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ABSTRACT 

High-temperature waste forms such as iron-enriched basalt are proposed to immobilize and 
stabilize a variety of low-level wastes stored at the Idaho National Engineering Laboratory. The 
combination of waste and soil anticipated for the waste form results in high Si0 2 + A1203 

( — 60%), producing a viscous melt in an arc furnace. Adding a flux such as CaO to adjust the 
basicity ratio (the molar ratio of basic to acid oxides) enables tapping the furnace without 
resorting to extreme temperatures, but adds to the waste volume. Improved characterization of 
wastes will permit adjusting the basicity ratio to between 0.7 and 1.0 by blending of wastes 
and/or changing the waste-soil ratio. This minimizes waste form volume. Also, lower pouring 
temperatures will decrease electrode and refractory attrition, reduce vaporization from the melt, 
and, with suitable flux, facilitate crystallization. Results of laboratory tests were favorable and 
pilot-scale melts are planned; however, samples have not yet been subjected to leach testing. 

INTRODUCTION 

This paper discusses recent results of work conducted at the Idaho National Engineering 
Laboratory (INEL) on the iron-enriched basalt (IEB) waste form. This research continues the 
effort that began in 1979 to investigate the applicability of thermal treatment to stabilize and 
immobilize up to 350,000 m3 of low-level wastes (LLW), including substantial quantities of 
overburden and underburden soils that may have been contaminated. Some of these wastes had 
been in "temporary" storage in the INEL's Radioactive Waste Management Complex (RWMC) 
since this facility was opened in 1952.U2-3 The wastes are heterogeneous and include wood, 
paper, cloth, plastics, concrete, metals, chemical sludges, etc. Much of this waste is 
contaminated with transuranic (TRU) elements from weapons-related work at the Rocky Flats 
Plant, and contains other substances defined under RCRA as toxic and/or hazardous. Boxes and 
drums of waste were buried in pits and trenches between 1952 and 1970. Beginning in 1970 
waste containers were stacked on asphalt pads, covered with soil for shielding, and with a 
membrane to shed water. Since 1976 wastes have been stored beneath an air-supported canopy, 
which permits operations to proceed regardless of the weather. 

The extremely variable nature of the waste mix complicates its conversion into a waste form 
that must retain toxic metals, activation products, fission products, and the actinide elements (U, 
Th, and TRUs) for extended periods. The actinides are a primary concern because their long 
half-lives require these isotopes and their daughter products to be retained in an essentially 
leach-proof waste form for periods measured on a geologic time scale. 

aPrepared for the U. S. Department of Energy, Office of Environmental Restoration and-Waste~Mari'agerrient under"" 
DOE Idaho Operations Office contract DE-AC07-76ID01570. 
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Thermal treatment enables destruction of me organic content, decomposition of the sludges, 
oxidation of the metals, and generates a durable and versatile waste form. Of the various 
thermal processing options applicable to converting RWMC wastes into stable waste forms, the 
INEL has selected the arc melting approach and is collaborating with the Albany Research 
Center (ALRC) of the U.S. Bureau of Mines (USBM) to develop this approach into a viable 
process for converting mixed waste into an IEB waste form. The ALRC had modified their 
three-phase, steel-melting arc furnace to vitrify municipal incinerator ash,4 as well as to melt the 
INEL waste/soil mixes.5 Simulated INEL waste/soil mixes were used that were assumed to have 
been completely incinerated to eliminate combustibles, thereby minimizing furnace control 
problems6 and complications in the offgas treatment system. This would not affect the nature 
of the waste form; offgas problems must be confronted when incinerating. 

IEB is an unavoidable consequence of melting together the mix of soil and wastes 
encountered at the RWMC that, except for the higher iron content, resembles natural basalt. 
Both natural basalt and IEB are very durable rock types. IEB was intended to immobilize and 
stabilize the low-level wastes (LLWs) and alpha low-level wastes (dLLWs) stored at the RWMC 
so that these wastes may be retrieved and shipped to a repository for permanent disposal. 

