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Basic oxygen furnace (BOF) slag is an industrial by-product of the steel industry and has recently been inves-
tigated intensively for high-end applications other than road load and land fill. However, to be applied as a high-
end raw material BOF slag lacks a quick and simple quantitative phase analysis method compared to the Bogue
approach applied to ordinary Portland cement. This study presents a method to calculate the main phases of BOF
slag (CsS, Ca(A,F), magnetite (Ff), RO-Phase and f-C) based on chemical composition. A quantitative model

assessment was performed in order to further improve the model and two approaches were used to validate the
Bogue BOF slag model. One approach compared the calculated chemical composition of phases with real data the
second one evaluated whether the Bogue BOF slag model gives comparable quantitative model assessment
measures compared to the classical cement Bogue approach. Both approaches validated the proposed final

model.

1. Introduction

It has been almost 100 years ago since Bogue published his mathe-
matical approach to quantify the phase composition of ordinary Port-
land cement (OPC) based on its chemical composition [1]. This
approach became very popular in the cement and building industry and
is still practiced today even though there have been technological ad-
vances such as quantitative X-ray diffraction analysis to quantify the
clinker phases [2-4]. Knowledge of the phase proportions of OPCs is a
necessity due to the fact that they control hydraulic properties and
therefore strength [5,6], hence the knowledge can be used for quality
control. The Rietveld quantitative phase analysis (RQPA) on X-ray
diffraction patterns is a valuable, modern tool to determine the phase
quantities of OPC. However, expert knowledge is required to accurately
determine phase quantities due to the complexity of X-ray diffraction
patterns of OPCs. The difficulty of RQPA applied to OPC has often been
reported [4,7]. Therefore, the indirect determination of the phase pro-
portions of OPCs by the usage of the Bogue equations remains an
important tool in the cement industry and research.

It is recognized that the cement industry is causing a significant
amount of the worlds CO, emissions (6-7 wt%) by producing OPCs. The
main emissions (~90 wt%) are caused by fuel combustion and decom-
position of CaCO3 during the calcination process [8]. One way to reduce

CO, emissions is by using industrial by-products as supplementary
cementitious materials (SCMs) or by developing OPC free binders. One
industrial by-product that has not been used much in such a way but has
the potential for large scale application is basic oxygen furnace slag
(BOF slag) or also known as Linz-Donawitz slag (LD slag) [9-11]. There
are three major advantages: i) the large amount of BOF slag that is
produced (>100 Mt/year worldwide) [12]; ii) the comparable chemical
composition of BOF slag and OPCs with high CaO and SiO2 concentra-
tion of >35 and >10 wt%, respectively [13]; iii) the comparable
mineralogical composition of BOF slag to OPCs, since the major phases
of BOF slag are CyS and Cy(A,F) [14,15]. Hence, BOF slag has been
increasingly investigated for the application as SCM [10,16,17] or as a
stand-alone binder through thermal [18], hydrothermal, chemical
[9,19-22] and carbonation activation [23]. Table 1 presents the average
and range of the chemical composition of BOF slag reported in the
literature, while Table 2 presents the most common phases reported for
BOF slag [10].

BOF slag is often inaccurately characterized in terms of phase
composition by RQPA due to multiple reasons: i) the large number of
phases (>5) and resulting peak overlap, ii) some phases may show
preferred orientation (i.e. portlandite), iii) multiple polymorphs for
some phases may be present (i.e. C2S) [24], iv) impurities within phases
may have effect on the powder pattern [4], v) solid solutions systems
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exist [25,26] and vi) significant microabsorption effects when
measuring samples containing more than >10 wt% Fe with Cu-radiation
[27-29]. These reasons illustrate that an in-depth knowledge of the X-
ray diffraction techniques and RQPA is required to accurately determine
BOF slag phase composition and inaccurate results are easily obtained.

For this reason, this paper presents an alternative and simpler way to
determine the BOF slag phase composition based on the Bogue
approach. An equation sequence (i.e. Bogue BOF slag model) was
derived that translates the chemical composition determined by X-ray
fluorescence (XRF) and Fe-titration of BOF slag into phase quantities.
For this purpose, BOF slag was sampled from processed batches, sub-
sequently split, crushed and powdered so a representative sample was
obtained. XRF, Fe-titration and RQPA were performed on powdered
sampled material. Fe-titration is required to determine the redox state of
the iron in the slag, as it can contain Fe(0), Fe(Il) and Fe (III). The
modelled phase quantities are then compared to the respective RQPA
values and assessed quantitatively. The results were then used to
improve the model and correct significant errors in the model. The
corrected Bogue BOF slag model was applied to available literature data
and discussed. Additionally, the performance of the corrected Bogue
BOF slag model was compared to the classical cement Bogue model by
using the same quantitative model assessment approach, which helped
to evaluate its applicability.
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Table 2
Mineral name, formula and respective cement notation for the most common
phases present in BOF slag.

Mineral name Mineral formula Cement notation

Larnite (Belite/B-C,S), a -CoS, o-CoS CaySi0y C,S

Brownmillerite Cay(Fe,Al),05 Ca(AF)
Magnetite Fe304 Ff

Periclase - Wuestite solid solution (Mg,Fe,Mn)O RO-Phase

Free Lime CaO f-C
Hatrurite (Alite) Ca3SiOs CsS
Fe-Perovskite CaFe,04 CF
Calcite CaCO3 Cc
Portlandite Ca(OH), CH

heats (each 30 tons of BOF slag per heat) approximately every 9 days.
The samples were taken according to standard NEN 7302:1999. The
sampling method and its applicability to BOF slag sampling regarding
the analysis by XRF, Fe redox titration and QXRD has been recently
evaluated [30] and is reported in Table 3. Additionally, the chemical
composition of five finer samples (0-1 mm) referenced as “F” or “F-Type

Table 3

Global estimation errors (GE) for taking lot samples according to NEN 7302-
1999 regarding XRF/Fe redox titration and QXRD, previously reported in [30].

2. Materials and methods Oxide GE Phase GE
Al,O3 0.03 RO-Phase 0.50
2.1. BOF slag sampling Ca0 015 Ff 0.68
Cry03 0.005 C2(AF) 0.68
Fe;03 0.43 C.8 0.41
The used BOF slag was produced at the Tata Steel steel plant FeO 0.41 CsS 0.23
IJmuiden, the Netherlands. The data set consists of 21 bulk samples from Met. Fe 0.18 f-C 0.09
the BOF slag production referenced as “B” or “B-Type samples” that were MgO 0.09 CH 0.33
sampled in the time period of 13.03 to 24.09.2020. Their size was be- MnO 0.04 Ce 0.07
. P,0s 0.010 Others -
tween 0 and 25 mm. Each bulk sample represents approximately the sio, 0.09 Amorphous 0.44
average of weekly BOF slag production at the steel plant. The BOF slag TiO, 0.02
samples were taken during a quality monitoring investigation from V205 0.04
processed batches that contained multiple (>50) basic oxygen furnace
Table 1
Chemical composition of BOF slag. Data has been derived from [10]. The references for the presented data can be found therein.
Year CaO Feiotal (Fe203/FeO/Fe) SiO, Al,O3 MgO MnO Na30 + K0
2020 40.82-54.29 16.78-29.49 8.45-16.93 0.33-5.85 1.93-9.15 1.2-8.7 0.27-0.84
2019 34.4-50.26 5.24-34.5 9.45-36.33 0.75-11.38 1.56-10.11 1.07-5.0 0.33-1.34
2018 34.21-46.8 18.01-29.56 10.8-20.38 1.01-7.46 2.7-9.95 0.42-5.17 0.13-0.41
2017 36.9-42.77 21.87-29.0 9.6-19.24 1.8-4.76 5.19-11.2 0.82-3.2 1.74-2.1
2016 33.97-49.92 20.49-37.6 8.58-26.1 1.12-6.8 2.0-9.5 2.4-10.31 0.02-0.24
2015 39.4-46.73 18.42-30.23 11.97-14.77 2.16-5.52 6.27-9.69 2.74-2.76 0.30
2014 35.5-40.95 10.88-30.2 12.2-32.08 4.76-7.73 6.57-8.55 1.26-3.97 -
2013 38.62-52.4 10.07-25.49 8.87-18.94 1.4-5.64 5.2-7.68 1.59-2.9 0.53
2012 40.1-57.44 17.47-32.0 8.6-15.84 1.7-4.86 4.5-8.41 1.77-3.7 0.10
2011 38.85-44.07 8.64-28.48 14.03-18.94 2.91-5.53 5.36-9.86 0.92-2.11 -
2010 40.46-47.71 23.86-24.36 13.25-17.09 3.04-4.53 6.37-10.46 2.64 0.42
Occurrence range 33.97-57.44 5.24-38.06 7.74-36.33 0.33-11.38 1.56-11.2 0.42-10.31 0.02-1.34
Mean values 42.17 23.80 14.77 3.53 6.80 3.02 0.31
Year SO3 Cry03 V505 TiO, P,0s5 Other oxides
2020 0.07-0.71 0.14-0.33 0.42-0.53 0.16-1.57 0.89-7.14 1.07-1.3
2019 0.3-0.98 0.16-0.8 0.03-0.34 0.45-1.23 1.03-2.15 0.01-2.5
2018 0.01-0.3 0.7 0.1 0.45-0.68 1.12-2.78 1.73-1.98
2017 0.3 0.11 0.25 0.61 1.14 2.22
2016 0.12-2.7 0.21-1.2 6.51 0.25-1.78 0.81-2.32 -
2015 0.12 0.2 0.9 0.4-1.18 1.0-1.67 -
2014 0.18-0.74 3.14 - 0.32 0.25 3.11
2013 0.18-0.88 - - 0.7 0.33-2.3 0.41-14.84
2012 0.4-1.2 - - 0.5-0.81 1.4-2.4 -
2011 0.14-0.36 - - - 1.07 3.06-5.9
2010 - - - 0.67 1.47 -
Occurrence range 0.01-2.7 0.11-3.14 0.03-6.51 0.16-1.78 0.33-7.14 0.01-14.84
Mean values 0.47 0.63 0.90 0.78 1.76 2.95
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Table 4
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Stoichiometry and ICSD/PDF Nr. database codes used for the structures in the RQPA of BOF slag samples. It should be noted that a fixed stoichiometry is in all cases.
The specific stoichiometry that is used for Co(A,F) is calculated from chemical compositions determined by large area phase mapping analysis (PARC) on average BOF

slag samples from the Tata Steel plant IJmuinden [13].

Mineral name Cement notation Stoichiometry ICSD/PDF-Nr. Space group
Si-metallic standard - Si 43610/— Fd-3m
Fe-rich Wuestite solid solution RO FeogMng 20 67200/— Fm-3m
Mg-rich Wuestite solid solution RO Feo 3Mgo 7,0 67200/— Fm-3m
Magnetite Ff Fe304 30860/— Fd-3mZ
Brownmillerite Cy(AF) CapAlg 79Tig 61Fe1.5005 —/04-014-6627 Pnma
Larnite ($-C5S) C,S CaySiOy 81096/— P121/n1
o -Co8 C,S Ca,Si0g 81097/— Pnma
o -CoS CsS CaySi04 81099/— P63/mmc
Hatrurite C3S Ca3SiOs —/01-070-8632 Cm
Lime C CaO 28905/— Fm-3m
Portlandite CH Ca(OH), —/01-076-0571 P-3m1
Calcite Ce CaCO3 80869/— R-3cH
Others
Ferrite (Iron-met.) - Fe 76747/— Im-3m
Fe-Perovskite C(F,T) CaTig g5F€0.3502.825 —/04-019-5637 Pnma

samples” and six coarser samples (4-5.6 mm) referenced as “C” or “C-
Type samples” are analyzed that were derived by sieving the bulk
samples. The reason for the addition of these samples is that a larger
range of FeO/Fe;03 and degree of weathering is covered because finer
fractions of BOF slag are more oxidized (i.e. lower FeO/Fe,03) and
weathered compared to coarser fractions BOF slag fractions [31].
Therefore these samples were added to the study in order to cover this
extended range of phase composition.

