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Immobilisation of Prototype Fast Reactor Raffinate using Barium

Silicate ILW Glasses

Paul G. Heath, Claire L Corkh Il, Mart n C Stennett, Russell ] Hand, K eran M Whales, Ne | C
Hyatt
Immob | sat on Sc ence Laboratory, Sr Robert Hadfeld Buld ng, Mappn Street, The

Un vers ty of Sheff eld, Sheff eld, S1 JD, Un ted K ngdom

Abstract

The v tr f cat on of Dounreay Prototype Fast Reactor Raff nate (PFR) n a bar um boros | cate
glass matr x was nvest gated, wth the a m of understand ng process feas b |ty and the
potent al benef ts over the current basel ne of cement encapsulat on Laboratory scale glass
melts demonstrated the product on of homogeneous glasses ncorporat ng at least 0 wt%
s mulant PFR waste (on an ox des bas s), w th no detectable crystall ne accessory phases The
hardness and ndentat on fracture toughness of the s mulant PFR waste glasses were
determ ned to be comparable to those of current UK h gh level waste glass formulat ons The
normal sed d ssolut on rate of boron from the s mulant PFR glasses was determ ned to be x
100 gm™ d?%, n18 MQ water at 0°C and surface area / volume rat o of 1 00 m%; only a
factor of two greater than the French SON-68 s mulant h gh level waste glass, under
comparable condt ons Consequently, the s mulant PFR waste glasses are cons dered to
show cons derable prom se for meet ng env saged waste acceptance cr ter a for geolog cal

d sposal Overall, the super or stab | ty of v tr f ed PFR wasteforms could enhance the safety



case for long term near surface storage of rad oact ve wastes, mandated by current Scott sh
Government pol cy

Keywords: Amorphous Mater als, Waste Immob | sat on, Mechan cal propert es



Introduction

The Prototype Fast Reactor (PFR) was the UK’s second fast reactor and operated between
1 and 1, utlsng a hgh plutonum content m xed ox de fuel (MOx) w th a molten
sod um coolant [1] Spent fuel from the PFR was reprocessed on the Dounreay ste by
dssoluton n ntrc acd to recover the reusable fssle materal Ths process y elded
approx mately 00 m of an aqueous rad oact ve | quor, known as PFR raff nate [ ] The PFR
raff nate conta ns the major ty of the rad oact ve mater al and f ss on products produced
dur ng the operat on of the PFR reactor and on the Dounreay s te as a whole [ ] S nce the
reprocess ng of PFR fuel was completed n 1 6, the waste raff nate has been stored n
underground tanks on the Dounreay s te Hav ng spent a decade n storage, PFR raff nate was
reclass f ed as Intermed ate Level Waste n 00 , ostens bly due to ts low heat output [ ]
The cond t on ng of PFR raff nate nto a pass vely safe, wasteform s dentfedasaprorty n
the Dounreay S te Restorat on Plan [ ] A best pract cal env ronmental opt on assessment,
undertaken by the UKAEA, proposed neutral sat on and cementat on of the raff nate as the
reference waste management strategy [6] For ths waste treatment opton to be
mplemented, a new fac | ty (to be known as D 00) srequ red, the construct on of wh ch s
yet to beg n at the t me of wr t ng

Although laboratory stud es have demonstrated that cement-encapsulated inactive raff nate
has phys cal propert es comparable to those of other cemented ILW streams (e g v scos ty,
nt al sett ng t me, bleed water), PFR raff nate has a specfc actvty O tmes greater than
other encapsulated ILW streams [ , , ,8] The h gh concentrat on of ¥ Cs n PFR raff nates,
the porous nature and poor mmob | sat on of Cs observed n cement t ous systems, maylmt
the ab | ty of cement to reta n the rad oact ve nventory of PFR[ , -11] It s not yet certan

that env ronmental release rates from a cemented PFR raff nate wasteform w Il be wthn
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perm tted | m ts over the relevant | fet me of the wasteform, part cularly g ven the pol cy of
the Scott sh Government for long term near-surface storage at a coastal locat on, as n the
case of Dounreay [1 ,1 ]

An ssue that may be even more s gn f cant to safe nter m storage sthe h gh specfcactvty
of the wastes and the r s gn f cant alpha em tt ng component (B/y= 6TBgm, a= 1
TBgm ) [ ] It s known that the rad olys s of cement t ous water w Il produce H , wh le the
presence of s gn f cant n trate concentrat ons n the waste ( 00- 00 g I'Y) and alpha act v ty
w Il also result n the format on of O and NO,[1 -1 ] These comb ned factors w Il ncrease
the rate of gas generat on when compared to ex st ng UK ILW waste packages As a result,
these react ons could be expected to ntroduce s gnf cant complextes to the long-term
management of cemented PFR raff nate waste packages through the need to mon tor, vent
and d ss pate gases form the waste packages

It should be noted that the near-surface storage pol cy was ntroduced after the strategc
dec s on to encapsulate PFR raff nates n a cement wasteform In ts response to the Scott sh
Government consultat on on h gher act vty wastes, the Comm ttee on Rad oact ve Waste
Management (CORWM) h ghl ghted that certa n wastes from the Dounreay s te were “never
likely to be suitable for near surface disposal and therefore greater efforts need to be made in
the interest of safety, security and intergenerational equity to find a permanent solution for
this waste” [1 |

The current nvest gat on a ms to demonstrate, n pr nc ple, an alternat ve process ng opt on
for PFR raff nate, wh ch could enhance the safety case for long term near-surface storage and
address the concerns of CORWM A der vat ve of the bar um boros | cate glass, G, prev ously
nvest gated as a matr x for the mmob | sat on of UK ILWs ar s ng at Magnox decomm ss on ng

stes [18- 1], s here nvest gated as a d sposal matr x for PFR raff nate, the compos t on of
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wh ch ncorporatesca wt% SO Bar um boros | cate glasses, such as G , are reported to
have a h gh aqueous durab | ty and the presence of Ba s known to ncrease the solub | ty of
sulphate spec es, wh ch nh b ts the format on of water soluble “yellow phase” salts [18- ]
We present an analys s of the compos t on, amorphous nature, aqueous durab | ty, thermal
behav our and mechan cal propert es of v tr f ed PFR raff nate w th waste load ngs of 10 wt%,
1 wt%and Owt% (ox de bass), nabar um boros | cate glass The results are d scussed w th

reference to the potent al benef ts of PFR raff nate v tr f cat on compared to cementat on

2 - Materials and Experimental

2.1 - Materials

2.1.1 Raffinate Simulant

The nact ve surrogate for PFR raff nate was formulated on the assumpt on that the waste
would be treated us ng an evaporat on or calc nat on step to produce a sol d calc ne pr or to
v trfcat on The composton was thus formulated us ng the data ava lable on the average
compos t on of four PFR tanks at the Dounreay s te [6] The chem cal compos t on of model
PFR raff nate s provded n Table 1 The sol ds content of the raff nate calc ne was calculated
based on the reported elemental values n the raff nate (ppm) and then converted to ther
ox de form, wh ch sreported n Table

Some var at ons n the elemental compos t on were necessary when batch ng the s mulant
For example, for reasons of pract cal ty, any elements w th concentratons < 1 ppm were
excluded (Ag, As, Cm, Dy, Eu, Gd, Ge, Hg, Ho, In, Nb, Np, P, Pb, Pd, Rb, Rh, Sb, Se, Sn and Tc)

One except on was Pd, wh ch was present at a concentrat on of ~1 0 ppm n the waste
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stream Th's was excluded on grounds of cost, for th's prel m nary study, and ts known
propens ty to ex st as an nsoluble noble metal n glass melts[ ]

The om ss on of the elements noted above accounted for < 8 wt% of the mass of the total
waste stream Rad oact ve elements wth concentratons > 1 ppm were subst tuted by

relevant concentrat ons of nact ve surrogates (Ce for U and Sm for Am)

