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DISINTEGRATION AND SIZE REDUCTION OF SLAGS AND METALS AFTER 
MELT REFINING OF CONTAMINATED METALLIC WASTES 

B. Heshmatpour, G. L. Copeland, and R. L. Heestand 

ABSTRACT 

Melting under an oxidizing slag is an attractive method 
of decontaminating and reducing the volume of radioactively 
contaminated metal scrap. The contaminants are concentrated 
in a relatively small volume of slag, which leaves the metal 
essentially clean. A potential method of permanently disposing 
of the resulting slags (and metals if necessary) is emplacing 
them into deep shale by grout hydrofracture. Suspension in 
grout mixtures requires that the slag and metal be granular. 

We demonstrated the feasibility of size-reducing slags 
and disintegrating metals and subsequently incorporating both 
into grout mixtures. Various types of slags were crushed with 
a small jaw crusher into particles smaller than 3 mm. Several 
metals were also melted and water-blasted into coarse metal 
powder or shot ranging in size from 0.05 to 3 mm. A simple 
low-pressure water atomizer having a multiple nozzle with a 
converging-line jet stream was developed and used for this 
purpose. No significant slag dust and steam were generated 
during slag crushing and liquid-metal water-blasting tests, 
indicating that contamination can be well contained within the 
system. The crushed slags and the coarse metal powders were 
suspendable in grout fluids, which indicates probable disposa-
bility by shale hydrofracture. The granulation of slags and 
metals facilitates their containment, transport, and storage. 

INTRODUCTION 

In 1957 the National Academy of Sciences recommended two general 
alternatives for disposal of radioactive waste: in bedded salt or In deep 
geologic structures.1 Among these and other methods under current develop-
ment, storage and/or disposal in deep geologic formations or in arid regions 
represents the most realistic solution for general disposal of radioactive 
wastes.^ Disposing of intermediate-level liquid wastes into deep shale 
formations by hydrofracture has routinely produced good results at ORNL,^ 

1 
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Hydraulic fracturing was originally developed by the petroleum 
industry, and its use as a waste disposal method was recognized in more 
recent applications for discarding hazardous chemicals. In an ORNL 
program solid or aqueous radioactive wastes have been mixed with cement 
to form a grout, which is injected into an impermeable shale formation 
well below groundwater level.^ The fracture is initiated by water 
pressure and then propagated by the grout mixture. The grout mixture is 
admitted to the injection well through a concentric pipe and is discharged 
close to the formation fracture plane.5,6 

Current Department of Energy (DOE) guidelines require retrievable 
storage for all its waste that contains more than miniscule amounts of 
transuranic (TRU) elements. The high cost of this retrievable storage and 
its ultimate disposal In a repository are strong incentives for reducing 
the volume that requires storage. In the ORNL project on "Volume 
Reduction and Resource Methods for Contaminated Metal Wastes" wt initially 
investigated che feasibility of cleaning uranium-contaminated metals to 
permit recycle either within DOE installations or as commercial scrap. 
The contaminants could be concentrated into a relatively small volume of 
slag for reclamation or permanent disposal. Metals that are not decon-
taminated sufficiently for recycle would be reduced in volume as ingots, 
which are easily handled for burial or storage. In the current work on 
TRU-contaminated metals, we are also investigating the technical and eco-
nomic feasibility of melting for decontamination and volume reduction. 

Preliminary indications are that melting for volume reduction simply 
to reduce the space required for disposal will be economically justified 
for material that is required to be put into retrievable storage. For 
material suitable under current guidelines for shallow landfill disposal 
with no further treatment, however, volume reduction will probably not be 
economically sound. A large economic gain is possible if these metals can 
be melted for decontamination and burled in a landfill or reused rather 
than being placed in retrievable storage.7 The melted metal product, which 
is reduced in volume, will be cast into pigs or blasted into shoe, loaded 
into drums, and divided into lots of known composition. If regulatory 
restraints do not allow recycle or reuse, these lots may be eligible for 
shallow burial in a landfill* The pigs or shot are of a minimum volume 
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form and, for most metals, are a relatively stable containment for 
nuclides. The slags and drosses will contain most of the radioactive 
nuclides from the incoming scrap and may either be placed in a repository 
or be processed for further nuclide concentration or recycle. In any 
event, it is desirable to minimize the volume of slag generated. If both 
metal and slag can be further reduced in size to granules or powder they 
can be mixed with cement to form grout and injected into a shale formation. 
Study of the feasibility of this last alternative (size reduction of the 
metals and slags) is the purpose of this investigation. Because the melt 
refining, slag crushing, and metal shot production will probably have to 
be performed by remote or semiremote techniques, process simplicity and 
reliability are major considerations. 

