backfill has been designed. Nirex Reference Vault Backfill (NRVB) was
developed b provide the high alkalinity and sorption capacity desired for chemical conditioning in a
GDF situated in high strength crystalline r¢igK], [28]

Construction of a GDF has not yet begun in the UK. Safety and security of the facpiyasmeunt,

and unless regulatory bodies can be fully satisfied of the safety, security and environmental protection

will be appropriate, construction will not occur. The UK government published a white paper in 2014
GAGE SR aLYLX SYSy GlAAHam&sIR fortfAoBteri managénigat ofl higher
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GDH29]. This was updated in 2018 to include the work completed on national geological screening
and working with potential host communitig23]. The voluntarist communitgpproach being used

requires that once the regulators are satisfied, a Test of Public Support is conducted to assess if the
community within the proposed area is still willing to host the GDF given the proposed[2iihg

Although the layout and design of the GDF will be highly dependent on the host geology, key aspects

of the layout are known and are shown in a schematic drawirkdgguare2.4.

Source: RWM

Figure2.4 Schematic of a potential GDF layout for ILW and HLW. Image takeii28@m

ILW and HLW will be disposed of in separate areas due togatgeneration from HLW. Engineered

vaults will be constructed for ILW and a system of tunnels will be used for HLW and SNF f#igposal

9



The depth of the GDFilvbe between 200; 1000 m, however the final design will be strongly
dependent on the local geology of the disposal site and the risk of issues arising from
geomorphological processes such as glacidé8h [27] Retrievability of the waste once the GDF has
cea®d its operational phase (i.e. has been closed) is not favoured (although not actively prohibited),
with government and regulators agreeing that the purpose of a GDF is to dispose of, not store, waste
[23].

The UK Government strongly favours an approach where one GDF will manage higher activity wastes
(ILW/HLW) from the national waste inventory (with LLW being disposed of in the LLWR). However, at
this stage no site investigations oftpatial locations have occurred, and as such it is unclear if any
host community has a large enough volume of suitable rock to accommodate the whole inventory
[23], [29] The timescale for finding an appropriate site for the GDF is anticipatedapgreximately

15¢ 20 years. Construction, operation and closure of the facility is estimated to take >10q3&ars

2.3 Cementation of ILW

Cementation was adopted in the UK in the808 following investigations into waste conditioning
options [30]¢[32]. As outlined in Section 2.1, the preferred ditioning route for ILW is via
encapsulation in cementitious grouts formed of blends of PC with high levels of replacement by SCMs
[15]. Typically the SCMs are either blast furnace slag (BFS) or pulverised fuel ash (PFA), and they are
added to improve the material characteristics of the grout, most notably by lowering the heat of
hydration of PC which is highly exotherrf88], [34] This route was adopted due to the widespread
availability and understanding of the raw materials, inexpensive amcbmplicated processing,

simple remote handling processes, and ease of adaptability for various waste stf@amJhe

resulting wasteforms:

9 Produce dense products withinimal free liquids, low porosity, voidage and permeability
together with adequate compressive strength,

1 Are tolerant to a range of chemical constituents, radiation exposure and temperature
environments,

1 Provide chemical containment to reduce the flow afdionuclides into groundwater;
radionuclides can sorb / exchange into cement hydrate phases, and thddstimtg high pH

can decrease radionuclide solubility and lead to insoluble phase form&ti8h[33]

The resultant wasteform must comply with specifications relating to radiation dose rates, heat and

gas generation, mechanical properties (strength, voidage and homogeneity, mass tryraspcident

10



performance (fire resistance, impact response), as well as performing the physical and chemical
containment required36], [37] These properties must be maintained for a period of 150 years, with
an aim that they shodl be maintained for 500 yeaf87]. It is considered that the 150 year timescale

will cover interim storage and movement of wasteforms into a GDF facility, and as such the wasteform

specifications will ensure safe transport and operation of the (BDF

After dispsal in a GDF, the wasteform properties will evolve due to external and internal conditions
together with aging effects. The impact of dimensional changes, corrosion, radiation, temperature
variations and microbial activity need to be considered to as&igelopment of safety cases for long

term management.

Waste components including organics (such as cellulose in waste including paper, wood and cotton),
sulfates, and nitrates can deleteriously interact with cement, initially causing setting issues and
dimensional changes at greater ages. Corrosion of metallic wastes results in a net increase in waste
volume and generation of Hgas which could cause expansion and cracking within the matrix.
Although the effects can be somewhat mitigated through controllimaste loadings, over the
timescales for which the wasteforms are required to be operational, the impact on durability requires

consideration.

The cemented wasteforms will also be subject to temperature variations through the period of interim
storage, tansport and different stages of disposal. This will be due to external factors and radiogenic
heat generation from radionuclide decay within the waste. The temperature variations will cause
changes to hydration rates and phases, pore water content anasiom rates that will also impact

on dimensional stability. The average assumed temperature for above ground ILW storage across the
UK is approximately 28C[19], [38] This is anticipated to increase to 35 when the waste is first
placed in the GDF, followed by a short term peaB@&°C after the NRVB backfill is emplaced. Post
closure of the GDF, temperatures are not expected to exceetCHNnd are anticipated to continue

stabilise at 40C, approximately 40 years post clos{t8], [38][40].

Currently a major proleim facing nuclear industry is the security of cementitious powder supplies.
Changes in construction needs have led to alteration from historic PC and SCM powder specifications,
moving to material characteristics that do not always comply with the nugfe& izd G NE Qa Yy SSRAa @
this, a bespoke specification for all PC and SCMs used for encapsulation was designed by Sellafield Ltd
[15]. However, as the SCMs used are industriajpbyducts, changes in manufacturing and market

demands have limited the availability and consistency of suf}y{15] This alteration has partly

been driven by the shift to cheaper renewable energy and closure of coal fired power plantdJK the

and across Europe, reducing accessibility to PFA. Similarly, the downturn in steel manufacture across

11



the UK has led to Sellafield having to switch BFS supplies three times since 1990 due to plant closures
[15]. A supply shift from a historical, relatively coarse, BFS to a finer product named in the industry as
Ground Granulated Blas$tirnace Slag (GGBS) in 2003 necessitated the potedee mixed with a

coarse blend BFS product to fulfil the bespoke requiremgsits

2.4 Portland cement and SCMs

2.4.1 Portland cement

PC is a hydraulic bindendt was initially advertised as an aesthetically similar alternative to Portland

stone, and as such was patented under this name in the 1E0)s[41] PC is manufactured from

processing limestone (Cag}@ith clay/shale/sand (as sources of@l SiQ, and Fe0s) in rotary kilns

at temperatures of approximately 140C. This forms a product called clinker that contains a specific

set of calcium silicat and aluminate mineralg!2]. British standards state that the clinker must be
compia SR 2F abd fSFHad Gg2 GKANRA o0& Ylaa 2F Ol f OA d:
FYR ANRY O2yidl AyAy3 Of A V43]SAkdratidin bfih&ratio bf ylitkerphaseS NI O2 Y
can allow Portland cement to be tailored for use jresific applications or service environments. To

produce Portland cement, clinker is ground to a fine powder along with gypsum; the gypsum aids
grinding, and helps to control the initial set and strength gain of the material when mixed with water

[42]. Impurities from the fuel used to heat the kiln can be observed as contamination within t

clinker, but standardised thresholds for composition together with the ratios of clinker phases in the

cement regulate compositiof84], [41}]

Thereare four main clinker phases in PC: alite, belite, aluminate and ferrite, details of which are
outlined in Table 2.2. As all the phases are oxides, it is common practice in cement chemistry to

abbreviate the oxide phases in order to simplify notationsesn in Table 2.3.

Table2.2 PC clinker phases, ideal oxide composition of each and oxide abbreviated shorthand form.

Phase Chemical name Oxide composition Abbreviated form

Alite Tricalcium silicate 3CaCsiQ GS

Belite Dicalcium silicate 2CaCsiQ GS
Aluminate Tricalcium aluminate 3CaCALO: GA

Ferrite Tetracalcium aluminoferrite 4CaCALOs-FeOs GAF
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Table2.3 Cement chemist oxide abbreviated notation

Chemical formula Abbreviation

CaO C
SiQ S
HO H
ALO; A
Fels F
SQ 3

Mixing of Portland cement with water allows hydration of clinker phases; the powder undergoes
dissolution and new solid hydrate phases precipitate from the saturated solirtiarseries of highly
exothermic reactions producing a hardened pd&8], [34], [42] Alite is the most dominant reacting
clinker phase, and is the major contributor to the heat produced duthre onset of hydration and

the development of initial material properties. The initial set of the cement is controlled by the
reaction of aluminate, which undergoes rapid reaction that requires moderating through the addition
of gypsum to slow the ratefdiydration and avoid flash settirj@4]. Belite reacts at a much slower

rate comparatively, and contributes to later age strength development. Ferrite is also thought to react
slowly n the presence of gypsum, however faster reaction has been observed in some instances,
especially in the presence of BB8]. Hydration is controlled by the products formed, their rate of
formation, and their morphology and growth into available space. Thermodynamics and karetics
responsible for these factors. The physicochemical characteristics of the clinker material are therefore
central to the hydration process of the cement; particle size, morphology and crystallography will
dictate the speed at which products form, whihturn will impact on the proportions of products

present and their situation and morpholo{#4].

Dissolution of clinker phases leads to supersaturation of mixing water with respect to hydrous solid
minerals, allowing these hydrate phases to form via precipitation, and chdynimatling water into

their structure. As hydration progresses, the solution becomes less supersaturated but still includes
ions from the dissolved clinker. This mixture is termed the pore solution, and is retained in the matrix
throughout hydration. Thiallows lower permeability to be achieved, as later hydration products fill

the remaining pore spaceésiven the formation of later age hydration producggjuires waterthe
availability of moistureluring thecuring process is essentialirig conditionssuch agemperature,
humidity, and timeare critically importantand have large implications for the material properties.
Hydration of PC results in a characteristic phase assemblage, and the most common reaction products

are shown in Table 2.4.
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Table2.4 Typical hydration products of PC

Cement notation Chemical formula Phase name
GSH approximately 1.6CaSiQ-1.8H0O Calcium silicate hydrate
CH Ca(OH) Portlandite
AFt CaAk(SQ)3(OH)»-26HO Ettringite
AEm [Ca(Al,Fe)(OH)-X:nHO where X: OHCI, Hydrocalumitelike

Y SGF, or Y2 Ce¥, andn x2

Hydration of alite and belite leads to the formation of portlandite and a disordered calcium silicate
hydrate phase (&H) with variable composition; thimakes up the bulk of the hydrate assemblage.
The gypsum added to the clinker modifies the reaction of aluminate to ensure the formation of
ettringite, a sulfoaluminate hydrate phase. Once sulfate becomes depleted, a secondary stage of
ettringite formationis typically observef15]. As sulfate depletion continues, the ettringite becomes
unstable and breaks down, allowing further hydration to form AFm phases which contain at most 1
mole of calcium sulfate per mwlof GA, instead of the 3 moles per mole ofACfound in ettringite

[34].

2.4.1.1 Calcium silicate hydrate

The CSH is the main hydration product and strength giving phase in hydrated P&s k& poorly
crystalline nature which makes determination of its structure difficult. It is typically described as being
formed of disordered layers of silicate chains joined to a central calcium oxide sheet. Structural models
based on naturally occurringalcium silicate hydrate minerals such as jennite and tobermorite have
been proposed as potentially similar, however the highly variable calcium, silicon and water content
in cement hydrates can change the structure. Richardson provides a detailed suélym different
proposed modelg46], however classification of structure based on the molar ratio of Ca/Si allows
categorisation into two broad structurgg?], [47], [48] It has been postulated thahiPC systems
where Ca/Si ratios are high (>1.5), a disordered jeHdiliphase willdrm, termed CSH(ll). Where
Cal/Si ratios are reduced, as when blended with SCMs, a toberntitatstructure is formed, termed
GSH()[47]. However the structure of €SH is sill an active research area due to its poorly crystalline
nature, andthere are also structural models whiskate a tobermoritelike structure also prevails at
Ca/Si ratios* 1.4 [49]. The change in Cd/8as been attributed to the presence ointerstratified
calcium hydroxide, hich may be structurally bourid the tobermoritelike layerd49], [50]
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The silicate tetrahedr make chains with a repeating kinked pattern, where every third connected
tetrahedron is not in contact with the calcium oxide layer forming a typical dreierketten unit (Figure
2.5). Description ofchemical environment of the Si tetrahedra is typicalipmessed using the "Q
notation, whereQ represents the Si tetrahedron and n designates the number of bonded tetrahedral
units. In the dreierketten unit,he first two tetrahedra are termed paired sité®’, in Figure 2.5)
whereas the kinked tetrahedra areferred to as bridging site€", in Figure 2.5)The length of the
silicate chains, and the resultingSdH structure, is a function of the Ca/Si ratio, and low calcium
systems typically produce longer mean chain lengths (MCLS) as increased silicorpisrated into

the structure[46]. The interlayer space present between the chains permits the pore solution to
interact, which allows charge balancing by alkali cations eaml cause local differences in the

environments of the silicon specigsl]|¢[53].

Crosdlinking of the chains across the interlayer can ocdartle bridging silicon tetrahedron in each
dreierketten unit. This connectivity is reduced at high pH, as is the interaction of the charge balancing
alkali iong52], [54], [55]

Interlayer o
space o T Q@ o
Q% ‘ ' ' '
® ¢ ¢ & o o o
CaO layer
-0._. 0 & o o o o
\ A"
e e o
Dreierketten =~ ~~~____.- Q%,(1Al) Q3(1Al)
unit <

VY vV vV

Hgure2.5 Schematic SH structure Q" (where n= 1, 2, 3) species relate to chemical environment of the Si nuclei, where Q is
the § tetrahedronand n is the number of bonded tetrahedral uniaired (Q") and bridging(Q') Si tetrahedra are
represented by blue and green triangles, Ca is represented by red ainclesange circles represent charge balancing alkali
cations Thepurple triangle represents Al substitutionsilicate chains, as discussederction 2.5. Adapted frofB6], [57]
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There is a textural difference between areas e&B8 formed within the space that was originally
occupied by dissolved cement grains and th&K formed in the originally water filled space, and
these are described as inner product (IP) and outer product (OP) respe¢®8glf¥ormation within
hydréting alite and belite grains results in a texturally fine, homogenee84i(®roduct, whereas the
morphology of the outer product is much more diffuse and highly dependent on the available space,
but often displaying directional, fibrillar texturg§8], [59] The chemical compositions of IP and OP
have also been observed to differ, although the difference in composition was observed to reduce
over time as degree of hydration increases, and little variation in CatiSiis anticipated between IP

and OP at later ag@4], [59], [60]

The waterbolid (w/9 ratio used in the cement formulations, and the curing conditions, have a large
effect on the microstructural evolution of the-&H, especially in the del@ment of outer product
morphology. Water which has not been bound into the growing crystal hydrate phases remains
present in the system through the pore space. This refers to all space not occupied by hydration
product or unreacted solids, however thisstription does little to illustrate the complexity of cement
pore systems, or of the effect the pore system has on both the chemical and physical progeities

The different types of porosity within cement pastes can be broadly split in to 3 categories by size:

1 Air voids, whth can be anything between sevegah to a few mm in diameter, and are
normally produced through mixing of the paste.

1 Capillary porosity refers to the parts of hardened cement paste which are not hydrated phases
or unreacted precursor, and are typically the order of > 10 nm to a fejum.

1 Gel porosity is an intrinsic part of&H on the nm scale, and represents the smallest pore

population within cemen{61].

The capillary porosity is therefore formed through the interconnectivity of the OP, with the spaces
between the fibrils constituting the capillary porosity. Given this, the capillargsity is of major

importance for durability as it controls the permeability of the mater{&8.

