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SUMMARY 

This report contains a comprehensive review of the research conducted, world-wide, on iron 
phosphate glass over the past ~30 years. Special attention is devoted to those iron phosphate glass 
compositions which have been formulated for the purpose of vitrifying numerous types of nuclear waste, 
with special emphasis on the wastes stored in the underground tanks at Hanford WA. Data for the 
structural, chemical, and physical properties of iron phosphate waste forms are reviewed for the purpose 
of understanding their (a) outstanding chemical durability which meets all current DOE requirements, 
(b) high waste loadings which can exceed 40 wt% (up to 75 wt%) for several Hanford wastes, (c) low 
melting temperatures, can be as low as 900°C for certain wastes, and (d) high tolerance for 
“problem” waste components such as sulfates, halides, and heavy metals (chromium, actinides, noble 
metals, etc.). Several recommendations are given for actions that are necessary to smoothly integrate 
iron phosphate glass technology into the present waste treatment plans and vitrification facilities at 
Hanford. 

The existing knowledge base for iron phosphate glasses, while limited by the small size of 
the melts produced to date, clearly demonstrates that there are no technical reasons why iron 
phosphate glass could not be used to vitrify high level and/or low activity waste at Hanford. To the 
contrary, there is considerable evidence showing that iron phosphate melts/glass are particularly well 
suited for many Hanford wastes that are high in sulfates (SO3), halides, chromium, etc., which severely 
limit the maximum waste loading possible in other oxide melts. 

As an example, several studies have all concluded that the volume of Hanford LAW glass 
would be smaller if the LAW waste was vitrified in an iron phosphate glass. The only disagreement 
is on the magnitude of the reduction, but estimates range from 25 to 50% compared to the current WTP 
base line compositions and depending upon the assumptions used in the analysis. This reduction in 
volume is the result of the higher solubility of SO3 and halides in iron phosphate glass, which is 
roughly twice that for other oxide glasses, and the 10 to 15% higher density of iron phosphate 
glass waste forms. Other examples are cited herein for the Hanford HLW where the volume of 
vitrified HLW is estimated to be much smaller in an iron phosphate glass because of the high waste 
loadings, 40 to 75 wt% and the 10 to 15% higher density. 

Compared to the waste at West Valley and the Savannah River Site, the wastes at Hanford 
are recognized as more challenging to process (vitrify), more variable in composition, and contain 
“problem” components that are expected to limit the waste form production rate. These factors suggest 
that iron phosphate glass, with its record of tolerance for compositional variations in a waste, should be 
useful and advantageous at Hanford. The documented characteristics of iron phosphate glass which 
recommend its use at Hanford are as follows: 

1. Higher tolerance/solubility for sulfate (SO3), halides (F, Cl, I), heavy metals (Cr), etc. --- 
Smaller waste form volume. 

2. Iron phosphate glass uses many of the components present in the waste, such as Fe2O3, P2O5, 
Al2O3, and Cr2O3, in a beneficial way that reduces the number/amount of glass forming 
chemicals (GFC) that must be added to the waste. Often, only one GFC is required, P2O5. --- 
Smaller waste form volume. 
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3. Higher waste loadings that range from 40 to 75 wt% depending upon waste composition. --- 
Smaller waste form volume. 

4. The planned pretreatment of LAW, to reduce Cs-137, and HLW, to remove/reduce aluminum, 
heavy metals (Cr) and sulfate, may not be necessary. A possibly better alternative could be to 
“blend” the waste. --- Save time/money. 

5. Iron phosphate glass is robust and its ability to vitrify Hanford LAW at 1030°C in a research 
size JHCM modified with Inconel 693 electrodes has been demonstrated. --- Transition to 
larger scale. 

The probability of unforeseen operational risks at Hanford is high, so having and “ace in the 
hole” is a good strategy in such circumstances. This opinion is reinforced in a recent National Research 
Council Report [NRC 2011], which stated, “No single waste form is suitable for all EM waste streams 
or suitable for all disposal environments. Consequently, DOE-EM would benefit from having a 
“toolbox” of waste forms suitable for different waste streams and disposal environments.” 

It is suggested, therefore, that another tool be added to the toolbox at Hanford and that a small 
number of key experiments and activities be undertaken to insure that iron phosphate glass technology 
will be ready and available for that important role at Hanford when needed. These key experiments and 
activities should include: a) larger scale melting experiments in a pilot-plant scale (or larger) JHCM, b) 
formulating and evaluating optimized iron phosphate glass compositions directed at those Hanford waste 
streams that are considered to be the best targets of opportunity, i.e., offer the highest potential for 
accelerating the vitrification effort and reducing the cost, and c) developing an algorithm for predicting 
glass compositions from feed composition inputs that meet all melter and glass waste form requirements. 
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A Review of Iron Phosphate Glasses and 
Recommendations for Vitrifying Hanford Waste 

1. INTRODUCTION 
The general purpose of this report is to acquaint persons (engineers, scientists, policy makers, 

stake holders, etc.), interested in the disposal of nuclear waste, with the properties and current status of 
iron phosphate glass. Iron phosphate glass has been used, on a laboratory scale, to vitrify numerous 
wastes located at Hanford WA, the Savannah River Site, and the Idaho National Laboratory (INL). 
This report contains (a) a general review of the research that has been conducted, world-wide, on 
iron phosphate glass compositions over the past ~35 years, (b) a summary description of their key 
properties which are important to waste vitrification, and (c) data for iron phosphate glass and glass-
ceramic waste forms that contain many types of simulated high and low level nuclear wastes stored at 
Hanford and INL. The results for iron phosphate waste forms melted in a small scale joule heated 
ceramic melter (JHCM) and in a cold crucible induction melter (CCIM) are also described. Those 
nuclear wastes which are best suited for vitrification in iron phosphate glass are identified and 
recommendations are given for the actions needed to implement iron phosphate glass technology at 
Hanford and INL. 

Nuclear waste is currently being immobilized by a process called vitrification. This consists of 
dissolving the waste in a high temperature melt which is cooled to form a chemically durable glass that 
will be placed in long-term storage [Ramsey et al. 2011, Bingham et al. 2011]. This process has been 
adopted internationally and is considered the best technology available at this time [Donald et al. 1997]. 
In the United States, this technology has been used to vitrify nuclear waste at West Valley, is currently 
being used to vitrify high level waste (HLW) at the Savannah River Site and is intended to be used 
to vitrify the HLW and low activity waste (LAW) at the Hanford site [Ramsey et al. 2001]. 

Because of their good chemical durability in aqueous liquids and a mature manufacturing 
knowledge base, borosilicate glass was chosen to vitrify nuclear wastes in the United States and 
elsewhere [IAEA 1992, Lambert and Kim 1994, Donald et al. 1997, Perez et al. 2001]. Borosilicate 
glass has performed well when the waste has a reasonably simple composition. However, as the 
complexity and diversity of the chemical compositions of the various nuclear wastes stored 
worldwide became better known, the need for alternative glass compositions became more apparent 
[NRC 2011, Sengupta 2012]. Many of the wastes at Hanford contain components, such as volatile species 
like sulfates, cesium, halides (F, Cl, and I) and technetium, oxides like CrO3 and P2O5, and heavy metals 
(Mo, Zr, Pu, Pd), that are either chemically incompatible (phase separation) or sparingly soluble in 
borosilicate glass [Vienna and Mara 2012]. These troublesome components typically limit the waste 
loading (WL), to an undesirably low level, which increases the waste form volume and, therefore, the 
overall time and cost of vitrification. 

Phosphate glasses, while initially considered for waste vitrification, were thought to have an 
inferior chemical durability and a less mature manufacturing base, which made them a poor choice for 
waste immobilization [Donald et al. 1997]. However, high quality optical phosphate glasses have been 
commercially produced for more than a century. More recently, ~400 metric tons of chemically durable, 
phosphate laser glass has been produced on a commercial scale (continuous melting at 1000 to 1200oC) 
and is in use at the National Ignition Facility [Campbell et al. 2000]. 

Since a high chemical durability is a key requirement for waste forms containing nuclear waste, 
phosphate glass would seem, at first glance, to be a poor choice for vitrifying nuclear waste. However, 
adding alumina, and other similar (R2O3) oxides, especially iron oxide (Fe2O3), to a phosphate glass 
greatly improves its chemical durability. In addition, phosphate glasses generally melt at lower 
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temperatures (as low as 900oC) to form fluid melts, and they are good solvents for most heavy metals 
(Cr, Ag, Mo, rare earths, actinides, (U, Pd) and gases such as F, Cl, I, SO2, and SO3. 

In the USA, adding lead and iron oxide to a phosphate glass [Sales and Boatner 1984, 1986, 1988, 
Boatner et al. 1994] was found to substantially improve the chemical durability to the levels required for 
waste vitrification. One of the most effective ways of increasing the chemical durability of a phosphate 
glass is to add iron oxide to the glass. As described later in this report, the chemical durability of iron 
phosphate waste forms containing from 25 up to 80% of many types of nuclear waste satisfy all current 
DOE chemical durability (PCT, VHT) requirements, either as a glass or as a glass-ceramic. The 
chemical durability of many iron phosphate glass compositions is exceptional, exceeding that of all other 
types of phosphate glasses and, in many cases, that of other common glasses known for their high 
chemical durability. The advantages of using an iron phosphate glass matrix for immobilizing high 
level nuclear wastes are described in a recent excellent review [Sengupta 2012]. 

In addition to the USA and Russia, iron phosphate glass for waste vitrification has been studied in 
many other countries such as France, United Kingdom, Brazil, Japan, Korea, India, Germany, China, 
and Slovakia. Much of this work is described in the extensive list of references cited herein. At this 
time Russia is the only country using a phosphate glass, i.e., sodium alumino-phosphate containing ~1.5 
wt% Fe2O3 [Mukhamet-Galeyev et al. 1995], on a large scale to vitrify nuclear waste. Some 5700 metric 
tons of a HLW waste have been successfully vitrified in Russia as part of its waste vitrification 
program [Roach 2013]. 

The remainder of this report (1) describes what is known about iron phosphate waste forms in 
terms of waste loading, processing, and performance, (2) identifies those waste types which are 
considered the best candidates for vitrification in iron phosphate glass or glass-ceramics and the benefits 
gained, (3) compares JHCM and CCIM melters, and (4) provides recommendations for how iron 
phosphate glass technology could be utilized by DOE to vitrify LAW and HLW at Hanford. 

2. VITRIFICATION CHARACTERISTICS AND STRUCTURAL 
FEATURES OF IRON PHOSPHATE GLASSES 

2.1 General 
Iron phosphate glasses have been investigated since the late 1960’s [Hirayama et al. 1968]. There are 

many studies of the atomic structure of these glasses since properties such as chemical durability melt 
viscosity, melting temperature, and crystallization tendency depend upon the structural units in the glass. 
As a condensed review, the basic structural group in a phosphate glass is a phosphorus ion 
surrounded by four oxygen ions in the form of a tetrahedron, a PO4 group. Depending upon the overall 
glass composition, the PO4 tetrahedra can be isolated; in which case the oxygen/phosphorus (O/P) ratio is 
4 and the material is referred to as an orthophosphate. An example would be FePO4. When two PO4 

tetrahedra join together to form P2O7 groups, the O/P ratio is 3.5 and the material is referred as a 
pyrophosphate, Fe4(P2O7)2 being an example. When the PO4 tetrahedra join together to form chains of 
varying length or closed rings, the O/P ratio is 3 and the material is called a metaphosphate, an example 
being Fe(PO3)3. When the PO4 tetraheda join together to form a three dimensional network, then the 
O/P ratio is 2.5 as in P2O5.   A phosphate glass, therefore, can be considered an inorganic polymer 
composed of PO4  monomers, dimers, trimers, etc., which are bonded together by other cations [Hoppe 
1996]. 

2.2 Glass Formation Region 
Studies [Brow et al. 1994, Mogus-Milankovic et al. 1997] show that the region of glass formation for 

binary Fe2O3-P2O5 compositions extends from about 15 to 45 mol% Fe2O3, the balance being P2O5. 
Compositions of lower Fe2O3 content also form glass, but they are not of practical interest since their 
chemical durability is poor. Binary glasses containing up to 75 mol% Fe2O3 have been reported [Vaughan 
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and Kinser 1975], but they tend to crystallize too rapidly to be of interest. The binary iron phosphate 
compositions that form glasses with the highest chemical durability and, therefore, be of most interest 
for waste vitrification, typically contain 30 to 40 mol% Fe2O3. 

The  source  of  iron  and  phosphorus  does  not  seem  to  be  of  particular importance  to  glass 
formation since FePO4, Fe4(P2O7)3, Fe3O4, and Fe2O3, ammonium phosphate, P2O5, and phosphoric 
acid have all been used for preparing binary iron phosphate glasses [Yu and Day 1995, Yu et al. 1997]. 
The glass formation region is extended and in some cases glass formation becomes more probable as 
other components are added to make a ternary or quaternary iron phosphate glass. The properties 
and structure of a large number of ternary/quaternary iron phosphate glasses containing R2O oxides, 
(Na, K, Cs), RO oxides (Mg, Ca, Sr, Pb, Zn), R2O3 oxides (Al, Cr, Bi, In, Sc) and other oxides such as 
MoO3, U3O8, PuO2, ThO2, and HfO2 have been investigated as referenced elsewhere in this report, see 
Figure 1 [Pierce and Day 2013]. Section III describes numerous types of nuclear wastes that have been 
vitrified in iron phosphate glass, mainly on a laboratory scale. 

 

Figure 1. Composition (element in mol%) of phosphate-based glasses on the (Ca+Cs+ K+Li+Na+Pb)/P 
– (Al+Bi+Cr)/P – Fe/P ternary diagram [Pierce and Day, 2013]. 

2.3 Melting Iron Phosphate Glasses 
As demonstrated by a large body of evidence, small quantities, ranging from 0.1 to 10 kg, of iron 

phosphate glasses have been easily prepared in the laboratory by melting a homogeneous mixture, dry or 
wet, of the desired raw materials in commercially available refractory crucibles (dense silica, alumina or 
alumino-silicate) at temperatures between 900°C and 1350°C for times typically between 2 and 4 h For 
reasons that are not totally known, iron phosphate melts do not corrode these common refractory 
materials to any significant extent (as measured over a several day period), as do many iron-free 
phosphate glasses. Along with their outstanding chemical durability, this greatly reduced corrosion of 
common refractory oxides is another unique feature of iron phosphate glasses which is advantageous 
when processing a waste in a joule heated melter with refractory lining. 

The  iron  ions  in  these  glasses  exist  both  as  Fe2+    and  Fe3+    redox  states.  An  increasing 
concentration of Fe2+ in a melt, which is affected by the melt composition and the melting conditions 
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(temperature, time, and atmosphere), can increase the viscosity and crystallization tendency of the melt. 
Thus, attention needs to be given to maintaining an appropriate Fe2+/Fe3+ ratio so as to achieve desirable 
melt and waste form properties. 

2.3.1 Effect of Melting Temperature, Time, and Atmosphere on the Redox of 
Iron Ions 

When an iron phosphate composition (raw batch) is melted in air and quenched to a glass, 
Mössbauer spectroscopy measurements of the glass (at room temperature) show that it contains a 
mixture of ferrous (Fe2+) and ferric ions (Fe3+). The fraction of ferrous ions in the glass, as determined by 
Mössbauer spectroscopy, has been found to depend upon the melting time, temperature and 
atmosphere, and the glass composition/batch raw materials [Brow et al. 1994, Fang et al. 2001, Karabulut 
et al. 2003, Marasinghe et al. 1997, 2000a, 2001, Mogus-Milankovic et al. 1997, Ray et al. 1999 (a, b), 
Reis et al. 2002 (a, b) Yu et al. 1997]. For normal cooling conditions, the fraction of ferrous ions in the 
glass is expected to be reasonably close to the fraction of ferrous ions present in the melt. In other 
words, the fraction of ferrous ions in the melt is assumed to remain fairly constant when the melt is 
cooled to a glass, in a normal fashion. 

An example of how the concentration of ferrous ions varies with the melting time at a chosen 
temperature and with the melting temperature for a fixed time is shown in Figure 2 for a 40 Fe2O3 -60 
P2O5, mol% glass [Ray et al. 1999a]. Typically, the fraction of ferrous ions is more dependent upon the 
melting temperature than upon the melting time and the fraction increases significantly with increasing 
melting temperature, see Figure 2. It should be noted that the 40 Fe2O3 -60 P2O5, mol%, composition in 
Figure 2 is molten at 1150°C and was only heated to the much higher temperatures for the purpose of 
determining the change in the concentration of ferrous ions. 

It has been assumed that the fraction of ferrous ions found in the glass should be reasonably close 
to the fraction of ferrous ions that was present in the melt. In other words, the fraction of ferrous ions in 
the melt does not change appreciably when the melt is cooled in a normal fashion to form a glass. 
However, the transition from ferric to ferrous ions, which occurs during melting, appears to be reversible 
at lower temperatures when a glass containing a high fraction of ferrous ions is heated in air. An example 
of this reversibility is shown in Figure 3 (Ray et al. 1999a) where the fraction of ferrous ions 
(~50%) present in particles of a previously made iron phosphate glass decreases (ferric ions increase) 
when the glass is  heated(annealed) at  various  temperatures in  air  for  24  h. The  rate  of oxidation  
obviously increases with increasing heat treatment temperature. 
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Figure 2. Concentration of Fe2+ ions, as measured by Mössbauer spectroscopy for iron phosphate 
glasses made by melting a 40 Fe2O3-60 P2O5, mol%, composition in air at different temperatures (top 
axis) or melting at 1200oC for different times (bottom axis). Typical experimental error is denoted by 
the error bar [Ray et al. 1999a]. 

 

Figure 3. Change in the concentration of Fe2+ ions, measured by Mossbauer spectroscopy, for a 40 
Fe2O3-60 P2O5 glass, mol%, melted at 1400oC for 1 h and then heated at temperatures shown for 24 h. 
The decrease in Fe2+ concentration with increasing heat treatment temperature indicates the oxidation of 
Fe2+ ions to Fe3+ ions (Ray et al. 1999a]. 

The oxidation of Fe2+ to Fe3+ as this iron phosphate glass was reheated in air was further confirmed 
by the weight gain measured in a dynamic thermo-gravimetric (TGA) experiment as shown in Figure 4. 
Figure 4 compares the TGA in both air and nitrogen for the glass melted at 1400°C (Fe2+ 

concentration ~50%) and the TGA in air for the glass melted at 1150°C (Fe2+  concentration ~17%).  
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The oxidation of Fe2+ to Fe3+ in the glass can be viewed as FeO transforming to FeO1.5 which produces a 
net weight gain. The TGA experiments were conducted at a heating rate of 10°C/min, which was 
followed by an isothermal hold at temperatures a little above 800°C for the times shown in Figure 4. 
The TGA scan marked C in Figure 4 does not show any weight change/increase since it was conducted 
in nitrogen and, thus, no oxidation of the ferrous ions can take place even though the glass had a high 
concentration of Fe2+ ions (50%). On the other hand, the two TGAs conducted in air (marked A and B) 
both show weight increases during the temperature ramp as well as during the isothermal hold. The 
larger weight gain for the glass melted at 1400°C (marked A) compared to that for the glass melted at 
1150°C (marked B) is consistent with its higher initial Fe2+ concentration (50% compared to 17%). 

 

Figure 4. TGA in air for glasses prepared by melting a 40Fe2O3 - 60P2O5, mol%, composition at (A) 
1400°C  and  (B)  1150°C  for  1  h, and (C) TGA in nitrogen for the glass melted at 1400°C. A weight 
increase, which is attributed to the oxidation of Fe2+ ions to Fe3+ ions, is evident when the samples are 
heated in air (curves A and B), but no weight gain is observed when these glasses are heated in nitrogen 
(curve C). 

As found for the melting temperature and time, the melting atmosphere also affects the redox state 
of the iron ions.  Table I shows the fraction of Fe2+ ions, as measured by Mössbauer spectroscopy, in 
samples of the same glass composition as described above, 40Fe2O3-60P2O5, mol%, but when melted in 
different atmospheres at 1200°C. The fraction of Fe2+ ions remained practically unchanged, between 19 
and 22%, when melted either in air, nitrogen, or oxygen. However, when melted in a strongly reducing 
atmosphere, such as forming gas (mixture of nitrogen and hydrogen), the Fe2+ fraction in the glass 
increased considerably. The concentration of Fe2+ increased from ~31% for a glass melted in an 
atmosphere consisting of 70% forming gas and 30% air to ~100% for the glass melted in a pure 
forming gas atmosphere. As expected, the quenched melt containing 100% Fe2+ ions (melted in pure 
forming gas atmosphere) crystallized significantly during cooling. 
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Table I:  Fraction of Fe2+ ions in a 40Fe2O3-60P2O5, mol%, glass when melted in different atmospheres 
at 1200°C for 2 h [Marasinghe et al. 1998]. 

Glass Composition, Mol% Melting Atmosphere Quenched State Fe2+ Fraction 

40Fe2O3-60P2O5 melted at 
1200°C 

Air Glass 0.19 

Nitrogen Glass 0.22 

Oxygen Glass 0.21 

70%FG*-30%Air Glass 0.31 

90%FG*-10%Air Glass** 0.40 

FG* Crystallized 1.00 

* FG:  Forming Gas (90N2-10H2 at %) 
** A trace amount of crystalline material is evident in the Mössbauer spectrum of this sample 
Fraction of Fe2+ ions = Fe2+/[Fe2+ + Fe3+] 

 

2.3.2 Effect of Composition on the Redox of Iron Ions 

There are hundreds of iron phosphate glasses of different composition whose Fe2+ and Fe3+ 

concentrations have been reported, in the literature [Fang et al. 2001, Karabulut et al. 2003, Marasinghe 
et al. 1997, 1998, 1999, 2000 (a, b), Ray et al. 1999 (a, b), Reis et al. 2002 (a, b), 2007]. These data 
clearly show that glass composition has an effect on the fraction of Fe2+ and Fe3+ ions that are present in 
the as- prepared glass. However, it is difficult to make an accurate estimate for how these fractions 
vary with composition since it is likely to depend upon several factors simultaneously such as the O/P 
and Fe/P, molar ratios, and the oxidation or reducing power of the different components in the 
glass. Nevertheless, by analyzing this large amount of available data it is possible to make some 
qualitative assessment for how the composition affects the redox state of the iron ions in iron phosphate 
glasses. 