SIZE REDUCTION OF THE SLAGS 

Crushing in mineral processing plants is almost inevitably performed 
in two or more stages, and a different type of machine is usually used for 
each stage. Experience has shown that stage crushing is more efficient 
than performing the necessary comminution by a single machine. The first 
stage is called coarse or primary crushing, and for this purpose one of 
two machines is ordinarily used (1) a modification of the Blake jaw 
crusher or (2) the gyratory crusher.** These primary breakers reduce the 
run—of-mine ore to a size small enough to accommodate the next crusher in 
the series. A. number of types of secondary crushers exist, which can be 
divided Into two groups (I) those that are essentially modifications of 
jaw or gyratory crushers and (2) roll crushers. The Symons cone crusher, 
of the first group, applies the principle of the gyratory crusher. The 
roll crusher is heavy, consumes large amounts of power, and has a rather 
small reduction ratio; however, it has enormous capacity compared with any 
other crusher. 

As a rule, the power required per ton of ore crushed is greater for 
small crushers than for large ones. Similarly, secondary crushers consume 
more power and use more steel per ton of ore crushed than do primary 
crushers because they are working on finer material and must produce more 
new surface than a primary crusher for an equal reduction ratio. 
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Review of Energy and Cost Requirements 

Rittinger's law states that the energy consumed In crushing or 
grinding is proportional to the amount of new surface formed. Viewed from 
the standpoints of surface energy and of the definition of thermodynamic 
comminution efficiency, the Rittinger law merely states that crushing 
efficiency is constant regardless of the size to which comminution Is con-
ducted and regardlet of the device used for comminution.9 Gross and 
Zlnmerley have demonstrated that the new surface produced in crushing is 
directly proportional to the energy c o n s u m e d . H u k k i states that, to 
obtain a sensible correlation between energy consumption and fineness of 
grind, the comminution process must be considered over the full range from 
primary crushing to the production of ultrafine micropowders. He showed 
that the total net energy input does not vary linearly with the particle 
size, although the energy required increases as the particle becomes 
smaller.H According to his results, theoretically 1 Wh/kg of energy is 
required to crush quartz Into 5-am particles. In fact, not all the energy 
supplied to the comminution device is dissipated in the breakage of 
particles, and the power consumption of a mill may be almost independent 
of the incidence of fracture. Large energy losses occur in the form of 
friction, sound, kinetic and potential energy, and elastic and plastic 
deformation of particles. The energy consumed in the actual breakage 
operation Is generally agreed to be low compared with the total energy 
Input. The design of the crushing circuit Involves determination of the 
number of stages of crushing, the optimum number and sizes of the crushing 
and screening units within each stage, designation of the crushing stages 
to be preceded by screening and those to be operated in open or closed 
circuit, the screen aperture, and the capacities of various surge bins and 
conveyors. 

Table 1 summarizes the costs, available power, and open-circuit capa-
city for various sizes of cone crushers, based on 1976 costs.^ Both 
power and cost per kilogram are rather insensitive to crusher size and 
capacity. Review of several case studies from various mineral-processing 
plants indicates that the Symons cone crushers are the most widely used 
ones for fine crushing operations.^ Single-deck screens are placed 
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Table 1. Comparison of cost, available power, and 
open-circuit capacl.r for various sizes 

of cone crushers 

Crusher size Cost 
($ x 103) 

Power Capacity 
(ma) 

Cost 
($ x 103) (kW) (kg/s) $/kg W/kg 

914 55 93 37.2 0.344 0.58 
1143 79 149 58.9 0.336 0.64 
1524 139 224 87.5 0.397 0.64 
2134 295 373 175 0.421 0.53 

beneath the secondary crushers, and the oversize either returns to the 
crusher or goes to a tertiary crusher. Crushers are mounted on elevated 
foundations, and the building is correspondingly higher, but the resulting 
plant is clean and efficient. A product of 4- to 10-mesh size is easily 
obtained by short-head Symons cone crushers. Table 2 summarizes both the 
steel consumption caused by wear and the energy consumption by a standard 
Synons cone crusher, by a short-head Symons cone crusher, and by a roll 
crusher for two different copper and nickel ore-processing plants. 
Apparently the short-head crusher has longer service life than both stan-
dard and roll crushers; however, it requires more power than does the 
standard crusher because of finer product size. 