A separate differentiation between types ofSH was outlined by Tennis and Jennir{§2],
separating €SH into low density and high density product based on results of nitrogen absorption.
These differentiations likely correspond to innendaouter product. Constantinides and Uli®3]
furthered this idea, and using nanoidentation o5& postulated that the dense IP displays different
nanomechanical Heaviour from low density OP. This was attributed to the differences in patbele

particle contact forces rather than chemical variations.
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2.4.1.2 Portlandite
Portlandite (crystalline Ca(Ofhas a layered lattice structure where Ca layers are bonded to OH
layers, with a hexagonal unit cell andriR1 space group. Formation occurs through hydration of alite

and belite clinker phases, which react to foras€ and portlanditg34]:
ot ABBIE o & & (/O0e#ADBIE IN(/ o ¢#HA ( P
GHADBIE ¢ & &€(/O0t#ABEX(/ ¢ &¢#A ( g
Ideal crystallization conditions produce hexagonal plates with weak hydrogen bonding and an overall
Ca(QH), layer composition. Crystals with euhedral habits are observed in young samples, however as
hydration increases massive, blocky deposits fddf]. Portlandite is relatively highly soluble

compared to other cement hydration products, and is the primary buffer for the high pH of PC pore
water, which is typically pH 12[82], [64]

2.4.1.3 Calcium sulfoaluminates (AFt and AFm)

Initial formation of etringite occurs during hydration ok& in the presence of gypsum, which provides

an excess of sulfate to the system. Ettringite is the most prominent of the AFt type phases in cement,
which have the general forms@,F)3CXnH.O, where X is a double chadyion (e.g. S®) or two

single charged anions (e.g. Pfd5]. Hydration of aluminate with gypsum in an idealised system forms

ettringite through the reaction described in equation Z34]:
66 o6YO ¢ §©° 66°YO ¢®

The AFt structure consists of hexagonal, prismatic crystals with an aciablgrdomposed of column

and channel components. The columns are formed of [A{®ldrtahedra linked via edggharing

CaO polyhedra, and the channels contain sulfate to allow charge balance, and [8&]tef66]
Naturally occurring ettringite is observed in calcium rich alkaline environments, where iron
substitution for the aluminium has been observi&]. Althouwgh this could occur in cement systems
through hydration of the ferrite phase in the clinker, the formation of the iommtaining phase is not
typically observed as its formation is much slower than for alumirtomtaining ettringitegf42], [65],

[66]. As hydration persists and sulfate depletion occurs, the stability of the ettringite decreases and

breakdown occur§34]:
60YO ¢606 100 ado™NO <:;

allowing formation of AFm type phases, where the m designates mono(sthigdeoxide etc)

compared to the trsulfate designation of AF42].
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AFm minerals are structurally related to hydrocalumite, with a base structure similar to the layered
lattice of portlandite. Howeverin this structure every third divalent calcium atom is replaced by a
trivalent species (mainly aluminium, with minor iron) which introduces imbalance in the layer charge.
Charge balancing of the layers is rectified by the introduction of anions intmtéeayer ¢ typically
sulfate (S@¥), but substitution by carbonates (€& and hydroxides (O} among others, can occur
[68], [69] The charge imbalance results in much greater interlagacing than is observed in
portlandite, with the actual distance dependent on the nature of the interlayer anion and the amount
of interlayer water present. The charge balancing anion is initially dictated by the composition of the
cement, but can alsoédinfluenced by the service environm€ei®8]. The variations in incorporation

of both AF* or F€* in the sheet structure and the difference in charge balancing anions can @eate
solid solution as shown in Table 342], [70] The main AFm phases identified in hydrated PC are

monosulfoaluminate, monocarboaluminate and hemicarboaluminate.

2.4.2 Supplemerdry cementitious materials
SCMs are routinely added to cement clinker and concretes for civil / structural purposes in order to
tailor material behaviour and reduce costs; a more recent driver to use SCMs is the effort to reduce

CQ emissions, which are lrerent from the processing of Cag® clinker manufacturé¢71].

SCMs commonly obtained as industriatgrgducts are generally at most weakly cementitious; they

are cheap, widely available and more acidic than PC. SCMs enconipagEsrange of materials that

have a variety of chemical compositions and physical characteristics, with commonly used materials
including limestone, pulverised fuel ash (PFA, also called fly ash), blast furnace slag (BFS), calcined

clays, and naturally @airring pozzolans (Figure 2.6[A2].

A Si0, B Si0,

wt% wt%

C-S-H:C/S1.7

Portland cement

fine limestone
Ca0 ALLO, Ca0

Al,0;

Figure2.6 CaGALO:-SiQ ternary diagrams showing:AC composition and that of different SCMs, anby@rate phases
formed dependent on composition. Reproduced f[oij.
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Whilst many SCMs do not readily react with water to fa®mentitious materials, some are able to

do so (e.g. BFS). However, for most SCMs the rate of hydration is much slower than for PC and is largely
affected by the chemical composition and physical properties such as fineness. The materials typically
requirS WI OGAQGI GA2YyQ o6& Y2NB FE1IFtftAYyS O2YLRdzyRAXI 0oc
precipitation reactions as PC and become part of the matrix. Cements used in nuclear waste
encapsulation are generally blends of PC with BFS or PFA to improvetdr@htharacteristics; this
primarily relates to reduction in the heat of hydration to prevent any cracking of the wasteform that
may occur as a result of large thermal excursidig, [35] Other factors which make SCM blended
cements suitable for ILW encapsulation include a lower amount of water required to achieve a
workable grout, and lower porosity in the wasteform. Whilst the pore solution would be less alkalin
than in PC, the alkalinity of the pore solution would be sufficient to allow chemical conditioning of

radionuclideq35].

2.4.2.1 Blast furnace slag

Blast furnace slag (BFShisalcium aluminosilicate glass waste, formed as-prbguct of the steel
industry (Figure 2.6). Initially formed through high temperature reduction of iron from its ore, the
liquid product undergoes rapid quenching to obtain a glassy material contdifghdevels of Ca, Si,

Mg, and Al, although small crystalline fractions are often observed. If slow cooling occurs, the BFS
formed is highly crystalline and possesses no cementitious properties. The amorphous phase formed
through rapid cooling has a dis@kd glass structure and relatively high calcium content. This
amorphous material is latently hydraulic and so undergoes reaction with water at room temperature,
albeit at a very slow rate. The greater the amorphous content of the BFS the greater thigitgact

and so although BS EN 197: 2011 states a requirement for BFS to be composed of at least two thirds
glass, typically it contains <10 % crystalline compondTis [43] It is also specified that the chemical
composition should be two thirds CaO, S#&d MgO, with the ratio of (CaO + MgO) / Si@ing
greater than 1.(J43]. Chemcal composition has been broadly linked to slag reactivity, with higher
levels of calcium and magnesium linked to increasing reactivity. However, assessment of performance

through calculation of basicity ratios does not show a clear overall correlgt8in

The exact chemical composition of BFS is sedepzndent, and will be affected by changes in ore
composition and differences in furnace parametersi doel type over time. Given this, although
consistency from a specific source may be achieved over the short term, longer term uniformity is

more difficult to achievgl5].
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Powder fineness also exerts an important influence on reactivity. Different BFS products with very
different particle sizes are formed depending on the cooling method used, and the BFS used in
production of ILW groutgs ground granulated blast furnace slag (GGBFS). This is a very fine powder
product, and the high surface area allows improved slag reactivity. Whilst this is a desirable property
for general construction purposes, it is undesirable for ILW encapsulatidgnincreases the heat of
hydration (which is limited by the Sellafield specificationrKb80 kJ/kg after 24 h at 3%[3]) and
reduces performance terms of fluidity and bleefB]. The addition of a coarser BFS fraction with the
same chemical composition is undertaken to reduce the reactivity iammove the performance

issueq15].

2.4.2.2 Pulverised fuel ash
PFA is a glassy aluminosilicate waste product from coal powered power stdfiaring the high
temperatures reached during burning of coal, the mineral components present melt and form small

droplets that form spherical glassy particles under rapid cooling.

The composition of PFA varies greatly dependent on coal type and difeerémacombustion and
collection methods, however two broad categories have been outlined; calcareous (ASTM C618 class
C) PFA and siliceous (ASTM C618 class FJAFiliceous materials tend to be more widely used in
cements, as they are more abundant and more qualdptrolled[34], [71] For use under BS EN 197

1, the proportion of reactive calcium oxide and silicon dioxide in siliceous PFA must be < 10 % and
%25% by mass respectivel¢3]. PFA can also include relatively high levels of alkalis (with more
potassium than sodium typically observed), and unburnt carf®4]. The Sellafieldpecification

states that PFA must also conform with BS ENY43Dategory S H&5] and undergo beneficiation
processes in order to refine the material through removal of unwanted components includinginbu
carbon and magnetit¢3]. PFA can contain mineral phases such as quartz, mullite, magnetite and
hematite that were present within the coal or formékrough thermal conversion. In siliceous PFA,
these typically represent an unreactive proportion of the material, and in general, the higher the
amorphous fraction the greater the reactivifg4]; calcareous PFA can contain reactive crystalline

phases such as free lime anghCand so the same statement is not always applichdg

PFA is a pozzolanic material, and so the silicon dioxide and aluminium oxddevigawater and
calcium hydroxide formed through hydration of the PC. Given that the reaction of the PFA requires
calcium hydroxide in order to proceed, initially the PFA acts as an inert filler which provides nucleation
sites for the hydration productsf PC. The onset of the pozzolanic reaction requires a very alkaline
environment, and varies considerably dependent on factors such as temperature anchtva,

meaning that the pozzolanic reaction can take many weeks to initiate in some syS#&jn« 2]
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2.4.3 Impact ofSCMs on phase assemblage and microstructure

Addition of SCMs to PC clinker changes the chemical system and affects the hydration of the materials
and the phases that are formed. Figure 2.6 shows ternary diagrams depicting the characteristic

compositions otommon SCMs together with PC, and it is clear that both BFS and PFA represent much
lower-calcium systems with higher silicon and aluminium contents. As such, hydration results in a

different phase assemblage to that seen from pure PC hydr§fibj

PFAcontaining systems generally contain phase assemblages similar to those of pure PC systems,
however portlandite contents are initially higher (per cement mass) and then drop over time as the
pozzolanic reaction of PFA proceeds. Tidration of the PFA increases the alumina content of the
system; reaction of this with sulfate (from gypsum) forms ettringite and AFm minerals including
monosulfoaluminate, and, if sufficient28k is present, stitlingite (a silicatecontaining AFm phase
GASH) may also form. The relative proportions of ettringite to AFm will decrease as PFA hydration

and alumina content increase and sulfate levels become depl&tHd[76], [77]

The high silica and alumina content of SCMs has a distinct effect orRSkef@medin PFAand BFS
containing cements. The Ca/Si ratio decreases compared to pure PC, and the mean chain length
increases. The amount of PFA present and the degree of hydration strongly affect the amount of silica
that can form chains in-&H. The increasepresence of alumina leads to partial replacement of silica

in the dreierketten unit, creating a-&SH phase. Current understanding indicates that replacement
into a paired site is thermodynamically unfavourable, and as such alumina is assumed to e prese
in bridging sites (Figure 2.B)9], [53] Aluminium has been found to substitute into the silicate chains

to give AISi>K0.1, with concurrent formation of aluminium rich AFm phases such &asisgite at

higher Al/Si ratio$56].

The aluminium incorporated in the silicate chains has been observed to primarily occur as
tetrahedrally coordinated species Al(IV). Increased Ca/Si ratios resutidnrease in the proportion

of AI(IV), with more octahedrally coordinated Al(VI) present. This is thought to correspond to
formation ofamorphous aluminium hydroxide or calcium aluminate hydrate at #8Hsurfacd56],
[78]¢[80]. Pentavalent Al(V) coordinated species are present regssdbf the Ca/Si ratio, and act as

a charge balancing species in the interlgy®].

The alkali content of the system can affect the ratio of Al(IV)/Si in the dreierketten units. The
substitution of Al(1V) into the silicon site introduces a charge deficit, and this caaldnecked through
absorption or bonding of alkali cation species such asaNd K in the interlayer. The presence of
these charge balancing ions can significantly increase the proportion of Al present within the silicate

chaing[81].
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Cements containing BFS commonly possess lower levels of portlandite than pure PC systems, however
unlike in PFA systems, portlandite is anticipated to persist in the phase assemblage dubighére

calcium content in BFS unless very high levels of replacement ar¢iide[82]

The increased levels of magnesium and aluminium indBRtaining cemets leads to the formation

of a hydrotalcitelike phase, a layered double hydroxide whethe generic layer formula is
[(M2*1,M3%)(OH)]**. This results in an overall positive charge which is balanced by anions (such as
CQ?% S@, Cl, and OH between the layers. Although pure hydrotalcite has the formula
MgsAR(CQ)(OH)s:mH0, cement systems more commonly contain a phagh Mg/Al ratios closer

to 2, similar to quintinite (MgAk(OH)2CQ-4H0)[60].

The interdep@adency between magnesium content and therefore potential formation of hydrotalcite
like phases on the composition of theSE phase has also been investigated, with Ben Hsleal.
[83] proposing that the formation of a hydrotalcHie phase makes incorporation of aluminium in C
A-SH less likely. Formation of a hydrotaleliee phase has been observed to occur in &&etivated
slag binders where MgO content is > 5 %, and Bernal[&tldproposed that this promoted formation

of GSH as the hydrotalcite prefereially takes aluminium from the system. The presence of
hydrotalcitelike hydrates and the alterations to the&H phase were observed to improve the overall

performance with respect to carbonation.

The capacity of M@\l layered double hydroxides to immitibe radionuclides within cements has yet

to be fully investigated, although it is established that these phases contribute to retentionapidCl
CQ? [84]. Sorption of various actinides to hydrotalcite was investigated by AlterHaese et a[85],

and results were found to be highly dependent on the ionic concentration and speciation. The high
affinity of hydrotalcite for C& has been stated as a limiting factor for its use as an anion absorber,
and studies by Angus and Glasser fibtimat low sorption rates were found in batch trials witHikely

for this reasor{16], [86]

BFS contains sulfide whigs released into the pore solution as hydration occurs. This will not readily
form hydrate phases, but can exert influence on the poising (redox buffering) capacity of the cement
if present in sufficient concentrations, i.e. the presence of BFS congalni sulfide may reduce the
redox potential from +200 mV in PC pore solutions3@0 mV, creating a poising resefd¥]. This

can result in a decrease in the redox potential of the system via complex interactions of sulfate (from
gypsum) reacting withsulfide and thiosulfate (from reaction of sufate and sulfide in an alkaline
environment), which may have the capacity to reduce specific radionuclides into less soluble species
[17].
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The degree of hydration and level of replacement by the SCM will have a distinct impact on the

differences observed in the microstructure, as the extent eftttodification to the €&SH is controlled

by the Ca/Si and Al/Si ratios. However, lower Ca/Si ratios and higher Al/Si are typical, resulting in
longer silicate chains with some aluminium substitution. Although lower Ca/Si ratios were observed

with increasng levels of SCM replacement, no difference in the Ca/Si ratio was observed between

inner and outer product for BFS/PFA systd6ty, [77], [88], [89]

There were strong differences in the morphologies of inner and outer product formed dependent on
Ca/Si, however, as increased replacement by SCM causes the fine fibrillaohogres to convert to

less directional foilike textures. The coarseness of the foils appears initially dependent on space
constraints, however over time as hydration progresses the textures become increasingly fine as

capillary porosity is reducdé0], [88]

Refinement of the pore structure over time leads to improved material properties such as compressive
strength and a reduction in diffilon potential, which decreases the potential ingress of species such

as chloride, sulfate and carbonate that could deleteriously affect the cef@dt[44], [71]

As outlined in Séion 2.1, encapsulant grouts used by the nuclear industry in the UK are tailored for
use with specific waste streams. This means the cements vary in termslevéhef SCM replacement

and wi/s ratio dependent on the type of waste being managed, creatindiverse formulation
envelope. For example, the Magnox Encapsulation Plant (MEP) at Sellafield uses 3.44:1 BFS:PC
formulation with 0.35 ws ratio to manage waste streams such as 2D24: Magnox Cladding and
Miscellaneous Waste[90], which are predominantly solid metals. However, the Waste
Encapsulation Plant (WEP) uses higher volume replacement blendsq9:3:BFS:PC) to treat solid

waste and sludgel8]. Tre impact of the range of formulations on the cements and their response to

radiation will be further discussed throughout this thesis.

2.5 Radiation damage in ILW

ILW contains significant levels of radioactivity as a result of nuclear fission and wastssimgc
threshold levels of activity within these waste streams are by definition the same as for HLW. Some

examples of the average activity and radionuclides in UK ILW waste streams are sii@le2b.
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Table2.5 Examples of UK ILW waste streams, average specific activity levels and key radionuclides present. Data modified
from [90], [91]

Average specific activity (TBgl)n  Key radionuclides within
Waste Stream Identifier

Totalh Totall k waste
Waste Stream 2D24: Magnox 60C0,83Ni, 85Kr, °°Sr, 137Cs,
cladding and miscellaneous 3.79 1.79x 16 147pm, 238py 239pyy 240pyy,
solid waste 241p|; 241Am
Waste Stream 2D03: Plutoniun 238p 239Py, 24Py, 4P,
_ _ 1.00 1.21x 16
Contaminated Materials; Drum: 242py,241Am

Radioactive species have a higher number of neutrons than their stable isotopes, and as such undergo
decay through emission of alpha, beta and gamma radiation to lower the N:Z ratio, promoting
increased stability92]. Theprocess of decay is dependent on the radionuclides present within the

waste, and will affect the surrounding materials in different ways.

Alpha (') decay involves the parent nucleus emitting a particle comprising two protons and two
neutrons, resulting in formation of a daughter speciafpharecoil particles have high mass and low
velocities, and can be stopped by several centimetres ¢§d2jr In the cemented wasteform examples
given inTable2.5, the radionuclides are which contribute the most alpha activity are residual fuel
fragments composed of plutonium (with some residual uranium) and decay products relatied,to

including®**Am.

Beta () decay results in a change of charge through the emission of electrons or positrons, and less
commonly through electron capture. Beta radiation is more penetrative than alpha, but can be
stopped with e.g. 3 mm of aluminium platifg2]. Significant poportions of beta emitting species

(such as®’Cs and®Sr) are present in some ILW waste streams, as they are fission products from
uranium and plutonium decay. Emission of alpha and beta particles can leave the nucleus energetically
excited, and gammad ) radiation dissipates this energy through the emission of high energy photons,
which requires several centimetres of lead, or up to several metres of concrete, for shiglding
Gamma emitting species in the ILW waste streams previously outlickalana®Co,**'Cs 2*°Pu, and

24IAm; these are also some of the highest contributors to radiogenic heating in the ILW pa@&iges

The highly penetrative nature of gamma radiation means that wasteforms have the potenbal to
exposed to the decay products of adjacent waste packages, dependent on GDF design, package

spacing and backfill materigl8].
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Cement wasteforms can be affected by radiation through: 1) radiolysis of the agpkass or of the

waste components, 2) atomic displacements, and 3) heating from absorbed radiation ¢8éJgy
Radiolytic effects arise from alpha, beta and gamma radiation, and as gamma is the most penetrative,
the bulk of sudies focus on this. However, the impact of the >10,000 ionisation events per cm of travel
of alpha particleg93] is of particular interest in this thesis (for comparison, beta particles produce
>100 ionisation events per cm traf®3]). Likewise atomic displacements are most likely to result
from interactions of alpha decay, rather than gamma or beta. Given this thesis aims to investigate
radiolytic impact and radiation damage associated with this, the effect of gamma and alpha radiation

will befocused on.

