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Silico-manganese (SiMn) slag has been used to develop alkali activated cement binder. The reactivity of
SiMn slag was altered by mechanical activation using eccentric vibratory and attrition mill. The reaction
kinetics during alkali activation of SiMn slag and structural reorganization were studied using isothermal
conduction calorimetry and Fourier transform infrared spectroscopy. The particle size after milling was
smaller in attrition milled samples but reaction started earlier in vibratory milled samples due to more
reactivity. This observation was further supported by compressive strength which was highest in samples
prepared from vibratory milled slag. The main reaction product was C–S–H (C = CaO, S = SiO2, H = H2O) of
low crystallinity of different types with varying Si/Al and Ca/Si ratio. An attempt has been made to relate
the microstructure with mechanical properties. The results obtained in this study establish technical suit-
ability of SiMn slag as raw material for alkali activated cement.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Silicomanganese (SiMn) slag is a by-product generated during
production of silico-manganese alloy by carbothermic reduction
of raw materials in submerged electric arc furnace. The global
production of silico-manganese alloy in year 2009 was �7.4
million metric tons [1]. Typically the slag generation is about
1.2–1.4 tons for every ton of SiMn alloy produced thus the slag
generated is in the tune of 8.9–10.4 million tons per annum. Only
a limited quantity of these slag are used for land filling. The
remaining slag is getting accumulated for a long period and thus
the total global inventory of SiMn slag is much higher. SiMn slag
consists of oxides like SiO2, CaO, Al2O3 and MgO and is mostly
glassy in nature. The chemistry of SiMn slag is similar to blast
furnace slag but has higher MnO content. Thus the majority of
the research on the use of SiMn slag is directed towards its
chemical suitability and technical viability in blended cement
[2–4]. Typically in SiMn slag, the main constituents SiO2, CaO
and Al2O3 comprise more than 70% of the total composition. Thus
it can be considered as potential raw material for alkali activated
binders [5].
Alkali-activated binders are a class of materials with similar
properties to hydraulic binders that are formed due to reaction be-
tween an alkaline activator with solid pozzolanic or cementitious
aluminosilicate powder [6]. The development of alkali activated
binders was first reported in 1940s [6,7]. Because of its low envi-
ronment impact than Portland cement, good durability and possi-
bility of using varieties of industrial waste, it has become a
material of interest. Many developments have taken place on alkali
activated binders starting from chemistry to the reaction mecha-
nism and characterization of civil engineering applications
[8–13]. Granulated blast furnace slag (GBFS), a by-product of iron
making process, has been the most widely studied material for
their use in alkali-activated binders [9]. The dominant binder
phases of these systems are generally identified to be calcium
silicate hydrate (C–S–H) which is relatively low in Ca [10]. The
chemical composition of SiMn slag is close to GBFS, thus the pres-
ent study has been planned to explore its suitability for alkali acti-
vated binders. Limited information was available on use of SiMn
slags so probing studies were carried out in the beginning to know
its behavior with an alkali solution. The strength development and
setting time was much slower as compared to GBFS of the same
fineness. This might be due to slow reactivity of SiMn slag. Thus
it was decided to enhance the reactivity using mechanical activa-
tion. The merit of using mechanical activation (MA) for improving
bulk and surface reactivity is well accepted [14–16]. MA offers the
possibility to alter the reactivity of solids through physicochemical
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Fig. 1. X-ray diffraction pattern of SiMn slag. The area between 20� and 40� is
shown at higher magnification in the inside box.
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changes in bulk and surface without altering the overall chemistry
of the material [14–16]. Some very interesting finding on the MA of
blast furnace slag and fly ash has been recently reported by some of
us and other researchers [17–20]. Complete hydration was
achieved for mechanically activated slag without any chemical
addition [21]. Mechanical induced reactivity of fly ash has been
exploited to tailor properties of alkaline activated products, with
compressive strength results of up to 120 MPa that can be
produced through judicious application of MA along with other
processing parameters [17,22] .