During the course of the early INEL work, investigators discovered that crystals of zirconia 
(Zr02), zircon (ZrSi04), and zirconolite (CaZrTi207) could be developed in IEB and that 
uranium would be incorporated into these phases in preference to the residual glass.1-7 This 
research has continued.8,9 IEB modified by additions of Ti0 2 and Zr0 2 is called IEB4 in 
reference to these added Group IVB elements. The term IEB4 does not intend to imply a fixed 
composition but signifies only that Ti0 2 and Zr0 2 have been added to IEB to enable forming 
zirconolite crystals in addition to the crystals that would normally form in a cooling melt. 

This paper is divided into two parts: (1) a review of waste form characteristics and results 
of converting simulated wastes into glass-ceramic waste forms, and (2) a discussion of results 
of slow-cooling the compositions produced in the arc furnace and several additional viscosity-
based compositions. 

WASTE COMPOSITIONS 

The various RWMC wastes to be treated have a wide range of compositions, so the "Series" 
system was devised to describe them. The "A-Series" describes the waste mixtures, and waste 
form compositions, that result from mixing "Average" TRU waste with "average" RWMC soil. 
The likelihood of encountering a waste or soil sample that corresponds to the average is remote, 
so the compositions given are reference compositions only. The "A-100" in Table 1 describes 
the composition of 100% RWMC soil with no waste, while "A-0" describes the composition of 
average RWMC waste with no soil. The "A-40" composition, 60% waste and 40% soil, was 
selected as the IEB reference composition because (1) it was believed to represent the material 
that would be exhumed from the pits and trenches and (2) it resembled the composition of 
natural basalt. A substantial data base was developed for the IEB A-40 composition. 

As additional information describing the RWMC wastes was obtained, additional waste series 
were developed;10 these are listed in Table 1. Most of these wastes are drummed and result 
from defense-related activities at the Rocky Flats Plant (RFP). Hl-0 and H2-0 designations 
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Table 1. Compositions of INEL soils, nominal IEB, and selected wastes. 

Oxide Compounds (wt%) 

Si0 2 AI 2 0 3 F e O + F e A CaO MgO Na 20 K 2 0 Ti0 2 Misc. 

RWMC Soil (A-100) 65.4 12.5 4.8 9.6 2.5 1.5 2.9 0.7 — 

SDA Lake Bed Soil* 66.6 12.0 4.9 8.6 2.6 1.5 2.8 0.5 0.1 

A-0 38.0 7.4 34.5 8.3 4.6 4.8 2.4 — — 

Hl-0 25.2 7.0 29.6 12.9 3.0 15.9 2.6 0.0 3.8 
H2-0 32.0 4.7 27.9 22.9 6.3 3.3 2.2 0.2 0.4 
S-0 35.4 4.8 40.9 14.7 3.5 0.3 0.4 0.0 0.0 
P-0 20.6 9.3 22.8 39.8 7.6 0.0 0.0 0.0 0.0 
N-0 0.7 0.3 36.1 0.1 0.0 37.3 25.5 0.0 0.0 
M-0 6.0 2.8 0.0 3.2 0.0 0.0 0.0 0.0 88.0b 

IEB (A-40) 51.0 10.3 19.6 9.7 3.5 3.2 2.6 — — 

IEB4 (A-40) 43.4 8.8 16.7 8.3 3.0 2.7 2.2 10.0 5.0 Zr0 2 

Natural Basalts0 49.9 16.0 8.4+2.7 9.7 6.5 2.7 0.8 1.6 1.5 

a. Subsurface Disposal Area (SDA) soil, ICP analysis by USBM. 
b. Steel 60%, stainless steel 25%, Al 5%, Zr 2.5%, Cu 1.5%, Pb 0.5%. 
c. Average of 224 analyses of North American basalts. 

describe the RFP 741 and 742 sludges with Portland cement and Oil-Dri added to absorb free 
liquid. The S-0 series describes organics (oils and solvents, RFP 743) immobilized by mixing 
with Micro-Cel E® (CaSi03) and Oil-Dri®. The P-0 series describes chemical wastes (RFP 744) 
mixed with Portland cement and magnesia cement. The N-0 designation refers to evaporator 
salts (RFP 745) from solar drying of liquid wastes; these consist mostly of sodium and potassium 
nitrates with limited amounts of other wastes and small amounts of Oil-Dri. The M-0 waste 
(RFP-480) is a variety of unleached scrap metals bagged in plastic and loaded into boxes or 
drums. 