2.2. XRF analysis

The XRF analysis on BOF slag samples follows a procedure involving
two different steps. In a first step the sample is heated up to 1000 °C in
order to remove volatiles and the loss on ignition (LOI) is recorded. In a
second step, fused beads were produced by using lithium borate
(LioB407:LiBO, = 65:35) in weight proportions of sample to borate 1:10.
The analysis of samples is performed on a PANalytical Axios quantifying
the components Al,03, CaO, Cry03, MgO, MnO, P,0s, SiO3, TiO3, V205
and Fe total.

2.3. Fe redox titration

Earlier studies already reported that Fe can be present in three
different Fe species (Fe(0), Fe(II) and Fe (III)) in BOF slag [19,32,33]. In
order to quantitatively determine the different Fe species for each
sample, redox titration method is used based on bromine-methanol
titrimetric method and titration with potassium dichromate, respec-
tively. Fe(0) and Fe (II) are subsequently determined according to ISO
5416-2006 and ISO 9035:1989. The titration results are used to calcu-
late Fe(IIl) by difference from Fe total determined by XRF.

2.4. XRD analysis

Prior to the analysis further sample preparation is necessary for the
quantitative phase analysis with the Rietveld method [27]. To all sam-
ples exactly 10 wt% Si-metal (3.6 g sample and 0.4 g Si-Standard) is
added as internal standard. In order to receive reproducible results, it is
necessary to mill the material to a grain size below 10 pm [27]. This is
achieved using a Retsch McCrone micronizer and a milling time of 20
min adding of cyclohexane (7 ml). Samples were dried for 5 min at 70 °C
in a furnace, and back-loaded on metal sample holders for XRD analysis.
The median grainsize obtained for all samples was D50 = ~5 pm.

For the XRD measurement Co-radiation is preferred over Cu-
radiation in order to avoid microabsorption with the Fe-rich samples
[27,28,34]. XRD measurements were performed on a Malvern

PANalytical XpertPro equipped with a Co-tube (Ka; 1.7901 A, Kay
1.7929 A) and Pixel 3D detector. The measurements were performed
with a fixed divergence slit setting of 0.5° and 0.04 rad soller. The
2Theta range of the measurement was 10-120°.

2.5. Rietveld quantitative phase analysis

For Rietveld quantitative phase analysis (RQPA) a total of 14 phases
(including Si-standard) was taken into account (Table 4). These 14
phases and structures were used based on previous experience with
RQPA of BOF slag at Tata Steel IJmuiden. Two RO-Phases were used in
the quantification in order to account for solid solution in this phase
(FeO — MgO — MnO - CaO) [25,26,35]. Three polymorphs of CyS (p-CsS,
o-CoS and a-C,S) were included in the quantification although only two
C2S polymorphs (B-CoS, o-CyS) are usually reported in the literature
[9,35-37]. In the Rietveld quantification, a-C3S never exceeds a total of
2.5 wt%. Table 4 reports the used structures from the database ICDS or
PDF and their respective stoichiometry for the Rietveld quantitative
phase analysis.

3. Modelling approach
3.1. Classical Bogue equations for OPC

The classical Bogue equations were developed and published by
Bogue in 1929 [1] and are also part of the standard speciation for OPC in
the ASTM Standards (ASTM C150) [38]. The Bogue equations are used
as an orientation for the modelling approach of the BOF slag phase
quantities. Hence, the Bogue equations that are currently used in the
ASTM C150-09 are repeated here. The Bogue equations assume that the
major clinker oxides CaO, SiO3, Al,O3 form the clinker phases C3S, CyS,
C3A and C4AF. Moreover, SO3 is combined to CS and MgO is uncom-
bined and forms periclase (MgO). By performing a molar balancing of
the oxides CaO, SiO,, SO3, Al;03 and Fe;O3 the molar quantities of the
major clinker phases (C3S, C2S, C3A, C4AF and CS) can be derived from
the Equation Sequence 1 [39].

nc,aAF = NF
Heya = Ny — Np
n

cs = s

Neys +Neys = Ny
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3nc,s + 2nc,s +3nc,a +4ncar +ngg = ne
—ne,s = N — (2ns 4 3n4 + np + ng)

neys = g — Neys

Equation Sequence 1 gives the molar balancing equations to describe
the formation of the major clinker phases C3S, C3S, C3A and C4AF [35].

Using the molar masses for the oxides (Table 5) in question the
equations can be rewritten, so that the oxide masses can be used in the
equations (Equation Sequence 2). This has the purpose to derive the
phase quantities in wt% directly from the oxide wt%.

Xcar = 3.043 xp

Xca = 2.650 x4 — 1.692 xp

Xeys = 4.072 xc — (7.6 x5+ 6.718 x4 + 1.43 xp +2.852 x35)
Xcys = 2.867 x5 —0.754 x¢,s

Xes = 1.701 X3

Equation Sequence 2 presents the classical cement Bogue equations
as standardized in ASTM C150 which gives the wt% of the major clinker
phases by using the wt% of oxides. For reasons of completion the
equation for CS is added, which is omitted in the ASTM C150. Also, it
should be noted that within the ASTM C150 free CaO is not deducted,
whereas it was initially performed by Bogue.

Taylor [40] already pointed out that the Bogue equations are a
simplification and may give incorrect values and that the Bogue equa-
tions may not represent the actual phase compositions due to the fact
that during the clinker cooling procedure equilibrium is not maintained.
This results in overestimating C,S and under estimating C3S amounts.
Moreover, the Bogue equations only assume pure phases or in case of
C4AF a constant stoichiometry, which is not true in reality [40]. That is
the main reason errors occur. However, the Bogue equations are still
widely used today which is evidenced by the fact that the Bogue equa-
tions are contained within ASTM C150. The authors would like to note
here that in the ASTM C150 CS is omitted, whereas it was initially
included in the original Bogue equations [1,38].

3.2. Framework conditions for the BOF slag model

Every modelling approach has a different aim. In this study, the aim
is to predict the BOF slag phase quantities with respect to the main
phases. Moreover, before modelling the BOF slag composition one needs
to understand that BOF slag is a highly variable industrial by-product
due to the fact that it is produced in batched and that steel companies
[41] are primarily concerned with the composition of the steel which
translates to the BOF slag composition. As there are many different steel
compositions there are many resulting BOF slag compositions, which

Table 5
Oxides with their respective cement notation and their respective molar masses.

Oxide Oxide cement notation Molar mass (g/mol)
CaO C 56.08
SiO, S 60.08

Al,O3 A 101.96

Fe,03 F 159.69
FeO f 71.84
MgO M 40.3
MnO m 70.94
P,0s P 141.94
TiOy T 79.87

V205 A 181.88

Cry03 Cr 151.99
SO3 S 80.06
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may not only differ between steel plants [10,42] but also within the
production of a single steel plant [14]. For example, CaO and SiO2 of
investigated BOF slags vary between 34 to 57 wt% and 7.7 to 36 wt%,
respectively [10]. Consequently, BOF slag phase composition will vary
widely. However, the modelling aims to predict phase compositions for
common BOF slags rather than more extreme chemical compositions. As
common BOF slag composition, we propose the following definition:
The average chemical composition values BOFS as reported in [10] £+5
wt% (Table 1). Moreover, it should be clarified that BOF slag production
of a steel plant may be very stable (+3 wt% CaO) if single converter
heats are accumulated over a longer period of time (>one week) and
processed together.

Moreover, even though OPC and BOF slag show certain similarities
in the chemical and phase composition [10] and both are crystalline
materials with initially very low amorphous content (<5 wt%) [3,43],
the modelling approach is somewhat different. In OPC, only one Fe
species is present (Fe3+, i.e. Fe203), which is only incorporated in C2
(A,F). This is in complete contrast to BOF slag, because in BOF slag Fe is
present in three different species, which is in the form of metallic Fe, FeO
and Fe,03 (Fe®, Fe?* and Fe>*, respectively). The different Fe species in
BOF slag are incorporated in Cy(A,F), RO-Phase, Ff and metallic Fe. The
metallic Fe is usually around 1 wt% because it is impossible to recover
all metal droplets from the BOF slag [44]. The FeO/FeyOs ratio in BOF
slag may vary widely (at least 0.6-6.8 by mass) [45,46], even steel plant
internally as it will be shown, where multiple heats supposed to dampen
out the chemical variability and constantly comparable cooling methods
are applied. Furthermore, the Fe speciation cannot be simply deter-
mined by XRF and is usually determined by dichromate titrimetry [47].

As a common BOF slag chemical composition is defined, it is
necessary to understand the common BOF slag phase assemblage and
the origin of certain phases. Since we use a Bogue approach, cement
notation will be used for the phase names rather than the more
commonly used mineral names (Table 2) in the literature. The most
common phases in BOF slag are C,S, Cy(A,F), RO, f-C, Ff. Other phases
that may occur are C3S, CF (Fe-Perovskite), Cc and CH. In order to
predict the phase assemblage it is necessary to understand how these
phases form. Cc and CH are unstable above 1000 °C whereas a basic
oxygen furnace operates at significantly higher temperatures
(>1500 °C), so CH and Cc are unstable under these conditions. CH and
Cc would lose their volatile content (i.e. CO5 and H»0, respectively),
form f-C and do not exist as primary phases in BOF slag. Therefore, it can
be stated that Cc and CH are weathering products from C,S and f-C
which has been previously confirmed by [41]. Due to the fact that these
phases are secondary weathering products, which heavily depend on
storage conditions (i.e. climate and grain size distribution), Cc and CH
are excluded from the modelling of the phase assemblage. The presence
of C3S mainly depends on the cooling conditions and CaO content
[14,32] in the BOF slag. However, C3S tends to decompose to C3S and f-C
in the slag due to its slow cooling during industrial processing. Addi-
tionally the CaO values considered in this model are generally lower
than 47 wt% which is given by [14] as the boundary for the presence of
significant amounts of C3S (>3 wt%). Therefore, C3S is ignored in the
modelling calculations. Another phase that is a secondary phase is Ff
also known as magnetite, which forms under oxidizing conditions. The
formation of Ff mainly depends on the cooling conditions during pro-
cessing of the BOF slag [15,36,48] since Ff is unstable under basic ox-
ygen furnace conditions [49]. f-C has three origins in BOF slag under
industrial cooling conditions: i) undissolved flux particles [50,51], ii)
exsolution from C3S that forms together with CyS and iii) interstitial f-C
that forms at the end of the crystallization sequence [51]. Since these
origins do not solely depend on the total CaO content but also on the
cooling conditions and oxygen blowing time in the basic oxygen furnace
it may be that the f-C content is very variable and problematic to predict.
However, this is probably more valid for BOF slags with high CaO (>47
wt%) and more uncommon cooling methods (e.g. air granulation), for
which the presented model will have its limitations. C5S is the most
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dominant phase in BOF slag (>35 wt%) and occurs generally in two
polymorphs B-C,S and o/-C»S [13]. In the presented modelling approach,
both polymorphs are generalized as C5S. The RO-phase which is often
referred to as wuestite in the literature is a solid solution of FeO, MgO,
MnO and minor amounts of CaO (<5 wt%) [10,14,52]. To summarize,
based on the typical chemical compositions that are assumed and the
slow cooling conditions that are applied generally in the industry, the
modelled phase assemblage consists of C5S, RO-phase, C2(A,F), Ff and f-
C.

