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Granulated air-cooled silicomanganese slag from ferro-alloymanufacturing plants ismainly disposed as a landfill
waste. On the other hand, it is highly advisable and beneficial to partially replace Portland cement with suitable
industrial wastes. The present work investigates the viability of using air-cooled silicomanganese slag as a
supplementary cementing material. The silicomanganese slag possesses an acid composition with SiO2, CaO,
and Al2O3, as main oxides and a MnO-content of nearly 10% by weight. The lime combinability test by thermo-
gravimetry and the results obtained by FT-IR confirmweak tomoderate pozzolanic properties compared to silica
fume and natural pozzolans. Experimental results prove the effectiveness of mechanical activation for replace-
ment levels up to 35% with no significant variation in setting times. The blended cements fulfill all the chemical
requirements of the standard specification and do not exhibit any volume instability. The compressive strength
reduction for replacement levels up to 15% and for 3, 7 and 28 days of curing is limited to only about 10%.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Various supplementary cementing materials either natural or artifi-
cial (natural pozzolanicmaterials,fly ash, slags, silica fume, etc.) are cur-
rently being utilized as additive in cement production process [1–4].
This is a worldwide experience on sustainable development for con-
serving non-reproducible rawmaterials and fuels. Using useless indus-
trial byproducts as a cement replacement, however, provides more
benefits including considerable increase in cement production and
significant reduction in greenhouse gas emission. Some industrial
byproducts (fly ash and slags) are produced in very large quantities
worldwide. Traditionally these materials have been used for enhancing
concrete properties, but studies have shown that relatively high-
volume fly ash or slag concretes can be designed to meet strength
requirements for structural as well as high strength applications [5–7].
This has resulted in serious replacement of plain cements with blended
or composite cements and considered as an effective and low cost
method for increasing cement production capacities in many countries.
For example, total US slag shipment including both slag cement as a
separate product and slag powder as a component in blended cements
has increased from 1.1million metric tons in 1988 to almost 3.4million
metric tons in 2007 showingmore than 200% growth [8]. Therefore it is
highly advisable and beneficial to look for suitable supplementary
cementing materials to make use of all these benefits.

Slags,which are the secondary products of pyro-processing industries,
are considered as an important group in supplementary cementingma-
terials. They are usually produced by water quenching of molten slags.

The resulting glassy materials exhibit some latent hydraulic activities
in addition to some pozzolanic character. Some of the industrial slags
are now being disposed due to the lack of awareness of their properties.
Silicomanganese slag is an example of these slags. This metallurgical
slag is different in chemical composition and properties compared to
blast-furnace slag produced in steel plants that iswidely used in slag ce-
ment production. Few research studies are devoted to metallurgical
slags other than blast-furnace slag (slags produced in the smelting of
non-ferrous metals such as lead, zinc and copper and in the manu-
facturing of ferro-manganese, ferro-chrome and ferro-silicon alloys)
[9–19] andmost of these slags are currently useless and simply accumu-
lated or disposed in landfills. Shi et al. [9,11] has reviewed the recent
achievements in the development of high performance cementing
materials based on activated slags such as blast-furnace slag, steel
slag, copper slag and phosphorus slag. Penpolcharoen [10] reported
the use of lead slag as an admixture and/or aggregate in the production
of concrete blocks. He claimed that the partial replacement of Portland
cement with lead slag increased compressive strength and water
absorption. Moukwa [12] showed that cements of sufficient quality
for general use can be obtained from cobalt furnace slag. Pera et al.
[13] characterized the properties of blast-furnace slag containing up to
21% MgO and claimed that high strength mortar and concretes can be
produced upon mechanical activation. Rai et al. [16] investigated the
possibility of utilizing high MnO and low MnO metallurgical slags
from ferro-manganese and ferro-manganese-silicon alloy manufactur-
ing plants. He reported that the composition of a 50:50 blend based
on low MnO granulated slag, ground to 300m2/kg (Blaine), was found
to conform to Indian standard for Portland slag cements. Frias et al.
[17–19] characterized silicomanganese slag by determining its pozzola-
nic activity and claimed a denser matrix for hardened cement pastes of
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silicomanganese slag blended cements. He also studied the influence of
silicomanganese slag on the resistance of cement paste in different ag-
gressive solutions. The results showed good resistance in some aggres-
sive solutions for blended cement pastes incorporating silicomanganese
slag (5% and 15% addition) after 56days of curing. Unfortunately, there
is no easy access to reliable statistics on the amount of uselessmetallur-
gical slags, but according to Rai et al. [16] India, for example, produces
such slags in nearly 30 major alloy-steel plants besides those from
foundries and mini-steel plants, and all that simply accumulate.