The measured values for the fraction of ferrous ions, (Fe2+)/(Fe2+ + Fe3+) in selected glasses, Table II 
illustrate the compositional effect on the Fe2+ fraction. Also shown in Table II are the molar ratios of 
oxygen to phosphorus (O/P) and iron to phosphorus (Fe/P) for each glass. 

The ternary compositions in groups I to V were developed by substituting part of the base glass 
composition (40Fe2O3-60P2O5, mol%) by the oxides of U, Mo, Bi, Cs, Na, and Sr. These 
elemental species are commonly found in many types of nuclear wastes. As shown for the group I 
compositions in Table II, UO2 and MoO3 appear to have an oxidizing effect in the melt, since the values 
of Fe2+ fraction is lower for these glasses. However, Bi2O3, Cs2O, Na2O, and SrO (groups II to V) 
appear to provide a reducing condition in the melt as indicated by the increasing fraction of Fe2+ ions. 
Changing the concentration of a particular waste component does not seem to change the iron redox 
state to a significant extent as shown for the glasses in groups II to V. For example, increasing Bi2O3 
from 3 to 20 mol% (group II), or Cs2O from 5 to 30 mol% (group III) did not change the fraction of 
Fe2+ ions in these iron phosphate glasses. However, increasing the amount ofUO2 (group I, samples B 
to E) had a stronger oxidizing effect as indicated by the smaller fraction of ferrous ions in the melt. 
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Table II:  Fraction of ferrous ions as measured by Mössbauer spectroscopy, and O/P and Fe/P molar ratios 
in selected iron phosphate glass waste forms [Marasinghe et al. 1998, 1999]. 

Group Sample Batch Composition, mol% Fe2+ Fraction O/P Fe/P 

Base Glass A 40Fe2O3–60P2O5 0.19 3.50 0.67 

I 

B 36Fe2O3–54P2O5–10UO2 0.16 3.68 0.67 

C 32Fe2O3–49P2O5–19UO2 0.19 3.87 0.65 

D 30Fe2O3–60P2O5–10UO2 0.11 3.42 0.50 

E 25Fe2O3–60P2O5–15UO2 0.00 3.38 0.42 

F 30Fe2O3-60P2O5-10MoO3 0.03 3.50 0.50 

II 

G 39Fe2O3-58P2O5-3Bi2O3 0.33 3.59 0.67 

H 36Fe2O3-54P2O5-10Bi2O3 0.34 3.78 0.67 

I 20Fe2O3-60P2O5-20Bi2O3 0.34 3.50 0.33 

III 

J 38Fe2O3-57P2O5-5Cs2O 0.31 3.54 0.67 

K 36Fe2O3-54P2O5-10Cs2O 0.32 3.59 0.67 

L 34Fe2O3-51P2O5-15Cs2O 0.32 3.65 0.67 

M 28Fe2O3-42P2O5-30Cs2O 0.29 3.86 0.67 

IV 
N 36Fe2O3–54P2O5–10Na2O 0.28 3.59 0.67 

O 32Fe2O3–48P2O5–20Na2O 0.32 3.71 0.67 

V 
P 36Fe2O3–54P2O5–10SrO 0.27 3.59 0.67 

Q 32Fe2O3–48P2O5–20SrO 0.25 3.71 0.67 

VI 

R A+(10UO2–10Na2O) 0.11 3.74 0.67 

S A+(10Cs2O-10Na2O) 0.27 3.67 0.67 

T A+(10CaO–10Na2O) 0.30 3.67 0.67 

VII 

Ua 35 wt% B-110 waste 0.22 4.01 0.58 

Vb 35 wt% C-112 waste 0.17 3.93 0.59 

WC 35 wt% T-111 waste 0.22 4.02 0.60 

VIII 

X 31Fe2O3-23P2O5-46NH4H2PO4 0.35 4.26 0.67 

Y* MS26AZ102F-2 0.04 – 0.06 5.02 0.17 

Z* MS2AZ102F-2 +Sugar 0.44 – 0.52 5.02 0.17 
a Composition (wt%): 30Fe2O3- 46.3P2O5-9Bi2O3-8.2SiO2-5Na2O-0.9Al2O3-0.5CaO 
b Composition (wt%): 30Fe2O3-45.2P2O5-10.7UO2-5.6CaO-3.3NiO-2.5Na2O-1.5Al2O3-1.0SiO2- 0.4PbO 
c Composition (wt%): 30Fe2O3-45.5P2O5-10.4Bi2O3-4.0SiO2-3.6Mn2O3-2.0Na2O-1.8La2O3-1.2UO2- 1.2CaO-

0.4Al2O3 
* Slurry batch feed melted in the RSM (JHCM) at PNNL during continuous operation for 10 days between 

1030 and 1050°C [Sevigny et al. 2011]. 

 

In glasses R, S, and T in group VI a part of the base glass composition “A” was replaced by two 
waste oxides. As shown by the Fe2+ fraction for glass “R”, the effect of UO2 among the two oxides 
(UO2 and Na2O) was dominant and created an oxidizing effect in the melt. Most iron phosphate 
glasses containing different nuclear wastes when melted and vitrified in air typically have an Fe2+ fraction 
between 0.15 and 0.25. An example is shown for the glass waste forms U, V and W in group VII, 
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which contained Hanford HLW sludge waste from tank farms B, C and T, respectively. All of the 
glasses in groups I to VII, including the base glass composition, were melted at 1200°C for ~2 h in air. 

The choice of raw materials used in the batch can also affect the iron redox state in the melt as 
shown for the compositions in group VIII. The composition “X” is the same as that of the 40Fe2O3– 
60P2O5, mol%, base glass and melted also at 1200°C in air, but where a part of P2O5 was provided 
by ammonium di-hydrogen phosphate (NH4H2PO4).  The fraction of Fe2+ in this glass increased to 0.35 
from 0.19 for the base glass (A), since NH4H2PO4 produces reducing conditions in the batch and in the 
melt. Composition “Y” is an iron phosphate glass waste form containing 26 wt% of the Hanford 
AZ102 LAW that was melted in a research scale joule heated melter at PNNL using a slurry batch 
[Sevigny et al. 2011]. The fraction of Fe2+ in three randomly chosen samples from this glass ranged 
from 0.04 to 0.06. When the same glass was melted using 50 g/L sugar in the slurry, the fraction of 
Fe2+ increased significantly, ranging from 0.44 to 0.52 as measured for five  randomly chosen 
samples. The sugar in the batch produced a reducing atmosphere, which increased the fraction of Fe2+ 

in the waste form. 

Over the past three decades, hundreds of iron phosphate glasses of different compositions have been 
successfully melted (laboratory scale), typically in an air atmosphere, using a wide variety of different 
raw materials [Yu and Day 1995], in commercial (ceramic) refractory crucibles and in a few cases, 
platinum-rhodium crucibles. The vast amount of property data obtained for these glasses led to the 
conclusion that as long as the fraction of ferrous ions was between 0.1 and 0.3, those properties 
which are critical to waste vitrification such as chemical durability, crystallization tendency and 
melting rate were not adversely affected to any practical extent. 

Iron phosphate compositions melt similarly to other common oxide glasses, and no unusual 
problems have been reported. Iron phosphate compositions tend to melt at lower temperatures and 
more quickly due to their lower viscosity (higher fluidity). Since the fraction of ferrous ions is sensitive to 
the melting temperature and furnace atmosphere, these factors need to be controlled to a reasonable 
extent to maintain reproducible properties. 

Experience in melting iron phosphate glass in larger quantities is limited, but recently about 124 
kilograms of an iron phosphate glass containing 26 wt% of a Hanford high alkali (~80 wt%), high 
sulfate (18%) waste (AZ102), was melted at 1030oC in a research size Joule Heated Ceramic Melter 
(JHCM) at PNNL [Sevigny et al. 2011] and at 1030 to 1090oC in a research size cold crucible induction 
melter (CCIM) at INL [Soelberg and Rossberg 2011]. These were only 10 day experiments, but in both 
cases, the iron phosphate glass was melted successfully and the chemical durability of the waste form, 
glass or glass ceramic (CCC) met all DOE chemical durability requirements [Sevigny et al. 2011, 
Soelberg et al. 2011]. 

2.4 Structural Features 
Because of the important relationship between the properties of a given glass and the structural 

groups present in the glass, many studies have been devoted to identifying the structural groups present in 
iron phosphate glasses and the dependence of these structural groups upon the overall chemical 
composition of the glass. Numerous techniques such as Mössbauer spectroscopy, X-ray absorption fine- 
structure (XAFS) and X-ray absorption near-edge (XANES) spectroscopy, X-ray photoelectron 
spectroscopy (XPS), Raman and infra-red spectroscopy, X-ray and neutron diffraction, nuclear 
magnetic resonance (NMR) and electron paramagnetic resonance (EPR) have been used to identify the 
structural characteristics of iron phosphate glasses and how they change with the chemical composition. 
While not all of the structural features of iron phosphate glasses are known in detail at this time, a general 
model of the short range structure has emerged from these studies, which provides valuable insight 
in to the unique properties exhibited by iron phosphate glass, particularly the binary X Fe2O3 - (1-X) P2O5 

glasses. 
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As mentioned in section IIA, any phosphate glass, including an iron phosphate glass, contains PO4 
tetrahedra that join together in various ways to form larger groups depending upon the overall glass 
composition. The presence and amount of R2O, RO and R2O3 oxides are especially important to the 
degree of “polymerization” of the PO4 tetrahedra and to the properties of the glass. In terms of their 
relevance to waste vitrification, binary iron phosphate glasses containing from 30 to ~45 mol% Fe2O3 

have been studied extensively because of their high chemical durability. Based upon extensive 
Mössbauer, XPS, NMR, and Raman data [Yu et al. 1997, Mogus-Milankovic et al. 1997, Marasinghe et 
al. 1997, 1998, 2000a, Fang et al. 2001, Bingham and Hand 2006], these glasses are known to 
contain a mixture of ferrous and ferric ions so the structural role of these ions and how it affects the 
chemical durability has been of great interest. 

The general consensus is that the ferric and ferrous ions form Fe-O-P bonds which replace P-O-P 
bonds with increasing iron content. However, there is some disagreement regarding the exact 
coordination number for the ferric and ferrous ions. Several studies have proposed that the ferric ions 
are in 6 fold (octahedral) coordination and the ferrous ions are also in 6 fold coordination, but in the 
shape of a trigonal prism. An example of such a structure for crystalline Fe3(P2O7)2 is shown in Figure 5. 

 

Figure 5. Structure of Fe3(P2O7)2 showing the (Fe3O12)
16- groups [Marasinghe et al. 1997, Ijjaali et al. 

1991, Malaman et al. 1992]. Numbered circles are oxygen ions and black circles are phosphorus ions. 

The composition of this compound can also be written as FeO-2Fe2O3 -2P2O5 showing that one 
third of the total iron ions present in this crystalline compound are ideally ferrous ions. Note that the 
fraction of ferrous ions in many of the iron phosphate glasses listed in Table II, determined by Mössbauer 
spectroscopy, is reasonably close to, 0.33 as in crystalline Fe3(P2O7)2. 

The structure of the crystalline compound in Figure 5 should be considered an idealized version of 
what would be a more disordered structure in an actual iron phosphate glass, but there are some 
important features of this structure worthy of note. First, there are identifiable (Fe3O12)16- units that are 
joined together (cross linked) by pyrophosphate (P2O7)4- groups. This results in a large number of Fe-O-P 
bonds as opposed to P-O-P bonds and ideally there are no P-O or P=O (non-bridging) oxygen 
bonds. Second, this structure is highly cross linked which should favor a higher chemical durability 
compared to a less cross linked structure. Finally, this structure contains both ferric and ferrous ions, 
although the fraction of both in an iron phosphate glass will vary with the melting conditions 
(atmosphere, temperature, time) and overall glass composition. 
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While the structure of crystalline Fe3(P2O7)2 is considered useful as a general guide or model for the 
Fe-O-P bonding likely to be present in binary iron phosphate glasses and it contains a mixture of 
ferrous and ferric ions, structural models based on other crystalline iron phosphates, such as crystalline 
Fe4 (P2O7)3 which contains only ferric ions in octahedral coordination, should also be considered. In a 
study [Lin et al. 1989] of X Fe2O3 (1-X) P2O5 glasses (melted in air at 1200°C), Mössbauer and 
EXAFS measurements indicated that the fraction of ferrous ions decreased from 0.24 to 0.06, as the 
mol% Fe2O3 increased from 25 to 40 mol%. The ferrous ions were in octahedral coordination, but the 
ferric ions occupied both octahedral and tetrahedral sites, the latter fraction increasing from 0.27 to 
0.72 with increasing iron content. In another study [Wang et al. 1994], binary iron phosphate  
glasses, which contained from 5 to 33 mol% Fe2O3 and were melted at 1200°C for 2 h and quenched, 
were investigated using XPS, Mössbauer, and IR spectra. It was concluded that the ferrous ions were in 
octahedral coordination while the ferric ions occupied both octahedral and tetrahedral sites. The fraction 
of ferric ions in tetrahedral sites increased from 0.41 to 0.63 as the iron content increased from 5 to 33 
mol%. The ferric ions in the tetrahedral sites were considered to behave as network former cations while 
those in octahedral sites were suggested to act as network modifiers. 

Recent neutron diffraction measurements [Wright et al. 2006, 2008, 2012] on binary iron phosphate 
glasses containing 30 to 44 mol%  Fe2O3, have also indicated that the ferric ions occupy distorted 
octahedral (6 fold) and tetrahedral (4-fold) sites with oxygen while the ferrous ions occupy only 
octahedral sites. The average Fe-O bond length and the first Fe-Fe distance, determined from neutron 
magnetic diffraction measurements did not support the concept that the iron phosphate glasses 
contained large numbers of the (Fe3O12)16- clusters shown in Figure 5. The possibility of some type of 
nano-heterogeneity and some fraction of the ferrous ions being in Fe2+O5 polyhedra was also suggested. 

From the scientific point of view, more detailed and specific knowledge of the structure of the 
binary iron phosphate glasses is always important, but for the practical use of iron phosphate glass as a 
host matrix for vitrifying nuclear waste, it is more important to know how the glass structure changes 
with the addition of other components. Some nuclear wastes contain major quantities of alkalis such as 
Na2O & K2O (some Hanford LAW contains as much as 80 wt% sodium + potassia), usually smaller 
amounts of alkaline earths such as CaO, and SrO, other oxides such as Al2O3, Bi2O3, Cr2O3, and UO2, 
and volatile species such as sulfates, halides, and technetium. While structural data is available for 
some of these oxides in iron phosphate glass, it is limited, and especially so when two or more of these 
components are present simultaneously. The remainder of this section describes the structural 
information for iron phosphate glasses containing some of the oxides mentioned above. 

Sodium, Na2O, is a component of particular interest since it is present in most Hanford wastes and 
in the sodium bearing waste (SBW) at INL. Of course, the phosphorus is always considered to be 
present as PO4 tetrahedra in an alkali phosphate glass, but adding sodium and other alkali oxides 
depolymerizes the PO4 tetrahedra and creates what are called non bridging oxygen (NBO) ions which are 
oxygen ions bonded to only one phosphorus ion such as –P=O, or –Fe-O-P- or –M-O-P- (M is a cation). 
A bridging oxygen in these glasses would be an oxygen bonded to two phosphorus, -P-O-P-, as in 
P2O7 groups. 

Table III contains structural data for sodium containing iron phosphate glasses from three different 
sources. In all three instances, iron was present as both ferrous and ferric ions, with the ferric ions 
predominating, and the fraction of ferrous/ferric ions did not change much with the introduction of 
sodium. The ferric ions occupied both octahedral and tetrahedral sites while the ferrous irons occupied 
only octahedral sites. In other studies [Wang et al. 1994, Yu et al. 1997, Padhi and Nanjundaswamy 
1997], where the fraction of ferrous and ferric ions was determined by Mossbauer spectroscopy, the 
fractions varied slightly, but there was no discernible change with sodium content. In a series of sodium 
metaphosphate glasses [Musinu et al. 1996], the P-O distance remained essentially constant with 
increasing iron content, while the average coordination number (CN) for the ferrous and ferric ions 
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decreased slightly with increasing iron content. These studies indicate that the introduction of several 
mol% Na2O does not change the structural characteristics in any major way. 

Table III: Structural Data for Iron Phosphate Glasses Containing Na2O 

Glass Composition, mol% Fraction Fe-O Bond Length (Å) 

Na2O Fe203 P205 Fe2+ Fe3+ 

 

[Lin et al. 1989] 

– 25 75 0.24 0.76 1.83 1.97 2.10 

5 20 75 0.25 0.75 1.83 1.96 2.10 

        

– 30 70 0.15 0.85 1.85 1.97 2.09 

10 20 70 0.22 0.78 1.85 1.98 2.09 

        

– 40 60 0.06 0.94 1.87 1.97 2.12 

20 20 60 0.17 0.83 1.82 1.97 2.11 

[Marasinghe et al. 2000] 

– 40 60 0.19 0.81 – – – 

10 36 54 0.28 0.72 – – – 

20 32 48 0.32 0.68 – – – 

[Concas et al. 1995] 

42.5 15 42.5 0.13 0.87 – – – 

 

In one of the most comprehensive investigations, the structure of the iron phosphate glasses listed 
in Table II was investigated [Marasinghe et al. 2000a] using Mossbauer spectroscopy, Fe K-edge X- ray 
absorption spectra EXAFS, X-ray photoelectron (O1s) spectra (XPS), Raman spectroscopy, and high 
energy X-ray and neutron scattering measurements. These compositions were melted in dense alumina 
crucibles at ~1200oC for 2 in air and annealed at 475oC for 3 h. The Mössbauer spectra (@295 K) for 
glasses A, D, S, and V, which are representative of the samples in all the groups, except group VIII, 
are shown in Figure 6. The Mössbauer spectra are remarkably similar and indicate the presence of 
both ferrous and ferric ions in each glass, see Table II, with the exception of glass E, highest UO2 

content, which contained no detectable ferrous ions. The low fraction of ferrous ions in the glasses 
containing uranium (B thru E) suggests that uranium oxide acts as an oxidizing agent in iron phosphate 
glasses. 
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Figure 6. Mossbauer spectra (at 295 K) for iron 
phosphate glasses, see Table II for composition 
[Marasinghe et al. 2000a]. 

Figure 7.  O1s X-ray photoelectron spectra for iron 
phosphate glasses, see Table II for composition 
[Marasinghe et al. 2000a]. 

The Mössbauer spectra (room temperature) for glasses A, D, S, and V, in Table II, which are 
representative of all the glasses, except those in group VIII, are shown in Figure 6. The Mössbauer 
spectra are remarkably similar and indicate the presence of both ferrous and ferric ions in each glass, see 
Table II, with the exception of glass E that had the highest UO2 content and no detectable ferrous ions. 
The low fraction of ferrous ions in the glasses containing uranium (B thru E) suggests that uranium oxide 
acts as an oxidizing agent in iron phosphate glass thus accounting for the high concentration of ferric 
irons. 

The O1s spectra for these iron phosphate glasses were best fit with two Voigt peaks, as shown in 
Figure 7, which provided valuable information for the bonding of the oxygen ions. The larger peak at the 
smaller binding energy was assigned [Karabulut et al. 1999, Brow et al. 1994] to the non-bridging 
oxygen ions (NBO), while the smaller peak was assigned to bridging oxygen ions (BO). It is 
noteworthy that the percentage of bridging oxygens,  -P-O-P-, is a small fraction ~20%, of the more 
prevalent and more chemically resistant non-bridging oxygens, Fe-O-P or M-O-P. These measurements 
indicate that roughly 80% of the oxygens in these iron phosphate glasses are bonded to the iron ions as 
Fe-O-P or as M (U, Na, Cs, Bi, Sr, Cs, etc.) -O-P which is consistent with the model for Fe3(P2O7)2 in 
Figure 5. Only about 20% of the oxygens are bonded as –P-O- P- groups, which could be pyrophosphate 
(P2O7) groups, as in the model in Figure 5, or chains of PO4 tetrahedra of varying length. 

The  Raman  spectrum  for  glass  A,  the  40  Fe2O3-60  P2O5   mol%,  base  glass  in  Figure  8,  was 
characteristic of a structure dominated  by pyrophosphate, (P2O7)4-, groups [Mogus-Milankovic et al. 
1997]. The changes in the Raman spectra with the addition of waste components are relatively small, but 
the band at ~750 cm-1, assigned to pyrophosphate groups, and the band at ~950 cm-1, assigned to 
isolated (PO4)3-, become more apparent, especially for glass W which contains 35 wt% of the Hanford 
T- 111 waste that contains 10 different oxides. These changes have been interpreted to mean that many of 
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the waste  components increase  the number of monomer (PO4)3- and dimer (P2O7)4- units by 
depolymerizing or shortening any chains of PO4 tetrahedra that are present in the base glass. Such 
structural changes that reduce the number of -O-P-O-P-O- bonds are beneficial since -P-O-P- bonds are 
easily hydrolyzed. 

 

Figure 8. Raman spectra for iron phosphate glasses, see Table 2 for composition [Marasinghe et al. 
2000a]. 