2.1.2 Glass Preparation

Three glasses were synthes sed and character sed n th s study These glasses were based on
a der vat ve of the G bar um-s | cate base glass compos t on (referred to here as G , for
s mpl c ty), wh ch was prev ously developed [18- 1], w th PFR raff nate s mulant ncorporated
at 10 wt%, 1 wt% and 0 wt% waste load ng These glasses are dentfedasG -10,G -1
and G - 0, respect vely The base glass compos t on, presented n Table for reference, s
dentfedasG -00
Glasses were produced from batch chem cals to provde 0 g of glass The components of
the raff nate s mulant were batched n e ther the r ox de or carbonate forms accord ng to
the r molar proport ons to obta n the spec f ed waste load ng The follow ng analyt cal grade
chem cals were used for batchng AI(OH), NaB O 10H O, BaCO, CaCO, CdO, CeO,
Cr(NO) HO,Cs CO,CuO,Fe O LaO,Mn O ,Mo0,NaCO,NdO,NCO,PrsO;4,RUO,
Na SO,S0,Sm O ,SrCO,TeO,TO,Y O and ZnO The batched powders were heated n
mull te cruc bles w th st rr ng to 1 00 °C at 10 °C m n! and held at temperature for hours
The glasses were poured nto blocks and annealed at 00 °C for one hour before cool ng to
°Cat 1°Cm n! Glass monol ths were prepared for SEM-EDX, V ckers hardness test ng and
fracture toughness testngtoa O  um f n sh by success ve gr nd ng and pol shngwth SC

gr t papers and d amond pastes Powder samples were prepared us ng a hardened steel r ng
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and puck m Il The sub- um s ze fract on was collected for use n XRD and XRF analys s and
the -1 0 um sze fract on was collected for use n aqueous durab |ty exper ments and

prepared accord ngto ASTM standardC1 8 -0 [ ]

2.2 - Characterisation
Glass Characterisation
X-ray Fluorescence (XRF) analyss was performed usng a Phllps PW 0O XRF Axos
nstrument to obta n compos t onal data B O content was determ ned by d ssolut on of glass
powder n HF followed by analys s of leachate us ng a Perk n-Elmer Opt ma 00 dual v ew
Induct vely Coupled Plasma Atom ¢ Em ss on Spectroscopy (ICP-AES) The dens ty of the glass
wasteforms was measured usng a < pum powder, usng an AccuPyc 1 O Il hel um
pycnometer w th the follow ng analys s reg me 00 purges of the chamber followed by 0
cyclesusnganequlbratonrateof Pamntat ©°C nailcm chamberandafll pressure
of 86 KPa Scann ng Electron M croscopy was performed us ng a JEOL JSM 6 00 SEM w th
an accelerat ng voltage of 0 kV and a work ng d stance of 1 mm Concurrent Energy
D spers ve Spectroscopy was acqu red (INCA, Oxford Instruments) Add tonally, an FEI
Quanta 00 F SEM was ut | sed for h gh resolut on mag ng, us ng an accelerat ng voltage of
0 kV and work ng d stance of 10 mm Concurrent Energy D spers ve X-ray analys s was
performed (Genes s EDX)
Thermal and mechanical properties
The glass | gqu dus temperature for each sample was measured by plac nga 0cm long mull te
boat, flled wth sub- um glass powder, nto a tube furnace The samples were left to
equ l brateat1 00°Cfor hoursand the temperature grad ent along the length of the boat

at mm ntervals was measured us ng a retractable thermocouple The boats were removed
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and rap dly quenched n ar The po nt of crystall sat on was measurable to wthn 1 mm by
opt cal exam nat on of the cruc bles and ths was then correlated wth the assoc ated
temperature to est mate the | qu dus temperature Alterat ons n chem cal composton
result ng from cruc ble corros on were not accounted for, nor were the phases produced
analysed As the purpose of th s test was to check f the po nt of crystall sat on was below
1100 °C, and the contam nants from cruc ble corros on are | kely to lower th s value, the
results presented are cons dered useful n th s context

The V ckers hardness ndentat on method was used to determ ne both hardness (H,) and the
ndentat on fracture toughness (K.) follow ng the procedure descr bed by Connelly et al [ 6]
Indentat on was performed on a M tutayo HM-101 S xty ndents were made at each of three
ndentat on loadngs 0 8 N, 1 6 N and N (twenty ndents at each force per sample,
error + 00 N) The load was held for 0 seconds Samples were left for hours pr or to
analys s us ng opt cal m croscopy The V ckers hardness (Hv) n Pa and the Fracture Toughness

(Kc) was calculated us ng Equat ons 1 and respect vely

_1854pP
v = Tap Equaton 1
0.0824P
Kc=—735, Equat on

C

where P s the appl ed load (N), a s the half length of the ndent d agonal (m) and ¢ s the
med an/rad al crack length (m) The results quoted are those obta ned from the 1 6 N
load ng due to the h gher number of acceptable ndentat ons (a m n mum of f fteen per

sample)
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Aqueous durability assessment

Agueous durab | ty assessment was performed accord ng to ASTM standard C1 8 -0

(Product Cons stency Test - PCT) utlsnga um -1 Oumszefracton n18 MQH O at
0°C w th a SA/V between 1 m?tand 1 m! dependent on glass dens ty, as prov ded n

Table [ ] Exper ments were performed n tr pl cate w th dupl cate blanks, sampl ng at
,1, 1and 8days Samples were flteredusnga0  um PTFE f Iter and leachate analys s

was performed us ng ICP-AES

The normal sed elemental mass loss (NL) and normal sed elemental d ssolut on rates (NR)
were calculated accord ng to Equatons and , respectvely usng the analysed glass

compos t ons

NLj=—= Equation 3
iXv
G )
NR;=——5— Equation 4
fix Xt

\'

where NL s the normal sed elemental mass loss of element i (g m™ ), C sthe averaged, blank
corrected concentrat on of element i n soluton (gm ), f s the fract on of element i n the
unleached glass, SA/V s the rat o of glass surface area to the volume of water (m1), NR sthe
normal sed elemental loss rate and t st me n days

Geochem cal modell ng of the soluton leachate was performed usng the PhreeqC
geochem cal modell ng code (v -1 -8 8, prov ded by the Un ted States Geolog cal Survey)
to dent fy solut on saturat on spec es, us ng the Lawrence L vermore Nat onal Laboratory

(LLNL) thermodynam c database
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3 - Results

3.1 - Glass Formation and Composition

It can be stated w th conf dence that the three s mulant PFR waste loaded G glasses ex st
w th n a stable glass form ng reg on of the phase d agram uptoa 0 wt% load ng The glasses
formed read ly and poured from the melt at 1 00 °C, w th no ev dence of un-d ssolved batch
However, a small degree of corros on was ev dent ns de the cruc ble, wh ch s respons ble for
the elevated concentrat ons of alum na nthe f nal compos t on The compos t on of the three
glasses was analysed us ng XRF and ICP-AES data are shown n Table , wh ch compares the
f nal compos t on w th the nom nal batched compos t ons

Overall, t can be seen from Table that the batched and analysed compostons are n
reasonable agreement for ma or and m nor ox des, although w th some notable except ons
Na O,B O, and SO , are, n general, analysed as lower than the batched compos t on, due to
volat I sat on from the melts dur ng h gh temperature processng SO and BaO are,
respect vely, systemat cally h gher and lower n the analysed glass compos t ons compared to
the batched The complex ty of the glass compos t on made deconvolut on of overlapp ng X-
ray emsson | nes, from mult ple elements, challeng ng and may be respons ble for ths
systemat ¢ d screpancy The loss of such volat le components from the melts does not pose
a challenge to the off-gas system of ex st ng HLW melter systems and, therefore, s not
expected to be problemat c for full scale deployment In add t on, t should be noted that the
lower surface area to volume rat o, and presence of a cold cap, n full scale melter systems
w |l reduce volat | sat on cons derably, w th respect to laboratory scale melts

Analys s of the v tr f ed products by X-ray d ffract on showed only d ffuse scatter ng (F gure 1)

character st c of an amorphous mater al, w th no ev dence of phase separat on or detectable

10
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crystall sat on The lack of contrast n both the SEM-BSE mag ng and SEM-EDX mapp ng
analys s, d splayed n F gure 1b and F gure , s nd cat ve of a chem cally homogeneous glass
on am cron scale Each glass showed s m lar character st cs There was no ev dence from XRD
or SEM-EDX analys s of d st nct segregated sulphate phases

Crystall sat on n rad oact ve waste glasses, when produced from the melt, s undes rable for
several reasons, nclud ng the possblty for the precptaton of soluble rad onucl de
conta n ng phases the potent al for decreased aqueous durab | ty of the matr x, due to the
removal of refractory components and the potent al for swell ng of crystal phases as a result
of damage from self- rrad at on The absence of sgnfcant crystall sat on and m n mal
ev dence of cruc ble corros on nd cate that a h gh-qual ty glass wasteform was obta ned that

should be both stable and amenable to the process ng of PFR wastes

3.2 - Thermal Properties

Table shows the dens ty, glass trans t on temperature and measured | qu dus temperature
of the s mulant PFR glasses The values obta ned for the T, are comparable, w th n error, for
the three waste-load ngs and correspond well w th the trans t on temperature prev ously
reported for the same base glass loaded w th organ c exchange res ns [18- 1]

