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Mechanically activated granulated blast furnace slag (GBFS) was used in the range of 50-95% to replace
clinker in portland slag cement (PSC). The slag and clinker were activated separately using an attrition
mill and mixed to prepare cement formulations. Use of activated slag resulted in a remarkable increase
in strength vis-a-vis commercial slag cement. Both 1-day and 28-day strength were found to increase
with an increase in slag content up to 70%. The strength of the sample containing 80-85% slag was com-
parable to the commercial cement used as a reference. It was observed that mechanical activation of slag
was more critical from the point of view of strength development. The hydrated cement samples were
characterised using powder X-ray diffraction (XRD), scanning electron microscopy with X-ray microanal-
ysis (SEM-EDS) and simultaneous thermogravimetry and differential thermal analysis (TG/DTA). It is
established that microstructural changes resulting from enhanced reactivity of slag and densification
are related with the improvement in cement strength.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Granulated blast furnace slag (GBFS) is the by-product of iron
making process and is produced by water quenching of molten
blast furnace slag. For its use in blended cements, GBFS is ground
to improve its reactivity during cement hydration. The main con-
stituents of GBFS include CaO, SiO,, and Al,Os. In addition, it con-
tains small amount of MgO, FeO, and sulphide as CaS, MnS, and FeS.
Slag shows primarily cementitious behaviour (latent hydraulic
activity) but may show some pozzolanic character (reaction with
lime) as well. The activity of GBFS is determined by the quantities
and the properties of amorphous glass, as well as the chemical
compositions.

Use of GBFS as cement replacement in concrete is a common
practice due to technological, economic, and environmental bene-
fits. Enhancement in mechanical properties and resistance to scal-
ing and chloride ion penetration was reported when GBFS used in
binary and ternary blended cement concretes and hydrated for 28
days or more [1,2]. Worldwide, the use of large volume of slag in
blended cements has attracted significant research attention [3-
5]. The replacement of cement clinker by GBFS usually results in
lower early strength and longer setting times, and restricts the
use of large proportion of slag in portland slag cement (PSC). Fine
grinding and mechanical activation [6,7] was suggested to improve
the reactivity of the blended cement constituents [8-10]. Fine
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grinding leads to generation of larger surface area, whereas
mechanical activation results from combined effect of particle
breakage (surface area) and other bulk and surface physicochemi-
cal changes, dislocations and other defects induced by the milling
[3,4,7]. Due to enhanced reactivity, the resulting cement and/or
concrete exhibits improved strength and setting properties [8-
11]. Various types of milling devices were tried for the mechanical
activation of cement constituents [8-13]. The merit of attrition
mills for the mechanical activation of cement constituents was rec-
ognized [9,10]. Attrition mills, also known as stirred ball mills, agi-
tator beads mills or agitator mills have emerged as efficient milling
devices for fine grinding and production of narrow size distribution
in the milled products [14-19]. In contrast to conventional ball
mills, these mills are equipped with a stationary shell and a
high-speed rotor for stirring the grinding media, which, in turn,
are significantly smaller in size than the conventional ball mill
but occupy a larger volume fraction [16]. High efficiency of these
mills result due to smaller size grinding media (2 to <0.5 mm)
and high agitator speed (may go up to few thousand rpm). While
smaller size of media provides larger contact surface between the
media and material being ground (high stress number), higher agi-
tator speed gives rise to greater kinetic energy of the media (stress
intensity) [15,18].

Recently, we made a striking observation that complete
hydration of the slag is possible without a chemical activator
if the slag is mechanically activated in an attrition mill [20].
The slag that was attrition milled in our laboratory for about
30 min or more was found to hydrate completely after 28 days,
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without any chemical or clinker addition. Based on these obser-
vations, we have carried out studies on the use of high volume
attrition milled slag in blended cements. In the present work,
attrition milled slag were used up to 95% to replace clinker in
portland slag cement. The results are compared with industrial
cement prepared with the same basic raw materials (clinker,
slag and gypsum) as used in the present study. The hydrated ce-
ment samples are characterized to elucidate the effect of
mechanical activation on the hydration process and evolution
of microstructure.

