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Basic oxygen furnace (BOF) slag is an industrial by-product of the steel industry and is currently used only in low-
end applications like road fill or is landfilled. This study explores the possibility of BOF slag as raw material in the
building industry by investigating its reactivity under autoclave conditions. The results reveal that autoclaving
improves the mechanical performance as well as increases the reactivity based on the degree of hydration in BOF
slag containing samples. Although, >40 wt% of hydration product (a-CpSH, hydrogarnet, portlandite and
amorphous) was formed after autoclaving, autoclaved BOF slag containing samples show poor mechanical

1. Introduction

Basic oxygen furnace slag (BOF slag), which is also known as Linz-
Donawitz slag (ip-slag) is the industrial by-product of steel making.
BOF slag is produced together with steel during the converter process
[1]. In the converter process carbon-rich hot metal, which is derived
from the blast furnace, is converted to low-carbon steel. There are two
reasons why the resulting BOF slag from this process could be used as a
cement replacement. One reason is comparable phase composition with
major phases that are present in cement also being present in sufficient
amounts in BOF slag such as C(A,F) and CyS. The second reason is the
large availability of BOF slag, which is approximately 10 wt% of the
produced amount of steel from the converter process.

However, there are certain properties of the BOF slag that limits its
use as supplementary cementitious material (SCM). The presence of free
lime and free MgO can cause large volume expansion when hydrating
[2,3] and it has also low hydraulic reactivity as shown by previous
isothermal calorimetry experiments [4-6]. The low reactivity of BOF
slag is mainly due to the absence of C3S [7,8], but also the presence of
oxides like MnO, P,0s and V,0s in significant amounts (>1 wt%)
compared to cement may lower the reactivity of BOF slag [9,10]. In
addition, previous research has shown that under normal curing con-
ditions BOFS slag is not suitable as SCM with high replacement levels as
BOF slag lowers the pH within the pore solution and inhibits the pre-
cipitation of portlandite resulting in the delay of C3S hydration [11]. In
general, replacement levels of BOF slag as an SCM are advised are about
20 wt% [12,13].
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Autoclaving can address especially issue of low reactivity as it is a
method for fast curing in a water steam environment in order to increase
phase reactivity and product strength [14,15]. Hence, autoclaving might
solve the issues of low reactivity and delaying the hydration of CsS.
Usually, an autoclave treatment is applied to cure a highly cellular
structure such as autoclaved aerated concrete (AAC) or produce dense
sand-lime bricks. However, an autoclave treatment can also be applied
to produce dense bricks from copper mine tailing, fly ash or reactive
powder concrete [15-17]. Since BOF slag is a high density material [18]
it lends itself to the production of dense autoclaved bricks rather than
light-weight AAC. Therefore, our study concerns the application of BOF
slag in an autoclaved cured brick.

Previous studies mainly focused on autoclaving BOF slag to improve
volume stability by reacting the free lime and free MgO [19-21] or to
produce AAC [4,22]. Few studies focused on the reactivity of the major
phases (C3S, C2(A,F) and wuestite) that are present in BOF slag. For
example, Qian et al. [21] concluded that the reactivity of wuestite de-
pends on the FeO/MgO ratio. The lower this ratio is, the higher the
reactivity of the wuestite phases. The reaction product was mainly
brucite (Mg(OH)>). For CsS it is been reported to form a-CoSH between
120 and 180 °C under steam saturated autoclave conditions [23],
whereas C3A and CyF can be used to synthesize hydrogarnets under
hydrothermal conditions [24], which can be stable at least up to 250 °C
[25]. However, there is little information has been to the overall reac-
tivity of BOF slag under autoclaving conditions [20] even though it is an
important requirement for the production of an actual building material.
To further understand how the three primary BOF slag phases (CsS,
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Fig. 1. Presents frequency (dotted lines) and cumulative (solid lines) particle size distribution of the milled BOF slag (black lines) and CEM I 42.5 N. (grey lines).

Table 1

XRF analysis and loss on ignition (LOI) of BOF slag and GEM I 42.5 N. For the BOF slag a negative LOI is reported due to weight gain caused by the oxidation of Fe** to
Fe3*. All Fe is reported as Fe,O3*, but it should be noted that Fe can occur in BOF slag as Fe?, Fe** and Fe>*. b.d.l. means below the detection limit.

MgO Al,O3 Si0, P,0s SO3 CaO TiO, V,0s Cr,03 MnO Fe,03* Zno Total LOI
BOF slag 7.78 2.04 14.1 1.63 b.d.L 40.3 1.38 1.04 0.30 471 26.7 b.d.l 100 —-0.6
CEM 1.75 471 18.4 0.31 2.81 67.8 0.43 b.d.L b.d.L 0.11 3.64 0.11 100 1.7

Moreover, mechanical performance and leaching properties were tested,

Table 2
Presents the results of the spread flow test and the addition of superslasticizer at

w/b of 0.25.

as well.

2. Materials and methodology

Sample Spread diameter (cm) Superplasticizer (wt%)
BOFS 100 23 - 2.1. Materials and mixing design
BOFS 50 20 0.1
CEM 100 20.5 0.2 . .
Two types of raw materials, BOF slag and CEM I were used in the

C2(A,F) and wuestite) react together under hydrothermal conditions and
learn more about the applicability of BOF slag as a raw material for the
building industry we conducted a comprehensive study of BOF slag
under autoclave conditions. This research consist of a multi-analytical
approach to assess the hydration and the influence on strength quanti-
tatively. In order to achieve this goal three samples with different initial
compositions were prepared: pure BOF slag paste, pure cement paste
and a 50:50 mix by mass at similar w/b ratios (0.25) in order to be
comparable in terms of reactivity and microstructure. All samples were
cured at room temperature for 72 h to produce green bodies, before
autoclaving. Both green bodies and autoclaved samples were investi-
gated using Rietveld quantitative phase analysis (QXRD), thermogravi-
metric analysis (TGA), Large-Area phase mapping (PARC) based on
SEM/EDX, He-pycnometry and mercury intrusion porosimetry (MIP).

study, which are referenced with “I” at the end when they are mention in
figures and tables. The BOF slag used in this study is supplied by the Tata
Steel plant in IJmuiden, The Netherlands, and is representative of the
standard BOF slag production. It was crushed to a size of < 5.6 mm. In
order to apply the BOF slag as a binder, it was ground with a Retsch RS
300 XL discmill until the particle size distribution was comparable to
CEM I42.5 N (supplied by Heidelberg Cement Group). The PSD of both
materials is illustrated in Fig. 1 and the chemical composition is given in
Table 1. The PSD was determined with laser diffraction using a Malvern
Mastersizer 2000.