Silicomanganese slag that is produced in ferro-alloy manufacturing
plants is characterized by its relatively high content of manganese
oxide (MnO). The few experimental results published on silico-
manganese slag offer contradictory conclusions. Some research works
concluded a loss of hydraulic properties in slag due to relatively high
amount of MnO [13,14], while other works, for example, Taneja et al.
[15], did not find any relationship between hydraulic properties and
MnO content. These contradictory results show the need for more
detailed investigations on possibility of utilizing silicomanganese slag
as a suitable supplementary cementing material.

This work is devoted to mechanical activation of granulated air-
cooled silicomanganese slag as the byproduct of silicomanganese
ferro-alloy industry. A number of cement mixes with different re-
placement levels and different Blaine finenesses were prepared and
investigated for their soundness, main engineering properties and
microstructures.

2. Experimental

2.1. Materials

The silicomanganese slag was provided from Faryab ferro-alloy
plant located in Hormozgan province in Iran. This industrial unit
has two semi-closed electric arc furnaces and annually produces
15,000 tons of slag. A huge pile of almost 200,000 tons of slag has
also been accumulated adjacent to the plant site. Since air-cooling
is more economical than water-cooling and there is no need for
water treatment plant, the unit benefits from air-cooling operation.
The silicomanganese slag is, therefore, supposed to exhibit weak

pozzolanic activity. The following tests were performed to character-
ize the properties of the silicomanganese slag:

− Wet chemical analysis in accordance with ASTM C114
− X-ray diffractometry (Siemens D5000 diffractometer with the

following conditions: 35kV, 20mA, Cu–Kα radiation)
− FTIR spectroscopy (Shimadzu 8400S spectroscope)
− Thermogravimetry (Netsch, STA 449C, thermogravimeter)

The hydraulic and/or pozzolanic properties of the slagwere evaluat-
ed based on lime combinability tests carried out by thermogravimetry
and FTIR spectroscopy. A thoroughly homogenized binary mixture of

Table 1
Mix proportions (wt.%, by total weight of the mix).

Silicomanganese slag 0 3 10 15 20 25 30 35
Clinker+Gypsuma 100 97 90 85 80 75 70 65

a All mixes contain 2wt.% gypsum (by total weight of the mix).

Table 2
Chemical composition of the starting materials.

% SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O MnO LOI

Clinker 21.54 5.29 3.77 64.96 1.88 2.08 0.39 0.69 – 0.10
Gypsum 1.66 0.60 0.30 30.93 1.48 44.18 0.02 0.06 – 19.88
Slag 38.17 14.78 1.79 29.30 2.77 0.12 0.42 0.76 10.29 1.12

Table 3
Fixed lime content of silicomanganese slag, silica fume and some natural pozzolans upon
hydration in the presence of lime.

Material Fixed lime (wt.% by weight of material)

1 day 3 days 7 days 14 days 28 days

Silica fume 84.46 97.57 100 – –

Taftan natural pozzolan 22.50 42.26 58.75 60.36 64.87
Bojnord natural pozzolan – 28.18 37.98 40.03 53.14
Sirjan natural pozzolan – 33.39 38.45 42.58 48.72
Silicomanganese slag – 27.34 35.84 40.08 46.28

Fig. 1. FTIR spectra of dry silicomanganese slag (a), slag paste after 7 days of curing
(b), lime/slag paste after 7 days of curing (c), slag paste after 120 days of curing (d) and
lime/slag paste after 120 days of curing (e).
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calciumhydroxide and ground slag at equal proportionswas utilized for
preparing a paste of normal consistency. The pastewas then stored at an
ambient of N2 atmosphere at 60°C for being cured. After the given time
periods, the paste was firstly dried with acetone and N2 gas and then
utilized for measuring the amount of reacted calcium hydroxide by
thermogravimetry analysis.

For FTIR studies, plain slag powder and four different samples in-
cluding pastes of plain slag and binary mixture of calcium hydroxide
and ground slag (1:1) were prepared at normal consistency (water-
to-binder ratios of 0.25 and 0.42, respectively) and cured for 7 and
120days at an atmosphere of more than 95% relative humidity at 25 °C.