In summation, the overall structural features of the iron phosphate glass compositions discussed 
herein, and which have been used to vitrify many types of simulated nuclear wastes, have been 
reasonably  well  identified.     The  overall  structure  of  iron  phosphate  glasses,  particularly  
those compositions having an oxygen/phosphorus (O/P) ratio close to 3.5, are of greatest interest 
because of their high chemical durability. The structure of these glasses can be viewed as being a  
disordered network of pyrophosphate (P2O7)4- groups bonded to a mixture of ferrous and ferric ions in 
FeO6 and FeO4 coordination. A majority (~80%) of the oxygen ions are bonded as-M-O-P-, where M 
is Fe or other cations in the waste (Na, Cs, Ca, Sr, Al, Bi, Cr, etc.). Depending upon the amounts and 
types of waste components, a small concentration of isolated PO4  tetrahedra and chains, of varying 
length, of PO4 groups may also be present. As the number of different components in an iron 
phosphate waste form increases, it should be expected that the structure of the glass will become more 
complicated and less well defined, i.e., will contain a larger number of different structural groups. But 
for iron phosphate glasses containing a relatively small (3-5) number of cations and having an O/P 
ratio close to 3.5, the structure for crystalline Fe3(P2O7)2 is considered a reasonable structural model. 
If the glass is melted under oxidizing conditions, the structure for crystalline Fe4(P2O7)3, which 
contains only ferric ions in octahedral coordination, might also be considered. 

Readers are referred to the following references for more structural data and other information for 
binary iron phosphate glasses [Karabulut et al. 2000 (a, b), 2001, 2002, Mogus-Milankovic et al. 1998, 
Pivac et al. 1998, Tanaka et al. 1986, 1995] and those containing boron [Bingham et al. 2006, 
Muromtseva et al. 1991, Reis et al. 2007], calcium [Kumar and Lin 1991, Kumar and Chen 1992, 1994 
(a, b), Sanad et al. 1989], chromium [Santic et al. 2007], hafnium [Karabult et al. 2009], lead [Jantzen 
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1986, Sales and Boatner 1988, Sales et al. 1985, Greaves et al. 1988, Doweidar et al. 2006, Boatner, US 
Patent 1994, Reis et al. 2002(a, b), Santic et al. 2011, Mogus-Milankovic et al. 2005], manganese 
[Inamura et al. 1995], potassium [Nishida et al. 1981, Moustafa et al. 1999], sodium [Concas et al. 1995 
(a, b), Guomei et al. 1994, Menil et al. 1979, Musinu et al. 1996, Mogus-Milankovic et al. 1996, Lin et 
al. 1989, Topic et al. 2000, Mogus-Milankovic et al. 2001c, Russo et al. 2008, Itoh et al. 1995], 
technetium [Xu and Heo 2012], tellurium [Tanaka et al. 1990], uranium [Sytko and Pershina 1995, 
Ramsay et al. 1994, Russo et al. 2008, Rodriguez et al. 2013], vanadium [Oohata et al. 1994], 
plutonium [Meaker et al. 1996, Ramsay et al. 1994], zinc [Reis et al. 2001, Sales and Otaigbe 1998 
and Jermoumi et al. 2002] and other phosphate glasses containing lead–indium and lead-scandium 
[Suzuya et al. 1999], strontium-molybdenum [Mogus- Milankovic et al. 2003b]. 

3. IRON PHOSPHATE GLASS WASTE FORMS:  LABORATORY 
SCALE MELTS 

Data is available for a large number of iron phosphate glass waste forms that meet the DOE’s 
waste form acceptance criteria and that contain a wide range of low and high activity nuclear wastes 
(LAW and HLW) [Day et al. 1998, 2011, 2012, Day and Kim 2003, Huang et al. 2002, 2004 (a, b); 2005, 
Kim CW et al. 2003 (a, b, c), 2004, Leerssen 2002, Marasinghe et al. 2000a, Mesko et al. 1998a, 
1999, Ray 2009]. The majority of these studies used glasses prepared in laboratory scale quantities, 
but data on manufacturing iron phosphate glass waste forms in larger amounts during continuous 
processing are also available [Sevigny et al. 2011, Soelberg and Rossberg 2011]. A list of 53 different 
iron phosphate waste form compositions containing several different types of wastes has been 
compiled from the literature [Pierce and Day 2011]. These compositions are shown in the “ternary” 
diagram in Figure 1. Although the list is incomplete, it provides a comprehensive data base supporting 
the versatility and compositional tolerance of iron phosphate glass for vitrifying nuclear wastes, and the 
potential use of iron phosphate glass in waste immobilization technology. 

A summary of the iron phosphate glass waste forms containing various types of wastes, that have an 
excellent chemical durability, is given in Table IV along with the maximum waste loading (WL) 
achieved, to date, for each waste form. The simplified waste compositions, in wt% oxides, used in these 
waste forms are shown separately in Table V. Many of the maximum waste loadings for these iron 
phosphate waste forms exceeded those reported for other oxide glasses. 

The glass forming chemicals/additives added to the waste, the melting temperature, the techniques 
employed to measure the chemical durability and the corresponding references are listed in Table IV. It 
is important to note that in a majority of instances, only two glass forming chemicals, namely P2O5 and 
Fe2O3, were added to the waste and only one was needed for the high-chromium HLW waste. This 
feature of iron phosphate glass is highly beneficial, since it reduces the volume of the vitrified waste 
form as well as simplifying the handling and cost of glass forming chemicals (GFC). 

In some cases, the waste loadings given in Table IV could be even higher, but it has been limited by 
the need to keep the melting temperatures at or below 1250oC so that the overall composition might be 
processed in a Joule Heated Ceramic Melter (JHCM). The maximum operating temperature of a JHCM is 
limited by the melter components, particularly the metal electrodes. In the absence of a processing 
temperature limitation, such as in a Cold Crucible Induction Melter (CCIM), it should be possible 
to achieve waste loadings that are higher than those listed in Table IV for the iron phosphate waste 
forms. A more detailed account of the various iron phosphate waste forms listed in Table IV along 
with a description of the types of nuclear wastes they contain are given in the following section. 
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3.1 Waste Forms Containing 

3.1.1 Hanford HLW Sludges; C-106, B-110, C-112, T-111, and TFB 

Iron phosphate waste forms containing simplified versions (Table V) of otherwise very complex 
compositions of the Hanford HLW sludge wastes, C-106, B-110, C-112, T-111 and TFB have been 
produced in crucible size quantities and their key properties, especially chemical durability, have been 
carefully measured [Mesko et al. 1998 (a, b), Day et al. 1998]. These wastes were generated from spent 
nuclear fuel (SNF) when reprocessed to recover Pu and U for reuse in new fuel. The C-106 waste 
was generated by reprocessing SNF using the PUREX (Plutonium Uranium Refining by Extraction) 
process, while the B-110, T-111 and C-112 wastes were generated by the BP (Bismuth Phosphate)  
refining process. 

These HLWs have been successfully vitrified to in iron phosphate glass by simply adding P2O5 

and, in one case (C-112 sludge), adding P2O5 and small amounts of Fe2O3 to the waste. These glassy 
waste forms, containing up to 50 wt% waste, were easily melted below 1200°C in 1 h, and met all the 
DOE chemical durability requirements. Vitrification of these particular HLW sludge wastes, which 
contain P2O5 and considerable amounts of Fe2O3, in an iron phosphate glass, takes advantage of these 
components present in the waste. This minimizes the amount of glass forming materials that are needed, 
the volume of glass that must be produced (in the WTP), and the disposal cost. 
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Table IV:  Chemically durable iron phosphate glass waste forms containing various types of nuclear wastes. 

Type of Waste 
(For simulated waste 

compositions, see Table V) 

Highest Waste 
Loading (WL) 

(wt%) 

Primary Glass 
Forming and 

Other Additives

Measured Chemical Durability 
Melting 

Temperature 
(°C) 

References 
PCT1 VHT2

CIT3 
(Dissolution 
Rate, DR) 

HLW: Hanford Tanks C-106,  
B- 110, C-112, T-111 

20 (C-106), 

50 (B-110, T- 

111), 60 (C- 

112) 

P2O5, Fe2O3 Yes No Yes 1050-1200 
Mesko et al. 1998a; Marasinghe et 
al. 2000a 

High Na2O HLW, TFB 
(Hanford) 

40 P2O5, Fe2O3 Yes No Yes 1015-1200 Day et al. 1998 

Al-clad, highly enriched U,  
Spent Nuclear Fuel (SNF) 

15 
P2O5, Fe2O3, 

CaF2 and/or Na2O
Yes No Yes 1150-1250 Mesko et al. 1999 

High Chromium HLW 75 P2O5 Yes Yes Yes 1150-1250 
Day et al. 2003b, Huang et al. 
2002; Huang et al. 2004 a, b; 
Huang et al. 2005 

High Na2O/Al2O3/sulfate SBW 

(INL) 
40 - 45 P2O5, Fe2O3 Yes Yes Yes 1000 

Day et al. 2003b, Kim CW et al. 
2003 a, c; Leerssen 2002 

High MoO3 containing SNF 
(INL) 

30 P2O5, Fe2O3 Yes No Yes 1200 Ryan et al. 2009, Ray 2009 

40 P2O5, Fe2O3 Yes No Yes 1400 Ryan et al. 2009, Ray 2009 

High sodium/sulfur LAW 

(Hanford) 
30 P2O5, Fe2O3 Yes Yes No 1050 

Day et al. 2003 (a, b), Leerssen 
2002; Kim CW et al. 2003 b; 2004

High sodium/sulfur AZ102 

LAW (Hanford) 
26 

P2O5, Fe2O3, 

SiO2, Al2O3, Bi2O3, 
Cr2O3, CaO, ZnO, 

ZrO2 

Yes Yes No 1050 Day et al. 2011, 2012 

1PCT: Product Consistency Test; 2VHT:  Vapor Hydration Test; 3CIT: Coupon Immersion Test 



 

18 

Table V:  Simplified composition (wt%) of the simulated wastes vitrified in iron phosphate glass waste 
forms in Table IV. 

Oxides 
High Level Waste (HLW) LAW SNF R-SNF

C-106 B-110 C-112 T-111 TFB 
High 

Chrom
SBW 

Average 
LAW 

AZ102 Al-clad
High 
Mo 

Al2O3 17.70 2.70 4.20 1.10 1.30 21.00 27.80 4.40 0.27 87.18  

B2O3       0.40  0.10   

BaO 1.20         0.19 8.88 

Bi2O3  25.80  29.80 6.70 3.00      

CaO  1.50 16.10 3.40  3.00 2.20     

CeO2/Ce2O3     4.40     0.36 11.08 

Cl       0.90 0.60 0.14   

Cr2O3      4.00 0.20 0.40 0.81   

Cs2O         0.50 0.32 11.79 

CuO 3.80           

F     0.80  0.80 1.60 0.60   

Fe2O3 16.80 30.60 15.00 26.30 8.30 9.00 1.40     

K2O       7.60  3.01   

La2O3    5.10  1.00 0.40   0.18 18.65 

MgO 2.50           

MnO/MnO2    10.40 0.50  0.80     

MoO3          0.60 13.92 

Na2O 22.10 14.40 7.10 5.60 54.60 26.00 52.30 75.30 77.04   

Nd2O3     6.20     0.56 18.65 

NiO   9.50  0.20       

P2O5 1.30 1.70 14.10 3.60 14.90 5.00 1.60 7.70 0.22   

PbO   1.10  0.90       

Re2O7         0.10   

SO3   2.50  0.20  3.60 9.50 16.79   

SnO2           0.25 

SrO          0.16 3.11 

SiO2 34.70 23.40  11.30 0.80 16.00  0.50 0.43   

TeO2           2.75 

UO2   30.50 3.30  9.00    8.90  

ZnO            

ZrO2     0.20 3.00    0.66 10.92 

Other*          0.89  

Total 100.1 100.1 100.1 99.9 100 100 100 100 100.01 100 100 

LAW:  Low Activity Waste; SNF: Spent Nuclear Fuel; R-SNF:  Reprocessed Spent nuclear Fuel 

* Other: 0.06 Rb2O, 0.09 Y2O3, 0.16 Pr2O3, 0.09 Sm2O3, 0.01 Eu2O3, 0.26 RuO2, 0.06 RhO2, 0.04 PdO, 0.02 
Pm2O3, 0.05 NpO2, 0.05 PuO2. 
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The composition of the TFB waste in Table V [Day et al. 1998] was calculated to be the average 
composition of the sludge in all the tanks in Tank Farm B at Hanford. Like the C-106, B-110, C-112, and 
T- 111 wastes, the TFB waste also contains considerable amounts of P2O5 and Fe2O3, but its alkali 
(Na2O) content is much higher than the other wastes, see Table V. Up to 40 wt% of the simulated TFB 
waste was vitrified in an iron phosphate waste form and its chemical durability, as measured by either the 
CIT or PCT procedure met the DOE requirements, see section V, A.1 and A.2. These iron phosphate 
waste form compositions were melted and homogenized in less than 1.5 h at temperatures between 1015 
to 1200°C which are within the operating range of a JHCM. Even though TFB compositions contain 
nearly 55 wt% sodium, the corrosion of the refractory crucible by the iron phosphate melt containing 40 
wt% of the TFB waste was less than the corrosion that occurred when DWPF glasses were melted in a 
crucible of the same refractory (discussed later in section VI, C). 

3.1.2 Hanford High Chromium HLW 

The Hanford HLW has been divided into 17 compositional groups, called clusters, which contain 
varying amounts of Cr2O3, 4.25 wt% being the highest [Perez et al. 2001, Day et al. 2003b, Huang et 
al. 2004a]. Chromium oxide is one of several components commonly present in many nuclear wastes 
that are either insoluble or marginally soluble in oxide melts. For example, the solubility of Cr2O3 in 
silicate melts is reported to be between 0. 5 and 1.0 wt% [Feng et al. 1996]. Thus, a HLW containing 
4.25 wt% Cr2O3 would need to be diluted by ~4.5 to 9 times, or, said in another way, the waste loading 
would need to be limited to between 12 and 24 wt% to keep the Cr2O3 content of the waste form below 1 
wt%. 

Chromium oxide has a much higher solubility in iron phosphate melts.  A simulated HLW containing 
4 wt% Cr2O3, whose overall composition is representative of the high chromium oxide wastes at Hanford, 
has been vitrified in a phosphate glass by simply adding a source of P2O5 that formed chemically durable 
glassy waste forms with waste loadings (WL) as high as 65 wt% [Huang et al. 2003, 2004a]. Waste 
forms containing up to 80 wt% of the high chromium waste have been produced, but they contained 
small amounts, <1.5%, of Cr2O3 crystals. The melting temperature of the iron phosphate glasses varied 
with the WL, ranging from 1100°C at a WL of 35 wt% to 1300°C at a WL of 80 wt%. The melting 
temperature for the most chemically durable waste form, WL of 65 wt%, was 1200°C. The chemical 
durability of either glassy or partially crystallized waste forms with a waste loading of 75 wt% exceeded 
that of commercial window glasses. More information for the chemical durability of high chromium 
HLW waste forms is given in section V, A.1. 

3.1.3 Hanford Low Activity Waste (LAW); Average LAW and AZ102 LAW 

The Hanford site in Washington State has more than 55 million gallons of radioactive waste 
stored in 177 underground storage tanks [Perez et al. 2001]. The waste in these tanks consists of a 
settled sludge layer containing mainly heavy metals, transuranics and phosphates, and a liquid layer 
above it containing mainly dissolved sodium, nitrates, phosphates and sulfates. A majority of the 
radiation in these tanks is contained in the sludge layer, which is by definition a high level waste 
(HLW). The liquid fraction of the waste, which is of larger amount, is known as the low activity 
waste (LAW). According to the DOE’s current waste remediation strategy, the HLW and LAW 
fractions will be separated, vitrified independently in a borosilicate glass and stored in an underground 
repository. 

The waste volume and compositions estimated with the Hanford Tank Waste Optimization Simulator 
(HTWOS) for the Tank Farm Contractors Operation and Utilization Plan (TFCOUP) [Kirkbride 2000] 
were used as the basis for developing a general composition for LAW. The HTWOS estimation 
produced about 900 batches of LAW of different compositions. A mass-weighted average composition 
for batches containing >7 wt% SO3 has been used in formulating borosilicate glass compositions for 
Hanford LAW. The average LAW composition shown in Table V is a simplified version of this 
composition. It was developed by neglecting the components whose concentration was <0.5 wt%, and 
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then normalizing the composition to 100%. Most LAW streams like the one in Table V are generally 
high in sulfate and sodium and both components can potentially limit the waste loading. 

The composition of AZ102 LAW, Table V, which is the LAW fraction in Tank AZ102, is similar 
to the average Hanford LAW composition. However, it contains a much larger amount of SO3 (17 
wt% compared to 10 wt%) and slightly larger amounts of total alkali (80 wt% compared to75 
wt%). An investigation of the properties of iron phosphate waste forms containing either the average 
LAW or AZ102 composition yielded the following results. 

1. Iron phosphate compositions containing 30 wt% average LAW or 26 wt% for AZ-02 LAW, 
designated as MS26AZ102F-2), both as-quenched and CCC-treated, with a Na2O content 
ranging from 20.5 to 22.5 wt% were melted at 1050°C/1100°C in 2 to 3 h.  The iron 
phosphate waste forms satisfied the current PCT and VHT chemical durability standards 
[Day et al. 2003b, 2011, 2012, Day and Kim 2003, Kim CW and Day 2003b, Leerssen 
2002]. Additional information for chemical durability of waste forms containing Hanford 
LAW is given in section V, A.1. 

2. The processing of the MS26AZ012F-2 iron phosphate melt in a research size JHCM at 
PNNL (Sevigny et al. 2011) and CCIM at INL (Soelberg and Rossberg 2011) was successful. 
The slurry feed batch was melted without interruption for 10 days in the JHCM (PNNL) 
between 1030°C and 1050°C and for 70 h in the CCIM (INL) between 1030°C and 1090°C. 
The minimum and maximum melting rate was 411 and 1330 kg/m2/day, respectively, in the 
JHCM, and 285 and 664 kg/m2/day, respectively, in the CCIM. 

3. There was no sulfate or corrosive sulfate salt liquids formed during crucible melting with 
dry raw materials or during continuous operation in the JHCM (PNNL) or CCIM (INL) using 
a slurry batch. This implies that the waste loading in these iron phosphate glasses is not 
limited by the SO3 content of the LAW, and about 4 to 5 wt% SO3 could be retained in iron 
phosphate glass waste form. 

4. The retention of other volatile components like cesium and rhenium (surrogate for Tc-99) 
was from 92 to 100% for Cs2O and from 33 to 66% for Re2O7 for various melting 
conditions (oxidizing or reducing atmospheres and times, ranging from 3 h to 10 days). 

5. Corrosion of commercial refractory materials such as alumino-silicate (SiO2 83%, Al2O3 

17%), high purity alumina, and Monofrax K-3 is negligible to minimal, see section VI, C. 

6. The corrosion of Inconel 690 and Inconel 693 metal coupons, determined by dimensional 
changes, corrosion depth, and chromium depletion, in iron phosphate melts containing 26 
wt% AZ102 LAW at 1050 and 1100°C was within acceptable limits for use as electrodes 
in a JHCM (Gan et al. 2011). Inconel 693 performed significantly better in iron phosphate 
melts than Inconel 690. 

7. The Inconel 693 electrodes used in the research scale JHCM experiments conducted at 
PNNL to melt (10 days) an iron phosphate glass that contained 26 wt% of AZ102 LAW had 
a corrosion rate of <2.5 mm/year [Sevigny et al. 2011] and ~1.6 mm/year [Hsu et al. 2014], 
two independent measurements. For comparison, the corrosion rate of Inconel 690 that is 
currently being used in JHCM’s at PNNL and in the DWPF at the Savannah River Site has 
been reported to range between 1.1 and 2.8 mm/year [Barnes et al. 1982, Iverson et al. 
1984]. 

8. In similar studies conducted using an iron phosphate melt that contained 30 wt% of the 
average LAW composition, see Table V, at 1050°C for up to 155 days, the corrosion rate 
was ~0.50 mm/year for Inconel 690 and ~0.28 mm/year for Inconel 693 [Zhu D et al. 
2005]. For additional corrosion results see section VI, D. 
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9. The viscosity and electrical conductivity for iron phosphate melts containing Hanford LAW 
are within the acceptable limits for processing in a JHCM or CCIM. 

3.1.4 INL Sodium Bearing Waste (SBW) 

Radioactive wastes from nuclear fuel reprocessing at the Idaho Nuclear Technology and 
Engineering Center (INTEC) have been collected and calcined for several decades. In addition, 
secondary radioactive wastes from decontamination, laboratory activities, and fuel storage activities have 
also been stored, as liquid, which is collectively called sodium bearing waste (SBW). According to 
different estimates, from about 3.8 to 5.7 million liters (1 to 1.5 M gallons) [Peeler et al. 2001, Darab et 
al. 2001, Vienna et al. 1999] of these wastes are temporarily stored in stainless steel tanks at the Idaho 
National Engineering and Environmental Laboratory (INEEL), currently the Idaho National Laboratory 
(INL). These liquid wastes are considered high priority for immobilization, since as a liquid; they can 
easily contaminate the environment, thus posing a risk to humans and animals. Vitrification in a 
chemically durable glass is considered one means for immobilizing the SBW, although different 
options for pre- treating the liquid waste are being evaluated. 