Three paste mixes were prepared all with a water/binder (w/b) ratio
of 0.25, in order to be comparable in terms of water content and because
the BOF slag has a very low water demand [26-28]. The similar water
contents in the three paste mixes have the aim that it is possible to
compare the developed microstructure and reactivity of the mixes
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Fig. 2. Presents compressive (A) and flexural strength (B) results of normal cured for 72 h (green) and additional autoclave curing (blue). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

because different w/b ratios would develop different microstructures (i.
e. pore structure). The three pastes contained 100 wt% BOF slag (BOFS
100), 50 wt% BOF slag and 50 wt% CEM I (BOFS 50) and a reference
sample with 100 wt% CEM I (CEM 100). Super plasticizer (Sika Vis-
coCrete — 264 con 35 % SPL) was added to achieve a comparable spread
flow (Table 2). Subsequently, all pastes were mixed with a mixer for 5

min, casted in metal prism molds (4*4*16 cm) and covered with cling
film.

2.2. Curing and autoclave treatment

For each mix six prisms were prepared. All six prism were first cured
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Reports the results of the rietveld quantitative phase analysis (QXRD) for initial raw materials (I), normal cured (72 h) samples (G) and autoclaved samples (A). Please

note that BOFS 50 I * is calculated from 50 wt% BOF slag and 50 wt% CEM 1.

Phase Name Cement Notation BOFS 100 I BOFS 100 G BOFS 100 A BOFS 50 I* BOFS 50 G BOFS 50 A CEM 100 I CEM 100 G CEM 100 A
Wouestite RO-Phase 24.3 20.9 14.8 12.1 10.6 7.0

Belite CaS 42.4 36.6 22.6 30.4 24.0 14.6 18.4 11.6 12.8
Magnetite Ff 6.4 6.0 6.7 3.2 3.5 3.5

Brownmillerite Co(AF) 18.4 13.5 8.5 14.3 9.5 6.8 10.3 8.8 8.1
Alite C3S 0.2 0.1 0.7 27.7 16.8 6.4 55.2 16.6 7.4
Free Lime C 0.6 0.5 0.3 0.3 0.3 0.2

Portlandite CH 0.8 0.9 2.7 0.6 3.2 6.5 0.4 10.4 13.5
Calcite Cc 0.3 0.3 2.0 0.9 0.7 1.9 1.6 1.9 1.6
Celite C3A 2.2 1.7 4.3 0.9 2.2
Hydrogarnet C3(A,F)S3 xHox 2.4 7.3 1.2 10.6 1.3 7.6
Ettringite CeAS3Hs, 2.6 2.9 0.6
Jaffeite CeSoHz 5.2
Tobermorite CsSgHs 1.2 11.6
a-CSH C,SH 15.0 23.0

Brucite Mc 0.9 0.7

Metavauxite fAP,Hg 1.4

Others 1.9 2.4 0.2 2.7 5.5 1.2 3.6 4.4 1.7
Amorphous 4.7 16.4 17.0 5.5 20.2 16.4 6.3 41.2 27.6
Total 100 100 100 100 100 100 100 100 100
GOF 1.19 1.23 1.3 * 1.46 1.56 1.83 1.64 2.01
Rwp 1.71 1.78 3.55 * 2.54 5.37 4.35 3.66 9.82

72 h at room temperature before demolding. Half of the prisms were
then autoclaved. The autoclaved samples are referenced with “A”,
whereas the samples that were only cured at room temperature for 72 h
are labeled “G” for green bodies. The initial materials are labeled with
“I”. The long curing time was applied because BOF slag reacts very
slowly and did only achieve sufficient strength for demolding before 72
h. The hydration was stopped after strength testing by double solvent
exchange method with isopropanol and diethyl ether according to [29]
after 72 h and autoclaving to perform further analysis on the samples.
The autoclave treatment was performed at HESS AAC Systems in
Enschede, The Netherlands, in a Scholz saturated steam laboratory
autoclave with a diameter of 50 cm and cylindrical length of 70 cm. The
steam was generated by a WIMA-Steam Generator Type ED. The auto-
clave treatment was for 8 h with linear increasing pressure for 1.5h to a
maximum pressure and temperature of 11 bar and 187 °C. The holding
time at the maximum autoclave conditions was 5 h. Subsequently,
pressure was decreased linear for the final 1.5 h (Fig. A1 Appendix).

2.3. Methodology

Flexural strength of the green bodies and autoclaved samples was
determined on prisms (4 * 4 * 16 cm3) and compressive strength on the
halves according to EN 196-1.

Thermogravimetric analysis (TGA) was performed on a Jupiter STA
449 F1 Netzsch by using 40 — 60 mg powdered sample. The measure-
ment was performed under a nitrogen atmosphere with a heating rate of
10 °C/min with a maximum of 1000 °C.

Mercury intrusion porosimetry (MIP) was performed on 2 — 4 mm
fragments (0.6 — 0.9 g of sample) of the autoclaved samples. The mea-
surement instrument was AutoPore IV 9500 Micromeritics Series Mer-
cury Porosimeter, and a maximum pressure of 228 MPa, assuming a
contact angle of 130° for the evaluation.

X-ray fluorescence analysis was performed on the initial materials
(BOF slag and CEM I 42.N). Prior to the analysis the raw materials were
heated up to 1000 °C in order to determine the loss (CEM I) or gain (BOF
slag) on ignition. After loss on ignition, fused beads were produced by
using the flux lithium borate (Li;B4O7:LiBO; = 65:35). The weight
proportions that were used between sample to borate was 1:10. The
analysis was performed on a PANalytical Axios.