In the next step it will be assessed, which oxides are included in
which phases or form solid solutions. This step is necessary in order to
assign the oxides to their respective phases. For simplicity reasons,
minor oxides (<5 wt% of the bulk BOF slag composition) such as V505 or
TiO4 are assigned to a single phase. The RO-phase is a solid solution of
MgO, FeO, MnO and minor amounts of CaO (<5 wt%). Also, most of the
Cr,03 is incorporated in the RO-Phase and hence the modelling assumes
that all Cro03 MgO and MnO are incorporated in to the RO-Phase [32].
In order to not over complicate the first modelling approach, it is
assumed that the RO-phase does not contain any CaO. For the same
reasons, it is assumed that Ff consists of pure Fe;O3 and FeO [13,53,54].
Moreover, Cy(A,F) contains parts of the CaO and Fe;O3 and all of the
Aly,03 and TiO, even though small amounts of Al,O3 and TiO, are
partially incorporated into C5S as well [13,53,54]. C5S includes all SiO»,
P,05 and V505 and major parts of the CaO as C3S, C3P and C3V form a
solid solution system. An overview for the assignment of the oxides to
the modelled phases is given in (Table 6).

In order to calculate a f-C at the end of the modelling sequence it is
necessary to assume that a certain portion of the Fe®? (i.e. the sum of
Fe®, Fe?* and Fe3*) is incorporated into Cy(A,F) as Fe3*. This Fe** was
formed during the basic oxygen furnace process. The remaining Fe>* is
used to form the secondary Ff phase and was formed during the cooling
process. However, the portion of the initial Fe3* that is incorporated into
C2(A,F) is dependent on the Fe'®@! and the exact portion is unknown.
However, from internal reports of the Tata Steel plant IJmuiden, it is
known that the initial Fe**/Fe®? in the basic oxygen furnace varies
between 0.25 and 0.33. Hence, the BOF slag phase composition is
modelled with three Fe3*/Fe'®@! ratios (0.25, 0.292 and 0.33) and form
the equation of a positive regression line. The positive regression line
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Schiirmann et al. [55] on the relationship between FeO and Fe;O3
contents in BOF slag. Due to the unknown o; ratio in the BOF slag, it is
decided to use the aforementioned ratios and quantitatively asses the
modelled values.

3.3. The Bogue approach applied to BOF slag

From the presented frame work conditions above Equation Sequence
3 can be drawn:

Ne,S (total) = Neys T Nesp + Ny

Ney(aF) = Neyr +Neya + eyt

ne = Rpeec + 2nc,s + 3nc,p + 20cyr + 2000 + 200,17 + 3ncyy
—Ne,F = O Mol

—Npr = Np — NP

—ngo = (np — ngy) +ny +ny + 1,

—hp_c = he — (2}’1(;25 +3nc,p +3nc,y +2nc,4 +2n0,5 + 2nCZT)

Equation Sequence 3 gives the molar balancing equations to describe
the formation of the major BOF slag phases C5S, C2(A,F), Ff and RO-
Phase. w; is the initial Fe>*/Feqo. It should be noted that f-C is the
remaining CaO at the end of the equations as the unbound CaO.

The Equation Sequence 3 may be transferred to mass proportions by
using the oxide constituent atomic mass proportion in a certain phase as
Bogue did [1]:

Xeys (o) = 2.867 Xs +2.185 Xp + 1.925 Xy
Xeyar) = 2.434% 0 Xpe tora + 2.1 X +2.404 Xp
Xpp = 1.45%(Xp — (0.587*(2.434%0,*Xre 1) ) )

Xro = (Xr —0.31 XF_f) + Xy + X + Xer

Xr_c =Xc—(1.867 X5 +1.185 Xp +0.925 Xy + 1.1 X, + 1.404 X7 + 1.004*0;*Xr, 1orar)

(Appendix Fig. 1) is determined by two points, which are the lowest and
highest Fe®°@ values of the data set (17.6 and 21.1 wt%) and match the
assumed lowest and highest assumed initial Fe3*/Fe®! (0.25 and 0.33)
which is all incorporated in C(A,F). The resulting equation is expressed
as follows:

w; = X Fel™*0.02313 — 0.15788 @

With «; is the initial Fe3"/Fe®® and X Fe!®®! is the amount of Fe'®®!
in mass. Eq. (1) is used to model the amount of Fe;Og3 that is used to form
the Fe containing endmember of Cy(A,F), whereas the remaining Fe,O3
is assumed to be formed secondarily and hence determines the amount
of Ff. The used w; ratios are reasonable choices based on the work of

Table 6
Assignment of oxides to the BOF slag phases.
Phases Oxides
C,S Ca0-Si05-P»05-V,05
C2(AF) Ca0-Al;03-Fe;03-TiO,
Ff Fe;03-FeO
RO-Phase FeO-MgO-MnO-Cr,03

Table 7
Seven quantitative model assessment measures with their expressions in the
text, their formulation and the desired value for an ideal model.

Expression Formulation Desired Value
a See footnote 0
b See footnote 1
SSPE SSPE = 0, (vi — 71)° 0
Uy Ubias = [n(Y— )2 } /SSPE 0
U, ~ 5 0
: Upr = [(b S, (G- 7 ] / SSPE
Ue Uarror = Y04 (est; — y;)* /SSPE 1
RMSD 0

1
RMSD = \/|—— SSPE
n-1

Footnote: a and b are the expressions for the intersection with the y-axis and the
slope factor, respectively, of the fitted regression line through the points
determined by RQPA and Bogue BOF slag. U, is usually referred as R? of the
fitted regression. y; is the value for the observed value of one point (i.e. RQPA)
and y; is the modelled value of a point (i.e. Bogue BOF slag). Y is the mean of the
observed values (i.e. RQPA) and Y is the mean of the modelled values (i.e. Bogue
BOF slag).
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Equation Sequence 4 gives the wt% of the major BOF slag phases by
using the wt% of oxides (Bogue equation).

With these equations one can derive directly the phase wt% from the
oxide wt%, without the conversion to mol% (Equations Sequence 4).
Therefore these equations are easily applicable to any average oxide
composition data of BOF slag.

3.4. Quantitative model assessment

In order to evaluate the accuracy of the model the advice of Pineiro
et al. [56] is followed. In total 7 different measures (Table 7), were used
to quantitatively asses the deviations of the modelled values from the
RQPA data. This will help to understand the properties of the model and
potential deviations from the RQPA data. A brief explanation of the 7
different measures for the model assessment is described in the appendix
and an in-depth explanation can be found in [56,57]. The 7 different
measures for the model assessment are not only calculated for the total
model fit of all samples and different o; that is incorporated in C2(A,F) (i.
e. 0.25, 0.292, 0.33 and variable ®;) but also for each individual phase
(CaS, Ca(A,F), RO-Phase and f-C). The modelled f-C quantities are
excluded from the total model assessment because they are most likely
altered due to effect of weathering forming CH (portlandite), Cc (calcite)
and possible amorphous content. To avoid confusion for the reader the
specific model assessment parameter of a phase or the total is indicated
by superscript (e.g. US?S). The application of different measures of for
the model assessment will help to interpret the model and identify where
the model would need improvements.

4. Results and discussion
4.1. Effect of grain size on the chemical and phase composition

Tables 8 and 9 present the chemical composition and RQPA results of
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the BOF slag samples that are used for assessing the accuracy of the
Bogue BOF slag model. The sample type (B, C and F) has significant
influence on the reported phase proportions. RQPA C,S values for the F-
type samples are the significantly lower compared to B and C-type
samples. For example F16 — F20 have a mean C5S of 32.6 wt%, whereas
B16 — B21 have an average of 40.7 wt% and C16 — C21 an average of
42.8 wt%. The reason behind the positive correlation between particle
size and C,S is that C5S tends to be effected by weathering processes of
BOF slag which is more pronounced for higher surface areas and smaller
grain sizes [58]. These weathering products also tend to accumulate in
the smaller fractions due to their size [41]. This is also confirmed by the
higher amount of weathering products (WP; i.e. sum of Cc, CH and
amorphous) in the F-type samples, which is 15.1 wt% on average (F16 —
F20) compared to a mean of 1.9 wt% WP (B16 — B20) of B-type samples.
The RQPA results for the RO-Phase and Ff amounts showing decreased
and increased phase amounts, respectively, from C-type over B-type to F-
type samples, which reflects the gradual effect of oxidation through the
sample suite. As it is also shown by the Fey03/Fe®? for C-Type, B-Type
and F-Type samples (16-21), which is on average 0.55, 0.61 and 0.84,
respectively. The increase in Fey03/Fe®? from coarser to finer grain
sizes was already observed by [31,59]. RQPA results of C(A,F) seem to
be unaffected by oxidation and weathering with F16 — F20 samples have
a mean of 18.8 wt%, B16 - B20 have a slightly higher mean of 19.6 wt%.

4.2. Effect of varying initial Fe>*/Fe®®® (w;) on the phase quantities

The presented Bogue BOF slag equations are applied here to the
combined chemical composition data measured with XRF and Fe titra-
tion (Table 8) to derive phase quantities (Appendix Tables 1-4), which
are the compared to the RQPA data in Fig. 1. The first step is to evaluate
the modelled data with different o; to see its effect. The modelled phase
quantities for four selected w; are presented together with the RQPA
results in Fig. 1.

The modelled phase quantities for four selected w; (0.25, 0.292, 0.33

Table 8
Combined chemical composition determined by XRF and Fe redox titration of all BOF slag samples used in this study.

