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A B S T R A C T

The Hanford site in Washington State houses ~56 million gallons of radioactive wastes stored in 177 under-
ground tanks. The waste must be immobilized and permanently stored, and the plan is to separate the tank
wastes into low activity waste (LAW) and high-level waste (HLW) streams. The U.S. Department of Energy is
building a Waste Treatment and Immobilization Plant at Hanford site to separately vitrify these two waste
streams in borosilicate glass using Joule-heated ceramic melters (JHCM). Although the process of nuclear waste
vitrification seems to be well established, in practicality, it is faced with complex problems starting from the
design of glass compositions, to processing in melters and long-term performance of the final vitrified waste
forms. The article presents an overview of our current understanding of critical challenges related to the de-
velopment and performance of HLW glasses.

1. Introduction

The Hanford site in Washington State is home to ~56 million gal-
lons (~212 million liters) of radioactive and chemical wastes stored in
177 underground tanks. The wastes were generated as a result of
45 years of plutonium production in support of the U.S. defense pro-
grams [1]. The plutonium used in the world's first nuclear explosion
(codenamed “Trinity”) at Alamogordo, New Mexico, in July 1945, and
in the second atomic bomb (codenamed “Fat Man”) came from Han-
ford. Today the Hanford tanks contain ~60% of the reprocessing waste
in storage in the U.S. The majority of the remaining is stored at the
Savannah River Site (SRS) in South Carolina built during the 1950s [2].
Fig. 1 shows an image of single-shell tanks (SST), while Fig. 2 presents
an image of double-shell tanks during their construction at the Hanford
site in 1940s. Fig. 3 presents a schematic of the cross-section of a typical
SST at Hanford, depicting layer–by–layer arrangement of radioactive
and chemical waste. As per the current plan [3], the Hanford tank waste
will be separated into two categories – (1) High-Level Waste (HLW),
and (2) Low Activity Waste (LAW). A brief description of the two types
of wastes has been presented below.

• High-Level Waste (HLW): The HLW is a highly radioactive material

resulting from the reprocessing of spent nuclear fuel (SNF), in-
cluding liquid waste produced directly in re-processing and any
solid material derived from such liquid waste that contains fission
products in sufficient concentrations. This is in conjunction with any
other highly radioactive material that requires isolation according to
the Nuclear Regulatory Council [4]. In the Hanford SST, HLW exists
mostly in the form of sludge and salt cake (Fig. 3), rich in sodium
and aluminum oxides, nitrates and hydroxides along with the sig-
nificant concentration of transition metal oxides, for example,
Fe2O3, Cr2O3, NiO, Cr2O3, and MnO.

• Low Activity Waste (LAW): The LAW should not be confused with
the low level waste (LLW) as defined by the International Atomic
Energy Agency (IAEA). Also known as “waste incidental to re-
processing (WIR)”, LAW is a radioactive material, resulting from the
reprocessing of spent nuclear fuel, which the U.S. Department of
Energy (DOE) has distinguished from HLW. It constitutes approxi-
mately 90 vol% of the total Hanford waste inventory. Because it
meets certain criteria, WIR poses less risk (compared to HLW) to the
health and safety of people and the environment, and therefore,
does not need to be disposed of as HLW. While the NRC regulates
LLW, the LAW is managed under the U.S. DOE's regulatory au-
thority. Regarding its chemical complexity, the LAW is primarily the
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supernatant liquid in the tank waste (Fig. 3) comprising aqueous
solutions of Na+, K+, Al(OH)4−, Cl−, F−, NO2

−, NO3
−, and minor

water soluble radionuclide species, for example, 99TcO4
−, and 129I−

[5,6].

The U.S. Department of Energy (DOE) is building a Tank Waste
Treatment and Immobilization Plant (known as WTP) at an estimated
cost exceeding $17 billion, covering 67 acres (~27 ha) of area at the
Hanford site, to separately vitrify LAW and HLW in borosilicate glass at
1150 °C using Joule-heated ceramic melters (JHCM) [3]. Fig. 4 presents
an aerial view of the WTP (under construction) showing the major fa-
cilities being constructed for the pre-treatment of nuclear waste

followed by its vitrification into borosilicate glass. The vitrification of
nuclear waste is expected to start no later than 2022. With two 10 m2

(melt pool surface area) LAW melters and two 3.75 m2 HLW melters (all
including bubblers), the WTP will be, by far, the world's largest nuclear
waste vitrification facility [7].

Since the cost of vitrifying radioactive waste is directly proportional
to the volume of glass to be produced, it is therefore desirable to
maximize the waste loading in the glass to decrease the overall volume,
but without posing an unacceptable risk for the melter operation or
long-term performance of the vitrified waste form. For this reason, the
majority of the research effort in the last decade has been focused on
designing advanced glass formulations with increased waste loadings.

Fig. 1. An aerial view of the single-shell
tanks (SST) under construction at Hanford
site C-Farm, c. 1944. A total of 149 carbon
steel SST with a design life of 20 years were
built during 1943–1964. C-Farm was the
first of the Hanford's SST farms selected for
waste retrieval. Radioactive and chemical
waste was pumped from C-Farm's twelve
100-series tanks (530,000 gal each), and
four smaller 200-series tanks (55,000 gal
each), and was sent to newer, double-shell
tanks. At the time of this writing, the farm
has been completely retrieved. The waste
will be subsequently sent to the waste
treatment and immobilization plan for the
vitrification.

Fig. 2. An image of the double shell tanks under construction, c. 1970s. The construction of 28 double-shell tanks, with capacities up to 4400 m3 and design lives of
50 years, began in 1968.
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As a result, a projected 30–50% reduction in the amount of glass and
near tripling of melt rates has been achieved [7]. However, a further
enhancement in the waste loadings is a challenge, considering that most
of the current understanding in this field is based primarily on em-
pirical data. Therefore, there is an exigent need to develop a solid
fundamental understanding of the chemical, structural, and thermo-
kinetic factors limiting the waste loading in the glassy waste forms. In

this context, the current article aims to present an overview of current
understanding of some critical challenges related to the development
and performance of HLW glasses. This is followed by a set of open
questions that need to be answered to understand the fundamental
science of these glass systems and develop HLW vitrified products with
higher waste loadings. It should be noted that the article is not intended
as a thorough review of waste vitrification science and technology. It

Fig. 3. A schematic of the layer–by–layer arrangement of the radioactive waste in a SST at the Hanford site.

Fig. 4. An aerial view of the WTP at Hanford site (under construction), c. 2018.
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aims at highlighting various challenges with vitrification of Hanford's
HLW into borosilicate glasses. For information about international ex-
periences with the vitrification of nuclear waste, readers are suggested
to follow these references [8-12].

2. Chemical complexity of the Hanford tank waste

The natural abundance of plutonium in nature is in trace quantities
where it co-exists with 238U deposits. Plutonium at Hanford site was
generated by transmutation of uranium through irradiation of metallic
fuel. The uranium fuel was, for the most part, cladded in aluminum, but
one Hanford dual use (Pu production and power production) reactor
used Zircaloy-clad fuel [13]. Three primary separations processes were
used at Hanford to extract the 239Pu. The first process, known as the
Bismuth Phosphate Process (used for the fuel from B and T plants,
1944–1956), relied on sequential oxidation and reduction of soluble Pu
(VI) to insoluble Pu(IV) co-precipitated with BiPO4 or LaF3 solids, de-
pending on the process step. By controlled oxidation or reduction,
combined with acidification or basification to promote the solid phase
precipitation, plutonium was isolated from uranium, lanthanides, and
other fission products [14–16]. At the same time that the bismuth
phosphate process was operating, a new process, called REDOX, was
developed and used to extract both plutonium and uranium at Hanford
from 1952 to 1967. In REDOX, like other solvent extraction processes,
Pu(VI) and U(VI) were extracted from a nitrate solution using liquid-
liquid immiscibility of aqueous and organic phases, with methyl iso-
butyl ketone (MIBK) as the organic liquid. Subsequent addition of a
reducing agent to the Pu + U mixture selectively reduced Pu to Pu(III)
and allowed separation of U from Pu. PUREX was a solvent extraction
method improvement over REDOX, where Tributyl Phosphate (TBP) in
kerosene was used to extract 4+ and 6+ uranium and plutonium from
a nitric acid aqueous solution of these actinides. After this development,
some of the uranium from the BiPO4 process waste was later recovered
using the Tributyl Phosphate Process (1954–1958, known as the Ur-
anium Recovery Process), and PUREX (Plutonium Uranium Redox Ex-
traction) was implemented at the Savannah River Site at this time as
well. Hanford began PUREX reprocessing in 1956, continuing on and
off until 1990 [17,18].

All three processes (BiPO4, REDOX, PUREX) operate based on the
principle of changing oxidation state of Pu, thereby allowing selective
decontamination and separation from elements with similar chemistry
(uranium, lanthanides), as well as other fission products, fuel assembly
constituents, corrosion contaminants, and process chemicals. Primary
de-cladding and dissolution of the fuel was always performed with
aqueous nitric acid, HNO3. Therefore, the waste placed into the
Hanford tanks is dominated by process chemicals (e.g., acids, NaOH for
basification of the waste to protect the tanks), unrecovered solvents and
their byproducts, and cladding metals (Al and Zr). Very little of the
waste volume actually consists of radioactive elements, though some
actinides including U, Pu, Am, Np, and Cm remain. The one exception is
the remaining uranium-rich metal waste stream from the BPP [19].1

The BiPO4 process produced ~30 m3 of waste per tonne of fuel, which is
significantly more than the 2–15 m3 produced by REDOX or 1–5 m3

produced by the more efficient PUREX [7]. Final wastes were basified
to pH 8 or higher, using sodium hydroxide and carbonate solutions,
before being placed into one of the 177 steel-lined concrete tanks, with
waste volumes ranging from ~0.2 to 4 million liters [20].