The | qu dus temperatures of the glasses were all below 1100 °C, and no correlat on w th
ncreas ng waste load ng was observed Glass compostons wth a | qu dus temperature
below 1100 °C are thought to be benef c al for nuclear waste v tr f cat on as the lower
temperatures m n m se volat le losses of rad oact ve components durng meltng [ - |
Although not essent al for all melter operat ons or wasteform acceptance crter a, the

absence of crystall ne products nd cates that the wasteforms w |l be amenable to commerc al

11



appl caton due to the assoc ated s mplfcaton of wasteform qualfcaton, mproved
eff c ency of melter operat on and pred ctab | ty of process control [ 0]

As the glasses produced n ths study have been shown to retan ther Cs nventory after
process ngat 1 00 °C, the retent on of Cs should be expected to be reta ned n full scale melts
g ven the smaller melt surface area to volume rat o and poss b | ty of operat ng w th a cold

cap[ 1]

3.3 - Mechanical Testing

The V ckers hardness and ndentat on fracture toughness of the PFR s mulant glasses are
plotted nF gure The fracture toughness of the glass relates to the energy requ red to form
a new surface and s relevant to qual fy ng the su tab | ty of rad oact ve waste packages for
transport, e g n est mat ng the | kel hood of resp rable f nes format on n acc dent scenar o
[ ]

The lowest waste loaded glass, G -10, had the h ghest ndentat on fracture toughness and
the hardness value of the glasses tested G -1 and G - O glasses gave lower values and
were equ valent w th n measurable prec s on All compos t ons were comparable or super or
to ex st ng HLW glass compos tons (e g UK MW glass and US PNL 6- 8 glass, Fg ) for
ndentat on fracture toughness and were comparable, or superor, n terms of V ckers
hardness[ 6, |

Although no spec fcat on for fracture toughness currently exsts for UK v treous waste
packages, the results mply that, as the G  based glasses are comparable to current
wasteforms, they are lkely to be complant wth storage n exstng (HLW) can sters

Furthermore, the mechan cal propert es suggest that packag ng nlarger m boxes may also
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be poss ble, although n ths case analyss of thermally nduced crack ng/stresses dur ng

process ng requ res nvest gat on

3.4 - Aqueous Durability

The short-term chem cal durab | ty of the s mulant raff nate glasses was nvest gated us ng
the PCT methodology [ ] Fgure shows the normal sed mass loss of elements that were
detectable by ICP-AES n concentrat ons h gher than those measured n the blank solut ons
The normal sed elemental mass loss (NL) and normal sed d ssolut on rate (NR, 8 days) data
are shown nTables and ,respectvely The solut on pH buffered toavalueof pH10 %0
after days (Fg ) and there was no further measurable fluctuat on of pH dur ng the 8-day
durat on of the exper ments

The normal sed elemental loss rates (to 8 days) for boron were s m lar for each glass
compos t on, g v ng an NRg between x 10" gm  d?!and x100 gm dl(x x10)
as stated nTable Ths nd cates that vary ng the waste load ng from 10to 0 wt% d d not
apprec ably alter the chem cal durab |ty on the t mescales nvest gated Importantly, the
glasses showed a comparable normal sed mass loss and normal sed d ssolut on rate to other
h gh-level waste glass compos t ons dest ned for long-term d sposal, tested under comparable
cond t ons (Table ) For example, the UKHLW MW  glass, hasaNRgof 0x101gm™ day?
[ ], compared w th x 10~ gm~ d?for the O wt% loaded s mulant PFR raff nate glass
(Table ) The NRg s approx mately tw ce that of the SON68 French HLW base glass, however
t should be noted that the specfc actvty nR T (the act ve analogue of SON68) w Il be
substant ally h gher than that of the PFR loaded G glasses At product on,R T conta ns an

average specfcactvtyca 110 PBgm , approx mately 0Ot mes greater than the average ca
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6 PBgm™ est mated for the G - O glass[ ] As such, these glasses could be cons dered
su table for the mmob | sat on and d sposal of PFR raff nate

Glass d ssolut on was observed to be ncongruent B and Na leached at s m lar rates (NLg >
NLya), however the normal sed mass loss of all other elements was an order of magn tude
lower than both B and Na (Table ) The normal sed mass loss of all elements was observed
to be rap d for the frst days of d ssolut on and, after th s t me, the normal sed mass loss of

S, Na, B began to reduce nd cat ng an approach to quas -equ | br um, as nd cated n F gure

The normal sed mass loss of Ba and Ca d ffered as a funct on of glass compost on, albe t
w thout a notable trend For example, the normal sed mass loss of Ba decreased after days
for the 0 wt% waste loaded compos t on, and after 1 days for the 1 wt% glass (Fg b)
There appeared to be | ttle removal of Ba from solut on from the 10 wt% loaded glass
Add t onally, the NLs, dropped after 1 days for all three glasses (Fg f) Th s behav our may
be attr buted to the format on of Ca-, Ba- and Sr-conta n ng alterat on layers on the glass
surface Indeed, geochem cal modell ng nd cated that tobermor te (Ca S ¢H;O ) slkelyto
prec p tate A number of recent nvest gat ons have also dentfed ths phase n glasses
conta n ng Ca, or where Ca s present nsoluton[ - ]and have shown that ts format on
can sgnfcantly reduce the dssolut on rate of nuclear waste glasses, by an order of
magn tude compared to other med a[ ] Other phases shown by geochem cal modell ng to
be favourable prec p tates were the Ca- Ba- and Sr-carbonate phases, calcte (CaCO ),
w ther te (BaCO ) and stront ante (SrCO ) Arsng from equlbrum of CO n ar wth the
leach ng med um, t s poss ble that these phases prec p tated n solut on, and when the
samples were f Itered for analys s, they were removed, lead ng to an apparent decrease n Ca,

Ba and Sr leach ng It w Il be necessary to perform further monol th leach ng exper ments to
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exam ne the propert es of the altered layer so that the or g n of the fluctuat ons n these
elements can be determ ned and set n the context of recent mechan st ¢ stud es of UK HLW

and ILW glass performance [ 0- ]

4 - Discussion

Prev ous work has shown that cement may not have the capac ty to effect vely mmob | se
the d verse nventory of rad oact ve elements present n the PFR raff nate waste stream [ |
Cement t ous wasteforms could be sub ect to ncreased d ssolut on and release rates due to
ther nherent poros ty and h gh nternal surface area The h gh solub I ty and potent al for
removal of many of the waste elements wh ch sorb to the cement surface especally Cs,
wh ch makes up over 60% of the rad oact ve nventory by act v ty, s of potent al concern|[ ]
These factors h ghl ght the opportunty to vtrfy PFR wastes to m n m se rad o sotope
m grat on to the b osphere Vtrfcaton, usng G barum slcate glass descr bed n ths
nvest gat on, sl kely to offer s gn f cant mprovements n long term wasteform performance
over the current basel ne

The benef ts of v tr f cat on reach beyond the mprovements n wasteform qual ty descr bed
and may also offer f scal ncent ves, for example, by substant ally reduc ng the waste volumes
for storage and d sposal The current | fecycle waste management plan s to cement the PFR
raff nate n 00 L drums, w th a target waste load ngof 0 0 m perdrum Wth 1 1m of
raff nate to process th s would result n m of packaged waste for d sposal (6 6 x 00 L
drums w th ad splacement volume of 0 m each)[ ] Ifvtrfcaton,at 0wt% load ngwas
to be utlsed, the volume of waste produced would be reduced to < 1 m?® of glass