Sample ID Al,03 CaO Cry03 Fey03 FeO Met. Fe MgO MnO P,0s SiO, TiO, V205 Total Fe total LOI LOIFge.-corr.
Bl 1.8 41.6 0.3 13.7 10.1 1.0 7.8 4.8 1.7 14.4 1.5 1.1 100 18.4 -1.2 0.8
B2 1.7 42.6 0.3 11.4 11.6 1.1 8.0 4.5 1.6 14.6 1.5 1.2 100 18.0 -1.2 1.1
B3 2.0 41.2 0.3 13.1 11.7 1.3 7.7 4.6 1.6 14.1 1.4 1.0 100 19.4 -1.3 1.1
B4 1.9 41.5 0.3 12.7 12.1 1.1 7.9 4.3 1.6 14.5 1.3 0.9 100 19.2 -0.8 1.5
B5 1.9 40.8 0.3 13.4 10.7 1.9 8.1 4.6 1.7 13.7 1.6 1.3 100 19.4 -1.1 1.7
B6 1.9 41.6 0.3 9.2 13.8 1.9 7.9 4.7 1.8 13.9 1.6 1.4 100 18.9 -1.8 1.4
B7 1.8 41.0 0.3 11.0 13.9 1.1 7.8 4.7 1.8 13.6 1.7 1.4 100 19.3 -1.6 1.0
B8 2.7 39.8 0.3 10.7 15.1 1.2 7.9 4.3 1.7 13.5 1.5 1.3 100 20.3 -2.0 0.8
B9 2.0 40.9 0.3 11.6 14.0 0.7 8.0 4.3 1.8 13.5 1.5 1.4 100 19.7 -1.8 0.5
B10 2.2 40.8 0.3 10.4 14.2 1.2 8.1 4.3 1.7 13.8 1.6 1.4 100 19.5 -1.9 0.8
B11 2.4 40.9 0.3 10.4 13.6 1.2 8.9 4.3 1.6 13.5 1.6 1.3 100 18.9 -1.5 1.1
B12 2.4 39.4 0.3 11.9 13.9 1.4 8.8 4.3 1.6 13.2 1.5 1.2 100 20.4 -1.6 1.2
B13 2.1 42.0 0.3 10.9 11.3 1.4 9.0 4.6 1.6 13.9 1.6 1.2 100 17.7 -1.3 1.2
B14 1.7 42.5 0.3 8.9 12.8 1.8 8.3 4.9 1.6 14.2 1.7 1.3 100 17.9 -1.7 1.3
B15 1.8 42.0 0.3 9.3 13.5 1.1 8.4 4.6 1.6 14.3 1.6 1.4 100 18.0 -1.7 0.8
B16 1.8 41.7 0.3 10.4 11.7 2.2 8.5 4.6 1.5 14.2 1.6 1.3 100 18.4 -1.3 1.8
B17 1.9 41.6 0.3 11.2 11.8 1.6 8.4 4.7 1.5 13.9 1.6 1.4 100 18.5 -1.2 1.5
B18 2.0 40.3 0.3 15.0 8.9 2.6 8.6 4.3 1.5 13.5 1.5 1.4 100 20.0 -1.4 1.7
B19 2.0 41.1 0.3 11.4 12.6 1.1 8.4 4.7 1.6 13.8 1.6 1.3 100 18.7 -1.2 1.2
B20 1.9 41.9 0.3 10.3 12.6 2.0 8.4 4.5 1.4 14.1 1.4 1.2 100 18.7 -1.5 1.6
B21 2.2 41.1 0.3 10.3 13.0 1.5 8.9 4.4 1.4 14.1 1.5 1.3 100 18.7 -1.4 1.4
C15 1.9 40.9 0.3 10.8 12.7 1.7 8.3 4.7 1.6 14.1 1.6 1.5 100 19.1 -2.1 0.8
Cleé 1.9 42.3 0.3 9.8 12.2 1.3 8.6 4.7 1.5 14.5 1.7 1.4 100 17.6 -1.9 0.6
C17 1.9 41.7 0.3 10.7 12.4 1.2 8.6 4.7 1.5 14.0 1.6 1.4 100 18.3 -1.9 0.6
C18 2.0 41.2 0.3 10.0 13.9 1.2 8.8 4.4 1.6 13.9 1.6 1.4 100 18.9 -2 0.6
C19 2.0 40.6 0.3 8.8 15.1 1.8 8.4 4.7 1.6 13.7 1.6 1.3 100 19.6 —-2.2 1.1
Cc21 2.3 41.1 0.3 11.0 12.2 1.2 8.8 4.4 1.5 14.4 1.5 1.4 100 18.4 —2.2 0.2
F16 2.1 41.3 0.3 15.5 7.4 3.0 8.4 4.5 1.4 13.3 1.6 1.3 100 19.6 0.6 3.8
F17 2.5 42.6 0.3 15.6 7.0 1.6 8.5 4.4 1.4 13.3 1.5 1.3 100 17.9 2.9 5.0
F18 2.2 40.0 0.3 14.9 8.4 4.1 8.1 4.2 1.4 13.5 1.5 1.3 100 21.1 1.5 5.7
F19 2.5 40.9 0.3 18.7 6.0 2.0 8.1 4.4 1.4 12.8 1.5 1.3 100 19.8 2.4 4.6
F20 2.3 42.3 0.3 15.8 6.7 2.2 9.0 4.2 1.3 13.5 1.4 1.1 100 18.5 2.5 5.0
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Table 9
RQPA results for the BOF slag samples together with the Goddess of Fit (GOF) and weighted profile R-factor (Rwp).

Sample ID RO-Phase Ff Co(AF) CoS C3S f-C CH Cc Others Amorphous Total GOF Rwp
B1 241 8.2 20.6 40.3 0.8 1.1 0.1 0.4 0.4 4.0 100 1.24 1.89
B2 25.0 6.8 20.7 43.8 0.7 1.9 0.1 0.3 0.8 0.0 100 1.24 1.93
B3 25.4 7.7 21.8 39.8 0.5 1.5 0.2 0.3 0.2 2.6 100 1.22 1.87
B4 24.9 6.6 19.6 40.4 0.8 1.4 0.4 0.6 0.2 5.2 100 1.25 1.93
B5 23.0 8.3 19.5 38.4 0.9 1.2 0.5 0.5 0.6 7.0 100 1.22 1.86
B6 28.6 5.0 21.0 40.9 1.0 1.6 0.1 0.2 0.6 0.9 100 1.23 1.88
B7 26.1 5.4 20.1 39.1 0.9 1.1 0.1 0.4 0.8 6.1 100 1.26 1.82
B8 30.0 5.2 21.4 38.6 0.7 1.2 0.1 0.2 0.8 1.8 100 1.24 1.87
B9 26.8 5.9 20.3 38.6 0.6 1.5 0.2 0.4 0.5 5.2 100 1.26 1.83
B10 28.2 4.7 21.1 37.9 0.8 1.4 0.1 0.2 0.5 5.2 100 1.27 1.84
B11 28.3 4.8 20.3 38.8 0.7 1.5 0.1 0.3 0.4 4.8 100 1.23 1.89
B12 28.9 6.3 18.9 39.0 0.8 1.0 0.9 0.3 0.7 3.2 100 1.19 1.87
B13 25.0 5.6 20.1 41.8 0.4 1.9 0.1 0.4 0.5 4.3 100 1.22 2
B14 28.9 4.4 19.2 42.5 0.6 2.0 0.2 0.1 0.4 1.7 100 1.22 1.81
B15 28.3 4.6 19.2 42.5 0.6 1.6 0.1 0.3 0.2 2.6 100 1.24 1.76
B16 26.2 5.5 18.8 40.9 0.7 1.3 0.1 0.2 0.5 5.9 100 1.18 1.95
B17 26.5 6.4 20.1 42.6 0.5 1.8 0.4 0.4 0.5 0.8 100 1.21 1.98
B18 27.6 5.8 20.6 39.7 0.8 1.4 0.1 0.7 0.9 2.3 100 1.18 1.92
B19 28.1 7.0 20.2 41.4 0.5 1.6 0.0 0.2 1.0 0.0 100 1.28 1.49
B20 27.9 6.3 18.3 44.2 0.5 1.8 0.0 0.1 0.8 0.0 100 1.29 1.51
B21 28.0 6.8 19.4 43.2 0.5 1.5 0.0 0.2 0.5 0.0 100 1.29 1.51
C15 28.1 5.2 20.8 41.7 0.6 1.2 0.0 0.1 0.5 1.8 100 1.19 1.94
Cl6 28.5 5.0 18.9 43.9 0.6 1.7 0.6 0.1 0.6 0.0 100 117 1.94
C17 27.8 5.1 17.9 44.4 0.8 1.6 0.8 0.5 1.1 0.0 100 1.2 1.97
C18 28.7 4.4 19.2 41.1 0.6 1.5 0.8 0.1 0.6 3.0 100 1.2 1.97
C19 31.4 4.5 18.9 42.4 0.2 1.3 0.1 0.1 1.0 0.0 100 1.3 1.51
C21 30.6 4.9 17.5 43.2 0.6 1.6 0.1 0.1 1.3 0.0 100 1.31 1.54
F16 17.9 10.9 19.8 33.9 1.4 1.6 0.1 1.4 1.8 11.3 100 1.24 2.02
F17 16.8 11.6 18.1 32.6 0.6 1.0 1.2 1.9 1.5 14.7 100 1.23 2.05
F18 20.1 11.7 18.4 30.9 1.3 1.1 0.8 2.2 2.0 11.5 100 1.27 2.03
F19 16.8 13.1 19.7 31.7 0.2 1.1 0.8 1.5 1.4 13.7 100 1.34 1.57
F20 17.8 11.9 17.9 34.1 1.2 1.4 1.2 1.4 1.5 11.6 100 1.34 1.58

and variable) are presented in Fig. 1 (and in Appendix Tables 1-4) and
show that the w; on the modelled C5S contents has no influence, because
C,S is not allowed no incorporate Fe in the model and amounts solely
rely on the SiOj, P2Os and V205 contents. In contrast, Ca(A,F) is
significantly influenced by the w; because Cy(A,F) contents depend on
the available Fe3* set by the ;. Hence, the modelled Cy(A,F) mean for
the whole sample suite increases from 19.6 wt% (®; = 0.25) to 23.3 wt%
(w; = 0.33). Consequently, the amount of Ff is influenced as well since
the modelled amount relies on the remaining Fe,O3 content. At the
lowest o; ratio the model gives an average of 7.3 wt% Ff for all samples.
At the highest o; of 0.33, the model unrealistic (i.e. negative) values for
one sample because not enough Fe,Os is left over to form Ff. Therefore,
the lower the ; is set the more Ff is formed. At the end this also has
influence on the modelled amounts of the RO-Phase since it takes up the
remaining FeO. Therefore, the means of modelled RO-Phase amounts
increase on average from 22.7 wt% (o; = 0.25) to 23.7 wt% (w; = 0.33).
The amount of calculated f-C is linked to the remaining CaO, after the
CaO contained in CyS and Co(A,F) is subtracted from the total CaO,
consequently it is also influenced by the w; because with a higher w; more
Co(A,F) is formed and hence less CaO is available to form f-C in the end.
Therefore, {-C is the lowest at a w; of 0.33 with an average of 1.6 wt% and
highest at a ; of 0.25 with an average of 3.2 wt%.

4.3. Quantitative model assessment of RQPA and Bogue BOF slag data

Table 10 reports the 7 different measures for the model assessment
for the total sample set which includes the phases CyS, C3(A,F), Ff and
RO-Phase but ignores f-C. The decision to exclude f-C from the total
model assessment is based on the fact that f-C is too altered by weath-
ering and therefore outside factors for which no information is available.
Also the measures for each single phase (CsS, C2(A,F), Ff, RO-Phase, f-C)
are reported. The values a*°® and b'°®! for the fitted regression line of all
phases are the best for a ®; of 0.25 with 2.8 wt% and 0.847, respectively.
Also U and RMSD'™*® are the lowest at a ; of 0.25 with 0.305 and 3.8

respectively. The best U™ is found for a o; of 0.292 with 0.949 and the
best UP™ is given at the variable w; with 0.194. According to this
evaluation it seems viable to conclude that a ; of 0.25 is the best to
model the phase composition of the BOF slag since 5 of the 7 model
assessment measures give the model agreement with the RQPA data. The
model performs at a w; of 0.25 even better than variable w; even though
the positive relation between higher Fe®®® and higher Fe®* is already
reported [60].

As mentioned above, that modelled C,S quantities do not change
based on the w;, this has the effect that the model assessment measures
do not change either. The parameters for the regression are not good
since a% and b®S differ significantly from the desired values of 0 and 1
with —65.4 wt% and 2.31, respectively. This deviation means that the
linear correlation is biased and modelled values are generally too high
and at lower CsS values this deviation increases. This is also confirmed
by the high UE?S (0.82). However, US? and U$?S, with 0.653 and 0.067,
respectively, show that a correlation between RQPA and modelled C3S
exist. Especially, the F-Type samples plot at the lower end of the
regression line. As mentioned above, this is caused by the increased
weathering of the F-Type samples. If the F-Type samples had similar
SiOg and P,0s, they should disrupt this regression because SiO, and
P,05 are the determining factors for the amount of modelled C,S.
However, F16 — F20 have somewhat lower mean SiO5 and P,Os5 contents
(13.28 and 1.37 wt%) than their coarser counterparts like the B-Type
samples with a mean of SiO2 and P,Os of 13.95 and 1.48 wt%. This is
also in agreement with Ashrit et al. [31] who reported that their finest
fraction (<0.106 mm) of BOF slag was significantly lower in SiO3 and
P,05 content. A possible tool to correct the modelled C,S for weathering
effects is by using LOI, which is determined prior to the XRF analysis.