XRD analysis was performed on powdered material (initial materials
and green bodies, autoclaved samples after stopping hydration). Prior to

analysis 10 wt% Si-metal was added as an internal standard and 7 ml
cyclohexane was added as grinding aid. Grinding was performed with a
Retsch McCrone micronizer mill for 20 min. After sample recovery,
cyclohexane was evaporated in drying oven for 5 min at 70 °C and the
powder was subsequently back-loaded on a metal sample holder. The
XRD measurement of the initial raw materials and green bodies was
performed on a Malvern PANAlytical XpertPro with a Co anode and
Pixel 3D detector. A fixed divergence slit of 0.5° and 0.04 rad soller were
used. The autoclaved materials were analyzed with Bruker D8 X-ray
diffractometer equipped with a Co anode and a LynxEye detector, a fixed
divergence slit of 0.5° and primary and secondary collimeter of 2.5°. The
260 range used for measurements with both instruments was 10 — 120°.
In the first step of analysis of the XRD powder pattern, phases were
identified with HighScore Plus 3.0.5. QXRD was performed with Topas
5. The structures of the identified phases that were used for the Rietveld
quantitative phase analysis (QXRD) were taken from the AMCS, ICDS or
PDF database (Appendix Table Al).

Prior to measuring scanning electron microscopy (SEM) combined
with energy-dispersive X-ray spectroscopy (EDX) on the autoclaved
materials, they were cut into 5-7 mm thick slices and immersed for 72 h
in isopropanol and then vacuum dried at 40 °C for 24 h. The slices were
embedded in epoxy resin (Struers EpoFix), polished and subsequently
coated with carbon. Data collection for spectral imaging for large-area
phase mapping was performed with a JEOL JSM-7001F SEM, two 30
mm? SDD detectors (Thermo Fischer Scientific) and NORAN-System7
hardware with NSS.3.3 software. The accelerating voltage was 15 kV
with a beam current of 6.2nA. In total, 36 connected spectral imaging
fields were collected for each autoclaved material sample with each field
consisting of 512x384 pixels (pixel size 1 pm?). The collected spectral
imaging fields were stitched together and analyzed with PhAse Recog-
nition and Characterization software (PARC) and sum spectra were
derived for the chemical composition of the PARC phases. The sum
spectrum contains the cumulative of EDX spectra of all “clean” pixels for
one defined PARC phase. For a more detailed description on PARC, the
reader is referred to [30]. The resulting data was used to determine the
chemical composition of initial phases and hydration products. More-
over, PARC is used for an area-proportional quantification of the phase
amounts in area%.

One batch leaching tests were performed on the autoclaved samples
according to EN12457-2. 20-30 g of autoclaved material was put in the
polyurethane bottles. Ultra-pure water was added within a liquid/solid
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Fig. 3. Illustrates XRD patterns of BOFS 100 I (black), BOFS 100 G (red) and BOFS 100 A (blue) and the identified phases (legend on the right). (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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ratio of 10 to act as the leachant. The filled bottles were shaken with a
dynamic shaker for 24 h at a constant speed of 250 rpm. Subsequently,
the leachate was centrifuged for 10 min at 3500 rpm decanted and
filtered with a syringe filter with a pore diameter of 0.22 pm. The pH was
the determined by using a calibrated Volcraft PH-100 ATC pH-meter.
The leachates were then acidified with concentrated HNO3. The mea-
surement was performed on a Spectroblue inductive coupled plasma

Construction and Building Materials 364 (2023) 129957

atomic emission spectrometer (ICP-OES), according to NEN 6966.
3. Results and discussion
3.1. Mechanical strength of autoclaved BOF slag as building material

The mechanical strength of green bodies and autoclaved samples is
compared in order to evaluate the autoclave treatment. The compressive
and flexural strength of the green bodies after curing for 72 h is
increasing with increasing amount of CEM I 42.5 N (Fig. 2). BOF slag
green bodies have very low compressive and flexural strengths (<2
MPa). After 8 h of autoclaving BOF slag containing samples show a
tenfold increase in compressive strength, but the overall strength re-
mains very low. BOFS 100 and BOFS 50 increase from 0.1 to 1.4 MPa
and 1.4 to 12.7 MPa, respectively. The CEM 100 sample decreases in
strength from 67.4 to 53.8 MPa after autoclaving. The compressive
strength value of the CEM 100 A is comparable to earlier reported
compressive strength values of 63 MPa for autoclaved cement pastes
[18]. Like the compressive strength, the flexural strength for BOF slag
containing samples increase from 0.13 to 0.4 MPa (BOFS 100) and from
1.26 to 3.3 MPa (BOFS 50) after autoclaving.

3.2. Phase composition before and after autoclaving

Table 3 gives the results of the QXRD for the raw materials (milled
BOF slag and CEM [ 42.5 N), green bodies and autoclaved samples. XRD
pattern of all samples are presented in Fig. 3 (BOFS 100) and Fig. A2
Appendix (BOFS 50 and CEM 100). The initial phase composition of the
BOF slag consisted of 4 major phases. CoS (42.3 wt%), wuestite (24.3 wt
%), C2(A,F) (18.4 wt%) and Magnetite (6.4 wt%). Only low amounts of
free lime were found (0.6 wt%). After 72 h of curing at room tempera-
ture minor amounts of hydrogarnet (2.4 wt%) were detected and the
amorphous content increased to 16.4 wt% in the BOFS 100 G sample.
After the subsequent autoclave treatment hydrogarnet content increased
to 7.3 wt%, while the amorphous content barely changed (17 wt%) and
one new phase had formed (a-CoSH; 15 wt%). a-CoSH develops under
hydrothermal conditions (above 100 — 150 °C, at pressures > 1 bar) for
Ca/Si molar ratio of > 1.5 [25,32]. Even though the autoclave treatment
(187 °C and 11 bar) was outside of the stability field of a-CoSH [33],
allegedly this phase forms due to the long reaction time to form hill-
ebrandite from a-C,SH or the presence of foreign ions such as Fe>* and
AP which may stabilize a-CoSH at different temperatures [25,33-35].
This is also illustrated by Fig. 4, which presents the most common phases
occurring under hydrothermal conditions in the CaO-SiO-H20 system
[32]. However, it has been previously reported that a-CoSH may occur in
autoclaved OPC paste samples [36,37].