The sodium bearing waste is basically an acid solution with approximately 7M (NO3)2-.  The other 
ionic species that are present in the solution at relatively high to moderate concentrations (>1 wt%) 
include, in decreasing order, [Vienna et al. 1999] Na+, Al3+, K+, SO4

2-, PO4
2-, Ca2+, Fe3+, Cl-, F-, and 

Zr4+. Several different versions of simplified compositions based on oxide components for the SBW have 
been published [Peeler et al. 2001, Darab et al. 2001, Vienna et al. 1999, Kim CW et al. 2003 (a, b)], but 
all the differences are small. This difference in composition arises from the choices made in setting the 
lower limit for the concentration of components that may be excluded for simplifying the overall 
composition. The simplified compositions listed in  Table V  were generated by neglecting components 
present in quantities <0.1 wt% in the original SBW, and normalizing to 100 wt% to account for the 
excluded mass. 

The SBW composition is relatively high in sodium, aluminum and sulfate, Table V [Peeler et al. 
2001, Leerssen 2002, Day et al. 2003b, Kim CW et al. 2003 (a, b)]. Glass formulations based on 
borosilicate compositions for the direct vitrification of SBW were first developed by Vienna et al. 
(1999), and later extended by Peeler et al. (2001). It was concluded that the presence of sulfur species 
in the SBW would limit the SBW loading in the glass.  The solubility limit for sulfates in silicate melts is 
generally <1 wt% according to these studies.  This low solubility limits the WL to a maximum of 20 wt% 
(Darab et al. 2001). In an iron phosphate melt at least 5 wt% SO3 can be present in the waste without 
forming a salt layer or inclusions [Kim DS et al. 2003] so higher waste loadings are possible. 

Vitrification of a simulated SBW (see Table V) in an iron phosphate glass shows that a WL of 40 to 
45 wt% can be achieved without any sulfate segregation or salt (gall) formation [Leerssen 2002, Kim 
CW et al. 2003(a, c)]. The waste forms satisfy all the current DOE requirements for chemical durability 
(CIT, PCT and VHT), see section V, A.1 and A.2. The limiting factor for the chemical durability appears 
to be the sodium content of the waste. The chemical durability of the waste form becomes 
unsatisfactory when the Na2O content exceeds about 23 wt%. As was the case for the chemical 
durability of the TFB sludge waste forms (section V, A.2), the presence of alumina is a significant 
factor in increasing the chemical durability of iron phosphate waste forms containing SBW waste. The 
iron phosphate compositions were melted at temperatures, between 950 and 1000°C, in 2 to 4 h, well 
within the capability of JHCM. The iron phosphate melt retained about 43% of the SO3 present in the 
batch. 

3.1.5 Aluminum-Clad Spent Nuclear Fuel (SNF) 

Spent nuclear fuel is highly radioactive and will remain so for millions of years due to the long 
half-lives of U-235 (7 x 108 years) and the daughter products such as isotopes of Th, Pu, Np, Am, Cm 
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and others produced during use. Like other high or low level nuclear wastes, the management and 
disposal of SNF must be carefully considered to avoid the release of radioactivity into the environment. 

Commercial  nuclear  fuel  rods  are  clad  with  aluminum  or  more  commonly  with  ZircalloyTM. 
Currently, 409 Al-clad highly enriched SNF rods are stored at the DOE Savannah River site and are 
being considered for permanent immobilization by vitrification. Present plans call for the SNF rods 
to be dissolved in a nitric acid solution which will be fed into a furnace along with glass forming 
chemicals, and melted to form a chemically durable glass. The vitrification process would be similar to 
that now being used to vitrify HLW at the DWPF in a JHCM. 

The SNF waste composition is a complicated mixture of numerous elements, but dominated, as 
expected, mostly by Al and U. Assuming a two year burn up, a simplified SNF composition based on 
oxide basis is given in Table V in wt%, where Al2O3 and UO2 constitute the bulk, ~96 wt%, of the 
waste. The feasibility of using an iron phosphate glass for immobilizing this SNF waste has been 
investigated [Mesko and Day 1999]. Prior to vitrification, the SNF waste was diluted by adding depleted 
UO2 to lower the U- enrichment and to avoid the risk of criticality. At least 15 wt% of SNF waste at 8% 
enrichment has been processed in iron phosphate melts at temperatures <1150°C. The iron phosphate 
waste forms contained no crystalline solids and their chemical durability was as good as, and in 
several cases up to 15 times better than the DOE approved ARM-1 reference glass [Mesko and Day 
1999], see section V, A.2. 

3.1.6 Re-processed Spent Nuclear Fuel 

In several countries, especially Europe and Japan, SNF rods are chemically reprocessed to extract Pu 
and U for reuse in new fuel. The residual high level wastes that contain fission products and minor 
actinides are then vitrified for safe disposal in a borosilicate glass. The US Department of Energy 
(DOE), has also created the Advanced Fuel Cycle Initiative (AFCI) program to develop and demonstrate 
a uranium extraction (UREX+) process for recycling SNF [Ryan et al. 2009]. The current base line 
AFCI/UREX+ process generates several secondary waste streams which, depending upon the 
specific separation process, have different compositions. In one of these waste streams the dominant 
waste elements are lanthanides, ZrO2, alkalies, alkaline earths, MoO3, and noble metals (PdO, Rh2O3, and 
RuO2). The concentrations of MoO3 are predicted to vary from 1.35 to 13.99 mass%, ZrO2 from 3.04 
to 13.75 mass%, and noble metals from 0.96 to  19.60 mass%. With  regards to waste loading, two  
limiting compositions, representing extreme end points, that are expected to result from the separation 
processes, have been identified [Ryan et al. 2009, Crum et al. 2009, Riley et al. 2009]; 

1. a waste composition high in MoO3, generally referred to as Collins-CLT, and 

2. a waste composition high in noble metals, referred to as Bakel-CLT. 

The Mo-limited composition, Collins-CLT, is considered the most likely waste stream of all the 
base-line re-processed SNF compositions to be implemented [Ryan et al. 2009]. Studies on vitrifying this 
waste in a borosilicate (BS) glass showed that a waste loading (WL) of 18 wt% was the maximum that 
did not cause phase separation or crystallization of the melt on cooling [Ryan et al. 2009]. This translates 
to a maximum MoO3 solubility of about 2.5 wt%. Synthesis of multiphase borosilicate glass ceramic 
waste forms containing up to 50 wt% of this waste (MoO3 content 6.94 wt%) has been reported [Crum 
et al. 2011, 2012], but it is unknown whether the chemical durability of these waste forms meet DOE 
requirements. 

In an attempt to increase the waste loading, the feasibility of using an iron phosphate glass to 
vitrify the Mo-dominated SNF waste, the simplified composition given in Table V was investigated 
(Ray 2009). Iron phosphate glasses have been reported [Selvaraj et al. 1985, Muthupari et al. 1996, 
Mogus- Milankovic et al. 2003a] to have a much higher solubility of MoO3, so a higher WL for this 
waste was expected. 
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Three series of base-line iron phosphate compositions, namely, X Fe2O3-(100-X) P2O5, mol% with X 
= 15, 20 or 25, containing different amounts (wt%) of the Mo-dominated SNF waste were investigated. 
The iron phosphate waste forms with a waste loading of 20 wt% were completely amorphous (MoO3 

content is 2.78 wt%) and melted between 1150 and 1200°C in 2 h. The chemical durability (PCT and 
CIT dissolution rate) of the glass waste form containing the highest amount of Fe2O3 (Fe25PW20) met the 
DOE requirements, but the other two (Fe15PW20 and Fe20PW20) marginally failed. The density of these 
waste forms ranged from 3.1 to 3.7 g.cm-3, which lowers the volume of waste form compared with other 
oxide glasses of lower density. 

The waste forms with WL >20 wt% were partially crystalline. The degree of crystallinity increased 
with increasing WL reaching ~2% at WL=30 and ~16% at WL=40. Interestingly, the chemical durability 
of the partially crystalline waste forms for all three compositional series improved with increasing WL 
and met all of the DOE standards. A waste loading of 40 wt% corresponded to a MoO3 content of 5.53 
wt%. No molybdenum compounds were detected by XRD in the partially crystalline waste forms; 
rather the crystalline phases were lanthanum, neodymium or cerium phosphates. These results suggest 
that at least 5.53 wt% MoO3 can be dissolved in iron phosphate glasses. 

The melting temperature for these glasses increased with WL. For example, it increased from 
1200°C for the Fe25PW20 composition to 1400°C for the Fe25PW40 composition. The composition with 
50 wt% WL did not fully melt at 1500°C. It is considered likely that chemically durable iron phosphate 
waste forms with WL >40 wt% of this Mo-dominated SNF waste could be produced in melters 
capable of operating at higher temperatures. These or similar iron phosphate compositions are 
considered to be suitable candidates for processing in a CCIM where higher operational temperature are 
possible. 

3.1.7 Iron Phosphate Glass Waste Forms Containing Common and Important 
Components Present in Nuclear Wastes 

Iron phosphate glasses containing various amounts of one or more components such as U, Cs, Bi, Na, 
K, Ca, Sr, or Mo, that are commonly present in many nuclear wastes, have been investigated [Marasinghe 
et al. 1999, 2000b]. Some of these compositions are listed in Table II. The primary purpose was to study 
the effect of these waste components on the redox equilibria of iron ions, and the structural features and 
crystallization characteristics of iron phosphate glasses. An estimate of the solubility limit of these 
components in the iron phosphate glasses was also made. The maximum amount of a component that 
could be incorporated before crystallization or phase separation occurred in the melt was used as the 
solubility limit. 

These components, as oxides, were substituted for Fe2O3 or P2O5 or both in the base line 40Fe2O3-
60P2O5, mol%, glass. Only those compositions which contained the maximum amount of these 
components and which produced glass upon melting and normal cooling are listed in Table VI. The 
maximum amount of a particular waste component that was present in the melt before detectable (XRD) 
crystallization occurred is given in column 2. These results show that a waste containing significant 
amounts UO2 or Cs2O can be vitrified in an iron phosphate glass. 

A large part of the radioactive 137Cs and 90Sr stored at the Hanford site is present as CsCl and SrF2, so 
experiments were conducted [Mesko et al. 2000] to determine how much of these halides could be 
incorporated into iron phosphate glass. It should be noted that small amounts of halides in silicate melts 
often produce immiscibility which is undesirable for immobilization purposes. As described  above, 
various amounts of CsCl or SrF2 were substituted for Fe2O3 or P2O5 or both in the base line 40Fe2O3- 
60P2O5, mol%, composition, Table VI. Depending upon the amount of CsCl or SrF2, these glasses 
were melted between 950 and 1200°C in 1 to 2 h. The melting temperature decreased with increasing 
amount of CsCl/SrF2. The maximum amount that could be incorporated before crystallization was ~26 
mol% (28 wt%) for CsCl and 31 mol% (31 wt%) for SrF2, Table VI. The chemical durability as 
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measured by PCT for these iron phosphate waste forms exceeded the DOE PCT requirements. 
Compositional analysis of the iron phosphate glasses showed that a majority of the halides was released 
during melting, but essentially all of the Cs and Sr were retained in the as-made glass. 

4. CONTINUOUS MELTING OF IRON PHOSPHATE GLASS 

4.1 Joule Heated Research Scale Melter (RSM/JHCM) at PNNL 
The ability to vitrify a wide range of nuclear wastes in chemically durable, iron phosphate waste 

forms has been clearly demonstrated. A majority of this work has been conducted using small crucible 
scale melts. Unfortunately, no effort has been made, until recently, to investigate iron phosphate waste 
forms produced on a larger scale by continuously melting either a dry or wet slurry feed containing a 
simulated Hanford LAW. 
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Table VI: Data for selected iron phosphate waste forms containing components commonly present in nuclear waste. 

Waste Component 
(Oxide)* 

Waste Loading 
(mol%)** 

Glass Composition 
Reference 

Mol% Wt% 

Bi2O3 20 20Fe2O3-60P2O5-20Bi2O3 15Fe2O3-41P2O5-44Bi2O3 Marasinghe et al. 1999, 2000a 

Cs2O 30 28Fe2O3-42P2O5-30Cs2O 24Fe2O3-31P2O5-45Cs2O Marasinghe et al. 1999, 2000a 

K2O 20 20Fe2O3-60P2O5-20K2O 23Fe2O3-63P2O5-14K2O Fang et al. 2000b 

MoO3 30 10Fe2O3-60P2O5-30MoO3 11Fe2O3-59P2O5-30MoO3 Marasinghe et al. 1999 

Na2O 20 
32Fe2O3-48P2O5-20Na2O 39Fe2O3-52P2O5-9Na2O Marasinghe et al. 1999 

20Fe2O3-60 P2O5-20 Na2O 25Fe2O3-66P2O5-9Na2O Fang et al. 2000b 

Na2O+K2O 20 
20Fe2O3-60P2O5-10Na2O-10K2O 24Fe2O3-64P2O5-5Na2O-7K2O Fang et al. 2000b 

32Fe2O3-48P2O5-10Na2O-10K2O 38Fe2O3-50P2O5-5Na2O-7K2O Fang et al. 2000b 

Na2O+Bi2O3 20 32Fe2O3-48P2O5-10Na2O-10Bi2O3 30Fe2O3-40P2O5-3Na2O-27Bi2O3 Marasinghe et al. 2000a 

Na2O+CaO 20 32Fe2O3-48P2O5-10Na2O-10CaO 39Fe2O3-52P2O5-5Na2O-4CaO Marasinghe et al. 2000a 

Na2O+Cs2O 20 32Fe2O3-48P2O5-10Na2O-10Cs2O 33Fe2O3-45P2O5-4Na2O-18Cs2O Marasinghe et al. 2000a 

Na2O+UO2 20 32Fe2O3-48P2O5-10Na2O-10UO2 33Fe2O3-45P2O5-4Na2O-18UO2 Marasinghe et al. 1999, 2000a 

SrO 20 32Fe2O3-48P2O5-20SrO 36Fe2O3-49P2O5-15SrO Marasinghe et al. 1999 

UO2 
15 

25Fe2O3-60P2O5-15UO2 24Fe2O3-51P2O5-25UO2 Marasinghe et al. 1999, 2000a 

26Fe3O4-59P2O5-15UO2 33Fe3O4-45P2O5-22UO2 Marasinghe et al. 1999 

19 32Fe3O4-49P2O5-19UO2 38Fe3O4-36P2O5-26UO2 Marasinghe et al. 2000a 

UO2+CaO 20 32Fe2O3-48P2O5-10UO2-10CaO 33Fe2O3-45P2O5-18UO2-4CaO Marasinghe et al. 2000a 

CsCl 26 30Fe2O3-44P2O5-26CsCl 31Fe2O3-41P2O5-28CsCl Mesko et al. 2000 

SrF2 31 24Fe2O3-45P2O5-31SrF2 27Fe2O3-45P2O5-28SrF2 Mesko et al. 2000 

*  The waste components were substituted for either Fe2O3 or P2O5 or both. 
**Maximum amount, mol%, before crystallization or phase separation occurs. 
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This important step was taken when an iron phosphate melt was processed in the joule heated, 
research scale melter (RSM) at PNNL [Sevigny et al. 2011, Day et al. 2012]. The waste chosen 
for this RSM/JHCM experiment was the Hanford AZ102 LAW because of its very high sulfate (~17 
wt%) and alkali (~80 wt%) content. The optimum waste loading of 26 wt% was chosen from several 
crucible scale iron phosphate melts, see section III, A.4. This iron phosphate composition is hereafter 
designated as MS26AZ102F-2. 

The  RSM  at  PNNL,  whose  detailed  description  and  operating  parameters  are  given  
elsewhere [Sevigny et al. 2011], was operated continuously for 10 days at temperatures between 1030 and 
1050°C. The iron phosphate melt (MS26AZ102F-2) was drained periodically through a pour spout 
tube (InconelTM 690) into a stainless steel canister for cooling. The primary objectives were to determine 
the  operational capability of the joule heated RSM to process an iron phosphate melt and to obtain as 
much data as possible for assessing the feasibility of conducting larger, pilot-plant scale melting 
operations. The purpose of the pilot-plant size operations is to demonstrate the feasibility of vitrifying 
Hanford LAW and HLW waste streams in an iron phosphate melt on a scale more relevant to Hanford 
operations. 

The RSM capability at PNNL is representative of a full-scale melter system and is useful for 
determining the relationships between the properties of the feed and the final glass waste form. The body 
of the RSM is an Inconel 625 closed-ended cylinder lined with a commercial (Alfrax) refractory that 
contained a Monofrax K3 refractory melt cavity (cavity diameter 15 cm, height 17 cm, inside volume 
4.5 L). An electric kiln surrounded the melter body to minimize heat loss during operation. The RSM 
was equipped with an off- gas treatment system that included quenching, wet scrubbing, and high 
efficiency mist elimination, thereby, allowing direct assessment of effluent partitioning behavior. 

Some of the most important goals of the RSM experiment were to determine the following: 

1. could an iron phosphate melt be successfully processed in the joule heated RSM, over a 10 
day period, without damaging the Inconel 693 electrodes, refractory lining and other melter 
components, 

2. would the iron phosphate waste form meet the DOE requirements for chemical durability, 

3. what glass production rates were possible and how did these rates vary with the melter 
atmosphere, 

4. the percent retention of sulfate, cesium and other volatile species in the waste form and, 

5. were any unexpected problems encountered. 

Two Inconel 693 electrodes (dimension 7.6 cm x 7.6 cm) introduced from the top of the melter body 
and submerged in the iron phosphate melt supplied joule heating power to the melt in the RSM. A voltage 
of 10 to 35 V, an average current of 120A, and a current density of 1.6 to 3.5 A.cm-2 were maintained 
between the electrodes during the melting operation. Initially, the melter was loaded with a sufficient 
amount of pre- melted glass frit (start-up glass) of the same composition as that of the glass waste 
form to be processed. The starter glass was melted by turning on the melter kiln heater prior to initiating 
joule heating of the glass. The melt was agitated by injecting air at a rate of 1 to 1.5 L/min through a 
submerged Inconel 625 tube to enhance the feed and melt processing rates. The pour spout tube used for 
discharging the melt was heated to prevent feed line clogging and facilitate draining of the molten 
glass. Additional operational details are described in [Sevigny et al. 2011]. 

Once joule heating of the melt was established, the batch feed line was opened for continuous 
delivery of the slurry feed to the melter.  The feed was delivered from a feed tank to the RSM feed 
nozzle by a peristaltic pump.  An agitator in the feed tank kept the slurry well mixed.  The feed tank was 
on a scale that was monitored by the computer data acquisition and control system. The pump speed 
and, hence, the rate at which the feed was introduced into the melter was controlled from the computer. 
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During the operation of the RSM, the melter conditions were varied in the following ways:  (1) 
sugar was added to the slurry feed as a reductant to control NOx emissions and melt foaming and, (2) the 
melt was bubbled with air for the purpose of simulating conditions which are part of the current WTP 
plant design. Four different combinations of variables, namely, (1) no sugar/no air bubbler, (2) no 
sugar/air bubbler, (3) sugar/no air bubbler, and (4) sugar/air bubbler were used during the test 
procedures. Although, these parametric variables are likely to affect the major processing conditions such 
as the melt temperature, melter pressure, feed composition and rate, plenum temperature, cold cap 
coverage, off-gas temperature and quench-scrubber condensate temperature, efforts were made to 
maintain similar processing conditions when the variables were changed. 

The 10 day RSM experiment was successful and the vitrification of the Hanford AZ102 LAW waste 
in the iron phosphate glass, waste loading was 26 wt%, progressed as planned. These encouraging test 
results support the conclusion that iron phosphate compositions can be safely processed in joule heated 
melters at a larger pilot-plant scale when equipped with Inconel 693 electrodes. The noteworthy 
information gained from the RSM experiment is summarized below. 

1. This successful test produced about 124 kg of an iron phosphate glass waste form 
containing 26 wt% of AZ102 LAW (MS26AZ102F-2) during continuous operation for 
240 h at production rates ranging from 0.31 to 1.0 kg/h (411 to 1330 kg/m2/day). Bubbling 
the melt with air or adding sugar to the slurry batch increased the glass processing rate. 
When both were used simultaneously, the glass production rate more than doubled. 

2. The glass waste form prepared with or without sugar met all the chemical durability 
requirements (PCT and VHT) for LAW, see section V, A.1 for details of the chemical 
durability results. For example, the PCT results for the as-made and CCC-treated waste 
forms collected at different times during the 10 day experiment had a release rate for Na 
between 1.3 and 2.7 g/L, which is well below the DOE limit of 4 g/L for LAW. The VHT 
corrosion rate for the as-made glass waste forms was negligible (ranged from <0.5 to 2.6 
g/m2/day), the DOE limit being 50 g/m2/day. The VHT results for the CCC treated 
samples, which were partially crystalline and not so consistent, were attributed to uneven 
crystallization and ranged from ~25 to 140 g/m2/day. 

3. The iron phosphate melt containing 4.7 wt% SO3 was easily processed, with no detectable 
evidence of sulfate segregation.  The average retention for SO3 and rhenium (surrogate for 
Tc) was 38 and 36 percent, respectively, for the entire 10 day experiment. The maximum 
retention for SO3 and rhenium was 78 and 61 percent, respectively. Adding sugar 
decreased the SO3 retention and increased Re retention. 

4. The retention of SO3 was only marginally reduced when the melt was bubbled with air, 
but the retention was ~23% when sugar was added to the batch, see Figure 9. As expected, 
the addition of sugar created reducing conditions and increased the fraction of Fe2+ in the 
glass waste form (Figure 9, Table II). 