The objective of the present investigation was to carry out a sys-
tematic study on the alkaline activation behavior of SiMn slag with
different levels of reactivity to be shown by calorimetry analysis.
The reactivity of SiMn slag was altered using different milling de-
vices such as ball mill, attrition mill and eccentric vibratory mill.
The effect of milling and mechanical activation on reaction, struc-
ture and properties was elucidated using isothermal conduction
calorimetry, Fourier transform infrared spectroscopy (FTIR), X-ray
diffractometry (XRD), scanning electron microscopy (SEM) and by
evaluation of mechanical properties. An attempt has been made
to correlate the reaction with structure and properties.

2. Materials and methods

The SiMn slag used in this study was obtained from
FERROATLÁNTICA S.L. (Spain), a leading global producer of manga-
nese ferroalloys. The chemical analysis of the slag was carried out
using X-ray fluorescence (XRF). Table 1 shows that the main con-
stituents of slag are SiO2, CaO and Al2O3 and comprised �80% of
the total composition. The slag also contains MnO and MgO in sig-
nificant account.

Fig. 1 shows the XRD diffraction pattern of SiMn slag. The main
feature of the XRD was a diffused wide band that extended from
20� to 40� and localizing at approximately 30� 2h. This diffused
band is characteristic of glassy phase. The mineral composition of
glassy phase is mainly composed of Akermanite (Ca2Mg(Si2O7)),
Wollastonite (CaSiO3), Diopside (MgCaSi2O6) and Quartz (SiO2). A
semi quantitative analysis using Rietveld Method using SIRO-
QUANT software indicated the following phase composition:
Akermanite 32.2%, Wollastonite 20.6%, Diopside 36.2% and Quartz
10.8%.

The as received slag was in lump form. The slag lump was first
crushed using Lab scale Jaw Crusher (AIMIL, India). The crushed
material was subjected to normal milling using ball mill and
mechanical activation using attrition and eccentric vibration mill,
using the parameters given in Table 2. Ball milling was done for
1 h in a laboratory ball mill (AIMIL, India). Attrition milling was
carried out using a batch type wet attrition mill (Model PE-075,
NETZSCH Feinmahltechnik GmbH, Selb, Germany). The material
was milled for 10 min in de-ionized water and then dried. The
rationale of using water as milling medium is we observed in our
previous work on the attrition milling of GBFS [19] that hydration
does not start during milling for 10–15 min in water. As the reac-
tivity of SiMn slag is lower than GBFS, it was assumed that hydra-
tion has not started during milling. Vibration milling was carried
out in the eccentric vibratory mill (SIEBTECHNIK, ESM 234, Ger-
many) for 30 min. The 10 min and 30 min milling time in attrition
and vibration mill respectively were used to obtain particle size
distribution with X50 value close to 5 lm.
Table 1
Chemical composition of SiMn slag.

Oxides SiO2 Al2O3 CaO Fe2O3 Mg

Percent 42.6 12.2 25.2 1.0 4.2
Particle size analysis of the milled slag was carried out using a
laser particle size analyzer (MASTERSIZER S, Malvern, UK). The
specific surface area was measured using MICROMERITICS (USA)
specific surface area analyzer (Model ASAP2020). To monitor the
progress of reactions isothermal conduction calorimetry was car-
ried out at 27 �C. The rationale for using 27 �C considers the ac-
cepted ambient temperature of cementitious material as per BIS
specification [23]. The rate of heat evolution during the reaction
(dq/dt) was measured using an eight channel isothermal conduc-
tion calorimeter (TAM AIR, Thermometric AB, Jarafalla, Sweden).
Analytical grade sodium hydroxide pellets (98% purity) was used
to prepare the activator solution. An alkaline activator of 6 M con-
centration was prepared in distilled water at least 24 h before use.
7 g solid sample and 3.5 ml of activator solution were used
throughout the study. Calorimetric studies were carried out at
27 �C. The results obtained were presented in offset mode. Fourier
Transform Infrared Spectroscopy ((FT-IR-410 JASCO, USA) was
used for structural characterization of activated products. IR sam-
ples were prepared by mixing with KBr, as usual. XRD patterns
were recorded on a SIEMENS X-ray diffractometer (Model D500),
using Co K/ radiation with a Fe-filter. The scanning speed of
1�/min was used and the samples were scanned from 10� to 60�
2h angle. Morphological characterization of the fractured samples
was done by a scanning electron microscope (JEOL SEM 840A) fit-
ted with a Kevex Energy Dispersive Spectrometer (EDS) for X-ray
micro-analysis after carbon coating on the fractured surface. The
X-ray micro-analysis of areas of interest was determined from
the average of ten analyses and used to calculate elemental ratios.