Conce vably, th s volume of mater al could be read ly processed n a small or modular plant,
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ut I s ng one of a var ety of thermal treatment opt ons for ILW be ng developed nthe UKe g
plasma v tr f cat on, res st ve heat ng melters or Hot-Isostat c Press ng [ ]
Assum ng packag ng of v tr f ed PFR waste nto m ILW boxes was preferable and 0% of the
box capac ty ( m ) could be f lled, each m box would hold 1 8 m of v tr f ed product In
th s scenar o, the waste could be fully cond t oned us ng ust e ght m boxes, produc ng a
total waste volume for d sposal of 8 6 m Th s treatment methodology, when compared
w th cementat on, would reduce the waste d sposal nventory by more than 0%, and, n
pr nc ple, could be ach eved, us ng n-conta ner Joule heated melter technology The heat
generat on, surface act v ty | m ts and conta nment | m ts for mpact of th s hypothet cal G -
0 waste stream have been est mated to be w th n ex st ng gu del nes for a  m?® ILW box!
[ 6] The substant al volume reduct on ach eved by the v tr f cat on approach would enable
transfer of the result ng waste packages to the Sellaf eld s te for storage, potent ally ass st ng
earl er closure of the Dounreay s te
Der v ng a | fet me waste management cost for these wastes ntended for near surface
storage has not been attempted here However, t s bel eved the cost reduct ons assoc ated
w th manag ng lower volumes of wastes n the rest of the NDA estate should be transferable
to Scott sh pol cy It s mportant to note that the volume reduct on and concentrat on of the
waste assoc ated w th th s v tr f cat on step would not result n the re-class f cat on of the
waste as HLW Th's s mportant as a reclass f cat on to HLW would requ re cons derat on of
heat dsspaton n storage, ntroducng sgnfcant extra costs for dsposal, as well as

ncreas ng the f nal volume requ red n a storage vault

1 Calculat on based upon reported nventory of rad o sotopes for th s waste stream and account ng for the
concentrat on of act v ty ach eved by v tr f cat on Th s packaged waste w Il meet stated spec f cat ons mposed
for a square corner m box

16



The decreased r sk to publ ¢ health, super or qual ty of f nal wasteform, mproved long term
stab | ty, smaller footpr nt on the Dounreay ILW stores and the reduced waste management
cost, comb ne to prov de a cred ble case for treatment of these wastes us ng v tr f cat on over

cementat on

5 - Conclusion

A v treous wasteform for s mulant PFR raff nate was developed at a range of waste load ngs
up to Owt% The product was a stable and homogeneous amorphous sold wth no
observable crystal formaton All glasses performed comparably to vtrfed waste
compos t ons currently n use, both n the UK and nternat onally, for the mmob | sat on of
HLW The aqueous durab Ity was superor to that of current UK HLW glasses under
comparable exper mental condtons Therefore, the glasses nvest gated here could be
cons dered a stable matr x for ILW under both geolog cal d sposal and near-surface storage
scenar os The mechan cal propert es of the wasteform also matched or exceeded those
currently n use for HLW glasses, n both the UK and USA, and therefore, should be amenable
to transport and storage nether 00 LHLW flasksor m ILW waste packages Add t onally,
we demonstrated that undertak ng mmob |sat on of PFR raff nate through thermal
treatment methods may also result n a decrease n the ant c pated volume of waste from

m to 8 6 m, potent ally result ng ns gn f cant | fet me waste management cost sav ngs
and a more robust opt on to support the Scott sh pol cy for at near surface storage and s te
closure
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8 Figure 1 - a) Powder XRD patterns of G73 PFR raffinate loaded glasses, displaying diffuse scattering characteristic of
amorphous material and b) SEM-BSE image displaying homogeneity of G73-20 glass matrix, set above i) - iii) SEM-EDX
maps of key elements for b) and iv) a higher resolution BSE-SEM of G73-20 glass matrix identified in b) which taken

illustrates the absence of crystalline materials in the final waste product.
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Figure 2 - SEM-BSE images of the three waste loaded glasses G73-10, G73-15 and G73-20 at various magnifications. The
lack of image contrast suggests chemical homogeneity within the sample.
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Figure 3 - Indentation fracture toughness and hardness values of G73 PFR raffinate waste loaded glasses obtained using
the Vickers indentation methodology, with comparison to waste glasses currently used for HLW immobilisation [23,30].

Errors correspond to 3 x the measured standard deviation.
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Figure 4 - Graphs displaying the normalised elemental mass loss with varying levels of PFR raffinate loading from PCT

experiments at 90°C in 18.2 MQ water with a SA/V of 1499 m1-1525 m™* (dependant on glass density).



16 Tables

Included in Simulant Excluded from Simulant
(surrogate element used)

Element ppm Element ppm
Na , 11 Rh 1
Cu 8, Cm
Fe 8 Nb
Zn , 66 Dy
Cd , O Ag <1

S 1, 1 As <1
Ni 1, Co <0
Cr 66 Ge <1
Cs 0 Hg <0
Nd 6 Ho <1

Am (Sm) 0 In <
Al 0 Np <1
Ce 0 P <

U (Ce) 168 Pb <11
La 16 Rb <1
Pr 18 Sb <1
Mo 1 Se <1
Pd 10 Sn <0
Ca 18 Tc <1
Sm 1 Eu
Y 11 Gd
Te Pd 10
Sr 60
Mn
Ru 60
Ba
Ti 6
Total ,186 Total 0
1 Table 1 - Average composition of PFR raffinate as characterised in [6]. (Brackets) indicate where the use of an appropriate
18 inactive simulant was applied. The right-hand columns identifies elements excluded from the simulant based on both low
1 concentrations in the raffinate and on an economic basis.



0 Table 2 - Compositions of base glass, simulant calcined PFR raffinate and glasses produced. Compositions of glasses
1 provided both as batched and as measured by XRF (boron analysis via dissolution in HF and ICP-AES). *Note glasses were
batched to 100 wt%; discrepancies reported result from rounding to 2 d,p.

Component G73-00 PFR G73-10 G73-15 G73-20
(wt%) Base Calcine Batch Meas. Batch Meas. Batch Meas.
Glass
SO 0 000 80 0 60 8
BaO 0 00 81 11 1 161 6 8 61
Fe O 6 00 11 68 6 88 68 8 1 6
Cao 00 01 1 08 0
Na O 0 88 0 16 6 1 8 8 0
CuO 0 6 6 6 8 8 0
BO 00 000 180 0 6 10 0 6 160 0 6
Zn0O 0 0 108 1 1 18 1
Cdo 0 618 06 0 0 10 1 1
SO 0 18 0 0 108 0 1 086
Al O 00 11 0 086 06 08 0 68 1
N O 0 6 0 0 0 01 06 086
CrO 0 08 01 0 8 01 0 6 0 0 66
Cs O 0 11 01 0 6 01 0 0 0
Nd O 0 11 01 01 01 000 0 0
Sm O 0 00 00 010 00 01 006 01
CeO 0 0 010 00 01 010 01 01
MoO 0 0 00 006 00 008 010 00
YO 0 00 00 00 00 00 006 006
La O 0 00 000 00 001 000 001 00
PrsO44 0 00 000 00 001 006 001 00
RuO 0 01 00 000 00 000 00 000
SrO 0 01 00 06 00 01 00 00
TeO 0 00 00 000 00 000 00 000
TO 0 01 001 000 00 000 00 000
Mn O 0 01 001 008 00 008 00 00
100 - 100 1 8 100 0 | 10081 | 100 6 | 100




Sample ID

Glass Property
G73-10 G73-15 G73-20
5 b ( 0 1 + + +
ensty tgcm 000 000 000
Glass Trans t on Temperature 0+ 10 8 +10 8 +10

(°C)
L qu dus Temperature (°C) 10 +10 10 +10 10 0+ 10

Table 3 - Properties of glass wasteforms produced at varying PFR raffinate waste loadings including the density, liquidus

6 temperature (measured in mullite crucibles - see main text for the implication of this) and glass transition temperature.



NR; Glass Composition

(gm?day?)  G73-10 G73-15 G73-20
B x 10° 8 x 10° x 10°
Na 16 x10 1 x10 18 x10
S 18 x 10 8 0x10 1 x10
Ca 8 x10 6 x10 x 10°
Mo x 10° 8 x 10° 6 8x10
Ba x 10 10 x 10° 1 x10
Cr 8 x 10 16 x10 0x 10
Cu x 10 1 x10° 000
Al 000 000 1x10
Fe 000 000 000
N 000 000 000
Sr 000 000 000
Zn 000 000 000
8 Table 4 - Normalised elemental loss rates for the three waste PFR waste loaded glasses measured after 28 days. Data is

from PCT experiments of the wasteforms at 90 °C in 18.2 MQ water.



