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2 Immobilisa ion of Proo ype Fas Reacor Raffinae using Barium 

3 Silicae ILW Glasses

4 Paul G.  Heath, Cla� re L. Corkhill, Martin C. Stennett, Russell J. Hand , Kieran M. Whales, Neil C. 

5 Hyatt

6 Immobilisation Science Laboratory, Sir Robert Had field  Build ing, Mappin Street, The 

7 University of Sheffiel
d
, Sheffiel

d
, S1 3JD, Unite

d
 King

d
om

8 Abs rac

9 The vitrification of Dounreay Prototype Fast Reactor Raffinate (PFR) in a barium borosilicate 

10 glass matrix was investigate
d
, with the aim of un

d
erstan

d
ing process feasibility an

d
 the 

11 potential benefits over the current baseline of cement encapsulation.  Laboratory scale glass 

12 melts 
d
emonstrate

d
 the pro

d
uction of homogeneous glasses incorporating at least 20 wt% 

13 simulant PFR waste (on an oxi
d
es basis), with no 

d
etectable crystalline accessory phases.  The 

14 har
d

ness an
d

 in
d

entation fracture toughness of the simulant PFR waste glasses were 

15
d

etermine
d

 to be comparable to those of current UK high level waste glass formulations.  The 

16 normalised  d issolution rate of boron from the simulant PFR glasses was d etermined  to be 3 x 

17 10-2 g m-2 
d

-1, in 18.2 M��  water at 90oC an
d
 surface area / volume ratio of 1500 m-1

;  only a 

18 factor of two greater than the French SON-68 simulant high level waste glass, und er 

19 comparable cond itions.  Consequently, the simulant PFR waste glasses are consid ered  to 

20 show consid erable promise for meeting envisaged  waste acceptance criteria for geological 

21 d isposal.  Overall, the superior stability of vitrified  PFR wasteforms could  enhance the safety 
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22 case for long term near surface storage of r�� ioactive wastes, man� ate�  by current Scottish 

23 Government policy.

24 Keywor� s:  Amorphous Materials, Waste Immobilisation, Mechanical properties.
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25 In roduc ion

26 The Prototype Fast Reactor (PFR) was the UK’s secon�  fast reactor an�  operate�  between 

27 1974 an�  1994, utilising a high plutonium content mixe�  oxi� e fuel (MOx) with a molten 

28 so
�
ium coolant [1]. Spent fuel from the PFR was reprocesse

�
 on the Dounreay site by 

29
�
issolution in nitric aci

�
 to recover the reusable fissile material. This process yiel

�
e

�
 

30 approximately 200 m3 of an aqueous r� �
ioactive liquor, known as PFR raffinate [2]. The PFR 

31 raffinate contains the m� � ority of the r� �
ioactive material an

�
 fission pro

�
ucts pro

�
uce

�
 

32
�
uring the operation of the PFR reactor an

�
 on the Dounreay site as a whole [3]. Since the 

33 reprocessing of PFR fuel was complete
�
 in 1996, the waste raffinate has been store

�
 in 

34 un
�
ergroun

�
 tanks on the Dounreay site. Having spent a 

�
ec�

�
e in storage, PFR raffinate was 

35 reclassifie
�
 as Interme

�
iate Level Waste in 2004, ostensibly 

�
ue to its low heat output [4]. 

36 The con
�
itioning of PFR raffinate into a passively safe, wasteform is i

�
entifie

�
 as a priority in 

37 the Dounreay Site Restoration Plan [5]. A best practical environmental option assessment, 

38 un
�
ertaken by the UKAEA, propose

�
 neutralisation an

�
 cementation of the raffinate as the 

39 reference waste management strategy [6]. For this waste treatment option to be 

40 implemente� , a new facility (to be known as D3900) is require� , the construction of which is 

41 yet to begin at the time of writing.

42 Although laboratory stu� ies have � emonstrate�  that cement-encapsulate�  inactive raffinate 

43 has physical properties comparable to those of other cemente�  ILW streams (e.g. viscosity, 

44 initial setting time, blee�  water), PFR raffinate has a specific activity 20 times greater than 

45 other encapsulate�  ILW streams [2,3,7,8]. The high concentration of 137Cs in PFR raffinates, 

46 the porous nature an�  poor immobilisation of Cs observe�  in cementitious systems, may limit 

47 the ability of cement to retain the r�
� ioactive inventory of PFR [2,9– 11]. It is not yet certain 

48 that environmental release rates from a cemente�  PFR raffinate wasteform will be within 
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49 permitte�  limits over the relevant lifetime of the wasteform, particularly given the policy of 

50 the Scottish Government for long term near-surface storage at a coastal location, as in the 

51 case of Dounreay [12,13].  

52 An issue that may be even more significant to safe interim storage is the high specific activity 

53 of the wastes an�  their significant alpha emitting component �5�G�<�H =  346 TBq m-3,   �J =  3.21 

54 TBq m-3) [2]. It is known that the r� � iolysis of cementitious water will pro� uce H2, while the 

55 presence of significant nitrate concentrations in the waste (300-500 g l-1) an�  alpha activity 

56 will also result in the formation of O2 an
�  NOx [14� 17]. These combine

�
 factors will increase 

57 the rate of gas generation when compare
�
 to existing UK ILW waste packages. As a result, 

58 these reactions coul
�
 be expecte

�
 to intro

�
uce significant complexities to the long-term 

59 management of cemente
�
 PFR raffinate waste packages through the nee

�
 to monitor, vent 

60 an
�
 

�
issipate gases form the waste packages.

61 It shoul
�
 be note

�
 that the near-surface storage policy was intro

�
uce

�
 after the strategic 

62
�
ecision to encapsulate PFR raffinates in a cement wasteform. In its response to the Scottish 

63 Government consultation on higher activity wastes, the Committee on R
� �

ioactive Waste 

64 Management (CoRWM) highlighte
�
 that certain wastes from the Dounreay site were “never 

65 likely to be suitable for near surface disposal and therefore greater efforts need to be made in 

66 the interest of safety, security and intergenerational equity to find a permanent solution for 

67 this waste” [12].

68 The current investigation aims to � emonstrate, in principle, an alternative processing option 

69 for PFR raffinate, which coul�  enhance the safety case for long term near-surface storage an�  

70 � � � ress the concerns of CoRWM. A � erivative of the barium borosilicate glass, G73, previously 

71 investigate�  as a matrix for the immobilisation of UK ILWs arising at Magnox � ecommissioning 

72 sites [18-21], is here investigate�  as a � isposal matrix for PFR raffinate, the composition of 
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73 which incorporates ca. 7 wt% SO3. Barium borosilicate glasses, such as G73, are reporte	  to 

74 have a high aqueous 	 urability an	  the presence of Ba is known to increase the solubility of 

75 sulphate species, which inhibits the formation of water soluble “ yellow phase”  salts [18-23]. 

76 We present an analysis of the composition, amorphous nature, aqueous 	 urability, thermal 

77 behaviour an	  mechanical properties of vitrifie	  PFR raffinate with waste lo
	 ings of 10 wt%, 

78 15 wt% an	  20 wt% (oxi	 e basis), in a barium borosilicate glass. The results are 	 iscusse	  with 

79 reference to the potential benefits of PFR raffinate vitrification compare	  to cementation.

80 2 - Ma erials and xperimen al

81 2  – Ma erials

82 2� 1 � 1  Raffinat e Simulant

83 The inactive surrogate for PFR raffinate was formulate
	
 on the assumption that the waste 

84 woul
	
 be treate

	
 using an evaporation or calcination step to pro

	
uce a soli

	
 calcine prior to 

85 vitrification. The composition was thus formulate
	
 using the 

	
ata available on the average 

86 composition of four PFR tanks at the Dounreay site [6]. The chemical composition of mo
	
el 

87 PFR raffinate is provi
	
e

	
 in Table 1. The soli

	
s content of the raffinate calcine was calculate

	
 

88 base
	
 on the reporte

	
 elemental values in the raffinate (ppm) an

	
 then converte

	
 to their 

89 oxi
	
e form, which is reporte

	
 in Table 2.

90 Some variations in the elemental composition were necessary when batching the simulant. 

91 For example, for reasons of practicality, any elements with concentrations <  15 ppm were 

92 exclu
	
e

	
 (Ag, As, Cm, Dy, Eu, G

	
, Ge, Hg, Ho, In, Nb, Np, P, Pb, P

	
, Rb, Rh, Sb, Se, Sn an

	
 Tc). 

93 One exception was P
	
, which was present at a concentration of ~ 150 ppm in the waste 
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94 stream. This was exclu� e�  on groun� s of cost, for this preliminary stu� y, an�  its known 

95 propensity to exist as an insoluble noble metal in glass melts [24]. 

96 The omission of the elements note�  above accounte�  for 
  2.8 wt% of the mass of the total 

97 waste stream. ��� ioactive elements with concentrations >  15 ppm were substitute�  by 

98 relevant concentrations of inactive surrogates (Ce for U an�  Sm for Am).

99 2 2 Glass Preparaion

100 Three glasses were synthesise
�
 an

�
 characterise

�
 in this stu

�
y. These glasses were base

�
 on 

101 a 
�
erivative of the G73 barium-silicate base glass composition (referre

�
 to here as G73, for 

102 simplicity), which was previously 
�
evelope

�
 [18-21], with PFR raffinate simulant incorporate

�
 

103 at 10 wt%, 15 wt% an
�
 20 wt% waste lo

� �
ing. These glasses are i

�
entifie

�
 as G73-10, G73-15 

104 an
�
 G73-20, respectively. The base glass composition, presente

�
 in Table 2 for reference, is 

105 i
�
entifie

�
 as G73-00.

106 Glasses were pro
�
uce

�
 from batch chemicals to provi

�
e 250 g of glass. The components of 

107 the raffinate simulant were batche
�
 in either their oxi

�
e or carbonate forms accor

�
ing to 

108 their molar proportions to obtain the specifie
�

 waste lo
��

ing. The following analytical gr
� �

e 

109 chemicals were use�  for batching; Al(OH)3, Na2B4O7.10H2O, BaCO3, CaCO3, C� O, CeO2, 

110 Cr(NO3)3.9H2O, Cs2CO3, CuO, Fe2O3, La2O3, Mn2O3, MoO3, Na2CO3, N� 2O3, NiCO3, Pr6O11, RuO2, 

111 Na2SO4, SiO2, Sm2O3, SrCO3, TeO2, TiO2, Y 2O3 an�  Z nO. The batche�  pow� ers were heate�  in 

112 mullite crucibles with stirring to 1200 ° C at 10 ° C min-1 an�  hel�  at temperature for 3 hours. 

113 The glasses were poure�  into blocks an�  anneale�  at 500 ° C for one hour before cooling to 

114 25 ° C at 1 ° C min-1. Glass monoliths were prepare�  for SEM-EDX , V ickers har� ness testing an�  

115 fracture toughness testing to a 0.25 �U�& finish by successive grin� ing an�  polishing with SiC 

116 grit papers an�  � iamon�  pastes.  Pow� er samples were prepare�  using a har� ene�  steel ring 
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117 an�  puck mill. The sub-75 µ m siz �  fraction was collecte�  for use in � RD an�  � RF analysis an�  

118 the 75-150 µ m siz �  fraction was collecte�  for use in aqueous � urability experiments an�  

119 prepare�  accor� ing to ASTM stan� ar�  C 1285 �  02 [25].