The waste volume, which had become excessive, was decreased by
various processes, primarily water evaporation through different

boiling techniques (for example, self-boiling, or by using in-plant and
in-tank atmospheric evaporators and vacuum evaporators).
Decontaminated water condensates were released to the ground, and
concentrated salts were returned to the waste tanks [21]. The removal
of such a large amount of water from the waste resulted in crystal-
lization of various dissolved salts as salt cakes within the tanks, the
dominant salt being NaNO3. However, other single or double anion
salts were also found in the tanks, for example, Na2C2O4 (sodium ox-
alate), NaAl(OH)4 (sodium aluminate), Na2CO3·H2O, NaF, Na7F(PO4)2,
Na3FSO4, and NaAlCO3(OH)2 [22–24]. In 1954–1958, the Waste
Scavenging Process was implemented to remove and isolate the short-
lived, high heat-producing isotopes 134,137Cs, 90Sr, and 60Co from sec-
ondary raffinates produced by the Uranium Recovery Process and si-
milar wastes, and these fully decontaminated solutions were released to
the environment [25].

The desire to remove theses short half-life soluble components from
wastes continued in implementation of the Waste Fractionization
Process (1967–1985). The remaining short-lived isotopes limited the
volume reduction of the waste due to excessive heat load on the tank
structures. Hence the remaining 134,137Cs was removed by ion-exchange
and 89,90Sr was removed by solvent extraction. The collected Cs was
formed to CsCl, and the collected Sr formed to SrF2, and these salts were
double-encapsulated and stored underwater, where they remain today,
for heat dissipation and radiation shielding [8,26].

Depending on the process employed to separate 239Pu, i.e., BiPO4,
REDOX, PUREX, as well as the detailed history of tank filling and
blending, the following high-level waste streams have been generated,
as delineated by statistical cluster analysis [27].

- Al, Fe, and Zr limited (tank AZ-101): Simultaneously high in alu-
minum, iron, and zirconium, as well as noble metals, these wastes
will be very refractory and could benefit from higher melting tem-
peratures were they available. With current Hanford glass for-
mulation models, the waste loading is limited to 37%.

- Th and Zr limited (tank C-104): Containing refractory thorium and
zirconium, this waste again will prove problematic for vitrification
at high waste loading. However, it represents only a small fraction of
the Hanford tank waste.

- Bismuth and Phosphorus limited: Primarily originating from the
BPP, this waste represents a large volume for Hanford due to the
inefficiency of BiPO4 process and its generation of a relatively large
waste volume. Phosphate solubility drives the waste loading, par-
ticularly in interaction with chromium [28–30].

- Chromium limited: This waste exists primarily due to the use of
Na2Cr2O7 as an oxidizer for Pu in the BiPO4 and REDOX process.
Other sources of Cr are from Cr(III) used to reduce permanganate
and Cr from corrosion of the steel tanks [13]. It therefore constitutes
large fraction of the Hanford tank sludge. Wastes containing Cr also
usually contain a relatively high amount of SO3, such as from che-
micals added in the BiPO4 process, including ferrous sulfate re-
ductant and sulfuric acid for complexation of U(VI). Since both Cr
and S are present together, waste loading may be limited to salt
formation during melting, since Cr(VI) and S(VI) form oxyanions,
chromate and sulfate and can partition with alkali in a molten salt.

- Aluminum limited: About half of the aluminum in the Hanford
waste is from dissolved aluminum cladding, while the other half
comes from aluminum nitrate used in the REDOX process [13]. The
waste type and its variants constitute almost half of the Hanford
HLW by mass.

- Aluminum and sodium limited: A subset of the high aluminum
wastes exists where sodium is also present in high concentrations.
Sodium is present due to the use of NaOH for removing the fuel
cladding, as well as Na nitrate for hydrogen scavenging [13]. This
waste case presents the worst-case scenario for nepheline crystal-
lization (see Section 5.1).

1 The inventory database maintained by the Hanford Site operations con-
tractor estimates that approximately 6.5 × 105 kg of uranium is present in the
Hanford tanks in the form of sodium urinates and uranium iron oxide com-
plexes thus, making it the fourth most prevalent metal in the waste solids, after
sodium, aluminum and iron. For further information, see Reynolds et al. [19].
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Table 1 presents representative chemical compositions (in oxides) of
the above-mentioned waste streams.

3. The process of converting tank waste to borosilicate glass

Before discussing the challenges related to the development and
performance of HLW glasses, it is crucial to understand the process
resulting in conversion of waste to glass. The main steps in the vi-
trification process of nuclear waste are outlined below.

- Preparing the waste feed
- Mixing the waste with glass-forming oxides and other chemicals
- Feeding the mixture of waste + glass forming chemicals to the
melter

- Heating the waste mixture to convert it into a melt
- Pouring the melt in steel canisters
- Treating the gaseous effluents from the melting process
- Cooling and decontaminating the filled canisters for storage and
disposal.

As per the original plan, the tank waste will be separated into HLW
and LAW at the pre-treatment facility. This will be followed by mixing
of the respective wastes (LAW and HLW) with glass forming oxides and
chemicals (for example, SiO2, H3BO3, sucrose, etc.) Kg2. For the waste
feeds rich in nitric acid, sucrose or oxalic acid is usually added as a
reductant and to react with HNO3 in the feed to form N2 and CO2 as

described in the following reaction scheme.

+ + + +20 HNO 2 C H O 10 N 24 CO 32 H O O3 12 22 11 2 2 2 2

In reality, the reaction does not go to completion, and NO and NO2

are generated from the reaction. A molar ratio of 10:1 between nitrate
and sucrose has been found to be nearly an ideal ratio for the vi-
trification of Idaho sodium bearing waste, which is a representative of a
high nitrate acidic waste vitrified in a liquid-fed test melter [31]. The
mixtures will then be sent to JHCM (Fig. 5) where they will be heated in
the temperature range of 1150–1200 °C to form molten glass. Fig. 6
presents a schematic overview of the vitrification process to be im-
plemented at WTP in order to convert HLW and LAW to borosilicate
glass. The glass melt will be poured into steel canisters. The LAW vi-
trification product will be disposed at the on-site Integrated Disposal
Facility (IDF), while HLW glass will be transported to a deep geologic
repository when such a location becomes available [32]. Owing to the
large amount of water that is evaporated, and potential volatility of
elements like 129I and 99Tc (primarily in LAW), a large part of the fa-
cility footprint is devoted to off-gas processing. Semi-volatile compo-
nents captured in the initial off-gas scrub are recycled back to the
melter.

4. Challenges during vitrification of HLW

4.1. Batch to glass conversion in the melter

The waste throughput rate, defined as [waste throughput
rate] = [waste loading in glass] × [glass melting rate] is one of the
primary concerns in the vitrification of radioactive wastes, because it
directly influences the life cycle of nuclear waste cleanup [33]. While
the next sections address the major effort conducted to design advanced
glass formulations with enhanced waste loadings in glass, this section
focuses on the glass melting rate. It provides an overview of the history
of batch melting models, current state-of-the-art, and research ques-
tions addressed in support of the Hanford WTP.

Today, most glass furnaces, including waste glass melters, are op-
timized with the help of computational fluid dynamic (CFD) models to
improve the melter energy efficiency, meet the required product cri-
teria, or control the emissions. However, although the conversion of
batch-to-glass has been studied for many decades to better understand
the batch energy consumption, temperature field in the batch and the
batch profile (width, length, thickness, shape), and the batch kinetics
[34], only simplified empirical or semi-empirical models have been
developed for the batch melting [35]. As a result, current CFD models
still fail to accurately simulate this important, and usually rate-limiting
process [36,37], and are of little-or-no-use for Hanford WTP where
hundreds of feed compositions will be vitrified over the decades, ex-
hibiting a broad range of melting behavior [38].

In a JHCM, the batch in the form of slurry (heterogeneous liquid
mixture containing various solids) is charged from the top, creating a
cold cap on the pool of molten glass that covers 90–95% of the melter
surface. The one-dimensional models view the cold cap as a blanket of
uniform thickness that receives steady uniform heat fluxes from both
the molten glass below and the plenum space above. Fig. 7 shows a cold
cap sample retrieved from a laboratory-scale melter [39–41]. Con-
sidering one-dimensional melting, each particle of the melter feed tra-
vels vertically down through the cold cap, experiencing increasing
temperature in response to which its properties (for example, density,
the dissolution rate of solids, reaction kinetics) are changing. The cold
cap is composed of a reaction layer and a foam layer. While most of the
heat is consumed in the reaction layer and during water evaporation
from slurry at the cold-cap surface, the melting-rate-limiting step is the
heat transfer through the foam layer, which forms at the cold-cap
bottom where the glass-forming melt becomes continuous [41–43].

To enhance the heat transfer into the cold cap, forced convection is
induced by bubbling gas into the melt [44,45], increasing the melting

Table 1
HLW compositions (wt%) from Hanford (from Ref. [22], Courtesy: Battelle
Memorial Institute).