The initial phase composition of the CEM 100 I consisted of 4 major
phases, C3S (55.2 wt%), CsS (18.4 wt%), Co(A,F) (10.3 wt%) and C3A
(4.3 wt%). After 72 h of curing at room temperature portlandite content
was 10.4 wt% and amorphous content was 39.2 wt%. The subsequent
autoclave treatment reduced the amorphous content to 27.6 wt% and
increased portlandite and hydrogarnet content to 13.5 and 7.6 wt%,
respectively. Moreover after autoclaving CEM 100 A contained 28.3 wt
% of residual cement phases (C3S, 7.4 wt%; C5S, 12.8 wt% and Cy(A,F),
8.1 wt%).

The initial composition of BOFS 50 was calculated by using the re-
sults of the QXRD of the pure raw materials. This calculated phase
composition consisted of wuestite (12.1 wt%), C2S (30.4 wt%), C2(A,F)
(14.3 wt%) and CsS (27.7 wt%). After 72 h of curing at room temper-
ature BOFS 50 G contained 3.2 and 19.5 wt% portlandite and amor-
phous content, respectively as the main reaction products. After
autoclaving BOFS 50 A contained 6.5, 10.6 and 16.4 wt% portladite,
hydrogarnet and amorphous content. Moreover, BOFS 50 A 23 wt% of
a-CoSH. A complete overview of the QXRD can be found in Table 3.

When comparing the series of green bodies (BOFS 100 G, BOFS 50 G
and CEM 100 G), the most obvious difference is the increase in
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Table 4
Presents weight losses by TGA per selected temperature intervals.

Weight loss in temperature interval (wt%)

Sample 80-200 °C 200-400 °C 400-600 °C 40-1000 °C
BOFS 100 G 1.54 1.19 0.28 2.61
BOFS 100 A 0.49 2.72 3.31 6.50
BOFS 50 G 3.63 1.27 0.96 7.50
BOFS 50 A 0.46 2.80 5.58 9.55
CEM 100 G 7.07 2.56 2.96 17.08
CEM 100 A 3.17 3.93 5.89 17.24

amorphous and portlandite content with increasing amount of CEM I,
which increases from 16 (BOFS 100 G) to 39 wt% (CEM 100 G) and 0.9
to 10.4 wt%, respectively due to the hydration of C3S. Moreover, we see
differences in the reaction products that have developed during the
hydration in the first 72 h. Whereas CEM 100 G is mostly dominated by
the formation of amorphous phase and portlandite, BOFS 100 G shows
also minor amounts of hydrogarnet (2.4 wt%). The formation of
hydrogarnet during the hydration of BOF slag has been reported before
[26,27]. The difference in hydration products between BOF slag and
CEM I further increases when comparing the phase composition of the
autoclaved samples. BOFS 100 A is dominated by the formation of
hydrogarnet, a-CoSH, portlandite and amorphous phase, CEM 100 A is
dominated by tobermorite, portlandite, jaffeite and amorphous content.
BOFS 50 A has significantly higher a-CoSH (23 wt%) compared to BOFS
100 A (13.2 wt%) and no a-C2SH was detected in the CEM 100 A sample.

These results do not correspond to the expected phases according to
phase diagrams of the Ca0O-SiO2-H50 system [25,33] under hydrother-
mal conditions (>100 °C). Commonly phase diagrams show for calcium
silicate hydrates at hydrothermal conditions that the phase assemblages
depend on temperature and Ca/Si ratio of the initial materials (Fig. 4).
The phase diagrams are not applicable to our results because the system
has not reached equilibrium as can be inferred from the large amounts of
initial unreacted phases that still persist, as identified by QXRD. More-
over, the system at hand is not a pure CaO-SiO»-H0O system plays, which
would play a significant role as well [31,32,35,38,39]. At the end, the
large amount of reaction products (i.e. hydrogarnet, a-CoSH and amor-
phous) observed in BOFS 100 A and BOFS 50 A does not translate to high
strength. As explained in Taylor [35], this might be related to the for-
mation of a-CoSH at the expanse of C—S—H phases. a-CoSH forms
crystals with a rectangular tablet-like habitus causing porosity and a low
strength material. How much porosity forms is further discussed with
evaluation of the MIP results.

BOF slag reactivity under autoclave conditions can also be deter-
mined by using TGA in order to compare the bound water between
samples cured at room temperature and autoclaved material (Fig. 5,
Table 4). The CEM 100 G sample shows the highest amount of mass loss
during TGA of all green bodies with 17.1 wt%, whereas the BOFS 100 G
has the lowest amount of weight loss (2.6 wt%) illustrating the low early
reactivity of BOF slag [5]. However, after autoclaving the BOFS 100
sample, the total mass loss increased to 6.5 wt% (BOFS 100 A) indicating
improved reactivity under autoclave conditions. All green body samples
(BOFS 100 G, BOFS 50 G and CEM 100 G) show three major peaks in the
DTG - curves. The first one between 80 and 175 °C can be assigned to
C—S—H and ettringite, the second one between 450 and 550 °C to
portlandite and the third one at around 700 °C to the decomposition of
carbonates [29,40]. Although QXRD shows the presence of hydrogarnet
a clear hydrogarnet DTG peak (200 — 400 °C) is absent in the green body
samples, because the content is low and probably overlaps with other
weigh loss reactions.