120 2� 2 - Charac� erisa� ion

121 Glass Charac� erisa� ion

122 � -ray Fluorescence (� RF) analysis was performe�  using a Phillips PW2404 � RF Axios 

123 instrument to obtain compositional � ata. B2O3 content was � etermine�  by � issolution of glass 

124 pow� er in HF followe�  by analysis of leachate using a Perkin-Elmer Optima 5300 � ual view 

125 In� uctively Couple�  Plasma Atomic Emission Spectroscopy (ICP-AES). The � ensity of the glass 

126 wasteforms was measure�  using a �  75 µ m pow� er, using an AccuPyc 1340 II helium 

127 pycnometer with the following analysis regime; 200 purges of the chamber followe�  by 50 

128 cycles using an equilibration rate of 35 Pa min-1 at 25 � C in a 1 cm3 chamber an�  a fill pressure 

129 of 86.2 KPa. Scanning Electron Microscopy was performe�  using a JEOL JSM 6400 SEM with 

130 an accelerating voltage of 20 k�  an�  a working � istance of 15 mm. Concurrent Energy 

131 Dispersive Spectroscopy was acquire�  (INCA, Oxfor�  Instruments). A� � itionally, an FEI 

132 Q uanta 200 F SEM was utilise�  for high resolution imaging, using an accelerating voltage of 

133 30 k�  an�  working � istance of 10 mm. Concurrent Energy Dispersive � -ray analysis was 

134 performe
�
 (Genesis ED

�
).

135 Thermal and mechanical proper� ies

136 The glass liqui
�
us temperature for each sample was measure

�
 by placing a 20 cm long mullite 

137 boat, fille
�
 with sub-75 

µ
m glass pow

�
er, into a tube furnace. The samples were left to 

138 equilibrate at 1200 
�
C for 24 hours an

�
 the temperature gr�

�
ient along the length of the boat 

139 at 5 mm intervals was measure
�
 using a retractable thermocouple. The boats were remove

�
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140 an�  rapi� ly quenche�  in air. The point of crystallisation was measurable to within 1 mm by 

141 optical examination of the crucibles an�  this was then correlate�  with the associate�  

142 temperature to estimate the liqui� us temperature. Alterations in chemical composition 

143 resulting from crucible corrosion were not accounte�  for, nor were the phases pro� uce�  

144 analyse� . As the purpose of this test was to check if the point of crystallisation was below 

145 1100 � C, an�  the contaminants from crucible corrosion are likely to lower this value, the 

146 results presente�  are consi� ere�  useful in this context.

147 The � ickers har
�
ness in

�
entation metho

�
 was use

�
 to 

�
etermine both har

�
ness (Hv) an

�
 the 

148 in
�
entation fracture toughness (Kc) following the proce

�
ure 

�
escribe

�
 by Connelly et al. [26]. 

149 In
�
entation was performe

�
 on a Mitutayo HM-101. Sixty in

�
ents were m�

�
e at each of three 

150 in
�
entation lo�

�
ings; 0.98 N, 1.96 N an

�
 2.94 N (twenty in

�
ents at each force per sample, 

151 error ±  0.02 N). The lo�
�
 was hel

�
 for 20 secon

�
s. Samples were left for 24 hours prior to 

152 analysis using optical microscopy. The � ickers har
�
ness �5�
�Z�6 in Pa an

�
 the Fracture Toughness 

153 (Kc) was calculate
�
 using Equations 1 an

�
 2 respectively:

154 Equation 1�� �� =  
�������	�
��

���
����2

155 Equation 2�� �� =
���������
�
��

��3/2

156 where P is the applie
�
 lo�

�
 (N), a is the half length of the in

�
ent 

�
iagonal (m) an

�
 c is the 

157 me
�
ian/r �

�
ial crack length (m). The results quote

�
 are those obtaine

�
 from the 1.96 N 

158 lo�
�
ing 

�
ue to the higher number of acceptable in

�
entations (a minimum of fifteen per 

159 sample). 
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160 Aqueous durabili� y assessmen�  

161 Aqueous  urability assessment was performe  accor ing to ASTM stan ar  C 1285 !  02 

162 (Pro uct Consistency Test - PCT) utilising a 75 " m !  150 " m si#$  fraction in 18.2 ���[  H2O at 

163 90% C with a SA/&  between 1499 m-1 an  1525 m-1  epen ent on glass  ensity, as provi e  in 

164 Table 3 [25]. Experiments were performe  in triplicate with  uplicate blanks, sampling at 3, 

165 7, 14, 21 an  28  ays. Samples were filtere  using a 0.45 �U�& PTFE filter an  leachate analysis 

166 was performe  using ICP-AES. 

167 The normalise
 
 elemental mass loss (NLi) an

 
 normalise

 
 elemental 

 
issolution rates (NRi) 

168 were calculate
 
 accor

 
ing to Equations 3 an

 
 4, respectively; using the analyse

 
 glass 

169 compositions.

170              E qua� ion 3NLi =
Ci

fi ×
SA
V

171                E qua� ion 4NRi =
Ci

fi ×
SA
V × ��

172 where NLi is the normalise  elemental mass loss of element i (g m-2), Ci is the average , blank 

173 correcte  concentration of element i in solution (g m-3), fi is the fraction of element i in the 

174 unleache
 
 glass, SA/

&
 is the ratio of glass surface area to the volume of water (m-1), NRi is the 

175 normalise
 
 elemental loss rate an

 
 t is time in 

 
ays.

176 Geochemical mo
 
elling of the solution leachate was performe

 
 using the PhreeqC 

177 geochemical mo
 
elling co

 
e (v3-12-8538, provi

 
e

 
 by the Unite

 
 States Geological Survey) 

178 to i
 
entify solution saturation species, using the Lawrence Livermore National Laboratory 

179 (LLNL) thermo
 
ynamic 

 
atabase.
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180 3 - Resuls 

181 3' (  - Glass Forma) ion and Composi) ion

182 It can be state*  with confi* ence that the three simulant PFR waste lo+* e*  G73 glasses exist 

183 within a stable glass forming region of the phase * iagram up to a 20 wt% lo+ * ing. The glasses 

184 forme*  re+* ily an*  poure*  from the melt at 1200 , C, with no evi* ence of un-* issolve*  batch. 

185 However, a small * egree of corrosion was evi* ent insi* e the crucible, which is responsible for 

186 the elevate*  concentrations of alumina in the final composition. The composition of the three 

187 glasses was analyse*  using - RF an*  ICP-AES; * ata are shown in Table 2, which compares the 

188 final composition with the nominal batche*  compositions.  

189 Overall, it can be seen from Table 2 that the batche*  an*  analyse*  compositions are in 

190 reasonable agreement for major an*  minor oxi* es, although with some notable exceptions.  

191 Na2O, B2O3, an*  SO3, are, in general, analyse*  as lower than the batche*  composition, * ue to 

192 volatilisation from the melts * uring high temperature processing.  SiO2 an*  BaO are, 

193 respectively, systematically higher an
*
 lower in the analyse

*
 glass compositions compare

*
 to 

194 the batche
*
.  The complexity of the glass composition m

+ *
e 

*
econvolution of overlapping 

-
-

195 ray emission lines, from multiple elements, challenging an
*
 may be responsible for this 

196 systematic 
*
iscrepancy.  The loss of such volatile components from the melts 

*
oes not pose 

197 a challenge to the off-gas system of existing HLW melter systems an
*
, therefore, is not 

198 expecte
*
 to be problematic for full scale 

*
eployment.  In 

+* *
ition, it shoul

*
 be note

*
 that the 

199 lower surface area to volume ratio, an
*
 presence of a col

*
 cap, in full scale melter systems 

200 will re
*
uce volatilisation consi

*
erably, with respect to laboratory scale melts.

201 Analysis of the vitrifie
*
 pro

*
ucts by 

-
-ray 

*
iffraction showe

*
 only 

*
iffuse scattering (Figure 1) 

202 characteristic of an amorphous material, with no evi
*
ence of phase separation or 

*
etectable 
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203 crystallisation. The lack of contrast in both the SEM-BSE imaging an/  SEM-ED0 mapping 

204 analysis, / isplaye/  in Figure 1b an/  Figure 2, is in/ icative of a chemically homogeneous glass 

205 on a micron scale. Each glass showe/  similar characteristics. There was no evi/ ence from 0 RD 

206 or SEM-ED0  analysis of / istinct segregate/  sulphate phases.

207 Crystallisation in r6 / ioactive waste glasses, when pro/ uce/  from the melt, is un/ esirable for 

208 several reasons, inclu/ ing: the possibility for the precipitation of soluble r6/ ionucli/ e 

209 containing phases; the potential for / ecrease/  aqueous / urability of the matrix, / ue to the 

210 removal of refractory components; an
/
 the potential for swelling of crystal phases as a result 

211 of 
/
amage from self-irr

6 /
iation. The absence of significant crystallisation an

/
 minimal 

212 evi
/
ence of crucible corrosion in

/
icate that a high-quality glass wasteform was obtaine

/
 that 

213 shoul
/
 be both stable an

/
 amenable to the processing of PFR wastes.

214 38 2 - Thermal Proper? ies

215 Table 3 shows the / ensity, glass transition temperature an/  measure/  liqui/ us temperature 

216 of the simulant PFR glasses. The values obtaine/  for the Tg are comparable, within error, for 

217 the three waste-lo6/ ings an/  correspon/  well with the transition temperature previously 

218 reporte/  for the same base glass lo6 / e/  with organic exchange resins [18-21]. 

219 The liqui/ us temperatures of the glasses were all below 1100 @ C, an/  no correlation with 

220 increasing waste lo
6/

ing was observe
/
. Glass compositions with a liqui

/
us temperature 

221 below 1100 
@
C are thought to be beneficial for nuclear waste vitrification as the lower 

222 temperatures minimise volatile losses of r
6 /

ioactive components 
/
uring melting [27-29]. 

223 Although not essential for all melter operations or wasteform acceptance criteria, the 

224 absence of crystalline pro
/
ucts in

/
icates that the wasteforms will be amenable to commercial 
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225 application; A ue to the associateA  simplification of wasteform qualification, improveA  

226 efficiency of melter operation anA  preA ictability of process control [30] 

227 As the glasses proA uceA  in this stuA y have been shown to retain their Cs inventory after 

228 processing at 1200 B C, the retention of Cs shoulA  be expecteA  to be retaineA  in full scale melts 

229 given the smaller melt surface area to volume ratio anA  possibility of operating with a colA  

230 cap [31].

231 3C 3 - Mechanical TesD ing

232 The F ickers harA ness anA  inA entation fracture toughness of the PFR simulant glasses are 

233 plotteA  in Figure 3. The fracture toughness of the glass relates to the energy requireA  to form 

234 a new surface anA  is relevant to qualifying the suitability of rG A ioactive waste packages for 

235 transport, e.g. in estimating the likelihooA  of respirable fines formation in acciA ent scenario 

236 [32].

237 The lowest waste loG A eA  glass, G73-10, hG A  the highest inA entation fracture toughness anA  

238 the harA ness value of the glasses testeA . G73-15 anA  G73-20 glasses gave lower values anA  

239 were equivalent within measurable precision. All compositions were comparable or superior 

240 to existing HLW glass compositions (e.g. UK MW glass anA  US PNL 76-78 glass, Fig. 3) for 

241 inA entation fracture toughness anA  were comparable, or superior, in terms of F ickers 

242 har
A
ness [26,32]. 

243 Although no specification for fracture toughness currently exists for UK vitreous waste 

244 packages, the results imply that, as the G73 base
A
 glasses are comparable to current 

245 wasteforms, they are likely to be compliant with storage in existing (HLW) canisters. 

246 Furthermore, the mechanical properties suggest that packaging in larger 3 m3 boxes may also 
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247 be possible, although in this case analysis of thermally inH uceH  cracking/stresses H uring 

248 processing requires investigation.

