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ABSTRACT

This article reports the characteristics of blast furnace slag (BFS) pastes activated with hydrated lime (5%)
and hydrated lime (2%) plus gypsum (6%) in relation to compressive strength, shrinkage (autogenous and
drying) and microstructure (porosity, hydrated products). The paste mixtures were characterized using
powder X-ray diffraction (XRD), mercury intrusion porosimetry (MIP) and thermogravimetric analysis
(TG/DTG). BSF activated with lime and gypsum (LG) results in larger amounts of ettringite when com-
pared with BFS activated with lime (L). Although the porosities of the L and LG mixtures were about
the same, there was a greater pore refinement for the BFS activated with lime, with an increase in
mesopores volume with age. The presence of ettringite and the higher volumes of macropores cause
the compressive strength of BSF activated with hydrated lime plus gypsum to be smaller than that of
BFS activated with lime. For both chemical activators, compressive strength developed slowly at early
ages. Autogenous and drying shrinkage were greater for the BFS activated with lime, believed to result
from the more refined porous structure in comparison with the mixture activated with gypsum plus lime.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The development of new materials and technologies that
incorporate residues has become an important industry goal
and among the various residues under study, blast furnace slag
(BFS) plays a very important role. Moreover, even though the Bra-
zilian cement industry consumes a significant amount of BFS,
there is still a great volume available for use as an alternative bin-
der. According to the Brazilian Steel Institute, the annual produc-
tion of pig iron in Brazil increased significantly, 35% in the last
5 years, reaching around 34 million tons in 2008. According to
this data, it is estimated that the amount of blast furnace slag
generated in the production of pig iron is around 10 million tons
per year. Since, approximately, 70% of this amount is being used
by the cement manufactories to produce different types of Port-
land cement, only in Brazil around three million tons per year
of slag are still available for other applications, including the pro-
duction of slag cements. As it is known, BFS needs to be chemi-
cally or mechanically activated in order to hydrate into a
hardened and durable material [1-6]. Currently, the activation
of slag by sodium silicate is that most frequently studied because
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the obtained BFS cement achieves higher and faster compressive
strengths, compared with that of ordinary Portland cements
(OPC) [7-10]. However, there are some applications where early
strength development is not always required. For instance, in
the production of vegetal fiber composites, one of the main as-
pects is the degradation of the fibers due to the matrix [11-13],
resulting in a lower mechanical performance of the material. Blast
furnace slag activated with hydrated lime or gypsum with lime
[14,15], produces a lower alkalinity of the pore water compared
to that of OPC or BFS activated by sodium silicate [16,17]. The
advantage of this alternative binder over Portland cement was
evidenced by a study of panels produced using mortar reinforced
with coconut fiber; the binder was BFS activated by 2% lime and
10% gypsum [18]. After 12 years, the fibers remained undamaged,
as it was observed by scanning electron microscopy (SEM) analy-
sis. Other application would be in the concreting of massive
structures, e.g. concrete dams, as the heat of hydration for the
gypsum and for the lime activated gypsum systems tend to be
smaller than that of the OPC or BFS activated by sodium silicate.
The object of the present work was to determine the effects of
hydrated lime and hydrated lime plus gypsum on the activation
of BFS cements, particularly in relation to their mechanical prop-
erties, heat of hydration, microstructure and drying and autoge-
nous shrinkage.
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2. Experimental
2.1. Materials and mix proportion of mortars and pastes

The granulated blast furnace slag was supplied by Companhia
Sidertirgica de Tubardo, with a basicity coefficient of
Kb = (Ca0 + Mg0)/(SiO, + Al,03)=1.21. The slag consisted of
99.5% glass with an amorphous halo angle of around 26 = 30°
and crystalline compounds, namely gehlenite and merwinite
(Fig. 1). The BFS chemical composition and physical characteristics
are shown in Table 1. The aggregate used was quartz sand (den-
sity = 2.62 g/cm?®) composed of four equal proportions of the frac-
tions sieved (Table 2).

Mortar samples were prepared with a mass proportion of
cementitious binder:sand:water of 1:2:0.48, while the paste sam-
ples were prepared with a mass proportion of 1:0.48. The cemen-
titious binder corresponds to the total mass of slag and activators:
(a) activator L - hydrated lime (5%, by slag mass); (b) mixed acti-
vator LG - hydrated lime (2%, by slag mass) plus gypsum (6%, by
slag mass). Tables 3 and 4 show, respectively, the chemical compo-
sitions of hydrated lime and natural gypsum as determined by
chemical and thermogravimetric analysis.

313
2.2. Testing methods

Changes in hydrated compounds and microstructure due to the
evolution of hydration were determined in paste samples prepared
with a water/binder ratio of 0.48. The arrest of hydration took place
by freezing the samples in liquid nitrogen, followed by lyophiliza-
tion for the removal of water. For each mixture, samples were
prepared at the hydration ages of 1, 3, 7, and 28 days. Thermogravi-
metric curves were obtained using a NETSZCH TG 209-C thermobal-
ance, at a heating rate of 10 °C/min under a nitrogen atmosphere
with a gas flux of 30 ml/min. For this test, samples were first
ground, and only the particles retained by the sieves sized between
75 um and 150 pm mesh, were used.