Much of the existing research on these areas has focussed on pure PC used in concretes, as these are
used for structural and biological shielding purpof82§¢[96]. The cements used for emgsulation of

ILW comprise SCM blends which have very different chemical and microstructural characteristics from
more calciurarich pure PC matrice§.he alterations to the chemical and physical propertéshe
cementare expeted to alter the responseotradiation exposureThese wastencapsulating grouts

are subject to high levels of ionising radiation throughout their service life, and although some
investigation of how these systems react to radiation exposure has been published, the effects are not

currently well understood.

2.5.1 Radiolytic degradation

Due to the high water content of cementitious materiadsprimary concern related to tlieuse as
encapsulation materials is that the watgresentis liable to undergo decomposition through
radiolysis This could cause increased internal pressure through gas production, which may result in

cracking that reduces wasteform durability.

Radiolysis will occur from exposure to all ionising radiation, however highly energetic gamma radiation

has the greatest gnetrating strength and as such it will have a significant radiolytic effect on the
OSYSyilid ! fGK2dz3K 3L YYl ANNIRAIFIGAZ2Y &aiddzRASa KI @S
to support waste management, these were often on pure PC systems. &ls@f fthe findings are

published in open literature, and where they are, limited characterisation of the cement post
irradiation had been completefB0]¢[32]. The effects of alpha radiolysis have not received as much
attention, likely due to the more demanding experimental requirements (resmént of alpha

containing gloveboxes) and licensing requirements to hold radionuclides appropriate for testing (i.e.

uranium or plutonium).
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Interaction of gamma radiation with materials can result in Compton scattering, photoelectric effects
or pair prodiction; regardless of the mode of interaction, electrons are ejected which go on to interact
with more material[97]. This cycle continues until the energy of the ejected elecimbelow the
ionisation energy of the material. The collisions of the emitted electrons create electronic excitations
which can destroy covalent bonds due to an increase in their vibrational energies, which has been
observed to cause decomposition of tB& O bonds present in the -Bitrahedra of theG-SH phase

in cement[94], [98]

Radiolysis of water in an alkaline medium generateskl, H, OH, HO, H, OH and+0; as primary
products, which can react with solutes in the interstitial liquid producing further reactive
intermediates[99]. These can participate in additional reactions within the pore fluid or interact with
the cement hydrate$99]. These secondary reactions should in principle lead to the productiop of O
however Bouniol and Aspart reported disappearance of oxygen from the gaseous phase in gamma
irradiated sample4100]. This was attributed to the primary yield ot®4 reacting with calcium
present in the cement hydrategdding to the formation of calcium peroxide octahydrate (£8630)

which preferentially carbonated to form Cag®the grout. This mechanism fop @moval was later
gueried by Bouniol and BjergbakK@®1]whose simulations showed that formation of G&8PLO was

not systematic, but that the phase must be present if oxygenated species are present. Oxidation of
organic additives or iron from the cement grinding process were highlighted as potential ¢a04¢s

[102].

Comparatively, the effects of alpha radiolysis may be anticipated to be lesser than those of gamma
radiolysis due to the limited zone of influence, as emitted alpha particles have much shorter ranges in
material. However, the emitted alpha particle has high linear energy transfer and will initially lose
SYSNHe GKNRdzZAK St SOGNRBYAO AYy(dSNI O sl gnd Bxcit€INB | (0 A y
species along its pathesulting in formation of a redual column of densely packed ionisation events

[103]. This can lead to the proportion of molecular products formed being proportionally higher, as

the formation of many radical® close proximity could result in more reactions forming molecular
products[103]. Should an increase in molecular products occur in the aomdnichthe alpha particle

has dgosited its energy, this may cause localised increased pressure as the surrounding matrix may

not allow efficient removal of the gaseous produdis04].5 dzS (G2 GKS 2@SNI I LILIAyYy 3
from the alpha particlesas they travel through the materiathe resulting molecular gas yields

(thought to cause higher localised pressure) may be greater than those observed from an equivalent

dose of gamma exposure/here the ionisation events occur over a greater distance, i.e. the gas
generation from a 4 MGy alpha dose would be greater than factrMGy gamma dose. This would

be exacerbated in materials with high levels of closed porosity a thvauld be no preferential
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pathway for the gas to be removed, andreay lead to cracking, chipping, spallation and reduction in

compressive strength becoming more prevalent.

Only a handful of gas evolution measurements of hydrogen yields from alphaysasliof cements
have been reported in the open literature. Bibler reported values of,)&(B.63molecules 100 eV

for an PC/gypsum cement at wf/s0.7[104]. Crapse et al. reported hydrogen yields from a cement
sampk (of unspecified composition) containing 1 wt. % Pa@d 16.5 wt. %water to be 0.15
molecules 10@v*[105]. The impact of radiolytically generated species interacting with the cement
hydrates, and the creation of a potentially chemically distinct region, haibbeen investigated in the

open literature.

The presence of metastable calcium peroxide octahydrate has been linked to an increase in
carbonation and alteration to pore size distributions in gamma irradiated cefd®j, [106§[108].

Vodak et al[109] speculated that microcracking due to radiolytic dehydration provided a mechanism
for ingress of C§ whichconsequently reacted to form Cagit PC systems. Mobasher et @10]

also observed microcracking in gamma irradiated BFS:PC blended grouts, attributed to the combined
effect of radiolysis and heating caused by irradiation exposure. Irradiathuced calbonation was

not observed in the samples analysed in that study; it was speculated that the reduced proportion of
Ca(OH)in the system may have minimised formation of calcium peroxide octahydrate, inhibiting the

carbonation process.

Drying of the grout  radiolytic dehydration has been linked to a reduction in compressive strength.
However, there have been limited studies specifically looking at the compressive strength of irradiated
concrete and cement, and the available data show no specific ti®dds[110k[113]. Soo and Milan
stated that in PC samples using dose rates of 31 Gy/hr, a threshetlaf 16 Gy was required to
enable this effect, however the concurrent impacts of carbonation and hydration were not assessed

and may impact the findind412].

Robira et al[114] investigaed the impact of low dose gamma irradiation on PC systems, where
marked differences in irradiated samples were found. Reduced compressive and bending strength was
observed for dry, humid and carbonated samples, although the effect was smaller in carbonated
samples. Changes in the pore size distribution were also seen, and correlations between decreased
median pore diameter and decreased strength made, speculated to be the result of changes in the
GSH.

Maruyama et al[115]completed a comprehensive study investigating the effects of gamma exposure

on the carbonation behaviour of PC pastes. They found thakewontrol samples predominantly
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contained the calcite polymorph of Cag @roduction of vaterite and aragonite was observed in the
irradiated samples. This was mainly attributed to the rapid drying under gamma exposure artificially
preserving the lesstable carbonate phases, but precipitation of calcium peroxide octahydrate was
thought to have formed additional vaterite. The distribution of the carbonate phases was found to
affect the bending strength of the samples, with vaterite formation in the spailés around the
GSH preserving the structure and increasing strength compared to theimadiated carbonated

sample.

It should be noted that the carbonation process will vary depending on the atmospheric conditions to
which the samples are exposedidathe initial chemistry of the system. In the above scenario, based
on previous studies the anticipated process of atmospheric carbonation is as follows. Initially,.Ca(OH)
is decalcified in the presence of carbonate (present as® @Dthe pore solutionof undamaged
cements) forming amorphous calcium carbonate on surface of crystals. Concurrent carbonation of the
GSH occurs, although more rapid dissolution of portlandite results in faster carbonation of this phase
[55]. Although it is metastable, vaterite formation is favoured in the presence of imperfegtitaime
portlandite [116], [117] Similarities between the calcium oxide layers in calcium ri€&HGnd the
calcium octahedal sheets of portlandite have been outlined as a potential reason for the formation
of vaterite on their surfaceg!9], [115], [116] As carbonation progresses, decalcifie& & produces
amorphous hydrated silica which undergoesprecipitation more easily with aragonite than calcite
[115], [118] If carbonation were to progress in hydrated systems, as vaterite and aragonite are
metastable, they would evolve to calcite according to a dissolyfi@tipitation proces$119]. The
carbonation products formed are highly dependent on the initial Ca/Si ratio of the system, relative
humidity, water content, and pH of the cemed1 6], [118]

Changes in the-SH due to dehydration (reducing the interlayer water) and carbonation (potentially
altering the structure of the GH) are likely to reduce the visgs response of the material under
sustained load. This change in creep behaviour is key to understanding how the mechanical behaviour
of cements and concretes is altered under irradiation. Gamma irradiation has been observed to reduce
the creep responsaiPC systems, with significant decrease observed after exposure to 257 kGy using

a low dose rate of 8.5 Gy/lit20], [121]

Gamma exposure studies of PC pastes that have undergoneryirey show that radiolytic
breakdown of chemically bound water can occur, albeit to a low extent%d & 200 MGy)111],

[122]. The progressive breakdown of hydrates and decomposition of clinker phases was observed at
<130 MGy in PC systems containing PFA and silica fume. Distinct changes in microstructure indicative

of phase transformations and densification were observed when the dose reached 29[L0MGy
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Bouniol et al[123]recently investigated thenpact of sulfide species on radiolytigptoduction using

a combination of experimental and simulation based techniques. The sulfide present in the pore
solution from hydration of BFS was expected to increase the lifetime of reducing radicals sugh as e
and H, which at high pH can react to form.Hhe findings showed an initial increase apkbduction

in cements containing high levels of replacement of PC by BFS. However, this was found to be a
temporary increase due to initial oxidation of the siéfiand increase in pH, which allowed reaction

of H°with H,S. Over time, the anoxic conditions in the system and high liquid saturation within the
porosity allow very efficient recycling of,Heading to the net production ofHeducing towards zero

[123].

Richardson et a[124] investigated the effects of gamma radiation on the microstructure of BFS:PC
grouts containing 7% 90 % replacement of PC by BFS, and observed increased ettforgiiation

after gamma exposure. This was considered to be due to an inateate of oxidation in the sutfe
present within the BFS. Such a reaction would be analogous to external sulfate attack on cement due
to formation of ettringite at the expense ofionosulfate and portlandite, which is widely believed to

be the cause of physical damage due to the expansive nature of the reftf6h However, post
irradiation characterisation of samples containing 80 % replacement of PC bytBEBouniol et al.

study showed no alteration to the phase assemblage, despite oxidation of the Ja8e

2.5.2 Atomic displacements

As outlined in Sectio®.5, cament wasteforms can be affected by radiolysis and atomic displacements.
Atomic displacements refer toasinage to the crystal structure of hydrates and unreacted solids in
materials which can result from elastic scattering interactions with the incomingtipies.
Beta/gamma radiation is typically too low in energy to produce displacement of atoms from their
lattice positions, however alpha decay is sufficiently energetic to create displacements. Alpha decay
of actinides produces a high energy (4£%.5 MeVJ helium nucleus which is emitted from the
radionuclide, and a resulting daughter recoil nucleus with energy of approximatel{td0 ke\f92],

[126]. As the particles travel through materials, they will slow down by losing energy to the
surroundings interacting via elastic and inelastic stopping. Elastic interactions refer keanuc
stopping, where energy is removed from the incident atom via ballistic impact. Inelastic interactions
refer to electronic stopping, where energy is removed from the incident atom through transfer to the

electronic structure.

The stopping type that gdominates is mainly dependent on the energy of the particle, however mass
does also have an effect. Electronic stopping dominates for high energy particles, whereas nuclear

stopping is more prevalent for low energy patrticles. In alpha decay, theenigiyy emitted helium
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nuclei (hereafter referred to as alpha particles) will have contributions from both electronic and
nuclear stopping powers. Initially, electronic stopping will be dominant, but once enough energy is
lost to ionisation events nuclear stojmg will prevail and cause knoeok displacement at the limit of

the particle range, creating Frenkel defects (vacantgrstitial pairs)[126]. The loss of energy
through electronic interactions is referred to as the linear energy transfer (LET). The daughter recoil
nucleus, having a high mass and low energy, will interact via nustlg@aping, creating thousands of

atomic displacements along its pgtt26].

The amount of damage caused to theusture is typically expressed in terms of displacements per
atom (dpa). This is a calculated value estimating the number of times each atom has been moved from
its lattice site on average for every atom in the system, so a dpa of 1 indicates every #terayatem

has, on average, moved onfE26], [127]

Sources of alpha radiation in UK ILW include isotopes of uranium and plutonium inéfidiréiPu,
together with decay products of these radionuclides suck*#sn [128]. These are found in wastes
KFIyRf SR GKNRdAAK {Sftfl FASt RQAaVastd TEstRdat COmPEE (\WIECHZ | G A 2
which process waste streams for Magnox cladding (i.e. waste stream 2D22) and plutonium
contaminated materials (i.e. waste stream 2D03) respectiy&E38], [129] During initial product
evaluation testing for cementitious encapsulant grouts, the dimensional stability of cement
wasteforms after exposure to alpha radiation was evaluated by doping BFERA systems with
plutonium dioxide or radioactive PCM incinerator 8], [130] The compressive strength decreased
with increased alpha dose, however the dimensional stability was observed to vary between studies,
with zero change and breakdown of monolithic samples recof82p This vaation is likely a product

of the different total doses and dose rates used in the various testing campaigns. No characterisation

of the phase assemblage or microstructure was published as part of these investigations.

There is currently a gap in knowlesigelating to the effects of alpha radiation on cementitious
materials, specifically on the interactions of alpha particles with the hydrate assemblage. The
mechanisms by which they interact and the resulting effect on the chemistry and phase assemblage

of the system is of great interest with regard to nuclear waste disposal.

In cemented wasteforms, the alpha containing waste will likely be present as fuel fragments or within
other material (supercompacted drums for PCM) which will then be surrounded bgrit¢h8]. This

is different from glass or ceramic wasteforms, where alphatting species are directly incorporated

into the host crystal structure. It is considered that radioactive inclusions in minerals magggovi
natural analogue for the potential interactions of alpha species with cement encapsulants, especially

given that there are similarities in structure between phyllosilicates with layered TOT structures
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(tetrahedratoctahedraltetrahedral, where sheetsf silica tetrahedra enclose metal rich octahedral
layers) and cement hydratgg?2], [88], [131] However, it is important to note that whilghese
similarities exist the structural and chemical differences in cement hydrates, together with the
heterogeneous nature of cement paste, mean that the exact response will be different. Ratker,
intended that natural minerals may give examples of thpety of processes which will occur in

cements and how these effects may manifest.

The development of radiohaloes around actinigiearing inclusions (e.g zircon, monazite) has long
been observed as a petrographic feature of phyllosilicdte32]. Formation of radiohaloes is
attributed to the interaction of alpha particles emitted from the inclusion, with little impact from the
recoil nucleus which predominantly effects the host lattice. Radiohaldkes te concentric rings of
discolouration surrounding alpha emitting inclusions, with the radius of each ring representative of a
discrete alpha particle energy. As such, in slefined radiohaloes it is possible to infer the isotopes

responsible for formation of the featurg132], [133]

The mechanisms responsible for the discolouration are debated in the literature. Radratiored

point defects have been outlined as a potential cause by Nasdala [t34l} who attributed limited
impact from ionisation and saw no variations in coloantres across the radiohalo. However, the
impact of ionisation was found to be more significant by Pattrick §186], where reduction of iron
across the radius of the radiohalo was interpreted toal@sult of radiolytic breakdown of OH groups
producing reductive species. Bower et [@dI36] found that structural damage did not correspond
directly with discolouration in a range of silicate minerals, and suggested that ionisation mechanisms
may be predominantly responsible, also noting that dadighaloes appear only in hydrated mineral

phases.

The structural damage within radiohaloes is of interest as they represent changes to physical
properties and chemical reactivift37]. Radiohaloes represent the onset of metamictisation, the
process through which crystalline materials become amorphfiL83]. Despite contradictory
literature on chenical variation within the features at time of analysis, there is agreement that

structural damage in these areas increases susceptibility to later chemical altdigigin[138]

2.6 Summary

It has been displayed that cementitious grouts are a suitableogbor encapsulation of several varied
waste streams, especially when formed from mixtures of SCMs and PC. The addition of BFS and/or

PFA successfully lowers the heat generated through hydration of PC and improves fluidity and bleed
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issues, allowing fornteon of a monolithic wasteform with good stability that provides physical and
chemical containment of radionuclides. There are distinct differences between pure PC systems and
SCMblended systems, with key differences in the phase assemblage in blendeshteniearly

impacting the chemical and structural properties.

The anticipated service life for these materials in nuclear waste immobilisation is extraordinarily long
by the standards of applications for cements. The duration of integrity of the wastetself must
exceed 500 years, and there is a requirement to retain radionuclides until decay to levels similar to
those of normal background is achieved. The grouts will be exposed to ionising radiation throughout
this time. Although bulk response to ration appears tolerant for these materials, there are many
unknowns specifically related to ageing and degradation through radiation exposure which require

further investigation.