249 3I 4 - Aqueous DurabiliJ y

250 The short-term chemical 
H

urability of the simulant raffinate glasses was investigate
H

 using 

251 the PCT metho
H

ology [25]. Figure 4 shows the normalise
H

 mass loss of elements that were 

252 H etectable by ICP-AES in concentrations higher than those measureH  in the blank solutions. 

253 The normaliseH  elemental mass loss (NLi) anH  normaliseH  H issolution rate (NRi, 28 H ays) H ata 

254 are shown in Tables 4 anH  5, respectively. The solution pH buffereH  to a value of pH 10.2 K  0.2 

255 after 3 H ays (Fig. 4) anH  there was no further measurable fluctuation of pH H uring the 28-H ay 

256 H uration of the experiments. 

257 The normaliseH  elemental loss rates (to 28 H ays) for boron were similar for each glass 

258 composition, giving an NRB between 3.24 x 10-2 g m-2 H

-1 anH  3.33 x 10-2 g m-2 H

-1 (K  5 x 10-4) 

259 as stateH  in Table 4. This inH icates that varying the waste loaH ing from 10 to 20 wt% H iH  not 

260 appreciably alter the chemical H urability on the timescales investigateH . Importantly, the 

261 glasses showeH  a comparable normaliseH  mass loss anH  normaliseH  H issolution rate to other 

262 high-level waste glass compositions H estineH  for long-term H isposal, testeH  unH er comparable 

263 conH itions (Table 5). For example, the UK HLW MW25 glass, has a NRB of 3.20 x 10-1 g m-2 H ay-1 

264 [33], compare
H
 with 3.24 x 10 -2 g m-2 

H

-1 for the 20 wt% loL
H
e

H
 simulant PFR raffinate glass 

265 (Table 5). The NRB is approximately twice that of the SON68 French HLW base glass, however 

266 it shoul
H
 be note

H
 that the specific activity in R7T7 (the active analogue of SON68) will be 

267 substantially higher than that of the PFR loL
H
e

H
 G73 glasses. At pro

H
uction, R7T7 contains an 

268 average specific activity ca. 110 PBq m-3, approximately 20 times greater than the average ca. 
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269 6 PBq m-3 estimateM  for the G73-20 glass [34]. As such, these glasses coulM  be consiM ereM  

270 suitable for the immobilisation anM  M isposal of PFR raffinate. 

271 Glass M issolution was observeM  to be incongruent; B anM  Na leacheM  at similar rates (NLB N  

272 NLNa), however the normaliseM  mass loss of all other elements was an orM er of magnituM e 

273 lower than both B anM  Na (Table 4). The normaliseM  mass loss of all elements was observeM  

274 to be rapiM  for the first 3 M ays of M issolution anM , after this time, the normaliseM  mass loss of 

275 Si, Na, B began to reM uce inM icating an approach to quasi-equilibrium, as inM icateM  in Figure 

276 4. 

277 The normalise
M
 mass loss of Ba an

M
 Ca 

M
iffere

M
 as a function of glass composition, albeit 

278 without a notable tren
M
. For example, the normalise

M
 mass loss of Ba 

M
ecrease

M
 after 7 

M
ays 

279 for the 20 wt% waste loO
M
e

M
 composition, an

M
 after 14 

M
ays for the 15 wt% glass (Fig. 4b). 

280 There appeare
M
 to be little removal of Ba from solution from the 10 wt% loO

M
e

M
 glass. 

281 A
M M

itionally, the NLSr M
roppe

M
 after 14 

M
ays for all three glasses (Fig. 4f). This behaviour may 

282 be attribute
M
 to the formation of Ca-, Ba- an

M
 Sr-containing alteration layers on the glass 

283 surface. In
M
ee

M
, geochemical mo

M
elling in

M
icate

M
 that tobermorite (Ca5Si6H11O22.5) is likely to 

284 precipitate. A number of recent investigations have also i
M
entifie

M
 this phase in glasses 

285 containing Ca, or where Ca is present in solution [35P 39] an
M
 have shown that its formation 

286 can significantly re
M
uce the 

M
issolution rate of nuclear waste glasses, by an or

M
er of 

287 magnitu
M

e compare
M

 to other me
M

ia [39]. Other phases shown by geochemical mo
M

elling to 

288 be favourable precipitates were the Ca- Ba- anM  Sr-carbonate phases, calcite (CaCO3), 

289 witherite (BaCO3) anM  strontianite (SrCO3). Arising from equilibrium of CO2 in air with the 

290 leaching meM ium, it is possible that these phases precipitateM  in solution, anM  when the 

291 samples were filtereM  for analysis, they were removeM , leO
M ing to an apparent M ecrease in Ca, 

292 Ba anM  Sr leaching. It will be necessary to perform further monolith leaching experiments to 
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293 examine the properties of the altereS  layer so that the origin of the fluctuations in these 

294 elements can be S etermineS  anS  set in the context of recent mechanistic stuS ies of UK HLW 

295 anS  ILW glass performance [40-43].

296 4 - Discussion

297 Previous work has shown that cement may not have the capacity to effectively immobilise 

298 the 
S
iverse inventory of rT S

ioactive elements present in the PFR raffinate waste stream [44]. 

299 Cementitious wasteforms coul
S
 be subject to increase

S
 

S
issolution an

S
 release rates 

S
ue to 

300 their inherent porosity an
S
 high internal surface area. The high solubility an

S
 potential for 

301 removal of many of the waste elements which sorb to the cement surface; especially Cs, 

302 which makes up over 60% of the rT
S
ioactive inventory by activity, is of potential concern [2]. 

303 These factors highlight the opportunity to vitrify PFR wastes to minimise rT
S
ioisotope 

304 migration to the biosphere. U itrification, using G73 barium silicate glass 
S
escribe

S
 in this 

305 investigation, is likely to offer significant improvements in long term wasteform performance 

306 over the current baseline.

307 The benefits of vitrification reach beyon
S

 the improvements in wasteform quality 
S

escribe
S

 

308 anS  may also offer fiscal incentives, for example, by substantially reS ucing the waste volumes 

309 for storage anS  S isposal. The current lifecycle waste management plan is to cement the PFR 

310 raffinate in 500 L S rums, with a target waste loT
S ing of 0.305 m3 per S rum. With 212.1 m3 of 

311 raffinate to process this woulS  result in 397 m3 of packageS  waste for S isposal  (696 x 500 L 

312 S rums with a S isplacement volume of 0.57 m3 each) [2]. If vitrification, at 20 wt% loT
S ing was 

313 to be utiliseS , the volume of waste proS uceS  woulS  be reS uceS  to W  14.4 m³  of glass. 

314 Conceivably, this volume of material coulS  be reT
S ily processeS  in a small or moS ular plant, 
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315 utilising one of a variety of thermal treatment options for ILW being [ evelope[  in the UK e.g. 

316 plasma vitrification, resistive heating melters or Hot-Isostatic Pressing [45].

317 Assuming packaging of vitrifie[  PFR waste into 3 m3 ILW boxes was preferable an[  70% of the 

318 box capacity (2.57 m3) coul[  be fille[ , each 3 m3 box woul[  hol[  1.8 m3 of vitrifie[  pro[ uct. In 

319 this scenario, the waste coul[  be fully con[ itione[  using just eight 3 m3 boxes, pro[ ucing a 

320 total waste volume for [ isposal of 28.6 m3. This treatment metho[ ology, when compare[  

321 with cementation, woul[  re[ uce the waste [ isposal inventory by more than 90%, an[ , in 

322 principle, coul
[
 be achieve

[
, using in-container Joule heate

[
 melter technology. The heat 

323 generation, surface activity limits an
[
 containment limits for impact of this hypothetical G73-

324 20 waste stream have been estimate
[
 to be within existing gui

[
elines for a 3 m\  ILW box1 

325 [46].  The substantial volume re
[
uction achieve

[
 by the vitrification approach woul

[
 enable 

326 transfer of the resulting waste packages to the Sellafiel
[
 site for storage, potentially assisting 

327 earlier closure of the Dounreay site.  

328 Deriving a lifetime waste management cost for these wastes inten
[
e

[
 for near surface 

329 storage has not been attempte
[
 here. However, it is believe

[
 the cost re

[
uctions associate

[
 

330 with managing lower volumes of wastes in the rest of the NDA estate shoul
[
 be transferable 

331 to Scottish policy. It is important to note that the volume re
[
uction an

[
 concentration of the 

332 waste associate
[
 with this vitrification step woul

[
 not result in the re-classification of the 

333 waste as HLW. This is important as a reclassification to HLW woul
[

 require consi
[

eration of 

334 heat [ issipation in storage, intro[ ucing significant extra costs for [ isposal, as well as 

335 increasing the final volume require[  in a storage vault.

1 Calculation base]  upon reporte]  inventory of r̂] ioisotopes for this waste stream an]  accounting for the 
concentration of activity achieve]  by vitrification. This package]  waste will meet state]  specifications impose]  
for a square corner 3 m3 box.
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336 The _ ecrease_  risk to public health, superior quality of final wasteform, improve_  long term 

337 stability, smaller footprint on the Dounreay ILW stores an_  the re_ uce_  waste management 

338 cost, combine to provi_ e a cre_ ible case for treatment of these wastes using vitrification over 

339 cementation.

340 5 - Conclusion

341 A vitreous wasteform for simulant PFR raffinate was 
_
evelope

_
 at a range of waste lo` _

ings 

342 up to 20 wt%. The pro
_
uct was a stable an

_
 homogeneous amorphous soli

_
 with no 

343 observable crystal formation. All glasses performe
_
 comparably to vitrifie

_
 waste 

344 compositions currently in use, both in the UK an
_
 internationally, for the immobilisation of 

345 HLW. The aqueous 
_
urability was superior to that of current UK HLW glasses un

_
er 

346 comparable experimental con
_
itions. Therefore, the glasses investigate

_
 here coul

_
 be 

347 consi
_
ere

_
 a stable matrix for ILW un

_
er both geological 

_
isposal an

_
 near-surface storage 

348 scenarios. The mechanical properties of the wasteform also matche
_
 or excee

_
e

_
 those 

349 currently in use for HLW glasses, in both the UK an
_
 USA, an

_
 therefore, shoul

_
 be amenable 

350 to transport an
_

 storage in either 500 L HLW flasks or 3 m3
 ILW waste packages. A

_ _

itionally, 

351 we _ emonstrate_  that un_ ertaking immobilisation of PFR raffinate through thermal 

352 treatment metho_ s may also result in a _ ecrease in the anticipate_  volume of waste from 

353 397 m3 to 28.6 m3, potentially resulting in significant lifetime waste management cost savings 

354 an_  a more robust option to support the Scottish policy for at near surface storage an_  site 

355 closure.

356 Acknowledgemenb s

357 The authors woul_  like to thank Paul Lythgoe an_  Alastair Bewsher (School of Earth Science, 

358 University of Manchester) for performing the c RF an_  ICP-AES measurements presente_  in 



18

359 this work, Martina Klinkenberg ane  Jü lich Forshungsfg ntrum for access to the FEI SEM. This 

360 research was performee  in part at the MIDAS Facility, at the University of Sheffiele , which 

361 was establishee  with support from the Department of Energy ane  Climate Change. We are 

362 grateful to EPSRC for sponsorship of this research une er grants EP/G037140/1, 

363 EP/N017870/1, ane  EP/N017374/1.

364 References

365 [1] S.E. Jensen, P.L. Ø lgaar
e
, Description of the prototype fast reactor at Dounreay, 

366 NKS/RAK-2(95)TR-C 1, Rise National Laboratory, Roskile e, Denmark, NKS, 1996. 
367 http://www.iaea.org/inis/collection/NCLCollectionStore/h Public/28/026/28026107.p

e
f 

368 (accessee  January 7, 2017).
369 [2] Nuclear Decommissioning Authority, Waste Stream 5B01 - PFR Raffinate, UK ij

e
ioactive 

370 Waste Inventory, (2014).
371 [3] K.F. Langley, B.A. Partri

e
ge, M. Wise, Immobili

f
j kl on of Fast Reactor First Cycle Raffinate, 

372 in: Proceee ings of Waste Management - Tuscon Am , 2003. 
373 http://www.wmsym.org/archives/2003/p

e
fs/50.p

e
f (accesse

e
 January 7, 2017).

374 [4] Unitee  Kinge om Atomic Energy Authority (UKAEA), Justification for Classifying PFR 
375 Raffinate as ILW, DSRPTC (2003) P11, (2003).
376 [5] Unitee  Kinge om Atomic Energy Authority (UKAEA), How To Deal with the Management 
377 of Prototype Fast Reactor (PFR) Raffinate, UKAEA/PP/P(2004)01, (2004).
378 [6] Unitee  Kinge om Atomic Energy Authority (UKAEA), Best Practicable Environmental 
379 Option Stu

e
y For The Management of PFR Raffinate, D3900(04)P027, (2005).