For setting time and compressive strength determination, the li-
quid (alkali solution) to solid ratio was kept 0.35. The samples were
prepared at 27 ± 2 �C and under relative humidity of 65%. The ini-
tial and final setting time was determined by using Vicat Apparatus
(AIMIL, India) on a homogeneous paste prepared by thoroughly
mixing slag powder and alkali solution. For compressive strength
7 � 7 � 7 cm3 samples were prepared by vibro-casting of the paste.
Samples were cured for 7 and 28 days in a closed container at
27 ± 2 �C. Compressive strength was tested on an Automatic Com-
pression Testing Machine (AIMIL COMPTEST 2000, India).
O MnO Na2O K2O TiO2 SO3

9.9 0.36 2.2 0.36 0.12



Table 2
Milling parameters.

Milling type Ball milling (BM) Attrition milling (AM) Eccentric vibratory milling (VM)

Feed material Pulverized Pulverized and ball milled for 15 min Pulverized and ball milled for 15 min
Medium Dry Wet Dry
Milling time, Min 60 15 30
Ball to material ratio 1:10 1:10 1:20
RPM 40 1500 Vibration
Processing after milling None Drying and powdering None
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3. Results and discussion

3.1. Mechanical activation of SiMn slag and its reactivity

Attrition mills, also known as stirred ball mills, agitator bead
mills or agitator mills have emerged as efficient milling devices for
fine grinding and production of narrow size distribution of the
milled products [24–27]. The high efficiency of these mills results
due to smaller size (2 mm to < 0.5 mm) grinding media and high agi-
tator speed (may go up to a few thousand RPM). While the small size
of media provides a larger contact surface between the media and
material being ground (high stress number), higher agitator speed
gives rise to greater kinetic energy of the media (stress intensity)
[27]. Eccentric vibratory mill (EVM) due to the eccentric drive gener-
ates 5-axis elliptical, circular and linear vibrations. This results in a
Fig. 2. Particle size analysis of BM, VM and AM samples.

Fig. 3a. VM and AM with alkali solution shows stable suspension whereas BM
shows settling behavior.
very significant intensification of the impact force/ milling energy
leading to efficient milling and mechanical activation [28,29]. The
particle size analysis of SiMn slag after different types of milling is
given in Fig. 2. Attrition mill (AM) samples show finest and narrow
particle size distribution followed by Vibratory milling (VM) and
Ball milling (BM) respectively.

To get an idea about the reactivity of BM, VM and AM, all three
samples were mixed with equal quantity of NaOH (6 M) solution
and kept in the beaker (Fig. 3a). BM samples settled completely
in 30 min whereas the VM and AM samples formed stable suspen-
sions. The faster settling behavior can be attributed to coarse
particle size of BM. BM samples have taken �48 h for complete
hardening whereas for samples AM and VM, complete hardening
was achieved within 4 h. Formation of carbonate on the surface
Fig. 3b. Samples of alkali activated BM shows formation of carbonate layer on the
exposed surface.

Fig. 4. Calorimetric curve of BM, VM and AM samples. The region between 2 and
8 h is shown at higher magnification in the inside box.



Table 3
Peak characteristic of SiMn slag under alkali activation.

