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ABSTRACT

Boiler slag granules fuse into round, black, glassy beads during free-fall through a vertical tube
furnace heated above 1250°C (2280°F).  The sphericity, hardness and compressive strength of
the beads are comparable to those of soda-lime glass beads marketed for shot peening. 
Self-cemented pellets of coal fly ash fuse under these conditions into round beads with equally
high sphericity but reduced strength and hardness.  Beads fused from slag or fly ash may find use
as shot peening media, aggregate for concrete or mortar, or hydraulic fracturing proppant.  This
paper describes preliminary test results on chemical and mechanical properties relevant to these
applications.  

INTRODUCTION

Black Diamond, Inc. markets boiler slag from coal fired power plants for use as roof shingle
granules and sandblasting abrasive.  About 20% of our raw material has a particle size of less
than 0.3 mm and is not desirable in our finished product.  Most of these "slag fines" end up in a
landfill, which is wasteful of raw material.  As an alternative to landfilling, we first looked at
bulk melting followed by granulation in a quench tank, to recover marketable, larger-sized
granules.  This did not appear to be cost-effective, at a fuel cost of at least $15 (U.S.) per metric
ton of slag melted in a cyclone furnace1,2.  We then looked at producing a higher value product
from our slag fines.  In early experiments, we found that granules of boiler slag fuse into hard,
glassy spheroidal beads, when placed on a block of ceramic fiber insulation and heated to
between 1150°C and 1250°C with a gas torch.  In a later experiment, we tried dropping slag
granules through a 1 kW vertical tube furnace heated to about 1250°C.  This produced spheroidal
beads with exceptional roundness.  For example, the beads roll freely across a flat-bottom
aluminum sample dish tilted at a 3° angle with respect to the horizontal.  To our surprise,
oven-dried pellets of coal fly ash also fused into well-rounded beads, under the same conditions.
An 18 kW furnace is now under construction (July 1999).  The energy required to fuse slag and
ash into beads can be determined once its production capacity is known; this will be reported in a
future publication.  The energy requirement has been estimated from published data3 at about $32
per metric ton, assuming 50% efficiency. 

We are optimistic that a market can be found for this material.  The annual worldwide market for
soda-lime glass beads is on the order of 0.5 million metric ton4, and the annual U.S. market in
1994 for round silica sand (proppant) used by the petroleum industry for hydraulic fracturing was
1.65 million metric ton5.  The average sale price of these materials was on the order of $1000 per
metric ton for glass beads sold for shot-peening in 50-pound bags6,7, and $30 to $150 per metric
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ton for bulk hydraulic fracturing sand5,8.

MATERIALS AND METHODS

Boiler slag was obtained from the output of the oversize crusher at Black Diamond, Inc. The raw
material was a mixture from three sources, 60% from Northern States Power (King and Riverside
plants) and 40% from Otter Tail Power Co.  170 gm of minus 40 mesh material9 was sieved from
7 kg raw slag obtained on Jan. 20, 1998.  The 60/70 mesh fraction, weighing 12 gm, was set
aside for use as furnace feedstock, and 144 gm of the remaining minus 40 mesh material was
submitted as-is for composition testing10, with the results shown in Table 1.  Fly ash was
obtained from Northern States Power (King plant) on Dec.1, 1995.  2.4 gm of 70/100 mesh
material was sieved from 100 gm of self-cemented, pelletized ash, and then dried for 3.5 hr at
265°C before feeding into the furnace.  435 gm of the unsieved pelletized ash was submitted
as-is for composition testing, with the results shown in Table 1.  Soda-lime glass bead was
obtained locally7, MIL-G-9954A size 5, sieve size 40/50 mesh.

Feedstock granules were dropped through a 1 kW electrically heated vertical tube furnace
maintained at 1240-1260°C, with a heating zone 0.6 m tall and a 25 mm i.d. quartz process tube. 
The residence time in heating zone was estimated to be about 0.3 seconds.  The fused particles
cooled in ambient air for about 0.05 seconds before impacting a Kimax glass collector funnel. 
Additional details are covered in a pending patent application11.

Slag and fly ash feedstock granules and spheroidal product were mounted on carbon pegs with
carbon conductive adhesive pads, and photographed using a JEOL JSM-5800LV scanning
electron microscope with secondary electron imaging, at a vacuum of 1E-07 to 1E-06 torr. 
Samples were either uncoated and viewed at 0.7 kV to 3 kV, or gold coated and viewed at 10 kV. 
Some samples were first fractured using a glass mortar and pestle and then mounted on carbon
pegs, to view the interior of the particles.  Spheroidal product was also mounted on white
cardstock using "glue-stik" adhesive and viewed under the 10x macro attachment of a
Reichert-Jung MeF3 metallographic microscope.  

Particle roundness was estimated from 5 mm to 50 mm diameter images on SEM photos, using a
Fowler 52-008-005 dial caliper calibrated in 0.025 mm increments, with a repeatability of about
± 0.25 mm.  The maximum and minimum apparent diameter was measured and the ratio
reported.  SEM photos of soda-lime glass beads were obtained for this purpose (photos not
shown).  

Crush strength was measured by squeezing single spheroidal beads between optically flat
sapphire discs 10 mm diameter x 1 mm thick, obtained from Edmund Scientific Corp.,
Barrington, NJ, stock #H43366.  Force was applied between the anvils of a General #102 outside
micrometer, 40 turns per inch, with a torque bar clamped to the handle, or directly to the top
sapphire disc using the flat head adapter of an Extech FG-5000 digital force gauge.  At the start
of each test, the particle diameter was measured using a Starrett #216 outside micrometer, with
2.5 um (0.0001") vernier resolution.  Due to the sphericity of the particles, only one diameter
reading was made on each specimen.  The force was increased in 5% to 20% increments until the



particle crushed with audible "pop", and the value was read using the peak hold function on the
force gauge.   The crush strength was calculated by dividing the measured force by the particle
cross-sectional area Α = πd2/4, where d = particle diameter.  The fly ash beads tended to crush
when measuring their diameter, so an estimated diameter of 0.20 mm was used, obtained from
the SEM photos.