Type II Portland cement clinker in accordance to ASTM standardwas
used both as reference and for preparing the binary cement mixes. The
prepared clinker was characterized for its chemical composition (wet
analysis, ASTM C114), phase composition (Bogue's potential composi-
tion). Natural gypsum was also used for preparing the binary cement
mixes. The used gypsumwas characterized for its chemical composition
(wet analysis, ASTM C471M).

2.2. Methods

The prepared slag and clinker were weighed and mixed together
at different proportions shown in Table 1. The binary mixes were then
inter-ground in a laboratory ballmill to four different Blaine specific sur-
face areas of almost 2900, 3300, 3700, and 4100cm2/g, so that ultimate-
ly 32 cement mixes were obtained for further testing.

The following tests were then carried out on the prepared mixes:

Dry cement mixes:
– Residue on 90 and 212 μm sieves (wt.%) using Hosokawa

Alpine apparatus model 200LS-N and standard sieves model
Haver & Boecker.

– Density (g/cm3) using Le Chatelier apparatus in accordance
with ASTM C188.

– Blaine specific surface area (cm2/g) test using Toni Perm Elec-
tronic Air Permeability Tester apparatus model 6565 and in
accordance with ASTM C204.

Fresh and hardened cement pastes:

– Water consistency test (wt.%) using Toni Technik Vicat appa-
ratus model 1801 and in accordance with ASTM C187.

– Setting time (min) using automatic Vicat devicemodel ToniSET
compact 7322 and in accordance with ASTM C 191.

– Volume stability (expansion in %) using Autoclave equipment
model E70 and in accordancewith ASTMC151 andASTMC490.

– X-ray diffractometry (Siemens D5000 with the following con-
ditions: 35kV, 20mA, Cu–Kα radiation).

– Scanning electronmicroscopy (in both SE andBSEmodes using
TESCAN VEGA II with accelerating voltage of 20kV).

– Electron Dispersive X-ray Analysis (EDAX) using an Oxford
inca250 model instrument with standardless ZAF quantifica-
tion method. The calibration energy scale of the spectra was
performed by using Al/Mn samples at their respective Kα
peaks with 5000 counts.

Hardened cement mortars:

– Density (g/cm3), Total open pore volume (%), and water ab-
sorption using cylindricalmortar specimenswith approximate
volume of 400cm3 (prepared and cured for 28days according
to ASTM C348) and in accordance with ASTM C642.

– Mechanical strengths after 3, 7, and 28 days of curing using
4×4×16 cm3 prisms and in accordance with ASTM C348 and
ASTM C349. After casting, the molds were firstly stored at an
atmosphere ofmore than 95% relative humidity at 20°C in con-
stant climate chamber model KBF-240 for 24 h, and then the
prisms were submerged in lime-saturated water for further
curing. Flexural strength was measured by Toni NORM model
20.20 test machine. Broken portions of prisms were then

Fig. 2. X-ray diffractogram of silicomanganese slag.

Table 4
Bogue's potential phase composition of type II Portland cement clinker.

Phase C3S C2S C3A C4AF

wt.% 53.89 21.12 7.64 11.47
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used for determination of compressive strength using Toni
NORMmodel 2060.10.20 test machine.

3. Results and discussion

3.1. Materials

3.1.1. Chemical composition
Table 2 shows the chemical composition of the materials. As seen,

the main oxides of the silicomanganese slag include SiO2, followed by
CaO, Al2O3, and MnO. The sum of these three oxides amounts to almost
82% by the weight of the material. The other oxides including Fe2O3,
MgO, and alkalis are present in relatively small amounts. The CaO/SiO2

ratio is less than 1 (C/S=0.77) providing acidic character for the slag
[16].

3.1.2. Pozzolanic and latent hydraulic properties

3.1.2.1. Thermogravimetry. As the chemical composition shows (see
Table 2), the silicomanganese slag possesses acidic character due to its
relatively high content of silica. This implies that silicomanganese slag
may exhibit some pozzolanic activity. This can be simply investigated
by determining the amount of fixed lime upon hydration in the pres-
ence of lime. The results obtained for the amount offixed lime inhydrat-
ed lime/slag paste are shown in Table 3. This table also represents the
results obtained for silica fume and some typical natural pozzolans
that are currently being used in cement industry as relatively good
(Taftan), moderate (Bojnord) and poor (Sirjan) quality natural pozzo-
lans for commercial blended cements manufacture. As seen, the
amounts of fixed lime for silicomanganese slag are comparable with
values obtained for natural pozzolans, especially those of relatively
poor quality (Sirjan natural pozzolan).