After autoclaving the C—S—H peaks largely disappear in all three
samples, because it reacts to a-CoSH or jaffeite [37], whereas the a-CoSH
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Fig. 6. Illustrates the degree of hydration (DOH) and the normalized phases
amounts of initial major phases (>2 wt%) that have reacted for normal and
autoclaved cured samples. The DOH is a measure to assess how much the initial
phases have reacted. The DOH is calculated by using the sum of the normalized
initial phases that have contributed to the reaction products.
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pore space/embedding
Reaction Product
C,(AF)IC,A
C,S/C,S
Portlandite/Calcite/Free Lime
Wouestite/Magnetite
Contaminant

Fig. 7. Presents SEM (A, C and E) and the respective PARC phase maps (B, D and F) of the autoclaved samples BOFS 100 A (A and B), BOFS 50 A (C and D) and CEM
100 A (E and F). All figures represent one field (512 x 384 um) of the total phase mapping of 36 fields. Additionally, the four main microstructure types are circled
red (see text for more information), whereas microstructure type 1 is absent in CEM 100 A. (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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Table 5
Presents the results of the PARC analysis with the PARC phase Area% and their respective chemical composition in oxide wt%.
BOFS 100 A Area%  Na0  MgO  Al,Os  SiO; P05 SOs KO CaO  TiOy  Vy05 Crs0s MnO  FeyOs*  Total
Reaction Product 51.0 0.0 2.4 1.8 227 3.0 03 0.0 483 21 1.4 0.7 20 154 100.0
C,S8/C3S 17.7 0.1 0.1 0.3 295 3.2 02 0.0 62.0 1.2 0.8 1.3 0.0 1.3 100.0
Co(AF) 5.8 0.0 0.7 8.6 24 01 0.1 0.0 422 9.2 1.9 0.4 1.4 330 100.0
Wouestite/Magnetite 15.6 0.0 23.6 0.0 06 0.0 0.0 0.0 25 0.0 0.1 0.5 132 594 100.0
Portlandite/Calcite/Free Lime 9.9 0.0 0.7 0.4 20 04 02 0.0 90.8 0.8 0.1 0.1 0.9 3.7 100.0
Bulk PARC 0.0 7.0 1.5 153 1.9 02 0.0 422 1.8 0.9 0.7 43 242 100.0
BOFS 50 A
Reaction Product 62.5 0.3 2.6 3.1 246 1.8 27 0.1 546 1.2 0.4 0.7 0.9 7.1 100.0
C,S/C3S 12.9 0.2 0.4 0.6 281 24 03 00 641 1.1 0.6 1.2 0.0 1.2 100.0
Ca(A,F)/CsA 5.7 0.1 1.4 120 28 0.2 0.1 0.1 432 6.9 1.4 0.1 1.2 306 100.0
Wouestite/Magnetite 5.7 0.0 22.6 0.1 05 0.0 00 0.0 28 0.0 0.1 0.5 136  59.7 100.0
Portlandite/Calcite/Free Lime ~ 13.1 0.2 0.6 0.7 26 04 07 0.1 91.9 0.7 0.1 0.1 0.4 1.9 100.0
BULK PARC 0.2 4.1 3.7 163 1.3 1.6 01 523 1.9 0.5 0.6 22 154 100.0
CEM 100 A
Reaction Product 63.6 0.3 1.7 3.3 201 06 45 0.2 576 0.6 0.0 0.7 0.0 1.5 100.0
C2S/C3S 12.2 0.3 1.2 1.1 252 0.7 05 0.2 68.3 0.6 0.0 1.1 0.0 0.9 100.0
Co(AF)/C3A 9.0 0.4 44 220 56 03 1.0 02 491 1.3 0.0 0.0 03 153 100.0
Portlandite/Calcite/Free Lime ~ 15.1 0.1 0.5 0.7 49 03 1.0 01 913 06 0.0 0.2 0.0 0.4 100.0
BULK PARC 0.3 1.7 4.9 21.8 05 28 0.2 63.4 0.7 0.0 0.6 0.0 3.0 100.0
peak is often overlaid by the portlandite peak between 400 and 500 °C
_BOFS 100 A BOFS 50 A CEM 100 A [41]. Additionally, broad peak of hydrogarnet decomposition at around
20 4 A 375 °C appears in the autoclaved samples matching the QXRD results. A
> small hump in the DTG-curve is observed in BOFS 50 A and BOFS 100 A
/ between the hydrogarnet and portlandite/ a-CoSH peaks, which is
254 — MgO probably caused by the dehydration of brucite that formed during
1 (5"‘—#—‘—,;—_’# —e— Al203 autoclaving, although only small amounts of brucite (<1 wt%) were
S _e— P205 Furthermore, tobermorite contributes to the C—S—H peak in the
3 —o—SO3 CEM 100 A sample in the temperature range of 80 — 175 °C [42]. The
g 151 _&— TiO2 most striking difference between normal cured and autoclaved samples
(o) —e—\/205 is the difference between the onset temperature of weight loss for certain
10 MnO phases. For example in the CEM 100 G samples the dehydration of
- portlandite starts at 420 °C, whereas in CEM 100 A the dehydration
—&— Fe203 . . .
starts at 460 °C. Different dehydration temperatures of portlandite have
51 been observed in the past when freshly hydrated cement pastes were
1= = — ——ﬁ_’___ compared with 5 year old cement pastes [43,44].
0 9= r . ; By combining QXRD and TGA it is possible to derive how much of
48 50 52 54 each initial phase has reacted during the curing at room temperature
CaO (Wt%) and the autoclave treatment [29]. This also makes it possible to calculate
the total degree of hydration (DOH), by comparing the amount of initial
_BOFS 100 A BOFS 50 A CEM 100 A phases with the amount of remaining initial phases after reaction. The

B

Oxide (Wt%)

0 T T T T _1
48 50 52 54 56 58

CaO (wt%)

Fig. 8. A and B presents a variation diagrams to identify by which oxides BOFS
50 A is characterized.

solid mass of the samples increases during reaction because free water is
consumed and incorporated in the reaction products. Hence, a normal-
ization to a common basis is necessary in order to be able to compare
QXRD results and assess how much of the initial phases have reacted.
For a more detailed description of the method and the used equations
the reader is referred to [29]. For the DOH calculation minor initial
phases (<2 wt%) and initial amorphous content is excluded and the
amount of bound water contained in each sample is based on the TGA
mass loss up to 600 °C. Fig. 6 presents the results for the calculation of
the DOH and how much each phase has reacted in the green bodies
cured at room temperature and after autoclaving. In both cases, the DOH
rises with the CEM I content. In turn this can be attributed to the
increasing amount of C3S with CEM I content, being the most reactive
phase in a cementitious system. The reactivity of C3S becomes apparent
in the CEM 100 samples, where after 72 h of curing at room temperature
29.3 wt% of the initial C3S have reacted and after autoclaving 41.1 wt%.