Although significant research has been completed on the impact of gamnaicgdon cementitious
systems, these have predominantly focussed on pure PC and/or concrete materials, which are not
representative of the encapsulant grouts used in the UK. Currently there is little open literature
addressing systematic characterisatiori the effect gamma exposure has on the bespoke

cementitious grouts used by the UK nuclear industry, which include formulations with very high levels

2T NBLX | OSYSy(l oé& {/aad !'a &adzOKI GKSNB Aa | NBa-

of ganma exposure on the phase assemblage, microstructure and mechanical properties of these

materials.

There is also currently a gap in knowledge relating to the effects of alpha radiation on cementitious
materials, specifically on the interactions of alpharticles with the hydrate assemblage. The
mechanisms by which they interact, and the resulting effect on the chemistry and phase assemblage
of the system, are of great interest with regard to nuclear waste disposal. Radiolysis and atomic
displacement maympact the chemistry of the system through redox alterations and charge balancing,
or through structural impacts causing defect formation (vacancies, interstitials and creation and
migration of these). This work aims to elucidate on the impacts of theseepses in terms of long

term nuclear waste management.
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3 Materials and methods

3.1 Materials

The cement used in this study was Portland cement conforming to Sellafield Ltd (SL) spedifishtion
supplied by Hanson Cement as Ketton coarse ground PC. BFS conforming to UK nuclear specifications
was also obtained from Hanson Cement, as Scunthorpe GGBS blended with Calumite (a coarse ground
material produced from granulated blast furnace slag) in a 70:30 weight[8®). PFA was from the
CEMEX Drax plant and conformed to BS EN1458] as well as the SL specification regarding
performance in a prerepared grout mix. The oxide compositions of fhevders used throughout

this study are provided ifiable3.1, together with a summary of the Blaine finen¢$40], and particle

size distribution (PSD) obtained through laser diffi@atti

Table3.1 Composition of raw materials determined byaX fluorescence (XRF) and represented as oxides, Blaine fineness,
and PSD analysis.

Oxide PC(wt. %)  BFSwt. %) PFAWwt. %)
SiQ 21.6 36.1 52.9
ALOs 5.1 11.4 24.8
FeOs 2.6 0.4 8.4
CaO 64.9 39.4 2.5
KO 0.8 0.7 3.1
MgO 1.0 8.4 1.6
NaO 0.2 0.4 1.2
TG 0.4 0.9 0.9
Mn2Os 0.6 0.1
MnO 0.1 0.6
SQ 2.6 - 0.1
S - 0.8
Ct 0.1 0.0 0.1
SiIQ+ALOs+Fe0; - - 84.6
Glass count - 97
Blaine fineness  436m?kg* 357 n¥-kg!
Residue 019.045 91
mm sieve (%) '
PSCDio/pm 2.4 3.5 -
PSIDso/um 18.7 130 -
PS[Dgo/pm 59.2 1288 -

Figure3.1 shows the particle size distribution plots for the BFS and PC mateTiaé PC contains a
monomodal particle size distribution, whereas the BFS data clearly show a bimodal distribution due
to the intermixing of finelyground slag (termed GGBS by the WiKl@ar industry) with Calumit&.he

GGBS patrticle size fraction idalver than 90um, whereas the Calumite particle size range is between
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100-3000um. The coarser graingdalumitefractionhas the same chemical composition as GGBS, and
was introduced in order to regulate the heat of hydratiand bleedof the groutsas getmric GGBS

specifications have progressively reduced the particle size to suit construction industry[h&pds

| —— GGBS:Calumite
Ketton PC

Frequency Distribution (%/um)

LSS E SR | L LR | LIS S | =Rl
0.01 0.1 1 10 100 1000 10000
Particle size (um)

Figure3.1 PSD data for GGBS:Calumite mix, and Kettond®@onstrating the bimodal and monomodal distributions
respectively.

3.2 Formulations

Cement blends were identified for analysis by reference to the published Sellafield appdower
replacement limits of PC by SCM, together with the most commonly used blend[d@&joPetails of

the precise grout formuitions used are outlined ihable3.2.

Table3.2 Blend ratios of the grout formulations used throughout this study.

SCM:PC wi/s BFS (g) PFA (9) PC (9) HO (g)
. 0.35 375.0 - 125.0 175.0
3 0.43 - 375.0 125.0 215.0
3.44:1 0.35 387.4 - 112.6 175.0
5.67:1 0.35 425.0 - 75.0 175.0
9:1 0.35 450.0 - 50.0 175.0
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Small volumes (<200 g) of cement were manufactured using the following method. Dry powders were
initially hand mixed to combinehem prior to water addition, after which they were stirred by hand

for 3-6 minutes to ensure full incorporation of the dry powders. The pastes then underwent 10
minutes of machine mixing using a Heidolph RZR2020 overhead stirrer, or a Kenwood benchtop mixe
for larger volume samples. Combination of the dry powders was completed on low power for 2
minutes, water was added whilst mixing continued for a further 2 minutes, followed by mixing on high
power for 4 minutes. Samples were poured into centrifuge tube$0 x 50 x 50 mm steel cube
moulds, sealed, and placed in a controlled environmental chamber at 20°C and 95 % relative humidity.
A vibration plate was used to remove air bubbles from centrifuge tube samples prior to sealing, and
cube moulds were repeattly tapped on a hard surface to replicate this effect. Cube samples were
demoulded after 24 hours and cured in sealed plastic bags under the same conditions. These curing
conditions were selected to provide baseline characterisation. Temperature variatioring
irradiation exposure were unavoidable, and for each experiment control samples were cured in similar

heating environments where possible. These conditions are detailed in the relevant results chapters.

Where analysis was required at a specifigrigiage, and the quantity of free water was not of interest

in the analysis, hydration was halted on samples by removing unbound water from the capillary pores
of the paste. Solvent exchange was utilised for all hydration stoppage, as this has beensbauset

less damage to the microstructure than direct drying techniqudd]. Acetone was used for solvent
exchangein this study. Acetone has been shown to interact with hydrate phases, causing increased
weight loss in TGA due to aldol condensation. This process forms mesityl oxide, which can react with
Ca(OHy)to form CaCeg causing underand overestimation of thesphases respectivelfi42]. No
significant impact on other analytical methods were noted from acetone usage, and as hydration was

not commonly stopped prior to testing by TGAdehis method was deemed suitable for this study.

3.3 Analytical methods

3.3.1 Particle size distribution

Particle size variation can alter the kinetics of hydration of PC and BFS, and may thus result in different
reaction rates and microstructural alterationdigh are undesirable in terms of process control (e.qg.
shorter setting times causing blockages in piping infrastructure) and the anticipated progédjes
Differences in porosity, heat generation, and strength development may be caused by particle size
distribution variationsThe particle size distribution of the powders was assessed using a dry dispersal
method in order to prevent dissolution of the particles in a liquid suspension. The analysis was

completed using a Mastersizer 3000 PSA and Malvern instruments analyticahrsoftvith the
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following parameters: 2 bar pressure, 30 % feed rate, 1.25 aperture, and refractive indexes of 1.73
and 1.63 for PC and BFS respectijE3@], [143]

3.3.2 Isothermal calorimetry

Isothermal calorimetry is used to monitor the hydration of the cement through measurement of heat
evolution. As hydration of cement is a highly exothermic reaction, the heat evolution from a sample

that is held under isothermal condit2 y & OlF'y 06S NBO2NRSRXZ FyR 02 YL}l NI
sample running in parallel that has a similar heat capdtdyt]. The measurements were obtained

using dual channel TAM Air equipment from TA Instruments, with water used as the reference.
Cement pasts were hand mixed before 20 g was placed into the glass testing ampoule, which was

sealed and placed in the calorimeter. Testing was completed &€ 26r 14 days.

3.3.3 Selective dissolution via EDTA solution

The degree of hydration of the BFS fraction iendled cements is commonly determined through
selective dissolution, as the amorphous nature of BFS means that methods used for evaluating
crystalline PC systems such as Rietveld refinement are unsuifadls], [146] There are
disadvantages to using the selective dissolution method, including ineffective dissolution of hydrate
phases (outlined by Kocaba et HI47], [148) which can lead to underestimation of the degree of
reaction.That being saidarecentround robin study comparing iat-laboratory results for techniques
used to assess SCM degree of hydration found problems relating ¢onathonly usedechniques

[149]. The main advantages of using the selective dissolutieethod isthat it is a simpler, less
analytically intensive and a wetlocumented techniqueThe widespread use of selective dissolution
using EDTA solution in the literature demonstrates that the method provides sufficiently reliable
results [82], [145], [146], [149], [150]which together wth the simple methodology meant this

technique was determined suitable for the needs of this study.

This study used the selective dissolution method outlined by Luke and GJa48grwhich provides
guantitative evaluation of the degree of hydration of BFS by dissolving hydration products and residual
anhydrous PC. The remaining residue is considerdabtthe unreacted BFS fraction. The solution
required for this method was made via dissolution of 93.0 g of EXB¥@ in a solution of 250 mL of
triethanolamine and 500 mL of water. This mixture was transferred to a volumetric flask, where 173

mL of diethyamine was added. Water was then added to make the solution up to 1000 mL.
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For each dissolution test, 50 mL of the solution was pipetted into a beaker and diluted to 800 mL with
water. This solution was brought to a temperature of#22°C and 0.5 g of drd sample, ground to a
particle size < 6@m and weighed to the nearest 0.1 mg, was sprinkled over the surface of the solution.
The mixture of the solution and the ground sample was stirred at constant temperature using a
magnetic stirrer for 12& 5 minutes. After this, the solution wastBfred under vacuum through a

90 mm diameter Whatman GF/C filter which previously had been washed with 100 mL of water, dried
at 105°C for 1 hour and weighed to the nearest 0.1 mg. The residue was washed 5 times wmith 10

of water, dried at 105C for 1 hour and then weighed to the nearest 0.1 mg.

Testing was completed on the anhydrous precursors in order to account for the small levels of BFS
which undergo dissolution, and the residual levels of PC which do not dis3tle residual amounts

were found to be 85.3 % and 0.3 % for BFS and PC respectively. Corrections were applied to the results
from hydrated samples to reflect these values. A correction was also applied to account for
hydrotalcitegroup minerals, assumingll MgO from the BFS hydration forms quintiniilee
Mg:AL(OH).CQ-4H0, which does not readily dissolve in the EDTA soly8ah [146], [150] This

process is outlined in equationsl3to 3.4:

a
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Where HT, is the maximum amount of hydrotalcigroup mineral formed from complete hydration

of the BFS (25.34), mugois the mass of MgO in the B&ugom1iS the mass percentage of MgO within
MgsAL(OH).CQ-4H0 (33.14 wehb), HTis the mass of M@\L(OH).CQ-4H:0 created based on the
amount of slag reactedis the residue after dissolution including cactiens for PC and BHASis the
corrected degree ofiydration, and| is thecalculated initial residue. Equations ,3.4 were solved
iteratively, replacing R with D each time. The actual degree of hydration of the slag was determined
through minimisation of the sum of squared errors between the iterated initial residue and calculated

initial residue.
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3.3.4 Compressive strength testing

Cement strength was tested at 28 days, then at 4 or 8 weekly intervals on triplicate 56 @& (m)

cube sample§l51]. Each cube was placed between two parallel planes (but not the uppermost cast
face) in a Controls Automax 5.0 machine and compressed under a loading rate of 0.25 MPa/s until
failure occurred. The reported results correspond to therage of the triplicate tests, and the

standard deviation of these was used to display errors.

3.3.5 Ultrasonic pulse velocity testing

Ultrasonic pulse velocity (UPV) is a commonly useddestructive testing technique which allows
information on the homogenejtof a material to be gained through the generation, transmission and
detection of longitudinal Rvaves over a known path transit length. The pulse velocity is calculated

using the following equation:

od

o-l c:

WhereVis the pulse velocity in m/4,is the path length in m, antdis the time taken to traverse the

path length in sDefects within the material (cracks or voids) cause retardation of the pR2$e[152],
allowing estimation of relative material quality and changes in propefti®8]. Changes in pulse
velocity can be caused by the presence of aggregates (if present), changes in temperature, and
moisture content. No aggregates were used in this study. Changewisture content causing
different curing environments may lead to chemical variations within the cement leading to variation
in pulse velocity. Shorter duration changes in ambient humidity or temperature may lead to the
removal of free water from voids vith could also impact the pulse velocity; saturated concrete is
reported to increase pulse velocity by $¥%b4], [155] It should also be noted that the orientation of
defects within material may affect the pulse velocity res[ll5]. These factors need to be codered

when interpreting the results of pulse velocity to provide material properties.

Pulse velocity is independent of the test object dimensions provided that no reflection of waves
interferes with arrival ime measurements. ASTM G&6¢ & (0 | S lgastidiménsion af thi tst
202S00 Ydzai SEOSSR (KS ¢ @RI3]ST¢siny Was2ompléted Ssingz G NJ & z
Pundit Lab instrument equipped with 150 kHz transducers, designed to investigate fine grained
materials with a maximum grain size of approxieta 12 mm[156]. The wavelength generated from

the transducers is 24.7 mm and therefore a minimum lateral path length of 25 mm is reqiémeihg

of the equipment was completed before each use using the provided calibratiorrgdré3.2 B).
TSadAy3a gta O2YLIX SGSR dzaiAy3a GKS WRANBOUGQ YSiK2RZ

of the specimenKigure3.2 C & D). Measurement of the specimen path length was completedlto
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mm using digital callipers. Transmkrs were coupled onto surface of the samples using Proceq

coupling gel.

Q)

Transducer Sample

Path length

Figure3.2 UPV testing equipment and procedure A) Testing equipment and calibration bar, B) calibration of transducers, C)
schematicof direct transmission testing setup, D) setup for testing of sample

Assessment of UPV and compressive strength will be completed to clarify if UPV measurements can
provide approximate compressive strength estimations in Chapter 4, and these relationghipe

used to provide assessment of the impact of gamma radiation on grouts in Chapter 5.

3.3.6 Mercury intrusion porosimetry

Mercury intrusion porosimetry (MIP) analysis allows investigation of the pore structure of cement
based materials, with pores brdly defined in three categories dependent on their size and situation.
Air voids resulting from poor placement are ngpm in scale, capillary pores represent areas which
are not occupied by hydration product or unreacted raw material anduane; nm in sale, and gel
pores are the nanoscale (nm) porosity present withis€ gel[157]. Characterisation using MIP
involves the intrusion of mercury into samples efiment. As mercury is a nemetting liquid, the
surface angle is not favourable for liquid intrusidrb8]. External pressure is required to achieve
infiltration into the pore network; this is termed the pore pressuRe4nd is relted to the pore radius

using the Washburn equation:
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where! = surface tension of the mercury= contact angle and= meniscus curvature (i.e. pore entry)
radius[42], [1591> ¢ KA & GSOKYyAljdzS YSI &ddz2NBa LIB2NBE SyiNE &AT
effect can lead to underepresentation of the pore volume; high volume pores and interconnected
networks may only be accessible through narrow openings. Information relating to the total
percolated pore volume, the critical pore entry radius and the threshold pore entry radius can be
identified from this analysisThe threshold pore entry radius is @mpreted to be the minimum
geometrically continuous radius throughout the sampleis threshold marks the change between
very minor mercury intrusion, and the highest levels of mercury intrusion. The threshold pore entry
radiuscorresponds to the inters¢ion between two tangents of the cumulative intrusion cuf#ggure

3.3). The critical pore entry radius represents the steepest slope of the cumulative intrusion curve,
and is mathematically defined by the inflection point of mattusions derivative curvé~igure3.3)

[158].
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Figure3.3 Example of MIP cumulative and derivative curves indicdtavg critical pore entry radiuand threshold pore
entry radius are calculated.

Samples for MIP consisted of material with a total mass o9 g and analysis was completed
using Micrometrics Autopore V equipment. A contact angle of°E8@ surface tension of 0.485 N/m

was applied160], [161] and the @alysis mode was continuous.
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3.3.7 Thermogravimetric analysis with mass spectrometry

TGA analyses the phase assemblage of systems through monitoring of sample weight during
progressive heating, either in an inert atmosphere or air. Decomposition of mineraéghll occur

at characteristic temperatures (dependent on the crystal structure), allowing identification of the
assemblag§l62]. It should be noted that decomposition and dehydration of different mineral phases
can occur at snilar temperatures, and may overlap dependent on the testing parameters (heating
rate, gas flow), so often TGA is used in combination with mass spectrometry (M&)yodiKraction
(XRDJ163].

Analysis wagompleted using a Perkin Elmer Pyris 1 TGA 4000 in conjunction with-a0HRC

Benchtop Gas Analyser System. Hydration was not stopped on material intended for TGA. Specimens
gSNBE 3INBdzyR dzaAy3a |y F3AFLGS LISadtS IpyoRio 20T NI |y
samples undergoing testin§amples were heated fro80 ¢ 1000°C in an alumina crucible at a rate

of 10°C/minute, under a nitrogen atmosphere with a flow rate of 40 mL/min.