380 [7] Nuclear Decommissioning Authority, Waste Stream 5B04 - MTR Raffinate, UK 
381 Rj

e

ioactive Waste Inventory, (2014).
382 [8] Nuclear Decommissioning Authority, Waste Stream 5B05 - DFR Raffinate, UK ij

e
ioactive 

383 Waste Inventory, (2014).
384 [9] J.H. Sharp, J. Hill, N.B. Milestone, E.W. Miller, Cementitious Systems for Encapsulation of 
385 Intermee iate Level Waste, in: Proceee ings of ICEM ‘ 03: The 9th International Conference 
386 on ij

e
ioactive Waste Management an

e
 Environmental Reme

e
iation, Oxfor

e
, UK, 2003.

387 [10] F. P. Glasser, Mineralogical Aspects of Cement in ij
e ioactive Waste Disposal, 

388 Mineralogical Magj
f

l ne. 65 (2001) 621n 633.
389 [11] N.B. Milestone, o . Bai, C.H. o ang, p .C. Li, The Use of Activatee  Slags as Immobilisation 
390 Matrices for ILW, in: MRS Online Procee

e
ings Library, 2008: p. 93.

391 [12] Committee on i j
e ioactive Waste Management (CoRWM), Response to Scotlane ’s Policy 

392 on Higher Activity ij
e
ioactive Waste: Consultation on an Implementation Strategy, 

393 CoRWM e ocument .3220, (2015).
394 [13] Scottish Government, Consultation on an Implementation Strategy for Scotlan

e
’s Policy 

395 on Higher Activity ij
e ioactive Waste, (2015).



19

396 [14] E.R. Merqr  D. Dyckerhoff, R. Os oj, Characteriqu vw on of rus ioactive wastes incorporates  in 
397 a cement matrix, in: Procee

s
ings of International Conference on x u s

ioactive Waste 
398 Management, 1986: pp. 396y 401.
399 [15] H.J. Mockel, R.H. Koster, Gas Formation During the Gamma x us

iolysis of Cemente
s
 Low-

400 ans  Intermes iate-Level Waste Pros ucts, NT. 59 (1982) 494y 497.
401 [16] N.E. Bibler, R

u s
iolytic gas pro

s
uction from concrete containing Savannah River Plant 

402 waste, Du Pont s e Nemours (E.I.) ans  Co., 1978. 
403 http://inis.iaea.org/Search/search.aspx{ orig| q} RN:9389931 (accesse

s
 February 9, 

404 2017).
405 [17] C. A Utton, I. H. Go

s
frey, Review of stability of cemente

s
 groute

s
 ion-exchange 

406 materials, slus ges ans  flocs January, (2010). 
407 https://rwm.n

s

a.gov.uk/publication/review-of-stability-of-cemente
s

-groute
s

-ion-
408 exchange-materials-slus

ges-an
s
-flocs-january-2010/ (accesse

s
 February 9, 2017).

409 [18] P.A. Bingham, N. C. Hyatt, R. J. Hans , C.R. Wils ing, P.A. Bingham, N.C. Hyatt, R.J. Hans , 
410 C.R. Wil

s
ing, Glass Development for • itrification of Wet Interme

s
iate Level Waste 

411 (WILW) from Decommissioning of the Hinkley Point € A’ Site, MRS Online Procees ings 
412 Library, 1124 (2008) 1124-• 03-07., in: MRS Online Procee

s
ings Library, 2008: pp. • 03-

413 07.
414 [19] P.A. Bingham, N.C. Hyatt, R.J. Han

s
, • itrification of UK interme

s
iate level r

us
ioactive 

415 wastes arising from site s ecommissioning: property mos elling ans  selection of 
416 can

s
i

s
ate host glass compositions, Glass Technology 

y
 European Journal of Glass Science 

417 ‚  Technology Part A, 53, 2012, 83-100. 
418 [20] P.A. Bingham, N.C. Hyatt, R.J. Han

s
, S.D. For

s
er, • itrification of UK interme

s
iate level 

419 rus ioactive wastes arising from site s ecommissioning. Initial laboratory trials, Glass 
420 Technology 

y
 European Journal of Glass Science 

‚
 Technology Part A, 54, 2013, 1-19.

421 [21] O.J. McGann, P.A. Bingham, R.J. Hans , A.S. Gans y, M. Kavcic, M. ƒ itnik, K. Bucar, R. Es ge, 
422 N.C. Hyatt,, The Effects of �H�;������������������ on Mo

s
el • itreous Wasteforms Inten

s
e

s
 for the 

423 Disposal of Intermes iate ans  High Level x
us ioactive Wastes in the Unites  Kings om, 

424 Journal of Nuclear Materials. 429 (2012) 353
y
367.

425 [22] C.P. Kaushik, R.K. Mishra, P. Sengupta, A. Kumar, D. Das, G.B. Kale, K. Raj, Barium 
426 borosilicate glass 

y
 a potential matrix for immobili

qu vw
on of sulfate bearing high-level 

427 rus ioactive liquis  waste, Journal of Nuclear Materials. 358 (2006) 129y 138.
428 [23] B. Bren

s
ebach, M.A. Denecke, G. Roth, S. Weisenburger, Sulfur incorporation in high level 

429 nuclear waste glass: A S K-es ge „ AFS investigation, J. Phys.: Conf. Ser. 190 (2009) 
430 012186. 
431 [24] C.H. Oh, Hu qu … s ous ans  rus ioactive waste treatment technologies hans book, CRC Press, 
432 2001.
433 [25] C 1285-02 Stan

s
ar

s
 Test Metho

s
s for Determining Chemical Durability of Nuclear, 

434 Hu qu … s ous, ans  Mixes  Waste Glasses ans  Multiphase Glass Ceramics: The Pros uct 
435 Consistency Test (PCT), ASTM International, (2008).
436 [26] A.J. Connelly, R.J. Hans , P.A. Bingham, N.C. Hyatt, Mechanical properties of nuclear 
437 waste glasses, Journal of Nuclear Materials. 408 (2011) 188

y
193.

438 [27] M. Asano, T. Kou, † . Miq‡ tani, • aporiqu vw on of Alkali Borosilicate Glasses, Journal of Non-
439 Crystalline Soli

s
s. 112 (1989) 381

y
384.

440 [28] B.G. Parkinson, Influence of Composition on Structure ans  Caesium • olatilisation from 
441 Glasses for HLW Confinement, The University of Warwick, 2007.



20

442 [29] J. E. Shelby, An Introˆ uction to Glass Science anˆ  Technology, 2nˆ  ê ., The Royal Society 
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496 Figures

497

498 Figure •  - a) Powder XRD paž ž erns of G73 PFR raffinaž e loaded glasses, displaying diffuse scaž ž ering characž erisž ic of 

499 amorphous ma
ž
erial and b) SŸ M-BSŸ  image displaying homogenei

ž
y of G73-20 glass ma

ž
rix, se

ž
 above i) - iii) SŸ M- Ÿ DX 

500 maps of key elemen
ž
s for b) and iv) a higher resolu

ž
ion BSŸ -SŸ M of G73-20 glass ma

ž
rix iden

ž
ified in b) which 

ž
aken 

501 illus
ž
ra

ž
es 

ž
he absence of crys

ž
alline ma

ž
erials in 

ž
he final was

ž
e produc

ž
 

502
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503 F

504 Figure 2 - S¡ M-BS¡  images of ¢ he ¢ hree was¢ e loaded glasses G73-£ 0, G73-£ 5 and G73-20 a¢  various magnifica¢ ions¤  The 
505 lack of image con¢ ras¢  sugges¢ s chemical homogenei¢ y wi¢ hin ¢ he sample¤

506
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507

508 Figure 3 – Inden¥ a¥ ion frac¥ ure ¥ oughness and hardness values of G73 PFR raffina¥ e was¥ e loaded glasses ob¥ ained using 

509
¥
he ¦ ickers inden

¥
a

¥
ion me

¥
hodology, wi

¥
h comparison 

¥
o was

¥
e glasses curren

¥
ly used for HLW immobilisa

¥
ion [23,30]§  

510 ¨ rrors correspond 
¥
o 3 x 

¥
he measured s

¥
andard devia

¥
ion§

511
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512

513 Figure 4 – Graphs displaying © he normalised elemen© al mass loss wi© h varying levels of PFR raffina© e loading from PCT 

514 experimen© s a©  90°C in ª 8« 2 � �=  wa© er wi© h a SA/¬  of ª 499 m-­  -ª 525 m-­  (dependan©  on glass densi© y)«

515
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516 Tables

Included in Simulan® ¯ xcluded from Simulan®
(surroga® e elemen®  used)
Element ppm Element ppm

Na 9,711 Rh 15
Cu 8,725 Cm 4
Fe 3,837 Nb 3.5
Zn 3,566 Dy 2.4
Cd 2,540 Ag ² 1.3
S 1,351 As ² 13
Ni 1,277 Co ² 0.4
Cr 669 Ge ² 1.3
Cs 509 Hg ² 0.3
Nd 462 Ho ² 1.3

Am (Sm) 405 In ² 4
Al 350 Np ² 13
Ce 304 P ² 2.7

U (Ce) 168 Pb ² 1.1
La 163 Rb ² 1.3
Pr 158 Sb ² 1.3
Mo 154 Se ² 1.3
Pd 150 Sn ² 0.3
Ca 138 Tc ² 1.3
Sm 123 Eu 15
Y 112 Gd 15
Te 74 Pd 150
Sr 60

Mn 45
Ru 60
Ba 39
Ti 36

Total 35,186 Total 205

517 Table ´  - Average composi¶ ion of PFR raffina¶ e as charac¶ erised in [6]·  (Bracke¶ s) indica¶ e where ¶ he use of an appropria¶ e 

518 inac¶ ive simulan¶  was applied·  The righ¶ -hand columns iden¶ ifies elemen¶ s excluded from ¶ he simulan¶  based on bo¶ h low 

519 concen¶ ra¶ ions in ¶ he raffina¶ e and on an economic basis·
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520 Table 2 - Composi¸ ions of base glass, simulan¸  calcined PFR raffina¸ e and glasses produced¹  Composi¸ ions of glasses 
521 provided bo̧ h as ba̧ched and as measured by XRF (boron analysis via dissolu ¸ ion in HF and ICP-º » S)¹  *No̧ e glasses were 
522 ba̧ ched ̧o ¼ 00 w̧ ½¾  discrepancies repor¸ ed resul¸  from rounding ̧o 2 d,p¹

G73-¿ 0 G73-¿ 5 G73-20ComponenÀ

(wÀ %)
G73-00
Base 
Glass

PFR
Calcine BaÀ ch MeasÁ BaÀ ch MeasÁ BaÀ ch MeasÁ

SiO2 42.0 0.00 37.80 34.29 35.70 33.4 33.60 32.58
BaO 42.0 0.09 37.81 41.21 35.71 41.61 33.62 38.61

Fe2O3 6.00 11.68 6.57 7.88 6.85 7.78 7.14 7.56
CaO 5.00 0.41 4.54 4.55 4.31 4.54 4.08 4.40
Na2O 2.50 27.88 5.04 1.64 6.31 2.38 7.58 3.30
CuO 0 26.26 2.63 2.83 3.94 3.98 5.25 5.05
B2O3 2.00 0.00 1.80 0.46 1.70 0.56 1.60 0.46

Â nO 0 9.45 0.95 1.08 1.42 1.55 1.89 1.93
CÃ O 0 6.18 0.62 0.74 0.93 1.05 1.24 1.35
SO3 0 7.18 0.72 0.72 1.08 0.79 1.44 0.86

Al2O3 0.50 1.41 0.59 0.86 0.64 0.85 0.68 1.2
NiO 0 3.46 0.35 0.55 0.52 0.71 0.69 0.86

Cr2O3 0 2.08 0.21 0.48 0.31 0.56 0.42 0.66
Cs2O 0 1.15 0.12 0.36 0.17 0.42 0.23 0.52

