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Starting Materials

The Safety Case presented here considers a number of formulations which contain

four primary materials blended in varying ratios. Before considering their likely

behaviour in service, each material is described in some detail, below

Steel converter slags

The conversion of iron into steel is dominated by two technologies, by far the largest

of which is the Basic Oxygen Process in which iron is refined into steel by selective

oxidation of its impurities. The Electric Arc Furnace (EAF) is important in regions

where electricity is relatively cheap and in

some operations where scrap steel dominates

the feed stock. The Basic Oxygen Steelmaking

process differs from the EAF in that it is

autogenous, or self-sufficient in energy. The

primary raw materials for the BOP are 70-

80% liquid hot metal from the blast furnace

and the balance is steel scrap. These are

charged into the Basic Oxygen Furnace (BOF)

vessel. Oxygen (>99.5% pure) is "blown" into the BOF at very high rates. It oxidises

the carbon and silicon contained in the hot metal liberating great quantities of heat

which melts the scrap. There are lesser energy contributions from the oxidation of

iron, manganese, and phosphorus. The subsequent combustion of carbon monoxide as

it exits the vessel, also transmits heat back to the bath.

Figure 1 Schematic representation of
basic oxygen converter vessel



The commercial product of the BOS process is molten steel at 1450°C-1660°C with a

specified chemical composition. From here, it may undergo secondary refining or be

sent directly to the continuous caster where it is solidified into billets prior to forming

processes such as rolling or forging.

In order to control the metallurgy of the steel, various additions are made to the charge

in the form of fluxes, commonly limestone or fluorite (CaF2). The increased activity of

calcium in the melt, scavenges silicon, phosphorous and sulphur from the metal as

these elements preferentially partition into the flux. The term Basic refers to the

magnesia (MgO) refractory lining which degrades, through contact with hot, basic

slags. Although steel converter slags are dominated by the oxides of Ca, Si, P, Fe and

Mn, the elemental ratios, phase chemistry and minor components are extremely

variable. This reflects both the chemistry of the charge (iron and gangue minerals) and

the alloying components added to the vessel to produce a steel of particular

composition. To add further complexity to the slag, it is tapped (removed from the

vessel) before complete reaction, so the cooled slag may be far from thermodynamic

equilibrium. Its phases are largely solid solutions of non-stoichiometric composition,

so certain approximations are appropriate to its description. For example, consider

figure 2, which show the range of major phases and their size distributions.

Figure 2 Backscattered electron micrograph of polished section through basic oxygen slag
Phase “A” is an iron-rich inclusion, “B” is a calcium-iron-manganese-magnesium oxide, phase “C”
is a calcium silicate, approximating to impure wollastonite and “D” is porosity. The inclusions
marked “E” are free lime and those shown as “F” are periclase (MgO)
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The material supplied for this study exhibits two major porosity types. The

discontinuous porosity shown in figure 2, originated as gas bubbles, trapped as

vesicles on cooling. The second type is fracture porosity (figure 3) presumably results

from cooling cracks and mechanical damage during processing. The steel slag

undergoes a net volume expansion as it cools below about 630°C, where dicalcium

silicate undergoes a re-crystallisation from the b- C2S to g-C2S forms. This phase

transformation results in an increase in volume of around 10% and this is thought to be

the energy source creating much of the fracture porosity.  Figure 3 illustrates this

second type of porosity, which is continuous throughout the grains.

Figure 4 shows the morphologies and range of grain sizes typical of the steel slag used

in this study. Although a number of particles exceed two millimetres in diameter, the

majority of the particles are angular fragments ranging from a few microns to a few

hundred microns in size. The larger particles are polycrystalline, but many grains in

the micron size range are monomineralic. Few well developed cleavage surfaces are

seen at any scale, suggesting that the extent of crystal growth is limited.  As the slag

contains occluded domains of free lime, often connected by continuous fracture

porosity, the use of the slag as a coarse aggregate in concrete is limited, owing to the

risk of lime hydration after setting. Ingress of pore solution will slake the free lime to

form calcium hydroxide, with a corresponding increase in molar volume. This reaction

limits the use of these slags as aggregates in many construction applications, as the

Figure 3 Basic oxygen slag grain. Left: Secondary electron image showing surface morphology,
right, backscattered electron image showing fracture porosity within the grain. As the efficiency of
electron backscattering is a function of the average atomic number of the target, the technique reveals
the internal fractures within the slag grain.



requirement is for a large aggregate particle, some millimetres across. In the

applications considered here, the steel slag is used as a fine dust, where the particle

size is little larger than that of the crystalline domains in the slag. It is reasonable to

expect that hydration of the free lime will largely occur during mixing.