Glass NL; after 28 days NR; after 28 days SA/V pH

Composition (g m?) (g m? day?) (m1) (25 °C)
NLg NLs; NRg NRs;
G -0 006 0 01 00 000 ! 106
SON68 [40] 0 886 01 001 0 00 1
MW [31] 88 0 8 0 000 100 -

Table 5 - Comparison of network dissolution limiting normalised elemental mass losses and normalised elemental
dissolution rates between SON68 glass, British Magnox waste HLW glass and G73-15 waste loaded glasses tested, under

PCT conditions at 90 °C in 18.2 MQ water.
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Immobilisation of Prototype Fast Reactor Raffinate using Barium

Silicate ILW Glasses

Paul G Heath, ClareL Corkh Il, Mart n C Stennett, Russell ] Hand, K eran M Whales, Ne | C
Hyatt
Immob | sat on Sc ence Laboratory, Sr Robert Hadfeld Buld ng, Mappn Street, The

Un vers ty of Sheff eld, Sheff eld, S1 JD, Un ted K ngdom

Abstract

The v tr f cat on of Dounreay Prototype Fast Reactor Raff nate (PFR) n a bar um boros | cate
glass matr x was nvest gated, wth the a m of understand ng process feas b |ty and the
potent al benef ts over the current basel ne of cement encapsulat on Laboratory scale glass
melts demonstrated the product on of homogeneous glasses ncorporat ng at least 0 wt%
s mulant PFR waste (on an ox des bas s), w th no detectable crystall ne accessory phases The
hardness and ndentat on fracture toughness of the s mulant PFR waste glasses were
determ ned to be comparable to those of current UK h gh level waste glass formulat ons The
normal sed d ssolut on rate of boron from the s mulant PFR glasses was determ ned to be x
100 gm™ d?%, n18 MQ water at 0°C and surface area / volume rato of 1 00 m! only a
factor of two greater than the French SON-68 s mulant h gh level waste glass, under
comparable condt ons Consequently, the s mulant PFR waste glasses are cons dered to
show cons derable prom se for meet ng env saged waste acceptance cr ter a for geolog cal

d sposal Overall, the super or stab | ty of v tr f ed PFR wasteforms could enhance the safety



case for long term near surface storage of rad oact ve wastes, mandated by current Scott sh
Government pol cy

Keywords Amorphous Mater als, Waste Immob | sat on, Mechan cal propert es



Introduction

The Prototype Fast Reactor (PFR) was the UK’s second fast reactor and operated between
1 and 1, utlsng a hgh plutonum content m xed ox de fuel (MOx) w th a molten
sod um coolant [1] Spent fuel from the PFR was reprocessed on the Dounreay ste by
dssoluton n ntrc acd to recover the reusable fssle materal Ths process y elded
approx mately 00 m of an aqueous rad oact ve | quor, known as PFR raff nate [ ] The PFR
raff nate conta ns the ma or ty of the rad oact ve mater al and f ss on products produced
dur ng the operat on of the PFR reactor and on the Dounreay s te as a whole [ ] S nce the
reprocess ng of PFR fuel was completed n 1 6, the waste raff nate has been stored n
underground tanks on the Dounreay s te Hav ng spent a decade n storage, PFR raff nate was
reclass f ed as Intermed ate Level Waste n 00 , ostens bly due to ts low heat output [ ]
The cond t on ng of PFR raff nate nto a pass vely safe, wasteform s dentfedasaprorty n
the Dounreay S te Restorat on Plan [ ] A best pract cal env ronmental opt on assessment,
undertaken by the UKAEA, proposed neutral sat on and cementat on of the raff nate as the
reference waste management strategy [6] For ths waste treatment opton to be
mplemented, a new fac | ty (to be known as D 00) srequ red, the construct on of wh ch s
yet to beg n at the t me of wr t ng

Although laboratory stud es have demonstrated that cement-encapsulated inactive raff nate
has phys cal propert es comparable to those of other cemented ILW streams (e g v scos ty,
nt al sett ng t me, bleed water), PFR raff nate has a specfc actvty O tmes greater than
other encapsulated ILW streams [ , , ,8] The h gh concentrat on of ¥ Cs n PFR raff nates,
the porous nature and poor mmob | sat on of Cs observed n cement t ous systems, maylmt
the ab | ty of cement to reta n the rad oact ve nventory of PFR[ , -11] It s not yet certan

that env ronmental release rates from a cemented PFR raff nate wasteform w Il be wthn
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perm tted | m ts over the relevant | fet me of the wasteform, part cularly g ven the pol cy of
the Scott sh Government for long term near-surface storage at a coastal locat on, as n the
case of Dounreay [1 ,1 ]

An ssue that may be even more s gn f cant to safe nter m storage sthe h gh specfcactvty
of the wastes and the r s gn f cant alpha em tt ng component (B/y= 6TBgm, a= 1
TBgm ) [ ] It s known that the rad olys s of cement t ous water w Il produce H , wh le the
presence of s gn f cant n trate concentrat ons n the waste ( 00- 00 g I'Y) and alpha act v ty
w Il also result n the format on of O and NO,[1 -1 ] These comb ned factors w Il ncrease
the rate of gas generat on when compared to ex st ng UK ILW waste packages As a result,
these react ons could be expected to ntroduce s gnf cant complextes to the long-term
management of cemented PFR raff nate waste packages through the need to mon tor, vent
and d ss pate gases form the waste packages

It should be noted that the near-surface storage pol cy was ntroduced after the strategc
dec s on to encapsulate PFR raff nates n a cement wasteform In ts response to the Scott sh
Government consultat on on h gher act vty wastes, the Comm ttee on Rad oact ve Waste
Management (CORWM) h ghl ghted that certa n wastes from the Dounreay s te were “never
likely to be suitable for near surface disposal and therefore greater efforts need to be made in
the interest of safety, security and intergenerational equity to find a permanent solution for
this waste” [1 |

The current nvest gat on a ms to demonstrate, n pr nc ple, an alternat ve process ng opt on
for PFR raff nate, wh ch could enhance the safety case for long term near-surface storage and
address the concerns of CORWM A der vat ve of the bar um boros | cate glass, G, prev ously
nvest gated as a matr x for the mmob | sat on of UK ILWs ar s ng at Magnox decomm ss on ng

stes [18- 1], s here nvest gated as a d sposal matr x for PFR raff nate, the compos t on of
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wh ch ncorporatesca wt% SO Bar um boros | cate glasses, such as G , are reported to
have a h gh aqueous durab | ty and the presence of Ba s known to ncrease the solub | ty of
sulphate spec es, wh ch nh b ts the format on of water soluble “yellow phase” salts [18- ]
We present an analys s of the compos t on, amorphous nature, aqueous durab | ty, thermal
behav our and mechan cal propert es of v tr f ed PFR raff nate w th waste load ngs of 10 wt%,
1 wt%and Owt% (ox de bass), nabar um boros | cate glass The results are d scussed w th

reference to the potent al benef ts of PFR raff nate v tr f cat on compared to cementat on

2 - Materials and Experimental

2.1 - Materials

2.1.1 Raffinate Simulant

The nact ve surrogate for PFR raff nate was formulated on the assumpt on that the waste
would be treated us ng an evaporat on or calc nat on step to produce a sol d calc ne pr or to
v trfcat on The composton was thus formulated us ng the data ava lable on the average
compos t on of four PFR tanks at the Dounreay s te [6] The chem cal compos t on of model
PFR raff nate s provded nTable 1 The sol ds content of the raff nate calc ne was calculated
based on the reported elemental values n the raff nate (ppm) and then converted to the r
ox de form, wh ch sreported n Table

Some var at ons n the elemental compos t on were necessary when batch ng the s mulant
For example, for reasons of pract cal ty, any elements w th concentratons < 1 ppm were
excluded (Ag, As, Cm, Dy, Eu, Gd, Ge, Hg, Ho, In, Nb, Np, P, Pb, Pd, Rb, Rh, Sb, Se, Sn and Tc)

One except on was Pd, wh ch was present at a concentrat on of ~1 0 ppm n the waste
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stream Th's was excluded on grounds of cost, for th's prel m nary study, and ts known
propens ty to ex st as an nsoluble noble metal n glass melts[ ]

The om ss on of the elements noted above accounted for < 8 wt% of the mass of the total
waste stream Rad oact ve elements wth concentratons > 1 ppm were subst tuted by

relevant concentrat ons of nact ve surrogates (Ce for U and Sm for Am)