Similar results are also reported by Frias et al. [17,18] for pozzolanic
activity of silicomanganese slag. It must, however, be noted that the
determination of the amount of fixed lime as a measure for evaluating
the pozzolanic activity of silicomanganese slag is not an accurate meth-
od, because industrial slags may contain some amorphous hydraulic
phases that result in the formation of binding compounds, e.g. calcium
silicate and/or aluminosilicate hydrates, upon hydration. Formation of
these compounds upon hydration and their decomposition at high tem-
peratures during thermogravimetry measurements interferes in the
measurement of pozzolanic activity. In fact, the values of fixed lime re-
ported for silicomanganese slag, include both the lime fixed through
pozzolanic reactions plus the fixed lime present in the hydration prod-
ucts of amorphous hydraulic phases originally present in the slag. The
scientific significance of the results obtained by thermogravimetry is,
therefore, that silicomanganese slag can exhibit considerable cementing
properties through pozzolanic hydration reactions and probably

hydration reactions of amorphous hydraulic phases. For this reason, in
this study we also considered studies by FTIR spectroscopy (see the
next section).

3.1.2.2. FTIR spectroscopy. To confirm the cementing properties of the
silicomanganese slag and to clarify the presence of any latent hydraulic
property, FTIR spectroscopy studies on dry slag powder and cured plain
slag paste, in addition to cured lime/slag paste, have also been consid-
ered. Fig. 1 represents the FTIR spectra obtained from plain slag and
lime/slag (1:1) pastes after 7 and 120days of curing, in addition to dry
slag powder as reference.

The major peaks include:

1. The absorption peak at 3653 cm−1 in lime/slag paste after 7 days
(spectrum c) is due to the bending vibration of OH group in calcium
hydroxide [20] and indicates the presence of lime in the paste. The
intensity of this peak has been considerably reduced after 120 days
of curing (spectrume) confirming the consumption of lime in pozzo-
lanic reactions.

2. The strong peaks at 1421, 1460 and 1427 cm−1 in lime/slag paste
after 7 days (spectrum c), slag paste after 120 days (spectrum d)
and lime/slag paste after 120 days (spectrum e), respectively, are
assigned to asymmetric stretching vibration of C\O bonds of calcite
[21–24]. Formation of secondary calcium carbonate is due to the car-
bonation of some of the non-reacted calcium hydroxide in the pastes
with atmospheric carbon dioxide. The intensity increase of this peak
in lime/slag paste with curing time is due to the progress of lime car-
bonation reaction. The absence of this peak in the two spectra “a” and
“b” is an indication of the absence of calcite in dry slag powder and
slag paste after 7 days of curing. Appearance of this peak in slag
paste after 120days of curing (spectrum d) is due to the carbonation
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of calcium hydroxide formed in the hydration reactions of amor-
phous hydraulic phases present in slag. The silicomanganese slag,
therefore, exhibits some latent hydraulic properties, in addition to
some pozzolanic properties. Available peaks at 873 and 868 cm−1

in lime/slag paste after 120 days (spectrum e) and slag paste after
120days of curing (spectrum d), respectively, can also be attributed
to the bending vibration of C\O bonds in CO3

2− [25].
3. The available peaks at around 670 cm−1 in only slag and lime/slag

pastes after 120 days of curing are related to symmetric bending of
Si\O\Si bonds in the chemical structure of C-A-S-H [26,27].

4. Appearance of many peaks at different positions around 440 and
480 cm−1 is due to absorption bands for Si\O and Al\O bonds in
aluminum silicates in the slag and non-reacted slag particles in the
pastes [26–28].

3.1.3. Silicomanganese slag and clinker mineralogical phase compositions
Fig. 2 shows the X-ray diffractogram of silicomanganese slag. The

identified crystalline phases include: gehlenite (Ca2Al2SiO7) as the
main phase, glaucochroite ((Ca,Mn)2SiO4), and quartz (SiO2). Gehlenite
is a crystalline phase that is typical for burning temperatures less than
1200°C. The presence of this phase in silicomanganese slag is an indica-
tion of relatively low processing temperatures and low cooling rates.
Glaucochroite is a hydraulic crystalline phase usually found in silico-
and ferromanganese slags. It has the same structure as the cementmin-
eral, belite (Ca2SiO4), and presence ofwhich in industrial slags enhances
latent hydraulic properties. Other minor phases can also be present, but
their identification is doubtful due to the overlapping of characteristic
peaks.