N
Ã 2O3 0 1.15 0.12 0.15 0.17 0.00 0.23 0.23

Sm2O3 0 0.30 0.03 0.10 0.05 0.14 0.06 0.19
CeO2 0 0.97 0.10 0.05 0.15 0.10 0.19 0.12
MoO3 0 0.49 0.05 0.06 0.07 0.08 0.10 0.09

Ä 2O3 0 0.30 0.03 0.03 0.05 0.05 0.06 0.06
La2O3 0 0.04 0.00 0.03 0.01 0.00 0.01 0.04
Pr6O11 0 0.04 0.00 0.04 0.01 0.06 0.01 0.09
RuO2 0 0.17 0.02 0.00 0.03 0.00 0.03 0.00
SrO 0 0.15 0.02 0.6 0.02 0.12 0.03 0.07
TeO2 0 0.20 0.02 0.00 0.03 0.00 0.04 0.00
TiO2 0 0.13 0.01 0.00 0.02 0.00 0.03 0.00

Mn2O3 0 0.14 0.01 0.08 0.02 0.08 0.03 0.09
100 - 100.13 98.795 100.20 100.81 100.26 100.32



28

524

Sample ID
Glass ProperÅ y

G73-Æ 0 G73-Æ 5 G73-20

Density (g cm-3)
3.512 Ç  
0.002

3.572 Ç  
0.002

3.574 Ç  
0.003

Glass Transition Temperature 
(È C)

470 Ç  10 483 Ç  10 484 Ç  10

LiquiÉ us Temperature (È C) 1045 Ç  10 1075 Ç  10 1020 Ç  10

525 Table 3 - ProperÊ ies of glass wasÊ eforms produced aÊ  varying PFR raffinaÊ e wasÊ e loadings including Ê he densiÊ y, liquidus 

526 Ê emperaÊ ure (measured in mulliÊ e crucibles – see main Ê exÊ  for Ê he implicaÊ ion of Ê his) and glass Ê ransiÊ ion Ê emperaÊ ureË

527
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Glass ComposiÌ ionNRi

(g m-2 day-Í ) G73-Î 0 G73-Î 5 G73-20
B 3.33 x 10-2 3.28 x 10-2 3.24 x 10-2

Na 1.69 x 10-2 2.17 x 10-2 1.84 x 10-2

Si 7.18 x 10-3 8.40 x 10-3 7.19 x 10-3

Ca 5.89 x 10-3 3.62 x 10-3 4.95 x 10-3

Mo 4.44 x 10-3 4.78 x 10-3 6.38 x 10-3

Ba 4.43 x 10-3 3.10 x 10-3 1.47 x 10-3

Cr 3.48 x 10-4 1.64 x 10-4 2.30 x 10-4

Cu 4.93 x 10-6 1.45 x 10-6 0.00
Al 0.00 0.00 2.91 x 10-4

Fe 0.00 0.00 0.00

Ni 0.00 0.00 0.00

Sr 0.00 0.00 0.00

Ï n 0.00 0.00 0.00

528 Table 4 – Normalised elemenÐ al loss raÐ es for Ð he Ð hree wasÐ e PFR wasÐ e loaded glasses measured afÐ er 28 daysÑ  DaÐ a is 

529 from PCT experimen
Ð
s of 

Ð
he was

Ð
eforms a

Ð
 90 °C in Ò 8

Ñ
2 � �=  wa

Ð
er

Ñ

530
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NLi afÓ er 28 days
(g m-2)

NRi afÓ er 28 days
(g m2 day-Ô )

Glass 
ComposiÓ ion

NLB NLSi NRB NRSi

SA/Õ

(m-Ô )
pH

(25 °C)

G73-20 0.9076 0.2012 0.0324 0.0072
1499 10.26

SON68 [40] 0.4886 0.1559 0.0175 0.0055 2135 9.4

MW25 [3Ö ] 8.89 0.538 0. 32 0.020 1200 -

531 Table 5 – Comparison of ne× work dissolu× ion limi× ing normalised elemen× al mass losses and normalised elemen× al 

532 dissolu
×
ion ra

×
es be

×
ween SON68 glass, Bri

×
ish Magnox was

×
e HLW glass and G73-Ö 5 was

×
e loaded glasses 

×
es

×
ed, under 

533 PCT condi
×
ions a

×
 90 °C in Ö 8Ù 2 � �=  wa

×
erÙ

534
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2 Immobilisa ion of Proo ype Fas Reacor Raffinae using Barium 

3 Silicae ILW Glasses

4 Paul G. Heath, Claire L. Corkhill, Martin C. Stennett, Russell J. HanÚ , Kieran M. Whales, Neil C. 

5 Hyatt

6 Immobilisation Science Laboratory, Sir Robert HÛ Ú fielÚ  BuilÚ ing, Mappin Street, The 

7 University of Sheffiel
Ú
, Sheffiel

Ú
, S1 3JD, Unite

Ú
 King

Ú
om

8 Abs rac

9 The vitrification of Dounreay Prototype Fast Reactor Raffinate (PFR) in a barium borosilicate 

10 glass matrix was investigate
Ú
, with the aim of un

Ú
erstan

Ú
ing process feasibility an

Ú
 the 

11 potential benefits over the current baseline of cement encapsulation.  Laboratory scale glass 

12 melts 
Ú
emonstrate

Ú
 the pro

Ú
uction of homogeneous glasses incorporating at least 20 wt% 

13 simulant PFR waste (on an oxi
Ú
es basis), with no 

Ú
etectable crystalline accessory phases.  The 

14 har
Ú

ness an
Ú

 in
Ú

entation fracture toughness of the simulant PFR waste glasses were 

15
Ú

etermine
Ú

 to be comparable to those of current UK high level waste glass formulations.  The 

16 normaliseÚ  Ú issolution rate of boron from the simulant PFR glasses was Ú etermineÚ  to be 3 x 

17 10-2 g m-2 
Ú

-1, in 18.2 M��  water at 90oC an
Ú
 surface area / volume ratio of 1500 m-1; only a 

18 factor of two greater than the French SON-68 simulant high level waste glass, unÚ er 

19 comparable conÚ itions.  Consequently, the simulant PFR waste glasses are consiÚ ereÚ  to 

20 show consiÚ erable promise for meeting envisageÚ  waste acceptance criteria for geological 

21 Ú isposal.  Overall, the superior stability of vitrifieÚ  PFR wasteforms coulÚ  enhance the safety 
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22 case for long term near surface storage of rÜÝ ioactive wastes, manÝ ateÝ  by current Scottish 

23 Government policy.

24 KeyworÝ s: Amorphous Materials, Waste Immobilisation, Mechanical properties.
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25 In roduc ion

26 The Prototype Fast Reactor (PFR) was the UK’s seconÞ  fast reactor anÞ  operateÞ  between 

27 1974 anÞ  1994, utilising a high plutonium content mixeÞ  oxiÞ e fuel (MOx) with a molten 

28 so
Þ
ium coolant [1]. Spent fuel from the PFR was reprocesse

Þ
 on the Dounreay site by 

29
Þ
issolution in nitric aci

Þ
 to recover the reusable fissile material. This process yiel

Þ
e

Þ
 

30 approximately 200 m3 of an aqueous rß Þ
ioactive liquor, known as PFR raffinate [2]. The PFR 

31 raffinate contains the majority of the rß Þ
ioactive material an

Þ
 fission pro

Þ
ucts pro

Þ
uce

Þ
 

32
Þ
uring the operation of the PFR reactor an

Þ
 on the Dounreay site as a whole [3]. Since the 

33 reprocessing of PFR fuel was complete
Þ
 in 1996, the waste raffinate has been store

Þ
 in 

34 un
Þ
ergroun

Þ
 tanks on the Dounreay site. Having spent a 

Þ
ecß

Þ
e in storage, PFR raffinate was 

35 reclassifie
Þ
 as Interme

Þ
iate Level Waste in 2004, ostensibly 

Þ
ue to its low heat output [4]. 

36 The con
Þ
itioning of PFR raffinate into a passively safe, wasteform is i

Þ
entifie

Þ
 as a priority in 

37 the Dounreay Site Restoration Plan [5]. A best practical environmental option assessment, 

38 un
Þ
ertaken by the UKAEA, propose

Þ
 neutralisation an

Þ
 cementation of the raffinate as the 

39 reference waste management strategy [6]. For this waste treatment option to be 

40 implementeÞ , a new facility (to be known as D3900) is requireÞ , the construction of which is 

41 yet to begin at the time of writing.

42 Although laboratory stuÞ ies have Þ emonstrateÞ  that cement-encapsulateÞ  inactive raffinate 

43 has physical properties comparable to those of other cementeÞ  ILW streams (e.g. viscosity, 

44 initial setting time, bleeÞ  water), PFR raffinate has a specific activity 20 times greater than 

45 other encapsulateÞ  ILW streams [2,3,7,8]. The high concentration of 137Cs in PFR raffinates, 

46 the porous nature anÞ  poor immobilisation of Cs observeÞ  in cementitious systems, may limit 

47 the ability of cement to retain the rß
Þ ioactive inventory of PFR [2,9à 11]. It is not yet certain 

48 that environmental release rates from a cementeÞ  PFR raffinate wasteform will be within 
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49 permitteá  limits over the relevant lifetime of the wasteform, particularly given the policy of 

50 the Scottish Government for long term near-surface storage at a coastal location, as in the 

51 case of Dounreay [12,13].  

52 An issue that may be even more significant to safe interim storage is the high specific activity 

53 of the wastes aná  their significant alpha emitting component �5�G�<�H â  346 TBq m-3,   �J â  3.21 

54 TBq m-3) [2]. It is known that the rã á iolysis of cementitious water will proá uce H2, while the 

55 presence of significant nitrate concentrations in the waste (300-500 g l-1) aná  alpha activity 

56 will also result in the formation of O2 an
á  NOx [14ä 17]. These combine

á
 factors will increase 

57 the rate of gas generation when compare
á
 to existing UK ILW waste packages. As a result, 

58 these reactions coul
á
 be expecte

á
 to intro

á
uce significant complexities to the long-term 

59 management of cemente
á
 PFR raffinate waste packages through the nee

á
 to monitor, vent 

60 an
á
 

á
issipate gases form the waste packages.

61 It shoul
á
 be note

á
 that the near-surface storage policy was intro

á
uce

á
 after the strategic 

62
á
ecision to encapsulate PFR raffinates in a cement wasteform. In its response to the Scottish 

63 Government consultation on higher activity wastes, the Committee on å
ã á

ioactive Waste 

64 Management (CoRWM) highlighte
á
 that certain wastes from the Dounreay site were “never 

65 likely to be suitable for near surface disposal and therefore greater efforts need to be made in 

66 the interest of safety, security and intergenerational equity to find a permanent solution for 

67 this waste” [12].

68 The current investigation aims to á emonstrate, in principle, an alternative processing option 

69 for PFR raffinate, which coulá  enhance the safety case for long term near-surface storage aná  

70 ã á á ress the concerns of CoRWM. A á erivative of the barium borosilicate glass, G73, previously 

71 investigateá  as a matrix for the immobilisation of UK ILWs arising at Magnox á ecommissioning 

72 sites [18-21], is here investigateá  as a á isposal matrix for PFR raffinate, the composition of 
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73 which incorporates ca. 7 wt% SO3. Barium borosilicate glasses, such as G73, are reporteæ  to 

74 have a high aqueous æ urability anæ  the presence of Ba is known to increase the solubility of 

75 sulphate species, which inhibits the formation of water soluble ç yellow phaseè  salts [18-23]. 

76 We present an analysis of the composition, amorphous nature, aqueous æ urability, thermal 

77 behaviour anæ  mechanical properties of vitrifieæ  PFR raffinate with waste loéæ ings of 10 wt%, 

78 15 wt% anæ  20 wt% (oxiæ e basis), in a barium borosilicate glass. The results are æ iscusseæ  with 

79 reference to the potential benefits of PFR raffinate vitrification compareæ  to cementation.

