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Figure 8(e):  %B in metal 
 

Figure 8(f):  %B recovery to metal 

  
Figure 8(g):  Slag/Metal ratio Figure 8 (h):  Effective slag viscosity 

 
 
From all of the modelling results, taking into account all of the factors, such as energy 
consumption, slag viscosity, and possible contamination of the product with boron 
(with subsequent loss of boron from the slag), testwork was planned.  The amount of 
flux added depended on the grade of both ore and colemanite sources.  Only a small 
subset of the results is presented in this paper. 
 
 

EXPERIMENTAL METHODS 
Overall, laboratory-scale crucible tests were conducted for about 18 months.  Various 
grades of chromite ores, as well as different types of borate minerals, were tested.  
These included pure B2O3, various grades of ulexite (NaCaB5O6(OH)6·5H2O) as well as 
various grades of colemanite.  In this paper, only a subset of all of the results is given; 
in this case, that of two grades of both chromite and colemanite.  The tests with 
colemanite were benchmarked against tests with SiO2 only, B2O3 only, and then also 
conventional smelting regimes. 
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It is imperative to state that crucible-based testwork for smelting has inherent 
limitations and that larger, pilot-scale testing would be required to assess all of the 
possible benefits, if any, of one flux over the other.  However, crucible-based testwork 
is of great value to assess the relative performance of one smelting regime to another, 
as many of the variables can be fixed, and other parameters changed systematically, to 
observe the effect they have on smelting performance. 
 
Raw materials 
Two chromite ores were tested: one with a high Cr/Fe ratio typical for charge chrome 
production, and the other an ore with a low Cr/Fe ratio.  Only the results for tests 
using the chromite ore with a high Cr/Fe ratio are presented in this paper, as the other 
results will be published separately in future.  Flux materials were reagent grade SiO2, 
CaO, and B2O3, and two grades of colemanite, referred to as high-grade colemanite 
(HGC) and low-grade colemanite (LGC) in this paper.  The reductant in all cases was 
anthracite, sourced locally, often used in chromite smelting operations.  The 
composition of each material is given in Tables V to VII. 
 

Table V(a):  Normalised, average composition of the ore tested (mass %), 
as determined by ICP-OES (accredited method developed by Mintek) 

Ore Cr2O3 Al2O3 CaO FeO SiO2 MgO MnO TiO2 Cr/Fe 
High Cr/Fe 
ore 44.12 12.61 0.81 22.77 6.61 12.30 0.22 0.56 1.71 

 
 

Table V(b):  Normalised average composition of the borate minerals (mass %) 

Flux CaO FeO SiO2 MgO LOI* B2O3 Na2O 
High-grade colemanite 27.0 0.04 4.0 3.0 25.46 40 0.5 
Low-grade colemanite 26.0 - 13.0 - 34 27.0 - 

*  Crystal water, moisture, and any volatile matter 
 
 

Table VI:  Composition of the reductant used for all tests (mass %) 

Fixed Carbon Moisture Volatiles Ash Al2O3 CaO Fe2O3 MgO SiO2 TiO2 
80.5 1.6 6.2 11.7 2.9 0.5 0.7 0.1 5.4 0.2 

 
 
Test conditions 
The amount of anthracite required as a reductant was calculated on the basis of the 
total amount of carbon required for full reduction of Cr2O3 (as FeCr2O4 and MgCr2O4) 
and FeOx (as FeCr2O4 and Fe3O4) to Cr and Fe respectively; these are known as low-
carbon cases (18% reductant in this case).  As reduction of SiO2 and B2O3 was expected, 
a number of tests referred to as high-carbon cases were also done, where the amount of 
anthracite added was 1.5 times (i.e., 27%) on a mass basis than that used in the low-
carbon case.  For the conventional recipe, 25% of the feed was anthracite. 
 