Table 4 represents the Bogue's potential phase composition of the
used type II Portland cement clinker.

3.2. Dry cement mixes

3.2.1. Fineness
Fineness is an important quality parameter for cements that signifi-

cantly influences the rate of hydration and hence the rate of gain of
strength, especially at early ages, and also the rate of evolution of heat.
Cement manufacturers control this quality parameter by measuring
both Blaine specific surface area and residue on 90 and/or 212μmsieves.
In cement industry, the values of 90- and 212-sieve residues are usually
controlled below 10 and 3 wt.%, respectively, for ordinary Portland
cement.

Figs. 3 and 4 show residues on 90 and 212 μm sieves versus silico-
manganese slag (wt.%) at different Blaine finenesses.

As seen, residues on both 90 and 212μm sieves slowly increase with
increasing slag percent and Blaine fineness. The increase in residuewith
silicomanganese slag (wt.%) is relatively less, especially at higher Blaine
finenesses. All the values of residue on both 90 and 212 μm sieves are
lower than the conventional limits of the cement industry and this
confirms a suitable grindability for silicomanganese slag under inter-
grinding technique with Portland cement clinker.

3.2.2. Density
Particle density is another important physical property of Portland

cements. It ranges from 3.10 to 3.25 g/cm3 with an average value of
3.15g/cm3. The practical significance of this property is its use in calcu-
lations of concrete mixture proportioning. The influence of silico-
manganese slag on density of cement is shown in Fig. 5. It is clear that
particle density of the cement mix increases with increasing slag per-
cent and increasing Blaine fineness.

3.3. Fresh cement pastes

3.3.1. Water consistency
Water consistency refers to the relative mobility of a freshly mixed

cement paste or mortar or its ability to flow. No limit has been defined
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Table 5
Autoclave expansion versus silicomanganese slag at different Blaine finenesses.

% Slag Autoclave expansion (%)

2900 3300 3700 4100

0 0.06 −0.03 −0.03 −0.06
3 0.01 −0.02 −0.04 −0.01
10 0.02 0.03 −0.04 −0.04
15 0.00 0.05 0.02 0.03
20 0.02 −0.03 −0.02 −0.01
25 0.05 −0.04 0.01 −0.02
30 0.03 −0.04 −0.01 −0.02
35 0.04 0.06 −0.07 0.03
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in standards for the amount of water needed to achieve normal consis-
tency in freshly prepared Portland cement pastes. The values of water-
to-cement ratio for normal consistency usually range from 0.22 to
0.28 for Portland cements. Fig. 6 represents the variations in water-to-
cement ratio for normal consistency versus silicomanganese slag at

different Blaine finenesses. When cement is partially replaced by
silicomanganese slag, the test results show that the amount of water
required for normal consistency increases. The required water also in-
creases with increasing Blaine fineness. In general, the effects brought
about by silicomanganese slag and Blaine fineness are not very

Fig. 9. Compressive strength versus silicomanganese slag at different Blaine finenesses: a) 2900 cm2/g; b) 3300 cm2/g; c) 3700 cm2/g; d) 4100 cm2/g.

Fig. 10. Flexural strength versus silicomanganese slag at different Blaine finenesses: a) 2900 cm2/g; b) 3300 cm2/g; c) 3700 cm2/g; d) 4100 cm2/g.
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significant, so that the highest replacement level (i.e. 35%) results in
about 1 and 1.5% increase in water at Blaine finenesses of 2900 and
4100cm2/g, respectively.

3.3.2. Setting times
Setting times describe the stiffening behavior of the cement paste.

The results obtained for initial and final setting times of the cement
mixes are shown in Figs. 7 and 8, respectively. It is clear that both initial
and final setting times gradually increase with replacement level. It is
also seen that at a constant replacement level, both initial and final set-
ting times decrease with increasing Blaine fineness. Knowing that
Portland cement must have a minimum initial setting time of 45 min
and a maximum final setting time of 375 min in accordance with
ASTM C150, all the obtained values are within the standard range.

