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ABSTRACT  
Glass composite materials (GCM) are discussed as flexible waste forms for immobilising various types of 
wastes. Compared to homogeneous glassy materials, GCMs can incorporate larger amounts of toxic 
elements. GCMs can be produced at higher capacity and lower processing temperatures. This writing 
reviews the current research and utilization of GCMs for radioactive wastes immobilization. 
 
INTRODUCTION 
Hazardous and nuclear waste vitrification is 
attractive because of its flexibility, the large 
number of elements that can be incorporated in 
the glass and the potential for a highly durable 
and small volume waste form. Recently, there 
has been a change in the trend to systems 
intermediate between completely glassy or 
crystalline materials. Hazardous waste 
constituents can be immobilized not only by 
direct chemical incorporation into the glass 
structure but also by physical encapsulation 
when the final glassy material is in the form of a 
glass composite material (GCM). GCMs consist 
of both vitreous and crystalline phases. The 
major component may be crystalline phase with 
a vitreous phase acting as a binding agent or 
alternatively the vitreous phase may be the 
major component, with particles of a crystalline 
phase dispersed in the glass matrix. There has 
been a trend to utilization of GCM for 
immobilizing both radioac-tive and non-
radioactive wastes. Radioactive waste arises 
from three main sources.  
These include; the Nuclear Fuel Cycle (NFC) 
used for power generation as well as military 
purposes, Non-NFC institutes (including non-
nuclear industries, medical and research 
institutions) and Accidents1. Non-radioactive 
wastes include toxic heavy metals produced 
from various sources including incinerator 
ashes, sewage and dredging sludge, iron and 
steel industry slag and ashes, Zn 
hydrometallurgical process effluents and coal 
ash from power stations2. Utilization of 
vitrification and glassy materials including GCM 
for treatment and recycling of non-radioactive 
wastes have been recently reviewed3, 4. There 
have been several recent reviews of radioactive 
waste immobilization in glasses and GCM 5-7. 

Several processing routes were examined in 
producing GCMs e.g. controlled crystallization, 
powder methods and sintering, petrurgical 
method and sol-gel precursor glass. All these 
give flexibility in the choice of optimal 
immobilization technology. We give here a brief 
overview of current research and utilization of 
GCM to immobilize hazardous and radioactive 
wastes emphasizing the potential of these 
materials as final waste forms for immobilization 
of radionuclides. 
 
GCM WASTE-FORMS  
GCMs are of interest for waste immobilization 
due to their flexibility as a final waste form 
enabling them to accommodate legacy, currently 
generated and future expected radioactive 
wastes.  GCMs are able to incorporate a range 
of radioactive nuclides present in Low or 
Intermediate Level Waste (LILW) and High Level 
Waste (HLW). GCMs include: glass ceramics 
where a glassy waste form is crystallized in a 
separate heat treatment 8; materials in which 
e.g. a refractory waste is encapsulated in glass 
such as hot pressed lead silicate glass matrix 
encapsulating up to 30 vol% of La2Zr2O7 
pyrochlore crystals to immobilize minor actinides 
9,10; materials in which spent clinoptilolite from 
aqueous waste reprocessing is immobilized by 
pressureless sintering5; U/Mo-containing 
materials immobilized in a GCM termed U-Mo 
glass formed by cold crucible melting (which 
partly crystallize on cooling) 11; yellow phase 
containing up to 15 vol.% of sulphates, chlorides 
and molybdates12; and materials immobilize 
ashes from incineration of solid radioactive 
wastes13. Table 1 outlines various waste types 
that have been immobilized into GCMs.   
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Generally, host glasses used to develop GCM 
should have the ability to act like a solvent for 
the most waste constituents, be processed at 
relatively low processing temperatures (below 
1000oC), as well as be chemically durable and 
radiation resistant. High silica-content glasses 
including borosilicates, alumina-silicates, 
alumina-borosilicates, soda-lime silicates, lead-
silicates, lead-borosilicates, phosphates, copper-
phosphates, silver-phosphates, lead-iron-
phosphates, sodium-alumina-phosphate glasses 
have been examined as host matrices for GCM 
production 5.  GCMs may be used to immobilize 
long-lived radio-nuclides (such as actinide 
species) by incorporating them into the more 
durable crystalline phases, whereas the short-
lived radionuclides may be accommodated in 
the less durable vitreous phase. Acceptable 
durability will result if the active species are 

locked into the crystal phases that are 
encapsulated in a durable, low activity glass 
matrix. The GCM option is currently being 
considered in many countries including 
Australia, France, UK, USA and Russia 5, 6. The 
processing, compositions, phase assemblages 
and microstructures of GCM’s may be tailored to 
achieve the necessary parameters. Several 
production routes detailed in Table 2 have been 
analyzed to produce GCMs 5, 7.  
 