It is reasonable to assume that the grain size of basic oxygen slag is of critical

importance to its suitability and long-term stability in cementitious materials. If the

size of the grains is little bigger than the size of the phase domains it contains,

hydration of calcium oxide to its hydroxide is likely to be rapid. As the particle size of

the slag increases, so too does the time taken for pore solutions to migrate through the

fracture network in order to hydrate the free lime. If this hydration step can be

achieved before setting of the mix, any volume changes will be accommodated whilst

the material is in its plastic state. For brittle materials such as concrete, which have

little strength in tension, an expansive reaction may be catastrophic. By comparison,

controlled low strength materials are likely to be more compliant than conventional

concrete and through careful selection of the particle size of (in this case the slag)

components, such concerns may be overcome at the design stage.



Figure 4 Basic oxygen slag grains, secondary electron images. Each particle is a polycrystalline grain

containing more than one distinct phase. That shown on the lower left is a polycrystalline grain, but of

a single composition: free lime (CaO)

One feature of the basic oxygen slag was surprising; the occasional presence of

siliceous whiskers. These are presumably drawn out when the hot, mostly solid slag is

moved after tapping. These whiskers, shown in figure 5, are approximately 20mm in

diameter and are largely silica with some sodium and potassium and a little calcium in

their composition.

Considering the composition of these steel slags, examination by x-ray diffraction

reveals little about their phase chemistry. Figures 6 shows the highly disordered

structure of the slag.

Figure 5 Siliceous whiskers present in the basic oxygen slag. Secondary electron images



Figure 6 shows (for two samples of BOF slag) that the x-ray diffractogram is very

complex, with few dominant, strong reflections. Moreover, although the major peaks

may be assigned to impure g-C2S, if this is the case, the lattice is considerably

strained. Identification is further complicated by the superposition of x-ray peaks on

top of one another. The only other major phase which can be identified by x-ray

diffraction is portlandite, suggesting that most of the calcium oxide has hydrated to

calcium hydroxide during storage. This is not surprising, as finely divided free lime is

highly hygroscopic and will readily hydrate if left open to the air. The complexity of

the diffractogram and the disordered and non-stoichiomentric nature of the slag,

precludes further use of this technique for identification of anything other than

qualitative identification of major phases. Nontheless, the major peaks present in the

slag suggest that following minerals are probably present in the slag:

C3S [= 3CaO.SiO2]
b-C2S [= 2CaO.SiO2]
54CaO·MgO·Al2O3·16SiO2

11CaO·7Al2O3·CaF2

g-C2S Major crystalline component [=2CaO.SiO2]
3CaO·MgO·3SiO2
CaMg(CO3)2 [dolomite]
CaF2 [fluorite]
Ca(OH)2. [portlandite]

X-ray diffraction pattern from steel slags Cu-K aaaa
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Figure 6 X-ray diffraction pattern of the steel slag. Principle reflections correspond to larnite,
Ca2SiO4 and Portlandite, Ca(OH)2 suggesting that the slag has been in contact with water.



In light of the reactive nature of the free lime in these slags, a simple experiment was

conducted to estimate the quantity of free lime available. Ten grams of powdered slag

(sieved < 100mm) was dispersed in 100ml water and shaken every ten minutes for an

hour in a sealed glass flask. The liquid was filtered and titrated against standard nitric

acid to pH 7, using bromo-thymol blue as an indicator. Three replicates suggested that

the mass fraction of calcium oxide in the slag was: 0.8% , 1.3% and 0.7% giving an

average of 0.9% free CaO by mass.  Although this is not a rigorous determination (it

assumes all the soluble alkali is Ca(OH)2 ) it serves as a first approximation and

shows the alkaline nature of the pore solution. The solution pH was measured at

12.0±0.2 whereas the equilibrium pH of Ca(OH)2 is 12.45 at 25°C.

Figures 7 and 8 show the phase distribution in the basic oxygen slags using

backcsattered electron images of polished surfaces.

Each sample was examined by energy dispersive x-ray spectroscopy and, by image

analysis to estimate the volume fraction assigned to each phase, along with an

estimate of internal porosity in the slag. inclusions. A Ca-Fe-Mg-Mn phase is

continuous and contains an impure calcium silicate (b-C2S). In addition, impure free

lime (CaO) and impure periclase (MgO) can be seen.

Elemental composition of the slags was estimated using energy dispersive x-ray

spectroscopy during examination under the electron microscope. This gives a first

approximation to the relative oxide composition, but it must be borne in mind that the

material is not fully oxidised; some of the iron is present in it’s metallic state.

Oxide % by mass
SiO2 25.22

Al 2O3 4.25

Fe2O3 6.35

CaO 52.71
MgO 8.60
SO3 1.54

MnO 0.72
TiO2 0.32

ZrO2 0.29

Relative oxide composition of basic oxygen slag used in this

study. Average of five determinations by EDS. Note that the

elements determined as present at less than 0.1 % by mass

are excluded and the residual normalised to 100%.