3.4. Hardened cement pastes

3.4.1. Volume stability
Soundness is defined as the ability of a hardened cement paste to re-

tain its volume after setting. Unsoundness of cements can be deter-
mined by autoclave expansion test in accordance with ASTM C151.
Table 5 represents the results of autoclave expansion tests for all the
32 cement mixes. As seen, all the obtained values are very small and
within the standard limit (less than 0.80%). Therefore silicomanganese
slag does not affect the volume stability of the cement pastes. It is also

clear that the measured values do not show any meaningful relation
with replacement level and Blaine fineness. This is due to the in-
finitesimalness of the measured values and the possible experimental
errors.

3.5. Hardened cement mortars

3.5.1. Mechanical strengths
The results obtained from both compressive and flexural strength

measurements are represented in Figs. 9 and 10. As seen, incorporation
of silicomanganese slag causes reductions in both compressive and flex-
ural strengths. The higher the replacement level, the higher the strength
loss. The loss of strengthwith slag, however, is limited and can be signif-
icantly reduced by increasing the Blaine fineness. All 3- and 7-day com-
pressive strengths are acceptable in accordance with ASTM C150
standard.

Slag substitution up to 20 wt.% causes the 28-day compressive
strength of the lowest Blainefineness (2900cm2/g) approaching the op-
tional standard limit of 28MPa. Raising Blaine to higher values, howev-
er, effectively increases the strengths andmakes it possible to cover the
optional standard limit with higher replacement levels so that at the
Blaine fineness of 4100cm2/g the substitution level of 35% can also pro-
vide 28-day compressive strength above the optional limit. Similar
trends can also be seen for changes in flexural strength with replace-
ment level and Blaine fineness.
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Fig. 12. Total open pore volume versus silicomanganese slag at different Blainefinenesses.
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Fig. 13.Water absorption versus silicomanganese slag at different Blaine finenesses.
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These results are in agreement with those reported by Frias et al.
[17,18]. They claimed that addition of 5% and 15% silicomanganese
slag leads to slight decrease in both compressive and flexural strengths

at early ages. Between 7 and 90 days of curing, there is a clear gain of
strength and after 90 days the strength values are equal or very close
to those of control mortars.

Fig. 14.X-ray diffractograms of hardened plain cement paste and hardened cement paste of themix containing 15% silicomanganese slag ground to the Blainefineness of 3200cm2/g after
7 and 120 days of curing.

Fig. 15. SEM image of non-reacted slag particles present in the microstructure of 120-day
cured paste specimens incorporating 15 wt.% silicomanganese slag ground to the Blaine
fineness of 3200 cm2/g.

Fig. 16. SEM image of a non-reacted slag particle present in themicrostructure of 120-day
cured paste specimen and the line considered for EDAX elemental analysis.
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3.5.2. Density, total open pore volume, and water absorption
The results obtained for changes in density, total open pore volume,

and water absorption of 28-day cured mortar specimens versus
silicomanganese slag at different Blaine finenesses are represented in
Figs. 11 to 13, respectively. As seen, changes in Blaine fineness and, es-
pecially replacement level can result in considerable changes in these
properties.

Density increases with increasing replacement level and Blaine fine-
ness. This is due to both the higher density of the slag and the better
packing of the particles at higher Blaine finenesses. In fact, with increas-
ingBlainefineness, amore compact structure is formed that is accompa-
nied by decreasing of the amounts of pores. Continued grinding,
therefore, makes the coarse particles finer with a lower porosity. This
is the main reason why the density increases with prolonged grinding
time [29].

Figs. 12 and 13 indicate that total open pore volume and water ab-
sorption also increase with increasing replacement level confirming
that progress in hydration reactions (due to both pozzolanic and latent
hydraulic properties) during 28days of curing could not effectively re-
sult in any microstructural densification. The increases in water-to-
cement ratio at higher replacement levels (see Fig. 6) are, therefore,
responsible for increases in both total open pore volume and water
absorption.

As expected, any increase in Blaine fineness can positively affect
total open pore volume and water absorption through the influence of

continued grinding on bothmicrostructural densification and accelerat-
ing hydration reactions.

These results are in agreementwith trends obtained for variations of
compressive and flexural strengths with replacement level and Blaine
fineness. The results also agree with those reported by Frias et al. [18].