The amount of flux was based on the amount required to fully dissolve residual 
MgAl2O4 in the slag as predicted using the thermochemical calculations done in 
FactSage, but the amount of HGC was varied between 3 and 9% to check sensitivity of 
the smelting process with varying amounts of flux compared to the conventional 
recipe.  Fluxes tested were: 
 

· SiO2 only (10%) 
· Varying amounts of pure B2O3 (3, 4.3, 5, and 8%) 
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· Varying amounts of HGC (3, 6, and 9%) 
· A fixed amount of LGC (which would be suitable as per the prediction) 
· CaO+SiO2 (conventional recipe of 9.5% SiO2 + 7.5% CaO) 

 
Tests were done at 1650°C and 1750°C for all the tests with borate minerals, and only at 
1750°C for the conventional recipe. 
 
Furnace set-up and test procedure 
Raw materials were milled in a swing mill after drying overnight at 105°C in a muffle 
furnace.  Mixing of the ores was done in small plastic bags, after weighing, and the 
mixtures placed into either a high-density pure MgO or a graphite crucible.  Material 
was compacted mechanically into the crucibles, and small holes made in the material 
bed to ease release of the gas evolved during testing. 
 
The prepared crucibles were loaded in batches of four into a 30 kW induction furnace.  
The four crucibles were placed inside a large graphite crucible that is used as a 
susceptor inside the water-cooled coil of the induction furnace.  The large susceptor is 
insulated using more bubble alumina and an insulating castable material.  A graphite 
lid was placed over the graphite susceptor.  A B-type thermocouple was placed 
through the lid to measure the temperature inside the furnace, and argon gas was used 
for purging through an alumina lance placed through the lid as well.  A ceramic 
blanket was used as additional insulation, to avoid excessive radiative energy losses.  
The furnace power was initially set from 2.5 kW and increased every 30 minutes by 
0.5 kW until the required test temperature of 1650°C or 1750°C was reached.  The test 
was left to run at the required temperature for one hour, after which the furnace was 
switched off and left to cool overnight. 
 
The metal and slag was then recovered from the crucible after breaking the crucibles 
apart.  The slag was not always fully recovered, due to attack on the crucible.  Where 
possible, all bulk pieces of metal were collected for weighing.  The metal and slag were 
analysed by means of ICP-OES for Cr, Fe, Si, Mn, Ti, and V; LECO for C and S; and 
ICP-MS for B. 
 

RESULTS AND DISCUSSION 
 
Laboratory-scale crucible tests 
Three factors were compared to one another for the smelting tests.  These are the 
relative amount of bulk alloy that formed, the %Cr in the metal, and main impurity 
levels, in this case Si and B.  The relative amount of bulk alloy formed serves as an 
indication of the effectiveness of the flux used to facilitate metal-slag separation. 
 
The amount of bulk alloy formed refers to the recoverable lump of alloy that settles at 
the bottom of the crucible after testing.  Metal entrained in the slag phase is often 
difficult to separate physically and is not, on laboratory scale, deemed appropriate to 
compare based on previous experience at Mintek.  As the slag is contaminated with 
metal in most cases (as will be shown later in this section), the slag analysis was 
disregarded in all calculations.  Consequently, the mass recovery of Cr is also not 
calculated.  The bulk alloy phase was found to be more homogeneous (little 
entrainment of slag particles found) and therefore used for comparison.  For all 
practical purposes, a comparative study of the quality of the alloy was more suitable, 
as recovery of elements in industrial processes is almost always different from 
laboratory tests. 
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Figure 9:  An example of the bulk alloy pellet that forms and is collected from a smelting test 

(bright grey/silver = alloy) 
 
The %Cr values in the alloys were compared to one another.  It is important to realise 
that the absolute value of the Cr content can be affected by the method of analysis.  In 
this project, the standard deviation on the %Cr for the method used was ±0.15. 
 
The level of major impurities plays an important role in the value of high-carbon 
ferrochromium.  Anything that is not Cr is not paid for, and penalties are payable 
when the material does not meet the required specification.  For comparative purposes, 
the total %Si and %B were compared, as these are interdependent.  The standard 
deviations on the analysis error for Si and B are ±0.1% and ±10 ppm respectively. 
 