ARC MELTING OF SIMULATED WASTES 

Waste/Soil Combinations for Arc Melting 

For the tests in the ALRC arc furnace, the "S" and "N" waste compositions (Table 1) were 
employed. Due to the relatively small amounts of Si0 2 contained in these wastes, additional soil 
was used (60 and 80%, respectively) in an attempt to approach the A-40 composition, although 
the compositions of the waste and soil alone would not permit A-40 to be duplicated. The 
intended compositions are given in Table 2; "IV" melts refer to IEB4 and included additions of 
T i0 2 and Zr0 2 to determine whether any complications arose from using these compositions. 
A scrap metal/soil mix was formulated and melted also, but it did not produce a slag suitable 
for this study. 
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Table 2. Intended compositions of simulated wastes for melting at ALRC. 

Oxide Compounds (wt%) 

Si02 A1203 FeO CaO MgO Na20 K20 Ti02 Zr02 Ce02 

IEB (A-40) 51.7 10.4 18.5 9.8 3.5 3.2 2.6 — 

S-60 53.8 9.5 18.1 11.8 2.9 1.0 1.9 0.4 

S-60IV 48.1 8.4 17.7 10.9 2.7 0.9 1.6 6.1 

N-80 52.6 10.1 10.3 7.8 2.0 8.8 7.5 0.6 

N-80IV 44.9 8.7 9.8 6.5 1.7 8.6 7.2 8.1 

Note that the Fe oxides were converted to FeO and the percentages adjusted accordingly. 

The melt feed mixes were calculated to permit feeding at a rate of up to 700 kg/h for 7 h, 
so a total of 4800 kg was mixed for each composition. "SDA Lake Bed Soil" (Table 1) was 
excavated from near the RWMC to be used in the mixes. This soil is used frequently for fill 
and grading in the Subsurface Disposal Area (SDA) in the RWMC and was used in this 
application instead of RWMC soil to avoid the possibility of inadvertent contamination by TRU 
elements. The soil was air dried to 2 to 5% H 20 content by spreading on the floor of a heated 
building, and then screened to remove stones, roots, and any other debris that could foul the 
furnace feed screws. Loss of volatiles on ignition at 1000°C averaged 14%. The various oxides 
(minerals and mineral concentrates when available, such as magnetite, ilmenite, zircon, etc.) 
necessary to achieve the desired compositions were blended with the screened soil. Carbonates 
were substituted for nitrates on a molar basis in the "N" mixes to avoid possible explosive 
combinations and NOx generation. The mixes were loaded into 55 gal drums and trucked to 
ALRC. 

Arc Melting Procedure 

Figure 1 contains a cross-sectional drawing of the ALRC arc furnace. The drums of waste 
mix were dumped into a hopper and screw-fed to the top of the furnace, where the mix was 
allowed to free-fall, within the four water-cooled feed tubes, onto the cold top that floated upon 
the molten slag layer. When the cold top was thick enough so that the waste material extended 
into the bottom of the feed tubes, as shown in Fig. 1, the fines were less likely to become 
entrained in the turbulence within the furnace chamber and add to the burden of the air pollution 
control system. The cold top also decreased heat loss and restricted loss of high-vapor-pressure 
materials. 

Melting Results and Discussion 

A "shakedown melt" was used for the purpose of checking out the arc furnace, procedures, 
auxiliary equipment, and data-gathering systems, including the exhaust gas analyzing equipment. 
Lake Bed soil diluted with mill scale (Fe^ ) in the ratio of 100 soil: 10 mill scale, the original 
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Waste input 

R94 0942 
Figure 1. Cross section of USBM ALRC arc furnace. 