Most processing routes utilize sintering which 
involves a liquid matrix phase immobilization of 
waste particles. For this to happen effectively, 
the wetting properties of matrix are of paramount 
importance. Non wetting matrices limit waste 
loading to volume contents 15% [14-16] which is 
close to the percolation threshold in the system 
of random spheres  01.015.0 ±=cϑ  17. Fig. 1A 

Table 1: Waste types immobilized into GCM 
 

Waste  
Type 

Waste description Waste  
Loading 

LILW High sulphate, molybdate/noble metal content waste. High concentration of Cl. 30 wt% 
ILW High content of Mo,PbO , MnO & simulated zircaloy chips. 20 wt% 
HLW Liquid waste arising from reprocessing of natural uranium (UO2)  10 wt% 
 Calcine containing transuranics, fission products & transition elements. 60-80 wt% 
 Acidic HLW with Al, Zr, Na, nitrate and fluoride ions. 75 wt% 
 From reprocessing light water reactor &fast breeder fuel. 5-35 wt% 
 Zeolite occluded salt waste (transuranics, fission product & halides).  75 wt% 
 Fission product and transuranic actinides containing salt immobilized in glass 

bonded sodalite 
75wt% 

 Zeolite occluded with molten LiCl-KCl-NaCl and ~6wt% of fission product 
chlorides.  

50-67 wt% 

 Simulated waste with spinel forming components.  45 wt% 
 Simulated HLW consisting ≤ 35wt% ZrO2.   30-50 wt% 
 Plutonium bearing nuclear legacy waste in pyrochlore phases.  30 vol.% 
 Containing both actinides and chlorides 11 wt% 
 Simulated HLW waste chemically immobilized in a mixture of chlorapatite, 

Ca(PO4)Cl and spodiosite, Ca2(PO4)Cl mineral phase. 
65-90 wt% 

 Long-lived nuclear simulated waste (actinides). 20 wt% 
 Ag129I   
 TRISO-UO2 particles 16 vol. % 
 Actinides surrogate (Ce2O3,Nd2O3, Eu2O3,Gd2O3,Yb2O3,ThO2 in highly durable 

zirconolite (CaZrTi2O7). 
4-6wt.% 

 Waste fission product and actinides in titanite, CaTiSiO5  
 Waste ions distributed in sphene, CaTiSiO5 phase and glass phase 5 wt.% 
 Estimated simulation of HLW from reprocessing of nuclear fuels in Japan 

Atomic Institute 
25 wt% 

 Simulated 90Sr HLW partitioned from of high level liquid waste in China 
immobilized in apatite glass-ceramic. 

35 wt% 

Ashes  From incineration of plutonium bearing organics  50 wt% 

 From incineration of solid radioactive waste. 15-40 wt% 
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illustrates such a case at loadings exceeding the 
percolation threshold when waste particles form 
percolation clusters, which facilitate the leaching 
of radionuclides and worsen the water durability 
of GCM. Glass matrix coats waste particles with 
a glassy protective film in the case of good 
wetting of waste material (Fig. 1B). The 
thickness of protective film on waste particles 
depends on wetting or contact angle θ so that 
the better wetting e.g. the smaller wetting angle 
the thinner the protective film and consequently 
the higher waste loading can be achieved 14 -16.   
 
The waste loadings are limited by the 
percolation threshold when percolation clusters 
made up of contacting waste particles are 
formed 14 -16:  
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where p is the packing density of waste particles 
which are assumed spherical. p=0.64 for 
randomly packed spheres and p=1 for poly 

disperse systems. In non-wetting systems when 
θ≥90o ccf ϑ= , whereas ideally wetting matrices  
θ→0o would provide  maximal waste loadings 

pfc →  without formation of percolation 
clusters. Real GCM have different percolation 
thresholds depending on waste-matrix 
compatibility. As an example we give below 
some details on GCMs developed for spent 
clinoptililite waste arising from low-level aqueous 
waste treatment facilities 5, 18.  
 
GCM FOR SPENT CLINOPTILOLITE WASTE  
Simulated spent clinoptilolite was immobilized in 
a GCM produced by a pressureless sintering for 
2 hours at 750 ºC [5, 18]. Waste loading ranging 
from 1:1 up to 1:10 glass to clinoptilolite volume 
ratios corresponding to 37- 88 mass % were 
studied. Water durability of GCM assessed by 7 
days leaching tests in de-ionized water at 40 ºC 
based on ASTM C1220-98 standard is shown in 
Fig. 2.  
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Table 2: Processing routes to produce GCM waste forms 
 

Route Description Process parameters 
Pressureless 
sintering 

Powder mixing, cold pressing.  Relatively low 
temperature (≤ 1100K). 