2. Materials and methods

Granulated blast furnace slag sample from one of the integrated
steel plants in the state of Chattisgarh (India) was used. The chem-
ical composition of the slag (in wt.%) was as follows: SiO, - 33.1,
Al,03 - 21.6, Fe;03 - 0.87, Ca0 -33.0, MgO - 8.85. Basicity of slag,
defined as [(CaO +MgO + Al,03)/Si0,] and [(CaO+MgO +1/
3Al,03)/Si0; + 2/3Al1,05)], was 1.9 and 1, respectively. The glass
content of the slag was 93%. Powder X-ray diffraction studies
showed that the only crystalline phase present in the slag was
gehlenite (C,AS) [21]. The crystallisation temperature of the slag
was 915 °C. The slag was characterised by a median particle size
(Xs0) of 89.8 pm and, its density was 2.88 g/cm?>.

The cement clinker from one of the cement plants in the state
of Chattisgarh (India) was used. The chemical composition of the
cement (in wt.%) was as follows: SiO, - 21.34, Al,03 - 5.92, Fe,03
- 2.89, Ca0 - 62.75, MgO - 2.16. Quantitative X-ray powder dif-
fraction phase analysis based on Rietveld method [22] using
SIROQUANT™ software developed by CSIRO, Australia indicated
following mineralogical composition of the clinker: C3S - 60.6%,
CS - 21.9%, C3A - 11.1% and C4AF - 6.4% (C=Ca0, S=SiO,,
A= A1203, F= Fezog).

The commercial portland slag cement (labelled as IC-A in subse-
quent description) containing 40% slag, 55% clinker and 5% gypsum
was used as a reference sample. The slag and clinker in this cement
was the same used for the study.

Attrition milling was carried out using NETZSCH (Germany)
attrition mill (Model: PE-075). Milling of slag was done for 3, 5,
10, 15, 30, 45 and 60 min at 1000 rpm using 2 mm diameter steel
balls. SHIMADZU centrifugal particle size analyser was used to
determine the particle size distribution. The milled slag samples
were also characterised in terms of Zeta potential using Laser Zee
meter (Modal 501, Pen Kem, USA). Based on exploratory studies,
the GBFS after 10-min attrition milling was used for blended ce-
ment formulation and testing. GBFS and clinker were attrition
milled separately for 10 minutes and then mixed. 5% gypsum
was added in all the cases. The cement samples were prepared
with increasing amount of slag and labeled as AMCXS (where
AMC means attrition milled clinker, and XS indicate % of attrition
milled slag). Sample containing ball milled clinker and 50% attri-
tion milled slag (sample label BMC50S) were also prepared to
study the effect of clinker fineness.

The compressive strength was tested on 25 x 25 x 25 mm
cubes after 1, 3, 7 and 28 days. The ‘cement to aggregate ratio’
and ‘water to cement ratio’, 3 and 0.5, respectively, was maintained
constant for all the samples. The hydration of the samples was
stopped by repeated washing and immersing in isopropyl alcohol
for 1 h and air drying. The hydration of cement phases was studies
using powder X-ray diffraction (XRD) technique. XRD patterns
were recorded on a Siemens D500 Diffractometer. Microstructural
characterisation of the samples was done using scanning electron
microscope (JEOL 840 SEM with Kevex EDS detector). The samples
were also subjected to thermal analysis by SEIKO simultaneous TG/
DTA (Model No. 320, Sensitivity = 1 ug).

3. Results and discussion
3.1. Mechanical activation of slag in attrition mill

The milled slag samples were characterized by isolated angular
slag particles. The variation in median size (Xso) and Zeta potential
of the slag milled for different time up to 60 min is given in Fig. 1. A
sharp decrease in the median size (Xs50) from 85.3 to 14.2 pm is ob-
served during initial stage of milling up to about 5 min. The sharp
decrease in size is followed by a moderate decrease in size, typi-
cally the value of X509 was found to be 9.1 after 15 min. The de-
crease in size after about 15 min is very slow (Xso = 3.9 um after
60 min milling). The milling of slag not only results in particle
breakage but possibility exists for the bulk and surface activation
of the slag. The technique employed for structural Characteriza-
tion, i.e. XRD, did not detect any change in the bulk structure. Char-
acteristic variation in the Zeta potential was observed indicating
possibility of surface activation/alteration during the milling. Low-
est value of Zeta potential -29 to —-30 mV was observed for the
samples milled from about 5-15 min. Based on this observation,
a 10 min milled slag was used for blended cement formulations.