Results are presented in bar-chart format for easy comparison.  Where no bar is 
presented on the chart, the test (or set of tests) failed.  Failed tests are tests where no 
discernibly separate metal and slag phases could be identified and separated, due to 
severe entrainment.  These ‘failed’ tests were repeated at least once, to ensure that the 
result was consistent.  Error bars on the charts indicate the standard deviation for the 
particular quantity.  Where no error bar exists, a single test was done for the particular 
case.  The variability of these tests was usually confirmed by a similar case.  This was 
done for two reasons: firstly to do a test that would be more industrially relevant for 
actual furnace operations, and secondly to keep the number of tests within the limit 
that could be carried out within the budget for this project. 
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Results for tests using chromite ore with a high Cr/Fe ratio 
 

 
Figure 10:  Results summary (mass of alloy formed) for chromite with high Cr/Fe ratio (error bar 

indicated standard deviation on tests).  The % values stated refer to the amount of material added as a 
percentage of the amount of ore added (e.g., “6% HGC, 27% Red” refers to a case where 6 grams of flux 

and 27 grams of reductant was added to 100 grams of ore). 
 
No separable bulk alloy could be produced at 1650°C using the conventional recipe or 
levels of less than 6% of either lower- or higher-grade colemanite.  The best result 
achieved, in terms of the amount of metal, was where 4.3% pure B2O3 was used.  
Whether it would be cost-effective to use pure B2O3 as flux is yet to be explored, as it is 
even more expensive than colemanite or a combination of conventional fluxes. 
 
From the tests done at 1750°C, there was no statistically significant difference between 
using low- or high-grade colemanite versus conventional fluxes.  Operating at a 
temperature of 1750°C also defeats one of the major aims of the project: operating at 
lower temperatures. 
 
The amount of alloy formed is not the only parameter that needs to be considered.  
Grade is assessed by not only the total amount of Cr in the product, but also the level 
of impurities, in this case Si and B, present, as this would affect the customer 
downstream. 
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The amount of Cr in the metal for each of the cases where bulk alloy was formed is 
shown in Figure 11.  It was found that, in all but one case, the minimum specification 
for charge chrome of 50% Cr was achieved.  Just as for the amount of metal formed, it 
does seem that there is no statistically discernible difference when comparing 
conventional smelting at 1750°C to using ~9% high- or 5% low-grade colemanite at 
1650°C.  However, the fact that an alloy can be formed at 1650°C using HGC with this 
ore is promising, as this implies that the overall operating temperature can be 
decreased, yielding more or less the same result as using conventional fluxes at 1750°C. 
 

 
Figure 11:  Results summary (Cr grade) for chromite with high Cr/Fe ratio 

(error bar indicated standard deviation on tests) 
 
As part of the thermodynamic calculations in FactSage 7.1, the energy requirement for 
smelting was also calculated.  The results of that calculation are given in Table VIII, 
along with the expected viscosity of the slag, also calculated using the Viscosity 
module of FactSage 7.1.  Smelting chromite at 1650°C with 9% HGC would save 
roughly 3% on the total energy requirement when compared to smelting using 
conventional fluxes at 1750°C.  The reason that this value is lower than expected is due 
to the fact that some 25-30% by mass of the colemanite is present as crystal water.  
Calcination of colemanite before use in a furnace would reduce the energy requirement 
even more.  However, if one takes a longer-term view, the reduced operating 
temperature can have significant benefits for a smelter. 
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Table VIII:  Theoretical slag viscosity, and energy requirement for smelting 

1650°C 1750°C Fluxing 
regime Slag Viscosity 

[poise] 
Energy 

requirement 
[MWh/t FeCr) 

Slag Viscosity 
[poise] 

Energy 
requirement 

[MWh/t FeCr) 
Conventional 1.8 3.15 1.7 3.45 
SiO2 only 2.7 3.29 1.8 3.60 
6% HGC 1.5 3.27 0.9 3.60 
9% HGC 1.3 3.33 0.8 3.64 
5% LGC 1.8 3.25 1.1 3.58 
 
Finally, the amount of contamination of the product needs to be assessed.  The 
amounts of Si and B, the main impurities in the alloy, are given in Table IX.  As 
expected, less Si is present in tests where borates are used.  This could be attributed to 
two factors – firstly, less SiO2 is present to be reduced in the first place; secondly, B2O3 
is preferentially reduced to SiO2.  The amount of B present in the alloy is higher at 
1750°C than at 1650°C, which was also expected. 
 