5. No noticeable change or damage was observed in the melter electrodes, or the metal bubbler 
and melt discharge tubes. The edges of the Inconel 693 electrodes remained sharp after 10 
days of operation see section VI, D.  Based on the electrode dimensions, as measured from 
SEM photos, the corrosion rate of the Inconel 693 electrode was <2.5 mm/year [Sevigny et 
al. 2011] and ~1.6 mm/year [Hsu et al. 2014], two independent measurements. For 
comparison, the corrosion rate of the Inconel 690 that is currently used in the DWPF (SRNL) 
is reported to range between 1.1 and 2.8 mm/year [Barnes et al. 1982, Iverson et al. 1984]. 
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Figure 9. Concentration of SO3 as a function of iron redox for the MS26AZ102F-2 glasses prepared at 
RSM (JHCM)-PNNL under different melting conditions [Sevigny et al. 2011, Day et al. 2012] 

Overall, the RSM experiment to vitrify the Hanford AZ102 LAW in an iron phosphate melt in the 
joule heated RSM at PNNL provided useful and encouraging information in terms of overall melter 
performance, feed input and melt production rates, glass quality and chemical durability, retention of 
volatile components, especially SO3, and performance and minimal corrosion of the melter electrodes 
(Inconel 693), refractory lining and bubbler and melt discharge tubes [Sevigny et al. 2011]. 

4.2 Bench Scale Cold Crucible Induction Melter (CCIM) 
at KRI (Russia) and INL (USA) 

As a means of vitrifying high and low level nuclear wastes (HLW and LAW), only the JHCM 
design discussed above is currently being used by DOE for glass melting. At the present time, the 
maximum operating temperature of joule heated melters in the US is limited by the Inconel 690 metal 
electrodes whose temperature limit is 1200°C. 

As a potential alternative to the JHCM, Cold Crucible Induction Melters (CCIMs) have been 
developed which avoid the temperature limitations of a JHCM. The CCIMs have been developed and 
used outside the United States (US) for many years to vitrify HLW, intermediate level waste (ILW) and 
LAW [Girold et al. 2008, Stefnovsky et al. 2010]. 

The CCIM design concepts make use of induction heating from an induction coil through a 
melter shell (crucible) that is transparent to the induction field heating the melt. In this design, the 
induction coil does not directly contact the molten glass, but instead surrounds an array of vertically 
oriented water-cooled metal tubes. The assembly of water-cooled metal tubes acts as a kind of crucible 
and contains the molten pool of glass. The water cooling freezes the outer layer of the melt around the 
periphery and at the bottom of the melt.  This forms a type of “cold crucible” of the same glass 
composition.  Since no metal electrodes or refractory materials are required in a CCIM for heating or 
containing the melt, the corrosion of glass contact refractories and metal electrodes present in a JHCM 
are absent in a CCIM. Thus, a CCIM should ideally have a longer melter life and be capable of operating 
at temperatures higher than those in a JHCM. 
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The feasibility of processing iron phosphate glasses in a continuously operated CCIM has been 
investigated in two experiments and both produced encouraging results.  In one experiment, the SBW 
(Table V) at INL was vitrified in an iron phosphate glass at a waste loading of 40 wt% in a CCIM at the 
V. G. Khlopin Radium Institute (KRI) in St. Petersburg, Russia [Kim CW et al. 2003 (a, b), Gombert 
and Richardson 2001, Gombert et al. 2002]. In the second experiment, the same iron phosphate glass 
composition containing 26 wt% of the Hanford AZ102 LAW (MSAZ102F-2), as was used in the research 
size JHCM at PNNL (section IV, A), was vitrified in a bench scale CCIM at INL [Soelberg and Rossberg 
2011, Day et al. 2012]. 

4.2.1 Bench Top CCIM Experiment at KRI 

The KRI bench-top CCIM consisted of a six turn vertical induction coil with an internal diameter of 
~12 cm which surrounded a 9 cm diameter, 40 cm tall water cooled metal tube assembly that acted as the 
melter crucible [Gombert and Richardson 2001, Gombert et al. 2002]. A batch weighing ~1000 g of an  
iron phosphate composition containing 40 wt% of the simulated SBW (Table V) was prepared by 
thoroughly mixing appropriate amounts of the raw materials and melted in the KRI CCIM for 1 h [Kim 
CW et al. 2003 (a, b), Gombert and Richardson 2001]. The exact melting temperature was not 
measured/known, but based on the results, is estimated to have been above 1000°C as determined from a 
crucible-scale melt of an identical composition (section III, A.3). The overall glass composition was 
50.3P2O5-9.7Fe2O3-40(SBW), wt%, and the batch materials used were mostly dry powders except H2SO4 

and H3PO4 acids which were used as the sources for SO3 and P2O5, respectively. About 18 g of a 
sacrificial, electrically conducting material (silicon carbide) was mixed with the batch to initiate the 
melting process. Once the batch was melted, the heating was continued by an eddy current established in 
the melt. After melting, ~800g of glass was obtained, indicating a mass loss of 21 wt% due to the loss of 
volatile components and an unknown amount of material/glass adhering to the water-cooled metal tubes. 
The as-produced iron phosphate glass waste form was designated as IP40WG- CCIM, whereas, it’s 
identical counterpart produced by crucible scale melting (section III, A.3) was designated as IP40WG. 

The noteworthy results for these SBW containing iron phosphate glass waste forms are noted below. 

1. An iron phosphate composition containing 40 wt% SBW was produced in a CCIM and by 
conventional melting at 1000oC. No evidence of sulfate segregation was observed in either 
case. 

2. The chemical durability of the waste forms, as measured by PCT, VHT and CIT exceeded 
that of the reference EA glass; see section V, A.1 and Table VII. 

3. The waste forms prepared by conventional melting (IP40WG) and CCIM (IP40WG-CCIM) 
procedures, had the same density (Table VII). 

4. The chemical durability and thermal properties for the IP40WG-CCIM waste forms 
differed slightly from those of the IP40WG waste forms. It is suspected that this difference 
is due to the higher Fe2+ concentration in the IP40WG-CCIM glass (56% compared to 11%), 
Table VII. 

5. The h ighe r  Fe2+  concentration in the IP40WG-CCIM waste form is attributed to the 
presence of SiC used as a starter material in the batch, which created reducing conditions in 
the melt. 
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Table VII. Selected properties of iron phosphate glass waste forms containing 40 wt% SBW and 
prepared by conventional melting (IP40WG) and CCIM processing (IP40WG-CCIM) [Kim CW et al. 
2003 (a, b), Gombert and Richardson 2001]. 

Properties IP40WG IP40WG-CCIM 

Density, g/cm3 2.76 ± 0.01 2.76 ± 0.01 
1Glass transition temperature Tg, °C 430 ± 3 420 ± 3 
1Crystallization temperature Tx, °C 590 ± 3 560 ± 3 
1Melting temperature Tl, °C 740 ± 3 718 ± 3 
2Fe2+ fraction 0.11 0.56 
3VHT corrosion rates, g/m2/day <0.2 40 
1 Measured by DTA. 
2 Fe2+ fraction = Fe2+/[Fe2+ + Fe3+] measured by Mössbauer spectroscopy. 
3 No DOE specified limit for VHT for HLW is available for comparison; but that for LAW is 50 g/m2/day. 

 

4.2.2 Bench Scale CCIM Experiment at INL 

As mentioned before, the CCIM experiment at INL was conducted to demonstrate the vitrification of 
a Hanford LAW that contains large amounts of sulfate and alkali compared to other Hanford waste 
streams, in an iron phosphate glass. The same MSAZ102F-2 composition that contained 26 wt% of the 
Hanford AZ102 LAW, that was used in the RSM/JHCM experiment at PNNL was also used for the CCIM 
experiment at INL. 

The CCIM cylindrical crucible wall consisted of vertical water-cooled tubes [Soelberg and 
Rossberg 2011] an internal diameter of 26.7 cm, and a height of 40.6 cm. This apparatus was 
surrounded by a cylindrical induction coil assembly. A conductive metal cage enclosed the melter and 
induction coil system for safety purposes and to protect the equipment. The equipment was operated 
in a continuous fashion using a slurry batch feed of the MS26AZ102F-2 composition and included 
the following sub-systems; (1) induction power system, (2) feed system, (3) melter system, (4) glass 
product draining system, (5) cooling water system, (6) off-gas control system, and (7) process monitoring 
and control system. 

Instead of using SiC powder to initiate heating as in the KRI CCIM (section B.1 above), pre-
melted glass frit of the same MS26AZ102F-2 composition was used as the starter glass in the CCIM 
at INL. The electrical conductivity of a MS26AZ102F-2 glass is sufficiently high that it is self-heating. 
The slurry feed was started after the start up glass was molten and the melt attained the desired 
temperature (~1030°C). The melt was bubbled with air using an Inconel 625 tube and an air flow of 
between 1 and 1.5 L/m. Bubbling accelerated the mixing (thermal convection currents) and 
homogenization of the melt and which permitted a higher feed rate (from 0.86 L/h to 2.0 L/h) and glass 
production rate (from 0.66 kg/h to 1.5 kg/h).  To control NOx emission and foaming, about 25 g of sugar 
per liter of slurry was added to the slurry batch.  In the RSM experiment at PNNL, sugar was added at 
50g per liter to the slurry feed at certain times. 

The noteworthy results obtained from the CCIM experiment at INL are as follows. 

1. The CCIM operated continuously for 70 h at temperatures between 1030 and 1090°C 
producing a homogeneous iron phosphate glass, designated as MS26AZ102F-2. The batch 
contained 26 wt% of the Hanford AZ102 LAW (4.7 wt% of SO3) and melted without 
forming any detectable sulfate layer or “gall” layer. The density of the glass collected at 
different times varied only nominally, between 2.79 and 2.85 g/cm3. 
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2. The feed rate at the two temperatures varied between 0.86 L/h and 2.0 L/h resulting in 
a glass production rate between 0.66 kg/h and 1.5 kg/h, respectively. 

3. The CCIM operation produced ~35 kg of glass in 70 h at a specific glass production rate 
varying from 285 to 664 kg/m2/day. 

4. The chemical durability for both glassy (QG) and CCC-treated waste forms as 
measured by PCT release for Na and Si, was within DOE acceptable limit for LAW, see 
Figure 14 (section V, A.1). 

5. The average VHT corrosion rates for glassy (QG) and CCC-treated samples was 12±3 and 
30±7 g/m2/day, respectively. Both values are less than the 50 g/m2/day DOE limit for LAW, 
see section V, A.1. 

6. The SO3 content of the glasses ranged from 2.98 wt% to 3.53 wt%, which amount to a 
retention of 68 to 81%. 

In conclusion, the feasibility of processing iron phosphate glass containing Hanford LAW using 
CCIM technology was successfully demonstrated. 

5. SELECTED WASTE FORM PROPERTIES CRITICAL FOR 
NUCLEAR WASTE IMMOBILIZATION 

5.1 Chemical Durability 

5.1.1 Product Consistency Test (PCT) and Vapor Hydration Test (VHT) 

1. Simulated Hanford and INL Wastes 

There is a large body of evidence showing that the chemical durability of many iron phosphate glass 
waste forms, containing a wide variety of high level wastes (HLW), low activity wastes (LAW) and 
spent nuclear fuel (SNF) wastes meet and often exceed all of the current DOE requirements specified in 
the Product Consistency Test [ASTM C 1285-02] and the Vapor Hydration Test [Jiricka 2000, ASTM C 
1663-09]. In Figure 10, the sodium released from the waste forms containing two Hanford wastes, high-
chromium HLW (section III, A. 2) and LAW (section III, A.4) and the sodium bearing waste (SBW) at 
the Idaho National Laboratory (INL) (section III, A.3) is shown as typical examples and compared with 
the DOE limit for LAW. These waste forms contained 26 wt%, 75 wt%, and 40 wt% of the Hanford 
LAW, Hanford High Chromium and INL SBW, respectively. It is noteworthy, from the stand point of 
the sodium released from the two Hanford wastes, that it made no difference whether the iron phosphate 
waste form was a glass (QG) or was partially crystallized (CCC). 
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Figure 10. Normalized sodium release,  determined  by  the  Product  Consistency  Test  (PCT),  from  
glassy (QG) or heat treated/partially crystallized(CCC)ironphosphate waste forms.   Refs are Hanford 
LAW [Kim CW et al. 2003b], Hanford High Chromium HLW [Huang et al. 2004b], and Han Hanford 
TFB [Kim CW et al. 2003a].  Right hand bars denote DOE limit for LAW and HLW. 

Vapor hydration test (VHT) results for iron phosphate waste forms, for the same three wastes in 
Figure 10, are shown below in Figure 11. The corrosion rates for the two glassy (quenched) Hanford 
wastes are less than 10% of the permissible DOE limit while the corrosion rate for the INL sodium 
bearing waste is barely measurable. The two heat-treated/partially crystallized (CCC) Hanford wastes 
(LAW and HLW) had a higher corrosion rate than the glassy waste forms, but still much below the DOE 
limit for LAW. 

 

Figure 11. Corrosion rate as determined by the Vapor Hydration Test (VHT), for two Hanford HLW 
glass (quenched) and heat treated (CCC)/partially crystallized iron phosphate waste forms and INL 
SBW glassy waste form. Waste loadings and references are the same in Figure 10. 
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The IP40SBW iron phosphate waste form whose corrosion rate is shown in Figure 11, contained 
40 wt% of the INL sodium bearing waste (SBW). Another 1000 gram batch of this same iron 
phosphate waste form composition was melted for one hour in an experimental cold crucible induction 
melter (CCIM) at the V. G. Khlopin Radium Institute in Russia [Gombert 2001, 2002] (section IV, B). 
The normalized elemental mass release for the conventionally melted, (IP40WG) and CCIM melted 
(IP40WG-CCIM) iron phosphate waste forms are shown in Figure 12 along with the elemental release 
data for the DOE environmental assessment (EA) glass. While there are small differences between the 
two iron phosphate waste forms melted in the US and in Russia, it is clear that the elemental release of 
sodium (Na) from both iron phosphate glasses is 3 to 7 times smaller (higher chemical durability) than 
the Na release from the EA glass. Sodium is the only common element in the two iron phosphate glass 
waste forms and the EA glass. The dissolution rate (DR) in deionized water at 90°C for these glasses 
was measured by the CIT technique described in the next section (A.2). The results are compared in 
Figure 13, which also show that the IP40WG and IP40WG-CCIM iron phosphate waste forms are more 
chemically durable than the standard EA glass. 

 

Figure 12. Comparison of the normalized elemental mass release (g/m2) from a conventionally 
melted iron phosphate waste form (IPG40WG) and a CCIM melted waste form containing 40 wt% of 
the INL sodium bearing waste after PCT in DIW at 90oC for seven days. The environmental assessment 
(EA) glass is shown for comparison. Elements for which the mass release was <0.01 g/m2 are not 
shown. Sodium is the only element in common for all three glasses. The initial (pHi) and final (pHf) 
pH of the leachate is given for each glass. Si in CCIM melted sample (*) is from the sacrificial SiC 
used in the CCIM and (**) is the DOE requirement for HLW [Kim et al. 2003a]. 
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Figure 13. Dissolution rate (DR) in DIW at 90°C as a function of immersion time for the iron phosphate 
glass waste forms containing 40 wt% SBW prepared using conventional melting (IP40WG) and CCIM 
procedures (IPWG40-CCIM), and the reference EA glass. Initial pH of DIW was 5.8. The nearly 
constant pH of the leachate for the IP40WG and IP40WG-CCIM samples compared to that for the 
EA glass attributed to the larger buffering action of the phosphate glasses. 

The PCT normalized mass release of Na and Si for the iron phosphate glass waste form containing 
26 wt% of AZ102 LAW, prepared in the RSM at PNNL (section IV, A) and in the CCIM at INL 
(section IV, B) is compared in Figure 14 along with the same composition waste forms prepared by 
several other melting procedures. As indicated in  Figure 14, the normalized  mass release of Na and  
Si  from all of the iron phosphate waste forms, which were prepared in many different ways, was well 
below the DOE limit. The release of Na and Si from the heat treated/partially crystallized waste forms 
(CCC) was typically slightly higher than from the quenched glass (QC) waste forms, but the small 
difference is of little consequence. 

This data, along with the other data acquired from these two 10 day experiments, is considered to be 
particularly relevant in terms of demonstrating (a) it is possible to vitrify a high alkali/high sulfate waste 
in an iron phosphate glass on a larger scale (although still small by practical needs) (b) no corrosive salt 
(gall) layer was present, (c) iron phosphate glass can be produced by joule heating (metal 
electrodes) or induction heating, (d) an iron phosphate melt can be drained from either type of 
furnace, and (d) the solidified iron phosphate waste form meets all required chemical durability 
requirements. 



 

35 

Product Consistency Test (PCT) Results for MS26AZ102F-2 Iron Phosphate Glass (WL=26%) 

 

Figure 14. Normalized mass release for Na and Si for iron phosphate waste forms containing 26 wt% 
of simulated Hanford AZ102, LAW. RSM denotes slurry waste melted in PNNL research size joule 
heated melter [Sevigny et al. 2011], CCIM denotes slurry waste melted in cold crucible induction 
melter at INL [Soelberg and Rossberg 2011], Trial denotes dry simulated waste while Slurry denotes wet 
simulated waste (both melted in electric furnace at MO-SCI Corp, Rolla MO). Starter denotes the glass 
frit made from the MS26AZ102F-2 composition that was conventionally melted at MO-SCI Corp and 
used as a startup glass at the beginning of the RSM/JHCM experiment at PNNL [Sevigny et al. 2011] 
and CCIM experiment at INL [Soelberg and Rossberg 2011]. 

5.1.2 Chemical Durability Measured by Coupon Immersion Test (CIT) 

As mentioned previously, a iron phosphate melt/glass will normally contain a mixture of ferrous and 
ferric ions, but the chemical durability does not appear to be particularly sensitive to this ratio, at least 
for the widely studied 40 Fe2O3-60 P2O5, mol%, glass [Marasinghe et al. 2000a, Ray et al. 1999a, Reis et 
al. 2001]. As shown in column 5 of Table VIII, the dissolution rate (DR) as measured by CIT (weight 
loss of 1x10x10mm coupons immersed in DI water at 90oC for 16 days) for the 40 Fe2O3-60 P2O5, 
mol% glasses, melted at different temperatures, varied from only 1.95x10-9 g/cm2/min to 2.76x10-9 

g/cm2/min as the fraction of ferrous ions in the glasses varied from 0.19 to 0.57 (column 2). This 
temperature range should cover the range over which most iron phosphate glasses would be melted. 
For comparison, the dissolution rate for sodium lime silica window glass in DI water at 90oC is between 
10-8 and 10-7 g/cm2/min so this iron phosphate glass is about 10 to 100 times more durable than window 
glass. 

The small decrease in the dissolution rate with increasing immersion time (Table VIII) has 
been reported for other iron phosphate glasses [Yu et al. 1997, Reis et al. 2002 (a, b)]. This decrease in 
DR seems to be typical for iron phosphate waste forms in general and has been attributed to a protective 
iron rich layer that forms on the glass surface at the initial stages of the reaction and slows down 
the dissolution rate [Mesko and Day 1999]. 
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Table VIII. Average dissolution rate, DR, in deionized water at 90°C after 4, 8, and 16 days for glasses 
made by melting a 40Fe2O3 - 60P2O5, mol%, composition at temperatures listed for 1 h. 

Melting Temperature, 
(°C) 

Fraction of Fe2+ (±0.02) 
DR±1.50 (10-9 g/cm2/min) 

4 days 8 days 16 days 

1150 0.17 3.50 2.95 2.19 

1200 0.19 1.46 2.58 1.95 

1350 0.42 3.09 4.00 2.76 

1400* 0.57 4.51 3.09 2.66 
* Melted for 2 h 

 

Based on an increasing body of evidence [Day et al. 1998, Mesko and Day 1999, Marasinghe et 
al. 2000a, Leerssen 2002], the molar oxygen to phosphorus (O/P)ratio is a much more important 
factor in determining the chemical durability of iron phosphate waste forms, either as a glass or a glass 
ceramic. As mentioned previously, the iron pyrophosphate composition, 40 Fe2O3-60P2O5, mol%, 
which ideally has a molar O/P ratio of 3.5, has an outstanding chemical durability. The dissolution rate 
data in Figure 15 are for fifteen iron phosphate waste forms [Day et al. 1998] that contained from 20 to 
40 wt% (numbers in boxes) of a Hanford HLW whose composition was calculated to be the average 
composition for the waste stored in all the tanks in Tank Farm B at Hanford, section III, A.1. This 
TFB waste contained 54.6 Na2O, 14.9 P2O5, 8.3 Fe2O3, 6.7 Bi2O3, 6.2 Nd2O3, 4.4 CeO2, 1.3 Al2O3, 
and 3.6 other, wt%. The only two glass forming materials added to the waste were Fe2O3 and P2O5; see 
Table V. The dissolution rate of each waste form composition was calculated from the weight loss of 
glass plates, 10x10x1mm, in DI water at 90oC for 14 days, duplicate samples. 

 

Figure 15. Iron phosphate glass containing  TFB waste. Variation of the dissolution rate of iron 
phosphate waste forms in deionized water with their O/P molar ratio. The glasses   contained   19-38 
Fe2O3,   42-63   P2O5,   3-22 Na2O, and 1-9 wt% others [Day et al. 1998]. 

The iron phosphate waste forms with the smallest dissolution rate (highest chemical durability) in 
Figure 15 (points 1, 2, 12, 3) had an O/P ratio between ~3.5 and ~3.7. The dissolution rate increased when 
the O/P ratio of the waste form was either lower or higher than these values. As a point of comparison, 
the two dashed horizontal lines in Figure 15, labeled CVS-IS and LD6-54-12, denote the dissolution 
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rate for two “standard” borosilicate glasses made at PNNL [Day et al. 1998]. All but two of the iron 
phosphate waste forms had a dissolution rate less than that of the CVS-IS glass. If the criteria for waste 
form acceptability is based on the chemical durability of the CVS-IS model glass, then iron phosphate 
waste forms with an O/P ratio between 3.5 and 4.0 would be acceptable. These iron phosphate waste 
forms had a density ranging from 2.90 g/cm3 (data point 2) to a high of 3.16 g/cm3; (data point 7). 