Weight loss due to the decomposition of Ca(@diid CaC@occur over distinct temperature ranges
which do not overlap with other phases, allowing quantification of the amounts of portlandite and
CaC@ Free water loss was assessed as the percentage weight loss betwe&f3.The amounts

of portlandite and carbona in the pastes were quantified from theeight loss between 400 to
500°C, and 550 to 80fC, respectively, using the tangential metH@63]and calculated according to
Eqgns. (3.7) and (3.8):

600 0VQWAE idicd O @——— o

OWOoU LQ@WA ¢ (6iwo 0

o8

where the portlandite and carbonate wioare expressedelative tostarting massand M is the molar

mass. The relative error of these measurements5s18%[77], [163]

3.3.8 Xray diffraction

Xray diffraction (XRD) allows identification of crystalline phases thrdif§faction of incident Xays

by the crystal structure of the materigli I OO02 NRI y OS goqudiida 3.9)NJerg@t@riof [ 6 06
a monochromatic Xays is achieved by bombardment of a metal target (e.g. Cu or Mo) with high

energy electrons. This exc#tanner shell electrons, which causes a higher energy electron to be
demoted into the vacancy, and the excess energy is emitted as a charactereyifl84]. When the

X-rays interact with a sample, therdys are scattered by the atoms presgén the lattice planes, which

41



are defined by Miller indiced)kl. Constructive interference occurs when theays reflected from
different lattices are in phase, and this produces a characteristic diffraction intensity which can be
used for identificatbn [165], [166] This can be seen in diffraction patterns, where the reflection
location (diffraction angle) is determined by the wavelength of thay), the incident angle of this

(') and the spacing between the crystalloghic planesd) (equation 3.9 Figure3.4):
¢ _ ¢CQOEF o080
Identification of phases from diffraction patterns is completed by reference to databases containing

known patterns for specific phasgf?], [165]

Figure3.4 Derivation of Bragg's Lawdgation 3.9)

Diffraction patterns for anhydrous PC, BFS and PFA avensind-igure3.5. Hydration was arrested

on samples for XRD, which were ground using an agate pestle and mortar and passed through a 63

>Y AASOS LINA2N) G2 Fylftearad 5+l O2ft SOGA2Y g1 3
MPpnmMyn )OO NIFIRAFGAZ2YE FYR &a0OFy LI NFYSGSNE O2 YLINAR
Low background sample holders were used for powder samples and front loading of these was
completed. Care was taken not to press the sample into thddraliuring sample loading, which is

known to induce preferred orientation of platy and acicular crystals. In hydrated cements this can
particularly affect the peak intensities observed for portlandite, hydrotalcite, AFm, and AFt phases

[165]. The distinct reflections in the PC pattern represent the crystalline phassemrwithin the

clinker, together with the additional cement constituent materials gypsum and calcite. The PFA
diffractogram shows diffuse scattering betweeq 30°2° NBLINBaSy dAy3 (GKS | Y2 NLIK

with inclugons of quartz, mullite and magnetiteating strong crystalline peaks. The BFS diffraction
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pattern shows predominantly diffuse scattering betweenci®°2° RdzS (G2 GKS RAa2N

but smallicrystalline inclusions of calcite, melilite and merwinite were observed.

For data in Chapter 8, polished monoliths were analysed after ion implantation using the same

equipment and parameters as described above.
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Figure3.5 X-ray diffraction patterns for a) PC, b) PFA and c) BFS. A: alite, B: belite, F: ferrite, a: altfiadtize, ¥ gypsum
M: mullite, Q: quartz, Mg: magetite, MI: melilite, Mw: merwinite

3.3.9 Fouriertransform infrared spectrospy

Fourier transform infrared (FTIR) spectroscopy provides information relating to the structure of a
compound by creating a vibrational response in a molecule, which when absorbed causes stretching
or bending of the covalent bonds. The molecules abshebinfrared radiation generated (between
4000¢ 500 cmt) at characteristic frequencies, allowing identification of the same bonds in a range of
materials[167]. As the technique does not require the sample to possesg fange order, it is

particularly useful for cement analysis.

43



An infrared beam is generated and passed through a beam splitter to create two perpendicular beams.
The deflected beam is reflected off a mirror at a fixed distance, whereas the incident egitected

off a moving mirror creating many different wavelengths within the beam. Both beams converge at
the beam splitter creating a single beam termed the interferogram, containing constructive and
destructive interferences. The beam then passes tgtothe sample, the wavelengths corresponding

to the frequencies characteristic of the sample are absorbed, and the remaining beam continues to
the detector. The signal is processed using a Fourier transform and the absorbed frequencies are
extracted, creaing the FTIR spectrum. This spectrum plots the transmittance (%), which describes how

much infrared radiation was transmitted by the sample, as a function of wavenufh&é}f

FTIR data were obtained using a Perkin Elrmentier FTIR spectrometer equipped with a deuterated
triglycine sulfate detector and KBr beam splitter optical system. Samples underwent scanning 16 times
at a resolution of 4 crhbetween 400Q; 400 cmt. Samples were prepared using the KBr pressedtpell
method, where 2 mg of ground sample is mixed with 200 mg of KBr powder. Prior to measurement of
the samples a background reading was taken to remove contributions from atmospheran@O

water vapour.

3.3.10 Optical microscopy

Optical microscopy allows ewation of textural and microstructural development of materials,

together with evaluation of characteristics such as colour variations which may not be visible at hand
specimen scale or through SEM analy$B8]. Reflected light microscopy was completed using an
Olympus CE binocular microscope with 50, 100 and 200x magnification. Samples were mounted in
epoxy resin and were prepared for analysis by successive grinding usiri@@3®iC grit papers
0ST2NB LRfAaAKAY3a 2y OF aKYSNBE Of xinwuH P2 >¥HR RAL R

suspensions, with isopropanol as a lubricant.

3.3.11 Scanning electron microscopy

Examination of cementitious materials using scanning electron microscopy (SEM) provides valuable
information regarding the microstructural development of ceméatis systems. Micrographs are
produced through elastic and inelastic interactions that occur when an electron beam collides with

the sample surface.

¢tKS AYAGALE StSOGNRY &AGNBFY A& 3ISYSNIFGISR FNRY |

beam byacceleration through a series of electromagnetic lenses; condenser lenses demagnify the
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electrons forming a beam, and the objective lens focusses the beam on the sample surface. Scan coils
then move the beam across the samp&8], [168] The region within which the electron beam
penetrates the sample is termed the interaction volume, and many electron interactions happen
within this zone. Different signals are generated depending ontyipe of interaction, including
generation of secondary electrons, back scattered electrons (BSE) and characteristic energy dispersive
Xrays (EDX)FHgure 3.6) [168]. Examination of BSE and characteristitayé are used for

characterisation of magrials in this project.

Incident beam

Secondary electrons

7
Sample surface \ V4

Backscattered electrons

Interaction volume —— Characteristic x-rays

Transmitted electrons

Figure3.6 Schematic of the interaction volume of an incident beam in a sample, and the zones from which the signals are
generated: secondary electrons, backscattered electroncharhcteristic Xays Adapted fron{168].

BSE signals can distinguish materials by atomic number. BSE are the result of elastic collisions and
typically have energies similar to the incident beam. Brightness in BSE images is a product of the
intensity of electrons, theraire higher numbers of electrons result in brighter images. This is
proportional to atomic number and material density; higher density and larger atomic mass mean an
increased chance of electron interaction. The interaction volume size can prove a liiadiogwith

this technique, and it is important to note this will change dependent on the beam energy. At higher
energies contrast differences may result from interaction with a-suitface phase that is not visible.
Suitable sample preparation is impensatito obtain good compositional contrast, and inadequate
surface preparation can lead to erroneous results, especially if the surface of the sample i58jugh

[168].
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3.3.11.1 Energy disperge Xray spectroscopy

Evaluation of characteristic EDX energies can provide-geamititative compositional analysis that is
typically used in conjunction with BSE micrographs. When an incident electron displaces an electron
from the inner shell of an atomovement of higher energy electrons to fill the vacancies produces
X-rays with characteristic energies for different atomic species. The resulting spectra can be displayed
as elemental maps, linescans, or point analysis data. Because thage ¥an trael much greater
distances through the sample than electrons, the sampling volume is of the same order as the

interaction volume, as highlighted Figure3.6 [168].

SEM samples were mounted in epoxy resin and prepared using the same method usetidal
microscopy outlined in section 3.3.10. Samples were carbon coated and the sides were painted with

silver conductive paint to prevent charging.

Data displayed in Chapters 4, 5, and 7 were collected using a FEI Inspect F50 SEM and a 15 kV
accelerding voltage at a working distance of 8.5 to 9 mm. EDX was completed using an Okfaxd X

80 mnt SSEEDX detector, with elemental maps collected for 600 s and point analysis for 60 s.

Data displayed in Chapters 6 and 8 were collected using a Hitachi TM&BBI and a 15 kV
accelerating voltage at a working distance of 8.5 to 9 mm. EDX was completed using a Bruker Quantax
70 detector and software to provide elemental maps that were collected for 600 s. Point analyses

were taken from the mapped data.

3.3.12 Solid gate magic angle spinning nuclear magnetic resonance spectroscopy

Solid state nuclear magnetic resonance (NMR) spectroscopy allows investigation of the local chemical
environment of specific nuclei, allowing information on the local structure of crystaklind
disordered materials to be determined. Given the complex nature of cement systems and the

presence of poorly crystalline phases, such-#sXH, this is an especially useful analytical technique.

NMR can only be used to probe specific nuclei, ag thast have intrinsic magnetic moments, i.e. an

odd number of protons, neutrons, or protons plus neutrons, sucHAlsand?°Si. Suitable nuclei are
exposed to a strong static magnetic field which orients the magnetic moment either parallel -or anti
paralkl to the magnetic field. This brings about Zeeman splitting, which is a difference in energy levels
of a nucleus. A pulse of radiofrequency radiation is then applied to the nucleus and causes precession
of the spin, inducing transition of the spin stateshigher energy states. The electromagnetic signal

that is produced as the nuclei relax back to the equilibrium spin state is recorded, and this is converted
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to a spectrum using a Fourier transform. The results are reported as a chemical sthtit(rdates

to the local structural environment of the nucldié9].

Line broadening effects can be observed in recorgetia, a result of interactions of the spin nuclei

due to dipolar broadening, quadrupolar interactions and chemical shielding anisotropy. These effects
are more significant in solid samples than in liquids, and so solid state NMR uses magic angle spinning
(MAS) to reduce this. The sample is rotated around a fixed axis relative to the static magnetic field.
Due to the geometric dependence of the internal spin interactions, the line broadening can be reduced
by spinning the samples at the magic angle of 8453], [169] The presence of paramagnetic species

such as Fe within cements can cause further complications, as they will influence the relaxation and

chemical shift of nearby nuclei, altag and dampening the NMR signal.

29Sj and’Al SS MAS NMR have been used in this study to provide information relating to the chemical
composition of the disordered-&SH phase, together with information on the degree of hydration

of PC and BFS. All spracwere acquired on a Bruker Avance Il HD 500 spectrometer at 11.7 T with a
4.0 mm dual resonance CP/MAS probe, producing Larmor frequencies of 99.35 MHz and 130.32 MHz
for 2°Si andF’Al, respectively. During initial experimental setup, measurementeébpropriate delay

for full relaxation of both?®Si and?’Al was completed during optimisation. TSI spectra were
collected at a spinning speed of 12.5 kHz, with a minimum of 256 scans, a pulse widthaofdla
relaxation delay of 40 $’Al spectra were collected at a spinning speed of 12.5 kHz, with a minimum

of 512 scans, a pulse width mf® T andadrelaxation delay of 5 s. The chemical shifts oft8ieand

27Al nuclei were referenced to externsamples of pure tetramethylsilane (TMS) and 1.0 M aqueous

AI(NQ);s respectively. All data were processed using Bruker TopSpin 4.0.6 softwaie

Deconvolution of thé®Si MAS NMR spectra allows quantitative information on the structure of the
sample to be established. Deconvolutions were completed using Gaussian curve fitting tatgene
best fit relationship that allowed comparison of the experimental data with the fitted model. Analysis
of the anhydrous PC and BFS material was undertaken, and the spectra together with the
deconvolutions are shown ifigure3.7. The spectra for the anhydrous PC used 8 fitted peaks
corresponding to alite, with a single peak for belite identified7dt.3 ppm[171]. The BFS spectrum

shows a broad resonance frof7 t0-95 ppm.
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Figure3.7 Deconvolutions dPSiIMAS NMRspectrafor A) PC: i) experimental data, ii) deconvoluted fitalii¢ spectrum, iv)
belite spectrum; and B) BFS: i) experimental data, ii) deconvoluted fit.

In the deconvoluted spectra, the chemical environments of the Si nuclei are generally expressed using
the Q' notation where OXXn X4, Q represents the Si tetrahedron and n designates the number of
bonded tetrahedral units. Al incorporation into the silicate chains is shown"yA}, where m
indicates the number of bonded Al tetrahedra and thereforetn (See Figure 2.5 in Gitar 2 for
diagram illustrating @ notation). Using this notation, Qrepresents isolated tetrahedra and!Q
represents dimers or the ends of silicate chainsaf@ mid chain species in theAcSH product, and
Q*(1Al) indicates that one of the adjacentit@hedral sites is occupied by AE &hd G species indicate

that cross linking of the silicate chains has occurred, and this is commonly associated with lower Ca
content in the GA-SH chains and formation of an amorphous Si phase, often as a product of
carbonation[53], [54] In cementitious materialsesonances betweer60 and-120 ppm for Si sites

are expected. Chemical shifts determined from previous literature were used to guide the assignment
of Q species in this work and are outlined in the relevant chapters2®Baespectral deconvolutions
wereused to calculate the structural characteristicslug CA-SH, including the MCL ¢eation 3.10),

Si/Ca¢quation 3.11) and Al/Cadeation 3.12) using equations 3-B012[46], [82]
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In the?’Al spectra, resonances at chemical shifts >50 ppm are typical of tetravalent coordinated Al(IV),
at 2050 ppm of pentavalent Al(V), and at <20 ppm of octahedral Ag®]) Al incorporated in the C

A-SH chains resonates in the tetrahedral region, as does Al present in BFSA4B8]C[82], [172]

AFt and AFm produce resonances in the octahedral region, together with TAH and thealyjrot

like phasd42], [53], [80] Interlayer charge balancing Al resonates in the pentavalent r¢§8jn[82]

3.3.13 Gamma irradiation facilities

DFYYl ANNIRAIFGAZ2YA 6SNB O2YLX SGSR | in Cimkran ! Yy A @S|
Facility (DCF) using a Foss Therapy Services Inc. model &hsatied irradiation facility witi°Co

source Figure3.8). Dual rod assemblies each containing 3 sources generated activity of approximately

535.4 TBgSamples were required to be below 27 mm in diameter, in order to fit the sample holders

within the equipment[173]. All samples, regardless of dimensions, were demoulded from curing

centrifuge tubes and wrapped in aluminium foil prior to irradiation in order to minimise moisture loss.

Source Rod B
Source Rod C

12'cm
//18 cm
1

20cm '(Front)

Figure3.8 A) Photograplof 6°Co irradiator and B) schematic showing dimensions of the irradiation chamber. Adapted from
[173]

Due to the long nature of the testing required to reach the desired total dose, irradiations were
completed in norcontinuous batch sessions. Typically, this comprisieding the samples in the
irradiator overnight and on weekends until the required dose was met. Temperature within the

irradiator was regulated to approximately 35 by using an air pump for the data presented in Chapter

5, but this was not possible fthhe data presented in Chapter 7.

Experimenispecific parameters such as sample dimensions, total dose, average dose and irradiation

temperature will be outlined in the relevant chapters.
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3.4 Concluding remarks

This chapter outlines the main experimentabaamalytical techniques used by the author throughout
this thesis, however, additional specific analytical techniques used by collaborators are outlined in the
relevant chapters. The following chapters utilise these methods to characterise the cementitious

materials, referencing back to this chapter for further information when required.
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4 Characterisation of nuclear specification Portland cement blends

This chapter describes the typical characteristics of blended cements that are used for nuclear waste
encapsulation in the UK. The majority of cement encapsulated waste is contained within BFS:PC
blends, however as PFA:PC blends are specifically used for annulus grouting of PCM and are
investigated in Chapter 6, an overview of both grout types is providéal\bélhis serves to provide

an overview of the hydration, phase assemblage and microstructure of the pastes that are produced
using UK nuclear industry specified precursor materials and to enable full evaluation of radiation
exposed samples in Chapters &, 7 and 8. As the powder specifications for use in nuclear
encapsulation applications vary from those of construction industry standards, evaluation of the

potential differences from previous literature is required.

41 BF&C

The bulk of UK cemented nucleasste is encapsulated in BFS:PC materials. Although this is a well
characterised material system, the large formulation envelope used and changes in material supplies
over time have led to the creation of a product quality envelope to ensure acceptabifitguch,
baseline characterisation of the blends currently being used was completed. The formulations used
are representative of the range used by Sellafield Limited in their waste encapsulation plants and full

details of the mix formulations are providén Chapter 3, Section 3.2.