Pore size distribution was determined by using a Micromeritics
Autopore 111 9410 porosimeter under pressures ranging from zero
to 414 MPa. The assumed surface tension of the mercury was
0.485 N/m at 25 °C (ASTM D 4404-84). The density of the mercury
was 13.5413 g/ml and the assumed contact angle 130°. For the cal-
orimetry tests, samples of paste were prepared by mixing 20 g of
slag and water + activator in a plastic bag before being immedi-
ately transferred to a JAF Wexham conduction calorimeter at
20 °C. As the mixture was prepared outside the equipment, the
wetting peak could not be determined.

Nine mortar prisms of 25 x 25 x 285 mm were cast for each
binder and for each type of shrinkage test, drying and autogenous.

500 Blast furnace slag Chemical species Symbols Length and mass evolutions were determined according to ASTM
“G"zm““::‘i‘; ; C490, at the ages of 1, 2, 3,4, 5,6, 7,9, 11, 14, 21 and 28 days.
Calcium carbonate c To avoid moisture evaporation during the autogenous shrinkage
Akermanite Ar test, all prisms were wrapped in two layers: the first one, a plastic
£ 4007 Quartz Q sheet, and then an outer layer an aluminum foil, sealed with alumi-
é Q | num tape. The maximum moisture loss recorded was 0.2% after
c . 56 days. The prisms were demolded over a 24 h period for autoge-
‘\I W W‘W wrc Lo o nous and drying shrinkage and immediately stored in a dry room
200 '\‘W"!W J”’M Ar at a constant temperature of 24 °C and 50% RH. The maximum rise
g in temperature of the specimens (measured by inserting type K
b thermocouples into dummy specimens) due to heat released dur-
o ing hydration was 3 °C. All drying and autogenous shrinkage re-
10 20 30 40 50 60 sults were corrected to account for the effects of temperature
Fosition ["2Theta] considering a thermal expansion coefficient equal to 15 x 1075/°C
Fig. 1. X-ray diffractogram of the blast furnace slag. [9]. The compressive strength was measured according to BS EN-
Table 1
Blast furnace slag physical characteristics and chemical composition.
Physical characteristics
Density: 2.88 g/cm® — Volume fraction (%) --== Cumulative volume (%)
Blaine finesses: 500 m?/kg 10 - 100
Specific surface area (laser granulometry): 493 m?/kg 94 90 &
— ; =
Average particle diameters ® 8T + 80 =
D1o=2.22, Dso = 11.88, Dog = 32.46, D43) = 15.02, D35 = 4.59 = i . 170 E
Chemical composition (%) é 6T ! T 60 ";"
Ca0 4420 TiO, 059 g5T ms0 =
Si0, 3250 Fe,0s 0.53 =aar 40 2
AL,0; 10.10 MnO 045 g 31 T30 E
Mg0 745 K0 037 il Dle T20 =
SO, 241 1Ol 095 B i + 10 E
0 HHHt —t—+HH- O
0.1 10.0 1000.0
Particle Diameter (mm)
Table 2
Percentage by weight corresponding to sand granulometry fractions (mm).
>4.8 mm 4.8-2.4 mm 2.4-1.2 mm 1.2-0.6 mm 0.6-0.3 mm 0.3-0.15 mm <0.15 mm
0 0 25 25 25 25 0
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Table 3
Hydrated lime chemical composition.

Compound Weight percent
Ca(OH), 91

Mg(OH), 0.56

CaSO4 0.49

CaCO5 5.60

SiO, 1.50

Al,05 + Fe,03 0.89

Free water 0.36

(Ca0 + Mg0) 92

Table 4

Natural gypsum chemical composition.

Compound Weight percent
CaS04-2H,0 88.90
CaS04 7.12
CaCO; 1.54
MgCO; 0.42
MgO 0.16
SiO, + Al,05 + Fe,04 0.84

196, at the ages of 1, 3, 7, 14, 21, 28 and 56 days. Six mortar cubes
of 4 x 4 x 4 (cm) were cast for each binder and demolded after
24 h of curing and then stored in a room at a constant temperature
of 24 °C and 100% RH until testing age.

3. Results and analyses
3.1. Hydration evolution heat

Fig. 2a shows the profile of cumulative heat evolution during
the first 72 h. The LG mix has a greater cumulative heat than that
of L mix which occurs due to the formation of ettringite and its
subsequent transformation in monosulfoaluminate; the presence
of both confirmed by X-ray diffraction (XRD) [16-18]. Fig. 2b pre-
sents kinetic reaction curves. The first peak is an indication of the
early dissolution of the slag and almost an absence of induction
period. The second one occurs around 12 h for both mixes, but it
is higher for the LG mix due to the formation of ettringite. The third
peak, occurring at around 30 h, and only for the LG miX, is attrib-
uted to the transformation of ettringite into monosulfoaluminate
[19]. The total heat released at 72 h observed in the slag activated
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by lime (80 kJ/kg) or with lime plus gypsum (90 kJ/kg) is much
smaller than that observed in an ordinary cement Portland, around
300 kJ/kg [9,20]. This fact confirms the possibility of using this type
of cement in massive gravity concrete dams.