2.1.2 Glass Preparation

Three glasses were synthes sed and character sed n th s study These glasses were based on
a der vat ve of the G bar um-s | cate base glass compos t on (referred to here as G , for
s mpl c ty), wh ch was prev ously developed [18- 1], w th PFR raff nate s mulant ncorporated
at 10 wt%, 1 wt% and 0 wt% waste load ng These glasses are dentfedasG -10,G -1
and G - 0, respect vely The base glass compos t on, presented n Table for reference, s
dentfedasG -00
Glasses were produced from batch chem cals to provde 0 g of glass The components of
the raff nate s mulant were batched n e ther the r ox de or carbonate forms accord ng to
the r molar proport ons to obta n the spec f ed waste load ng The follow ng analyt cal grade
chem cals were used for batchng AI(OH), NaB O 10H O, BaCO, CaCO, CdO, CeO,
Cr(NO) HO,Cs CO,CuO,Fe O LaO,Mn O ,Mo0,NaCO,NdO,NCO,PrsO;4,RUO,
Na SO,S0,Sm O ,SrCO,TeO,TO,Y O and ZnO The batched powders were heated n
mull te cruc bles w th st rr ng to 1 00 °C at 10 °C m n! and held at temperature for hours
The glasses were poured nto blocks and annealed at 00 °C for one hour before cool ng to
°Cat 1°Cm n! Glass monol ths were prepared for SEM-EDX, V ckers hardness test ng and
fracture toughness testngtoa O  um f n sh by success ve gr nd ng and pol shngwth SC

gr t papers and d amond pastes Powder samples were prepared us ng a hardened steel r ng
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and puck m Il The sub- um s ze fract on was collected for use n XRD and XRF analys s and
the -1 0 um sze fract on was collected for use n aqueous durab |ty exper ments and

prepared accord ngto ASTM standardC1 8 -0 [ ]

2.2 - Characterisation
Glass Characterisation
X-ray Fluorescence (XRF) analyss was performed usng a Phllps PW 0O XRF Axos
nstrument to obta n compos t onal data B O content was determ ned by d ssolut on of glass
powder n HF followed by analys s of leachate us ng a Perk n-Elmer Opt ma 00 dual v ew
Induct vely Coupled Plasma Atom ¢ Em ss on Spectroscopy (ICP-AES) The dens ty of the glass
wasteforms was measured usng a < pum powder, usng an AccuPyc 1 O Il hel um
pycnometer w th the follow ng analys s reg me 00 purges of the chamber followed by 0
cyclesusnganequlbratonrateof Pamntat ©°C nailcm chamberandafll pressure
of 86 KPa Scann ng Electron M croscopy was performed us ng a JEOL JSM 6 00 SEM w th
an accelerat ng voltage of 0 kV and a work ng d stance of 1 mm Concurrent Energy
D spers ve Spectroscopy was acqu red (INCA, Oxford Instruments) Add tonally, an FEI
Quanta 00 F SEM was ut | sed for h gh resolut on mag ng, us ng an accelerat ng voltage of
0 kV and work ng d stance of 10 mm Concurrent Energy D spers ve X-ray analys s was
performed (Genes s EDX)
Thermal and mechanical properties
The glass | gqu dus temperature for each sample was measured by plac nga 0cm long mull te
boat, flled wth sub- um glass powder, nto a tube furnace The samples were left to
equ l brateat1 00°Cfor hoursand the temperature grad ent along the length of the boat

at mm ntervals was measured us ng a retractable thermocouple The boats were removed
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and rap dly quenched n ar The po nt of crystall sat on was measurable to wthn 1 mm by
opt cal exam nat on of the cruc bles and ths was then correlated wth the assoc ated
temperature to est mate the | qu dus temperature Alterat ons n chem cal composton
result ng from cruc ble corros on were not accounted for, nor were the phases produced
analysed As the purpose of th s test was to check f the po nt of crystall sat on was below
1100 °C, and the contam nants from cruc ble corros on are | kely to lower th s value, the
results presented are cons dered useful n th s context

The V ckers hardness ndentat on method was used to determ ne both hardness (H,) and the
ndentat on fracture toughness (K.) follow ng the procedure descr bed by Connelly et al [ 6]
Indentat on was performed on a M tutayo HM-101 S xty ndents were made at each of three
ndentat on loadngs 0 8 N, 1 6 N and N (twenty ndents at each force per sample,
error £+ 00 N) The load was held for 0 seconds Samples were left for  hours pror to
analys s us ng opt cal m croscopy The V ckers hardness (Hv) n Pa and the Fracture Toughness

(Kc) was calculated us ng Equat ons 1 and respect vely

_1854pP
v = Tap Equaton 1
0.0824P
Kc=—735, Equat on

C

where P s the appl ed load (N), a s the half length of the ndent d agonal (m) and ¢ s the
med an/rad al crack length (m) The results quoted are those obta ned from the 1 6 N
load ng due to the h gher number of acceptable ndentat ons (a m n mum of f fteen per

sample)
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Aqueous durability assessment

Agueous durab | ty assessment was performed accord ng to ASTM standard C1 8 -0

(Product Cons stency Test - PCT) utlsnga um -1 Oumszefracton n18 MQH O at
0°C w th a SA/V between 1 m?tand 1 m! dependent on glass dens ty, as prov ded n

Table [ ] Exper ments were performed n tr pl cate w th dupl cate blanks, sampl ng at
,1, 1and 8days Samples were flteredusnga0O um PTFE f lter and leachate analys s

was performed us ng ICP-AES

The normal sed elemental mass loss (NL) and normal sed elemental d ssolut on rates (NR)
were calculated accord ng to Equatons and , respectvely usng the analysed glass

compos t ons

NLj=—= Equation 3
iXv
G .
NRj=—5— Equation 4
fix Xt

\'

where NL s the normal sed elemental mass loss of element i (g m™ ), C sthe averaged, blank
corrected concentrat on of element i n soluton (gm ), f s the fract on of element i n the
unleached glass, SA/V s the rat o of glass surface area to the volume of water (m1), NR sthe
normal sed elemental loss rate and t st me n days

Geochem cal modell ng of the soluton leachate was performed usng the PhreeqC
geochem cal modell ng code (v -1 -8 8, prov ded by the Un ted States Geolog cal Survey)
to dent fy solut on saturat on spec es, us ng the Lawrence L vermore Nat onal Laboratory

(LLNL) thermodynam c database



180

181

18

18

18

18

186

18

188

18

10

11

00

01

3 - Results

3.1 - Glass Formation and Composition

It can be stated w th conf dence that the three s mulant PFR waste loaded G glasses ex st
w th n a stable glass form ng reg on of the phase d agram uptoa 0 wt% load ng The glasses
formed read ly and poured from the melt at 1 00 °C, w th no ev dence of un-d ssolved batch
However, a small degree of corros on was ev dent ns de the cruc ble, wh ch s respons ble for
the elevated concentrat ons of alum na nthe f nal compos t on The compos t on of the three
glasses was analysed us ng XRF and ICP-AES data are shown n Table , wh ch compares the
f nal compos t on w th the nom nal batched compos t ons

Overall, t can be seen from Table that the batched and analysed compostons are n
reasonable agreement for ma or and m nor ox des, although w th some notable except ons
Na O,B O, and SO , are, n general, analysed as lower than the batched compos t on, due to
volat | sat on from the melts dur ng h gh temperature processng SO and BaO are,
respect vely, systemat cally h gher and lower n the analysed glass compos t ons compared to
the batched The complex ty of the glass compos t on made deconvolut on of overlapp ng X-
ray emsson | nes, from mult ple elements, challeng ng and may be respons ble for ths
systemat ¢ d screpancy The loss of such volat le components from the melts does not pose
a challenge to the off-gas system of ex st ng HLW melter systems and, therefore, s not
expected to be problemat c for full scale deployment In add t on, t should be noted that the
lower surface area to volume rat o, and presence of a cold cap, n full scale melter systems
w |l reduce volat | sat on cons derably, w th respect to laboratory scale melts

Analys s of the v tr f ed products by X-ray d ffract on showed only d ffuse scatter ng (F gure 1)

character st c of an amorphous mater al, w th no ev dence of phase separat on or detectable

10
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crystall sat on The lack of contrast n both the SEM-BSE mag ng and SEM-EDX mapp ng
analys s, d splayed n F gure 1b and F gure , s nd cat ve of a chem cally homogeneous glass
on am cron scale Each glass showed s m lar character st cs There was no ev dence from XRD
or SEM-EDX analys s of d st nct segregated sulphate phases

Crystall sat on n rad oact ve waste glasses, when produced from the melt, s undes rable for
several reasons, nclud ng the possblty for the precptaton of soluble rad onucl de
conta n ng phases the potent al for decreased aqueous durab | ty of the matr x, due to the
removal of refractory components and the potent al for swell ng of crystal phases as a result
of damage from self- rrad at on The absence of sgnfcant crystall sat on and m n mal
ev dence of cruc ble corros on nd cate that a h gh-qual ty glass wasteform was obta ned that

should be both stable and amenable to the process ng of PFR wastes

3.2 - Thermal Properties

Table shows the dens ty, glass trans t on temperature and measured | qu dus temperature
of the s mulant PFR glasses The values obta ned for the T, are comparable, w th n error, for
the three waste-load ngs and correspond well w th the trans t on temperature prev ously
reported for the same base glass loaded w th organ c exchange res ns [18- 1]