4.1.1 Hydration

The heat flow from all blends of BFS:PC was recorded using isothermal calorimetryGat Tie
measurements were taken for 14 days and results from the initial period are shdvigure4.1. The
isothermal calorimetry trace shows the major thermal events of hydration. Initially, the rapid
dissolution of ions and reaction o0& is observed at < 1 hour, followed by a period of low heat
evolution (dormant phase, & 2.5 hours). The main hydrati begins as the acceleration period is
entered after 1.7 2.5 hours, where the heat flow increase is associated with the reactiogSp4 8],

[174], [175] Formation of both €&H and portlandite begin during this phase, reaching a maximum at
the peak. Between 6.5 and 9.5 hours, the formation of a sharp shoulder to the main ioydpatak
indicates that secondary ettringite formation occurred in all the blefid&]. Abroad peak of low

heat flow was observed between X525 hours corresponding to AFm formatipé?]. Hydration
continues at later ages as shown by the slow, continuous heat output after 25 hours, indicative of
belite and BFS reaction. There are few studies investigating the kinetics and mechanisms of later age
hydration, although the decrestng amount of space available for hydrates to occupy as hydration

continues is well establishdd77].
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Figure4.1 A: Isothermal calorimetry and B: total heat evolution of BFS:PC systems with varying BFS content.
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All the cements analysed can be considered very low heat cements under European standard
classifications, which ports a value of 220 J/g as low heat cemEi8]. All blends were within the

limits of the Sellafield Ltd. specification, which state that blended cement pastes should not exceed
cumulative heat flow of 180 kJ/kg in the first 24 hours of hydration &C3pigure4.1 B)[3]. The
maximum heat flow recated was 0.9 mW/g (3:1 BFS:PC), which is lower than pure Portland cement
by a factor of 5.5[175], [179] It might have been anticipated that the reduction in maximum heat
flow would mirror the replacement level i.e. the maximum heat flow for 3:1 BFS:PC would be 3x lower
than for pure PC samples. However, this was not the case, which is postulated to be a product of the
relative coarseness of the Sellafield specification PC {8Jd As the BFS fraction increases the
maximum heat flow falls, with a 40 % reduction observed between the 3:1 and 9:1 systems from 0.9
mW/g to 0.5mW/g respectively. The maximum heat of hydration observed in all blends was lower
than for equivalent systems using only GGBS, which can range betwee.6..W/g[175], [180],

[181]. This is due to the distinct bimodal PSD of the BFS:Calumite blend used here, as discussed in
Chapter 3, which results in a lower reactivity of the total BFS fraction comparednp asly GGBS
[176], [181] The overall reaction of the BFS fraction was investigated by Sanddrabfl&1] who

found that the Calumite behaved as an inert filler with little contribuatito the initial reaction,

whereas reaction of the fine grained GGBS fraction contributed to the peak heat of hydration.

Figure4.1 shows that increased replacement of PC by BFS results in the maximum heat of hydration
being reabed earlier (observed by a shift to lower time valwesthe BFS fraction increasesh

increase and acceleration of the peak attributed to secondary ettringite formation was also observed

as the BFS fraction increasékhe presence of SCMiss been showno enhance the hydration of

clinker components, with the particle size of the SCM impacting the rate of reaction, due to a process
GSNY¥SR (KSOWKENBSNKSTT S @il thédverall enhanaerkesit ofdrgdiation S NI 0
RdzS (2 (&QGQ@FTA&EfI BNRSHFF I OOSLIWISR G2 0S | NBadz G
together with an effective increase in local w/s raftt67], [182[185]. Berodier andScrivener
demonstrated that the increase in surface area resulted in fairly low levels of nucleation comparative

to the available area, however they showed a clear link between the interparticle distance and
hydration kinetics, attributed to shearing betee particles which increases as interparticle distance

decrease$186].

It has been stated that the reactivity of the SCM material itself has often been overlooked when
addressing th contribution to the fillereffect [175], [187] and studies have shown that the SCMs

provide an increase in potential nucleation sites for hydrates which in effect cause the acceleration of
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hydration[185], [186] However, in these samplése high proportionof BFSs considered t@ause
0 KS affeciQprovising conditions conducive to enhance nucleation alidwing extra space for
hydration of the clinker phaseThe limited reaction of the BFS fraction (particularly the Calumite

component) at these ady ages (as stated above) is not considered to have a significant contribution.

The broad peak attributed to AFm formation also appears to have an earlier onset in blends with
higher levels of slag replacement. The conversion of AFt to AFm is liketgupearlier in systems
containing less sulfate, as sulfate depletion will occur more rapidly. This is therefore to be expected
with decreasing levels of gypsuB4], [69], which is added as part tfe PC but is not present in this

BFS. The slag replacement resulting in earlier onset of the main hydration peak would also support
the earlier conversion of AFt, as increasing the rate of reaction of the PC will hasten the sulfate

depletion.

4.1.2 Phase asgnblage

XRD diffractograms of the samples after 28 days are showigire4.2, and show that the phase
assemblage containsttringite (PDF# 41451), hemicarboaluminate (PDF# €02R1), hydrotalcite
(PDF# 14€191), monocarboaluimate (PDF# 36377), portlandite (PDF# @%33), and &\-SH,
together with unreacted belite (S, PDF# 20369), and BFS (identifiable from the diffuse scatter at

25°<2 <35 and small melilite reflection at 31.2°).
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Figure4.2 XRD diffractograms of hydrated BFS:PC blends at 28Eak#ringite, HC: hemicarboaluminate, HT: hydrotalcite,
Mc: monocarboaluminate, P: portlandite, MI: melilite, B: belitsSjC

The varying level of BFS within the bleiglseen to have a marked effect on the hydration products

in the assemblage. Peak intensities for portlandite and ettringite reduced as BFS content increased.
The predominant reflections identified in the 3:1 and 3.44:1 blends a&€SEl and portlanditeln the

5.67:1 blend, portlandite reflections were less prominent, and in the 9:1 blend AFm and hydretalcite
like phases were dominant together withASSH. Although preferred orientation of the hydrate
phases is likely to have occurred to some exterg, drerall changes in peak intensities observed for

the systems are considered representative of bulk variations caused by the level of BFS replacement
[188].

Figured.3 shows the distribution of AFm phases in the different blends. Ettringite was identified in all

the blend ratios, whilst monosulfoaluminate (PBB3-1289)was mostly absent; a small reflection

was observed inthe 5.67:1 blendat99° > | ft 2y 3 gAGK &af AIKG ONRBI RSYAYy
KSYAOFEND2FfdzYAyll i8S NBFESOGA2Y G Mndy cH @ ¢KS 7
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the AFm solid solution (ARmdiscussed in Chapter 2, Section 2.4.«&s not observed in thetber

samples, indicating that the $BI.0; ratio of the systems had not reduced sufficiently to allow
transformation of ettringite, either through hydration of the BFS or depletion of gyp&aj [82],

[125]. The presence of calcite in the precursor materials favours the stabilisation of
hemicarboaluminate as the dominant AFm phase, which inhibits monosulfoaluminate formation and
indirectly stabilises ettringit§189]. The broad peak between 11¢211.92° NBLINBaSyida 2 dSN
reflections for the hydrotalcitdike phase and monocarboaluminate phases. Given the small volumes

of calcite observed in the clinker and BFS (Chapter 3, Figure 3.4) and the strong reflections identified

for hemicarboaluminate, itis considered that this peak is predominantly associated with the
hydrotalcitelike phase. This phase forms a solid solution where the crystal structure is dependent on
the Mg/Al ratio[42]. As such, the basal reflection peak has been observed betweergMM dc c H'
[190], with a shift to lower angles when Al incorporation is higher. The MgO content of the BFS is 8.4

wt. % (Chapter 3, Table 3.1) and so the basal reflection is expected to be at higher angles, therefore

the reflection positonof 1®pc H* Ay |t f o06f SYyRa&a A alikdphaderate y a A a i
than monocarboaluminat&l91]¢[193].

6 8 10 12 14
Position 26 (°)

Figure4.3 XRD dfractograms of hydrated BFS:PC blends at 28 days (subsection of Figuie Et&)ngite, Ms:
monosulfoaluminate, HC: hemicarboaluminate, HT: hydrotalcite, Mc: monocarboaluminate.
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The TGA results, together with mass spectrometry data $@r &#d Cg) are displayed irFigure4.4.

The primary phases identified were: ettringite SEl, AFm phases, hydrotalcili&e phase, portlandite

and carbonates, showing good agreement with XRD results. The weight losses associated with free
water (> 100°C) are within 0.5 % of each other for the lower BFS replacement blends, whereas in the
9:1 blend the loss is increased’byl.1 %. Given the low levels of PC in this system and the slow
hydration kinetics of BFS, a greater proportion of free waseto be expected. The results of the
isothermal calorimetryKigure4.1) support this, given the prolonged induction period and low thermal
maximum recorded. Weight loss below 400°C is due to the decompositiettrivigite, GSH, AFm
phases, and hydrotalcitéke phases, with weight loss between 4880°C due to portlandite. Minor

carbonate decomposition was observed frore50°C162], [194]
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Figure4.4 TGA and MS results of hydrated BFS:PC blends at 28Flagtringite, HT: hydrotalcite, P: portlandit€;
carbonates.

Quantification of the TGA results is compiledlaible4.1; see Chapter 3, Section 3.3.7 for details of
methodology. The amount of BFS within the blends impacts the proportions of hydrates present
within the assemblge, supporting the results from XRBdure4.2). The portlandite content observed

in the9:1 blend was 77 % lower than in tBEL sample, due to the reduction of the clinker component,

as well as the increased consumption of pamtlite formed, via the reaction of BFS. The quantities of
portlandite observed are considered representative comparative to similar sy$1638k The CoMS
response betwee300¢ 400 °C is due to the decarbonation of the hydrotaldike phase, whilst the

peak centred at approximately 620 °C is representative of calcite. However, this weight loss peak
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associated with carbonateis fairly broad (between 55@Q 700 °C) and s likely to represent

decomposition ok mixture of carbonates of different particle siZ&63], [194], [195]

Table4.1 Quantification of the free water, portlandite and carbonate content of all BFS:PC blends at 28 days.

BFS:PC Free water (%) Ca(Ohk (%) CaCQo(%)
31 9.1 3.9 2.6
3.44:1 9.3 3.5 2.3
5.67:1 8.6 2.0 1.7
9:1 10.4 0.9 2.0

SEMEDX data for all blends is displayed-igure4.5. Unreacted BFS was observed in all samples,
identifiable by the light grey regioria the backscattered electron images with angular appearance;
the larger grained Calumifeaction was observed iRigure4.5 A and D. Remnant clinker (bright and
mottled grey in appearance) was also observed, together with zafigsortlandite (light grey)
commonly located adjacent to clusters of small BFS or larger BFS particles. Limited hydration rims
were noted in the samples but distinct layered darker rims of BFS adjacent to portlandite were
observed (label 1 ifrigure4.5 A) and this is considered likely to be a hydrotalcitd layer[60].
Didribution of Al through the matrix suggests incorporation withi$€, as expected from the level

of BFS replacement in these blend®], [56], [82], [196] No distinct areas of AFm or AFt were
identified at the resolution of these images, with mapping showirg ltigh concentrations within
residual clinker and adjacent matrix. Residual iron from BFS was observed within unreacted particles
and in the matrix, identifiable through their high relief in BSE images and through EDX m&jmping (
45B,C,D).
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Figure4.5 Micrographs and EDX mgpf BFS:PC blends at 28 days A: 33.48:1, C5.67:1, D9:1. BFS: blast furnace slag,
C: clinker, Pportlandite. Region 1 in 4.5i8 discussedhitext.

Point analysis on the samples further demonstrates the chemical variations in the phase assemblage
with the increasing proportion of BFS in the systdfigure4.6 A shows the variation in-&SH
chemistry between the sani@s. The average Ca/Si ratio was observed to be similar for the 3:1 and
3.44:1 blends (Ca/sil.4-1.5) but appeared to increase slightly in the 5.67:1 sample (C4/3) and

was significantly higher in the 9:1 blend (Ca&/3.9). These levels are compalatwith pure PC
systems, where Ca/Si ratios tend to sit in the 4 A1 range [42], [168] Thisincrease in Ca/Si with
increased BFS replacemearan be seen ifrigure4.6 A as the data points for 5.67:1 and 9:1 samples

shift to the left of the plot corpared to the 3:1 and 3.44: sample data.

Higher levels of replacement by SCMs have typically been identified to lead to a decrease in the Ca/Si
ratio of GSH, as the hydration of the SCM leads to an increase in the available Si datife@iven

that the reverse trend is seen here, it appears that in the blends with the highest proportions of BFS,
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limited reaction of this material has occurred at 28 days, so the hydration products are dominated by
PC reaction at this ag&he dominance of PC related hydration products may be a result of the filler

effect (as discussed in Sectidri.l) and limited reaction of the BFS fraction at 28 days.

Prentice et al. found the degree of hydration of BFS to be betwigefbo and 20 % for 9:1 and 3:1
BFS:PC grouts respectivig], for systems that contained no Calumiéed so those values are likely

to be higher than achieved in this study. Estimasiafi Ca/Si ratios from deconvolutions?6i MAS

NMR spectra produced values significantly loy&%] than observed from point analysis completed
here. However, it is acknowledged thastenation of Ca/Si ratios using this method has inherent
limitations[49]. The variations observed between this study and those in the literature are considered
to be a product of the difference in degree of hydration of the BFS fraction and the methods used to
calculate the Ca/Si ratio. Higher jpartions of portlandite were observed by Herteri¢h97] to
indicate a reduced degree of hydration of BFS in systems with lowseratws. Lower reactivity of
SCM with increasing replacemt level was observed by several studi&2], [145], [188][197], [198]

as was reduced reactivity of SCM with lower w/b rafib45], [198], [199] The lower reactivity of BFS

is supported by the lower Mg/Ca ratios sdrved as the BFS fraction increadéigifre4.6 B). Where
Mg/Ca ratios are below 0.06, the relationship to Al/Ca ratio appears different; the Al/Ca increases
more rapidly. This is likely due to the level of intermixing withe&H as opposed to analysis of less

intermixed hydration rim$148].

No large variation in the sulfate balance of the systems was apparent with increasing BFS fraction
(Figure4.6 C). Despite the presence of ettringite in XRD results for all samples slifilgorting
evidence was found from the EDX analysis. This may be a product of the level of intermixing of the

hydrates within the matrix.
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Figure4.6 EDX point arlgsis from BFS:PC blend samples ate3& &ach point sample was taken from a region that
visually appeared to be binder rather than residual anhydrous phases. Composition of anhydrous BFS shown in A by
symbol.Tie lines link to the other prominent hydrate phases; CH: portlandite; ARmesoiéoaluminate; AFt: ettringite;
and HT: hydrotalcite.

As hydration continues with extended curing time, variations to the phase assemblage will occur.

However, this analysis serves to show how the initial hydration of the system is affected by the

proportion of BFS within the system.

4.1.3 Microstructure

The microstructure of the grout is altered depending on the level of replacement by BFS. This provides
beneficial properties such as reduced accessible porosity compared to pure PC systems at later age
[42], [157] As hydration continues over time, the microstructure densifies due to additional hydration

formation and the overall porosity drops (as was outlined in Chapter 2, Section 2.4.1.1).

Examples of the visible variation in microstructureeptime for a 3:1 BFS:PC system are shown in

Figure4d.7. At 28 daysHigure4.7 A,B) regions of sparse outer matrix can be observéglu¢e4.7 B,
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region 2) and limited reaction dfie BFS fraction was sedfigure4.7 B, region 1). Unreacted BFS and
clinker are observed and cracking of the sample was naqtedis is likely a product of sample
preparation on a low strength material. The matrix was much deirsthe 24 week sample&igure

4.7 C,D) and no cracking was observed. Almost full hydration of clinker grains was observed in region
2 inFigured.7 C, and region 1 shows hydration of small BFS parti¢teses 1, 2 and 3 irigure4.7 D

indicate BFS grains which have undergone varying degrees of hydration; angular dark zones of the
matrix are fully hydrated BFS grains, whilst the dark rims present on remaining slag grains show the
hydration front. Portlandite was present at both ages, forming discrete zones in the matrix. These are
often adjacent to BFS particles. However, as hydration of the BFS increases, the portlandite is

separated by the BFS reaction rim.

Figure4.7 BSE micrographs of 3:1 BFSAP8:28 daysC, D:24 weeks. C: clinker, P: portlandite. Label3, B,discussed in
text.

The effect of the proportion of BFS on the microstructure can be assessed by compaFRgnref.7
and Figure4.8, which shows 9:1 BFS:PC at the same ages. The matrix was less dense initially in the
higher replacement blend, with large amounts of porosity apparent (black in the BSE images). Re

1 inFigure4.8 B represents porosity created by a removed BFS particle which acted as a nucleation
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site for the remaining matrix products. The matrix texture in the 9:1 at 24 weeks has many similarities

to the 3:1 blend at 28lays: a dense matrix has formed, small BFS particles have undergone hydration

(region 1 Figure4.8 D) and small amounts of unreacted clinker are present in the matrix.

' 100 um J

Figure4.8 BSE micrographs of 9:1 BFSAP8:28 daysC, D24 weeks. Labels in figure are discussed in text.

The analysis of MIP resultable4.2) indicates that the ovall porosity of the system areased as

the BFS fraction increas. The critical pore entry and threshold pore entry réidir definitions see

Section3.3.6) similarly increase as the proportion of BFS increases.

Table4.2 Summary of porositgf cement samples containing different amounts of BFS at 28 days.

BFS:PC Total accessible Critical pore entry Threshold pore

pore volume (%) radius (nm)

entry radius im)

31 29+2 16 25
3.44:1 33+2 18 30
5.67:1 31+2 23 40
91 43+2 33 60
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The ircrease in threshold pore entry radius indicates that the minimum pore radius that is continuous
throughout the sample is larger as the BFS fraction increasethere are wider continuous pores
The critical pore entry radiushows thefastest rate of mecury intrusion, and so if this shifts to higher
pore sizes indicates there is alaohigher proportion of larger pores present with incred$FS
replacement.The overall increase in porosity and the changes in the pore size distribution are
considered tdbe a product of the limited BFS reaction that has occurred, as supported by the SEM
EDX resultsHjgure4.6).