Table IX:  Impurity levels for alloy formed from chromite with a high Cr/Fe ratio 

T = 1650°C T = 1750°C Fluxing regime 
%Si (±SD) %B (±SD) %Si (±SD) %B (±SD) 

Conventional - - 1.03 ± 0.22 - 
SiO2 only 5.38 ± 1.47 - 7.71 ± 0.8 - 
6% HGC 1.26 ± 0.07 - - - 
9% HGC 2.98 1.21 3.1 4.9 
5% LGC - - 1.8 ± 0.6 0.18 ± 0.01 
 
One question remains regarding B-contamination of the alloy. There is no formal boron 
specification for HCFeCr that the authors could find in any standard or literature.  
However, during the production of stainless steel, there might be a very tight 
specification on the amount of boron present.  This is beyond the scope of this 
particular paper, and is being investigated.  The authors did do some initial tests on 
converting of HCFeCr with the aim of boron removal. 
 
The full details of the decarburisation testwork are not given here, as the results need 
to be confirmed.  In brief, a sample of ferrochromium metal produced during testing 
was decarburised in an alumina crucible in an induction furnace.  An alumina lance 
was used to inject pure oxygen into the melt.  A synthetic slag of 40% CaO – 40% SiO2 – 
10% MgO –10% Al2O3 was added to the melt periodically, to aid the converting 
process.  A temperature of 1600°C was maintained.  Samples were taken, and analysed 
using ICP (for metal components) and LECO for C.  The initial and final compositions 
of the alloy sample are given in Table X. 
 

Table X:  Initial and final compositions of the alloy melt subjected to decarburisation using pure oxygen 

t (min) % Cr % Si % Mn % Fe % P ppm B % Cr % Ti 
0 8.54 1.23 0.27 44.3 0.04 1815 46.2 0.27 

32 7.32 0.63 0.23 48.0 0.20 480 48.7 0.21 
 
A plot of the boron content as a function of time (Figure 12) shows that boron removal 
follows an exponential rather than a linear relationship, indicating possible first order 
kinetics for removal.  After 32 minutes of blowing time, the boron content of the melt 
was reduced to 25% of the original value, showing that removal of boron from the melt 
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is indeed possible.  A side effect of this process is the increased concentration of 
impurities such as P, which will have to be removed at a later stage of blowing, or in a 
separate process step.  This implies that steelmakers would necessarily have to adjust 
parameters in their operations when using boron-containing ferrochromium. 
 

 
Figure 12:  Boron removal from a ferrochromium alloy at 1600°C in contact with a synthetic slag 

 
 

CONCLUSIONS AND FUTURE WORK 
Fluxing of chromite ore with borate ores shows promise, but many factors need to be 
taken into account to gain maximum benefit from it.  Results from laboratory tests 
show that it is indeed possible to reduce operating temperatures from 1750°C to 
1650°C using colemanite in place of conventional fluxes.  The amount and grade of 
alloy formed when using colemanite as flux at 1650°C was more or less the same when 
compared to the conventional smelting case at 1750°C.  In some cases (e.g., with pure 
B2O3 as flux), it was found that the grade of the alloy was increased by some 1–2% Cr, 
which does imply that some more testwork with borates is required to get a full picture 
of the potential benefits.  Boron contamination of up to 1% could pose a problem, but it 
seems that boron removal might be possible, and this should be studied in more detail. 
 
Furthermore, tests need to be conducted on pilot scale on a longer-term campaign to 
confirm the results found on laboratory scale.  This is especially important to 
determine the optimal level of flux and reductant relevant to furnace operations, and to 
account for other factors such as the conductivity of the slag when B2O3 is present.  The 
ultimate success of colemanite as a flux will depend greatly on the relative cost of 
fluxes balanced against the short- and longer-term benefits realised, especially as 
conventional fluxes are cheap and sourced locally, when compared to borates, which 
would have to be sourced from, for example, Turkey. 
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