Particle size, compacting pressure, 
temperature and duration of sintering, heating 
and cooling rate. 

Hot Pressing Pressure and temperature applied during Hot 
Uniaxial Press (HUP), Hot Isostatic Press 
(HIP) or Hydrothermal hot-pressing (HHP). 

Glass composition, particle size, maximum 
temperature, pressure, soaking time, heating 
and cooling rate. 

Reaction 
Sintering 

Sintering under isostatic pressure by adding 
amorphous silica. Chemical reaction 
between waste components and surrounding 
glass. 

Particle size, HIP temperature, pressure and 
duration of sintering. 

Sintering with 
aerogels 

Porous network of silica is soaked in a 
solution containing the actinide, then dried 
and fully sintered. 

Mechanical properties, capillary forces, 
permeability of aerogel, sintering temperature. 

Cold crucible 
melting 

Electric currents generated inside waste 
contained in water-cooled crucible, 
surrounded by an induction coil. 

Operating frequency, input vibrating power, 
operating temperature, melting duration. 

Self Sustaining 
vitrification 

Utilizes the energy released during 
exothermic chemical reactions. 

Composition of initial waste and PMF. 

In-situ sintering Utilizes ambient pressure of a disposal 
environment, its radiation shielding and 
extended time of storage. 

Disposal environment, ambient pressure and 
temperature. 

Controlled 
crystallization 

Additional heat-treatment on to vitrified glass 
forming glass-ceramic. 

Temperature, duration, heating and cooling 
rate. 

Petrurgic method Crystals nucleate and grow directly upon 
cooling glass from the melting temperature. 

Cooling rate from melt temperature. 

Sol-gel followed 
by sintering 

Allows the formation of a very reactive 
powder in which components are mixed on a 
molecular scale. 

Calcine temperature, milling media, drying 
temperature, sintering temperature. 
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Figure A: Waste particles in a non-wetting matrix at 
percolation.  

Figure 1B: Waste particles in a wetting matrix. 
 

Fig. 1:  Microstructure of GCMs as a function of 
wetting conditions. A: in the case of non-
wetting matrix percolation clusters form 
made up of waste particles and the waste 
loadings are limited by ∼15 vol.%; B: in the 
case of wetting matrix the protecting film 
which coats waste particles prevent 
formation of percolation clusters increasing 
the waste loadings. 

 
The Cs normalized leaching rates remain below 
6.35 10-6g/cm2day in a GCM with 73 mass % 
waste-loading. When the waste loading exceeds 
80 mass %, the normalized Cs leaching rate 
became as high as 9.06 10-4g/cm2day. This 
order of magnitude increase can be explained 
by formation of clusters made of inter-connected 
clinoptilolite particles.  
 
At low waste loading below the critical threshold, 
(F< FThr) the GCM leaching property is governed 
by the water durable glass host matrix. Full 
encapsulation of clinoptilolite particles by the 

glass matrix ensures that there are no readily 
available escape routes for the mobile 
radionuclides into contacting water. At a certain 
(percolation threshold) waste loading F = FThr 
there is not enough glass matrix to fully 
encapsulate the clinoptilolite particles which 
contact each other and form a large, percolation 
cluster providing an easy route for radionuclides 
to leach out of the GCM. At waste loading equal 
or above critical loading (F≥Fthr), the GCM 
leaching property is governed by universal 
percolation theory laws 14 -16, 17. The normalized 
leaching rate near the threshold of formation of 
percolating clusters is given by: 
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where NRcs(0) is the normalized leaching rate 
far from the percolation threshold,  which we 
assessed as fThr ~  0.8Ccs/100 wt.% and β=0.41 
is the universal critical exponent 17. Here, fCs is 
the mass fraction of Cs in the unleached 
specimen and it is directly proportional to the 
waste as calculated from Csf  = Fwaste  ×  Ccs/100 
wt.%, where, Fwaste is the mass fraction of waste 
and CCs is the concentration of Cs in the 
clinoptilolite. At waste loading exceeding fThr 
there is limited glass matrix volume and hence 
the GCMs leach behavior is fully governed by 
the clinoptilolite particles.  
 
 

 
Fig. 2:  Normalized leaching rates of Cs for GCM 

with spent clinoptilolite quantifying the critical  
threshold. 
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CONCLUSIONS 
Utilization of GCM for nuclear waste 
immobilization has emerged as a flexible 
technology enabling reliable immobilization of 
complex and varying composition waste streams 
otherwise difficult for current vitrification 
technology. The composition of glasses used as 
host matrices, the phase assemblage and 
microstructure of GCMs are important in 
achieving high waste loadings and highly 
durable waste forms suitable for disposal.  
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