Sample Peak no. Peak start, min Peak end, min Peak area, integrated Remarks

BM 1 144 392 49,057 Precipitation of C–S–H

AM 1 85 197 29,689 Precipitation of C–S–H
2 197 304 102,706 Precipitation of C–S–H
3 304 463 39,445 Restructuring

VM 1 54 185 76,588 Precipitation of C–S–H
2 185 191 2648 –
3 191 225 14,622 Precipitation of C–S–H
4 225 238 4510 –
5 238 246 3424 Hydrotalcite type gel
6 246 372 23,009 Restructuring

Fig. 5. FTIR spectra of alkali activated samples of BM, VM and AM.
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of BM samples was due to un-reacted alkalies which formed car-
bonate in contact with air (Fig. 3b).
Fig. 6. X-ray diffraction pattern of activated samples of BM, VM and AM.
3.2. Isothermal conduction calorimetry studies

Fig. 4 shows the heat evolution curve obtained by isothermal
conduction calorimetry of the samples at 27 �C for 24 h. The first
peak which looks like a straight line in the beginning can be as-
signed to pre-induction stage. Irrespective of sample behavior,
the occurrence of this peak at the same point in all samples, this
phenomenon was attributed to physical process such as wetting
of particles and initial dissolution and not to a chemical process
[30]. As mixing was carried out outside the instrument and the
mixed pastes were then introduced into the calorimeter; time zero
on the plots represent the time at which the sample was placed in
the instrument, which was �2 min after the start of mixing in each
case. An induction period before beginning of second peak which
can be assigned to gelation process was observed in all the cases
[30]. In BM sample, only one broad peak observed with a shoulder
at 195 min. This shoulder has been transformed into a peak (peak
1) in AM sample. In AM and VM samples, three and six peaks were
identified respectively. The nature of the peak of BM was similar to
the peak obtained in calorimetric studies of alkali activated blast
furnace slag and attributed to precipitation of C–S–H gel [10]. In
VM and AM samples, the main reaction peak i.e. peaks 1 and 2
respectively can be ascribed to precipitation of C–S–H gel [10]. In
VM, the minor peak occurring after main reaction peak can be
attributed to hydrotalcite [10] and Mn rich gel, which formed at
an early age due to increased reactivity. The peak characteristic
such as starting time, ending time and area under the peak of
BM, AM and VM samples were identified by deconvolution using
MICROCAL ORIGIN 8 software and are shown in Table 3.
3.3. FTIR

Fig. 5 shows the FT-IR spectra of alkali activated BM, VM and AM.
FT-IR spectra of as received slag has also been incorporated to
understand the change in spectra due to alkali activation. In all
spectra, the positions of the absorption bands were nearly similar
but relative intensities were more intense in VM and AM. A broad
band at �3469 and a weak peak at �1650 cm�1was due to the
stretching vibrations of OAH bonds and HAOAH bending vibra-
tions of interlayer adsorbed H2O molecule, respectively [31]. These
bands were insignificant in as received slag, indicating that these
were formed due to alkali activation. Increased intensity in AM
and VM can be ascribed to the adsorption of more molecules of
H2O. The absorption bands at �1454 cm�1 is due to stretching
vibrations of C@O, C — O confirming the presence of carbonate



Fig. 7. Scanning electron micrograph of alkali activated samples (a) BM sample comprised of discrete particles of slag, (b) gel phase in AM sample, (c) globules type structure
in VM sample, (d) dense gel structure in VM sample, and (e and f) honeycomb type gel.

Table 4
Summary of microstructural features obtained using SEM–EDS.

Sample
name

Features EDS summary, molar ratio Remarks

BM Mostly un-reacted slag Ca/Si = 2.5–3

AM Partially reacted slag particles, densely
packed

Ca/Si = 2–2.8 C–S–H gel with Na in structure

Gel phase Ca/Si = 1.1–1.6, Si/Al = 1.9–2.8 Calcium silicate hydrate (C–S–H gel type I) rich in Al with Mn in
structure