The model assessment measures for Cy(A,F) show that the regression
between modelled Cy(A,F) quantities and RQPA has a low pCAD
(<0.175) and USZ(A’F) (<0.039), whereas the best model assessment
measures are given with the variable w;. In contrast, the model assess-
ment measures of UEZ(A’F) and RMSD®?>*P are the best at an ; of 0.25
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Fig. 1. A-D: Results of RQPA (y-axis) and computed Bogue BOF slag composition (x-axis) at different initial Fe>*/Fe'®! (0.25, 0.292, 0.33 and variable). The red
solid line presents the 1:1 regression. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

with <0.0001 and 1.28, meaning that the modelled phase quantities for
C2(A,F) show little bias and have a low deviation from the RQPA values.
To conclude, given that a variable w; achieves a better fit to the
regression but the best values for U§?P and RMSD®*®P are achieved
with the lowest w; leads as for the total model assessment to the
conclusion that a variable w; with lower and smaller range may be the
best fit.

The model assessment measures of Ff show that again that a low w; is
the best fit to model BOF slag phase composition. aFf, bFf, Uf,f, Ugf and
RMSD™ are giving all the best values for an o; of 0.25. In contrast the
model assessment measures bRO, UEO, UeRO and RMSDRO of the RO-Phase
are all the best for a ; of 0.33, but are not significantly better than the
same model assessment measures at a o; of 0.25. As for example RMSD
values of Co(A,F), Ff and the total model assessment are the best at a w; of
0.25 but the RO-Phase deviates from that trend. It can be argued that the
RO-Phase is generally underestimated with the Bogue BOF slag model
(Fig. 1). This underestimation might not be due to the lack of FeO that is
added to the RO-Phase at the end of the modelling sequence and
decreasing UR® and RMSD at higher o;, but because CaO incorporated

into the RO-Phase is not taken into account during modelling. It is
generally known that the RO-Phase in BOF slag may incorporate small
amounts of CaO with variable amounts reported to be between 1 and 10
wt% [13,26,32].

The most significant findings of the quantitative model assessment
are that:

i) At a o; of 0.25 the model gives the best fit to the observed RQPA
values, although lower ; ratios have not been investigated.

ii) CoS quantities are overestimated at all o, which is probably due
to weathering of the CyS to form CH, Cc and amorphous.

iii) Co(A,F) and Ff are the least biased when modelled with a low w; of
0.25. However, the fit of the regression improves when a variable
®j is used.

iv) The RO-phase is the least biased when the highest ®; of 0.33 is
applied, which contradicts to Cy(A,F), Ff and the total model
assessment. This might be related to the lack of CaO incorpora-
tion to the RO-Phase in the Bogue BOF slag model.
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Values for the calculated seven quantitative model assessment measures at different initial Fe3* /et (ie. o;). The total values exclude the phase f-C. The best value
for a certain model assessment measure of a certain phase is highlighted by bold charaters.

Phase Initial set Fe3"/Fet°t?! a b SSPE Up U, Ue RMSD
C.S 0.25 —65.4 2.308 1298 0.82142 0.06730 0.653 6.47
0.292 —65.4 2.308 1298 0.82142 0.06730 0.653 6.47
0.33 —65.4 2.308 1298 0.82142 0.06730 0.653 6.47
Vaiable —65.4 2.308 1298 0.82142 0.06730 0.653 6.47
Ca(AF) 0.25 16.4 0.166 51 0.00000 0.28305 0.015 1.28
0.292 15.9 0.171 174 0.69762 0.09548 0.019 2.37
0.33 15.6 0.173 496 0.88894 0.03860 0.023 4.00
Vaiable 17.0 0.126 184 0.42899 0.37847 0.039 2.43
Ff 0.25 1.8 0.673 80 0.12355 0.46104 0.825 1.61
0.292 2.9 0.675 109 0.35654 0.33400 0.823 1.88
0.33 3.9 0.676 287 0.75558 0.12535 0.821 3.04
Vaiable 2.8 0.653 107 0.18150 0.38070 0.755 1.86
RO—Phase 0.25 0.5 1.116 404 0.78412 0.01273 0.852 3.61
0.292 -0.1 1.117 308 0.71778 0.01693 0.853 3.15
0.33 0.6 1.118 237 0.63282 0.02225 0.853 2.76
Vaiable —0.1 1.121 326 0.73086 0.01686 0.852 3.24
f-C 0.25 1.1 0.076 120 0.78042 0.20218 0.073 1.97
0.292 1.3 0.078 53 0.49069 0.47074 0.081 1.31
0.33 1.3 0.080 29 0.03471 0.89504 0.086 0.97
Vaiable 1.6 ~0.056 78 0.46548 0.68156 0.063 1.58
Total 0.25 2.8 0.847 1832 0.04431 0.32169 0.940 3.80
0.292 3.1 0.829 1890 0.06739 0.41405 0.949 3.86
0.33 3.6 0.803 2318 0.07680 0.47404 0.946 4.27
Vaiable 4.7 0.790 5411 0.00018 0.19411 0.768 6.53

Based on these finding, the Bogue BOF slag model will be adjusted in
the following paragraph and the new quantitative model assessment
measures will be compared with the old ones.

4.4. Model improvement

In this paragraph the aim is the improvement of the initial Bogue
BOF slag model in order to better adjust the modelled values to the
observed RQPA values. In the first step, the focus is on the adjustment of
C5S. As pointed out before the high bias (U§?® = 0.821 and RMSD®% =
6.47; Table 10) might be related to the weathered character of the BOF
slag, because F-Type samples are significantly lower in CoS compared to
B and C-Type samples. CyS forms CH, Cc and amorphous phase during
weathering. Hence, it is suggested to correct the C,S with the LOL, which
is an indicator for the weathering degree. However, before finding any
kind of relation it is necessary to correct the LOI for the mass gained by
oxidation of metallic Fe and FeO to FeyOs. If necessary a TG analysis
under inert gas could determine the correct volatile content that is not
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influenced by the weight gain of the oxidation. The disadvantage of this
method is additional analytical work. Hence, it is suggested to correct
the LOI by calculating the weight increase from the oxidation of metallic
Fe and FeO to Fey03. The Fe-corrected LOI is calculated according to:

X,
met.Fe ( 2)

Xf
LOII-‘:)—mrr = LOIO + o Xf + - Xmel,l“('

0.889 0.57
whereas LOIfe. corr is the Fe-corrected LOI, LOI is the initially determine
LOI and 0.889 and 0.57 are the constants that account for the mass in-
crease from FeO and metallic Fe to Fe;Os, respectively. Fig. 2A presents
the positive correlation between LOIpe._corr and WP, which shows that the
more the BOF slag is weathered the higher the LOIge.cor- Moreover,
Fig. 2B presents the negative correlation between LOIge.corr and CoS
determined by RQPA showing that it is possible to exploit the correlation
between weathering character of the BOF slag and CS in order to cor-
rect the C3S content by using the LOIge.corr. For simplicity, the CyS
content is corrected by subtracting the modelled CoS content by the

48 -
B m B
| ® C
1 AF
44 § g ™
1®
] ..-.l
o
) .‘ll
X o
40 n
2 -
. m N
2 - "
o ]
36 -
A A
1 A
32 - A
1 A
LN D L LR
1 2 3 4 5 6

LOI Fe-corr. (wt%)

Fig. 2. A: LOIge.corr VS WP (sum of weathering products, i.e. CH, Cc and amorphous). B presents the LOIge.corr VS CoS determined by RQPA.
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Fig. 3. A-D: Change of C,S quantified by the Bogue BOF slag model by applying various correction factor a (1, 1.5, 2, and 2.5). The red solid line presents the 1:1
regression. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. A and B: Variation of the quantitative model assessment measures for a varying correction factor a.

LOIfpe.corr- Nonetheless, the modelled CyS content is still too high
compared to the RQPA values for C,S (Fig. 3A). Hence, a multiplication
factor “o” for the LOIpe.corr may be applied in order to increase the
correlation with the RQPA values of C,S:

Xc,stiorar) = 2.867 Xg +2.185 Xp +1.925 Xy — a*LOI pe—corr 3)

As the correction is applied, the amounts of modelled C,S decrease
(Fig. 3). The largest impact is visible on F-Type samples, which decrease
from an initial average value of 43.5 wt% to 38.7 and 31.5 wt% at o of 1
and 2.5, respectively. In comparison, C-Type samples are less affected by
this correction. The initial amounts of C5S C-Type samples are 46.4 wt%

and decrease to 45.7 and 44.8 wt% at o of 1 and 2.5, respectively. The
lower decrease of C-Type samples compared to F-Type samples is caused
by the significantly higher LOIfe.corr Of the F-Type samples (Table 8). In
order to test for the correct o factor, multiple o's were tested (i.e. from 1
to 3 with a 0.1 step size). Additionally, the effect of the varying a on the
quantitative model assessment measures is plotted (Fig. 4) in order to
identify the ideal o for the model. The model assessment measures for
the regression (@%%, b®®S and USCZS) are the best for an o at around 1.5.
On the contrary, model assessment measures regarding bias (U§%® and
RMSDCZS) are better at higher a-values (>2.3). The contrasts can be best
explained by evaluating Fig. 4, where at lower o the plotted data form a

10
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better regression (i.e. higher US25), but a higher a all points move closer
to the 1:1 regression, especially the F-Type samples because they have
the highest LOlIfe.corr- In our point of view, it is advised to use a lower a
value around 1.5 rather than higher ones, so that the best regression
values are reached despite the overestimation of CS. One reason for the
remaining overestimation of modelled C,S values compared to the
RQPA values might also be the omission of C3S in the Bogue BOF slag
equations even though only small amounts (<2 wt%) have been detec-
ted. Another reason could be that all V,Os is incorporated as C3V into the
total C,S. It is commonly accepted that V not only incorporates into CyS
but also into the C5(A,F). However, V may occur in BOF slag in different
oxidation states (V3+, V** and V®*) which are very sensitive to the ox-
ygen fugacity during cooling and hence will control V distribution be-
tween Cz(A,F) and CoS [53,54,61,62]. If as in the Bogue BOF slag model
V°*is assumed, C3V is the endmember in the total C,S solid solution

X, ¢ = Xc — (1.867 Xg + 1.185 Xp +0.925 Xy + 1.1 X, + 1.404 X7 + 1.004*0;*Xre 1) — B Xro

series. C3V varies between 1.6 and 2.9 wt% in the Bogue BOF slag
calculation, hence if some of the V is present as V>* it would bind a
certain amount of Ca and be incorporated into C(A,F). This would have
the consequence that the amount of C3(A,F) is increased and total CyS is
decreased. This effect and would reduce the overestimation of C,S.
However, since there is no information in the literature about the gen-
eral or mean distribution of V between C,S and C5(A,F) and it is known
that the oxidation state of V and hence its distribution is very sensitive, it
is assumed for reasons of simplicity of the Bogue BOF slag model that all
the V is V> and hence incorporated as CgV (i.e. CagV30g). Of course
adjustments to this assumption are always possible based on future
research results.