The autoclaving of the BOF slag containing samples increases the
DOH from 11.8 to 33.2 wt% for BOFS 100 and from 15.8 to 44 wt% for
BOFS 50. In that sense autoclaving was very effective in increasing the
reactivity of BOF slag. During curing at room temperature, Co(A,F) and
CyS are the most reactive phases in the BOFS 100 G sample and
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Presents the results for the calculation of PARC phase area% (Table 5) to wt% based on the presented densities. Densities for the reaction products are assumed and
other the other densities were calculated by using the weighed mean form the QXRD results. Additionally, the QXRD results for phases were summarized to compare
the QXRD results to PARC phase wt% results. N.p. refers to phases that were not present.

BOFS 100 A BOFS 50 A CEM 100 A

PARC Phase PARC (wt%) XRD (wt%) Density (g/cm3) PARC (wt %) XRD (wt %) Density (g/cm3) PARC (wt %) XRD (wt %) Density (g/cms)

Reaction Product 40.3 41.6 2.4 54.3 51.9 2.3 55.7 52.6 21

CoS/C3S 19.1 23.3 3.3 7.7 7.5 3.3 16.7 20.2 3.3

C4AF/C3A 7.5 8.7 3.9 16.0 21.0 3.6 12.4 10.4 3.3

Wuestite/Magnetite 25.3 21.5 4.9 10.6 10.5 4.9 n.p. n.p. n.p.

Portlandite/Calcite 7.8 5.0 2.4 11.4 9.1 2.4 15.1 16.6 2.4
influence on the precipitation of portlandite and the pH value of the pore
solution in a BOF slag — CEM I system [11,46].

40 ——BOFS 100 A

——BOFS 50 A
—=— CEM 100 A

30

204

Cumulative Pore Volume (Vol%)

10000

Pore entry radius (nm)

Fig. 9. Presents the results of MIP for autoclaved samples BOFS 100 A (brown
line), BOFS 50 A (blue line) and CEM 100 A (red line). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 7

Presents the results of the ICP-OES analysis of the leachate for the autoclaved
samples and the legal limits of the Dutch Soil Quality Degree (DSQD) for the
most concerning elements. Additionally, the results of the pH measurement of
the leachate is presented.

Elements DSQD BOFS 100 A BOFS 50 A CEM 100 A
As 0.9 b.d.l b.d.l b.d.l

Cr 0.63 0.023 0.02 0.027

Pb 2.3 b.d.l b.d.l b.d.l

A 1.8 b.d.l b.d.l b.d.l.

Zn 4.5 0.004 0.005 0.006

pH 12.5 12.5 12.4

contribute the most to the DOH (each 4 wt% each). The wuestite con-
tributes slightly (2.7 wt%) in the formation of reaction products. This is
surprising since it has been reported in the past to be an inert phase
[27,45]. After autoclaving BOFS 100, C,S is the most reactive phase,
contributing 17.1 wt% to the DOH. But Cy(A,F) and wuestite are also
reacting contributing>8 wt% to the total DOH of BOFS 100 A, whereas
magnetite does not contribute. The negative value of magnetite in Fig. 6
reflects minor amounts of formation by oxidation of wuestite during
autoclave treatment. Another interesting feature that has been observed
when evaluating the DOH data is that BOF slag delays the early hy-
dration of CEM I. This feature is obvious when comparing the DOH
values for C3S in BOFS 50 G and CEM 100 G. In CEM 100 G the DOH of
C3S is almost at 30 wt% whereas in BOFS 50 G DOH values are 10 wt%
for C3S. This confirms earlier findings that BOF slag has significant
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3.3. Microstructural investigation and phase mapping (PARC) results of
the autoclaved material

Fig. 7 presents SEM BSE images and PARC phase maps based on EDX
spectral imaging of the autoclaved samples. Four main microstructure
types (Fig. 7, red circles) can be identified in the autoclaved samples: 1.
primary finer BOF slag grains (<30 um) in an agglomerated dense ma-
trix of reaction products; 2. Larger multiphase unreacted multiphase
BOF slag or cement grains (30 — 100 um) with a rim of reaction product;
3. Larger portlandite/calcite (20 — 100 pum) grains; 4. Predominantly
porous areas with small amounts of reaction product and primary BOF
slag (only in BOFS 100 A and BOFS 50 A) down to fine pores in a matrix
of reaction product (CEM 100 A). All four microstructural types are
present in the autoclaved BOF slag containing samples, whereas
microstructural Type 1. is absent in the CEM 100 A sample due to the
absence of BOF slag in that sample. It should also be noted that the
microstructure types between BOFS 100 A and BOFS 50 A are slightly
different. For example in BOFS 100 A portlandite grains are generally
smaller (type 3.) and the pore space is generally larger (type 4) than in
BOFS 50 A.

Table 5 shows the area% of each phase detected with PARC and its
chemical composition. The following phases were distinguished: reac-
tion product, C2S/C3S, Ca(A,F)/C3A, wuestite/magnetite, portlandite/
calcite/free lime. For convenience C2S/C3S and in the cement containing
samples Co(A,F)/C3A, are each combined into one phase. Furthermore,
it is not possible to differentiate between the oxidation states of cations
with EDX so between magnetite (Fe?* and Fe>") and the Fe-rich wuestite
(only Fe?*) cannot be differentiated, especially since magnetite can also
incorporate a certain amount of Mg and Mn. These phases are repre-
sented by the combined PARC phase wuestite/magnetite. With SEM-
EDX light elements (e.g. C, H, O) are difficult to quantify, with the
result that portlandite, calcite and free lime cannot be distinguished
(PARC phase portlandite/calcite/free lime). Additionally, phases can be
intergrown and smaller than the resolution of the EDX (~1 um) so it is
not possible to differentiate them. This is the case for the Si-containing
reaction products which, for the autoclaved BOF slag are thought to
consist of an intimate intergrowth of hydrogarnets, a-CoSH, Jaffeite and
amorphous C—S—H, as also detected with QXRD.