VM Globular grains of 5–10 lm size Ca/Si = 2.0–2.6, Ca/Mn = 1.2–1.8 Mn rich gel with composition close to hydrotalcite
Dense gel phase 1 Ca/Si = 0.8–1.6, Ca/Mn = 2.1–2 Calcium silicate hydrate (C–S–H gel type I) with Mn in structure
Dense gel phase 2 (honeycomb type) Ca/Si = 1.4–3.0, Ca/Mn = 1.9–2.5 Calcium silicate hydrate (C–S–H gel type II) with Mn in structure
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groups [32,33]. Characteristic bands corresponding to SiAO vibra-
tion were detected at �1010 cm�1. In as received slag a broad band
with two minor peaks was observed in this region. These peaks
were sharp and intense in alkali activated samples showing
prominent SiAO vibration. Peaks at �680 and �465 cm�1are due
to bending vibration of SiAOAAl and stretching vibrations of FeAO
bonds respectively [34,35]. Increased intensities in the case of AM
and VM confirmed the enhanced dissolution of silicate minerals.



Table 5
Physical properties of SiMn slag based products.

Setting time, min Compressive strength, MPa

Initial Final 3 day 28 day

BM 390 472 6 24
AM 67 105 26 66
VM 57 90 42 101

Fig. 8. Cumulative heat under C–S–H peak of alkali activated BM, AM and VM
samples plotted against time.
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3.4. Characterization of alkaline activated products

Fig. 6 presents the XRD patterns of SiMn slag after alkaline
activation for 28 days. XRD pattern of mechanically activated VM
sample prior to alkali activation has also been included in the
figure. A definite change in peak characteristic was observed in
the alkali activated samples. The peak identification was compli-
cated due of overlapping of phase reflections. Most of the phases
were observed in all the three types of products. The broad and dif-
fused peak with maxima of around 30� 2h angle in BM sample was
the result of the short-range order of the C–S–A–M (CaO–SiO2–
Al2O3–MgO) glass structure from un-reacted slag [36]. The crystal-
linity of the alkali activation products in AM and VM increased and
it is well explained by the increment of the intensity and the
appearance of more X-ray peaks. This can be associated with for-
mation of more reaction product. The main reaction product was
C–S–H phases with low degree of crystallinity (JCPDS file No.
9-210 and 33-306). An analysis of XRD patterns indicated the
C–S–H phases are similar to the one produced during the alkali
activation of GBFS [37]. In addition, the formation of stratlingite
C2ASH8 was observed in the hydration product of mechanically
activated slag [38]. The peaks of hydrotalcite (Mg6Al2CO3(OH)16

�4H2O) and tobermorite, (CaO, MgO)4�AH13 were identified. Peaks
of calcium magnesium aluminate hydrate (CaO, MgO)4�Al2O3�13
H2O), some of them overlapping with hydrotalcite were also ob-
served. Weak peaks of calcium carbonate overlapping with other
phases were found.

The following images (Fig. 7) show the main morphological fea-
tures of BM, AM and VM samples hydrated for 28 days. An EDS
analysis of these features is summarized in Table 4. The micro-
structure of the BM sample was mainly comprised of discrete par-
ticles of slag, separated from each other and showing porosity
(Fig. 7a). The compactness of microstructure improved in mechan-
ically activated samples. Both AM and VM samples are character-
ized by compact structure and the formation of large amounts of
dense gel. Calcium silicate hydrate (C–S–H, C = CaO, S = SiO2,
H = H2O) gel was the principal hydration product. The morpholo-
gies of C–S–H gel have been changed with the change in CA/Si
ratio. This is in agreement with early findings that the transition
between C–S–H (I) and C–S–H (II) occurs at Ca/Si molar ratio 1.5
[39,40]. The nature of the gel was different in AM and VM samples.
In AM, the gel phase was uniformly dispersed with partially
reacted slag with Ca/Si molar ratio 1.1–1.6 (Fig. 7b). The VM has
shown three distinct features, small globules type structure
(Fig. 7c), dense C–S–H gel structure (Fig. 7d) and honeycomb type
gel structure (Fig. 7e and f). The globular gel has shown composi-
tion close to hydrotalcite but rich in Mn content with Ca/Mn molar
ratio 1.4–2.2. The honeycomb type structure with Ca/Si molar ratio
1.4–3.0 have also shown the presence on the Mn in its structure.
The molar percent of Mn were found to be lesser than the globule
type structure (Table 4). Similar type of honeycomb structure was
observed in the 28-day hydrated samples of GBFS by other
researchers [21]. By examining these structures carefully, it was
found that the majority of them have grown on spherical or
semi-spherical shaped morphologies. Interestingly, inspite of pres-
ence of MgO in original slag, no substitution of Ca by Mg in the
C–S–H was observed in EDS results (Table 4) [41].