Component HLW

Fe, Al
and Zr-
Limited

Th and
Zr-
Limited

Bi and
P-
Limited

Cr-Limited Al-Limited Al & Na-
Limited

Al2O3 24.58 9.69 23.18 27.48 52.95 45.13
B2O3 0.00 0.00 0.60 0.57 0.42 0.77
BaO 0.00 0.00 0.02 0.03 0.12 0.06
Bi2O3 0.00 0.00 13.33 7.85 2.53 2.45
CaO 1.40 1.67 1.66 2.66 2.38 1.53
CdO 2.16 0.27 0.00 0.01 0.05 0.02
Ce2O3 0.80 0.30 0.00 0.00 0.00 0.00
Cl 0.00 0.00 0.00 0.00 0.00 0.00
Cr2O3 0.46 0.40 1.03 3.30 1.15 1.50
Cs2O 0.50 0.50 0.50 0.50 0.50 0.50
F 0.00 0.00 1.63 2.15 1.47 0.48
Fe2O3 37.67 17.80 13.83 14.13 13.03 5.95
HfO2 0.00 14.35 0.00 0.00 0.00 0.00
K2O 0.00 0.00 0.92 0.40 0.31 1.40
La2O3 0.89 0.00 0.00 0.00 0.00 0.00
Li2O 0.00 0.00 0.32 0.39 0.38 0.16
MgO 0.00 0.00 0.85 0.17 0.26 0.46
MnO 0.91 3.55 0.00 0.00 0.00 0.00
Na2O 10.58 11.03 13.39 21.62 7.91 26.88
Nd2O3 0.65 9.97 0.00 0.00 0.00 0.00
NiO 1.66 1.01 3.83 1.14 0.88 0.21
P2O5 1.34 1.37 9.91 3.59 2.32 4.27
PbO 0.00 0.00 0.50 0.52 0.90 0.19
Re2O7 0.00 0.00 0.00 0.00 0.00 0.00
RuO2 0.15 0.10 0.10 0.10 0.10 0.10
SiO2 3.77 6.57 12.43 11.36 10.81 6.48
SnO2 0.66 0.00 0.00 0.00 0.00 0.00
SO3 0.38 0.19 0.94 1.64 0.44 0.46
TiO2 0.00 0.00 0.31 0.01 0.02 0.36
ZnO 0.00 0.00 0.32 0.27 0.18 0.38
ZrO2 11.44 21.21 0.41 0.12 0.87 0.26

2 It should be noted here that at Savannah River Site, the HLW is mixed with
borosilicate ground glass frit (instead of glass forming chemicals) and fed di-
rectly into the melter.
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rate by a factor of up to four [46]. This can be mostly attributed to the
following factors: (i) an increased convection brings hot glass from the
bottom of the melter to the vicinity of the cold cap, (ii) an increased
fluid velocity decreases the thickness of the boundary layer near the
bottom of the cold cap, and (iii) an increased convection and large
bubbles from bubblers help to remove the insulating gas bubbles that
form at the cold cap bottom from collapsing primary foam and from
secondary bubbles ascending from the melt.

In the cold cap, the heat transfer is controlled by the heat conduc-
tion. Because conduction is a function of cold cap strucutre, it is af-
fected by the kinetics of various chemical reactions and phase transi-
tions that occur during the conversion process, especially those leading
to the formation of foam at the cold-cap bottom. Thus, it is influenced
by the choice of feed materials, including their mineral form and par-
ticle size. For example, varying the alumina source in feeds designed for
high-alumina HLW vitrification [47–49] considerably affected the
steady-state melting rates under the same melter operating conditions.
A melting rate of 950 kg m−2 day−1 has been reported for the feed
containing gibbsite [Al(OH)3] as the Al2O3 source, a melting rate of
1200 kg m−2 day−1 for a feed with boehmite [AlO(OH)], and
700 kg m−2 day−1 for a feed with corundum [Al2O3]. Similar effects

have been reported when varying the quartz particle size [33] or the
source of iron [50].

In theory, the melting rate can be calculated using the cold cap heat
transfer properties. While it is possible to measure or estimate those
properties for the main reaction layer of the cold cap [51–53], simu-
lating the heat transfer in the dynamic foam layer at the cold cap
bottom is highly challenging – the heat transfer is affected not only by
conduction and thermal radiation, but is dominated by the convection
related to the growth, coalescence, and collapse of foam bubbles. As a
result, it has not been possible to reliably estimate or measure the ef-
fective heat conductivity of the foam layer until now.

Thus, to predict the melting rate only as a function of feed prop-
erties and melter operating conditions while avoiding the calculation of
heat transfer through foam, recent studies have focused on the under-
standing of the kinetics of foam evolution and collapse at the cold cap
bottom [41,54–58]. While observing the real-time (in situ) foam be-
havior in the glass melters is still challenging [59,60], combining la-
boratory techniques such as the feed volume expansion test, evolved
gas analysis, and thermogravimetry, allows to assess the important
foam properties, such as foam onset and collapse temperature, foam
porosity, or bubble size. The foam properties can be then used in the
melting rate correlation (MRC) equation [57] and in the computational
fluid dynamics model of the melter [61] to predict the rate of melting,
having potential to (i) allow a rapid and reliable assessment of glass
production/waste processing rate, (ii) help design and optimize the feed
formulation, (iii) be useful for troubleshooting, and (iv) reduce time
and cost by facilitating plans for the runs of experimental melters of
various scales, which are time-consuming and expensive [62–66].

However, despite the significant efforts and progress that attracted
the interest also from the glass industry [67–69], the understanding of
batch-to-glass conversion is still far from complete. For example, the
MRC has been, up to now, validated only for a relatively small range of
HLW feeds in a pilot-scale melter. The validation for a broad range of
HLW and LAW feeds is necessary, as well as its testing for melters of
various scales. Also, better understanding of the structure-property re-
lationship, i.e., the dependence of heat transfer on the formation and
structure of foam is required. To that end, a more representative, but
still practical model for the heat transfer in the foam layer has to be
developed.

Another issue that still needs attention is the cold cap rheology

Fig. 5. Schematic cross-section of a JHCM presenting noble metals and spinel
deposits in the HLW glass melter.

Fig. 6. Schematic of the vitrification process to be implemented at Hanford site.

Fig. 7. Schematic of heat flux and feed movement in the cold cap (the cold-cap
cross section was obtained from a laboratory-scale melter [39,40]). Reprinted
from Lee et al. [41] with permission from Elsevier.
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[70,71], i.e., the cold cap formation, spreading, and changes in its
shape during melter operation. Although problems with cold cap for-
mation are uncommon, the formation of shelf-like structures from
hardened material or otherwise uneven cold caps with mounds and
ridges are occasionally observed during testing in pilot-scale melters
[48,72]. Such structures can prevent the feed slurry from spreading
evenly, potentially leading to dangerous situations during the vi-
trification of actual radioactive waste when observation windows are
not available to detect and resolve these situations in time, for example
by decreasing the rate of slurry feeding or increasing bubbling rate from
selected bubbler outlets. The use of non-visual data, such as plenum
temperature, has not been developed yet as a reliable indicator of cold-
cap conditions while processing the HLW feeds [73]. For example, high
plenum temperatures can result from a high mound over a portion of
the melt surface preventing feed from spreading across the melt surface
and creating an opening on the glass surface. Without the visual evi-
dence, an operator may conclude that feed rates should be increased,
which could exacerbate the problem.

Finally, the issue with molten salts needs to be discussed. The
molten salt phase, consisting mainly of inorganic salts used as sources
of Na2O and Li2O and B2O3, is as fluid as water and, therefore, highly
mobile. The primary melt easily wets surfaces of solids and molten glass
while reacting with them. However, the possible excess of the primary
melt over that which is immobilized by capillary forces (in liquid films
and bridges) can migrate into porous areas or be drained by gravity
[74,75]. The gravity-driven vertical migration of molten salt is not
considered problematic, because the high-viscosity glass-forming melt
becomes connected in the lower part of the cold-cap, creating a barrier
for primary melt drainage. This barrier gives molten salts a chance to
react with the rest of the cold-cap material, arguably at an even faster
rate due to the higher temperature in the lower parts of the cold-cap.
However, molten salt could also flow horizontally (e.g., at the cold-cap
edges), leaving behind refractory components (mainly SiO2, Al2O3, and
ZrO2) that could solidify into a frozen cold-cap [74]. This can be an
issue during LAW feed vitrification, where the only solids will be mi-
nerals added as sources of the glass formers, and the amount of molten
salts will be high [76,77].

4.2. Spinel crystallization in the glass melter

As discussed in Section 2, a major fraction of Hanford HLW is rich in
oxides, hydroxides, and nitrates of sodium, aluminum, iron, nickel,
chromium, and manganese, along with some noble metals. The pre-
sence of transition metal oxides (for example, Fe2O3, NiO, Cr2O3, MnO)
in the waste feed pose a critical challenge for the lifetime and perfor-
mance of the glass melter, thus impeding the waste loading in the vi-
trified waste form. In brief, one of the major factors limiting waste
loading in HLW glasses is the precipitation, growth, and subsequent
accumulation of spinel crystals (Fe, Ni, Mn, Zn, Sn)II(Fe, Cr)III2 O4 in the
glass discharge riser of the melter during idling (lowering the melter
temperature to 850–900 °C when not in operation) [78–80]. Once
formed, crystalline species such as spinels are stable to temperatures
much higher than the typical JHCM operating temperatures
(1150–1200 °C) [81]. Thus, spinel deposits, once formed, are difficult to
dissolve [82]. This can result in clogging of the melter discharge
channel and interfere with the flow of glass from the melter as shown in
the schematic presented in Fig. 5 [78,83].

Historically, crystallization constraints – limiting the volume frac-
tion of spinel in the glass melt to 1 vol% at 950 °C (T1% at 950 °C) or
designing glass compositions with liquidus temperature (TL) lower than
the melter operation temperature (TM) – have been placed in compo-
sitional control systems to prevent premature or catastrophic failure of
JHCM through bulk devitrification or crystal accumulation [84–87].
However, the validity of these constraints is now being challenged, as
recent studies have suggested that significant increase in waste loading
in HLW glasses are possible over current system planning estimates if a

higher crystal content can be routinely processed in the HLW glass
melters [88–90]. For example, an increase in tolerance limit of spinel
concentration from 1 vol% to 2 vol% in the HLW glass melt can result in
decrease of total glass volume to be produced by > 2000 MT [84].
Further, it has been shown that crystal contents as high as 4.2 vol% can
be easily discharged through the Duramelter® DM-100 (smaller scaled
HLW melter) after several days of idling at 950 °C [89].