Table 2. Steel and power consumption for cone and roll crushers 

Type of crusher Steel consumption 
Cg/kg) 

Energy consumption 
(kJ/kg) 

Capacity 
(kg/s) 

Plant 1 
Standard 0.012 0.90 137.5 
Short head 0.005 1.01 110.0 
Roll 0.046 3.06 86.1 

Plant 2 
Standard 0.021 1.37 88.1 
Short head 0.011 1.84 89.4 
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Table 3 compares the size of feed and product, the capacity, and the 
average energy consumption of jaw, gyrator, and cone crushers for pro-
cessing copper ore.^ An estimate of direct operating cost (1975) of a 
30-Gg/d copper ore-processing plant indicated 0.025£/kg crushing and 
screening costs.** A lll-kg/s iron-lead-zinc ore-processing plant (1963) 
has also reported energy requirements of 2.34 kJ/kg for crushing and 
0.7 kJ/kg for transportation.^ 

Table 3. Comparison of different crushers for copper 
ore processing 

Type of 
crusher 

Size of feed 
(m) 

Size of product 
(m) 

Capacity 
(kg/s) 

Energy 
consumption 

(kJ/kg) 

Jaw Up to 1.50 0.15-0.30 167 0.90 
Gyratory 0.15-0.30 0.10 278 1.08 
Cone 0.10 0.01-0.02 194 1.08 

Results of the Size Reduction by a Small Jaw Crusher 

The above literature review did not reveal a strong reason for 
choosing a particular type of crusher. We therefore chose to use a jaw 
crusher because of its low cost, simplicity of operation, and reliability. 

To study the feasibility of size-reducing the solidified slags, four 
types of slags were prepared and induction-melted in graphite crucibles. 
The molten slags were cast in stainless steel pans and were allowed to 
cool to room temperature. Each slag weighed about 1.5 kg, and their com-
positions were 
1. borosilicate glass — 80% Si02, 13% B203, 4% Na20, 22 Al20:t, and 1% K20; 
2. high-silica flux — 60% Si02 , 30% CaO, 10% Al203, and minor amounts of 

Ti02, Fe203, MnO, B203, etc.; 
3. basic blast furnace flux — 40% CaO, 30% Si02, 15% Fe^j, 10% A1203, 

5% CaF2, and minor amounts of Ti02, MnO, MgO, B203, etc.; and 
4. chloride and fluoride flux - 45% NaCl, 25% NaF, 15% KC1, 15% A1203> 

and minor amounts of T102, Fe203» MriO, MgO, etc* 
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the brittle solidified slags were easily removed from the molds and 
hammered into 0.10-m or smaller pieces. A small [22-kW (3-hp)] jaw 
crusher was used for size-reducing the solidified slags. Specifications 
for the crusher are width = 78 mn, gap = 67 mm, throat = 5 mm, stroke » 
2 torn (adjustable), and capacity « 3—4 g/s; specifications for the crusher 
ac motor are 2.2 kW (3 hp), 1755 rpm, 3 phase, 460 V, and 4.7 A. 

The size reduction was successfully completed without significant 
dust generation. Dust problems are not anticipated if the crushed slags 
are properly handled during treatment. Although the chloride and fluoride 
slag was slightly harder than the other slags, it crushed to 5 mm and 
smaller without difficulty. Further size reduction of the slags could be 
accomplished easily by using the same crusher arrangements. 

The crushed slags were studied to determine their possible incor-
poration into cement grout mixtures. The results indicated that stable 
and pumpable grout mixtures could be made with these granulated slags. 
Therefore, slags can probably be disposed of by shale hydrofracture. 
Furthermore, the ease of handling and the small volume of the crushed 
slags also facilitate their storage in a repository or their further pro-
cessing for nuclide concentration or recycle. 