The correction of the RO-Phase requires a different approach
compared to CoS, because the RO-Phase is underestimated. As is sug-
gested in Paragraph 3.2, 3 wt% of CaO are added to the RO-Phase in our
model data because that is generally the amount of CaO incorporated by
the RO-Phase in the BOF slags of Tata Steel plant in IJmuiden, The

1| O Bropase oo (OR)
|| @ Bropnasecor.
30110 Cromme oo
O CRophase=COIT- lﬁ%
— A Fropnase oo
o\é’ A\ Fro phase-COIT- %DDD
=25 - O o
Q oo
©
c oa
o
8 20
a ] LA
[h'd
3
| VA'AN
154
LI e . B B e |
15 20 25 30

Bogue BOF slag RO-Phase (wt%)

Fig. 5. Change of RO-Phase quantified by the Bogue BOF slag when a f
correction factor of 0.03 (i.e. addition of CaO in the RO-Phase) is applied at a w;
of 0.25. The red solid line presents the 1:1 regression. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Netherlands [9,13]. However, the amount of CaO in the RO-Phase may
vary depending on the amount MgO in the RO-Phase. Generally, the
higher the amount of MgO in the RO-Phase the less CaO may be incor-
porated [32]. Though, for the sake of simplicity of the model it is sug-
gested to keep the incorporated amount of CaO in the RO-Phase constant
and only adjust the value if BOF slag with significant different chemical
composition is modelled. For example if the BOF slag compositions of
single converter heats are modelled. The addition of CaO in the RO-
Phase equation results in the following equation:

Xro = ((Xy —0.31 Xgr) +Xo + X + Xcr ) /(1= B) @)
whereas f presents the fraction of CaO added in the RO-Phase. As a
consequence of the added CaO to the RO-Phase, it is also required to
adjust the Bogue BOF slag equation for f-C:

)

Fig. 5 presents the effect of the CaO correction on the RO-Phase. The
CaO correction causes the amount of RO-Phase match the RQPA results
better but a slight underestimation compared to the RQPA values is still
present. Since we know the approximate amount of CaO in the RO-
Phase, a further correction with higher CaO contents (>3 %; i.e. p >
0.03) is avoided. The usage of a higher w;, would have a higher impact
but that would have the effect that the Cy(A,F) is significantly over-
estimated. A further investigation about a better fitting of the w; is will
not be performed because on the one hand this would extend this
manuscript too much and on the other it would be outside of the plant
reported range of the ;. Therefore, the final model assessment will be
based on the best fitting o; which is 0.25.

The corrected and final Bogue BOF slag equations are presented in
Equation Sequence 5 with LOIpecorr corrected CsS and its correction
factor a and the CaO corrected RO-Phase with the f-correction factor.
Fig. 6 illustrates the results of the final Bogue BOF slag equations at o of
1.5, p of 0.03 and an w; of 0.25. The resulting total model assessment
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Fig. 6. Results of the computed Bogue BOF slag using Equation Sequence 5 at
an ; of 0.25, o of 1.5 and B of 0.03 versus RQPA results. The red solid line
presents the 1:1 regression. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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measures will be compared to total model assessment measures of the
classical Bogue approach applied to OPC.

Xeystoraty = 2.867 X +2.185 Xp 4+ 1.925 Xy — a*LOI pe—corr
Xe,(ap) = 2.434%0;* Xpe tora 2.1 X5 +2.404 Xp
Xy = 1.45%(Xp — (0.587%(2.434*0;* Xre 1oa1) ) )

Xro = ((X/ —0.31 XF/) + Xpr + Xon +XCr)/(1 -p)
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no Vy0s, whereas V505 values are the highest in the PARC Cy(A,F)
compositions (1.5 wt%). However, considering that usually much more
C,S than Cy(A,F) is contained in BOF slag (usually 2:1 ratio) more V505
is contained in the C,S than the Cy(A,F). Therefore, it was decided to
incorporate the total amount of V505 into the C,S, which was also dis-
cussed in Paragraph 4.4. The assessment of the differences of the Fe-
oxides Ff and RO-Phase between PARC compositions and modelled
Bogue BOF slag compositions is difficult because of the above mentioned
circumstances that Ff and RO-Phase are summarized as one phase in
PARC [9,13,63]. However, MgO and MnO are lower in the combined
PARC phase (Ff + RO-Phase) compared to the RO-Phase in the Bogue

Xrc = Xc—(1.867 Xs+ 1.185 Xp +0.925 Xy + 1.1 X, + 1.404 X7 + 1.004%0;* X e tora1) — *Xro

Equation Sequence 5 gives the wt% of the major BOF slag phases by
using the wt% of oxides (Bogue equation) with correction factors o and
for the correction of C2S, RO-Phase and f-C, respectively.

4.5. Bogue BOF slag model validation

4.5.1. Modelled chemical phase composition

In order to validate the model, it is possible to compare the chemical
composition of the modelled BOF slag phases with actual data measured
by energy dispersive spectroscopy (EDS) or wavelength dispersive
spectroscopy (WDS). For this case it was elected to use already published
chemical composition data of phases determined with large-area phase
mapping. The data that was used was determined by EDS and processed
by the in-house software PARC [13]. The advantage using large area
phase mapping is that it has a higher accuracy for the average chemical
composition of phases compared to the traditional point and shoot
approach. The used data set was also measured on average BOF slag
from the same steel plant (Tata Steel IJmuiden) as in this study. It should
be noted that a drawback by using EDS or WDS data is that it cannot
differentiate between the different Fe species (Feo, Fe®" and Fe®*") and
hence it is not possible to differentiate between Ff and the RO-Phase.

From Table 11, it can be seen that that differences in C2S composition
are small for CaO, P5O5 and SiO5 (<3 wt%). Small amounts of minor
oxides in CyS like MgO, MnO, Al,O3 and FepO3 are below 3 wt% in the
PARC compositions, whereas these oxides are not accounted for in the
Bogue BOF slag model. The high amount of Cry03 in the PARC com-
positions of C,S needs to be treated with care because the Cr emission
spectrum in the EDS analysis overlaps with the Ca + Si Ka sum peaks,
causing an overestimation of CryO3 in C2S. The major components for
C2(A,F) (i.e. Ca0, Fe303 and Al;03) are within a 5 wt% range. Maybe the
most significant difference is that the model composition of C2(A,F) has

Table 11

BOF slag model. This is logical because MgO and MnO are diluted in the
combined PARC phase due to the addition of Ff to the RO-Phase.

To summarize, the average composition of the major BOF slag phases
modelled by the Bogue approach gives only small differences to
measured compositions. These small differences between the PARC
compositions and the Bogue BOF slag model are the lack of V505 in the

QXRD (Wt%)
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Fig. 7. Computed OPC phases determined by the using classical cement Bogue
calculation versus RQPA results for the data set of [64]. The red solid line
presents the 1:1 regression. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Calculated mean of B-type samples chemical phase composition of phases obtained with the Bogue BOF slag model (Equation Sequence 5; w; of 0.25, an a of 1.5 and p of
0.03) and the determined chemical composition data from large-area phase mapping software PARC [13].

Phase compositions of the Bogue BOF slag model

Phases Al,O3 CaO Cry03 Fe,03 FeO Met. Fe MgOo MnO P,0s5 Si0, TiO, V305 Total
CoS 0.0 63.4 0.0 0.0 0.0 0.0 0.0 0.0 3.5 30.4 0.0 2.8 100
Cy(AF) 10.2 46.9 0.0 34.9 0.0 0.0 0.0 0.0 0.0 0.0 8.0 0.0 100
Ff 0.0 0.0 0.0 69.0 31.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100
RO-Phase 0.0 3.0 1.3 0.0 42.7 0.0 34.2 18.7 0.0 0.0 0.0 0.0 100
PARC after [13]
CyS 0.5 61.4 1.2 2.2 n.a. n.a. 0.3 0.1 3.4 28.2 1.2 1.1 99.6
Cx(AF) 11.2 42.3 0.4 35.1 n.a. n.a. 0.6 1.2 0.1 1.8 5.1 1.5 99.4
Ff + RO-Phase 0.2 2.5 0.5 60.3 n.a. n.a. 23.8 11.7 0.0 0.8 0.0 0.1 99.9
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Table 12
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Comparison between the quantitative model assessment measures for the classical cement Bogue of the data set of [64] and the corrected Bogue BOF slag model (o; of

0.25, an a of 1.5 and B of 0.03).

Model Phase a b SSPE Up Us Ue RMSD
Bogue cement C3S -3.3 1.104 4130 0.22335 0.01348 0.668 6.10
CsS 1.6 0.870 2759 0.85248 0.03197 0.490 4.99
Ca(AF) -1.3 1.045 932 2.48240 0.00455 0.432 2.90
C3A —2.4 1.343 683 0.22805 0.09324 0.620 2.48
Total -0.9 1.060 8503 0.00372 0.09102 0.969 8.75
Bogue BOF slag CsS -3.8 1.006 477 0.81975 0.00002 0.794 3.92
C2(AF) 16.4 0.166 51 0.00000 0.28305 0.015 1.28
Ff 1.8 0.673 80 0.12355 0.46104 0.825 1.61
RO-Phase 0.5 1.083 276 0.69259 0.01009 0.852 2.98
Total 1.7 0.910 883 0.02349 0.20813 0.965 2.64

Co(A,F) model composition and the difficulty in assessing the differences
between Ff and the RO-Phase due to the summarization of these two
phases in PARC.

4.5.2. Bogue BOF slag and classical cement Bogue results in comparison

The comparison in accuracy of Bogue BOF slag and the classical
cement Bogue will help to establish whether the Bogue BOF slag is a
viable and reliable alternative to RQPA in order to predict the major
phase quantities of BOF slag (CaS, C2(A,F), Ff, RO-Phase and possibly f-
C) for BOF slag producers and users. To be able to compare the classical
cement Bogue and the here presented Bogue BOF slag model, a collected
data set of Stutzmann [64] was used. The data set consists of multiple
data sets where RQPA and Bogue calculations were performed on
cement. To be consistent only data sets were used where a RQPA was
reported, which are in total 110 data points (Fig. 7). The data set was
used to calculate the model assessment measures which are compared
here with the model assessment measures of the corrected Bogue BOF
slag model at a of 1.5, § of 0.03 and an o; of 0.25.

The classical cement Bogue gives better a™°®@, pTotal yfotal ylotal 5pq
UZetal compared to the corrected Bogue BOF slag calculation, with —0.9,
1.06, 0.0037, 0.091 and 0.969, respectively (Table 12) but the Bogue
BOF slag performs comparable especially with a'®®@! bT%! and UZ°®! of
1.7 wt%, 0.91 and 0.965, respectively. It should be noted however that
RMSD ™! of Bogue BOF slag is significantly better with 2.64 compared
to the classical cement Bogue with 8.75 (Table 12). To bring these
number into words, the classical cement Bogue performs better in terms
of correlation with the 1:1 regression line based on the lower U°?! and
better b values. However, the lower RMSD™®! of Bogue BOF slag
shows that a significantly better prediction of phase quantities is ach-
ieved with the Bogue BOF slag model compared to the classical cement
Bogue. Therefore, it can be argued that the Bogue BOF slag model is
performing better compared to classical cement Bogue. One reason for
this is that the Bogue BOF slag model does not work with fixed
composition of phases, as the composition of C;S changes with the
amounts of P20s, V205 and SiOy, RO-Phase changes with amounts of
MgO, MnO and remaining FeO and Cy(A,F) depends on the o; and the
amount of Al,O3. In comparison, the classical cement Bogue works with
fixed stoichiometric compositions (e.g. C4A,F and C3A), which was
pointed out as the major error in the classical cement Bogue [40].