Hanford flowsheets identified the T1% constraint as one of the five
most influential or restrictive constraints for estimated Hanford HLW
glass volumes. For this reason, the U.S. DOE – Office of River Protection
(ORP) has initiated a program to develop an appropriate and defensible
crystallization control to modify or replace T1% approach [88,89].
Therefore, the current effort on this topic is directed towards devel-
oping models to predict crystal accumulation (spinel settling) in the
glass discharge riser as a function of the glass composition. In this
pursuit, a preliminary empirical model (based on the spinel settling
experiments in double crucible method [91]) has been proposed for
predicting the compositional dependence of spinel crystal settling in the
glass discharge riser of the HLW melter as shown in Eq. 1 [92].

= +
= =

h h x t s x
i

i i
i

i i
1

N

1

N

(1)

where, h is the thickness (μm) of the accumulated layer, hi is the i-th
component intercept coefficient (μm), t is the accumulation time
(hours), si is the i-th component velocity coefficient (μm/h), xi is the i-th
component concentration (mass fraction), and N is the total number of
components. While the model has been showing satisfactory results (in
most cases) until now [91], there are four major challenges that need to
be addressed to make this model more rigorous and to develop a hol-
istic understanding about the compositional dependence of spinel
crystallization in HLW glass melts.

(i) A typical HLW glass contains more than > 30 components. The
current version of the model covers 17 of > 30 components, and
that too in an un-optimized or partially investigated spectrum of
compositions [91]. Therefore, more data about the compositional
dependence of spinel crystallization in HLW glasses is required to
improve this model.

(ii) There are glass compositions where spinel settling does not follow
the behavior predicted by the model. For example, a recent study

Fig. 8. Calculated vs. measured thickness of accumulated layers for 145 HLW
glasses. Reprinted from Matyas et al. [91] with permission from Elsevier. A total of
133 out of 145 glass compositions fit the empirical model predicting the
thickness of spinel layers at the bottom of glass melters.
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has demonstrated that out of 145 HLW glass compositions tested
using this model (Eq. 1), the settling behavior of spinel crystals of
only 133 compositions could be predicted by the model accurately
(Fig. 8), which can lead to potentially dangerous situations during
radioactive melter operation. However, the model significantly
underpredicted the settling behavior of spinels in the remaining 12
glass compositions [91,93]. This warrants an in-depth under-
standing of the crystallization behavior of these glasses and its
impact on the rheology of the corresponding glass melts.

(iii) From the perspective of melter design, one of the critical para-
meters that must be fundamentally understood prior to im-
plementing a crystal tolerant approach is the location and thick-
ness of a crystal layer that is tolerable (i.e., the areas of the melter
where crystals are likely to accumulate and the thickness of layers
in those areas that is acceptable before a negative impact on the
melter operation is expected).

(iv) Current understanding of the underlying compositional, structural
and thermodynamic drivers controlling the nucleation and crys-
tallization of spinels in HLW glass melts is poor. The knowledge
and experience in this domain are crucial to design glass compo-
sitions with minimal tendency towards spinel crystallization in the
HLW melter conditions. This is of high importance given the in-
ability to inspect and service the WTP melter discharge riser based
on the current design. Thus, the spinel crystallization and settling
on the ledge in discharge riser and pour spout of the melter has to
be avoided [84].

4.3. Noble metals in the glass melter

Generally, noble metals are defined as silver, gold, platinum, and
the platinum group elements. These metals are characterized by a
common property— chemical inertness. The platinum group metals
(PGMs) comprise ruthenium, osmium, rhodium, iridium, palladium,
and platinum. Of these, Ru, Rh and Pd originate from the fission of 235U
and are present in the U.S. defense HLW as a product from the re-
processing of irradiated fuel. As an example, Hanford neutralized cur-
rent acid waste (NCAW) contains the radioactive noble metal isotopes
listed in Table 2. Ruthenium is not only the most abundant noble metal
in the Defense Waste Processing Facility (DWPF) [94] and Hanford
HLW [95], but also has the most complex chemistry in borosilicate
glasses. For example, Pd and Rh remain in metallic phases in the molten
glass, whereas Ru can exhibit multiple oxidation states in glasses de-
pending on the chemistry and redox behavior of the glass melt. For this
reason, understanding Ru chemistry in borosilicate glasses is the most
important among all the PGM for the vitrification of Hanford HLW [95].

Metallic ruthenium melts at 2310 °C and boils at 3900 °C, tem-
peratures significantly higher than the operating temperatures of
JHCM. Further, at ~800 °C, Ru oxidizes in air to form RuO2. The re-
processing of nuclear fuel yields wastes that contain many different
species of Ru, where Ru3+ nitrosyl derivates, for example, trinitrato
nitrosylruthenium [RuNO(NO3)(H2O)2] or sodium tetranitro ni-
trosylruthenium, Na2[RuNO(NO2)4OH], are expected to be the most
common ruthenium complexes in the Hanford waste [95]. Under highly
oxidizing conditions, ruthenium can also occur as a gas with composi-
tion RuO4. If produced in the HLW melters (which is rarely the case as

Hanford HLW melters are expected to work under reducing atmo-
sphere), the poisonous and radioactive RuO4 gas must be either che-
mically trapped, removed by denitration of waste, or fixed by other
chemical or physical methods. Although the denitration or the reduc-
tion of ruthenium from +8 oxidation state eliminates the production of
gaseous RuO4, it only reduces ruthenium volatilization by about one
order of magnitude [96].

Although the compositional dependence of ruthenium solubility in
borosilicate glasses is not well understood, it is known to be sparingly
soluble in the glassy matrix with its solubility being in the range of few
hundred parts-per-million by weight. According to Mukerji et al. [97],
the oxidation state of ruthenium when dissolved in a glassy matrix
depends on the basicity of the latter. Ruthenium was reported to dis-
solve as Ru3+ and Ru4+ in acidic silicate glasses, Ru4+ and Ru6+ in
basic silicate glasses, Ru6+ and Ru7+ in soda phosphate glasses, Ru4+

and Ru6+ in lead phosphate and borophosphate glasses, and Ru3+ and
Ru4+ in borosilicate glasses. Shuto et al. [98] studied the ruthenium
solubility in a series of Na2O–SiO2, CaO–SiO2 and Na2O–Al2O3–SiO2

glasses. It was reported that the ruthenium solubility increased with an
increase in the oxygen partial pressure and content of basic oxides.
However, it decreased with increasing temperature. According to Shuto
et al. [98], Ru dissolved in the silicate glasses as an acidic oxide where
the dissolution reaction is Ru + 3/4O2 + 1/2O2− → RuO2

− and
ΔHo = −130 ± 20 kJ/mol. When present in +4 (RuO2) and 0 (me-
tallic Ru) oxidation states, ruthenium was insoluble or sparingly soluble
in borosilicate glasses and is consequently observed as grains or needles
dispersed in the glass, as shown in Fig. 9 [99–101]. Depending on their
crystal size and morphology, the RuO2 particles can either remain
dispersed through the resulting glass melt or settle on the melter floor
(due to their high density, 6.97 g/cm3) thus causing a disruption in the
flow of melt [94,95,102].

Individual and clustered RuO2 particles can heterogeneously nu-
cleate other phases, for example, nepheline (NaAlSiO4), acmite, and
spinel, in the glass melt [103]. RuO2 is an effective nucleating agent in
borosilicate glasses due to its low solubility, high melting point and
high specific surface area. In terms of volatility, 2.8–7.5 wt% ruthenium
volatility has been reported from borosilicate glass melts containing
0.05–0.15 wt% RuO2 when subjected to a heat treatment at 1150 °C for
3 h.

Another major problem with RuO2 crystallization in the glass melts
is its high electrical conductivity (s= 2.5 × 104 Ω−1 cm−1). It has
been shown that the electronic transport is responsible for the abnor-
mally high electrical conductivity for RuO2 content as low as 0.4 vol%
in simulated HLW borosilicate glasses. Further, the electronic con-
ductivity of RuO2 in borosilicate glass matrices has been shown to

Table 2
Radioactive noble metals in NCAW (from Ref. [90], Courtesy: Battelle Memorial
Institute).

Isotope Half Life Stable Decay Product

103Ru 39.3 days 103Rh
106Ru 372.6 days 106Pd
102Rh 2.9 years 102Ru
103mRh 56.1 min 103Rh
107Pd 6.5 × 106 years 107Ag

Fig. 9. SEM image of a sodium borosilicate glass containing RuO2 after heat
treatment at 1300 °C followed by quenching to room temperature. Reprinted
with permission from Boucetta et al. [101]. Copyright (2012) American Chemical
Society.
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depend not only on its concentration in the glass–RuO2 composite, but
also on the ruthenium solubility in the glassy matrix, the organization
of the RuO2 particle network, and the size and morphology of the RuO2

particles [104,105].
Almost all the major waste vitrification facilities (research or pro-

duction) around the world have experienced different levels of opera-
tional problems that can be traced to the presence of noble metals in the
melters. In the U.S., the possibility of settling of noble metals on the
HLW melter floor, and its adverse impact on the HLW vitrification, was
not fully appreciated before the design of the DWPF melters had been
completed and construction had started on the first two melters.
Therefore, as part of the Hanford Waste Vitrification Project (HWVP),
the studies were performed during the 1980s comparing the melter
designs of flat-bottomed, side electrodes design (DWPF melter design)
to the slope-bottomed with bottom electrodes [106]. The liquid used to
simulate molten glass was glycerin with 7.5 wt% LiCl. Noble metal
particles were represented by nickel and silica. The slope-bottomed
model exhibited enhanced convection currents due to bottom elec-
trodes. However, both models performed about the same regarding
maintaining particles in suspension. The data indicated that if the noble
metals had a density of 12 g/cm3 (Pd/Rh) and if their size were <
40 μm, only 1% of the incoming noble metals would settle under
steady-state melter operating conditions. In the size range of 40–60 μm,
10% particles will settle, and for sizes up to 100 μm, 50% of the noble
metal particles will settle in the melter. According to the experiments
simulating melter idling, the noble metal particles up to 40 μm in size
will completely settle on the melter floor in ~30 days. Further, these
studies also suggest that a bubbler operating in the full-scale melter at
8 scfh3 will be ineffective at either re-suspending noble metals in the
size range of 40–100 μm, or keeping them in suspension. For smaller
particle sizes, the bubbler was shown to be effective but the results were
inconsistent [95].