3.6. Complementary studies

As observed in the previous sections, despite the relatively low poz-
zolanic and latent hydraulic properties of the silicomanganese slag, all
physical and chemical characteristics of the cement mixtures, except
their 28-day compressive strengths, comply with the main standard
specifications. It is also observed that the loss of compressive strength
at relatively high replacement levels can be effectively reduced by in-
creasing the Blainefineness. Increasing Blainefineness, however, results
in significantly higher production costs through increased rate of energy
consumption in the mill and, therefore, relatively high replacement
levels may not be practically suitable. For this reason a cement mix of
relativelymoderate replacement level (i.e. 15wt.%) has been considered
for complementary studies.

3.6.1. X-ray diffractometry
Fig. 14 represents the X-ray diffractograms obtained from hardened

cement paste of the mix containing 15% silicomanganese slag ground
to the Blaine fineness of 3200 cm2/g after 7 and 120 days of curing.
The X-ray diffractograms of hardened plain Portland cement paste
after 7 and 120 days of curing are also given for a better comparison.
The X-ray diffractograms of the slag-containing pastes are very similar
to the corresponding diffractograms of plain Portland cement pastes,
except the characteristic peak appearing at around 2θ angle of 32°.
This peak is due to the presence of gehlenite as the main crystalline
phase of silicomanganese slag. Gehlenite is a non- or very low hydraulic
crystalline phase [30–32] usually found in industrial slags. A comparison
of the diffractograms shows that with curing time, the intensity of the
characteristic peaks of Portlandite increases with a decrease in the
intensity of characteristic peaks of anhydrous hydraulic phases (alite
and belite) confirming the progress of the hydration reactions in slag-
containing paste as well as in plain Portland cement paste.

3.6.2. Scanning electron microscope studies
Studies by SEM confirmed different microstructural morphologies

between 120-day cured paste specimens incorporating 15 wt.%
silicomanganese slag ground to the Blaine fineness of 3200 cm2/g and
120-day cured plain cement paste. The microstructure of the slag-
containing paste involves small non-reacted slag particles, which can
be simply recognized by their light gray color under the mode of
backscattered secondary electrons of themicroscope. Fig. 15 represents
a SEM image of non-reacted slag particles embedded in the hydration
products. These non-reacted slag particles, which are responsible for
microstructural defects and loss of strengths are due to the presence
of non- or very low reactive phase, gehlenite, in the silicomanganese
slag. The results obtained from EDAX elemental analysis are helpful to
characterize these non-reacted slag particles. Fig. 16 represents a SEM
image from a non-reacted slag particle present in the microstructure
of 120-day cured paste specimen and the line considered for EDAX
elemental analysis across the slag particle and the adjacent paste. The
elemental profiles obtained for manganese and aluminum are shown
in Figs. 17 and 18, respectively. As seen, the elemental composition of
the slag particle is highly rich in both manganese and aluminum com-
pared to the adjacent paste. These two elements originate from slag
and its non-hydraulic phase, gehlenite, respectively.

Neglecting the non-reacted slag particles, slag containing pastes
cured for 7 and 120days showed similar microstructural morphologies
compared to control pastes. Figs. 19 and 20 show SEM images frommi-
crostructures of both slag-containing and plain cement pastes after 7
and 120 days of curing, respectively. AS seen, after 7 days of curing the

Fig. 17. Manganese concentration profile along the line shown in Fig. 16.

Fig. 18. Aluminum concentration profile along the line shown in Fig. 16.
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microstructures are composed of early age hydration products around
cement and slag particles along with hexagonal Portlandite crystal
and finely distributed very small needle-like ettringite crystals. After
120 days of curing, ettringite crystals disappeared and more compact
microstructures are developed.

4. Conclusions

The air-cooled silicomanganese slag with a silico-alumino-calcium
composition (SiO2+Al2O3+CaON82) and acidic character exhibits rel-
atively low tomoderate pozzolanic and latent hydraulic properties. The
main crystalline phase of the material is gehlenite with very poor or
non-hydraulic properties. The results obtained show that replacement
levels up to 35% do not significantlymodify the setting times. The blend-
ed cements fulfill all the chemical requirements of the standard specifi-
cation and do not exhibit any volume instability. The loss of mechanical
strengths for replacement levels up to 15% is limited to about 10% for 3,
7 and 28days of curing. Mechanical activation or raising Blaine fineness

to higher values effectively increases the strengths andmakes it possible
to cover the ASTM optional standard limit for 28-day compressive
strength with replacement levels up to 35%.
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