shakedown mix, was too viscous to pour readily, so more mill scale was added to fluidize the 
slag. Even with the added mill scale, tapping temperatures remained high, with 1800°C needed 
for continuous tapping and a maximum of 2000°C recorded. A total of 3409 kg (2722 kg soil, 
687 kg mill scale) was charged into the furnace over a 13 h period and 3137 kg were tapped. 
It was clear that mill scale alone was not sufficient to reduce the pouring temperature, so "pebble 
lime" (limestone calcined to CaO) was ordered for use in the test series. 
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A "warm up" melt was scheduled immediately before the waste melt test series in order to 
preheat the furnace refractories and to flush out remnants of the shakedown melt. This melt was 
an equimolar blend of Si0 2 and CaO (-52% Si0 2, 48% CaO, m.p. ~1540°C), which was 
quite fluid. The material was melted for 12 h, adding 1951 kg of mix and pouring 1964 kg of 
slag. The temperature of the furnace the next morning was expected to be representative of that 
when beginning to melt each composition of the test series. 

Subsequent mixes of each specified test composition (Table 2) were added to the furnace 
until "melting equilibrium" could be established (i.e., feed rate, melt rate, power input, tapping 
rate, and offgas compositions were steady), which usually required several hours. This phase 
of melting enabled an approximation of the appropriate melting parameters as influenced by the 
composition of the feed. If the composition was such that a viscous melt was likely, mill scale 
(Fe304) and/or pebble lime was added to the feed near the end of the test to ensure adequate 
fluidity and enable emptying of the furnace when the test was completed at the end of the day. 
The slag was poured into heavy (450 kg) cast-iron slag ladles, which were removed periodically 
from the pit, hauled outside, and emptied by overturning when sufficiently cooled. The material 
poured from the metal tap to empty the furnace at the end of the test run was handled in the 
same manner. Each ladle contained about 400 kg of slag but could hold up to 450 kg if filled 
to overflowing. The massive slag ladles tended to chill the slags, so most of the contents were 
entirely vitreous when cooled. Several had crystalline centers due to compositional shifts 
resulting from additions to improve viscosity. 

Melts based on the A-40 reference composition are relatively high in silica and alumina. As 
noted earlier, the reference composition could not be closely approached by mixing only 
simulated waste and the lake bed soil. Consequently, the test compositions produced melts that 
tended to be viscous. High viscosity enables extreme temperatures to develop in the vicinity of 
the electrodes because convection currents cannot develop easily to dissipate the heat. The 
higher overall temperatures accelerate attrition of furnace refractory and cause high-vapor-
pressure metal oxides to evaporate from the melt. The ALRC adopted the "basicity ratio" 
concept to control melt compositions to assure sufficient fluidity to enable a slag to be poured 
easily without resorting to extreme temperatures. ALRC personnel would prefer to pour slag 
at 1550°C, but such a low pouring temperature may not permit pouring of metal from beneath 
the slag. 

The basicity ratio is the molar ratio of the "basic" (di- and monovalent) oxides to the "acid" 
(tri- and tetravalent) oxides. The most fluid slags are produced when this ratio is near 1.0, such 
as with the Si0 2 + CaO combination used for the furnace warm up. Higher or lower ratios may 
be poured satisfactorily, with 0.6 approaching the lower limit. The basicity ratios of several of 
the first test melts are given in Table 3; these were calculated based on analytical results which 
include Fe + 2 :Fe + 3 ratios. The amounts of pebble lime and mill scale necessary to achieve the 
desired basicity ratio were determined before melting began and added after melting equilibrium 
was achieved and the various measurements made. The estimates did not account for carry-over 
from the last of the previous day's melt composition. The specified composition varied during 
the melting equilibrium period, as determined by successive ladle analyses. For example, the 
S-60 melt composition shown in Table 3 contains elevated CaO from the preceding warm up 
melt plus elevated MgO from the furnace bottom refractory that was mobilized by melting the 
soil during the shakedown melt. Offgas measurements were made after about 2000 kg slag was 
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Table 3. Compositions of 1st series of ALRC/USBM melts (individual ladle analyses). 