Several attempts have been made to find a solution to the problem
of accumulation of noble metals in the glass melters. Igarashi and
Takahashi [107] proposed to decrease the temperature at the bottom of
the slope-bottomed melter to slow down the precipitation of noble
metals, and to modify the design of the bottom drain to improve the
discharge performance of the noble metals. However, control over
noble metal accumulation may become challenging with an increasing
burn-up of the fuel, as in fast reactors. Therefore, an efficient and safe
removal of noble metals prior to final waste vitrification is a better
option to ensure a continuous and stable vitrification process. In this
context, the majority of the research (by researchers mainly from India
and Japan) on this topic has focused on removal of noble metals either
from the HLW prior to vitrification [108–113], or from the borosilicate
glass melts during vitrification using different metals as alloying agents
[114,115]. In the U.S., recommendations have been made to modify the
insulation and heaters to introduce more convection currents during
idling, and to allow for physical stirring or bubbling of the melts.
Further, a systematic parametric variation study using both experi-
mental and computational techniques has been recommended to es-
tablish a comprehensive understanding of the behavior of noble metals
in borosilicate glass melts [95]. It should be noted that the JHCMs being
installed at Hanford WTP are flat bottomed with two side discharge
systems and no bottom drain. The slope-bottomed JHCMs have been
used at the German Waste Vitrification plant (VEK) and are also being
installed at Rokkasho, Japan and Lanzhou, China [3].

4.4. Direct feed HLW

In order to begin the treatment of the nuclear waste as soon as
possible, the U.S. DOE is considering the possibility of implementing a
sequenced approach for vitrification of LAW and HLW at the Hanford

site. The sequenced approach is called direct feed LAW (DFLAW) and
direct feed HLW (DFHLW). If brought into practice, this approach will
begin the treatment of LAW by 2022. In the LAW direct feed option, the
LAW from tank farms will be directly sent to the LAW vitrification fa-
cility. For DFHLW the pretreatment facility could be bypassed in order
to support an earlier start-up of the vitrification facility. For the HLW,
this would mean that the ultrafiltration and caustic leaching operations
that would otherwise have been performed in the pre-treatment facility
would either not be performed or would be replaced by an interim pre-
treatment function (for example, in-tank leaching and settling)
[116,117]. Simultaneous advances in waste loading of aluminum can
obviate the need for caustic leaching of HLW. This has an added benefit
of significantly reducing the inventory of soda reporting to LAW. The
proposed changes in the processing of both LAW and HLW waste
streams are likely to affect glass formulations and waste loadings and
have impacts on the downstream vitrification operations. In particular,
three potential major challenges during vitrification of DFLAW and
DFHLW are expected to be (1) high concentration of alkali/alkaline-
earth sulfates, phosphates and chromates in waste melter feeds which
could lead to salt formation on the melt surface, (2) high concentration
of fluoride salts in DFHLW if the waste is not properly washed before
sending it to the melter, and (3) corrosion of K-3 refractory in the
melter due to high alkali and alkaline-earth content in the waste feed
leading to reduction in the melter lifetime.

4.4.1. Models to constratin sulfur loading in DFHLW glasses
Historically, the HLW was supposed to be pre-treated for the re-

moval of sulfate prior to vitrification. Therefore, sulfur loading in HLW
glasses was not considered to be a potential problem. The re-
commended model to constrain sulfate (SO3) loading in HLW glass is
given by Eq. (2) [118]:
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where wSO3

LimitSi is the ith component coefficient given in the reference
[118], SLi2O×Li2O is the coefficient for normalized Li2O concentration
squared, and ni is the ith component concentration in the glass nor-
malized to 1 after removing SO3: =ni g g1i

SO3
, where gi is the ith

component mass fraction in the glass. On the other hand, the waste
loading limitations in Hanford LAW glasses have been largely driven by
solubility of sulfur in the melt, as melt feeds with excess concentrations
of sulfur will form an alkali- and alkaline-earth rich sulfate molten salt
layer that will accumulate on the melt surface. The salt creates several
potential problems associated with melter operation as have been
highlighted by Vienna et al. [119].

In order to avoid the potential problems due to the introduction of
alkali and alkaline-earth sulfates in the DFHLW, the glass melters
should be operated in a way to avoid salt accumulation. Avoiding salt
formation in the melters requires either (1) conservative empirical
limits on salt-forming components such as sulfur, chromium, and ha-
lides, or (2) a model able to predict the practical limit of salt solubility
in the melter as a function of melter feed composition. The current
understanding about sulfur incorporation in nuclear waste glasses is
limited to LAW vitrification.

For example, based on the compositional dependence of sulfur so-
lubility in LAW glass melts, Mueller et al. [120] had proposed a 20-term
partial quadratic mixture model to relate sulfate solubility to LAW glass
composition using a dataset of 370 WTP-LAW and ORP-LAW glasses.
This model has been recently revised to a 31-term partial quadratic
mixture model using a data of 485 WTP-LAW and ORP-LAW glasses
[121]. The model is based on the measured sulfate solubility in the glass
in wt% directly, without transformation, with sulfate solubility varying
between 0.15 and 1.83 wt%.

While these empirical composition – property models have been
successful in design of LAW glasses with suitable waste loadings, it will3 scfh: standard cubic feet per hour.
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be difficult to design glass compositions for DFHLW using these models
owing to the complex chemistry of sulfur in the multicomponent bor-
osilicate based nuclear waste glasses [122–124]. In fact, it has been
shown that the present sulfate solubility models based on LAW glass
compositions do not perform well with the HLW glass data [120]. The
range of many constituents in HLW glasses is also quite different from
that in LAW glasses. Furthermore, the number of HLW glasses with
sulfate solubility data is not enough for model development. Thus, more
data needs to be collected to support the development of models that
relate sulfate solubility in HLW glasses with their chemical composi-
tions.

4.4.2. Fluoride salts in DFHLW glasses
A part of the 56 million gallons of HLW at Hanford site was gen-

erated from stripping of zircaloy cladding from the spent nuclear fuel
rods by dissolving them in NH4F/NH4NO3 solutions via Zirflex process
followed by neutralization with NaOH [22]. Accordingly, zircaloy
cladding is approximately 50% NaF by mass. The current plan is to
wash this waste with water to dissolve the soluble fluoride salts, for
example, NaF, Na3FSO4, and Na7F(PO4)2·19H2O [125]. While the dis-
solved salts will be blended with other low radioactivity wastes prior to
disposal, the zirconium in the zircaloy waste will be vitrified [22].

According to our estimate, ~55 million gallons of water may be
required to dissolve all the fluoride salts from just one tank at Hanford
site (for example, AW-103). Therefore, it may be an arduous task to
remove all the fluoride salts from the DFHLW before they are sent for
vitrification. As per our knowledge, there is minimal literature ad-
dressing this problem until now. Thus, a dedicated effort is required to
understand the factors controlling the fluoride solubility in HLW glasses
and to develop a model constraining the fluoride loading in DFHLW
glasses.

4.4.3. Refractory corrosion
The second major problem with the implementation of the DFHLW

approach is the potential for K-3 refractory corrosion. Monofrax™ K-3 is
a high-Cr2O3 refractory where the dominant phase is a complex solid
solution of various spinels [126]. The spinel phases are mixtures of the
four end-member spinels (Mg, Fe)O·(Al, Cr)2O3 and some SiO2

[127,128]. This refractory is being used in Hanford's HLW and LAW
glass melters. In particular, as the alkali content is increased, K-3 re-
fractory corrosion rates tend to increase, which can result in decreased
melter lifetime [120].

Current understanding of the mechanisms governing the corrosion
of K-3 refractory in nuclear waste glass melter is highly limited
[127,128], as the majority of the studies performed on this topic have
been confined to measurements of dimensional loss of refractory ma-
terial when in contact with glass melt in accordance with ASTM C621
[120,121]. While these tests have resulted in development of a 28-term
partial quadratic mixture model to correlate K-3 refractory corrosion
neck loss with the LAW glass composition, using a dataset of 344 WTP-
LAW and ORP-LAW glasses, it does not provide any information about
the chemical, thermodynamic and kinetic parameters controlling these
corrosion reactions. For example, based on this empirical model, it has
been shown that K-3 corrosion is severely increased by Li2O, Na2O,
K2O, and CaO present in the glass composition, whereas, glass com-
ponents like Cr2O3, Al2O3, V2O5 and SiO2 are beneficial in reducing the
refractory corrosion [121]. Similarly, the batch make-up and redox
behavior of glass melt have been shown to exhibit considerable impact
on K-3 refractory corrosion [128]. Further, with introduction of alkali
sulfates, chromates, and phosphates in DFHLW melter feed, K-3 re-
fractory corrosion may be a potential limiting factor for design of these
glasses with enhanced waste loadings. However, the actual mechanisms
controlling these reactions are still unknown. An understanding of re-
action pathways leading to corrosion of K-3 refractory in DFHLW glass
melters can pave the path to optimize the glass compositions and melter
conditions for suppression of this corrosion.