The results of the MIP analysis support the visual findings from SEM. The analysis of pore structures is
important for this thesis because the increased porosity observed in higher BFS replacement pastes
may result in differences in the response to radiation, specifically in the impact of carbonation on the
systems. Carbonation due to radiation exposure has been observedtce the overall pore volume

in pure PC systenj&09]. From current analysithe interconnectivity of the pore volume is unknown,

which may have implications for mass transport in these systems. The interconnectivity of the pore

volume may also be impacted by the carbonation of the paste.

4.1.4 Mechanical properties

Gamma radiation halseen found to impact on the mechanical properties of cementitious grouts and
their components. Whilst the design criteria for cemented wasteforms do not specify empirical
NEIljdZA NSYSyda F2NJ LINPLISNIIASA &dzOK | & sé&simiFEeaid K o a
achieved[18]), it is necessary to know how the materials perform so that in a GDF scenario the
separate barriers can be appropriately engineered. {destructive testing methods for estimation of
compresive strength are well established in the construction industry, with methods for developing
ultrasonic pulse velocitg compressive strength relationships outlined in European and American
testing standardg153], [200] UPV was selected as it analyses the bulk properties of the material
being tested. Previous investigation of the impact of gamma irradiation on mechanical strength in high
volume replacement BFS:PC pastes found increased compressive strength in samples that had been
exposed to gamma radiation despite an increase in micré&amgcand porosityf110]. Due to size
constraints of the irradiation facility used in the Mobasher et al. s{dd], and in this current work,

the testing was completed on small monoliths, leading to a large standard deviation among the
triplicate tests completed. The use of UPV testing in this study aims to provide an alternative testing
method o further investigate the relationship between irradiation and mechanical properties. It was

considered that the nowestructive nature of the testing would enable replicate measurements of
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the same test specimen, potentially reducing the inherent erroilstlalso allowing ageing effects to

be investigated.

The relationship between URV) and compressive strength was estimated through the relationship

to the elastic moduluss follows:

Op A

) T
"p Ap GA &

whereE= dynamic modulus aflasticityul’ Re&y I YA O t 2 A adedsiyyThis réldtianghpp | y R
allows estimation of the strength despite the lack of a direct physical relationship between these
guantities. This relationship is generally assumed to belmmar, as the elagtimodulus and strength

of the material increase at different rates as it ages; the elastic modulus increases more rapidly than
strength at early ages, and lower at later ages, leading to an exponential style relationship typical

expressed as:
0 wWw 8
where C = compressive strengths ultrasonic pulse velocity, ardandb are constants related to the

fitted curve. The no#inear nature of the relationship can result in a loss of sensitivity in this technique
in older cement$153], [155]

To produce correlation curves for UPV and compressive strength for each of the formulation of BFS:PC
outlined in Chapter 3, Section 3.2, multiple sets of triplicate 50 mm cubes were made to allow
compressive sangth testing in accordance with a modification of ASTM (J182]. Testing was
completed at 4 or 8 week intervals, dependent on the blend, and continued to 32 weeks for all blends
except the 3.44:1 samples which were testediué® weeks. At each test point, UPV readings were
taken across two transects of each cube (the top surface was not flat enough to permit testing) and

underwent destructive testing to measure the compressive strength.

In order to create a correlation ofRY with strength, the procedure outlined in ACI 2280BRwvas
followed[155]. For each test age, the average values for the compressive strength and UPV were taken

as a single data pair. Regression analysis was completed on the natural logarithms of the data pairs to
ascertafy UKS o0Said FAG NBE I GA 2y 16520 wad agpRes fo DadatiS I NB & 2
instead of ordinary least squares analysis (OLS). This was to attempt to minimise uncertainty in the
strengthrelationship, as OLS analysis assumes no error in the X value and that the standard deviation

of Y remains constant, where neither of these conditions is true for the data analysed here. The results

of the fitting for each blend can be seenHigure4.9.
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Figure4.9 Data for UPVStrength relatbnship for all BFS:PC blends3A: BFS:PC; B.44:1 BFS:PC, %67:1 BFS:PC; @1
BFS:PC.

A summary of the defined relationship paneters for the compressive strengthUPV relationship

for each blend is provided ifable4.3.

Table4.3 Fit parameters for UPMCompressive strength relationships shown in Figude

BFS:PC Identifier in Figure4.9 Correlation equation R value
31 A C = 9.6410%V 52 0.99
3.44:1 B C = 2.65101%V 461 0.95
5.67:1 C C = 2.22101*V 347 0.85
9:1 D C = 2.051018V 547 0.91
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The elationship between compressive strength and UPV for all blends was observed to be good, with
R values > 0.85 observed. This is in accordance with the findings of De@airbbal.[202], who
investigated the relationship between UPV and compressive strength of concretes containing varying
levels of PFA and BFS replacing PC. The decrease in UPV and compressive strevagiobsarved

with increasing replacement by BFSFigure4.9 agrees with the findings of previous studi®?2],

[203]. This was unsurprising as increased BFS content in grouts is known to reduce early age strength
but can contribute to higher overall latetrength compared to PC systems depending on the fineness
and reactivity of the BFS fractigB4]. The heat of hydration has also been proposed as a cause for
early age low strength of S replaced cements, providing another link between the reactivity of BFS
and strength developmeri203]. BFS addition lowers the heat of hydration (Sectlahl) because it

does not react as rapidly as PC, and so therdemsexothermic reactions oceting. This slower rate

of reaction is also responsible for the slower strength developmasif the BFS is not reacting, not
hydrate phases responsible for strength are formifige testing of all blends at 32 weeks showed a

42 % reduction in average mpressive strength between the 3:1 and 9:1 blend and a fall of 10 % in
the recorded UPV. At 4 weeks, the difference was 37 % for strength and 6 % in UPV. The overall rate
of increase in compressive strength was 27 % greater in the 3:1 BFS:PC blend conitpatiesl 9:1

blend.

The overall goodness of fit for the strength correlation relationshipable 4.3) decreased with
increasing BFS replacement. This may be due to the increased scatter in the compressive strength data
at increased UPV values in the higher replacement blends. Previous research found that the increase
in UPV plateaued after 28 days of cur[2g2]. Although this was not observed to the same extent in

this data set, this effect is expected in all compressive strebdfN correlations due to the elastic

modulus and strength increasing at different rates as the material Hdpés.

To ascertain the predin of the technique, the standard deviations of the UPV and compressive
strength at each testing point were determined. No discernible trends were observed with increasing
mean valuesKigure4.10 A,B). To provide a direct compsoh, the coefficient of variation (COV) was

calculated for each testing point, and the cross plot for this is showimimre4.10 C.
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Figure4.10 Standard deviation at each test poifor A) UPV, B) compressive strength and C) coefficient of variation from A
and B. Key shows colour variations for each BFS:PC blend.

The COV was observed to be much larger for the compressive strength testing than the UPV, indicating
that the reprodudbility of UPV testing was much higher. Data from the 5.67:1 blend show very high
COV for the compressive strength values, which may be the cause of thévalu&observed in the

correlation relationship.

For all levels of replacement by BFS, the retathip between compressive strength and UPV appears
to fit the exponential style relationship found for similar materials in other stuldigg], [155], [202§

[205]. However, the need for separate correlation relationships dependent on the level of BFS
replacement within the cement is clear from these data, unlike the work of D@nfrlet al.[202].

The overall correlation relationships determined are considered suitably robust for the assessment of
the impact of gammaadiation on the bulk properties of these cements, which will be presented in

detail in Chapter 5.
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4.2 PFA:PC

/| SYSYUGAGA2dza ANRdzia O2ydFAyAy3a tC! FNBE O02YY2yf
which is encapsulated in alternative materidlb]. However, they are also used as the main
encapsulant for less common waste streams e.g. ferric [8}cEL8], and at the Dounreay cementation

plant for raffinates and flocg3]. The formulation envelope used by the UK nuclear industry is fairly
limited when compared to formulations based on BFS. Given this, a single formulation of PFA:PC (3:1,
0.43 w/s) was chosen to provide characteristic microstritad and phase assemblage information

prior to the initiation of irradiation testing.

4.2.1 Hydration

The isothermal calorimetry data for the initial 150 hours of hydration for the PFA:PC system is shown
in Figure4.11. The isotherm Isows the same main thermal events of hydration outlined in Section
4.1.2 initial rapid dissolution with high heat flow, low heat evolution during the dormant phase, and

a subsequent increase in heat evolution corresponding &nninydration and sulfate depletion. The
dormant period appears extended in this system compared to the 3:1 BFS:PC, which has the same
level of replacement, as highlightedrigure4.11. This extended dormant period is due to treaction

of PFA in cement being pozzolanic, and as this reaction is very dependent on a highly alkaline
environment in water activated pastethis can be very slowsee Sectior2.4.2.2. The rate of heat
evolution attributed tothe main hydration event also appears to be slower than in the BFS containing
systems, although the sharp shoulder representing secondary ettringite formation is much more

prominent in the PFA containing system.
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Figure4.11 A: Isothermal calorimetry and B: total heat evolution data for the 3:1 PFA:PC system. Dashed line shows
comparisorwith same level of replacement by BFS.
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The overall heat evolution of the system is lower than the maximum evoleatl from any of the
BFS:PC systems as described in Sedtibd, therefore complying with the European standards and
Sellafield specificatio45], [178]

Differences in early age hydration kinetics for RBAtaining blends have long been noted, with
directly opposing results ofteseen. Richardson et gJ206] investigated the impact of PFA on
hydration and compared new results with data from several other studies, finding that the slower
initial hydration results in lower cumulativieeat evolution. However, it was acknowledged that the
impact of PFA on hydration is complex and the variable impact on the silicate and aluminate hydration
rates observed in other studies may be attributed to differences such as the physical and chemical

nature of the PR and PC, mix ratio, and the wéio.

The extension of the dormant perigdetween 2¢ 5 hrs)in Figure4.11 may be a product of the higher
w/sratio (in line with the Sellafield specificati¢], [15]) of w/s 0.43 used in the 3:1 PFA:PC blend
compared to the 0.35 vgused for the BFS:PC cements. However, it is considered that the slower rate
of heat evolution for main hydration peak is not solely a product of ¢hiznge in wé ratio [186].
Deschner et al[77] observed longer induction perigdn systems doped with PFA compared to the
same levels of replacement by quartz, showing that the change in kinetics cannot only be due to
dilution. An alternative cause for the prolonged induction period and the slower initial rate of
hydration suggestthat calcium ion adsorption on the PFA particle surface causes retardation of the

silicate reactiorf77], [207]

There is an increase in heat flow associated with the secondary ettringite formation(¢egtked at

18 hrs)in Figure4.11. This may be a product of the finer particle size of PFA compared to BFS (part
comprisedof Calumite) creating different seeding effects and increasing the overall filler effect.
Dittrich et al.[207] observed an increase in aluminate reaction due to the increased nucleation sites
provided by a finer particle size, increasing the reaction € @ading to quicker precipitation of
ettringite. The sulfate content of the PFA was also observed to impact the overall kinetics of formation
and the total amount of ettringite formed. However, givthe low sulfate content of the PFA (0.1
wt.%, Chapter 3, Table 3.1) used in the current study, it is considered that the particle size is the

controlling factor.

4.2.2 Phase assemblage
Analysis of the phase assemblage was completed using XRD, TGA aBb@&dMniques. The XRD

diffractogram of the sample after 28 days is showirigure4.12, and shows the phase assemblage
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contains ettringite (PDF# 441451) hemicarboaluminate (PDF# 014€221) portlandite
(PDF#4-0733) and calcite(PDF# 0D837) along with residual mutié (PDF# 79453), quartz
(PDF#85-0335) and belitdPDF# 28369) The diffuse scatter observed between3® H*‘ A& RdzS
the contribution of unreacted PFA. The diffuse peak located betweend@®@4bH c H*‘ Y| & AYyRA
AFm solid solution (ARghof hemicarbonate and highly Ostibstituted monosulfoaluminatgs9]. The

poor crystallinity of these phases typically produces brpaaks which makes certainty around the

presence of solid solution problematic.

5 10 15 20 25 30 35 40 45 50 55 60 65 70
Position 26 (°)

Figure4.12 XRD diffractograms of hydrated 3:1 PFA:PC at 28 Bay&tringite, HC: hemicarboatinate, M: mullite,
P:portlandite,Q: quartz, C: calcit®: belite (&S).

The TGA results from 7 and 28 days are displayétgure4.13, together with mass spectrometry
data for HO and C@ The primary phases identified are ettringiteSEl, portlandie and carbonates,
showing good agreement with XRD results. The weight loss associated with free watet@yh@®
significantly reduced in the 28 day sample as hydration had increased and the formation of a distinct
shoulder was observed at approximatel00°C as a result of the water loss and increased ettringite

formation [194]. Portlandite presence was efirmed from the weight loss at 42, and carbonate
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decomposition was observed between 5¥00 °C. Increased G@mission from the samples at

>800°C was thought to be due to oxidation of elemental carbor.
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Figure4.13TGA and MS response from 3:1 PFA:PC at 7 and 28da&ysingite, P: portlandite, C: carbonates.

Quantification of the proportins of portlandite and carbonate in each sample are shoviraliie4.4
(see Section 3.3.7 fguantificationdetails). The onset of portlandite consumption was observed, with
an overall reduction of approximately 48 % in the refatproportion between the 7 and 28 day
samples. This was due to the pozzolanic reaction of the PFA as hydration cof8#]u€ke carbonate
content of the 28day old sample was incread, indicating that carbonation of the system at the

expense of portlandite may have occurred, also contributing to the reduction in portlandite content.
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Table4.4 Quantification of free water loss, portldite and carbonate content from 3:1 PFA:PC at 28 days

Age Free water (%) Ca(OH) (%) CaCQ(%)
7 days 20.8 4.6 2.0
28 days 12.3 2.4 5.8

SEMEDX showed unreacted Si and Al rich PFA particles, within a hydrate matrix comprised of open
textured GSH (Figure4.14). The chemical composition of PFA is highly variable, and Fe content was
especially inconsistent, with particles rich in Fe containing little Si af#2D8], [209] To prowde an
overview of the hydration of the PFA as a whole, a large representative area was subjected to chemical
mapping to show overarching relationships. Zones of portlandite were still present, and unburnt
carbonand residual iron were identifiabl&Sulfurrich zones were identified through EDX mapping

(labelled AFt ifrigure4.14), likely to represenettringite given the XRD results.

Figure4.14 SEM EDX of 3:1 PFA:PC at 28 dayeld mark AFt: ettringite, P: portlandite;@ unburnt carbon and PFA. Red
dashed circle indicates residual iron.
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Point analysis was carried out on zones of the outer matrix product with minor areas of inner product
from hydrated clinker grains or PFAnE Figure4.15) to allow estimation of the approximate
composition of the &SH. Ca/Si ratios of between 1.2555were observed, with a mean value of 1.41

+ 0.3. These are similar to literature values for systems with slightlrieolume replacement by PFA:
Deschner et al.77] observed Ca/Si ratios of 1.3 + 0.2 for blended systems with 50 % fly ash, and with
increased PFA comtt in the samples ifrigure4.14, the Ca/Si ratio should be reduc¢dl]. The
estimation of chemical composition from SEM should be approached cautiously, as the intimate
intermixing of hydrates within thenatrix means that the area of the EDX spot size and resulting
interaction volume is greater than the length scale of individual hydrates and may include analysis of
PFA patrticles and/or hydrates beneath the sample surface. This is the cause of the taigtritiu
points outside the anticipated-&H envelope and hydrate compositional poifit$8], [210], [211]

The clustering of pais around the tie lines ifigure4.15 A shows that both ettringite and AFtype
phases were present and the fine intermixing of these phases within the matrix results in the spread
of points. Figure4.15 B gives a clearer division of the sulfate balance within the system, and the
majority of points lie within the AFftype regionindicating that the diffuse peak identified between
104cmmPdPHC H' AY HRg&rétl?) iw kelyNdpresigitaiive of @n AFm solid solution of
hemicarbonate and highly OBubstituted monosulfoaluminatf9], [77]
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Figure4.15EDX point analysis from 3:1 PFA:P&I/€a versus Si/Ca; @\l+Fe)/Ca versus S/Each point sample vetaken
from a region that visually appeared to be binder rather than residual anhydrous ph#séses link to the other prominent
hydrate phases; CH: portlandite; AFm: mauloaluminate; and AFt: ettringite.

Overall, the phase assemblage was foundb# consistent with literature findings for systems

containing similar levels of replacement of PC by PFA.
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4.2.3 Microstructure

To provide an overview of the microstructural characteristics of this paste, SEM micrographs of the
3:1 PFA:PC at 28 days with gasing levels of magnification are showrrigure4.16. Open porosity

and sparse zones of outer matrix were observed, especially compared to the dense portlandite areas
identifiable by the lighter greyscale appearance. The matas texturally varied between zones and
some rim features were present on the surface of PHAufe4.16 B, C, D). This may indicate initial
reaction of the materials, or their role as nucleation sites for hydrates, or may b&odbe chemical
variation of PFA. Areas of residual clinkeéiggre4.16 B) and hydration rims around the edge of PFA
particles Figure4.16 B, D) were observed. Figure4.16 D reggion 1, fine fibres assumed to beSH

were observed radiating from PFA patrticles. A thin dark rim was observed between this and the PFA
particle, indicating inner product formation through PFA hydration. The more porous structure of the
outer product carbe seen adjacent to AFm rich zones (labelleBi@re4.16 D). MIP measurements

on the sample produced a total accessible pore volume af #36 with threshold pore entry radii of

below 0.4um.
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Figure4.16 SEM micrographs of PFA:PC after curing for 28 days at increasing magnification. P: PortlacliitesrCRegions
1 and 2 in 5 [Miscussed in text.