The confidence associated with these determinations is ±

5% at best.
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Figure 7  X-ray maps and backscattered electron micrograph of polished basic oxygen slag showing
element associations in the non-stoichiometric phases



Six distinct phase domains can be distinguished: The darkest region is porosity,

largely in-filled with mounting resin whilst the brightest are free iron or steel

Figure 8  X-ray maps and backscattered electron micrograph of polished basic oxygen slag showing
element associations in the non-stoichiometric phases
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In conclusion, basic oxygen slags are highly complex, polyphase materials containing

few cementitious phases. Of those identified, only C3S, b-C2S and

54CaO.MgO.Al2O3.16SiO2 are known to be cementitious and these phases if present

at all, comprise a very small fraction of the slag. The thermal history of the slag is

such that any free periclase (MgO) present is likely to be unreactive to water (“dead -

burned”), leaving CaO to be the major phase which will undergo hydration.

Ashes

Two types of siliceous, pozzolanic ash have been examined in this project;

conditioned ash (so-called as it has moisture added to minimise dusting) and run-of-

station (“unclassified) ash. Chemically, these materials are similar in that they are

relatively calcium poor, aluminosilicate glasses containing a variety of crystalline

phases.

The principal difference between them is that the unclassified ash contains a

considerable quantity of carbon char, which would normally preclude it from use in

Figue 9  Fly Ash. Inset: Cenospheres (above) Mullite (below)



structural concrete. Although the char makes up only a percent or so, of the ash

composition by mass, its extremely low density makes its contribution to the volume

fraction much higher. As its strength is negligible, standards for cementitious ash limit

its content in cementitious ashes. In addition, the high surface area of the carbon char

particles, make it able to sorb ions form solution, which in a hydrating cement, may

interfere with the hydration chemistry. In the Safety Case, only conditioned ash is

considered in detail.

Figures 10 shows the particles present in the ash and demonstrate that other than the

char particles, the two materials are essentially similar, ranging from sub-micron sizes

particles to several tens of microns diameter. Both contain some crystalline phases

and glassy cenospheres.

Figue 15 Run of Station Ash. Inset: Carbon char particles

Figue 10 Carbon char (inset) in PFA contributes significantly to the volume fraction, despite

representing only a percent of the mass.



Cement kiln dust

By comparison, the cement kiln dust is a relatively simple material. CKD is the

primary waste product from the manufacture of Portland cement. This fine-grained

material comprises partially reacted feed materials used in cement manufacture,

including up to 50% calcium oxide, silica, alumina and up to 10 % potassium oxide,

along with cement clinker mineral grains. There are strict composition limits imposed

on Portland cement and, due to its high potassium oxide content, CKD cannot be

reintroduced back into the cement manufacturing process. Currently much of the

CKD generated in the UK is disposed to landfill. Figure 11 shows that the material

used here ranges from small grains of a micron or two in diameter to grain clusters of

a hundred microns or so. These samples are largely a mixture of partially calcined

calcite with free calcium oxide, tricalcium silicate and larnite. A distorted glassy

phase appears as shards of an alkaline glass (silica containing potassium ions).

X-ray diffraction confirms that the major component in the CKD is calcite with minor

amounts of free lime (calcium oxide), quartz, anhydrite and cement clinker minerals.

Its relative oxide composition is shown in the table below:

Figure 11  Secondary electron images of the cement kiln dust used in the CLSM formulations.

Inset, right:

A = Calcite A
B

C
B = Alite

C = Siliceous
         whisker



Oxide % by mass
SiO2 14.13

Al 2O3 4.19

Fe2O3 3.25

CaO 58.26
MgO 2.30
SO3 9.56

K2O 4.70

Na2O 1.48

P2O5 0.10

ClO 2.04

Spent Foundry sands

Foundry sands are essentially pure quartz sands, with a surface coating of a binder.

They are repeatedly recycled; sprue and casting debris being sieved from the sand

after each casting operation. After several uses, the adhesive properties of the sand are

reduced, as the binder is thermally degraded due to contact with the molten metal.

This prevents them adopting the detail of the pattern and at that stage they are

disposed of. They are not used as fine aggregates in structural concrete, owing to the

presence of residual binder on their surfaces reducing the strength of the paste-

aggregate bond.

Foundry sands are typically of two types, those with a natural clay binder and those to

which a synthetic binder must be added:

Greensand: Strictly, sands with a natural coating of glauconite, but the term is

applied to casting sands coated with other clay minerals

Shell sand: Sands bound by a synthetic binder, such as phenolic resin.

Spent foundry sands are consistent in their composition and properties, yet have few

applications in conventional concrete. Work on this project has shown them to be

excellent aggregates for liner construction, offering a means by which the rheology of

fresh concrete may be controlled.

The loss on ignition is of the order 21% by mass, which we

may reasonably assume is all due to loss of carbon dioxide on

decomposition of calcite. This suggests that around 30% by

mass of the CKD is calcium carbonate, the remaining calcium

being partitioned between cement clinker grains and anhydrite.

Note the relatively high content of alkali metal oxides, which

will be partitioned into the aqueous phase on mixing and

available for reaction with glasses in the fly ash.
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Figure 12 Spent shell sands showing residual binders on the grain surfaces.

Castings Pl ccBrühlBrühl  UK UK  LtdLtd

Figure 13 Spent greensand showing fused clay mineral binder residue on the surface of the grains.