3.2. Cement formulations based on mechanically activated slag and
clinker

Fig. 2 shows the variation in compressive strength with hydra-
tion time for the blended slag cement samples AMCXS (XS =50,
60,...,95), commercial cement sample IC-A (40% slag) and pure
clinker (without any gypsum). Unlike the earlier studies, where ce-
ment containing ball milled slag typically shows strength reduc-
tion at early ages (7-20 days), early strength (3 and 7 days)
increased in AMCXS samples containing 50-70% mechanically acti-
vated slag [23]. A significant increase in the 1 day strength was ob-
served due to mechanical activation. Similar observation was
reported when 45% blast furnace slag was used in the mechanically
modified cement [24]. The improvement in the strength became
less pronounced with an increase in replacement level. The 1 day
strength was higher than the commercial sample for all replace-
ment levels up to 95%. Similarly, the 3 and 7 days strength was also
higher for AMCXS samples than IC-A except for the sample con-
taining 95% slag (i.e. AMC95S). It is interesting to note that the
28 day strength increased with an increase in slag content up to
70% slag. The 28 day strength of AMC70S was ~2 times higher than
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Fig. 1. Variation in median size (Xso) and Zeta potential of the slag after different
milling time.
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Fig. 2. Variation in compressive strength with hydration time for the AMCXS
samples (X = 50-95% activated slag) and IC-A (40% slag).

the commercial cement (IC-A). The 28 day strength begins to de-
crease with an increase in slag content beyond 70%. The 28-day
strength for AMC80S and AMC85S is higher than IC-A. However,
AMC95S showed a lower strength than IC-A.

3.3. Role of clinker fineness

Two types of blended cement formulations were prepared using
(a) fine attrition milled clinker (Xso = 3.6 um), and (b) coarse ball
milled clinker (Xso=55.2 um). The formulation, AMC50S and
BMC50S contained attrition milled slag (Xso = 5.7 pum). Fig. 3 shows
the variation in compressive strength of cement with time for
AMC50S and BMC50S. The strength at all times is comparable for
AMC50S and BMC50S, indicating that clinker fineness is not critical.

3.4. Characterization of hydrated cement samples

3.4.1. X-ray diffraction studies
The analysis of XRD patterns (Fig. 4) of 1 and 28-day hydrated
blended cements, AMC50 and IC-A, indicated presence of Quartz,
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Fig. 3. Variation in compressive strength of cement with time for AMC50S and
BMC50S.

Ettringite, Alite (CsS), Belite (C,S), Gehlenite (C,AS) and portlan-
dite (CH) phase. The variation in the characteristic peak of C3S
at ~0.304 nm and CH at 0.492 nm were examined in detail to
monitor the progress of hydration. C3S was consumed in the
hydration reaction. The peak at 0.304 nm, which corresponds to
strongest line of C3S, decreased in IC-A due to its consumption
during hydration from 1 to 28 days. However, a reverse trend
was observed in the case of AMC50S. In order to find a possible
explanation, the hydration of attrition milled slag was studied
using XRD. Fig. 5 shows the XRD pattern of the unmilled granu-
lated slag and attrition milled slag (5 and 10 min) after 28 days
of hydration in water. The broad and diffuse background peak
with maxima around d~ 0.30nm in the hydrated sample of
non-activated slag is the result of the short-range order of the
Ca0-Si0,-Al,05-MgO glass structure from unreacted slag [25].
Presence of C-S-H phases at 0.304 nm was similar to the one pro-
duced during the hydration of calcium silicate phases (CsS and
C,S) [25,26]. In addition to the common C-S-H phases, the forma-
tion of a-C,SH was observed in the hydration product of mechan-
ically activated slag, characterised by the strongest d-spacing of
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Fig. 4. XRD patterns of IC-A and AMC50S after hydration for 3 and 28 day.



682 S. Kumar et al. / Cement & Concrete Composites 30 (2008) 679-685

e
@)

WN:T.WWWJ P\J

® CSHGCel
QO o-CSH

B Tobermorite

®
2 Yo @
A e W L
£ Ui J 1% %‘ww«ﬁum, 10 min milled slag
WWW ! M‘Lw M W”W{"mem
M Ao, 5 rrin milled slag
- M Wit
88 § i
TT |° MWW‘» unmilled slag
L DL R . ' T
20 30 40 50 60 70 80
20, degree CoKot

Fig. 5. XRD patterns of the unmilled granulated slag and attrition milled slag after 28 day hydration.