These data suggest that the O/P ratio is an important factor affecting the chemical durability of an 
iron phosphate glass waste form and a ratio of 3.6 ± 0.1 appears optimum for the iron phosphate 
glasses containing this particular Hanford HLW, average of Tank Farm B. It is considered likely that the 
optimum O/P molar ratio will depend to some unknown degree upon the overall composition of the 
actual nuclear waste, particularly the presence or absence of components like Al2O3 which behave 
structurally (form Al-O-P bonds) as Fe2O3. It should be noted that the O/P molar ratio in the examples 
cited above were calculated from the batch composition, which is a common procedure, but 15 to 20% 
of the ferric ions in the batch will typically be reduced to ferrous ions (FeO) when melted in air so the 
O/P ratio in the actual waste form will be slightly smaller than that calculated from the batch 
composition. Except for unusual cases, the O/P molar ratio calculated from the batch composition 
should be a good indicator for qualitatively estimating the chemical durability of a waste form. 

Another example [Leerssen 2002] in Figure 16 shows how the dissolution rate (chemical 
durability) varies with the O/P ratio for iron phosphate glass waste forms containing six different 
wastes. Once again, the lowest dissolution rate (smaller than 1x10-8 g/cm2/min, the value for window 
glass) is found in those waste forms where the O/P molar ratio is between 3.5 and ~4.1. 

As shown by the preceding examples, an O/P molar ratio of about 3.5 is desirable since it ideally 
corresponds to a phosphate glass whose structure is composed of pyrophosphate groups (P2O7). This 
means the glass contains very few P-O-P bonds which are considered to be easily hydrolyzed [Bunker 
et al. 1984] and which results in a low chemical durability. In a binary iron phosphate glass, therefore, 
the chemically susceptible P-O-P bonds [Sales and Boatner 1986] are replaced by an increasing number 
of the more chemically durable Fe-O-P bonds with increasing Fe2O3 content. 

Thus, an iron phosphate glass is expected to become more chemically durable, as shown in Figure 17, 
where the dissolution rate in DI water at 90oC for several types of iron phosphate glasses [Mesko et al. 
1999] is seen to decrease several orders of magnitude with an increase in the number of Fe-O-P 
bonds, (least squares fit), as calculated from the batch composition. The top line is for phosphate glasses 
that contain only iron or only aluminum while the bottom line is for more chemically durable glasses that 
contain a mixture of Al and Fe ions. As a reference point, window glass has a dissolution rate of 1 x 10-8 

g/cm2/min. in DI water at 90oC. 
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Figure 16. Dissolution rate at 90oC as a function of O/P molar ratio for iron phosphate glasses 
containing INL sodium bearing waste (SBW, numbers denotes wt% SBW in the waste form) in 
comparison to other iron phosphate waste forms. Data for iron phosphate glass containing (20 to 40 
wt%) Hanford TFB waste (squares) [Marasinghe et al. 1998]. NKFP and NCFP [Kim et al. 2003c] 
which contain (20 mol% sodium (N)/potassia (K), 20 to 32 mol% Fe2O3 and 48 to 60 mol% P2O5), 
F40M [Marasinghe et al. 1998] (contains 40 wt% Fe2O3 and 60 wt% P2O5) and FCs17 [Yu et al. 1997] 
which contains 29 wt% Fe2O3, 38 wt% P2O5, and 33 wt% Cs2O.  Shaded area denotes general trend in 
dissolution rate with O/P ratio reported by [Marasinghe et al. 1998, Kim et al. 2003c]. Window glass 
dissolution rate is 10-7 to 10-8 g/cm2/min [Leerssen 2002]. 

The data points in Figure 17 clearly fall into two separate groups that show a linear decrease in log DR 

with an increase in the number of Fe-O-P and Al-O-P bonds. A mixture of Al and Fe ions in the waste 
form is clearly an advantage since the dissolution rate for waste forms containing both ions is 100 to 
1000 times smaller than that for iron phosphate waste forms which contain only Fe or Al individually. 
Thus, the O/P molar ratio and the Fe/P molar ratio can be used as design parameters for 
formulating iron/aluminum phosphate waste form compositions with an aim of achieving the lowest 
dissolution rate or highest chemical durability. 
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Figure 17. Log dissolution rate, DR, for iron phosphate glassy waste forms in DI water at 90oC for 7 
days [Mesko et al. 1999] versus the number of Fe-O-P and Al-O-P bonds as calculated from the batch 
composition. Open squares are for glasses which contain 15 wt% SNF [Mesko et al. 1999], black dots 
denote sodium containing iron phosphate glass [Yu et al. 1997], black squares denote potassium 
aluminophosphate glasses [Peng and Day 1991], and black stars denote potassium alumino-iron 
phosphate glasses [Peng and Day 1991]. 

5.1.3 Factors Controlling Chemical Durability 

A large amount of existing data for iron phosphate waste forms, clearly demonstrates that iron 
phosphate waste forms, either as a glass or as a glass-ceramic satisfy, and often exceed, the current 
DOE chemical durability requirements, at least for the laboratory size melts made to date. This includes 
Hanford LAW and HLW, the sodium bearing  waste at INL and spent nuclear fuel wastes. While the 
preceding statement is based on small scale laboratory melts, there are no identifiable reasons to 
suspect that the chemical durability of iron phosphate waste forms produced on a larger scale (tons 
per day) such as that expected at Hanford, would not meet the current DOE requirements. 

Two compositional parameters which are recognized as being important to achieving a high chemical 
durability for an iron/aluminum phosphate waste form are the O/P molar ratio and the Fe/P or 
(Fe+Al)/P molar ratio. These ratios will depend, to some degree, upon the number, composition, and 
type of components present in a specific waste so typically the best chemical durability is achieved over 
a range of values, rather than at one specific value, for these ratios. If the waste contains other glass 
forming oxides such as B2O3 and SiO2, in addition to P2O5, then consideration should be given to using 
the O/(P+B+Si) molar ratio in place of the O/P molar ratio. Similarly, if the glass contains Al and other 
similar cations such as Bi, Cr, U, etc., in addition to the Fe, then consideration should be given to 
using the [Fe+Al+(Bi, Cr, U,)]/P molar ratio. 
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In simple binary iron phosphate glasses, the highest chemical durability occurs when the O/P molar 
ratio has a value between 3.4 and 3.6 and the Fe/P ratio is ~0.67.   Other studies [Bingham et al. 
2006, Marasinghe et al. 2000 (a, b), Mesko et al. 2000, Leerssen 2002] of more compositionally 
complex waste forms suggest that the O/P ratio should be between 3.25 to ~3.70 (in some cases as 
high as 4.0) and the Fe+Al/P molar ratio should be between 0.45 to 0.70 for the best chemical durability. 

When formulating batch compositions for a particular waste, the two ratios, oxygen/(glass forming 
cation) and (Fe+Al+other)/(glass forming cation), can provide general guidance in identifying those 
waste form compositions expected to have the highest chemical durability in aqueous solutions (water) 
with a pH between 6 and 8. It is fortunate that the acceptable limits for these two ratios, which 
correspond to the compositions of highest chemical durability, are relatively broad, see Figures 15 and 
16. This means that small variations in these ratios, due to variations in batch composition or processing 
conditions are unlikely to cause large changes in the chemical durability. In other words, iron 
phosphate glass has a reasonable tolerance to changes in composition or processing conditions. 

For more information on the chemical durability of other iron phosphate glasses and waste forms, 
containing wastes not mentioned above, the reader is referred to the following [Fang 2000, Fang et al. 
2000 (a, b), 2001, Clement et al. 2001, Day et al. 1998, Leerssen 2002, Agnew et al. 2010, Bingham 
et al. 1980, 2011, Bunker et al. 1984, Clement et al. 2001, Haworth et al. 2003 (a, b), Iwase et al. 1994, 
Kim et al. 2003a, Kim CW et al. 2003 (a, b, c), 2004, Kim DS et al. 2003, Meaker et al. 1996, Mesko 
et al. 2000 (b, c), Mogus- Milankovic et al. 2005, MO-SCI Corp 2004, 2010, Premila 2012, Ramsey et 
al. 1994, Reis et al. 2002b, 2007, Russo et al. 2008, Schumacher et al. 2010, Sengupta 2012, Sevigny et 
al. 2011, Soelberg and Rossberg 2011, Stefanovskii and Lifanov 1989, Taylor et al. 2002, Xu et al. 2012, 
Yu et al. 1995, Yunusov et al. 1991]. 

5.2 Density 
Iron phosphate glasses, including those containing Hanford LAW and HLW, typically have a 10 to 

15% higher density than other comparable oxide glasses due to the higher molecular weight of Fe2O3 and 
P2O5 as compared to B2O3 and SiO2. This is an advantage since this means a container/canister of a 
given size can hold a larger weight of iron phosphate waste form, or a given weight of an iron 
phosphate waste form will occupy a smaller volume than a less dense waste form [Agnew et al. 2010]. 

In general, the density of iron phosphate waste forms containing wastes such as the HLW and LAW 
at Hanford is between 2.70 and 3.25 g/cm3. For example, the density of iron phosphate waste forms 
containing 35 to 40 wt% of the average tank farm B waste at Hanford, varied between 2.95 and 3.22 
gm/cm3 depending upon the amount of waste and the other components added to the waste [Day et al. 
1998]. The density of iron phosphate waste forms containing from 35 to 80 wt% of the high 
chromium HLW waste at Hanford varied from 2.68 to 2.97 g/cm3, respectively, [Huang et al. 2004b]. 

The density of an iron phosphate waste form containing 50 wt% of the B-110 waste, 50 wt% of the 
T- 111 waste, and 60 wt% of the Hanford C-112 was 3.01, 3.22 and 3.29 gm/cm3, respectively 
[Mesko et al. 1998b]. The density of iron phosphate glasses containing sodium, increased from 2.78 to 
3.11 as the Fe2O3 content increased from 17.7 to 34.5 wt% [Yu et al. 1997]. 

The average density of the iron phosphate glass waste form recently processed in the RSM at 
PNNL, that contained 26 wt% of the AZ102 LAW at Hanford, was 2.77 ± 0.03 gm/cm3 for 18 
samples that were produced over a 10 day period [Sevigny et al. 2011]. Similarly, the average 
density of this same iron phosphate glass waste form composition produced in the CCIM at INL was 
2.80 ± 0.01 gm/cm3 for 9 samples produced over a 70 h period [Soelberg and Rossberg 2011].   These 
density values for the MS26AZ102F-2 waste forms prepared in RSM/JHCM and CCIM were in 
excellent agreement with the density of MS26AZ102F- 2 waste forms prepared from crucible scale melts. 

Iron phosphate waste forms containing high molecular weight oxides such as lead oxide are expected 
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to have an even higher density.  The density of waste forms containing 42 to 58 wt% PbO ranged 
from 4.1 to 4.7 gm/cm3 [Reis et al. 2002b, 2007]. 

6. PROPERTIES IMPORTANT TO MELT PROCESSING 
It is important that the properties of the batch and/or melt used in waste vitrification be suitable for 

the type of melter being used and keep the processing costs as low as possible. This means that the 
batch components should melt and form a chemically homogeneous melt as quickly as possible and the 
corrosion of the melter components by the melt should be small so that the melter has the longest possible 
operational life. Ideally, the batch should melt at low temperatures, the melt would have a low viscosity 
so that thermal convection currents would rapidly mix and homogenize the melt, and the electrical 
conductivity of the melt would be appropriate for the type of melter, joule heated or CCIM. 

As discussed previously, most iron phosphate compositions melt at relatively low temperatures, 
generally between 950 and 1200°C. A majority melt between 1000 and 1100°C depending upon the type 
of waste and the waste loading. There are some exceptions, such as the Hanford high chromium waste 
which must be melted above 1300oC in order to take advantage of the very high 65 to 80 waste 
loadings that are possible. 

In addition, phosphate melts typically have a lower viscosity, higher fluidity, which leads to 
more rapid mixing and reduces the time needed for chemical homogenization. This reduces the overall 
melting time and leads to higher melt through-put rates. 

A melt which has a high electrical conductivity at the melting temperature is an advantage in a 
CCIM since it provides better coupling with the induction field. 

These melt processing properties namely, high temperature viscosity and electrical conductivity, and 
corrosion rate of melter components by iron phosphate melts containing a selected representative 
waste streams are discussed in more detail in the following sections. 

6.1 High Temperature Viscosity 
High temperature viscosity data is available for several iron phosphate melts containing Hanford 

LAW [Kim DS et al. 2003, Kim CW et al. 2003b], Hanford AZ102 (high sodium, high sulfate) LAW 
[Day et al. 2012], Hanford high chromium HLW [Huang et al. 2004a, 2005], Hanford Tank Farm B HLW 
[Day et al. 1998], and the INL sodium bearing waste [Kim CW et al. 2003a] over their expected melting 
(processing) range. Figure 18 shows an example [Day et al. 2011] of the high temperature viscosity 
curve for the iron phosphate melt containing 26 wt% of the Hanford AZ102 LAW (MS26AZ102F-2) 
which lies within the viscosity range (20 to 110 poise) specified for processing in Joule Heated 
Melters (JHCM) and CCIM. The viscosity curve for the DWPF EA glass is shown for comparison. 
Note that the iron phosphate melt has a lower viscosity, higher fluidity, than the EA glass over most of 
the temperature range. 
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Figure 18. High temperature viscosity for an iron phosphate melt (MS26AZ102F-2) containing 26 wt% 
of a Hanford high sodium, high sulfate LAW measured with a rotating spindle viscometer [Day et al. 
2012]. Data points are the average of three measurements. 

As would be expected, the high temperature viscosity depends upon the composition of the waste 
and the overall composition of the iron phosphate melt. When iron phosphate melts are held for long 
time periods at a given temperature, the viscosity has been  observed  [Huang  et al.  2005]  to increase. 
For example, the viscosity of an iron phosphate melt at 1250oC, which contained the Hanford high 
chromium HLW, increased from 19 Poise to 27 Poise after 32 hours [Huang et al. 2005]. This increase 
in viscosity was accompanied by an increase in the fraction of ferrous ions in the melt/waste form from 
0.07 to 0.35. 

The small change in melt viscosity cited above was for a static melt and in a continuous melting 
operation the change in viscosity would likely be even smaller since resident times would be shorter. 
Nevertheless, any change in conditions that increases the fraction of ferrous ions, such as longer 
residence time, higher melt temperature or furnace atmosphere (more reducing), should be expected to 
increase the melt viscosity. While the percentage change in viscosity may be large (25 to 50% in the 
example above, the practical effect of a viscosity change of 8 Poise in such a fluid melt would be, most 
likely, of little consequence in a JHCM or CCIM. 

The temperature dependence of the viscosity of the LAW containing iron phosphate melts typically 
follows the Arrhenius equation with an activation energy of 47 to 67 kJ/mol [Kim CW et al. 2003b] and 
19 to 28 kJ/mol [Kim DS et al. 2003] being reported. 

Readers desiring additional information on the high temperature viscosity of iron phosphate melts 
are referred to the following references [Chromcikova et al. 2013, Taylor et al. 2002, Day et al. 1998, 
MO-SCI Corp. 2010]. 

6.2 High Temperature Electrical Conductivity 
Iron phosphate glasses have been of significant scientific interest [Taragin et al. 1972, Dozier et 

al. 1972, Vaughan and Kinser 1975, Murawski 1982], since unlike iron-free glasses (such as window or 
chemical glass ware), where the electrical conductivity is due to the motion of ions (Na, K, etc.), the 
electrical conductivity of iron phosphate glasses is due primarily to the jumping of electrons between the 
ferrous (Fe2+) and ferric (Fe3+) ions and  to the motion of alkali  ions [Nasu and Soga 1982],  if  any are 
present. The conductivity of alkali-free, binary iron phosphate glasses, at low temperatures (200oC) is a 
maximum when the glass contains an equal number of ferrous and ferric ions, i.e., the Fe2+/Fe2++Fe3+, 
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ratio equals about 0.5 [Vaughan and Kinser 1975, Murawski 1982 (an excellent review article), [Dozier 
et al. 1972]. When used for waste vitrification purposes, the AC electrical conductivity of iron 
phosphate melts is of more interest over the range from 900 to 1200oC which covers the melting range of 
most iron phosphate compositions. 

The ac electrical conductivity has been measured as a function of temperature and frequency for 
several iron phosphate melts containing Hanford LAW and HLW [Kim and Day 2003b, Day et al. 
2012], typically in the range from ~900 to ~1350oC, A typical example is shown in Figure 19 for the 
MS26AZ102F-2 melt that contained 26 wt% of the high sodium, high sulfate Hanford AZ102 LAW. The 
AC conductivity for the iron phosphate melt shown in Figure 19 is clearly within the conductivity 
limits, over a wide temperature range, recommended for processing in a JHCM or in a CCIM. 

 

Figure 19.  High temperature AC conductivity, measured at Vitreous State Lab, Catholic University of 
America. Melt contained 26 wt% of the high sodium, high sulfate, Hanford LAW AZ102 [Day et al. 
2012]. 

Another example [Kim, DS et al. 2003] of the high temperature AC conductivity for two other 
iron phosphate melts containing 27 wt% of a Hanford LAW (MS-LAW-1-1) and 22 wt% of the INL 
sodium bearing waste (SBW-22-20) is shown in Figure 20. The waste used in the MS-LAW-1-1 melt 
is the average LAW composition in Table V, except it contains a smaller amount (0.9 wt%) of SO3. 
The composition for SBW in the SBW-22-20 melt is the same as in Table V. The AC conductivity of the 
MS26AZ102F-2 melt in Figure 19 is also included in Figure 20 for comparison. 
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Figure 20.  Electrical conductivity of iron phosphate melts containing Hanford LAW (MS LAW 1-1) and 
INL sodium bearing waste (SBW) [Vienna et al. 2002]. 

The composition for the average LAW is very close to that of AZ102 except that AZ102 contains 
a much larger amount (~17 wt%) of SO3. The AC conductivity for the MS-LAW-1-1 melt is a little 
higher than that of the MS26AZ102F-2 melt, but they are close over a comparable temperature range, 
from 42 to 85 S/m for the MS26AZ102F-2 melt and from 53 to 89 S/m for the MS-LAW-1-1 melt at 
temperatures from 900 to 1150°C. In any case, these values are within the WTP recommended limits 
between 900 and 1050°C for melt processing. The AC electrical conductivity of the SBW-22-20 iron 
phosphate melt is lower than that of the MS26AZ102F-2 and MS-LAW-1-1 melts and lies within the 
WTP recommended values for the entire temperature range for processing, from 900 to 1300°C, Figure 
20. 

The existing data show that the AC conductivity of iron phosphate melts containing various Hanford 
waste is within the limits (10 to 70 S/M) recommended for processing in a JHCM or in a CCIM. This has 
been confirmed by successfully processing an iron phosphate composition containing 26 wt% of a 
Hanford LAW AZ102, whose composition [Day et al. 2012] was close to that used in the MS-LAW-1-1 
[Kim DS et al. 2003], in the research size melter (RSM/JHCM) at PNNL [Sevigny et al. 2011] and also 
in the bench scale CCIM at INL [Soelberg and Rossberg 2011]. The RSM/JHCM was operated for 10 
days between 1030 and 1050°C, and the CCIM was operated between 1030 and 1090°C continuously for 
70 h. 

In summary, the high temperature electrical conductivity of iron phosphate melts is composed of an 
electronic component, the jumping of electrons (polaron hopping) between the ferrous and ferric ions in 
the melt, and an ionic component which is due to the motion of mobile ions, such as alkalies, that may be 
present in the waste. The electronic component will depend upon the relative amounts of ferrous/ferric 
ions in the melt, with the electronic conductivity being highest when both ions are present in equal 
amounts. Thus, the overall ac conductivity of an iron phosphate melt will not only depend upon the melt’s 
overall composition, but it will also depend upon those conditions (furnace atmosphere, temperature and 
time and types of raw materials that can reduce/oxidize the melt) that determine the relative amounts of 
ferrous/ferric ions. Under stable melting conditions, however, the AC conductivity should be 
reproducible/controllable. 
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Readers  desiring  more  information  about  the  conduction  mechanism,  polarization  and  ac/dc 
conductivity at lower temperatures, 25 to 400oC, (solid waste forms), conductivity in mixed alkali iron 
phosphate waste forms and the conductivity of iron phosphate waste forms containing PbO, SrO, ZnO, 
MoO3 and Bi2O3 are referred to the following references [Topic et al. 2000, Santic et al. 2000, 
2010, Mogus- Milankovic et al. 1993, 1999 (a, b), 2000 (a, b), 2001 (a, b), 2003 (a, b), 2004 (a, b), 
2007, 2010, El-Desoky et al. 2001, Chen et al. 2001, 2002, Tanaka et al. 1990, Doweidar et al. 2006]. 

6.3 Corrosion of Refractory Ceramics 
The data available for the corrosion of commercial refractories by iron phosphate melts is limited, 

but that which is available, along with the experience gained from short term tests and large scale 
production (in Russia) suggests that iron phosphate melts, as opposed to the general perception for 
common phosphate melts, are not excessively corrosive toward most refractory oxides. In fact, early 
laboratory work showed that iron phosphate melts, containing a wide range of HLW, LAW, and SBW 
wastes, were remarkably non- corrosive toward dense refractory oxides such as alumina, alumino-
silicate, and silica [Chen and Day 1999]. Crucibles made from the preceding oxides have been used to 
contain laboratory size iron phosphate melts at temperatures much higher (up to 1400oC) than those used 
in current JHCMs, with little detectable corrosion. 