80 2 - Ma erials and xperimen al

81 2  – Ma erials

82 2ê ë ê ë  Raffinaì e Simulanì

83 The inactive surrogate for PFR raffinate was formulate
æ
 on the assumption that the waste 

84 woul
æ
 be treate

æ
 using an evaporation or calcination step to pro

æ
uce a soli

æ
 calcine prior to 

85 vitrification. The composition was thus formulate
æ
 using the 

æ
ata available on the average 

86 composition of four PFR tanks at the Dounreay site [6]. The chemical composition of mo
æ
el 

87 PFR raffinate is provi
æ
e

æ
 in Table 1. The soli

æ
s content of the raffinate calcine was calculate

æ
 

88 base
æ
 on the reporte

æ
 elemental values in the raffinate (ppm) an

æ
 then converte

æ
 to their 

89 oxi
æ
e form, which is reporte

æ
 in Table 2.

90 Some variations in the elemental composition were necessary when batching the simulant. 

91 For example, for reasons of practicality, any elements with concentrations í  15 ppm were 

92 exclu
æ
e

æ
 (Ag, As, Cm, Dy, Eu, G

æ
, Ge, Hg, Ho, In, Nb, Np, P, Pb, P

æ
, Rb, Rh, Sb, Se, Sn an

æ
 Tc). 

93 One exception was P
æ
, which was present at a concentration of î 150 ppm in the waste 
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94 stream. This was excluï eï  on grounï s of cost, for this preliminary stuï y, anï  its known 

95 propensity to exist as an insoluble noble metal in glass melts [24]. 

96 The omission of the elements noteï  above accounteï  for ð  2.8 wt% of the mass of the total 

97 waste stream. ñòï ioactive elements with concentrations ó  15 ppm were substituteï  by 

98 relevant concentrations of inactive surrogates (Ce for U anï  Sm for Am).

99 2 2 Glass Preparaion

100 Three glasses were synthesise
ï
 an

ï
 characterise

ï
 in this stu

ï
y. These glasses were base

ï
 on 

101 a 
ï
erivative of the G73 barium-silicate base glass composition (referre

ï
 to here as G73, for 

102 simplicity), which was previously 
ï
evelope

ï
 [18-21], with PFR raffinate simulant incorporate

ï
 

103 at 10 wt%, 15 wt% an
ï
 20 wt% waste lo

ò ï
ing. These glasses are i

ï
entifie

ï
 as G73-10, G73-15 

104 an
ï
 G73-20, respectively. The base glass composition, presente

ï
 in Table 2 for reference, is 

105 i
ï
entifie

ï
 as G73-00.

106 Glasses were pro
ï
uce

ï
 from batch chemicals to provi

ï
e 250 g of glass. The components of 

107 the raffinate simulant were batche
ï
 in either their oxi

ï
e or carbonate forms accor

ï
ing to 

108 their molar proportions to obtain the specifie
ï

 waste lo
òï

ing. The following analytical gr
ò ï

e 

109 chemicals were useï  for batching; Al(OH)3, Na2B4O7.10H2O, BaCO3, CaCO3, Cï O, CeO2, 

110 Cr(NO3)3.9H2O, Cs2CO3, CuO, Fe2O3, La2O3, Mn2O3, MoO3, Na2CO3, Nï 2O3, NiCO3, Pr6O11, RuO2, 

111 Na2SO4, SiO2, Sm2O3, SrCO3, TeO2, TiO2, ô 2O3 anï  õ nO. The batcheï  powï ers were heateï  in 

112 mullite crucibles with stirring to 1200 ö C at 10 ö C min-1 anï  helï  at temperature for 3 hours. 

113 The glasses were poureï  into blocks anï  annealeï  at 500 ö C for one hour before cooling to 

114 25 ö C at 1 ö C min-1. Glass monoliths were prepareï  for SEM-ED÷ , ø ickers harï ness testing anï  

115 fracture toughness testing to a 0.25 �U�& finish by successive grinï ing anï  polishing with SiC 

116 grit papers anï  ï iamonï  pastes.  Powï er samples were prepareï  using a harï eneï  steel ring 
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117 anù  puck mill. The sub-75 ú m siû ý  fraction was collecteù  for use in þ RD anù  þ RF analysis anù  

118 the 75-150 ú m siû ý  fraction was collecteù  for use in aqueous ù urability experiments anù  

119 prepareù  accorù ing to ASTM stanù arù  C 1285 ÿ  02 [25].

120 2. 2 - Charact erisat ion

121 Glass Charac� erisa� ion

122 þ -ray Fluorescence (þ RF) analysis was performeù  using a Phillips PW2404 þ RF Axios 

123 instrument to obtain compositional ù ata. B2O3 content was ù etermineù  by ù issolution of glass 

124 powù er in HF followeù  by analysis of leachate using a Perkin-Elmer Optima 5300 ù ual view 

125 Inù uctively Coupleù  Plasma Atomic Emission Spectroscopy (ICP-AES). The ù ensity of the glass 

126 wasteforms was measureù  using a <  75 ú m powù er, using an AccuPyc 1340 II helium 

127 pycnometer with the following analysis regime; 200 purges of the chamber followeù  by 50 

128 cycles using an equilibration rate of 35 Pa min-1 at 25 ° C in a 1 cm3 chamber anù  a fill pressure 

129 of 86.2 KPa. Scanning Electron Microscopy was performeù  using a JEOL JSM 6400 SEM with 

130 an accelerating voltage of 20 kV  anù  a working ù istance of 15 mm. Concurrent Energy 

131 Dispersive Spectroscopy was acquireù  (INCA, Oxforù  Instruments). Aù ù itionally, an FEI 

132 Q uanta 200 F SEM was utiliseù  for high resolution imaging, using an accelerating voltage of 

133 30 kV  anù  working ù istance of 10 mm. Concurrent Energy Dispersive þ -ray analysis was 

134 performe
ù
 (Genesis ED

þ
).

135 Thermal and mechanical proper� ies

136 The glass liqui
ù
us temperature for each sample was measure

ù
 by placing a 20 cm long mullite 

137 boat, fille
ù
 with sub-75 

ú
m glass pow

ù
er, into a tube furnace. The samples were left to 

138 equilibrate at 1200 
°
C for 24 hours an

ù
 the temperature gra

ù
ient along the length of the boat 

139 at 5 mm intervals was measure
ù
 using a retractable thermocouple. The boats were remove

ù
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140 and  rapid ly quenched  in air. The point of crystallisation was measurable to within 1 mm by 

141 optical examination of the crucibles and  this was then correlated  with the associated  

142 temperature to estimate the liquid us temperature. Alterations in chemical composition 

143 resulting from crucible corrosion were not accounted  for, nor were the phases prod uced  

144 analysed . As the purpose of this test was to check if the point of crystallisation was below 

145 1100 � C, and  the contaminants from crucible corrosion are likely to lower this value, the 

146 results presented  are consid ered  useful in this context.

147 The � ickers har
d
ness in

d
entation metho

d
 was use

d
 to 

d
etermine both har

d
ness (Hv) an

d
 the 

148 in
d
entation fracture toughness (Kc) following the proce

d
ure 

d
escribe

d
 by Connelly et al. [26]. 

149 In
d
entation was performe

d
 on a Mitutayo HM-101. Sixty in

d
ents were m�

d
e at each of three 

150 in
d
entation lo�

d
ings; 0.98 N, 1.96 N an

d
 2.94 N (twenty in

d
ents at each force per sample, 

151 error ±  0.02 N). The lo�
d
 was hel

d
 for 20 secon

d
s. Samples were left for 24 hours prior to 

152 analysis using optical microscopy. The � ickers har
d
ness �5�
�Z�6 in Pa an

d
 the Fracture Toughness 

153 (Kc) was calculate
d
 using Equations 1 an

d
 2 respectively:

154 Equation 1�� �� =  
�������	�
��

���
����2

155 Equation 2�� �� =
���������
�
��

��3/2

156 where P is the applie
d
 lo�

d
 (N), a is the half length of the in

d
ent 

d
iagonal (m) an

d
 c is the 

157 me
d
ian/r �

d
ial crack length (m). The results quote

d
 are those obtaine

d
 from the 1.96 N 

158 lo�
d
ing 

d
ue to the higher number of acceptable in

d
entations (a minimum of fifteen per 

159 sample). 
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160 Aqueous durabili� y assessmen�  

161 Aqueous � urability assessment was performe�  accor� ing to ASTM stan� ar�  C 1285 –  02 

162 (Pro� uct Consistency Test - PCT) utilising a 75 µ m –  150 µ m siz�  fraction in 18.2 ���[  H2O at 

163 90� C with a SA/�  between 1499 m-1 an�  1525 m-1 � epen� ent on glass � ensity, as provi� e�  in 

164 Table 3 [25]. Experiments were performe�  in triplicate with � uplicate blanks, sampling at 3, 

165 7, 14, 21 an�  28 � ays. Samples were filtere�  using a 0.45 �U�& PTFE filter an�  leachate analysis 

166 was performe�  using ICP-AES. 

167 The normalise
�
 elemental mass loss (NLi) an

�
 normalise

�
 elemental 

�
issolution rates (NRi) 

168 were calculate
�
 accor

�
ing to Equations 3 an

�
 4, respectively; using the analyse

�
 glass 

169 compositions.

170              E qua� ion 3NLi =
Ci

fi ×
SA
V

171                E qua� ion 4NRi =
Ci

fi ×
SA
V × ��

172 where NLi is the normalise�  elemental mass loss of element i (g m-2), Ci is the average� , blank 

173 correcte�  concentration of element i in solution (g m-3), fi is the fraction of element i in the 

174 unleache
�
 glass, SA/

�
 is the ratio of glass surface area to the volume of water (m-1), NRi is the 

175 normalise
�
 elemental loss rate an

�
 t is time in 

�
ays.

176 Geochemical mo
�
elling of the solution leachate was performe

�
 using the PhreeqC 

177 geochemical mo
�
elling co

�
e (v3-12-8538, provi

�
e

�
 by the Unite

�
 States Geological Survey) 

178 to i
�
entify solution saturation species, using the Lawrence Livermore National Laboratory 

179 (LLNL) thermo
�
ynamic 

�
atabase.
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180 3 - Resuls 

181 3	 1  - Glass Forma
 ion and Composi
 ion

182 It can be state�  with confi� ence that the three simulant PFR waste lo�� e�  G73 glasses exist 

183 within a stable glass forming region of the phase � iagram up to a 20 wt% lo� � ing. The glasses 

184 forme�  re�� ily an�  poure�  from the melt at 1200 
 C, with no evi� ence of un-� issolve�  batch. 

185 However, a small � egree of corrosion was evi� ent insi� e the crucible, which is responsible for 

186 the elevate�  concentrations of alumina in the final composition. The composition of the three 

187 glasses was analyse�  using X RF an�  ICP-AES; � ata are shown in Table 2, which compares the 

188 final composition with the nominal batche�  compositions.  

189 Overall, it can be seen from Table 2 that the batche�  an�  analyse�  compositions are in 

190 reasonable agreement for major an�  minor oxi� es, although with some notable exceptions.  

191 Na2O, B2O3, an�  SO3, are, in general, analyse�  as lower than the batche�  composition, � ue to 

192 volatilisation from the melts � uring high temperature processing.  SiO2 an�  BaO are, 

193 respectively, systematically higher an
�
 lower in the analyse

�
 glass compositions compare

�
 to 

194 the batche
�
.  The complexity of the glass composition m

� �
e 

�
econvolution of overlapping 

X
-

195 ray emission lines, from multiple elements, challenging an
�
 may be responsible for this 

196 systematic 
�
iscrepancy.  The loss of such volatile components from the melts 

�
oes not pose 

197 a challenge to the off-gas system of existing HLW melter systems an
�
, therefore, is not 

198 expecte
�
 to be problematic for full scale 

�
eployment.  In 

�� �
ition, it shoul

�
 be note

�
 that the 

199 lower surface area to volume ratio, an
�
 presence of a col

�
 cap, in full scale melter systems 

200 will re
�
uce volatilisation consi

�
erably, with respect to laboratory scale melts.