Vickers hardness was determined on an Leco M-400-H1 Hardness Testing Machine, using a 50
gm indenter load.  Samples were embedded in plastic, then ground and polished flat to expose
the interior of the beads.  Readings were taken on 10 separate soda-lime glass beads, and 5
separate boiler slag beads, at one indentation per bead.  Only about half of the slag beads gave
usable indentations, and the remainder of the beads fractured.  None of the fly ash beads tested
gave readable indentations, due to fracturing.

Test results on the mechanical properties of the fused beads are reported in Table 2.

RESULTS AND CONCLUSIONS

Both the slag and the fly ash appear to fuse into a solid material, with the exception of numerous
large (1/10 diameter) voids in most of the fly ash beads, Figure 2. These may be H2O or SO3 gas
bubbles.  Both types of beads are smooth enough to reflect an image of the light source used in
the optical photos in Figures 1 and 2.  Almost all of the slag beads and some of the ash beads
appear to be optically transparent.   Note the focused spot of light inside the shadows of these
beads.  

About 50% of the slag beads have crush strengths in the same range as the soda-lime glass beads,
and the other 50% are about an order of magnitude weaker.  These lower-strength particles could
be slag granules that did not fuse completely, or a contaminant, or they could be due to internal
cracks inherited from the feedstock granule, high residual stresses developed during the short
cooling time (0.05 sec), or variations in chemical composition between slag granules

Thermally fused, spheroidal boiler slag beads may provide a reduced-cost alternative to soda-
lime glass beads for some applications.  The roundness, strength, and hardness of the slag beads
is comparable to those of the glass beads.  However, the chemical purity of the slag beads is not
as good as that of soda-lime glass.  For instance, the 5% iron oxide content could be
objectionable for shot-peening aluminum parts.  Also, the wide variation in strength from bead to
bead needs to be addressed.  Fly ash beads may find use in flowable construction fill, pumped
concrete, grouting mortar, or as a low-density filler for composites.  Their density might be
reduced, for example, by drying the ash feedstock to a controlled moisture content to encourage
formation of voids inside the beads.  Large ash pellets might be rendered non-porous by fusing
only a thin layer of material at their surface.  This would require less energy than fusing them
completely.  Spheroidal beads fused from coal fly ash or other types of combustion ash (such as
from municipal waste incinerators) may exhibit reduced leachability of RCRA-controlled heavy
metals, compared to untreated ash. 
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Figure 1.  60/70 mesh boiler slag.



Raw ash pellets
SEM, uncoated, 3 kV
  1.0 mm  

Fused ash beads
SEM, uncoated, 3 kV
  1.0 mm  

Fused ash beads
Optical microscope
  1.0 mm      
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Figure 2.  70/100 mesh coal fly ash.



Table 1.  Chemical composition of as-received slag and fly ash.  T250 is the temperature at which
the dynamic viscosity of the sample is 250 poise (about 2 times the viscosity of glycerin at 0°C).

dry basis, % weight: ASTM
method

-40 mesh
boiler slag

unsieved 
fly ash

loss on ignition D3174 1.26 12.17

carbon, C D5373 1.12 8.20

ignited basis, % weight: ASTM
method

-40 mesh
boiler slag

unsieved 
fly ash

silica, SiO2 D3682 45.72 30.53

alumina, Al2O3 D3682 20.19 18.37

titania, TiO2 D3682 1.12 1.26

iron oxide, Fe2O3 D3682 5.76 5.69

calcium oxide, CaO D3682 19.50 24.14

magnesium oxide, MgO D3682 3.72 5.92

potassium oxide, K2O D3682 0.48 0.84

sodium oxide, Na2O D3682 1.13 2.73

sulfur trioxide, SO3 D5016 0.12 6.30

phosphorus pentoxide, P2O5 D2795 0.74 2.00

strontium oxide, SrO D3682-ICP 0.34 0.43

barium oxide, BaO D3682-ICP 0.52 0.70

manganese oxide, Mn3 O4 D3682 0.08 0.06

undetermined 0.58 1.03

total 100.00 100.00

T250 temperature, °C (°F) 1286
(2350)

1153
(2110)



Table 2.  Mechanical properties of fused beads.  

60/70 mesh
boiler slag

70/100 mesh
fly ash

40/50 mesh
soda-lime glass

roundness, dmax/dmin median 1.04
80% < 1.06
n = 10

median 1.02
80% < 1.03
n =10

median 1.03
80% < 1.05
n = 10

crush tests:

particle diameter, mm

crush force, N (LB)

crush strength, GPa
(kpsi)

number of samples

0.239 to 0.264

1.5 to 197
(0.35 to 44)

avg. 1.75 (250)
s.d. 1.52 (220)

n = 10

0.20 (estimated)

0.46 to 12
(0.10 to 2.7)

avg. 0.19 (27)
s.d. 0.12 (17)

n = 10

0.333 to 0.396

130 to 550
(30 to 120)

avg. 3.15 (460)
s.d. 1.00 (150)

n = 5

Vickers hardness, GPa
(kg/mm2)

avg. 4.9 (503)
s.d. 0.26 (27)
n = 5

avg. 4.4 (450)
s.d. 0.15 (16)
n = 10
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