Table 13

Though, RMSD'"*® values are expected to increase if a larger data set for
BOF slag is available with more varying compositions and different
scientists would perform RQPA introducing higher variances [7,29].
This also illustrates a demand of a powder RQPA protocol for BOF slag as
it is present for OPC with ATSM C 1365 [65].

4.6. Comparison of Bogue BOF slag and available literature RQPA data

Only one other research paper was found in the literature that pre-
sented RQPA data and chemical composition data determined by XRF
coupled with Fe speciation determination of raw BOF slag (Table 13)
[33]. The reported Fe®" and Fe®* values have been recalculated to FeO
and Fe;O3. The corrected Bogue BOF slag equations were applied with a
B of 0.03 on the chemical composition data. The used o; was 0.505,
which is calculated from the reported chemical composition. Because no
Ff was detected it was assumed that all Fe>" is initially incorporated into
C2(A,F). It should be noted that no LOI was reported, hence C,S was not
corrected. Also a correction of C,S seems unnecessary since the used
BOF slag seems to be relatively fresh, because no Cc nor CH was detected
or reported. The reported RQPA values differ significantly from our
Bogue BOF slag calculation. C3S and Ca(A,F) are both about 6 wt% lower
in the Bogue BOF slag model compared to the reported RQPA values,
whereas the RO-Phase was significantly higher (~7 wt%). Based on the
reported chemical composition the Bogue BOF slag values are more
realistic, because there is from a stoichiometric point of view: i) not
enough SiO5, P20s and V305 available in the reported chemical
composition to form the reported amounts of >40 wt% C2S determined
by RQPA, ii) not enough Al;03, Fe;0O3 and TiO; available to form 38 wt
% of Ca(A,F) and iii) there is much more FeO, MgO and MnO available to
form the RO-Phase as the reported 13 wt%. These deviations cannot be
explained simply by incorporation of foreign elements into different
phases. It is possible that the significant overestimation of C,S and un-
derestimation of the RO-Phase is due to microabsorption effects. Sam-
ples containing significant amounts of Fe (>~8 wt%) cause
microabsorption during an XRD measurement with Cu as X-ray source.
As a result Fe containing phases such as the RO-Phase are under-
estimated and non-Fe containing phases such as CyS are overestimated
[27,28,66]. Although, the underestimation would also apply to Ca(A,F),
C2(A,F) is according to the Bogue BOF slag calculation overestimated by

Chemical composition, phase composition by RQPA as reported by [33], FeO and Fe,03 were recalculated from the reported Fe?>* and Fe®*. The phase composition
based on the Bogue BOF slag model was calculated with an o; of 0.505, and o of 0 and p of 0.03.

Al,03 CaO Cry03 Fe,03 FeO Met. Fe MgO MnO P,0s5 Si0, TiOy V505 Fe total
Chemical Composition 2.10 44.50 n.r. 14.87 13.12 n.r. 2.20 4.80 2.00 10.10 0.90 0.40 20.6
CoS Ca(AF) Ff RO-Phase f-C amorphous
RQPA 40.6 38 0 13 5.7 2.7
Bogue BOF slag 34.1 31.9 0 20.7 8.3

13
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RQPA. This might be due to the sensitivity of the C2(A,F) stoichiometry
and the related intensities in the XRD pattern. If a different stoichiom-
etry for the C(A,F) is applied in the Rietveld RQPA than the real Co(A,F)
stoichiometry it has significant influence on the quantified amounts of
C2(AF) [4].

5. Conclusions

This study presents a method to calculate the main phases of BOF
slag (CaS, Co(A,F), Ff, RO-Phase and f-C only based on the chemical
composition determined by XRF and Fe redox titration. The modelling
approach applied to calculate BOF slag phase quantities was comparable
to the classical cement Bogue approach. The chemical composition of 32
BOF slag samples was determined and the phase quantities of the main
phase of BOF slag were calculated. Four calculations were performed
based on different ; (i.e. initial Fe>*/Fe!®?! of 0.25, 0.292, 0.33 and a
variable o; depending on the amount of Fe'®?)) that is initially incor-
porated into Cy(A,F). The results of the four calculations were compared
to the RQPA values by using a quantitative model assessment approach.

The results show that the Bogue BOF slag model gives the best model
assessment values at an o; of 0.25. Moreover, C,S quantities and model
assessment measures do not change by changing the w;, but are signifi-
cantly overestimated. Therefore, a correction o is applied based on
LOIFge.corr- Also a correction factor for the RO-Phase was applied (f),
based on additional CaO that can be incorporated. It is recommended to
use Equation Sequence 5 with an ; of 0.25, an a of 1.5 and p of 0.03 but
other values can be used depending on the BOF slag properties. The
authors would like to emphasize here that if the Bogue BOF slag model is
applied, the w;, a and p values should be reported too.

Two different approaches were used in order to validate the Bogue
BOF slag model. The first approach compared the derived average phase
compositions with large-area phase compositions determined by PARC
from EDS data. Only small differences were found between the
measured compositions and the modelled phase compositions, which
related to the lack of minor oxides. In the second approach, an extensive
literature data set for OPC with RQPA and classical cement bogue of
[64] was used to calculate the quantitative model assessment measures
and compare them to the results of the Bogue BOF slag model. It was
shown that the Bogue BOF slag model gives comparable values to the
classical cement Bogue for the quantitative model assessment measures.
Moreover, the Bogue BOF slag model was applied to one literature data
set of BOF slag, which contained chemical composition, Fe speciation
and RQPA. It was found that Bogue BOF slag model phase quantities
were significantly deviating from RQPA values, whereas the Bogue BOF
slag model gives more realistic phase quantities than the RQPA simply
by evaluating chemical composition.

Although, the Bogue BOF slag model overestimates the amount of
CyS and Fe speciation determination is required, the Bogue BOF slag
model presents a viable method to quantify the phases of BOF slag based

Appendix A. Appendix text

7 different measures for the model assessment
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on the chemical composition. The Bogue BOF slag model is much
quicker and more reliable to perform than a quantitative Rietveld phase
analysis. Moreover, the model is very simple to apply and requires no
difficult calculations. The presented model allows the validation of
RQPA results for BOF slag. Hence, it has a viable future for BOF slag
produces and users.

Future adjustments that would probably improve the Bogue BOF slag
model are: i) partial incorporation of V505 into the Co(A,F), ii) usage of
different w;, especially a variable one that is based on the Fetotal and iii) if
the f-C is amount is predetermined it is possible to derive C2S and C3S
independently, as it is performed in the classical cement Bogue.
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e a refers to the value where the linear regression line intercepts the y-axis.

o b refers to the slope value of the linear regression.

e SSPE refers to the squared sum of the predictive error. It is an absolute value how much the predicted data deviates from the modelled data on an

average basis.

e Uj, is a measure to assess how much the means between predicted and observed value differ from each other and therefore expresses whether there
is a bias in the modelled data. This expression is different to RMSD and SSPE because it assesses whether the observed data deviates from the 1:1

regression.

e U; is a measure to assess how much the slope of the modelled regression line is associated with the 1:1 regression line.
e U, is also known as R? and measures how much the predicted data is aligned with the observed data.
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e RMSD refers to the root mean squared deviation and presents a measure how much the predicted values deviate from the observed values in the
form of the same units.

Table Appendix 1
Results of the Bogue BOF slag model an w; of 0.25, o of 0 and p of 0.

w;=0.25

Sample ID CoS Ca(AF) Ff RO-Phase Met. Fe f-C Total
Bl 47.2 18.8 10.3 19.9 1.0 2.9 100.0
B2 47.4 18.3 7.1 22.2 1.1 3.8 100.0
B3 45.9 19.4 8.9 21.5 1.3 3.0 100.0
B4 46.7 18.9 8.4 22.0 1.1 2.9 100.0
BS 45.3 19.8 9.3 20.9 1.9 2.8 100.0
B6 46.5 19.4 3.4 25.7 1.9 3.1 100.0
B7 45.5 19.7 5.7 24.9 1.1 3.0 100.0
B8 44.8 21.8 4.9 26.0 1.2 1.2 100.0
B9 45.3 19.9 6.6 24.5 0.7 2.9 100.0
B10 46.0 20.3 4.9 25.4 1.2 2.2 100.0
B11 44.8 20.4 5.2 25.5 1.2 2.9 100.0
B12 43.6 21.2 6.6 25.3 1.4 1.8 100.0
B13 45.8 19.2 6.6 23.1 1.4 3.9 100.0
B14 46.6 18.5 3.6 25.2 1.8 4.2 100.0
B15 47.1 18.8 4.1 25.5 1.1 3.3 100.0
B16 46.6 19.1 5.4 23.5 2.2 3.2 100.0
B17 45.7 19.2 6.6 23.2 1.6 3.6 100.0
B18 44.7 20.0 11.4 18.6 2.6 2.7 100.0
B19 45.7 19.5 6.7 24.0 1.1 3.1 100.0
B20 45.9 18.9 5.0 24.3 2.0 3.9 100.0
B21 46.1 19.6 5.2 24.9 1.5 2.6 100.0
C15 46.7 19.5 5.7 24.2 1.7 2.1 100.0
Cl6 47.3 18.7 5.0 24.2 1.3 3.4 100.0
Cc17 46.1 19.0 6.0 24.2 1.2 3.5 100.0
C18 45.8 19.4 4.7 25.8 1.2 3.0 100.0
C19 45.4 20.0 2.6 27.7 1.8 2.5 100.0
Cc21 47.0 19.7 6.4 23.7 1.2 2.0 100.0
F16 43.6 20.1 12.4 16.7 3.0 4.2 100.0
F17 43.6 19.8 13.3 16.2 1.6 5.6 100.0
F18 44.3 21.1 10.7 17.7 4.1 2.1 100.0
F19 42.3 21.0 16.9 13.6 2.0 4.2 100.0
F20 43.5 19.3 13.4 16.0 2.2 5.6 100.0

Table Appendix 2
Results of the Bogue BOF slag model an w; of 0.292, a of 0 and f of 0.