3.5. Mechanical properties of alkaline activated products

The results of setting time and compressive strength are
summarized in Table 5. The BM samples took a long time,
390 min for initial set. A sharp decrease in setting time was
observed with mechanically activated AM and VM samples. Simi-
larly the compressive strength in BM was low which improved
significantly in AM and VM. This result is also in agreement on
the setting time of the samples. The compressive strength values
were comparable or even better in case of VM to many reported
values of alkali activated blast furnace slag or similar products
[42]. Improvement in setting time and compressive strength in
mechanically activated samples can be attributed to increase in
compactness of microstructure and formation of different types
of gel and reaction product.

3.6. Reaction structure property relation

The basic reactivity of ground SiMn slag (BM) was found to be
smaller than GBFS. Mechanical activation has altered the reactivity
significantly and a consequent improvement in strength was ob-
tained. The finest particle size distribution was obtained in AM
but alkali activation started earlier and strength development
was much higher in VM. Thus it can be surmised that the alteration
in hydration reactions was not only influenced by particle size but
a combined effect of particle size (increase in surface area) and a
change in reactivity (surface and bulk). It was also observed that
the reactivity of particles is dependent on milling medium and de-
vice [18]. To understand the reaction behavior, the area under calo-
rimetric peak (denotes the quantity of reaction product) of BM, AM
and VM was plotted against time (Fig. 8). The ordinate denotes the
cumulative heat in J/g under the calorimetric peak of different
samples. Taking BM as reference, there was no major peak shift
in AM but the peak intensity increased significantly. In contrast,
VM has shown major shift of the peak towards the Y axis which
shows that precipitation started and completed much earlier. The
total area under peak was maximum in AM due to more formation
of reaction products, whereas maximum strength was found in VM
samples. Thus it can be anticipated that the strength development
was not only influenced by the formation of more C–S–H phase,
but other minor reactions and compact microstructure also con-
tributed to it. Presence of phases such as hydrotalcite, C2ASH8

and tobermorite, (CaO, MgO)4�AH13 in VM further support this
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observation. MnO, which was present in original SiMn slag was
also found in the reaction product in VM. Thus it can be assumed
that MnO has also contributed in strength development, however
its role in hydration is not very clear. Based on calorimetric finding,
FTIR spectra, nature of reaction products formed and mechanical
properties, following order of reactivity can be proposed:
VM > AM > BM.
4. Conclusions

SiMn slag of different reactivity was activated using NaOH (6 M)
solution. The reactivity of slag, the reaction mechanism, hydration
products formed, and their mechanical properties were studied.
The following conclusions could be drawn.

1. Mechanical activation increases the reactivity of SiMn slag. The
reactivity is also mill dependent. Eccentric vibratory milling
produced more reactive SiMn than attrition milling.

2. The effect of mechanical activation on structural reorganization
is evident from calorimetric results and FTIR spectra. The shift-
ing of calorimetric peak in VM and occurrence of new peaks in
AM and VM is associated with faster rate of reaction and accel-
eration of many minor reactions.

3. The main hydration product found in all samples was C–S–H gel
with Mn in structure. Other hydration products were hydrotal-
cite, C2ASH8, tobermorite, (CaO, MgO)4�AH13. The formation of
hydration products was higher in mechanically activated
samples.

4. The combined effect of particle size (increase in surface area)
and change in reactivity due to mechanical activation altered
the alkaline activation reaction. The setting time and compres-
sive strength development are related to the intrinsic structure
developed due to enhanced reaction.

5. According to the results obtained in the current research, it is
possible to suggest the possible chemical and technical viability
of using SiMn slag as starting material for alkali activated
cement binder.
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