5. Performance-based issues with the HLW glass

5.1. Nepheline crystallization

Nepheline is a rock-forming tectosilicate mineral with an ideal
composition Na6K2 Al8Si8O32. It is by far the most abundant of the
feldspathoids, with its TO4 (T = Si, Al) framework consisting of the
single six-membered (S6R) tetrahedral building unit typology as in
tridymite (hexagonal polymorph of SiO2), but with half of the Si4+

cations replaced by Al3+ cations. Nepheline crystallization in sodium-
and aluminum-rich HLW glass melts (during their cooling in the steel
canisters) is a major concern, as it can result in severe deterioration of
the chemical durability of the final waste form (as assessed by Product
Consistency Test – PCT [129]) since each mole of nepheline
(Na2O·Al2O3·2SiO2) removes three moles of network forming oxides (1
Al2O3 and 2 SiO2) for one mole of non-framework cation (for example,
Na2O, Li2O or K2O).

Fig. 10. Impact of nepheline precipitation on the normalized release of (a) boron and (b) sodium from HLW glasses after 7 days in PCT. Reprinted with permission from
Vienna et al. [130]. Copyright (2016) The American Ceramic Society and Wiley Periodicals, Inc.
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Fig. 10 demonstrates the impact of nepheline crystallization on the
chemical durability of HLW glasses in terms of the normalized release of
boron and sodium from glasses in PCT after 7 days. Superimposed on
the figure is boron PCT response for the DWPF environmental assess-
ment (EA) glass limit [130]. Therefore, to meet the current disposal
requirements, nepheline precipitation in HLW glasses must be avoided
or the amount of nepheline formed and its impact on PCT must be
predicted. Since the canistered glass will be subjected to a broad range
of thermal histories, simulated canister centerline cooling (CCC) is used
as a bounding thermal history to determine the risk of nepheline for-
mation. Table 3 presents the CCC treatment schedule generally fol-
lowed during the conversion of HLW melt-to-glass by controlled
cooling.

An intensive effort has been made in past two decades to develop a
constraint that avoids the composition regime prone to nepheline for-
mation without unduly limiting the waste loading of HLW glass.
Accordingly, five models have been proposed that aimed to predict the
propensity of nepheline crystallization in HLW glasses as described
below.

5.1.1. Nepheline discriminator (ND) model
The ND model was proposed by Li et al. [131] to identify the glass

compositions that may have high susceptibility towards nepheline
crystallization. The model was developed based on an extensive ex-
perimental dataset demonstrating that nepheline is unlikely to crys-
tallize outside of its primary phase field in the ternary
Na2O–Al2O3–SiO2 sub-mixture phase diagram. It is based on limiting
the normalized SiO2 concentration (NSi) by the inequality as shown in
Eq. (3).
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where gi is the ith component mass fraction in the glass. The inequality
equation (Eq. (3)) divides the nepheline and albite (NaAlSi3O8) primary
phase fields in the Na2O–Al2O3–SiO2 ternary phase diagram as seen in
Fig. 11.

Although the ND model has been incorporated into the predictive
models for Hanford [123] and the DWPF [132], it is overly con-
servative. According to a recent study by Vienna et al. [130], the
maximum Al2O3 concentration attained in realistic Hanford HLW
glasses while complying with ND model is 18.3 wt%, suggesting that
the ND model is too conservative with respect to the waste loading. As
is evident from Fig. 11, many glass compositions with NSi < 0.62 do
not crystallize nepheline upon CCC treatment [133]. The lower NSi
glasses are those with the higher waste loadings. Further, the ND model
does not account for the impact of network formers and non-framework
cations (other than Na2O, Al2O3 and SiO2) on the tendency towards
nepheline crystallization in HLW glasses. For example, P2O5 and B2O3

are known to exhibit a significant impact on the structure of alumino-
silicate glass network, thus affecting their crystallization behavior
[131,134–136]. Recent results on the crystallization behavior of ne-
pheline-based glasses in the systems Na2O–Al2O3–B2O3–SiO2, and
Na2O–Al2O3–B2O3–P2O5–SiO2 (mol.%) demonstrate that both B2O3 and
P2O5 ≥ 10 mol% are effective in suppressing nepheline crystallization
in these glasses [137,138]. Similarly, the redox chemistry of iron is
known to play a significant role in nepheline crystallization in HLW
glasses as has been shown in our recent publications [139–141].
Therefore, a less conservative method of limiting nepheline crystal-
lization is needed to both maintain acceptable glasses and allow higher
waste loading.

5.1.2. Optical basicity (OB) model
The OB model was proposed by McCloy et al. [1,142] as a revised

constraint whereby glasses with NSi < 0.62 would show minimal ten-
dency towards nepheline crystallization provided the optical basicity of
the melt was < 0.55. The OB model was based on the hypothesis that
more basic cations are more likely to cause aluminosilicates to pre-
cipitate, as they readily donate valence electrons and thus can be
readily removed from the covalent glass network. Eq. (4) presents the
formula for calculating the OB of glasses.

=
x q

x qglass
i i i i

i i i (4)

where qi is the number of oxygen atoms in the ith component oxide, xi is
the ith component oxide mole fraction, and Λi is the ith oxide molar
basicity.

It should be noted that the OB model was not introduced to replace
the ND constraint. Instead, the aim was to use the OB model as a
supplementary metric along with the ND model to bin those glasses
which fail the ND criterion (NSi < 0.62), but do not precipitate ne-
pheline or other aluminosilicate phases during CCC treatment.
Accordingly, a Cartesian quadrant system was created based on the
threshold criteria (ND = 0.62 and OB = 0.575) (as shown in Table 4)
where every glass can be represented by an (x, y) pair of (ND, OB). The
threshold value of OB = 0.575 was chosen empirically by examining a
set of glasses including simulated SB5 DWPF-like glasses and other
HLW glasses rich in alkali and alkaline-earth oxides [1].

Table 3
CCC heat treatment schedule. Reprinted (and adapted) with permission
from Vienna et al. [125]. Copyright (2016) The American Ceramic So-
ciety and Wiley Periodicals, Inc.

Start temperature (°C) Cooling rate (°C/min)

1050 1.556
980 0.806
930 0.591
875 0.388
825 0.253
775 0.278
725 0.304

Fig. 11. The Na2O–Al2O3–SiO2 submixture ternary (wt%) of 629 HLW glasses.
Reprinted from McCloy et al. [133] with permission from Elsevier.

Table 4
Cartesian quadrant system created for nepheline discriminator (ND) and optical
basicity combinations. Reprinted with permission from McCloy et al. [1]. Copy-
right (2011) The American Ceramic Society and Wiley Periodicals, Inc.

II: ND high enough, OB too high I: ND too low, OB too high
III: ND high enough, OB low enough IV: ND too low, OB low enough
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The concept of OB has been useful in explaining the reason for why
substituting B2O3 (OB = 0.40) for Al2O3 (OB = 0.61) is more effective
in suppressing nepheline crystallization in the
25Na2O–25Al2O3–50SiO2 glass, in comparison to substituting B2O3 for
SiO2 (OB = 0.48). The impact of P2O5 (OB = 0.40) on the nepheline
crystallization in Na2O-Al2O3-B2O3-SiO2 system can be explained based
on the same hypothesis. However, the case of substituting CaO for Na2O
is still debatable. As per the OB model, increasing CaO/Na2O ratio in a
HLW glass should suppress its tendency towards nepheline crystal-
lization owing to the lower OB of CaO (OB = 1.0) in comparison to
Na2O (OB = 1.11). However, the test results on the crystallization be-
havior of (25- x)Na2O–xCaO–25Al2O3–50SiO2 glasses demonstrate a
minimal impact of varying Na2O/CaO ratio on their propensity towards
nepheline precipitation [143]. It is worth mentioning that the glass
system investigated is highly simplified in comparison to a typical nu-
clear waste glass. Therefore, it may not be a true representative of a
complex HLW glass. Further, the maximum Al2O3 concentration at-
tained in realistic Hanford HLW glasses while complying with the OB or
ND constraints has been calculated to be 24 wt%, suggesting that OB
model is also too conservative.

5.1.3. Neural network model
A neural network model was developed using the data from 629

glasses available at that time [113]. The approach estimated the
probability of nepheline formation and was selected because it could
account for highly non-linear interactions between the components.
The model comprised a network with single layer and three nodes, all
using the hyperbolic tangent (tanh) activation function. These nodes
were classified as the hidden layers of the model. An example node is
presented in Fig. 12. A series of modeling experiments explored the
effects of many different glass descriptors, including OB, and ND, and
un-normalized mass fractions of Al2O3, B2O3, CaO, Fe2O3, K2O, Li2O,
MgO, Na2O and SiO2. It was determined that the normalized compo-
nent concentrations and OB were not as effective in predicting nephe-
line formation as the un-normalized oxide concentrations.

In order to create the most predictive model possible, K-fold cross
validation was used. This method splits the data set into k subsets. Each
of these subsets contain 1/(1-k) of the data for modeling as well as a
unique 1/k of the data for validation. Each of these subsets is modeled
and the best model based on validation performance is presented. With
K-fold validation, it is possible to evaluate the predictive properties of
the model by retaining a portion of the data during the modeling of
each subset. During the development of this model, k was varied from 5

to 628 and efforts were made to create a quantitative prediction model
for the nepheline fraction in glass, but the data points were not enough
to create an accurate model. As a result, a binary response (i.e. ne-
pheline forms or not) was modeled and the misclassification rate (Eq.
5), as well as a weighted model score (Eq. (6)), were used to qualify the
model.

=Misclassificati n Number of incorrect predictions
Total number of predictions

o %
(5)

= × +
× +

Weighted Model Score True Positives True Negatives
Positives N gatives

2.7142
2.7142 e (6)

The results from this model relied on classifying each glass into one
of the four categories as shown in Fig. 13a. The test result was classified
as positive or negative. Actual nepheline response and predicted ne-
pheline response were compared, and if they matched, the data point
was classified as true. Therefore, a glass that is predicted to form ne-
pheline is a positive, and it becomes true positive if the composition
actually forms nepheline. Fig. 13b summarizes the outcome of each of
the 629-glass dataset as per the developed neural network model. The

Fig. 12. Node diagram from neural network (from Ref. [118], Courtesy: Battelle Memorial Institute).