Si0 2 A1 20 3 FeO FeA Ratio CaO MgO Na 2 0 K20 Ti0 2 Zr0 2 Ce0 2 Other Ratio 

S-60 48.60 7.44 14.40 1.60 9.81:1 10.83 12.63 1.18 0.81 1.82 0.02 0.28 0.39 0.81 

S-60IV 48.67 7.42 13.13 5.63 2.59:1 10.53 3.79 1.96 0.96 4.70 2.33 0.46 0.42 0.54 

N-80 50.55 9.07 8.60 5.04 1.90:1 8.29 2.45 7.67 6.09 1.55 0.18 0.26 0.25 0.55 

N-80IV 44.78 7.55 9.36 2.10 4.94:1 7.69 2.52 8.39 6.40 7.47 3.12 0.44 0.16 0.58 

N-80 IV Mod 35.18 6.42 10.85 8.91 1.36:1 16.02 1.99 6.81 5.13 5.51 2.60 0.35 0.23 0.89 

tapped but before the additions were made, so the melt composition was quite close to the 
specified composition during this period. 

VISCOSITY-BASED MELT COMPOSITIONS 

The basis of the belief in the long-term durability of IEB is the long-term durability of 
natural basalts, as demonstrated by millions of years of exposure to weathering processes. If 
the compositions and textures found in natural basalts can be approximately duplicated in IEB, 
it follows that IEB would be similarly durable and thus be ideally suited for use as a waste form. 
One obstacle to duplicating natural basalt in an arc furnace is superheat. Some natural basalt 
textures can be duplicated only with difficulty, even when natural basalts are remelted and slow 
cooled in the laboratory, if the melting temperature is high enough to destroy the nuclei upon 
which crystals grow.11 Temperatures above 1300°C are sufficient to eliminate the nuclei in IEB. 
Arc melting routinely generates melt temperatures greatly in excess of this figure. Also, the 
redox conditions may play a significant role in determining which crystalline species develop in 
a cooling melt.12 The redox conditions encountered during arc melting with carbon electrodes 
may differ radically, from extremely reducing where much of the iron is reduced to the metallic 
state, to very oxidizing when the furnace is "idling" and the melt is exposed to air. 

One objective of this investigation was to develop plagioclase in cooling melts of the 
compositions indicated. While pyroxene [augite, Ca(Mg,Fe+2,Al)(Si,Al)206] is formed readily 
when cooling superheated melts, development of plagioclase is much more difficult. This 
crystalline phase is represented by a continuous solid solution series of anorthite (CaAl2Si208) 
and albite (NaAlSi308). Neither of these phases or their combinations exhibit outstanding leach 
resistance; plagioclase is desired because (1) it is a glass consumer, and (2) it is able to 
incorporate only very little Ti0 2, Zr0 2, or actinide (or surrogate) into its crystalline structure. 
A review of unpublished data has shown that some of the Ti0 2 and Zr0 2 and much of the 
surrogates (and presumably the actinides) remain in the residual glass, even when zirconolite is 
formed. Therefore, as development of plagioclase consumes residual glass, the elements it 
cannot incorporate become increasingly concentrated in the decreasing glass volume until 
precipitation must occur. Ideally, the last actinide-laden zirconolite crystal will develop as the 
last remnant of glass converts to plagioclase. 
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Additions of mill scale and/or lime used to lower viscosity increase the volume of the waste 
form. A better approach to produce the same result would be to simply use less soil. The effect 
of these compositional changes on leaching characteristics has not yet been determined; however, 
leach resistance generally deteriorates with increasing basicity, particularly when basicity is 
increased by alkali metal oxides. 

Several waste/soil combinations proposed for low viscosity melts are listed in Table 4. The 
IEB A-40 reference composition is considered to be just under the lower basicity limit, but IEB 
has been rated as an excellent waste form,13 which implies high leach resistance. The other 
compositions given in Table 4 were based on the reference waste and soil compositions given 
in Table 1, and proportions of these compositions were arranged to yield a basicity ratio near 
unity. The basicity ratios were determined assuming 100% Fe + 2 (FeO). Basicity will decrease 
slightly as oxidation changes Fe + 2 to Fe + 3 . 