201 Analysis of the vitrifie
�
 pro

�
ucts by 

X
-ray 

�
iffraction showe

�
 only 

�
iffuse scattering (Figure 1) 

202 characteristic of an amorphous material, with no evi
�
ence of phase separation or 

�
etectable 
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203 crystallisation. The lack of contrast in both the SEM-BSE imaging an�  SEM-ED� mapping 

204 analysis, � isplaye�  in Figure 1b an�  Figure 2, is in� icative of a chemically homogeneous glass 

205 on a micron scale. Each glass showe�  similar characteristics. There was no evi� ence from � RD 

206 or SEM-ED�  analysis of � istinct segregate�  sulphate phases.

207 Crystallisation in r� � ioactive waste glasses, when pro� uce�  from the melt, is un� esirable for 

208 several reasons, inclu� ing: the possibility for the precipitation of soluble r�� ionucli� e 

209 containing phases; the potential for � ecrease�  aqueous � urability of the matrix, � ue to the 

210 removal of refractory components; an
�
 the potential for swelling of crystal phases as a result 

211 of 
�
amage from self-irr

� �
iation. The absence of significant crystallisation an

�
 minimal 

212 evi
�
ence of crucible corrosion in

�
icate that a high-quality glass wasteform was obtaine

�
 that 

213 shoul
�
 be both stable an

�
 amenable to the processing of PFR wastes.

214 3� 2 - Thermal Proper� ies

215 Table 3 shows the � ensity, glass transition temperature an�  measure�  liqui� us temperature 

216 of the simulant PFR glasses. The values obtaine�  for the Tg are comparable, within error, for 

217 the three waste-lo�� ings an�  correspon�  well with the transition temperature previously 

218 reporte�  for the same base glass lo� � e�  with organic exchange resins [18-21]. 

219 The liqui� us temperatures of the glasses were all below 1100 � C, an�  no correlation with 

220 increasing waste lo
��

ing was observe
�
. Glass compositions with a liqui

�
us temperature 

221 below 1100 
�
C are thought to be beneficial for nuclear waste vitrification as the lower 

222 temperatures minimise volatile losses of r
� �

ioactive components 
�
uring melting [27-29]. 

223 Although not essential for all melter operations or wasteform acceptance criteria, the 

224 absence of crystalline pro
�
ucts in

�
icates that the wasteforms will be amenable to commercial 
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225 application; � ue to the associate�  simplification of wasteform qualification, improve�  

226 efficiency of melter operation an�  pre� ictability of process control [30] 

227 As the glasses pro� uce�  in this stu� y have been shown to retain their Cs inventory after 

228 processing at 1200 � C, the retention of Cs shoul�  be expecte�  to be retaine�  in full scale melts 

229 given the smaller melt surface area to volume ratio an�  possibility of operating with a col�  

230 cap [31].

231 3� 3 - Mechanical Tes� ing

232 The � ickers har� ness an�  in� entation fracture toughness of the PFR simulant glasses are 

233 plotte�  in Figure 3. The fracture toughness of the glass relates to the energy require�  to form 

234 a new surface an�  is relevant to qualifying the suitability of r� � ioactive waste packages for 

235 transport, e.g. in estimating the likelihoo�  of respirable fines formation in acci� ent scenario 

236 [32].

237 The lowest waste lo� � e�  glass, G73-10, h� �  the highest in� entation fracture toughness an�  

238 the har� ness value of the glasses teste� . G73-15 an�  G73-20 glasses gave lower values an�  

239 were equivalent within measurable precision. All compositions were comparable or superior 

240 to existing HLW glass compositions (e.g. UK MW glass an�  US PNL 76-78 glass, Fig. 3) for 

241 in� entation fracture toughness an�  were comparable, or superior, in terms of � ickers 

242 har
�
ness [26,32]. 

243 Although no specification for fracture toughness currently exists for UK vitreous waste 

244 packages, the results imply that, as the G73 base
�
 glasses are comparable to current 

245 wasteforms, they are likely to be compliant with storage in existing (HLW) canisters. 

246 Furthermore, the mechanical properties suggest that packaging in larger 3 m3 boxes may also 
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247 be possible, although in this case analysis of thermally in� uce�  cracking/stresses � uring 

248 processing requires investigation.

249 3� 4 - Aqueous Durabili� y

250 The short-term chemical 
�

urability of the simulant raffinate glasses was investigate
�

 using 

251 the PCT metho
�

ology [25]. Figure 4 shows the normalise
�

 mass loss of elements that were 

252 � etectable by ICP-AES in concentrations higher than those measure�  in the blank solutions. 

253 The normalise�  elemental mass loss (NLi) an�  normalise�  � issolution rate (NRi, 28 � ays) � ata 

254 are shown in Tables 4 an�  5, respectively. The solution pH buffere�  to a value of pH 10.2 �  0.2 

255 after 3 � ays (Fig. 4) an�  there was no further measurable fluctuation of pH � uring the 28-� ay 

256 � uration of the experiments. 

257 The normalise�  elemental loss rates (to 28 � ays) for boron were similar for each glass 

258 composition, giving an NRB between 3.24 x 10-2 g m-2 �

-1 an�  3.33 x 10-2 g m-2 �

-1 (�  5 x 10-4) 

259 as state�  in Table 4. This in� icates that varying the waste loa� ing from 10 to 20 wt% � i�  not 

260 appreciably alter the chemical � urability on the timescales investigate� . Importantly, the 

261 glasses showe�  a comparable normalise�  mass loss an�  normalise�  � issolution rate to other 

262 high-level waste glass compositions � estine�  for long-term � isposal, teste�  un� er comparable 

263 con� itions (Table 5). For example, the UK HLW MW25 glass, has a NRB of 3.20 x 10-1 g m-2 � ay-1 

264 [33], compare
�
 with 3.24 x 10 -2 g m-2 

�

-1 for the 20 wt% lo�
�
e

�
 simulant PFR raffinate glass 

265 (Table 5). The NRB is approximately twice that of the SON68 French HLW base glass, however 

266 it shoul
�
 be note

�
 that the specific activity in R7T7 (the active analogue of SON68) will be 

267 substantially higher than that of the PFR lo�
�
e

�
 G73 glasses. At pro

�
uction, R7T7 contains an 

268 average specific activity ca. 110 PBq m-3, approximately 20 times greater than the average ca. 
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269 6 PBq m-3 estimate�  for the G73-20 glass [34]. As such, these glasses coul�  be consi� ere�  

270 suitable for the immobilisation an�  � isposal of PFR raffinate. 

271 Glass � issolution was observe�  to be incongruent; B an�  Na leache�  at similar rates (NLB >  

272 NLNa), however the normalise�  mass loss of all other elements was an or� er of magnitu� e 

273 lower than both B an�  Na (Table 4). The normalise�  mass loss of all elements was observe�  

274 to be rapi�  for the first 3 � ays of � issolution an� , after this time, the normalise�  mass loss of 

275 Si, Na, B began to re� uce in� icating an approach to quasi-equilibrium, as in� icate�  in Figure 

276 4. 

277 The normalise
�
 mass loss of Ba an

�
 Ca 

�
iffere

�
 as a function of glass composition, albeit 

278 without a notable tren
�
. For example, the normalise

�
 mass loss of Ba 

�
ecrease

�
 after 7 

�
ays 

279 for the 20 wt% waste lo 
�
e

�
 composition, an

�
 after 14 

�
ays for the 15 wt% glass (Fig. 4b). 

280 There appeare
�
 to be little removal of Ba from solution from the 10 wt% lo 

�
e

�
 glass. 

281 A
� �

itionally, the NLSr �
roppe

�
 after 14 

�
ays for all three glasses (Fig. 4f). This behaviour may 

282 be attribute
�
 to the formation of Ca-, Ba- an

�
 Sr-containing alteration layers on the glass 

283 surface. In
�
ee

�
, geochemical mo

�
elling in

�
icate

�
 that tobermorite (Ca5Si6H11O22.5) is likely to 

284 precipitate. A number of recent investigations have also i
�
entifie

�
 this phase in glasses 

285 containing Ca, or where Ca is present in solution [35! 39] an
�
 have shown that its formation 

286 can significantly re
�
uce the 

�
issolution rate of nuclear waste glasses, by an or

�
er of 

287 magnitu
�

e compare
�

 to other me
�

ia [39]. Other phases shown by geochemical mo
�

elling to 

288 be favourable precipitates were the Ca- Ba- an�  Sr-carbonate phases, calcite (CaCO3), 

289 witherite (BaCO3) an�  strontianite (SrCO3). Arising from equilibrium of CO2 in air with the 

290 leaching me� ium, it is possible that these phases precipitate�  in solution, an�  when the 

291 samples were filtere�  for analysis, they were remove� , le 
� ing to an apparent � ecrease in Ca, 

292 Ba an�  Sr leaching. It will be necessary to perform further monolith leaching experiments to 
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293 examine the properties of the altere"  layer so that the origin of the fluctuations in these 

294 elements can be " etermine"  an"  set in the context of recent mechanistic stu" ies of UK HLW 

295 an"  ILW glass performance [40-43].

296 4 - Discussion

297 Previous work has shown that cement may not have the capacity to effectively immobilise 

298 the 
"
iverse inventory of r# "

ioactive elements present in the PFR raffinate waste stream [44]. 

299 Cementitious wasteforms coul
"
 be subject to increase

"
 

"
issolution an

"
 release rates 

"
ue to 

300 their inherent porosity an
"
 high internal surface area. The high solubility an

"
 potential for 

301 removal of many of the waste elements which sorb to the cement surface; especially Cs, 

302 which makes up over 60% of the r#
"
ioactive inventory by activity, is of potential concern [2]. 

303 These factors highlight the opportunity to vitrify PFR wastes to minimise r#
"
ioisotope 

304 migration to the biosphere. $ itrification, using G73 barium silicate glass 
"
escribe

"
 in this 

305 investigation, is likely to offer significant improvements in long term wasteform performance 

306 over the current baseline.

307 The benefits of vitrification reach beyon
"

 the improvements in wasteform quality 
"

escribe
"

 

308 an"  may also offer fiscal incentives, for example, by substantially re" ucing the waste volumes 

309 for storage an"  " isposal. The current lifecycle waste management plan is to cement the PFR 

310 raffinate in 500 L " rums, with a target waste lo#
" ing of 0.305 m3 per " rum. With 212.1 m3 of 

311 raffinate to process this woul"  result in 397 m3 of package"  waste for " isposal  (696 x 500 L 

312 " rums with a " isplacement volume of 0.57 m3 each) [2]. If vitrification, at 20 wt% lo#
" ing was 

313 to be utilise" , the volume of waste pro" uce"  woul"  be re" uce"  to %  14.4 m³  of glass. 

314 Conceivably, this volume of material coul"  be re#
" ily processe"  in a small or mo" ular plant, 
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315 utilising one of a variety of thermal treatment options for ILW being & evelope&  in the UK e.g. 

316 plasma vitrification, resistive heating melters or Hot-Isostatic Pressing [45].

317 Assuming packaging of vitrifie&  PFR waste into 3 m3 ILW boxes was preferable an&  70% of the 

318 box capacity (2.57 m3) coul&  be fille& , each 3 m3 box woul&  hol&  1.8 m3 of vitrifie&  pro& uct. In 

319 this scenario, the waste coul&  be fully con& itione&  using just eight 3 m3 boxes, pro& ucing a 

320 total waste volume for & isposal of 28.6 m3. This treatment metho& ology, when compare&  

321 with cementation, woul&  re& uce the waste & isposal inventory by more than 90%, an& , in 

322 principle, coul
&
 be achieve

&
, using in-container Joule heate

&
 melter technology. The heat 

323 generation, surface activity limits an
&
 containment limits for impact of this hypothetical G73-

324 20 waste stream have been estimate
&
 to be within existing gui

&
elines for a 3 m'  ILW box1 

325 [46].  The substantial volume re
&
uction achieve

&
 by the vitrification approach woul

&
 enable 

326 transfer of the resulting waste packages to the Sellafiel
&
 site for storage, potentially assisting 

327 earlier closure of the Dounreay site.  