Summary 

Size-reducing solidified slags that are generated in melt refining of 
the contaminated scrap could be adequately accomplished by a small 
crusher. No more than 25 kg/d of slag is expected to be generated for 
small-scale melt refining operations. Therefore, any crusher with a 5- to 
10-kg/h capacity capable of crushing roughly 70-om feed to smaller than 
3-mm product will be adequate for this need. If the crusher is carefully 
adjusted to produce the optimum product size, screening will not be 
necessary. We conservatively estimate the energy consumption to be about 
1.8 kJ per kilogram of product. A small [2.2-kW (3-hp)] jaw crusher was 
used to demonstrate the feasibility for size reduction and granulation of 
solid slags. Four different types of slags were prepared by induction 
melting and were subsequently cast into molds. The solid slags were 
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readily crushed into 3-mm and smaller granules. No significant slag dust 
was generated during the crushing tests. The crushed slags were mixed 
with groutj and stable suspensions were achieved, which indicates that 
slags can probably be di ''posed of by shale hydrof racture. The small par-
ticle size and volume of the crushed slags simplifies their storage, 
further processing, or recycling. 

DISINTEGRATION OF THE DECONTAMINATED METALS 

The techniques used for producing metal powders fall into two broad 
groups (1) chemical and physicochemical methods and (2) mechanical methods. 
The complete production schedule for any particular metal powder may often 
involve techniques from both groups. Chemical and physicochemical method 
include such techniques as reduction, displacement or chemical precipita-
tion, electrolytic deposition, precipitation from the vapor phase or 
thermal decomposition, intergranular corrosion, oxidation, and decar-
burization.15—17 Metal powders are produced mechanically either by 
comminution of solid metals (machining, crushing, or milling) or by disin-
tegration of liquid metals (shotting or granulation and atomization). 
The latter is of interest to this study because the product of melt 
refining the metal waste is primarily a liquid metal. Various atomization 
techniques have been reviewed by Watkinson and others.18,19 The 
spinning-disk, the Mannesmann process, the Thompson atomizer, the rotating 
jet technique, the V-jet process, and the rotating-electrode or plasma 
process are among the numerous techniques that have been widely used for 
manufacturing metal powders. High-pressure water or high-pressure gas 
(steam, air, nitrogen, etc.,) is normally the atomizing and/or quenching 
fluid in most of these techniques. 

Of the many commercial methods used to produce metal shots or 
powders, high-pressure water atomization is economically one of the most 

i 
important. It is suitable for a rar^e of'metals and alloys and Is used 
for both small and large quantities. The use of water for atomization 
of metals is advantageous because of its higher viscosity and quenching 
power compared with gases. In addition, it is inexpensive and permits 
good control over the powder characteristics. Furthermore, atomization of 
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contaminated liquid metals with gases is likely to generate large volumes 
of contaminated dust and gas, which require cleaning to prevent health 
hazards. Conversely, the small volume of water used in water atomization 
could be either recycled or disposed of by its use in preparing the cement 
grout mixture for hydrofracture. Coarse powders with a particle size 
range of 0.5 to 5 mm have also been produced by steam atomization followed 
by water quenching.20 Gummeson has reviewed various high-pressure water 
atomization techniques.21 in general, either a two-way plug or curtain 
jets, a four-way plug or closed V-jets, or a multiple nozzle with 
diverging flat stream configuration has been used in high-pressure water 
atomization. 

Experimental Apparatus 

A low-pressure water blaster with a multiple nozzle and a converging-
t 

line jet stream configuration was constructed and used in this study. To 
our knowledge this technique has not been used for manufacturing coarse 
metal powders. Figures 1 and 2 are schematics of this apparatus. It con-
sists of a 0.21-m3 (55-gal) drum filled with water to about one-half its 
height; mounted on the upper part is a pentagonal manifold of copper 
tubing, which distributes water to five jet nozzles. Commercially 
available regulating and shut-off angle valves are used as nozzles, which 
can be rotatably adjusted about their longitudinal axes. The apex or con-
vergence angles can also be adjusted, and each individual jet can be 
slanted to produce a whirling vortex cone or a straight-line jet stream. 
The process uses normal [0.4 MPa (50-60 psi)] water, which is commercially 
available. The volume of water required ranges from about 5 L/kg for low-
melting alloys to 50 L/kg for high-melting alloys; the water is 
recyclable. The size and shape of the coarse metal powder produced depend 
on a number of variables: the metal and its composition, degree of 
superheating, liquid-metal nozzle diameter, apex angle, and level of water 
in the drum. Larger apex angle, higher degree of superheating of the 
metal, and longer flight paths for liquid-metal streams favor spherical 
particles, whereas smaller apex angles, lower superheating, and short 
flight paths tend to form irregular particles. 
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Fig. 1. Schematic of the liquid-metal atomizer. 
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Results of Disintegration of Liquid Metals 