The highest volume of reaction products is observed in CEM 100 A
(63.6 area%) and decreases with increasing amount of BOF slag in the
sample to 51 area% in BOFS 100 A. A similar trend is observed in the
amount of portlandite/calcite/free lime. The trend of increasing amount
of reaction product and portlandite is also observed in the QXRD results
(Table 3) and the DOH determination.

Additionally to the phase amounts, it was possible to determine the
chemical composition of the different PARC phases in each sample
(Table 5) using their PARC sum spectrum [30]. The composition of the
remaining, unreacted primary phases in the samples (wuestite/magne-
tite, C2S/C3S and Cy(A,F)) agrees well with earlier reported PARC phase
compositions of initial and hydrated BOF slag [26,47]. The only
exception is the significantly higher TiO, content in Cy(A,F) (9.2 wt%)



J.C.O. Zepper et al.

compared to earlier reported TiO, values (5.1 wt%) in Cy(A,F). At the
same time, the Al;03 content is somewhat lower (8.6 wt%) compared to
the other studies (11.2 wt%). This difference could be the result of not
covering a large enough area with PARC, since the bulk composition as
measured with XRF shows very similar TiOy values (1.38 wt%)
compared to the BOF slag used in the earlier studies (1.45 wt%). It is also
possible that TiO,- rich Cy(A,F) is less reactive under autoclaving con-
ditions and predominantly persists as residual primary phase while the
Al,03 richer Cy(A,F) has reacted. The other PARC phase compositions
are in good agreement with previous reported values [26]. The initial
BOF slag phases react in a certain proportion to each other with the
water to form the reaction product and no elements are preferentially
dissolved from the primary phases and precipitated in the reaction
product phase. Hence, no endmembers of a specific phase like the Mg-
rich endmember of the wuestite solid solution reacted more than the
other, which does not agree with earlier reported findings for the
wuestite solid solution series [21].

If the composition of the PARC reaction product is compared be-
tween the samples BOFS 100 A has the lowest CaO (48.3 wt%) and Si,O
(22.7 wt%) content, while CEM 100 A has the highest (CaO 57.6 wt%;
Si03 29.1 wt%). The molar Ca/Si ratios are 2.31 in BOFS 100 A and 2.15
in CEM 100 A. The most significant difference is the high Fe,O3* content
in the PARC reaction product of BOFS 100 A (15.4 wt%), showing that
Fe has been significantly mobilized and was incorporated in the reaction
products.

By a thorough analysis of the composition of the reaction product
one can conclude that each of the primary BOF slag phases has
contributed to form the reaction product in BOFS 100 A, which confirms
the DOH calculations. For example the reaction product contains 2.4 and
2.0 wt% MgO and MnO, respectively, which is only present in significant
amounts (>2 wt%) in the wuestite/magnetite phase (23.6 wt%). The
Aly,O3 content in the hydration product 1.8 wt%, which is largely
contributed by the reaction of Cy(A,F), which is the only Al containing
mineral in the initial slag. The hydration product also contains value 3
wt% P505 whose source is the C,S.

The relative character of the BOF slag versus CEM I contribution in
the reaction product of the BOF 50 A mixture is presented in Table 5 and
in the variation diagram of Fig. 8. From the diagram it is clear that the
CaO content in the reaction product of BOF 50 A is closer to that of the
CEM 100 A, than of BOFS 100 A. The V505 oxide contribution in BOFS
50 A linearly correlates with the CaO content (straight line for V,Os)
indicating that the character of the reaction product in BOFS 50 A is
closer to that of CEM 100 A than BOFS 100 as it is valid for CaO. To be
more specific, that does not mean that the V505 in the reaction product
of BOFS 50 A stems from CEM 1 but that less V505 is incorporated in the
reaction product compared to what would be expected in a 50:50 BOF
slag — CEM I mixture. This supports previous findings that V containing
C,Sis less reactive than V free C3S [10]. On the contrary, the signature of
Mg- and Si-oxides in the reaction product of BOFS 50 A is strongly
determined by BOF slag. It should be noted that MgO in BOFS 50 A (2.6
wt%) is slightly higher than in BOFS 100 A (2.4 wt%). This would lead to
the conclusion that the addition of CEM I has a positive effect on the
incorporation of MgO into the reaction product of BOFS 50 A. Other
oxides like P05, MnO, SO3 and Fe,O3 have an equal character by BOFS
and CEM I (50-60 %), whereas, Al;O3 is even stronger dominated than
CaO and V505 by CEM I (for almost 90 %).

11

Construction and Building Materials 364 (2023) 129957
3.4. Comparison between the results of QXRD and PARC phase mapping

In order to compare PARC and QXRD results, PARC phases are
recalculated from area% to wt%. It is known that area% correspond to
volume % [48] and by applying the appropriate phase density to the
volume to mass fraction can be made for each PARC phase. For a more
detailed description of this method the reader is referred to [47]. For the
densities of the phase combinations of wuestite/magnetite, C3S/C,S and
portlandite/calcite/free lime a weighed mean density was used from the
results of QXRD (Table 6). For the PARC reaction product a density was
assumed that gives the best agreement with the QXRD results because
the density of the amorphous content cannot be determined by QXRD
and its determination can be challenging due to their micro and nano
porosity [49]. For BOFS 100 A the used density for the PARC reaction
product is higher (2.4 g/cm®) compared to the CEM 100 A (2.1 g/cm®),
which also reflects the higher Fe content in BOFS containing samples,
which is incorporated in the reaction products and increases the overall
density. Generally the wt% of PARC and the summarized wt% of QXRD
are in good agreement with maximum general deviation of about 20 %
relatively (Table 6).The deviation between the two results may be
related to a too small analyzed area with PARC (~7 mmz), which may be
not as representative for the bulk of the autoclaved material as an XRD
sample.