The terminology used to describe waste/soil ratios is as described previously, that is, IEB 
S-20 waste means 80% "S" waste was blended with 20% soil. The terminology was extended 
to describe blends of two waste compositions with soil, so that IEB S50/P20-30 refers to a blend 
of 50% "S" waste, 20% "P" waste, and 30% soil. Note that similar basicity ratios may be 
obtained from significantly different compositions. Compositions approaching the IEB A-40 
reference composition have been studied to the extent that their behavior may be predicted; 
however, no studies have been made of viscosity-based compositions as given in Table 4. 

Table 4. Proposed compositions of low-viscosity melts. 

Si0 2 

(acid) 
A1203 

(acid) 
FeO 

(basic) 
CaO 

(basic) 
MgO 
(basic) 

Na^O 
(basic) 

K 2 0 
(basic) 

Ti0 2 

(acid) Misc. 
Basicity 

Ratio 

A-40 ref comp 51.7 10.4 18.5 9.8 3.5 3.2 2.6 — — 0.62 

HMO 41.8 9.0 19.7 11.2 2.9 10.1 2.7 0.2 2.3 0.94 

H2-40 45.4 7.8 18.7 17.6 4.8 2.6 2.5 0.4 0.2 0.92 

S-20 41.6 6.2 33.7 13.2 3.3 0.5 0.9 0.1 — 1.07 

P-50 43.0 10.9 13.8 24.7 5.1 0.8 1.5 0.4 0.04 0.95 

N-60 39.5 7.6 17.3 5.8 1.5 15.8 11.9 0.4 — 1.03 

S50/P20-30 41.4 8.0 26.4 18.2 4.0 0.6 1.1 0.2 — 1.05 

S60/N10-30 40.9 6.7 29.6 11.7 5.0 4.4 3.7 0.2 — 1.14 

H2-50/N10-40 42.2 7.4 19.5 15.3 4.2 6.0 4.8 0.3 — 1.02 
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Objective 

The objective of this portion of the research was to melt samples of several viscosity-based 
compositions, determine crystallization characteristics upon slow cooling, and select 
compositions suitable for additional study, including leach testing. Some of this work was 
planned to follow recommendations given in the USBM/ALRC arc melting report.4 

Procedure 

The compositions selected for study were S-60, S-60 IV, N-80 IV, and N-80 IV Mod from 
Table 3, and compositions P-50, N-60, and H2-50/N10-40 from Table 4. A Lindberg Model 
51524 1700°C box (resistance) furnace with a Eurotherm Model 818 programmable controller 
was used for melting and slow-cooling 20-g samples placed in alumina crucibles. The samples 
from Table 3 were from material removed from the ALRC/USBM test melt series for individual 
ladle analyses. This material was used "as-is," with a single 20-g fragment of each composition 
placed in a crucible. Ladle samples from S-60 IV were used as the basis of the low viscosity 
compositions also, but that material was ground to < 50 mesh and the necessary additions made 
to produce the desired composition. These samples were blended by grinding the additions into 
the base material. 

The loaded crucibles were placed in the resistance furnace and heated in air to 1380°C, held 
at this temperature for 2 h, cooled to 1200 °C at 200°C/h, cooled from 1200 to 900 °C at 5 °C/h, 
from 900 to 650°C at 200°C/h, held at 650°C for 4 h, and furnace-cooled to room temperature. 
Samples were cut from the crucibles with a diamond saw; adjacent specimens were cut from 
near the center for SEM/EDXS and XRD analyses. 

Results and Discussion 

Compositional shifts resulting from adjusting the basicity ratio by changing the proportions 
of soil and the various wastes will not be without some consequences in the solidified waste 
form. Natural basalts include a range of compositions, yet certain properties vary only slightly. 
Hopefully, the viscosity-based compositions will have the attributes of iron-enriched basalt. A 
ceramic or glass-ceramic texture is preferred based on the assumption that a glass is metastable 
by definition and that a crystal is more durable than glass of the same composition.14 

The compositions selected for study (Table 4) and the bases for their selection are as follows: 

S-60, high Mg (from furnace refractory) N-60, very high Na and K 
S-60 IV P-50, high Al, Ca, Mg; low Na, K 
N-80 IV, low Fe; high Na and K H2-50/N10-40, high Ca, Na, K 
N-80 IV Mod, high Fe and Ca 