0.327 nm [27,28]. This means that the peak at 3.04 A cannot be
used alone to monitor the consumption of C3S in the sample
AMC50S. Alternatively, we used the 0.277 nm line of C3S for mon-
itoring the hydration. The relative intensity [I/Iquartzmax)] Of
0.277 nm line of C3S followed the following order IC-A > AMC50S
indicating that CsS is consumed faster in the attrition milled sam-
ples than the commercial cement sample. This may be due to the
finer slag particles which acted as nucleating agents for the for-
mation of C-S-H and accelerated the hydration process. Unlike
the unmilled slag, the mechanically activated slag was found to
hydrate significantly depending upon the milling time. In sharp
contrast to unmilled slag, the hydration product of milled slag
was crystalline in nature and its crystallinity increased with an
increase in milling time [20].

Hydration of C3S and C,S resulted in the formation of CH. CH
formed during hydration reaction may be consumed in the hydra-
tion of slag. Thus, the intensity of characteristic peak of CH can be
used as a measure of the reactivity of the slag; higher peak inten-
sity signifying lesser consumption of CH and in turn, lesser reac-
tivity of the slag. The CH peak intensity at 0.492 nm in AMC50S
was lower than the IC-A after 1 and 28 days. This indicates the
following: (a) the consumption of CH begins much earlier in the
attrition milled samples than in the commercial sample; and (b)
higher reactivity of slag in AMC50S due to mechanical activation
resulting in greater consumption of CH. Higher reactivity of slag
was also indicated by the background in XRD pattern that is
attributed to the presence glass in the slag. It may be noted that
the background was more pronounced in IC-A than AMCS50S,
especially after 1 day hydration, indicated greater amount of
unreacted slag in IC-A.

3.4.2. Thermal analysis

Fig. 6a and b show the TG/DTA plots of AMC50S and IC-A sam-
ple, respectively, after 3 and 28 day hydration. Although the DTA
plots of AMC50S and IC-A varied significantly from each other, gen-
erally, five distinct regions were observed for both the samples:

1. Region I up to 140 °C - this region was attributed to the dehy-
dration of free water from hydrated cement matrix [29-32].

2. Region II from about 140-400 °C - this was the main tempera-
ture region of decomposition of cement hydration product
(CSH, CAH, AFt and AFm phases) [29-32].

3. Region III from about 400-500 °C - this was the temperature
region of decomposition of CH [29,30,32,33].

4, Region IV from about 500-750 °C - this region corresponds to
decomposition of carbonate, hydrated aluminate and final stage
of decomposition of C-S-H phases [29-33].

5. Region V above 750 °C - this was reported to be the region of
recrystallisation of new phases arising from hydrated cement
minerals [31-33].

In the DTA curve, the peak intensity in case of AMC50S was
more pronounced at 441 and 574 °C in 3 day hydrated sample,
which indicates that rate of early hydration. In IC-A, the peak
intensity was almost similar in both 3 and 28 day hydrated sam-
ples. Weight loss corresponding to the decomposition of CH was
determined from the TG plots. The weight loss was found to be
0.97% and 1.55% for the IC-A sample after 3 and 28 days of hydra-
tion. The weight loss for AMC50S was lower than IC-A, 0.88 and
0.91% after 3 and 28 days, indicating presence of lower amount
of CH in the AMCS50S. These results were consistent with the
XRD results on CH in the AMC50S and IC-A.

3.4.3. Microstructural characterisation by SEM

Figs. 7 and 8 show typical SEM micrographs of hydrated cement
samples. Largely, non-reacted slag particles, embedded in the
hydrating clinker phase, were observed in IC-A after one day of
hydration (Fig. 7a). Only after three days early signs of slag hydra-
tion were observed in IC-A. In contrast, formation of C-S-H gel in
AMC50S was observed after one day indicating greater reactivity
of slag due to mechanical activation. (Fig. 7b). Appearance of large
portlandite crystals as thick as 20 um could be observed in
AMCS50S after one day of hydration indicating significant hydration
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Fig. 7. SEM micrographs showing (a) mostly non-hydrated slag in IC-A after 1 day hydration, (b) hydrating slag in gel matrix in AMC50S after 1 day hydration, (c) large size
portlandite crystal in AMC50S after 1 day hydration, and (d) columnar portlandite crystals in IC-A after 28 days hydration.

of calcium silicate phases and early formation of CH (Fig. 7c). Such
big crystals of portlandite were not observed in IC-A. However,
columnar crystals of portlandite are found after 28-days (Fig.
7d). The gel present in 28 days hydrated sample of IC-A had a hon-
eycomb structure (Fig. 8a). The structure of gel phase formed in
the sample containing mechanically activated slag was complex
(Fig. 8b and c). Further, it was found that the structure of the sam-

ple containing mechanically activated slag becomes denser with
increasing content of slag as shown for the AMC50S and AMC60S
in Fig. 8b and c, respectively.