The | qu dus temperatures of the glasses were all below 1100 °C, and no correlat on w th
ncreas ng waste load ng was observed Glass compostons wth a | qu dus temperature
below 1100 °C are thought to be benef c al for nuclear waste v tr f cat on as the lower
temperatures m n m se volat le losses of rad oact ve components durng meltng [ - |
Although not essent al for all melter operat ons or wasteform acceptance crter a, the

absence of crystall ne products nd cates that the wasteforms w Il be amenable to commerc al

11



appl caton due to the assoc ated s mplfcaton of wasteform qualfcaton, mproved
eff ¢ ency of melter operat on and pred ctab | ty of process control [ 0]

As the glasses produced n ths study have been shown to retan ther Cs nventory after
process ngat 1 00 °C, the retent on of Cs should be expected to be reta ned n full scale melts
g ven the smaller melt surface area to volume rat o and poss b | ty of operat ng w th a cold

cap[ 1]

3.3 - Mechanical Testing

The V ckers hardness and ndentat on fracture toughness of the PFR s mulant glasses are
plotted nF gure The fracture toughness of the glass relates to the energy requ red to form
a new surface and s relevant to qual fy ng the su tab | ty of rad oact ve waste packages for
transport, e g n est mat ng the | kel hood of resp rable f nes format on n acc dent scenar o
[ ]

The lowest waste loaded glass, G -10, had the h ghest ndentat on fracture toughness and
the hardness value of the glasses tested G -1 and G - O glasses gave lower values and
were equ valent w th n measurable prec s on All compos t ons were comparable or super or
to ex st ng HLW glass compos tons (e g UK MW glass and US PNL 6- 8 glass, Fg ) for
ndentat on fracture toughness and were comparable, or superor, n terms of V ckers
hardness [ 6, ]

Although no spec fcaton for fracture toughness currently exsts for UK v treous waste
packages, the results mply that, as the G  based glasses are comparable to current
wasteforms, they are lkely to be complant wth storage n exstng (HLW) can sters

Furthermore, the mechan cal propert es suggest that packag ng nlarger m boxes may also
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be poss ble, although n ths case analyss of thermally nduced crack ng/stresses dur ng

process ng requ res nvest gat on

3.4 - Aqueous Durability

The short-term chem cal durab | ty of the s mulant raff nate glasses was nvest gated us ng
the PCT methodology [ ] Fgure shows the normal sed mass loss of elements that were
detectable by ICP-AES n concentrat ons h gher than those measured n the blank solut ons
The normal sed elemental mass loss (NL) and normal sed d ssolut on rate (NR, 8 days) data
are shown nTables and ,respectvely The solut on pH buffered toavalueof pH10 %0
after days (Fg ) and there was no further measurable fluctuat on of pH dur ng the 8-day
durat on of the exper ments

The normal sed elemental loss rates (to 8 days) for boron were s mlar for each glass
compos t on, g v ng an NRg between x 10" gm  d?'and x100 gm dl(x x10)
as stated nTable Ths nd cates that vary ng the waste load ng from 10to 0 wt% d d not
apprec ably alter the chem cal durab |ty on the t mescales nvest gated Importantly, the
glasses showed a comparable normal sed mass loss and normal sed d ssolut on rate to other
h gh-level waste glass compos t ons dest ned for long-term d sposal, tested under comparable
cond t ons (Table ) For example, the UKHLW MW  glass,hasaNRgof 0x101gm  day!
[ ], compared w th x 10~ gm~ d?for the O wt% loaded s mulant PFR raff nate glass
(Table ) The NRg s approx mately tw ce that of the SON68 French HLW base glass, however
t should be noted that the specfc actvty nR T (the act ve analogue of SON68) w Il be
substant ally h gher than that of the PFR loaded G glasses At product on,R T conta ns an

average specfcactvtyca 110 PBgm , approx mately 0Ot mes greater than the average ca
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6 PBgm™ est mated for the G - O glass[ ] As such, these glasses could be cons dered
su table for the mmob | sat on and d sposal of PFR raff nate

Glass d ssolut on was observed to be ncongruent B and Na leached at s m lar rates (NLg >
NLya), however the normal sed mass loss of all other elements was an order of magn tude
lower than both B and Na (Table ) The normal sed mass loss of all elements was observed
to be rap d for the frst days of d ssolut on and, after th s t me, the normal sed mass loss of

S, Na, B began to reduce nd cat ng an approach to quas -equ | br um, as nd cated n F gure

The normal sed mass loss of Ba and Ca d ffered as a funct on of glass compost on, albe t
w thout a notable trend For example, the normal sed mass loss of Ba decreased after days
for the 0 wt% waste loaded compos t on, and after 1 days for the 1 wt% glass (Fg b)
There appeared to be | ttle removal of Ba from solut on from the 10 wt% loaded glass
Add t onally, the NLs, dropped after 1 days for all three glasses (Fg f) Th s behav our may
be attr buted to the format on of Ca-, Ba- and Sr-conta n ng alterat on layers on the glass
surface Indeed, geochem cal modell ng nd cated that tobermor te (Ca S ¢H;O ) slkelyto
prec p tate A number of recent nvest gat ons have also dentfed ths phase n glasses
conta n ng Ca, or where Ca s present nsoluton[ - ]and have shown that ts format on
can sgnfcantly reduce the dssolut on rate of nuclear waste glasses, by an order of
magn tude compared to other med a[ ] Other phases shown by geochem cal modell ng to
be favourable prec p tates were the Ca- Ba- and Sr-carbonate phases, calcte (CaCO ),
w ther te (BaCO ) and stront ante (SrCO ) Arsng from equlbrum of CO n ar wth the
leach ng med um, t s poss ble that these phases prec p tated n solut on, and when the
samples were f Itered for analys s, they were removed, lead ng to an apparent decrease n Ca,

Ba and Sr leach ng It w Il be necessary to perform further monol th leach ng exper ments to
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exam ne the propert es of the altered layer so that the or g n of the fluctuat ons n these
elements can be determ ned and set n the context of recent mechan st ¢ stud es of UK HLW

and ILW glass performance [ 0- ]

4 - Discussion

Prev ous work has shown that cement may not have the capac ty to effect vely mmob | se
the d verse nventory of rad oact ve elements present n the PFR raff nate waste stream [ |
Cement t ous wasteforms could be sub ect to ncreased d ssolut on and release rates due to
ther nherent poros ty and h gh nternal surface area The h gh solub I ty and potent al for
removal of many of the waste elements wh ch sorb to the cement surface especally Cs,
wh ch makes up over 60% of the rad oact ve nventory by act v ty, s of potent al concern|[ ]
These factors h ghl ght the opportunty to vtrfy PFR wastes to m n m se rad o sotope
m grat on to the b osphere Vtrfcaton, usng G barum slcate glass descr bed n ths
nvest gat on, sl kely to offer s gn f cant mprovements n long term wasteform performance
over the current basel ne

The benef ts of v tr f cat on reach beyond the mprovements n wasteform qual ty descr bed
and may also offer f scal ncent ves, for example, by substant ally reduc ng the waste volumes
for storage and d sposal The current | fecycle waste management plan s to cement the PFR
raff nate n 00 L drums, w th a target waste load ngof 0 0 m perdrum Wth 1 1m of
raff nate to process th s would result n m of packaged waste for d sposal (6 6 x 00 L
drums w th ad splacement volume of 0 m each)[ ] Ifvtrfcaton,at 0wt% load ngwas
to be utlsed, the volume of waste produced would be reduced to < 1 m?® of glass