Four of the compositions selected were produced in the ALRC arc furnace. They deviate 
from the specified compositions due to carry-over contamination and to addition of fluxes to 
decrease viscosity. All melts contained Ce02 as a surrogate for TRUs and, except for S-60, the 
melts contained varying levels of Ti0 2 and Zr0 2 in order that zirconolite crystals could be 
formed. The concentrations of Ti0 2, Zr0 2, and Ce0 2 in P-50, N-60, and H2-50/N10-40 were 

9 



diluted by the additives to the S-60 IV melt material that was used as the starting material for 
these compositions. The Fe + 2 :Fe + 3 ratios decreased due to exposure to air during melting and 
cooling, and the alumina content increased due to dissolution of the alumina crucibles by the 
melts. 

Sample compositions, as determined by energy-dispersive x-ray spectroscopy (EDXS) scans 
of selected sample areas, are given in Table 5. The "standardless" EDXS technique is semi
quantitative and the accuracy is often suspect, particularly when amounts of a relatively large 
number of elements are sought. The samples were melted in air, so iron is reported as Fe 30 4 

since the EDXS technique is unable to distinguish between FeO and Fe203. EDXS was most 
useful in this study for determining the composition within very small areas (~2 /xm) and was 
used to supplement x-ray diffraction (XRD) when identifying the phases that developed during 
cooling of the samples. 

Microstructural and X-Ray Examination 

Samples of the compositions of interest were remelted and heat treated in the same furnace 
run, as described under "Procedure," to avoid differences in treatment. The microstructures 
resulting from this treatment are shown in Figures 2, 3, and 4. 

Considerable glass still remains in the S-60 samples, with more glass present in S-60 than 
in S-60 IV (Fig. 2). The additional MgO in S-60 resulted from corrosion of the furnace bottom 
refractory and is reflected in all three of the identified phases (glass, augite, and spinel). Adding 
Ti0 2 and Zr0 2 to S-60 produced the S-60 IV composition and enabled development of zirconolite 
(CaZrTi207), shown as the brightest spots in Fig. 2d, pseudobrookite (FejTiOs) and titaniferous 
hematite. Pseudobrookite develops in oxidized melts, while ilmenite (FeTi03) occurs when Fe + 2 

predominates. Zirconolite crystals are scattered throughout the field and are also trapped 
between growing hematite and augite crystals. While Ce0 2 is concentrated in the zirconolite, 
its level in the residual glass phase was observed to be twice the specimen average as given in 
Table 5. 

Table 5. EDXS analytical results (oxides, wt%). 

SiO, A1 20 3 F&,04 CaO MgO N^O K 2 0 Ti0 2 Zr0 2 Ce0 2 Other 

S60 56.42 11.45 10.50 7.60 

S60IV 56.79 9.58 12.01 8.80 

N80IV 48.64 12.17 8.25 5.88 

9.93 1.21 1.16 1.73 -

2.54 1.14 1.06 4.26 3.58 0.23 

1.65 6.69 6.11 6.65 3.78 0.18 

N80IVMod 37.96 19.28 11.47 12.06 0.92 6.34 4.95 3.92 2.90 0.10 

N-60 32.74 22.03 11.93 7.69 — 11.37 7.89 3.74 2.60 — 

PT50 43.64 15.99 10.52 15.84 3.15 1.82 1.88 4.10 2.89 0.16 

H2-50/N10-40 43.63 15.68 10.89 11.31 1.98 5.76 4.09 3.73 2.76 0.25 

0.11 
Mn02 
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(a) S-60 (b) S-60 

(c) S-60 IV (d) S-60 IV 

Figure 2. IEB compositions melted in USBM/ALRC furnace, remelted, and slow cooled. 
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(a) N-80 IV (b) N-80 IV 

(c) N-80 IV Mod (d) N-60 

Figure 3. IEB compositions from soil and nitrate salts, remelted, and slow cooled, (c) and (d) were modified to improve viscosity. 
VG94 0516 