SEM-EDS studies revealed that in addition to Ca and Si as major
elements, the hydration phases contained significant amounts of
elements such as Mg and Al. Hence, we choose to calculate the
[(Ca+ Mg)/(Si+ Al)] ratio along with the Ca/Si ratio. The typical
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Fig. 8. Hydrated cement samples showing gel phase: (a) honeycomb structure of gel in IC-A after 28 day hydration, (b), (c) gel phase in AMC50S and AMC60S. AMC60S shows

denser microstructure than AMC50S.

average molar Ca/Si ratios observed in IC-A after 48 h of hydration
was 2.36, whereas the [(Ca+Mg)/(Si+Al)] ratios in case of
AMC50S and AMC60S was 1.73 and 2.56, respectively. These ratios
appear to be broadly in line with the phases identified by XRD.

3.4.4. Microstructure and properties

The strength development in all the tested cement samples,
AMCS50S and IC-A, is expected to depend on: (a) the hydration
of clinker phases, (b) hydration of BF slag that has latent hydrau-
lic activity and may also show pozzolanic character, (c) interac-
tion(s) between the hydration of cement phases and slag.
Overall the process of hydration and strength development is ex-
pected to be quite complex. Possible explanation for strength
development is presented below in terms of reactivity of the con-
stituents, evolution pattern of microstructure in different sam-
ples, porosity, etc.

XRD studies have indicated that tricalcium silicate phase in
attrition milled samples (AMC50S) has higher reactivity than in
commercial cement sample (IC-A). Based on the XRD and TG/DTA
studies on hydrated cement samples, slag reactivity is also found
to be higher in AMC50S than in IC-A. Thus, higher strength of ce-
ment containing the attrition milled slag may be correlated with
the enhanced reactivity of slag particles. This is further supported
by the strength attainment in cement containing very high volume
of slag, which is developed due to enhanced hydraulic reactivity.
Other factors which contributed in the strength development are
the filler effect and pozzolanic effect of slag. The early consumption
of CH gives an indirect indication of enhanced pozzolanic reactivity
of slag. Important variables affecting solid reactivity include parti-
cles size (or surface area), state of aggregation, shape, defects etc.
The Xs0 of AMC50S is 4.7 um, is higher than IC-A that is character-
ised by a X5 value of 16.3 pm. Attrition milling is also found to
result in angular particles with little or no aggregation. Thus,

higher reactivity of attrition milled samples may be ascribed to a
combined effect of lower particle size, angular shape and particles
free from aggregation. The improved early strength development
in AMC50S vis-a-vis IC-A may be related to the higher reactivity
of cement phases and slag.

4. Summary and conclusions

This paper has presented results on the properties and micro-
structure of portland slag cement based on mechanically activated
constituents, namely clinker and granulated blast furnace slag. The
emphasis is on the activation of slag. An attrition mill is used for
mechanical activation. The milling time for the slag is selected
based on the particle size distribution and Zeta potential. The main
conclusions of the study are

1. Mechanical activation of the slag has a beneficial effect on the
early strength development. Low early strength development
has been a major handicap in increasing the proportion of slag
in conventional portland slag cement.

2. In the PSC prepared using mechanically activated clinker and
slag, it was found that up to 85% replacement of clinker by slag
is possible without impairing the strength vis-a-vis a commer-
cial cement containing 40% slag of the same origin.

3. Unlike the ball milled slag, where strength decreases at early
ages, both 1-day and 28-day strength increased with increasing
amount of activated slag up to 70%

4. The fineness of the slag was found to be more critical than that
of the clinker from the point of view of strength development.

5. Mechanical activation results in following changes in the evolu-
tion of microstructure during the hydration
(a) increased hydration of C3S in clinker and hydration of

slag due to the increase in its reactivity;
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(b)  early formation and consumption of CH; and
(c)  more compact structure with increasing levels of the slag.
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