We tried to produce coarse metal powder by using a multiple-nozzle 
low-pressure water blaster. Four different clean metals (tin, aluminum, 
copper, and mild steel, each weighing about 2 kg) were separately 
induction-melted and atomized to coarse powder. Superheated about 100 to 
200°C, tin, aluminum, and copper samples gave irregular particles with 
large surface areas and with sizes ranging from 0.1 to 5 mm. Mild steel 
superheated about 200°C gave spherical particles with minimal surface oxi-
dation and with sizes ranging from 0.05 to 3 ran. Superheating copper, 
aluminum, and tin by 400°C, 600°C, and 800°C, respectively, resulted in 
finer products, ranging from 0.05 to 3 mm. Within this size range 50% of 
the metal powder was smaller than 1 mm, and the remainder was smaller than 
3 mm for all four metals. No surface oxidation was detected for copper, 
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aluminum, and tin powders, whereas the mild steel powder was very slightly 
oxidized by reacting with water. Figures 3 through 6 show optical photo-
micrographs of the four metal powder samples, and Figs. 7 through 10 
represent their scanning electron microscopic views. 

Following are typical atomization conditions, which produce coarse 
powder in sizes ranging from 0.05 to 3 nm, with 50% being less than 1 mm: 
water velocity « 1.2 m/s; water flow rate = 0.7 L/s (11 gal/min); water 
pressure - 0.4 MPa (60 psi); metal flow rate = 200 g/s (26 lb/min); metal 
tundish orifice size = 4 mm; jet apex angle ™ 50° (five nozzles); and 
metal temperature — steel = 1750°C, copper - 1500°C, aluminum - 1300°C, 
and tin » 1100°C. The jet apex angle is defined as the angle between the 
liquid-metal stream and the high-velocity water blast. The increase in 
superheating temperature did not give spherical particles for atomized 
copper, aluminum, and tin. The viscosity effect probably results in 
spherical particles for atomized mild steel. No further attempts were 
made to produce spherical particles from copper, aluminum, and tin. 
However, the technique is fast, economic, simple, and reliable. 

The feasibility of incorporating the metal powders into grout mix-
tures was studied by suspending them in the proper high-viscosity liquids. 
The details of experimental procedures are given by Weeren and Mackey.22 

Stable suspensions were formed in all cases for particles smaller than 
3 mm, indicating that the coarse metal powders are probably disposable by 
shale hydrofracture. Very fine particle size facilitates suspension in 
liquids and enhances pumpability of the resulting grout mixtures; however, 
the production of such fine powders will obviously be much more elaborate. 
The likelihood of spreading contamination will also increase as the volume 
of high-pressure water is raised to that required for atomizating metals 
into fine powders. Certain grinding techniques are also used for further 
size reduction of particles,22 their use for processing large quan-
tities of contaminated metals is not likely to be attractive. In addition 
to being suitable for incorporating into grout mixtures, coarse metal 
powders can be easily contained in drums and readily transported or 
stored. 
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Fig. 3. Optical photomicrograph of mild steel powder as polished, 
200°C superheating. 
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Fig. 4. Optical photomicrograph of copper powder as polished, 400 
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Fig. 5. Optical photomicrograph of aluminum powder as polished, 
600°C superheating. 
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Fig. 7. Scanning electron micrograph of mild steel powder, 
superhea t ing. 
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Fig. 8. Scanning electron micrograph of copper powder, 400 
superheating. 
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Fig. 9. Scanning electron micrograph of aluminum powder, 600°C 
superheat ing. 

Fig. 10. Scanning electron micrograph of tin powder, 800°C 
superheating. 
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Summary 

Coarse metal powders were produced from t n, aluminum, copper,, and 
mild steel by using a multiple-nozzle, low-pressure water-blasting 
technique. The technique and the apparatus were developed in this 
investigation, and both irregular and spherical coarse powders were pro-
duced in sizes ranging from 0.05 to 3 inn. The technique is simple, fast, 
economic, and reliable, and contamination can be successfully contained 
within the system. It requires low-pressure water for atomization, which 
can be recycled to minimize consumption. The small volume of contaminated 
water that is generated can be used in preparing cement grout mixtures to 
be disposed of in shale formations. These coarse metal powders made 
stable suspensions in high-viscosity grout fluids, which indicates that 
they can probably be disposed of by shale hydrofracture. 
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