A typical example of the non-corrosive nature of iron phosphate melts is shown in Figure 21 for a 
high purity silica crucible in which about 20 kg of an iron phosphate waste form containing 27 wt% 
of a Hanford LAW (average LAW in Table V) and 20.3 wt% Na2O was melted at 1150°C for 14 
days [Kim et al. 2003b]. As shown in the deliberately cut vertical cross section of the crucible, the 
melt-crucible interface is very sharp and there is no perceptible corrosion at the melt line. There was 
negligible attack of the crucible by the melt after 14 days at 1150°C even though the melt contained 20.3 
wt% sodium oxide. 

Phosphate melts, in general, are often considered more corrosive toward refractory ceramics than 
other types of melts, but the experience in Russia, where a sodium aluminophosphate glass has been 
melted in a refractory lined JHCM on a large scale, indicates that reasonable service-life (several 
years) is being achieved for refractories in contact with a aluminophosphate melt, which due to its 
low iron content is expected to be more corrosive than an iron phosphate melts. A recent article 
(Bingham et al. 2011) provides an excellent review of the glass contact refractories used in waste 
vitrification melters, but it does not address iron phosphate melts. 

In a separate investigation, the corrosion rate of six commercial refractory materials such as silica, 
alumina, zircon, AZS-1, AZS-2, and chromium in iron phosphate melts containing different nuclear 
wastes was measured under dynamic conditions at temperatures between 1000 and 1300°C [Chen and 
Day 1999]. Test coupons, in the form of cylindrical rods (10 to 15 mm diameter, 50 mm long) were 
rotated at 9.2 rpm while immersed to a depth of ~40mm in the melt for times ranging from a minimum 
of 24 h to as long as 240 h. The corrosion rate was measured from the depth (mm) of penetration of the 
melt into the refractory at the melt line, where corrosion is typically the greatest. 

The dynamic corrosion rate, at the melt line, for the three most corrosion resistant refractories, 
namely alumina, chromium, and zircon, in iron phosphate melts containing three Hanford wastes 
(T111, C112, and TFB), the base line F43 (40Fe2O3-60P2O5, mol%) melt, and a reference DWPF 
melt is shown in Figure 22. The iron phosphate melt labeled T111 contained 35 wt% of the Hanford 
T111 waste, the C112 melt contained 50 wt% of the Hanford C112 waste and the TFB melt contained 
30 wt% of the Hanford TFB waste (section III, A.1). The temperatures used for the measurements 
(shown in parenthesis in Figure 22) are those where the respective wastes would likely be 
melted/processed. 
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Figure 21. A deliberately cut vertical cross section of a high purity silica crucible after melting ~20 kgs 
of iron phosphate glass at 1150oC for 14 days. Melt contained 27 wt% of Hanford LAW and 20.3 
wt% Na2O [Kim et al. 2003b]. 

In most cases, the dynamic corrosion rate was lower than the corrosion rate (dashed line) used in the 
design of the DWPF joule heated melter. This suggests that these iron phosphate melts should be no 
more, and possibly less corrosive than the DWPF melt used in this study. The corrosion rate for all three 
refractories was barely measurable in the iron phosphate melt that contained the Hanford T111 waste. 
The high chromium refractory (C1215z, Corhart Refractories) had the lowest corrosion rate (<0.1 
mm/day) among all of the iron phosphate melts except in the F43 iron phosphate melt. 

As  expected,  the  corrosion  rate  of  each  refractory  increased  with  temperature  for  each  iron 
phosphate melt. With the exception of the high chromium refractory in the F43 melt, the corrosion rate 
of the-refractories in the other iron phosphate melts never exceeded the design value for DWPF at the 
recommended maximum processing temperature for these wastes.  For example, the corrosion rate for 
the chromium refractory in the iron phosphate melt containing the Hanford TFB waste was well below 
the DWPF corrosion limit of 0.32 mm/day even at the temperature of 1300oC (not shown in Figure 
22), which is significantly above the normal melting temperature for this waste. These results indicate 
that it should be possible to melt iron phosphate compositions containing Hanford waste in melters 
constructed using common commercial refractory materials such as alumina, zircon or chromium. 
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Figure 22. Corrosion rate, measured at the melt line, for three commercially produced refractories 
(cylindrical rods) rotated at 9.2 rpm for 24 h in an iron phosphate melt at the temperature shown. The 
F43 melt is 43Fe2O3 – 57P2O5 wt%. The T111, and C112 iron phosphate melts contain 35 and 50 wt% of 
simulated waste from Hanford tanks T111 and C112, respectively. The TFB iron phosphate melt 
contains 30 wt% of Hanford waste from Tank Farm B, average composition. DWPF is a borosilicate 
melt containing 28 wt% of a simulated waste, Savannah River [Chen and Day 1999]. 

A final bit of encouraging evidence, that indicates iron phosphate melts are no more corrosive 
toward the refractory lining in a JHCM than other types of high temperature glass forming melts, comes 
from the recent 10 day melting experiment in the research size joule heated melter at Hanford 
[Sevigny et al. 2011].    This  small  joule  heated  melter  is  lined  with  a  Monofrax  K-3  refractory  
lining.    In  this  10  day 

experiment, the commercial K-3 refractory lining was in continuous contact with an iron phosphate 
partially melted batch (slurry feed) or liquid melt at 1030oC and produced 124 kgs of an iron phosphate 
glass waste form. This melt contained 26 wt% of the high sodium, high sulfate Hanford AZ102 
LAW waste and the nominal sodium content of the melt was 20 wt%. At the completion of the 10 day 
experiment, the refractory and metal components of the melter were examined visually and it was 
concluded that “corrosion of the melter components was acceptable, and losses to the melter exhaust 
were typical of other waste glasses” [Sevigny et al. 2011]. 

Clearly, additional research is needed to evaluate and identify candidate refractories which would be 
expected to provide optimal service life when in contact with a specific iron phosphate melt. All of 
the limited data currently available indicates that such refractories are likely to exist among commercially 
available refractories. After identifying the best candidate refractory, by conducting corrosion tests 
using iron phosphate melts of the appropriate composition (Hanford HLW and LAW), larger pilot-plant 
scale corrosion experiments should be conducted for longer times and at the anticipated operating 
temperature (Top) and Top + 50oC. 

6.4 Corrosion of Refractory Metals (Electrodes) 
If a particular nuclear waste composition is to be melted in a JHCM, then it is important to know the 

extent to which the metal electrodes may be chemically corroded by the melt or by any surrounding 
hot, corrosive gases. Since the degree of electrode corrosion is expected to increase with increasing 
temperature, this corrosion may determine the maximum temperature at which a JHCM can operate, 
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which in turn, may also limit the maximum waste loading. At the present time, two types of electrodes 
are in use; Inconel 690, a nickel based super alloy, has given good service in the DWPF at Savannah 
River. In Russia, molybdenum electrodes have been used, successfully, to melt some 5700 MT of a 
low iron, sodium aluminophosphate glass since 1987. Of course, there is no concern about electrode 
corrosion in a CCIM since the melt is heated by induction so there is no need for internal electrodes. 

Based on the relatively few studies where the corrosion of Inconel 690 and 693 have been measured 
in iron phosphate melts, there is growing evidence that Inconel 693 is more corrosion resistant than 
Inconel 690 [Kim CW et al. 2005, Gan et al. 2011, Hsu et al. 2013, 2014, Zhu et al. 2005]. Furthermore, 
the corrosion resistance of 693 was judged to be adequate (14 day tests) up to 1100°C and perhaps 
1150°C [Gan et al. 2011] in the iron phosphate melt containing 26 wt% of the Hanford AZ102 LAW. 

An example of the higher corrosion resistance for Inconel 693, compared to Inconel 690, is shown in 
Figure 23 where the weight loss of the two nickel-based alloys, submerged in an iron phosphate 
melt containing 30 wt% of Hanford LAW at 1050oC, was measured for 155 days, the longest test 
conducted to date [Zhu et al. 2005]. The iron phosphate melt was replaced every 7 days. The average 
dimensional change calculated from SEM pictures of the coupons before and after the test were 1.3 
and 0.7 microns/day, for Inconel 690 and 693, respectively. This compares favorably to a corrosion rate 
of ~6.5 microns/day reported [Barnes et al. 1982] for the Inconel 690 electrodes, operated at 1150oC in 
the JHCM at DWPF, Savannah River Site. 

The weight loss data in Figure 23 indicate that the corrosion resistance of Inconel 693 is about twice 
that of Inconel 690. 

 

Figure 23. Percent weight loss for Inconel 690 and 693 coupons (14x9x7 mm) submerged in an 
iron phosphate melt at 1050oC and containing 30 wt% of Hanford LAW. Estimated error corresponds to 
the size of the data points [Zhu et al. 2005]. 

In another investigation [Hsu et al. 2013, 2014], the depth of chromium depletion at and below the 
surface, the volume of internal voids, and SEM/EDS analysis of the interior was determined above and 
below the melt line for Inconel 690 and 693 specimens after 7 or 14 days exposure to the Hanford 
AZ102 melt at temperatures between 1000oC and 1190oC. Three different corrosion processes were 
noted in both alloys, but Inconel 693 was concluded to be the most corrosion resistant over the range 
1050oC to 1165oC. The major compositional difference between these two alloys is that Inconel 693 
contains less iron and about 3 wt% aluminum and 1 wt% niobium which improves its high temperature 
corrosion resistance. 
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Useful practical information was obtained from the recent 10 day melter test at PNNL where Inconel 
693 electrodes were used, for the first time, in a small joule heated melter to process (at 1030oC) an 
iron phosphate slurry feed into 124 kgs of an iron phosphate waste form which contained 26 wt% of 
Hanford AZ102 LAW [Sevigny et al. 2011]. The Inconel 693 electrodes were immersed to a depth of 
about 7 cm in the iron phosphate melt and were exposed to gases between 300 and 700oC in the plenum 
area above the melt. The average/maximum electrode current density was 1.6 and 3.5 A/cm2, 
respectively. During selected segments of the 10 day test, the melt was bubbled with air and sugar 
(reducing agent) was added to the slurry feed, separately or simultaneously, which about doubled the 
glass production rate. The glass production rate varied from 411 to 1330 kg/m2/day. The latter exceeded 
the present goal of 1000 kg/m2/day for a JHCM processing Hanford HLW and operating at 1150oC 
(~120oC higher). 

While the Inconel 693 electrodes used in the joule heated melter at PNNL were discolored, they 
functioned normally throughout the entire 10 day test.  The appearance of the Inconel 693 electrode 
shown in Figure 24, suggests that Inconel 693 has an acceptable corrosion resistance in this iron 
phosphate melt; the cut edges are still sharp, no melt line is noticeable and no pitting or distortion is 
visible. However, a 10 day experiment is admittedly short compared to the desired service-life of several 
years. A corrosion rate of <0.3 mm/year was calculated from the small dimensional changes of the 
electrodes and <2.1 mm/year from SEM analysis [Sevigny et al. 2011]. An average of these two values 
should be a good overall estimate at this time. 

 

Figure 24. Appearance of the front and back face of an Inconel 693 electrode after being used for 10 days 
at 1030oC in the small research scale joule heated melter to produce 124 kgs of an iron phosphate waste 
form containing 26 wt% of Hanford AZ102 LAW [Sevigny et al. 2011]. The average/maximum 
electrode current density was 1.6 and 3.5 A/cm2, respectively. 
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While all of the existing, but limited evidence for Inconel 693 is encouraging, more questions must be 
answered before it will be known whether iron phosphate melts can be processed on the large scale 
as specified for use in JHCMs of the size that will be used at Hanford. In the case of Inconel 693, 
all of the current data suggests that it should be possible to use 693 electrodes in a full scale JHCM 
operating at 1025 to 1050oC and processing an iron phosphate composition such as Hanford  
AZ102LAW, at the required production rates.   However, the corrosion resistance of any electrode 
material considered for such use, 

Inconel 693 being one, must be evaluated as a function of melter operating temperature, electrode 
current density, resistance to hot gases above the melt, tolerance to melt composition and excursions, 
etc., in order to reliably estimate the expected service life, measured in years. 

6.5 Overview 
At this time, only two types of melters appear to be available for melting iron phosphate glass on a 

large scale, namely, a Joule Heated Ceramic Melter (JHCM) similar to those used successfully at West 
Valley and Savannah River or some type of an induction melter such as a Cold Crucible Induction 
Melter (CCIM) [Ramsey et al. 2011]. To date, the high sulfate, high alkali Hanford AZ102 LAW 
has been successfully processed in both types of melters, but on a small scale, 124 and ~35 kgs of  glass 
at PNNL and INL, respectively [Sevigny et al. 2011 and Soelberg and Rossberg. 2011]. 

Nevertheless, these limited, small scale experiments have demonstrated, for the first time, that an 
iron phosphate slurry feed containing 26 wt% of a high sulfate/high alkali simulated waste can be 
melted, drained and cooled to a solidified iron phosphate waste form which meets all current DOE 
chemical durability requirements [Sevigny et al. 2011 and Soelberg and Rossberg 2011]. 

The glass production rates in the research size JHCM at Hanford, which ranged from 411 to 
1330 kg/m2/day, were judged to be acceptable (at an operating temperature of only 1030oC). The 
latter 1330 kg/m2/day production rate in the RSM at Hanford exceeds the design rate of 1000 kg/m2/day 
for a full scale JHCM operating at 1150oC at Hanford. Similarly, the glass production rate in the small 
CCIM at INL, ranged from 285 to 664 kg/m2/day.  The average sulfate content of the iron phosphate 
waste form was 1.78 and 3.32 wt% for the JHCM and CCIM, respectively, while the retention of 
cesium was 100% and the retention of tellurium (surrogate for Tc) was 33% in both melters [Day et al. 
2012]. 

These two small scale experiments, while clearly  demonstrating that iron phosphate slurry feed 
compositions can be melted in either type of melter, were limited in scope/time. In the case of 
processing iron phosphate melts in a JHCM, considerably more information is needed to assess the 
potential corrosion (life time) of the ceramic refractory lining and/or the electrodes. The metal 
electrodes (Inconel 690) now being used in the JHCM at Savannah River is a factor that limits the 
maximum operating temperature for processing an iron phosphate melt. This in turn, can limit the 
maximum waste loading and the glass through put rate. If more corrosion resistant ceramic refractories 
and electrode materials were available, then higher operating temperatures could lead to higher waste 
loadings and/or higher glass production rates, both of which would reduce the overall time and expense 
for vitrification at Hanford. 

Since CCIM melters do not require electrodes immersed in a melt or a refractory ceramic lining, the 
frozen melt on the water-cooled induction coils serves to contain the melt, the corrosion issues are 
less important (ideally non-existent) than in a JHCM. Examples are known [Huang et al. 2003, 2004 (a, 
b), 2005] where the higher operating  temperatures possible in  a CCIM (~1350oC) enables the 
production of iron phosphate waste forms with a waste loading of 70 to 80 wt% of the high chromium 
HLW waste at Hanford and which meets all DOE chemical requirements. 
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The following sections describe the limited studies where the corrosion of various refractory ceramics 
and metal electrodes in iron phosphate melts has been investigated and which are relevant to processing 
in JHCMs. 

7. FOCUS ON HANFORD WASTES 

7.1 Overview 
As indicated in the preceding sections, most of the information gained from vitrifying numerous 

Hanford LAW and HLW compositions in iron phosphate glass has come from laboratory size melts. 
Nevertheless, this body of information has shown that iron phosphate glass possesses unique properties 
that can be quite beneficial for vitrifying Hanford wastes. Those properties/features directly applicable  
to Hanford waste are listed below. 

1. Low melting temperatures, typically from 900 to 1200oC. 

2. Robust and chemically durable iron phosphate glass or glass ceramic waste forms that 
meet and exceed DOE PCT and VHT requirements. 

3. High solubility for “problem” components, heavy metals (Cr, Mo, U, etc.), halides (F, 
Cl, I), and sulfates (SO3). 

4. High retention of volatile species such as SO3, Tc-99, Cs-137, and I-129. 

5. Waste loadings from 25% to 75 wt% depending upon waste composition. 

6. Minimum corrosion of refractories (K-3) and metal electrodes (Inconel 693) used in JHCM. 

7. Demonstrated capability for processing iron phosphate melts in research size JHCM. 

8. Minimum number of glass forming chemicals needed, only 1-3 for some wastes. 

Based on the data available at this time, there are no known technical reasons which would prevent 
iron phosphate glass from being used to vitrify the nuclear waste stored in the 177 tanks at Hanford. 

7.2 Hanford LAW 
In a recent assessment [Agnew et al. 2010] of the Low Activity Waste at Hanford, it was 

suggested that the use of iron phosphate glass would greatly reduce (by a factor >2) the amount of 
Hanford ILAW glass that would have to be produced compared with the amount indicated by other 
current baseline projections. The relevant findings of this study are depicted in Figure 25. For a 
description of the assumptions, data, and detailed analysis that was used in the calculations leading to 
Figure 25, the reader is referred to the referenced [Agnew et al. 2010] report. The fact that an iron 
phosphate glass has a much higher solubility for sulfate (SO3) is the primary factor that explains the 
significantly smaller amount (281,000 MT) of an iron phosphate glass waste form. The 125 kgs of 
iron phosphate glass waste form (containing 26% of Hanford AZ102 LAW) that was recently melted 
at 1030oC in the research size joule heated melter at PNNL had an average SO3 content of 1.78% and a 
maximum SO3 content of 3.43% [Sevigny et al. 2011]. 

The calculated curve for the iron phosphate glass waste form in Figure 25 assumes that the waste 
form contained 24 wt% Na2O. This level of Na2O has not be achieved to date, but a Na2O content 
close to that, 22.6 wt%, has been achieved for Hanford LAW (Kim et al. 2003b) in an iron phosphate 
waste form. This suggests that 24 wt% Na2O content is likely to be achievable. Furthermore, the 
encouraging results obtained from the recent (2010) experiment where 125 kgs of an iron phosphate 
composition, containing 26 wt% of Hanford AZ102 (20 wt% Na2O and 4.4 wt% SO3), was successfully 
melted/processed at 1030oC in the research size JHCM at PNNL suggest that it should be possible to 
vitrify Hanford LAW, without sulfate limits, in a JHCM of larger size. In the PNNL experiment, the 
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glass production rate was as high as 1330 kg/m2/day [Sevigny et al. 2011] which is close to the 1,500 
kg/m2/day rate projected for a WTP LAW melter [Ramsey et al. 2011]. 

 

Figure 25. Calculated amount metric tons) of iron phosphate glass waste form (281,000 MT) needed 
to vitrify Hanford LAW with no sulfate limit compared with the amount (718,000 MT) needed when 
the sulfate content of the batch is limited to 0.48 wt% and 448,000  MT for Rev. 4 baseline [Agnew 
et al. 2010]. 

While it was concluded [Agnew et al. 2011] that the volume of an iron phosphate glass waste form 
would be much smaller because of the higher sulfate solubility, questions were raised about whether 
the electrical conductivity of iron phosphate glass would be suitable for processing in a JHCM and 
whether sugar would be a suitable reducing agent to reduce NOx emissions. Both of these issues were 
addressed in the recent experiment in the research size JHCM at PNNL and the results are encouraging. 
As shown in Figure 20, the electrical conductivity of the MS26AZ102F-2 iron phosphate melt falls 
within the limits specified for a JHCM and the iron phosphate composition  was successfully melted in  
the research  size JHCM without incident. Furthermore, sugar (50 gm/L) was added to the slurry feed and 
functioned as a reducing agent with no adverse consequences. In fact, the melting rate increased/doubled 
when sugar was added to the slurry feed. 

There are at least two steps that need to be taken to verify whether the lower glass volume shown in 
Figure 25 for Hanford LAW vitrified in an iron phosphate glass can be realized. The first is to conduct a 
larger (pilot-plant) scale experiment in a JHCM equipped with Inconel 693 electrodes and process an iron 
phosphate glass such as that (MS26AZ102F-2) melted previously in the research size JHCM at PNNL 
[Sevigny et al. 2011]. 

The second step is to conduct a similar experiment in a CCIM, where there is no refractory or 
electrode corrosion issues, as was done recently [Soelberg and Rossberg 2011] and where higher 
operating temperatures can be employed to increase the glass through put rate. A through put rate of  
~2800 kg/m2/day has been achieved with a SRS HLW simulant melted at 1250oC in a pilot scale 
CCIM in France [Ramsey et al. 2011]. Similar rates could be possible for a Hanford waste such as the 
high chromium waste where a waste loading of 75% has been obtained [Huang et al. 2004(a, b)] for an 
iron phosphate composition processed at 1250oC, in a crucible size melt. Since 1250oC is within the 
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capability of a CCIM, it would be valuable to know the glass through-put rate for a waste such as the 
Hanford high chromium waste where a waste loading of 75 wt% is known to be possible. 

Operating at higher temperatures, while desirable for some wastes such as the high chromium HLW 
at Hanford, is not as desirable when a waste, such as the Hanford LAW contains volatile components 
(Tc-99, I-129, Cs-137, and SO3).  With increasing melt temperature and/or residence time in the melter, 
the retention of these volatile components is reduced, and in most instances, this is undesirable 
since they must be captured and treated in the off gas. 

7.3 Hanford HLW 
Hanford’s entire HLW inventory which was previously grouped into 17 clusters [Perez et al. 2001] 

has been regrouped into seven categories in terms of the abundance of a specific element. These 
groups are shown schematically in Figure 26 [Vienna and Marra 2012]. Several of these wastes, such as 
the SO3 limited (8%), high Cr2O3 (4%), P2O5 – CaO limited (9%), and high Fe2O3 (12%), individually are 
small percentages of the total Hanford HLW, but because of the “problem” component they contain they 
will likely account for a much larger percentage of the total amount of vitrified waste (number of 
canisters). However, this will depend upon the glass composition which is used for vitrification. These 
wastes contain components which often limit the maximum waste loading because of their low 
solubility in some glasses. However, these poorly soluble components are readily soluble in iron 
phosphate melts at high waste loadings, an example being the Hanford high chromium waste [Huang et 
al. 2004 (a, b), 2005, Santic et al. 2007, 2010]. 