+ -

Test

+ True Positive False Positive

- False Negative True Negative

Experimentally Formed 

Nepheline

Yes No

Yes True Positive

147 (23%)

False Positive

32 (5.1%)

No False Negative

11 (1.7%)

True Negative

439 (70%)

Fig. 13a. Model scoring (a) nomenclature, and (b) summary for the selected
nepheline neural network model (from Ref. [118], Courtesy: Battelle Memorial
Institute).
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as developed neural network model is an initial attempt to define a
composition region in which nepheline is likely to form. The next steps
include expansion of dataset and development of a method for quan-
tifying the prediction uncertainties of such a model, which will be
difficult as this model involves complex calculations requiring 25
coefficients, as documented by Vienna et al. [118,130].

5.1.4. Sub-mixture model
The sub-mixture model is the most recent model developed by

Vienna et al. [130] to predict nepheline crystallization in HLW glasses.
The model is an extension of the ND model that accounts for the po-
tential impacts of those components that have been theorized to impact
nepheline formation in waste glasses, for example, alkali and alkaline-
earth oxides, network forming oxides (B2O3, P2O5) and Fe2O3. Ac-
cordingly, a pseudo-ternary phase diagram has been constructed com-
prising alkali and alkaline-earth oxides (Li2O, Na2O, K2O. MgO, CaO) as
one pseudo-component; Al2O3 and Fe2O3 as the second pseudo-com-
ponent; and SiO2, B2O3 and P2O5 as the third pseudo-component. The
data pertaining to nepheline crystallization during CCC tests in 657
simulated HLW glasses (from the literature) and 90 new glass

compositions has been used to construct this pseudo-ternary phase
diagram. The following two different approaches have been used to
construct the pseudo-ternary.

a. Polynomial Discriminating Curve – Submixture Model (PDC–SM)
b. Logistic Regression (LR) – Submixture Model (LR – SM)

In the PDC–SM approach, multicomponent HLW glasses were pro-
jected onto a submixture ternary followed by the fitting of a polynomial
curve to the experimental data to partition the ternary into two regions
based on the presence or absence of nepheline after CCC. On the other
hand, the LR–SM approach is based on the same submixture ternary
idea as the PDC–SM approach but uses a logistic regression for pre-
dicting the nepheline crystallization after CCC. The LR–SM approach
was found to be more practical for predicting nepheline crystallization
in HLW glasses as it uses all the data points to fit the model, whereas the
PDC–SM approach uses only the data points that misclassify nepheline
formation to fit the model. Hence, the PDC–SM approach assigns zero
weights to the glass compositions for which the nepheline formation is
correctly classified. On the contrary, the LR–SM approach uses all data
points (with equal weights) and is then able to predict the probability of
nepheline formation for any HLW glass composition (whether used to
fit the model or not). Therefore, the latter has been recommended by
Vienna et al. [144] for predicting nepheline formation in HLW glasses.
For further details about PDC–SM and LR–SM approaches, refer to the
technical report by Vienna et al. [144].

Fig. 14 presents an example of such a ternary pseudo-diagram with
fit parameters optimized to reduce the sum of the squared distances
between misclassified data points and a second-order polynomial
shown in the plot. A total of 747 data points (657 from the literature
and 90 new) have been plotted in the pseudo-ternary, where the 212
glasses that formed nepheline during CCC have been shown in red
circles, while the 535 glasses that did not form nepheline have been
shown in blue triangles. The general trend in data suggests that the
method is a more precise predictor of nepheline formation than either
the ND or OB constraints, and is more predictive than the neural net-
work model. Further, according to the submixture model, P2O5, Fe2O3

and MgO have an insignificant effect on the nepheline crystallization in
HLW glasses. Vienna et al. [130] attributed this observation to the
limited concentration ranges of these oxides in the HLW glasses or
precipitation in other crystalline phases, for example, magnetite. Recent
studies describing the impact of Fe2O3 and P2O5 on nepheline

Fig. 14. Pseudo-ternary phase diagram with polynomial curve to separate
glasses that form nepheline from those that do not. Reprinted with permission
from Vienna et al. [130]. Copyright (2016) The American Ceramic Society and
Wiley Periodicals, Inc.

Table 5
Glass compositions designed in the crystallization phase field of nepheline along with their ND and OB values, crystallization heat treatment/cooling schedule and
their propensity towards nepheline crystallization.

Glass Li2O Na2O CaO Al2O3 B2O3 Fe2O3 P2O5 SiO2 ND OB Crystallization schedule Nepheline crystallization Reference

BL – 25 – 25 – – – 50 0.42 0.608 950 °C, 24 h Yes [143]
NC-5 – 20 5 25 – – – 50 0.44 0.605 950 °C, 24 h Yes [143]
NC-10 – 15 10 25 – – – 50 0.46 0.602 950 °C, 24 h Yes [143]
NC-15 – 10 15 25 – – – 50 0.49 0.599 950 °C, 24 h Yes [143]
SC-5 – 25 5 25 – – – 45 0.40 0.624 950 °C, 24 h Yes [143]
SC-10 – 25 10 25 – – – 40 0.37 0.642 950 °C, 24 h Yes [143]
Li-5 5 20 – 25 – – – 50 0.44 0.601 Cooling of melt from 1500 °C to room temperature Yes [148]
Li-10 10 15 – 25 – – – 50 0.46 0.594 Yes [148]
Li-15 15 10 – 25 – – – 50 0.49 0.587 Yes [148]
Li-20 20 5 – 25 – – – 50 0.51 0.581 Yes [148]
SB-10 – 25 – 25 10 – – 40 0.37 0.590 950 °C, 24 h Yes [137]
SB-20 – 25 – 25 20 – – 30 0.31 0.574 950 °C, 24 h Yes [137]
BA-10 – 25 – 15 10 – – 50 0.49 0.576 850 °C, 24 h Yes [137]
BA-20 – 25 – 5 20 – – 50 0.59 0.545 850 °C, 24 h No [137]
AF-0 – 25 – 20 10 – – 45 0.43 0.583 700 °C, 1 h Yes [141]
AF-2.5 – 25 – 17.5 10 2.5 – 45 0.45 0.590 700 °C, 1 h Yes [141]
AF-5 – 25 – 15 10 5 – 45 0.47 0.597 700 °C, 1 h Yes [141]
AP-0 – 25 – 25 10 – – 40 0.37 0.590 900 °C, 24 h Yes [138]
AP-5 – 25 – 20 10 – 5 40 0.40 0.567 900 °C, 24 h Yes [138]
AP-10 – 25 – 15 10 – 10 40 0.44 0.546 800–850 °C, 24 h No [138]
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crystallization in model HLW glasses support the predictions made by
the submixture model. Fe2O3 has a significant impact on the mechanism
and kinetics of crystallization in NaAl(1-x)FexSiO4 based glasses
[139,140]. However, it exhibits an insignificant impact on promoting
nepheline crystallization in NaAl(1-x)FexSiO4 – B2O3 glasses [141]. Si-
milarly, P2O5 tends to suppress nepheline formation in model HLW
glasses in the system 25Na2O–25Al2O3–10B2O3–40SiO2 (mol.%) in
concentrations ≥10 mol%, which is considerably higher than that
present in a typical HLW glass (0–3 mol%) [138].

5.1.5. Thermodynamic modeling of nepheline crystallization in HLW glasses
This effort is focused on developing a thermodynamic database of

HLW glasses with a goal of characterizing the equilibrium behavior of
nepheline and related phases in these systems. Accordingly, thermo-
dynamic evaluation of the Na2O–Al2O3–SiO2 and Na2O–Al2O3–B2O3–SiO2

glass systems has been made by assessing the pseudo–binary and –ternary
systems formed from Na2O, Al2O3, B2O3 and SiO2, for example,
Na2O–B2O3, B2O3–Al2O3, B2O3–SiO2, Na2O–Al2O3, Na2O–B2O3,
Na2O–SiO2, Na2O–B2O3–SiO2, Al2O3–B2O3–SiO2 and Na2O–Al2O3–SiO2

systems [145–147]. The calculations of phase diagrams (CALPHAD)
methodology using the two–sub-lattice partially ionic liquid (TSPIL)
model, and compound energy formalism (CEF) has been employed to
characterize the equilibrium behavior of the solid solutions and liquid
phase, respectively [145–147]. This effort is still in its early stages and
more work needs to be done to predict the compositional dependence of
nepheline crystallization in HLW glasses.

5.1.6. A comparison of ND, OB and SM models – an example
Table 5 presents a set of 20 exemplary glass compositions with their

ND and OB values. If we consider ND values as the criterion for pre-
dicting nepheline crystallization, all the compositions presented in
Table 5 are expected to crystallize nepheline. However, at least two
glasses, i.e. BA-20 and AP-10 do not crystallize upon prolonged heat
treatments at their expected crystallization temperatures as shown in
Table 5. The inability of ND model to predict nepheline crystallization
in these two glass compositions may be attributed to the fact that the
ND model does not account for any other glass constituent except Na2O,
Al2O3 and SiO2. Therefore, the impact of B2O3 and P2O5 on the glass
structure and crystallization has been neglected. Further, if we combine
the OB model along with ND, it can successfully predict the formation
of nepheline formation in all the glasses. For example, all the glasses

except BA-20 and AP-10 exhibit an OB value higher than 0.55. There-
fore, they are expected to crystallize nepheline or other alkali/alkaline-
earth aluminosilicate phases upon heating or during CCC. Although a
combination of OB and ND models have been able to predict the ne-
pheline crystallization in the compositions presented in Table 5, there
are several other glass compositions where both ND and OB models fail
to predict the crystallization behavior [130].