3.5. Pore structure investigation of autoclaved samples

After showing that autoclaving is an effective way to produce large
amounts of reaction product in BOF slag containing pastes, it is impor-
tant to understand why the strength was nevertheless low after auto-
claving (BOFS 100 A = 1.4 MPa). Therefore MIP measurements were
conducted to investigate the pore structure further.

According to the MIP analysis, the highest cumulative pore volume is
observed in the BOFS 100 A sample (~40 vol%). It decreases with the
increasing amount of CEM 1 (BOFS 50 A ~ 36 vol% and CEM 100 A 15
vol%). Even though the BOFS 50 A sample contained 50 wt% of CEM 1
in the initial mixing design, the pore structure is more comparable to
BOFS 100 A than to CEM 100 A in terms of high cumulative pore volume
and pore size distribution (Fig. 9). Both BOF slag samples BOFS 100 A
and BOFS 50 A contain mostly large pores, with > 75 vol% of the total
pores with a size between 30 and 300 nm. In comparison, the MIP
analysis for the CEM 100 A shows that 85 vol% of the pores are below 10
nm.

To summarize, the pore structure is the clear cause for the low me-
chanical strength of the autoclaved BOF slag containing samples The
negative correlation between porosity and mechanical strength in
cementitious systems has been widely documented [50-52]. Re-
searchers have previously reported that the formation of a-C2SH is un-
desirable in sand lime bricks due its low strength and its platy habitus
causing significant pore space [35]. However, a-CoSH is not the main
reason for the high porosity and the resulting poor mechanical perfor-
mance. The BOFS 50 A sample contains significantly more a-C2SH (23
wt%) and has a lower cumulative pore volume (36 vol%) compared to
BOFS 100 A with 15 wt% and 40 vol%,respectively. In contrast BOFS 50
A (12.7 MPa) has higher compressive strength than BOFS 100 A (1.4
MPa). More likely is that the amount of unconsumed water that has
evaporated and left behind the pore space is causing the poor mechan-
ical performance [53,54] of BOF slag containing samples. This is visible
in the results of the TGA analysis, whereas CEM 100 G and A have
significantly higher weight loss up to 1000 °C (>17 wt%) compared to



J.C.O. Zepper et al.

the BOF slag containing samples (<10 wt%). The significant difference
in volatile loss during TGA (>70 %) and hence the significant difference
in unbound water in BOFS slag may be the main reason for the difference
in porosity between CEM 100 A and autoclaved BOF slag containing
samples.

3.6. Leaching analysis of the autoclaved material

The XRF analysis of the used raw materials showed that the BOF slag
contains significant amounts of Cr and V (Table 1). Even though, the
toxicity of the elements Cr and V heavily depends on their oxidation
state [55,56], a one batch leaching test will give an insight in the po-
tential restrictions of autoclaved BOF slag as an environmental sus-
tainable building material. Table 7 reports the results of the one batch
leaching test for a selection of the most concerning elements and their
respective legal limits in the Netherlands according to the Dutch Soil
Quality Decree (DSQD) [57]. In both autoclaved BOF slag samples Cr is
below the DSQD limits of 0.63 mg/kg. V concentrations for both
leachates of the autoclaved BOF slag containing samples are below the
detection limit of the ICP-OES (V detection limit = 0.01 mg/kg). The
results show that the reaction products that form during autoclaving
may incorporate Cr and V and effectively immobilizes these elements.
Previously it has been shown that hydrothermal C—S—H phases may
incorporate heavy metal elements [58]. That Cr and V are effectively
incorporated in the reaction products that formed during autoclaving is
also proven by the composition of the PARC reaction product (Table 5).

4. Conclusions

In this study, the reactivity of BOF slag as a binder under autoclave
conditions was investigated. With our multi analytical approach we
have investigated and were able to compare the reactivity and reaction
products after 72 h of curing at room temperature (72 h) and after
autoclaving at 11 bar and 187 °C for 8 h. The following conclusions can
be made:

- Autoclaving of BOF slag containing samples causes an increase in
compressive strength (e.g. BOFS 100 G, 0.1 MPa; BOFS 100 A, 1.4
MPa). However, the final achieved strength in autoclaved BOF slag
containing paste samples is still low (<15 MPa).

Autoclaving is very effective in increasing the degree of hydration.
The degree of hydration for BOF slag containing samples almost
triples (BOFS 100 G, 11.8 wt%; BOFS 100 A, 33.2 wt%), whereas the
amount of bound water in the BOFS 100 samples more than doubles
(BOFS 100 G, 2.8 wt%; BOFS 100 A, 6.2 wt%). This illustrates the
increased hydraulic reactivity of BOF slag under autoclave
conditions.

The main reaction products that developed in the autoclaved BOF
slag containing samples were hydrogarnet (BOFS 100 A, 7.3 wt%),
a-CoSH (BOFS 100 A, 15 wt%) and amorphous (BOFS 100 A, 17 wt
%).

The PARC analysis gives a bulk chemical composition for the Si-
containing reaction products, which shows that the initial BOF slag
phases (C3S, C2(A,F) and wuestite) are all reactive under autoclave
conditions and contribute to the Si-containing reaction products.
Even though large amounts of reaction products (>40 wt%) formed
in the autoclaved BOFS slag containing samples large amounts of
spore space developed based on MIP results (BOFS 100 A, 40 vol%)
explaining the poor mechanical performance. Even though a-C2SH is
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known to be a phase associated with porosity. The main control on
the large amount of porosity is the amount of unconsumed water
during the reactions in the autoclave.

As future recommendations, we propose three possible options. The
first option is to further investigate the performance of BOFS slag based
autoclaved building material products with the addition of a Si source
and variable autoclave conditions. As many authors proposed before
that Ca/Si ratio and the autoclave conditions are the most controlling
factors on the mechanical properties [25,35,38]. The second option to
produce a product based on BOF slag would be by increasing the reac-
tivity to the BOF slag binder by chemical [26] or mechanochemical [59]
activation in order to reduce the free water and increase the amount of
reaction product during the autoclave process. This would probably
reduce the porosity and increase mechanical performance. The third
option would be the use of the of the BOF slag based product as a binder
itself as a-CoSH is a major component in new hydrothermally activated
binder systems [60,61].
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