328 Deriving a lifetime waste management cost for these wastes inten
&
e

&
 for near surface 

329 storage has not been attempte
&
 here. However, it is believe

&
 the cost re

&
uctions associate

&
 

330 with managing lower volumes of wastes in the rest of the NDA estate shoul
&
 be transferable 

331 to Scottish policy. It is important to note that the volume re
&
uction an

&
 concentration of the 

332 waste associate
&
 with this vitrification step woul

&
 not result in the re-classification of the 

333 waste as HLW. This is important as a reclassification to HLW woul
&

 require consi
&

eration of 

334 heat & issipation in storage, intro& ucing significant extra costs for & isposal, as well as 

335 increasing the final volume require&  in a storage vault.

1 Calculation base(  upon reporte(  inventory of r) ( ioisotopes for this waste stream an(  accounting for the 
concentration of activity achieve(  by vitrification. This package(  waste will meet state(  specifications impose(  
for a square corner 3 m3 box.
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336 The * ecrease*  risk to public health, superior quality of final wasteform, improve*  long term 

337 stability, smaller footprint on the Dounreay ILW stores an*  the re* uce*  waste management 

338 cost, combine to provi* e a cre* ible case for treatment of these wastes using vitrification over 

339 cementation.

340 5 - Conclusion

341 A vitreous wasteform for simulant PFR raffinate was 
*
evelope

*
 at a range of waste lo+ *

ings 

342 up to 20 wt%. The pro
*
uct was a stable an

*
 homogeneous amorphous soli

*
 with no 

343 observable crystal formation. All glasses performe
*
 comparably to vitrifie

*
 waste 

344 compositions currently in use, both in the UK an
*
 internationally, for the immobilisation of 

345 HLW. The aqueous 
*
urability was superior to that of current UK HLW glasses un

*
er 

346 comparable experimental con
*
itions. Therefore, the glasses investigate

*
 here coul

*
 be 

347 consi
*
ere

*
 a stable matrix for ILW un

*
er both geological 

*
isposal an

*
 near-surface storage 

348 scenarios. The mechanical properties of the wasteform also matche
*
 or excee

*
e

*
 those 

349 currently in use for HLW glasses, in both the UK an
*
 USA, an

*
 therefore, shoul

*
 be amenable 

350 to transport an
*

 storage in either 500 L HLW flasks or 3 m3
 ILW waste packages. A

* *

itionally, 

351 we * emonstrate*  that un* ertaking immobilisation of PFR raffinate through thermal 

352 treatment metho* s may also result in a * ecrease in the anticipate*  volume of waste from 

353 397 m3 to 28.6 m3, potentially resulting in significant lifetime waste management cost savings 

354 an*  a more robust option to support the Scottish policy for at near surface storage an*  site 

355 closure.
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496 Figures

497

498 Figure i  - a) Powder XRD paj j erns of G73 PFR raffinaj e loaded glasses, displaying diffuse scaj j ering characj erisj ic of 

499 amorphous ma
j
erial and b) Sk M-BSk  image displaying homogenei

j
y of G73-20 glass ma

j
rix, se

j
 above i) - iii) Sk M- k DX 

500 maps of key elemen
j
s for b) and iv) a higher resolu

j
ion BSk -Sk M of G73-20 glass ma

j
rix iden

j
ified in b) which 

j
aken 

501 illus
j
ra

j
es 

j
he absence of crys

j
alline ma

j
erials in 

j
he final was

j
e produc

j
l

502
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503 F

504 Figure 2 - Sm M-BSm  images of n he n hree wasn e loaded glasses G73-o 0, G73-o 5 and G73-20 an  various magnifican ionsp  The 
505 lack of image conn rasn  suggesn s chemical homogenein y win hin n he samplep

506
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507

508 Figure 3 – Indenq aq ion fracq ure q oughness and hardness values of G73 PFR raffinaq e wasq e loaded glasses obq ained using 

509
q
he r ickers inden

q
a

q
ion me

q
hodology, wi

q
h comparison 

q
o was

q
e glasses curren

q
ly used for HLW immobilisa

q
ion [23,30]s  

510 u rrors correspond 
q
o 3 x 

q
he measured s

q
andard devia

q
ions

511
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512

513 Figure 4 – Graphs displaying v he normalised elemenv al mass loss wiv h varying levels of PFR raffinav e loading from PCT 

514 experimenv s av  90°C in w 8x 2 � �=  wav er wiv h a SA/y  of w 499 m-{  -w 525 m-{  (dependanv  on glass densiv y)x

515
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516 Tables

Included in Simulan| } xcluded from Simulan|
(surroga| e elemen|  used)
Element ppm Element ppm

Na 9,711 Rh 15
Cu 8,725 Cm 4
Fe 3,837 Nb 3.5
Zn 3,566 Dy 2.4
Cd 2,540 Ag ~ 1.3
S 1,351 As ~ 13
Ni 1,277 Co ~ 0.4
Cr 669 Ge ~ 1.3
Cs 509 Hg ~ 0.3
Nd 462 Ho ~ 1.3

Am (Sm) 405 In ~ 4
Al 350 Np ~ 13
Ce 304 P ~ 2.7

U (Ce) 168 Pb ~ 1.1
La 163 Rb ~ 1.3
Pr 158 Sb ~ 1.3
Mo 154 Se ~ 1.3
Pd 150 Sn ~ 0.3
Ca 138 Tc ~ 1.3
Sm 123 Eu 15
Y 112 Gd 15
Te 74 Pd 150
Sr 60

Mn 45
Ru 60
Ba 39
Ti 36

Total 35,186 Total 205

517 Table •  - Average composi€ ion of PFR raffina€ e as charac€ erised in [6]•  (Bracke€ s) indica€ e where € he use of an appropria€ e 

518 inac€ ive simulan€  was applied•  The righ€ -hand columns iden€ ifies elemen€ s excluded from € he simulan€  based on bo€ h low 

519 concen€ ra€ ions in € he raffina€ e and on an economic basis•
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520 Table 2 - Composi‚ ions of base glass, simulan‚  calcined PFR raffina‚ e and glasses producedƒ  Composi‚ ions of glasses 
521 provided bo‚ h as ba‚ ched and as measured by XRF (boron analysis via dissolu ‚ ion in HF and ICP-„ … S)ƒ  *No‚ e glasses were 
522 ba‚ ched ‚ o † 00 w‚ %; discrepancies reported result from rounding to 2 d,p.

G73-10 G73-15 G73-20Component
(wt%)

G73-00
Base 
Glass

PFR
Calcine Batch Meas. Batch Meas. Batch Meas.

SiO2 42.0 0.00 37.80 34.29 35.70 33.4 33.60 32.58
BaO 42.0 0.09 37.81 41.21 35.71 41.61 33.62 38.61

Fe2O3 6.00 11.68 6.57 7.88 6.85 7.78 7.14 7.56
CaO 5.00 0.41 4.54 4.55 4.31 4.54 4.08 4.40
Na2O 2.50 27.88 5.04 1.64 6.31 2.38 7.58 3.30
CuO 0 26.26 2.63 2.83 3.94 3.98 5.25 5.05
B2O3 2.00 0.00 1.80 0.46 1.70 0.56 1.60 0.46

‡ nO 0 9.45 0.95 1.08 1.42 1.55 1.89 1.93
Ĉ O 0 6.18 0.62 0.74 0.93 1.05 1.24 1.35
SO3 0 7.18 0.72 0.72 1.08 0.79 1.44 0.86

Al2O3 0.50 1.41 0.59 0.86 0.64 0.85 0.68 1.2
NiO 0 3.46 0.35 0.55 0.52 0.71 0.69 0.86

Cr2O3 0 2.08 0.21 0.48 0.31 0.56 0.42 0.66
Cs2O 0 1.15 0.12 0.36 0.17 0.42 0.23 0.52

N̂ 2O3 0 1.15 0.12 0.15 0.17 0.00 0.23 0.23
Sm2O3 0 0.30 0.03 0.10 0.05 0.14 0.06 0.19
CeO2 0 0.97 0.10 0.05 0.15 0.10 0.19 0.12
MoO3 0 0.49 0.05 0.06 0.07 0.08 0.10 0.09

‰ 2O3 0 0.30 0.03 0.03 0.05 0.05 0.06 0.06
La2O3 0 0.04 0.00 0.03 0.01 0.00 0.01 0.04
Pr6O11 0 0.04 0.00 0.04 0.01 0.06 0.01 0.09
RuO2 0 0.17 0.02 0.00 0.03 0.00 0.03 0.00
SrO 0 0.15 0.02 0.6 0.02 0.12 0.03 0.07
TeO2 0 0.20 0.02 0.00 0.03 0.00 0.04 0.00
TiO2 0 0.13 0.01 0.00 0.02 0.00 0.03 0.00

Mn2O3 0 0.14 0.01 0.08 0.02 0.08 0.03 0.09
100 - 100.13 98.795 100.20 100.81 100.26 100.32
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524

Sample ID
Glass ProperŠ y

G73-‹ 0 G73-‹ 5 G73-20

Density (g cm-3)
3.512 Œ  
0.002

3.572 Œ  
0.002

3.574 Œ  
0.003

Glass Transition Temperature 
(• C)

470 Œ  10 483 Œ  10 484 Œ  10

LiquiŽ us Temperature (• C) 1045 Œ  10 1075 Œ  10 1020 Œ  10

525 Table 3 - Proper• ies of glass was• eforms produced a•  varying PFR raffina• e was• e loadings including • he densi• y, liquidus 

526 • empera• ure (measured in mulli• e crucibles – see main • ex•  for • he implica• ion of • his) and glass • ransi• ion • empera• ure•

527
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Glass Composi’ ionNRi

(g m-2 day-“ ) G73-” 0 G73-” 5 G73-20
B 3.33 x 10-2 3.28 x 10-2 3.24 x 10-2

Na 1.69 x 10-2 2.17 x 10-2 1.84 x 10-2

Si 7.18 x 10-3 8.40 x 10-3 7.19 x 10-3

Ca 5.89 x 10-3 3.62 x 10-3 4.95 x 10-3

Mo 4.44 x 10-3 4.78 x 10-3 6.38 x 10-3

Ba 4.43 x 10-3 3.10 x 10-3 1.47 x 10-3

Cr 3.48 x 10-4 1.64 x 10-4 2.30 x 10-4

Cu 4.93 x 10-6 1.45 x 10-6 0.00
Al 0.00 0.00 2.91 x 10-4

Fe 0.00 0.00 0.00

Ni 0.00 0.00 0.00

Sr 0.00 0.00 0.00

• n 0.00 0.00 0.00

528 Table 4 – Normalised elemen— al loss ra— es for — he — hree was— e PFR was— e loaded glasses measured af— er 28 days̃ Da— a is 

529 from PCT experimen
—
s of 

—
he was

—
eforms a

—
 90 °C in ™ 8̃ 2 � �=  wa

—
er̃

530
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NLi afš er 28 days
(g m-2)

NRi afš er 28 days
(g m2 day-› )

Glass 
Composiš ion

NLB NLSi NRB NRSi

SA/œ

(m-› )
pH

(25 °C)

G73-20 0.9076 0.2012 0.0324 0.0072
1499 10.26

SON68 [40] 0.4886 0.1559 0.0175 0.0055 2135 9.4

MW25 [3• ] 8.89 0.538 0. 32 0.020 1200 -

531 Table 5 – Comparison of než work dissoluž ion limiž ing normalised elemenž al mass losses and normalised elemenž al 

532 dissolu
ž
ion ra

ž
es be

ž
ween SON68 glass, Bri

ž
ish Magnox was

ž
e HLW glass and G73-• 5 was

ž
e loaded glasses 

ž
es

ž
ed, under 

533 PCT condi
ž
ions a

ž
 90 °C in • 8Ÿ 2 � �=  wa

ž
erŸ

534