(a)H2*50N10-40 (b)H2«50N10-40 

(c) P-50 (d) P-50 

Figure 4. IEB compositions modified to improve viscosity, remelted, and slow cooled. 
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The N-80 IV, N-80 IV Mod, and N-60 compositions represent the nitrate salts mixed with 
80 and 60% soil; "Mod" refers to mill scale and lime added during the latter part of the melt. 
Microstructures produced by melting and slow-cooling these compositions are shown in 
Figure 3. Table 3 more accurately depicts the compositions of the N-80 heats than Table 5. 
Considerable residual glass remains in the N-80 IV sample, but none was found in the "Mod" 
or the N-60 compositions. Instead, nepheline [(Na,K)AlSi04] was abundant. The nepheline 
phase did not contain Ti0 2, Zr0 2, or Ce02. All three of these samples contained perovskite 
(CaTi03), which contained higher concentrations of Ce0 2 than zirconolite when both phases 
were present. 

The H2-50/N10-40 and P-50 microstructures are shown in Figure 4. The H2-50/N10-40 
sample represents a blend of 50% H2 waste, 10% N waste, and 40% soil. The texture 
resembles that observed in the N-80 rv Mod sample, except that more glass was evident and no 
zirconolite crystals could be found, although Ti0 2 and Zr0 2 appeared to be sufficiently abundant. 
The perovskite contained nearly 7% Ce02. Perovskite did not appear so plentiful in this sample 
as to prevent zirconolite formation by depleting the residual glass of CaO and Ti0 2. 

The P-50 sample, shown in Figure 4 (c) and (d), contained residual glass with about the 
same composition as in the H2-50/N10-40 sample, but it contained a much larger quantity of 
perovskite, and zirconolite crystals were present. This sample contained more CaO than any 
other in this series, and contains more pyroxene. Note that neither perovskite nor zirconolite 
is trapped within any of the pyroxene crystals, although some zirconolite appears embedded in 
the surfaces. 

Summary and Conclusions 

Using a cooling rate of 5°C/h over the 1200 to 900 °C temperature range produced 
microstructures in some of the viscosity-based melts that were similar to those obtained 
previously in IEB4 A-40 compositions that were cooled at faster rates. Residual glass was 
present in all samples, except where sufficient alkali metal oxides were present to form 
nepheline. No plagioclase was found in any of the microstructures. This phase had been 
developed in previous work after reheating samples cooled to 700°CX or to room temperature.8 

Cooling and reheating may be an option for laboratory studies, but not for a production process. 
This effort was to define the limits of a "passive" system, in which insulated containers cool 
slowly, and to determine the cooling rate and time necessary to produce the textures desired. 

Plagioclase is abundant in natural basalts because the nuclei are abundant at eruption 
temperatures, which seldom exceed 1200°C. A basalt may require weeks or months to cool to 
900°C. Under such conditions, residual glass has largely disappeared by the time 900°C is 
reached. Considering the superheat in me melt produced by arc melting, it appears that slow 
cooling should have continued to lower temperatures. 

Zirconolite crystals developed in most of the samples, even with lower levels of added Ti0 2 

and Zr0 2 than were required in previous work.8 This was probably due to slower cooling and 
more crystallization, resulting in additives being more concentrated in the residual glass. It 
follows that less of these additives may be needed if more residual glass can be consumed by 
crystal development. Perovskite was formed in several melts with lower silica contents. Both 
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minerals are desirable, as they incorporate actinides and are very leach resistant. Oxidizing Fe + 2 

to Fe + 3 produces pseudobrookite, which consumes Ti0 2 and Zr0 2 without tying up actinides. 
Oxidation may also result in decomposition of augite to plagioclase and hematite. 

RECOMMENDATIONS 

• Melt and slow cool additional samples, beginning the cooling at 1250°C and continuing 
to 700 or 650°C, using 5°C/h to start and 2°C/h to finish. 

• Use compositions employed in this study, except S-60 and N-80, and decrease Ti0 2 and 
Zr0 2 in S-60 IV. 

• Use larger melts to provide material for ICP analysis and leach testing, in addition to the 
SEM/EDXS and XRD analyses. 
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DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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