4.3 Conclusion and discussion of baseline parameters

Addition of Sellafield dt specification SCMs to PC systems causes distinct changes to hydration, phase
assemblage and microstructural development dependent on the SCM used and the level of
replacement in the grout. These changes are predominantly in line with those observestems

using generic SCMs, however, variations were noted.

The heat of hydration of BFS cements was lower than observed in literature studies that included
similar replacement levels of BFS due to the addition of Calumite to regulate the BFS reactivity.
Nevertheless, the phase assemblage and microstructure were not different to those seen in literature
where no Calumite fraction was used. In PFA systems, the heat of hydration was lower than in BFS
systems and the hydration kinetics were altered due tofthe particle size of the PFA. However, the

overall phase assemblage remained comparable to those in literature.
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The average Ca/Si ratio for grouts with the same level of replacement by SCM was found to be
comparable: approximately 1.4 for both of the Zystems. The Ca/Si ratio increaseith increasing

SCM replacement i.e. the 9:1 sample Ca/Si = 1.9, whereas in the 3:1 sample Ca/Si e Highefh

Ca/Si ratio indicates very little reaction of the low@a BFS and PFA material at increased replacement
level, and so indicatethat at 28 days the phase assemblage is primarily composed of PC hydration
products. This indicates the slow rate of hydration of the Caludndetion causes the chemical
behaviour to be similar to that of grouts with lower levefsreplacement by SCMs. The similar Ca/Si

ratio observed in the BFS and PFA cements also indicates a low level of reaction of the SCMs, as PFA
tends to react more slowly than BFhis is because PFA requires a very alkaline environment to

initiate the pozmlanic reaction

In terms of radiation effects at young ages in these systems, this means that work completed on pure
PC systems may provide relevant information even given the high levels of replacemnteese
cements Despite this, the effects of radian are still unknown for these materials at increased ages,
where increased hydration of the SCM fraction will have occurred, altering the profsicoical
properties. Other factors such ashé impact of temperature differences experienced by the
wastefam through interim storage and disposal will also impact the hydration products and phase
assemblage of the grouts (see Chapter 2, Section &) although this is not investigated heiteis
touched upon in Chapter 7

PFA systems contained higher psitg than BFS systems with equivalent replacement levels.

Increased replacement by BFS resulted in higher total porosity with larger pore entry distribution.

Correlation of UPV with compressive strength was completed for all levels of BFS replacement.
Expmential style relationships used in previous studies apply well to these materials. The goodness
of fit was observed to be high for all fitted relationships. However, with higher levels of BFS
replacement, compressive strength and UPV were reduced andased variation in the fitted

relationship was observed. This variation was likely a product of compressive strength testing, as the

UPV results generated highly reproducible data.

It is considered that the UPV testing method is appropriate to generabé-geantitative data on how
radiation impacts compressive strength. This can only be done using thedgbd@ndpriate correlation

relationships outlined in Section 4.2.4.

BFS systems have been selected to take forward as the focus of this study, asethesedrto

encapsulate the bulk of ILW and demonstrate more range in the formulation envelope used.
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5 Gamma stability of BFS:PC systems

In this chapterthe range of BFS:PC samples characterised in Chapter 4 were exposed to increasing
total doses of gamma diation. Post irradiation characterisation was completed and the results
compared to control samples of the same age that had undergone similar curing conditions.
Assessment of the impact of gamma exposage function of dose and BFS replacement lenghe

phase assemblage, microstructure and mechanical properteessompleted.

As outlined irChapter 2, &ction 2.5, radiation damage via radiolytic degradation is a primary concern
for the evolution of cementitious wasteforms. The formation of hydroges through the radiolytic
breakdown of pore water could lead to overpressure within the pore space that could cause cracking
of the wasteform[18]. Alterations to the microstructure via changes in pore size distidouhave

been observed, often linked to increases in carbonati®@6], [109], [114] Iradiatiorrinduced
carbonation has been observed, postulated to arise via formation of calcium perogtehydrate,
CaQ-8H,0 [107]¢[109], [115] In terms of mechanical properties, gamma exposure has been
associated with increased and reduced strength comgdececontrol sample$l110]c[113]. Drying of

the paste through radiolytic dehydration is often linked with decreased compressive strength,
whereas increased carbonatidras been associated with maintaining or improving strer{dttb],
[212], [213] The role of sulfur in gammaadiated BF®ontaining systems is also debated in the
literature, with potential oxidation of sulfid@roposedasleadng to later-age ettringite formation

which may be analogous to internallfate attaci{124].

There are limitecavailable gamma irradiation studigghich have investigated the impact of gamma
ANNI RAFGA2Yy 2y OSYSyda O2ydlrAyAy3a . C{ NBLII OSYSy
formulation enelope Richardson et aJ124]investigated the phase assemblage and natmacture

of 3:1 and 9:1 blendand Mobasher et al[110] assessed the impact on19samples. However, no
systematic assessment of the impact of gamma exposure with increasing gamma dose on samples
which include the coarse grained Calumite fraction have lweenpleted The impact of irradiation at
varying levels of BFS content will besessed hereThe se of nondestructive testing methods to
assess changes in the mechanical properties of irradiated samples as they age will provide novel
insights into radiolytically induced damage and any potential recovery as curing continues. The effe

of total absorbed dose on these systems will be evaluated at 7 MGy, 14 MGy, and 20 MGy, far
exceedig the anticipatedifetime dose of 10 MGy estimated for ILW packageprovide contingency

for GDF safety case plannif&§].
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In order to investigate the long term effects of anticipated lifetime doses of gamma irradiation on the
materials, accelerated testing methods are required. The dose rates produced BCthe@radiator

used in this chapter were much higher than tthese rates experienced in wasteforms, allowing the
total lifetime dose to be exceeded in the timeframes requifed laboratory study The use of
accelerated testing is commonly employed to assess the radiation response of materials in this
manner, althoud it is stilla matter of some debate whether accelerated testing can be used to
extrapolate degradation effects to lower fluxg®4]. Kontani et al[214] found that within certain

limits the rate of Hproduction scales linearly in gamreaposed cements, potentiallyalidating the

use of accelerated testing. The increased dose rate may induce changes that are more severe than
observed in the waste containing materials, however itcissideredthat this will provide a

conservative estimation of the impact on the centious materials.

5.1 Experimental setup

The samples were synthesised and cured usingrtétiod outlined in Chapter 3g8tion 3.2 for small
volumes of materials. The grouts were cured in sealed 50 mL centrifuge tubes for 8 days after which
the samples weréemaulded, sectioned intaylindricalmonoliths approximately 280 mm in length

and wrapped in aluminium foil to minimise moisture loss and atmospheric carbonation. Half the
samples were sent to the UoM DCF for testing using the facilities outlir@dhpter 3,S=ction 3.3.13.

Details of the samples and the irradiation conditions are summarisédhies.1.

Table5.1 Summary of gamma irradiation conditiarSee Appendix Section 1@or dose rate variations with time.

Average gamma  Total dose Irradiation Sample age at Sample age at
BFS:PC doseg(k(g Ihr) (MGy) temperature start of end of
y y (°C) irradiation (wks) irradiation

13.2(x0.05) 7(x0.02) 9 16
31 12.9(x0.10) 14 (x0.11) 16 28
12.3(+0.19) 20 (+0.31) 30 58
13.8 (:0.08) 7 (+0.03) 9 16
3.44:1 13.4(x0.27) 14 (x0.28) 16 28
12.5(+0.56) 20 (£0.92) 35 o 30 58
12.2 #0.07) 7(£0.03 9 16
5.67:1 11.9(+0.09) 14 (x0.10) 16 28
12.0(+0.53) 20 (+0.89 30 58
13.2 :0.07) 7 (+0.03 9 16
9:1 12.9(+0.10) 14 (x0.12) 16 28
11.8(+0.70) 20 (¥1.18 30 58

"Temperature was regulated through use of an air pump to minimise heating of ssmple
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The irradiationswere initiated with the 7 MGy samples, after which the add 20 MGy samples
underwent irradiation successively. The average dose rate achieved at each subsequent stage of
testing is observed to decreasghis is due to the natural decay of tRfCo pellets within the irradiator

and could not be altered withirhte scope of this experiment.

Due to the timescales required for the total doses to be reachiegicementsamples were different
ages immediately posdtradiation. Initial TG, XRD and SEM analysis were completegoasashe
samples were received badloim UoM DCF, with further analysis of all samples completed at 80 weeks
to remove variations due to &ng. The data in this chaptearefrom the characterisation at 80 weeks,
with the exception of TGA results; these are taken at 22, 39, and 80 weekd@y 714 MGy, and

20 MGy samples respectively.

5.2 Irradiation to7 MGy

Irradiation of these samples began 9 weeks after the samples were made. The time taken t@ reach

MGy was approximately 5 weelend so the samples were 16 weeks old when exposure ceased.

5.2.1 Phase assemblage

5211 XRD

XRD diffractograms of the irradiated and control samples are showrigare 5.1. The phase
assembhge is broadly as described in Chapter dgtiSn 4.1.2, however ettringite is no longer
observed andmonosulbaluminate (PDF83-1289)is present. The difference patterns indicate a
potential increase ithe proportion of this phase in all the blends after 7 MGy gamma expaasute
also showthe disappearance of hemicarboaluminate. The majority of the control &ssnpave
greater peak intensities for portlanditehowever, in the 3.44:1 blendRigure5.1B) the opposite trend

is observed. Overall, no large scale alterations to the phase assemblage were obaftered

irradiation.

The alteratbns in peak intensities for portlandite and monosulfoaluminate may be a product of
preferred orientation, rather than an effect of gamma radiation. If a decrease in the proportion of
portlandite had occurred as a result of gamma exposure, an increaskinmaarbonatecontaining
phases night be anticipated via radiolytically generated formation of metastable calcium peroxide
octahydrate (discussed @hapter 2 Section 2.5.1)100], [115] However, no associated increase in
carbonate phases was observed in these samplbsch calls into question any apparedgcrease in

portlandite content

The differences in the AFm phases observed in the irradiated samplesaceuinfo the controls

indicate destabilisation of hemicarboaluminate. This could be the result of shifts in temperature that
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were greater than anticipated/experienced by the control sample, as hemicarboaluminate is not
stable at temratures > 25 °@69], [82] given this, it is interesting that this phase persists in any of
the samples. Changes in the pH of the pore solution tueradiolysis may also destabilise
hemicarboaluminate; SBOHAFmM has beershown to becomes more stablaet pH >13.5[215].
Changes in the carbonate concentration in the pore solution have also been shown to reduce the
stability of hemicarboaluminate, with an increase in £0ons in pore solution stabilising

monocarboaluminatg69], [216]
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Figure5.1 X-ray diffractogramsof hydratedBFS:P@lendsirradiated to 7 MGy and the corresponding control (CBHS:PC
ratios corresponding to each data set afe:3:1; B: 3.44:1; C: 5.4; D: 9:1Ms: monosulfoaluminate, HC:
hemicarboaluminate, HT: hydrotalcite, Mc: monocarboaluminate, P: portlandite, B: beSe QC calcite.

The increased peak intensities observed for monosulfoaluminate in these samples is to be expected
comparedto the resultsshown in Chapted, given the increased age of the samples showiguire
5.1 (80 weeks versus 28 days in ChapterTe results in Chapter 4 showed minor proportions of

monosulfoaluminate, with hemicarboaluminasand ettringite noted as primary hydration products.
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Formation of ettringite is favourable at young ages due to the initial high concentrations of sulfate
however, as sulfate depletion occurs and dissolved aluminium concentrations increase as hydration

continues, monosulfoaluminate increases at the expense of ettringite (Chapter 2, Section 2.4.1.2).

The reduction in hemicarboaluminate over tirf@mpared to the results from Chapterdgstabilises

the ettringite formed at early agesitially, the formation of hemicarboaluminate stabilises ettringite

as it removes aluminium and carbonate from the pore solution, keeping the sulfate content high. As
hemicarboaluminate breaks down increased aluminium and carbonate concentrations in the pore
solution will redue the sulfate concentrationi§9], [189] The ongoindpydration ofBFSwill also lea

to areduction in S@AI,O; ratio over time.Given this, there is potential for the formation of increased
amounts of monosulfoaluminate due tbydration of BFS increasing thaissolved aluminium
concentration of the pore solutigralthough not observeth BFS systems, this has been seen in pore

solution studies of PFA blended sam(i&k7].

5212 TGA

Results from TGA are shownRigure5.2, which showshat the major variation between the 7 MGy
and control samples is the reduction in free water observed in the irradiated sarfipthsated by
grey arrows irFigure5.2). Samples were approximately 22 weeks old when analysed. Quantification

of the TGA results is shownTiable5.2.
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Figure5.2. TGA data for 7 MGy and control (Ctrl) BFS:PC saBpi8C ratios corresponding to each data settare:l;
B: 3.44:1; C: 5.67:1; D: 9:1. The apparent shifierportlandite @) peak observed in B is due to equipment undergoing
repair and recalibratiorbetween testingof the two samples shown herglc: monocarboaluminate, Ms:
monosulfoaluminate, HT: hydrotalcite, P: portlandite.

Table5.2 Quantification of free water, portlanditend calciumcarbonate content of 7 MGy irradiated and control BFS:PC

samples.
Free water (%) Ca(OHy) (%) CaCo(%)
BFS:PC

7 MGy Ctrl 7MGy Ctrl 7MGy Ctrl
31 4.5 6.3 6.0 6.3 45 3.5
3.44:1 5.1 5.2 6.8 6.2 43 6.0
5.67:1 4.0 5.8 3.8 3.3 36 22
9:1 5.2 6.0 24 2.7 25 26

Irradiation has caused minor changes in the both the free water quantity and phase assemblage

proportions.The free water content in théour irradiated samples is reduced by betweend81 %

from the amount present in theespectivecontrol samples. No overall trend was identified between

the quantity of free water identified and the proportion of BFS replacement, indicdtiagthe

radiation response is not severely affected by high volume substitution for this flosgroportion

of portlanditewasbroadly similar inrradiated and control samples. Slight increases in the portlandite

guantities in tharradiated samples are considered to be insignificant given the errors associated with

quantification[77], [163] The overall trend in the control samples showdecreasing portlandite

quantity with increasing slag fraction, as observe@lvapter 4, &ction 4.1.2.

There is no trend between theortlandite contens and variatims incarbonate quantities of the

7 MGy irradiated sampleayhich, given the small differences observed and errors associated with

quantification (discussed above) is to be expect€drbonate quantities in the 7 MGy samples
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decreae with increasing BFSaétion, but this is not observed in the control samples which display
more variation In both instancescarbonate quantities would be anticipated to be lower in the
samples with increased BFS replacemdhe lower proportions of clinker mean kesarbongs from

the precursorand the lower calcium content means lower Ca/Si48K and less portlandite which

are thermodynamically favoured routes for carbonation in cem¢b®s].

These minor variationigdicatethat the radiation response is not significantly affected by the different
levels of BFS replacementatlose of 7 MGy. The findings of the T@8ults support the XRD results

and indicatethat preferred orientation of portlandite is not solely responsible for the reduced peak
intensities observed ifrigure5.1, howeverthe variations are minor. The differences in carbonate
content observed are not linked to variatie in portlandite quantities, perhaps indicating that
carbonate products are being formed at the expense of an alternative phase; potergiatgimited
decalcification of &H is occurring. However, thisay bea result of the heterogeneous nature thie
samples. Given that the relative error of quantification measurements between samples has been
observed to be between § 10 %, the small variations observed for portlandite and carbonate
guantities between samples heo not appear torepresent anysignificantbulk effectcaused by

exposure to radiatiofi77], [163]
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5.2.1.3 SEMEDX
SEMEDXdatafor all 7 MGy irradiated and control samples are showRigure5.3. Identification of

unreacted precursor materials (BFS and clinker) and hydration products (portlandite) from greyscale

intensity information showsthat similar phases are present to those identifieddhapter 4, &ction
4.1.2.
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Figure5.3 SEMmages and correspondirigDXelemental maps (for selected elements as markedifferentBFS:P@8lends,
exposed t&Z MGy andrespectivecontrol samplesA: 3:1 7 MGy; B: 3:Iontrol; C: 3.44:1 7 MGy; D: 3.44dntrol; E: 5.67:1
7 MGy; F: 5.67:1ontrol; G: 9:1 7 MGy; H:1 @ntrol.

No significant variations we observed in the distribution of elements from EDX mapping after
gamma exposureompared to the respective control samplereas of portlandite are stiltable
within the microstructureand aluminium distribution indicates the formation ofASS-H. Sulfur is
observed at low levels, with higher concentratianisserved in hydrated matrix frequently in zones
adjacentto unhydrated clinkeand BFSThe sulfidehat is provided to the system through hydration
of BFS does not appear to have caused any variatiotiee local phase assemblagennected to

7 MGy irradiationand, as seen from the XRD and TGA resuitsbulk alterations to the AFm/AFt

balance vere seen in the phase assemblage.
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Figure5.4 EDX point analysidata forall BFS:PC blendsr 7 MGyirradiated and control samples.,A E: 7 MGyB, D, F:
control. Each point sample was takerofn a region that visually appeared to be binder rather than residual anhydrous
phases. Composition of anhydrous BFS shown in AB by  Sieldoés link to the other prominent hydrate phases; CH:
portlandite; AFm: monosulfoaluminate; AFt: ettrirggiand HT: hydrotalcite.
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