 

Figure 26. Grouping all of the high level wastes (HLW) at Hanford [Vienna and Marra 2012]. 

When a simulated Hanford HLW containing 4 wt% Cr2O3 (see high chromium composition in Table 
V) was vitrified in an iron phosphate glass, the waste loading ranged from 55 to 75 wt% [Huang et al. 
2004b]. These iron phosphate waste forms met all DOE chemical durability requirements (VHT as well 
as PCT), either as a glass or glass-ceramic. The iron phosphate compositions containing 55 and 75 wt% 
of the high chromium waste was melted at 1150oC and 1250oC, respectively. 

At the present time, these attractive (high waste loadings) iron phosphate compositions cannot be 
processed in a JHCM until electrode materials are found which can operate in iron phosphate melts at 
these temperatures. The maximum service temperature for Inconel 693 electrodes in an iron phosphate 
glass is currently 1050oC (in Hanford LAW), possibly 1100oC [Gan et al. 2011, Hsu et al. 2013, 2014].  
However, there are no known reasons why these iron phosphate compositions, with such attractive waste 
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loadings, could not be processed in a CCIM. These temperatures are easily achieved in a CCIM and 
the electrode corrosion problem is avoided. 

In addition to the high waste loadings mentioned above, which are the result of the high solubility of 
Cr2O3 in iron phosphate melts, another attractive benefit of an iron phosphate melt is that only one 
glass forming chemical (GFC), namely a source of P2O5, must be added to the high chromium waste 
listed in Table V.  Minimizing the number of glass forming chemicals simplifies the batch preparation 
process, saves storage space and should lower the overall cost. 

Another interesting concept that seems to have merit is the idea of blending some of the HLW wastes 
at Hanford. The high chromium (4 wt%) waste composition listed in Table V is a simplified version of a 
blend of the chromium waste in three clusters, #7 (2.0% Cr2O3), #8 (2.5% Cr2O3), and #14 (4.0% Cr2O3). 
These three clusters were chosen since they have the three highest chromium content of the 17 
clusters [Perez et al. 2001] at Hanford. By simply adding one glass forming chemical, a source of 
additional P2O5, to this blended HLW composition, iron phosphate waste forms were produced whose 
waste loadings ranged from 55 to 75 wt%. These high waste loadings combined with the higher 
density (2.85 to 2.90 gm/cm3) of these iron phosphate waste forms could reduce the total volume of 
vitrified HLW by a significant amount. 

It is not known to what degree the HLW wastes at Hanford can be blended with the present facilities, 
but blending all 17 HLW clusters seems to be possible from the viewpoint of the vitrification process. 
Recent work (unpublished) by the authors of this report has shown that a simulated waste composition 
made by blending all 17 clusters together, in proportion to the weight of each cluster, and adding an 
appropriate amount of a single glass forming chemical (P2O5), can be processed/melted at 1050oC. The 
waste loading of the iron phosphate waste form was 40 wt%. 

At a melting temperature of 1350oC, a waste loading of 65 wt% of this blended HLW is possible 
and the iron phosphate waste form was completely glassy, as analyzed by XRD. The dissolution rate 
(7days at 90OC), as measured by the coupon immersion test (CIT), was 1.7 x 10-8 g/cm2/min. which is 
comparable to window glass. 

A processing temperature of 1050oC is within the temperature capability of a JHCM equipped with 
Inconel 693 electrodes. A CCIM should be capable of operating at 1350oC where waste loadings of 65 
wt%, or higher, appear possible. 

In summary, the data currently available indicates that much of the Hanford HLW wastes such as the 
high chromium, sulfate limited, calcium phosphate limited and high iron are chemically compatible with 
iron phosphate melts. They can be vitrified in iron phosphate melts, either as an individual waste or as a 
blended waste. In particular, there is much evidence available for laboratory size melts, which shows 
that the high chromium wastes at Hanford, either individually or blended, can be vitrified in an iron 
phosphate glass at waste loadings of 55 to 75 wt% in a JHCM operating at 1150 or 1250oC [Huang et al. 
2004 (a, b), 2005]. 

Unfortunately, these temperatures are currently unattainable in a JHCM until electrode materials are 
found which can operate at these temperatures in an iron phosphate melt. However, there is a 
possibility, that with further testing, Inconel 693 or another refractory metal may be found that can 
operate at 1150oC. For the time being, the only possible way of vitrifying Hanford HLW in iron 
phosphate glass at the highest proven-waste loadings is to use a CCIM or some other type of induction 
melter where metal electrodes are not needed. 

7.4 Direct Tank Hanford Waste 
Another alternative that has been recently proposed for immobilizing Hanford waste [Siemer 2013] is 

to not separate the waste into a low level and high level waste, but to pump the waste from some number 
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of tanks (blended) directly to the WTP at Hanford and then vitrify that blended feed stream. It is 
proposed to vitrify this waste using an alumino-iron phosphate glass frit that contains 22 wt% alkali 
oxides (Na2O + K2O). Using a September 8, 2003 download from the tank farm Best Basis Inventory, 
the glass was calculated to contain impurities consisting of 1.7 wt% salt phase forming anions (SO3 + 
halides) and 1.8 wt% of other metal oxides. By difference, the composition of the waste form is 22% 
alkali oxides, 19.4% Al2O3, 10.1% Fe2O3, and 45% P2O5, wt%, which comes from the tank waste and 
an alumino-iron phosphate glass frit. The chemical durability of the alumino-iron phosphate waste form 
is said to meet the PCT standards. 

The salt phase forming anions are 1 wt% SO3 and 0.7 wt% halides (F, Cl, and I). These 
components are estimated to be less than one half of the saturation solubility (salt formation limit) in 
the alumino-iron phosphate glass. The other minor metal oxides total 1.8 wt% and, of this, 0.6 wt% is 
SiO2 which is expected to behave as a glass forming oxide. The total of other metal oxides is 1.2 
wt%, or 12,000 ppm. This low concentration of anions and “other” metal oxides is so small that the 
blending criteria for the retrieved waste can be very broad, ± 50% of the average value being a reasonable 
operational goal. 

8. RECOMMENDATIONS FOR IMPLEMENTING IRON PHOSPHATE 
GLASS AT HANFORD 

The following recommendations briefly describe the work needed to provide the additional 
information and experience required for utilizing iron phosphate glass and are focused primarily on 
vitrifying the nuclear waste at Hanford. However, much of the information would also be useful if it 
was decided to vitrify the SBW and/or calcine wastes at INL in iron phosphate glass. Factors which 
have been taken into consideration in arriving at these recommendations are (a) the status of the current 
overall knowledge base as it exists for iron phosphate waste forms, either as a glass or glass-ceramic, 
(b) actions which could be undertaken on a timely basis using the present and planned facilities at 
Hanford, and (c) steps expected to result in the most savings in terms of time and cost. These 
recommendations are based primarily on technology issues so their potential consequences in other 
areas while not ignored, remain unaddressed. 

No attempt was made to list the following six recommendations in any type of priority order.  All 
six are considered important and necessary, but it is recognized that they may not be viewed as 
having equal importance 

Recommendation #1:  Melter Experiments in JHCM, Pilot-Plant Scale 

Perhaps the greatest obstacle to implementing the use of iron phosphate glass at Hanford is the lack 
of information and processing experience for melting iron phosphate compositions on a larger scale. 
The goal, therefore, is to demonstrate that iron phosphate glass waste forms can be produced on a larger 
scale in a joule heated ceramic melter, lined with commercial ceramic refractories and equipped with 
Inconel 693 electrodes. The data for laboratory melts and the recent experiments in the research size 
joule heated melter at PNNL have clearly demonstrated that much of the Hanford LAW and HLW can 
be vitrified in iron phosphate melts at temperatures as low as 950oC, depending upon the waste 
composition and waste loading Iron phosphate waste forms have been produced which meet DOE’s 
chemical durability requirements at waste loadings as high as 75 wt% so the payoff is a known quantity. 

What is lacking is data for iron phosphate melts produced at the pilot-plant scale, where an iron 
phosphate slurry feed is melted in a JHCM equipped with Inconel 693 electrodes at temperatures of 
1050oC or below. It is suggested that the Hanford LAW AZ102, high sulfate, high alkali waste would be 
a good choice for this pilot-plant scale experiment. The data from the RSM/JHCM experiment at PNNL 
provides a level of confidence in planning the larger scale experiment and it utilizes an important Hanford 
LAW. The high sulfate solubility in iron phosphate melts/glass offers a practical opportunity for 
significantly reducing the volume of LAW glass to be produced at Hanford. It is also possible that 
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pretreatment of the Hanford LAW to reduce the sulfate content, as presently planned, may not be 
necessary. 

The proposed pilot-plant scale experiments would include investigating those parameters normally 
important to melt processing such as the choice of raw materials, the glass production rate, melt 
compositional uniformity and reproducibility, off-gas analysis, melt/glass compositional uniformity, 
effect of reducing/oxidizing atmosphere on melt properties, and other factors considered important to 
the chemical durability of the waste form. 

Depending upon the results of the pilot-plant JHCM experiments and the timing of future events 
(JHCM change out) at Hanford, it might be possible to substitute Inconel 693 electrodes for the Inconel 
690 electrodes in an existing or replacement JHCM and, thereby, process Hanford high sulfate LAW 
in an iron phosphate melt within a short time frame. 

Recommendation #2: Improved Electrode Materials for Operation above 1100oC 

The goal is to investigate and identify candidate materials which can be used as electrodes in a 
JHCM at temperatures above 1050oC and, which are corrosion resistant to an iron phosphate melt. The 
motivation for this recommendation is to take advantage of the significantly high waste loadings, 55 to 
70 wt%, which have been reported for iron phosphate waste forms containing the Hanford high 
chromium HLW, as well as other Hanford wastes. There is limited evidence indicating Inconel 693 may 
be suitable for temperatures up to 1100oC in selected iron phosphate melts. However, for temperatures up 
to 1250oC, which are needed for the higher waste loadings, other electrode materials will be needed. 

Candidate electrode materials would include corrosion resistant and electrically conducting ceramics, 
refractory metals with or without corrosion resistant coatings, or gas cooled metal electrodes (which 
might also serve as gas bubblers to increase the melting rate). 

While this recommendation is directed at the future use of iron phosphate glass at Hanford, the 
availability of electrodes that can operate above 1150oC would be equally useful in a JHCM at 
Hanford processing any type of oxide melt. 

Recommendation #3:  Melter Experiments in CCIM, Pilot-Plant Scale 

Two of the most desirable features of a cold crucible induction melter (CCIM) are that the corrosion 
problems of refractory and electrode materials inherent in a JHCM are eliminated and temperatures up 
to 1350oC, and higher, can be easily attained. With the exception of those Hanford wastes which 
contain volatile components such as sulfate and radionuclides (Tc-99, Cs-137), melting other wastes at 
the highest practical temperature is desirable for several reasons, but primarily because much higher 
waste loadings are possible. Furthermore, higher melting temperatures induce higher convection currents 
in melts by virtue of their increased fluidity (lower viscosity).  Higher melt convection coupled with the 
stirring of the melt by the magnetic field, reduces the time to achieve chemical homogeneity in the melt, 
thereby, increasing the overall melt production (through-put) rate. 

The encouraging results obtained when the Hanford AZ102 LAW was vitrified in an iron 
phosphate composition melted in the bench scale CCIM at INL [Soelberg and Rossberg 2011], clearly 
demonstrated the feasibility, on a small scale, of processing iron phosphate glass in a CCIM. Based on 
these results and the benefits that could be obtained from higher (70 wt%) waste loading, it is 
recommended that an iron phosphate composition containing Hanford HLW be melted, on a larger 
scale, as was recently done in Marcoule France where a Savannah River Site HLW simulant feed was 
melted at 1250oC in a CCIM. The data obtained from such an experiment would be extremely useful in 
calculating the reduction in time and cost of vitrifying Hanford HLW at such high waste loadings. 
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Recommendation #4: Assess Corrosion Resistance of Inconel 693 in Iron Phosphate Melts 

At this time, the corrosion resistance of Inconel 693 in iron phosphate melts appears adequate at 
temperatures up to 1050oC, but the existing data is limited to only a few iron phosphate melts 
containing Hanford waste and there is no data showing how the corrosion resistance of Inconel 693 may 
depend upon the melt composition. Since the most extensive data is available for an iron phosphate 
melt containing the Hanford AZ102 LAW, it is recommended that the corrosion resistance of Inconel 
693, and other potential electrode materials, be investigated in iron phosphate melts whose chemical 
composition covers the compositional limits expected for Hanford LAW as it will be fed to a JHCM at 
Hanford. 

The goal of this research is to (1) determine the extent to which the corrosion resistance of Inconel 
693 may vary with the melt composition, (2) identify what, if any, components in the waste are 
particularly corrosive, (3) gain an understanding of the corrosion mechanisms as a function of 
temperature and melt composition, and (4) establish the compositional boundaries and temperature range 
over which Inconel 693 can be safely used for chosen conditions. 

Recommendation #5:  Direct Vitrification of the Tank Waste in Iron Phosphate Glass 

There is ample data suggesting that iron phosphate glass has a large tolerance for certain 
components (sulfates, halides, heavy metals, etc.) in the Hanford waste that currently require the tank 
waste to be pretreated to remove or reduce these troublesome components. Since an iron phosphate 
glass has a high chemical solubility for such components, it may be possible to reduce or perhaps 
eliminate pretreatment of the tank waste and send a mixture of the tank waste, along with the proper 
amount of glass forming chemicals (or iron phosphate glass frit), directly to a JHCM at Hanford. 

It is recommended, therefore, that a study of such a procedure, while admittedly different from the 
current plans at Hanford, be undertaken for the purpose of (a) determining the practicality of reducing 
the processing/pretreatment of the Hanford tank to remove sulfates, halides, and other such troublesome 
components and (b) evaluating the potential benefits, in terms of cost and time, that could be realized 
from the smaller waste form volume and higher glass production rates that seem possible by vitrifying the 
waste in iron phosphate glass. 

Recommendation #6:  Determine Long-Term Corrosion of Iron Phosphate Waste Forms 

The existing chemical durability data for iron phosphate waste forms, glassy or glass-ceramic, 
leaves little doubt that the chemical durability of these waste forms can meet and exceed all current 
DOE requirements (PCT, VHT). However, all of the existing chemical durability data is for relatively 
short-term tests, a few days or weeks, and there is very little chemical durability data for long-term 
corrosion/weathering of iron phosphate waste forms. It is recommended, therefore, that a systematic 
study of the weathering of candidate iron phosphate waste forms, containing Hanford LAW and HLW, 
be undertaken for the purposes of (1) identifying the key corrosion mechanisms which might potentially 
affect the weathering of iron phosphate waste forms over geologic time scales and (2) providing data that 
could be used to model the long-term weathering of iron phosphate waste forms. 

9. CONCLUSIONS 
Several decades of research on hundreds of iron phosphate glass waste form compositions have 

demonstrated that iron phosphate glass is a viable alternative for vitrifying many types of nuclear 
wastes. The increasing body of technical data reviewed herein strongly suggests that iron phosphate 
glass is particularly well suited for vitrifying those Hanford wastes that contain appreciable amounts 
of sulfates, halides, heavy metals, and actinides. Since such components have a high solubility in iron 
phosphate melts, it appears that the planned pre-treatment of the waste, to reduce the quantity  of these 
components to “acceptable” levels, could be minimized and possibly eliminated. In addition, the retention 
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of volatile species in an iron phosphate waste form is typically high, especially in those iron phosphate 
compositions that can be processed below 1050oC. 

The chemical durability of iron phosphate waste forms, either as a glass or glass-ceramic, meets all 
current DOE requirements, PCT or VHT, even at waste loadings exceeding 70 wt%, depending upon the 
waste composition. For optimum chemical durability, an iron phosphate waste form should contain 
only a small number of the easily hydrolyzed P-O-P bonds and a large percentage of the more 
chemically resistant M-O-P bonds, where M includes cations such as Fe, Al, Cr, U, etc. For the most 
chemically durable iron phosphate waste forms, the O/P molar ratio is typically in the general range of 
3.4 to 3.8 and the M/P ratio is in the general range of 0.60 to 0.75. 

A majority of the data for iron phosphate glasses comes from laboratory size crucible melts so there 
is a pressing need to obtain data for iron phosphate waste forms processed on a larger scale. The 
recent experiments where an iron phosphate composition, containing Hanford AZ102 LAW, was 
successfully processed in the research size JHCM at PNNL and in a bench scale CCIM at INL provide 
encouraging evidence that iron phosphate melts can likely be successfully processed on a larger scale in 
both types of melters. 

Iron phosphate glasses are compatible with a wide range of waste feed compositions and  are tolerant 
of compositional fluctuations. As an example, there are no known technical reasons why iron 
phosphate glass cannot be used to vitrify Hanford waste either separated into a LAW fraction and a 
HLW fraction, as currently planned,  or as un-separated  tank waste. There is  significant data indicating 
that pretreatment of the waste to reduce its sulfate (SO3) and aluminum content is not necessary if the 
waste is vitrified in an iron phosphate glass. The same is true for the high chromium HLW waste. 
Based on limited, but consistent data at this time, there is also reason to believe that an undiluted high 
sulfate, Hanford LAW could be processed in an iron phosphate glass in a full size JHCM operating at 
1050oC, when equipped with Inconel 693 electrodes. Ideally, the only change that would be needed is to 
replace the Inconel 690 electrodes in an existing JHCM at Hanford with Inconel 693 electrodes. 

Similarly, a blend of three separate high chromium, Hanford wastes (containing 4 wt% Cr2O3) 
has been vitrified in laboratory size iron phosphate melts, WL of 45 wt%, at 1100oC. This is close to 
what is considered the maximum temperature limit for Inconel 693 electrodes. Thus, it is uncertain, at 
this time, whether this waste can be vitrified in a JHCM equipped with Inconel 693 electrodes. At a 
melter operating temperature of 1250oC, attainable in a CCIM, the waste loading for this blended high 
chromium waste in an iron phosphate glass is 75 wt%. Remarkably, it is only necessary to add one glass 
forming chemical, a source of P2O5, to vitrify this blended waste. 

In addition to the data for the blend of three high chromium wastes, other blended Hanford wastes 
have also been successfully vitrified in iron phosphate glass. These include a composition corresponding 
to a blend of all the tank waste in Tank Farm B and a blended (average) composition for all, 17 
clusters, of the Hanford waste. In both cases, the blended wastes were vitrified in an iron phosphate melt 
at 1000 to 1050oC which is within the operating range of a JHCM equipped with Inconel 693 electrodes. 

There is growing evidence suggesting that blending the Hanford waste on a grander scale has the 
potential to significantly reduce the number of feed stream compositions, and, therefore, glass 
formulations, if the waste is vitrified in iron phosphate glass. Recent work has shown, on a laboratory 
scale, that a feed whose composition is the average of all the HLW at Hanford (all 17 clusters) can 
be vitrified in an iron phosphate glass at 1050oC, waste loading of ~40 wt%. This temperature is again 
within the range of a JHCM equipped with Inconel 693 electrodes. Again, this blended waste was 
vitrified by adding only one glass forming chemical, namely a source of P2O5. Blending the Hanford 
HLW to produce a single feed stream composition that could be vitrified in an iron phosphate glass is 
probably unrealistic. However, even if the number of different HLW feed streams was 6 or 10, that is 
still a much smaller number than those being contemplated at this time at Hanford. Reducing the 
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number of feed streams should significantly reduce the glass formulation/validation effort and simplify 
the continuous melting operation. 

Unanswered questions still remain, but it appears that the proven combination of high waste loading 
and high solubility of “problem” waste components in iron phosphate glass, provides a possible path 
for significantly reducing the volume of glass waste form that is expected to be produced at Hanford. The 
higher density of iron phosphate waste forms alone reduces the volume of glass (or canisters) by 10 to 
15%. The much higher sulfate (SO3) and halide (Cl, F) solubility limits in iron phosphate glass has 
been estimated in various studies to reduce the volume of processed waste form by 25 to 50%, 
depending on other assumptions. The authors are not aware of any published estimates for the 
reduction in glass volume that would also be possible due to the higher solubility limit of chromium in 
iron phosphate glass. However, it could be as large as 50% in high chromium batches since the 
chromium solubility limit in iron phosphate glass is at least twice that in other glasses. 

The existing and growing information base for iron phosphate glass reveals a potentially practical 
means of addressing some of the difficult problems in vitrifying the challenging nuclear wastes at 
Hanford. Perhaps most important, is the considerably smaller volume of vitrified waste form (possibly 
~50% of that currently projected) that would likely be produced if the Hanford waste was vitrified in 
an iron phosphate glass or glass-ceramic waste form. Furthermore, there is a reasonable and growing 
amount of evidence which suggests that much of the Hanford waste can be processed in a JHCM 
operating at 1000 to 1100oC (equipped with Inconel 693 electrodes) to produce an iron phosphate waste 
form whose chemical durability satisfies all relevant DOE requirements. 

For the preceding reasons, it is recommended that serious consideration be given to examining how 
iron phosphate glass can be smoothly integrated, with minimum disruption  into  the existing plans 
and procedures at Hanford. When viewed from the perspective that recovery of the tank waste will 
continue over a 30 to 40 year period and that the operational life time of a JHCM will be on the order of 
10 years, each melter change out/replacement will be an opportunity to implement iron phosphate glass 
technology. If the recommendations contained herein, especially those for larger scale melting 
experiments and glass formulation/evaluation research, are implemented in a timely fashion, it is 
estimated that sufficient data should be available so that a decision to implement iron phosphate glass 
technology could be made prior to the change out of the first generation JHCM melters, perhaps sooner. 
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