Fig. 15 presents the compositions from Table 5 plotted on a sub-
mixture ternary system predicting their tendency towards nepheline
formation during CCC. One major advantage of the SM model over its
analogues is that it cannot only predict the presence or absence of ne-
pheline crystallization in HLW glasses, but it can also estimate the
change in the concentration of nepheline crystallization with respect to
change in the glass composition. For example, the SM model not only
successfully predicted the minimal tendency of nepheline crystal-
lization in BA-20 glass, but it could also successfully predict the trend of
nepheline formation with respect to change in the Al2O3/B2O3 ratio in
BA series vs. SiO2/B2O3 ratio in SB series of glasses. A major challenge
with SM model is that it does not account for the impact of P2O5 and
Fe2O3 on the crystallization of nepheline in HLW glasses. For example,
as per the experimental results, the glass AP-10 shows minimal ten-
dency towards crystallization. However, the SM model cannot predict
this result. Another challenge with SM model is the lack of enough
experimental dataset to predict the nepheline crystallization in glasses
over a broad composition space. For example, as can be seen from
Table 5 and Fig. 15, there are several glass compositions (SC-series, BL
glass) which tend to crystallize nepheline (or its polymorphs) but their
behavior cannot be predicted by the SM model as these compositions lie
outside the predictive region of the SM model.

5.2. Chemical durability of HLW glasses

Assuming that waste can be mixed into an adequately formulated
glass, vitrification can be accomplished using robust practices, and
deleterious crystallization can be avoided on cooling, the nuclear waste
glass package must then be emplaced and stored in repository. Hanford
HLW will ultimately be stored in a deep geological repository, while
Hanford LAW will be emplaced in a shallow repository near the WTP
vitrification facility. Regardless of the repository condition, eventually
(after ~1000 years, depending on the conditions) the steel canister
surrounding the glass will corrode and lose integrity. Groundwater may
then interact with the glass itself, and through a series of processes,
radionuclides may release into the environment. Thus, the stability of
glass nuclear waste forms in the presence of groundwater represents the
last line of defense in establishing a controlled release of radionuclides
to the biogeosphere.

Since natural glasses which are relatively unaltered can still be
found with ages > 1 billion years [149,150], it is feasible to believe that
there are conditions and compositions which allow highly durable glass
to exist on the earth. However, since glass by definition is a thermo-
dynamically metastable phase, its ultimate fate is crystallization to
more stable phases [151], a process which is generally accelerated by
interaction with water The chemical durability of glass, particularly
with respect to water, is generally described as the field of glass cor-
rosion or glass alteration, the two terms being sometimes used inter-
changeably and sometimes emphasizing certain processes. Much of the
research on glass degradation is motivated by the need to understand
and quantitatively predict the release of radionuclides contained in
nuclear waste glass under conditions relevant to geological repositories.
The predicted release of radionuclides drives the safety assessment of
these repositories. It is thus highly desirable to obtain mechanistic
models which predict glass dissolution and alteration as a function of
glass composition and environment [152].

Nuclear waste glasses of greatest concern are HLW borosilicate
glasses with compositions significantly different than natural glasses
produced by earth processes. However, some natural glasses like

 Li-series
 SC-series
 NC-series
 AP-series
 AF-series
 BA-series
 SB-series
BL

Fig. 15. Glass compositions from Table 5 plotted on a pseudo-ternary phase
diagram with surfaces representing different volume percent of nepheline
formed during CCC (using conservative fit). The pseudo-ternary diagram has been
reprinted with permission from Vienna et al. [130]. Copyright (2016) The American
Ceramic Society and Wiley Periodicals, Inc.
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basaltic glass have been used as proxies for borosilicate glasses due to
their availability for study at various ages [153]. Water diffusion rates
in both borosilicate and basaltic glasses are very low, with effective
diffusion coefficients ranging 10−17–10−23 m2 s−1, with quantified
variations due to temperature (e.g., 25–90 °C), pH (e.g., 3–10), and
glass composition [154–156]. Since the water diffusion rate is so low,
alteration of glasses is seen primarily as a surface reaction.

Glass alteration proceeds in three sequential named phases or stages
which vary considerably in their time dependence (as shown in Fig. 16).
Stage I is the initial rate or forward rate of alteration of the pristine
glass. Stage II is the residual rate, much lower than the initial rate. In
some cases, a Stage III also exists, where a fast alteration rate resumes
after a period of low alteration rates [144]. Most researchers agree that
the initial dissolution rate (Stage I) can be described by the hydrolysis of
SieOeM bonds (M = Si, Al, Zr, Fe, Zn, etc.) and some interdiffusion
[152,157] (except a few [158,159]).

Several mechanisms seem to compete during the Stage II residual
rate, however, which may be the most important for geological disposal
as the initial rate proceeds to the residual rate in very short times
[160,161]. Multiple important phenomena are evident in tests of the
residual rate, including water (or hydronium) diffusion into the pristine
glass through ion exchange, water transport limitations due to a pas-
sivating layer within a forming amorphous gel [162,163] and slow
transformation of gel layers into more stable crystalline phases [164].
All of these processes depend on local solution conditions (e.g., dis-
solved species concentration, solution renewal frequency, pH) so dif-
ferent tests produce different results for the same glass, and some may
be more relevant than others for particular repository conditions. This
complexity hampers scientific consensus on the relative significance
and even interrelationship among these geochemically influenced al-
teration mechanisms [165–168]. Thus, depending on the conditions,
Stage II alteration may be thermodynamically limited, reaction (kine-
tically) limited, or transport (kinetically) limited.

The difficult-to-predict resumption of rapid alteration (Stage III) in
some glasses at various times in their alteration pathway constitutes a
more problematic source for modeling, as all the mechanisms are less
well-defined than for Stage II. In general, however, the appearance of
Stage III seems to depend on glass composition as well as evolving near-
field solution environment. Stage III alteration involves the appearance
of crystalline phases consuming ions from the solution, the gel, and/or
the glass, and can often be promoted by high temperatures and very
alkaline (pH > 10) solutions [169–171].

Considering these factors, it is apparent that the design of a robust

chemically durable nuclear waste glass requires detailed understanding
of compositional and environmental dependence of mechanisms con-
trolling both Stage II and Stage III alteration. A thorough understanding
of water and ion transport into porous solids (rearranged gel and relict
‘hydrated glass’) is needed. The role of aqueous species concentration is
needed as is influences concentration dependent diffusion as well as
precipitation effects due to heterogeneous nucleation of crystalline
phases on the gel [152]. Some questions are posed below which have
focused and are focusing the glass alteration community towards
greater understanding.

(i) What are the rate limiting mechanisms of the residual rate? What
are the most important parameters influencing the residual rate?
Readers should refer to the following articles to understand the
current state-of-the-art on this topic [158,159,166–168,172].

(ii) It is now known that, under specific conditions, dissolution can
suddenly resume at low rates, especially when zeolite crystalline
phases precipitate (Stage III). This phenomenon is difficult to pre-
dict. It is believed that the thermodynamic modeling of corrosion
in borosilicate glasses can help identify glasses that could trans-
form into zeolites, while a better understanding of kinetics of such
transformation can help to make reliable kinetic predictions.
Therefore, in order to make progress on this topic, the research
needs to be performed to answer the following questions:
a. How does zeolite precipitation trigger the resumption in al-

teration?
b. Will the dissolution rate be maintained until the complete al-

teration of glass?
c. How does Stage III glass corrosion depend on the glass compo-

sition?
(iii) The relationship between glass composition and alteration rate is

not straightforward, and elements which are advantageous in
slowing rates in one process may be deleterious and accelerate
rates in other processes. For example, Zn2+ slows down the initial
dissolution rates but increases the residual rates [173]. Similarly,
other minor constituents of HLW glasses, for example high ionic
field strength cations [174], have been shown to exhibit significant
impact on the mechanism and kinetics of glass corrosion. There-
fore, it becomes imperative to understand the impact of glass
composition on their kinetics and mechanism of corrosion.

(iv) What is the impact of near field materials in the vicinity of glass
surface on the chemical durability of the waste form? It has been
shown that magnetite or other iron oxide phases like hematite or
goethite in contact with HLW glass can enhance glass dissolution,
presumably due to precipitation of iron silicates which consume Si
in the near-field solution and the gel [175–177]. In the case of
Hanford HLW glass, in several instances, iron oxide phases parti-
tion out on the glass surface during CCC forming a crystalline
surface layer [141]. However, the impact on chemical durability of
such an iron oxide layer on the glass surface is not yet well un-
derstood.

6. Summary and concluding remarks

The U.S. DOE Office of Environmental Management is responsible
for the nearly 100 million gallons of radioactive and complex liquid
waste, most resulting from plutonium production during World War II
and the decades after. A large fraction of this high-level “defense le-
gacy” waste is currently stored at Hanford site in Washington State. The
U.S. DOE must treat and dispose this waste, and the technology selected
is vitrification using borosilicate glass. Previous and current U.S. vi-
trification operations, including the DWPF in South Carolina have
shown the viability of this technology. As more experience has been
gained in vitrifying the range of different wastes, new challenges and
opportunities for improvement have been identified in waste-vitrifica-
tion processes. The article presents an overview of the challenges that

Fig. 16. Stages of nuclear glass corrosion and related potential rate-limiting
mechanisms. The duration of each stage depends on glass composition and
leaching conditions (temperature, pH, composition, renewal rate of the solu-
tion, etc.). Reprinted from Gin et al. [151] with permission from Elsevier.
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are anticipated during the processing and long-term performance of
HLW glasses at Hanford. Although great strides have been made in
understanding the root-cause of these challenges, further research and
development effort is required through collaborations between the U.S.
national laboratories, universities and international partners to address
the open questions and finding solutions to these problems. A dedicated
effort in this direction will not only help to improve the efficiency of
nuclear waste melters, but will also help to reduce the volume of glass
to be produced and managed, thus, lowering the overall cost of the
mission and safeguard the environment.
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