®; =0.292

Sample ID CoS Ca(AF) Ff RO-Phase Met. Fe f-C Total
Bl 47.2 20.6 8.7 20.4 1.0 2.1 100.0
B2 47.4 20.2 5.5 22.7 1.1 3.1 100.0
B3 45.9 21.4 7.2 22.1 1.3 2.2 100.0
B4 46.7 20.9 6.7 22.5 1.1 2.1 100.0
B5 45.3 21.8 7.5 21.4 1.9 2.0 100.0
B6 46.5 21.4 1.7 26.2 1.9 2.2 100.0
B7 45.5 21.7 4.0 25.4 1.1 2.2 100.0
B8 44.8 239 3.2 26.6 1.2 0.3 100.0
B9 45.3 21.9 4.9 25.1 0.7 2.1 100.0
B10 46.0 22.3 3.2 25.9 1.2 1.4 100.0
B11 44.8 22.3 3.5 26.1 1.2 2.1 100.0
B12 43.6 23.3 4.8 25.9 1.4 1.0 100.0
B13 45.8 21.0 5.1 23.6 1.4 3.2 100.0
B14 46.6 20.4 2.0 25.7 1.8 3.4 100.0
B15 47.1 20.6 2.6 26.0 1.1 2.6 100.0
Bl6 46.6 21.0 3.8 24.0 2.2 2.4 100.0
B17 45.7 21.2 5.0 23.7 1.6 2.8 100.0
B18 44.7 22.1 9.7 19.2 2.6 1.8 100.0
B19 45.7 21.4 5.1 24.5 1.1 2.3 100.0
B20 45.9 20.9 3.4 24.8 2.0 3.1 100.0
B21 46.1 21.6 3.6 25.4 1.5 1.8 100.0
C15 46.7 21.5 4.0 24.7 1.7 1.3 100.0
Cl6 47.3 20.5 3.5 24.7 1.3 2.7 100.0
C17 46.1 20.9 4.4 24.7 1.2 2.8 100.0
C18 45.8 21.4 3.0 26.4 1.2 2.2 100.0
C19 45.4 22.0 0.9 28.3 1.8 1.7 100.0
C21 47.0 21.5 4.8 24.2 1.2 1.2 100.0

(continued on next page)
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Table Appendix 2 (continued)

®; =0.292

Sample ID CoS Cy(AF) Ff RO-Phase Met. Fe f-C Total
F16 43.6 22.1 10.7 17.2 3.0 3.4 100.0
F17 43.6 21.7 11.7 16.7 1.6 4.8 100.0
F18 44.3 23.2 8.9 18.2 4.1 1.2 100.0
F19 42.3 23.0 15.2 14.1 2.0 3.4 100.0
F20 43.5 21.2 11.8 16.5 2.2 4.8 100.0

Table Appendix 3
Results of the Bogue BOF slag model an w; of 0.33, o of 0 and f of 0.

w;j=0.33
Sample ID CoS Ca(AF) Ff RO-Phase Met. Fe f-C Total
Bl 47.2 22.3 7.2 20.9 1.0 1.4 100.0
B2 47.4 21.8 4.1 23.1 1.1 2.4 100.0
B3 45.9 23.2 5.7 22.5 1.3 1.4 100.0
B4 46.7 22.7 5.1 23.0 1.1 1.4 100.0
B5 45.3 23.7 6.0 21.9 1.9 1.2 100.0
B6 46.5 23.1 0.2 26.7 1.9 1.5 100.0
B7 45.5 23.5 2.5 25.9 1.1 1.5 100.0
B8 44.8 25.8 1.5 27.1 1.2 -0.4 100.0
B9 45.3 23.7 3.4 25.5 0.7 1.3 100.0
B10 46.0 24.1 1.7 26.4 1.2 0.7 100.0
B11 44.8 24.1 2.0 26.5 1.2 1.4 100.0
B12 43.6 25.2 3.2 26.4 1.4 0.2 100.0
B13 45.8 22.6 3.7 24.0 1.4 2.5 100.0
B14 46.6 22.0 0.6 26.2 1.8 2.7 100.0
B15 47.1 22.3 1.1 26.5 1.1 1.9 100.0
B16 46.6 22.7 2.3 24.4 2.2 1.7 100.0
B17 45.7 22.9 3.6 24.1 1.6 2.1 100.0
B18 44.7 24.0 8.1 19.6 2.6 1.1 100.0
B19 45.7 23.2 3.6 24.9 1.1 1.5 100.0
B20 45.9 22.6 1.9 25.2 2.0 2.3 100.0
B21 46.1 23.3 2.1 25.9 1.5 1.1 100.0
C15 46.7 23.3 2.5 25.2 1.7 0.6 100.0
Cl6 47.3 22.1 2.1 25.1 1.3 2.0 100.0
C17 46.1 22.6 2.9 25.1 1.2 2.1 100.0
C18 45.8 23.1 1.5 26.8 1.2 1.5 100.0
C19 45.4 23.8 -0.7 28.8 1.8 0.9 100.0
C21 47.0 23.2 3.4 24.7 1.2 0.5 100.0
Fl6 43.6 23.9 9.1 17.7 3.0 2.6 100.0
F17 43.6 23.3 10.3 17.1 1.6 4.1 100.0
F18 44.3 25.2 7.2 18.7 4.1 0.4 100.0
F19 42.3 24.9 13.6 14.6 2.0 2.7 100.0
F20 43.5 22.9 10.3 16.9 2.2 4.1 100.0

Table Appendix 4
Results of the Bogue BOF slag model an w;, which was variable according to Eq. (1), o of 0 and p of 0.

; = variable

Sample ID CsS Cy(AF) Ff RO-Phase Met. Fe f-C Total
Bl 47.2 19.6 9.6 20.1 1.0 2.5 100.0
B2 47.4 18.8 6.7 22.3 1.1 3.6 100.0
B3 45.9 21.5 7.1 22.1 1.3 2.1 100.0
B4 46.7 20.8 6.7 22.5 1.1 2.1 100.0
B5 45.3 22.0 7.4 21.5 1.9 1.9 100.0
B6 46.5 21.0 2.1 26.1 1.9 2.4 100.0
B7 45.5 21.9 3.9 25.5 1.1 2.1 100.0
B8 44.8 25.0 2.2 26.9 1.2 -0.1 100.0
B9 45.3 22.2 4.6 25.1 0.7 1.9 100.0
B10 46.0 22.3 3.2 25.9 1.2 1.4 100.0
B11 44.8 21.9 3.9 26.0 1.2 2.3 100.0
B12 43.6 24.6 3.7 26.2 1.4 0.4 100.0
B13 45.8 19.4 6.4 23.2 1.4 3.8 100.0
B14 46.6 18.9 3.3 25.3 1.8 4.0 100.0
B15 47.1 19.2 3.7 25.6 1.1 3.1 100.0
B16 46.6 20.1 4.6 23.7 2.2 2.8 100.0
B17 45.7 20.3 5.7 23.5 1.6 3.2 100.0

(continued on next page)
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Table Appendix 4 (continued)

w; = variable

Sample ID CaS Co(AF) Ff RO-Phase Met. Fe f-C Total
B18 44.7 22.8 9.1 19.3 2.6 1.5 100.0
B19 45.7 20.8 5.6 24.3 1.1 2.5 100.0
B20 45.9 20.4 3.8 24.7 2.0 3.3 100.0
B21 46.1 20.9 4.1 25.3 1.5 2.1 100.0
C15 46.7 21.1 4.4 24.6 1.7 1.5 100.0
Cl6 47.3 18.7 5.0 24.2 1.3 3.4 100.0
C17 46.1 19.7 5.4 24.3 1.2 3.3 100.0
C18 45.8 20.9 3.5 26.2 1.2 2.5 100.0
C19 45.4 22.3 0.6 28.4 1.8 1.6 100.0
C21 47.0 20.4 5.8 23.9 1.2 1.7 100.0
Fl6 43.6 22.3 10.6 17.3 3.0 3.3 100.0
F17 43.6 20.1 13.0 16.2 1.6 5.5 100.0
F18 44.3 25.2 7.2 18.7 4.1 0.4 100.0
F19 42.3 23.4 14.9 14.2 2.0 3.3 100.0
F20 43.5 20.1 12.7 16.2 2.2 5.3 100.0

Table Appendix 5
Results of the Bogue BOF slag model an o; of 0.25, o of 1.5 and p of 0.03.

oj i =0.25
Sample ID CoS Ca(AF) Ff RO-Phase Met. Fe f-C Total
Bl 46.1 18.8 10.3 20.5 1.0 2.2 99.0
B2 46.0 18.3 7.1 229 1.1 3.2 98.6
B3 44.4 19.4 8.9 22.2 1.3 2.3 98.5
B4 44.6 18.9 8.4 22.7 1.1 2.2 97.9
B5 43.0 19.8 9.3 21.5 1.9 2.2 97.7
B6 44.7 19.4 3.4 26.5 1.9 2.3 98.2
B7 44.3 19.7 5.7 25.7 1.1 2.3 98.8
B8 43.9 21.8 4.9 26.9 1.2 0.4 99.1
B9 449 19.9 6.6 25.3 0.7 2.1 99.5
B10 45.1 20.3 4.9 26.2 1.2 1.5 99.1
B11 43.3 20.4 5.2 26.3 1.2 2.1 98.6
B12 42.1 21.2 6.6 26.1 1.4 1.1 98.5
B13 44.2 19.2 6.6 23.8 1.4 3.2 98.5
B14 45.0 185 3.6 26.0 1.8 3.4 98.3
B15 46.2 18.8 4.1 26.3 1.1 2.5 99.0
B16 44.1 19.1 5.4 24.2 2.2 2.5 97.5
B17 43.7 19.2 6.6 23.9 1.6 2.9 98.0
B18 42.3 20.0 11.4 19.2 2.6 2.1 97.6
B19 44.1 19.5 6.7 24.7 1.1 2.3 98.4
B20 43.7 18.9 5.0 25.0 2.0 3.1 97.8
B21 44.3 19.6 5.2 25.7 1.5 1.8 98.2
C15 45.8 19.5 5.7 24.9 1.7 1.4 99.1
C16 46.6 18.7 5.0 25.0 1.3 2.6 99.3
C17 45.5 19.0 6.0 24.9 1.2 2.8 99.4
C18 45.1 19.4 4.7 26.6 1.2 2.2 99.3
C19 44.1 20.0 2.6 28.6 1.8 1.7 98.7
C21 46.9 19.7 6.4 24.5 1.2 1.3 99.9
F16 38.1 20.1 12.4 17.2 3.0 3.7 94.5
F17 36.3 19.8 13.3 16.7 1.6 5.1 92.7
F18 36.0 21.1 10.7 18.2 4.1 1.5 91.7
F19 35.4 21.0 16.9 14.0 2.0 3.8 93.1
F20 36.2 19.3 13.4 16.5 2.2 5.1 92.6
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Figure Appendix 1. Modelled correlation between the lowest and highest Fe

Cement and Concrete Research 175 (2024) 107344

Phase Initial Set Fe**/Fe'*® b SSPE Uy Us U RMSD

0.25 -65.4 2.308 1298 0.82142 0.06730 0.653 6.47

C.S 0.292 -65.4 2.308 1298 0.82142 0.06730 0.653 6.47

2

0.33 65.4 2.308 1298 0.82142 0.06730 0.653 6.47

vaiable -65.4 2.308 1298 0.82142 0.06730 0.653 6.47

0.25 16.4 0.166 51 0.00000 0.28305 0.015 1.28

AR 0.292 15.9 0.171 174 0.69762 0.09548 0.019 237
2

’ 0.33 15.6 0.173 496 0.88894 0.03860 0.023 4.00

vaiable 17.0 0.126 184 0.42899 0.37847 0.039 2.43

0.25 1.8 0.673 80 0.12355 0.46104 0.825 1.61

- 0.292 2.9 0.675 109 0.35654 0.33400 0.823 1.88

0.33 3.9 0.676 287 0.75558 0.12535 0.821 3.04

vaiable 2.8 0.653 107 0.18150 0.38070 0.755 1.86

0.25 0.5 1.116 404 0.78412 0.01273 0.852 3.61

RO-Phase 0.292 0.1 1.117 308 0.71778 0.01693 0.853 3.15

0.33 0.6 1.118 237 0.63282 0.02225 0.853 2.76

vaiable 0.1 1.121 326 0.73086 0.01686 0.852 3.24

0.25 141 0.076 120 0.78042 0.20218 0.073 1.97

fc 0.292 13 0.078 53 0.49069 0.47074 0.081 1.31

0.33 13 0.080 29 0.03471 0.89504 0.086 0.97

vaiable 16 -0.056 78 0.46548 0.68156 0.063 1.58

0.25 2.8 0.847 1832 0.04431 0.32169 0.940 3.80

Total 0.292 3.1 0.829 1890 0.06739 0.41405 0.949 3.86

0.33 36 0.803 2318 0.07680 0.47404 0.946 4.27

vaiable 47 0.790 5411 0.00018 0.19411 0.768 6.53

resulting regression (red solid line) determines Eq. (1).
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