Conce vably, th s volume of mater al could be read ly processed n a small or modular plant,
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ut I s ng one of a var ety of thermal treatment opt ons for ILW be ng developed nthe UKe g
plasma v tr f cat on, res st ve heat ng melters or Hot-Isostat c Press ng [ ]
Assum ng packag ng of v tr f ed PFR waste nto m ILW boxes was preferable and 0% of the
box capac ty ( m ) could be f lled, each m box would hold 1 8 m of v tr f ed product In
th s scenar o, the waste could be fully cond t oned us ng ust e ght m boxes, produc ng a
total waste volume for d sposal of 8 6 m Th s treatment methodology, when compared
w th cementat on, would reduce the waste d sposal nventory by more than 0%, and, n
pr nc ple, could be ach eved, us ng n-conta ner Joule heated melter technology The heat
generat on, surface act v ty | m ts and conta nment | m ts for mpact of th s hypothet cal G -
0 waste stream have been est mated to be w th n ex st ng gu del nes for a  m?® ILW box!
[ 6] The substant al volume reduct on ach eved by the v tr f cat on approach would enable
transfer of the result ng waste packages to the Sellaf eld s te for storage, potent ally ass st ng
earl er closure of the Dounreay s te
Der v ng a | fet me waste management cost for these wastes ntended for near surface
storage has not been attempted here However, t s bel eved the cost reduct ons assoc ated
w th manag ng lower volumes of wastes n the rest of the NDA estate should be transferable
to Scott sh pol cy It s mportant to note that the volume reduct on and concentrat on of the
waste assoc ated w th th s v tr f cat on step would not result n the re-class f cat on of the
waste as HLW Th's s mportant as a reclass f cat on to HLW would requ re cons derat on of
heat dsspaton n storage, ntroducng sgnfcant extra costs for dsposal, as well as

ncreas ng the f nal volume requ red n a storage vault

1 Calculat on based upon reported nventory of rad o sotopes for th s waste stream and account ng for the
concentrat on of act v ty ach eved by v tr f cat on Th s packaged waste w Il meet stated spec f cat ons mposed
for a square corner m box

16



The decreased r sk to publ ¢ health, super or qual ty of f nal wasteform, mproved long term
stab | ty, smaller footpr nt on the Dounreay ILW stores and the reduced waste management
cost, comb ne to prov de a cred ble case for treatment of these wastes us ng v tr f cat on over

cementat on

5 - Conclusion

A v treous wasteform for s mulant PFR raff nate was developed at a range of waste load ngs
up to Owt% The product was a stable and homogeneous amorphous sold wth no
observable crystal formaton All glasses performed comparably to vtrfed waste
compos t ons currently n use, both n the UK and nternat onally, for the mmob | sat on of
HLW The aqueous durab Ity was superor to that of current UK HLW glasses under
comparable exper mental condtons Therefore, the glasses nvest gated here could be
cons dered a stable matr x for ILW under both geolog cal d sposal and near-surface storage
scenar os The mechan cal propert es of the wasteform also matched or exceeded those
currently n use for HLW glasses, n both the UK and USA, and therefore, should be amenable
to transport and storage nether 00LHLW flasksor m ILW waste packages Add t onally,
we demonstrated that undertak ng mmob |sat on of PFR raff nate through thermal
treatment methods may also result n a decrease n the ant c pated volume of waste from

m to 8 6 m, potent ally result ng ns gn f cant | fet me waste management cost sav ngs
and a more robust opt on to support the Scott sh pol cy for at near surface storage and s te
closure
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8 Figure 1 - a) Powder XRD patterns of G73 PFR raffinate loaded glasses, displaying diffuse scattering characteristic of
amorphous material and b) SEM-BSE image displaying homogeneity of G73-20 glass matrix, set above i) - iii) SEM-EDX
maps of key elements for b) and iv) a higher resolution BSE-SEM of G73-20 glass matrix identified in b) which taken

illustrates the absence of crystalline materials in the final waste product.
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Figure 2 - SEM-BSE images of the three waste loaded glasses G73-10, G73-15 and G73-20 at various magnifications. The
lack of image contrast suggests chemical homogeneity within the sample.
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Figure 3 - Indentation fracture toughness and hardness values of G73 PFR raffinate waste loaded glasses obtained using
the Vickers indentation methodology, with comparison to waste glasses currently used for HLW immobilisation [23,30].

Errors correspond to 3 x the measured standard deviation.
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Figure 4 - Graphs displaying the normalised elemental mass loss with varying levels of PFR raffinate loading from PCT

experiments at 90°C in 18.2 MQ water with a SA/V of 1499 m1-1525 m™* (dependant on glass density).



16 Tables

Included in Simulant Excluded from Simulant
(surrogate element used)

Element ppm Element ppm
Na , 11 Rh 1
Cu 8, Cm
Fe 8 Nb
Zn , 66 Dy
Cd , O Ag <1

S 1, 1 As <1
Ni 1, Co <0
Cr 66 Ge <1
Cs 0 Hg <0
Nd 6 Ho <1

Am (Sm) 0 In <
Al 0 Np <1
Ce 0 P <

U (Ce) 168 Pb <11
La 16 Rb <1
Pr 18 Sb <1
Mo 1 Se <1
Pd 10 Sn <0
Ca 18 Tc <1
Sm 1 Eu
Y 11 Gd
Te Pd 10
Sr 60
Mn
Ru 60
Ba
Ti 6
Total ,186 Total 0
1 Table 1 - Average composition of PFR raffinate as characterised in [6]. (Brackets) indicate where the use of an appropriate
18 inactive simulant was applied. The right-hand columns identifies elements excluded from the simulant based on both low
1 concentrations in the raffinate and on an economic basis.



0 Table 2 - Compositions of base glass, simulant calcined PFR raffinate and glasses produced. Compositions of glasses
1 provided both as batched and as measured by XRF (boron analysis via dissolution in HF and ICP-AES). *Note glasses were
batched to 100 wt%; discrepancies reported result from rounding to 2 d,p.

Component G73-00 PFR G73-10 G73-15 G73-20
(wt%) Base Calcine Batch Meas. Batch Meas. Batch Meas.
Glass
SO 0 000 80 0 60 8
BaO 0 00 81 11 1 161 6 8 61
Fe O 6 00 11 68 6 88 68 8 1 6
Cao 00 01 1 08 0
Na O 0 88 0 16 6 1 8 8 0
CuO 0 6 6 6 8 8 0
BO 00 000 180 0 6 10 0 6 160 0 6
Zn0O 0 0 108 1 1 18 1
Cdo 0 618 06 0 0 10 1 1
SO 0 18 0 0 108 0 1 086
Al O 00 11 0 086 06 08 0 68 1
N O 0 6 0 0 0 01 06 086
CrO 0 08 01 0 8 01 0 6 0 0 66
Cs O 0 11 01 0 6 01 0 0 0
Nd O 0 11 01 01 01 000 0 0
Sm O 0 00 00 010 00 01 006 01
CeO 0 0 010 00 01 010 01 01
MoO 0 0 00 006 00 008 010 00
YO 0 00 00 00 00 00 006 006
La O 0 00 000 00 001 000 001 00
PrsO44 0 00 000 00 001 006 001 00
RuO 0 01 00 000 00 000 00 000
SrO 0 01 00 06 00 01 00 00
TeO 0 00 00 000 00 000 00 000
TO 0 01 001 000 00 000 00 000
Mn O 0 01 001 008 00 008 00 00
100 - 100 1 8 100 0 | 10081 | 100 6 | 100




Sample ID

Glass Property
G73-10 G73-15 G73-20
5 b ( 0 1 + + +
ensty tgcm 000 000 000
Glass Trans t on Temperature 0+ 10 8 +10 8 +10

(°C)
L qu dus Temperature (°C) 10 +10 10 +10 10 0+ 10

Table 3 - Properties of glass wasteforms produced at varying PFR raffinate waste loadings including the density, liquidus

6 temperature (measured in mullite crucibles - see main text for the implication of this) and glass transition temperature.



NR; Glass Composition

(gm?day?)  G73-10 G73-15 G73-20
B x 10° 8 x 10° x 10°
Na 16 x10 1 x10 18 x10
S 18 x 10 8 0x10 1 x10
Ca 8 x10 6 x10 x 10°
Mo x 10° 8 x 10° 6 8x10
Ba x 10 10 x 10° 1 x10
Cr 8 x 10 16 x10 0x 10
Cu x 10 1 x10° 000
Al 000 000 1x10
Fe 000 000 000
N 000 000 000
Sr 000 000 000
Zn 000 000 000
8 Table 4 - Normalised elemental loss rates for the three waste PFR waste loaded glasses measured after 28 days. Data is

from PCT experiments of the wasteforms at 90 °C in 18.2 MQ water.



Glass NL; after 28 days NR; after 28 days SA/V pH

Composition (g m?) (g m? day?) (m1) (25 °C)
NLg NLs; NRg NRs;
G -0 006 0 01 00 000 ! 106
SON68 [40] 0 886 01 001 0 00 1
MW [31] 88 0 8 0 000 100 -

Table 5 - Comparison of network dissolution limiting normalised elemental mass losses and normalised elemental
dissolution rates between SON68 glass, British Magnox waste HLW glass and G73-15 waste loaded glasses tested, under

PCT conditions at 90 °C in 18.2 MQ water.
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