3.2. Thermogravimetry analyses

In both mixtures, the results of thermogravimetry analysis
(TGA) (Figs. 3a and 4a) show that mass loss increases with the
age of hydration reactions. In the L mixture (Fig. 3b), the results
indicate a mass loss peak between 30 °C and 220 °C that is attrib-
uted to C-S-H (I) and aluminate phases. There is also a mass loss
peak related to the decomposition of uncombined calcium hydrox-
ide between 375 °C and 500 °C, and the occurrence of a mass loss
peak due to the decomposition of uncalcined calcium carbonate
from hydrated lime, at temperatures near 700 °C.

The LG mixture presents an expressive loss of mass between
30°C and 220 °C (Fig. 4b) related to the decomposition of ettring-
ite, at around 100 °C [19], and C-S-H. A smooth mass loss peak re-
lated to the decomposition of the aluminate phases (hydrotalcyte,
AFm) appears between 275 °C and 420 °C, and the occurrence of a
mass loss peak due to the decomposition of calcium carbonate was
observed at temperatures around 700 °C. The main difference be-
tween the L and LG mixes was a profuse formation of ettringite
[16-18,21] in the LG mixture, which affected its mechanical prop-
erties. Another difference is related to the calcium hydroxide peak
that is not observed in the slag activated by lime plus gypsum. The
absence of calcium hydroxide peak in the LG mixture is attributed
to its consumption by the hydration reactions and also by its smal-
ler utilized amount (2%) compared to that used for L mixture (5%).

3.3. Porosity

In Fig. 5a, the cumulative curves of pore size distribution show a
refinement of the pores in relation to hydration time for the L mix-
ture. This mixture presents a higher volume of pores in the mesop-
ores interval (Fig. 5b-d) that directly affects its mechanical
properties, mainly compressive strength and shrinkage. The
amount of large mesopores (Fig. 5b—d) remains almost constant
over the time, however there is a more intense refinement of the
pore structure in 28 days, resulting in an increase of the amount
of small mesopores. The porosity characteristics of this mixture
are attributed to the hydration development over the time and to
the main hydrated products formed, C-S-H, and added calcium
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Fig. 2. Cumulative heat of hydration (a) and heat evolution rate (b) of slag cement.
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Fig. 3. TG (a) and DTG (b) curves of L mixture in 1, 3, 7 and 28 days.
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Fig. 5. Porosity (a), incremental pore size (b), porosity distribution (c) and percentile frequency of L mixture in 1, 3, 7 and 28 days.
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hydroxide. Because ettringite is not formed when slag is activated
by lime, it is reasonable to suppose that the presence of ettringite is
related to pore structure behavior of the slag activated by lime plus
gypsum when compared with the slag activated by lime only.

Regarding the incremental pore volume, it is observed that the L
mixture showed a bimodal profile at all ages studied, with a peak
between the diameters of 100 nm and 10,000 nm and a peak lo-
cated between the diameters of 1 nm and 100 nm (Fig. 5b). The
LG mixture presents a unimodal curve profile with a peak located
between the diameters of 100 nm and 10,000 nm (Fig. 6b). The LG
mixture reveals a higher porosity (Fig. 6a) and a greater frequency
of pores out of the mesopores interval than the L mixture (Fig. 6b-
d). Therefore, according the results it is evident that the LG mixture
porosity is less refined than the L mixture with water. This differ-
ence is due to the nature of the hydrated products in LG, formed
with a greater content of ettringite, causing an increase in porosity
and a more open matrix [22], different from the L mixture. The
pore size distribution associated with hydrated product nature
explains the compressive strength and shrinkage differences
between the slag activated by lime and activated by lime plus
gypsum.

3.4. Compressive strength

The compressive strength of the L mixture was greater than that
of LG (Fig. 7); however, the LG mixture presents greater mass loss
in the range regarding C-S-H and ettringite content, as shown by
thermogravimetric results. The nature of the hydrated products ex-
plains this: the main hydrated products for the L mixture are C-S-
H and portlandite, while for LG they are C-S-H and ettringite, of
which there is a significant amount. Therefore, in the LG mixture,
the mass loss between 30 °C and 220 °C is mostly attributed to
the dehydration of ettringite. Another important contribution to
the greater compressive strength of the L mixture is the pore size
frequency situated in the mesopores range. With the same total
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Fig. 7. Compressive strength of L mixture and LG mortars.

pore volume, the L mixture has around 57% more mesopores than
the LG mixture.

3.5. Drying and autogenous shrinkage

The plotted curves in Figs. 8 and 9 correspond to the average
drying and autogenous shrinkage results of nine replicate speci-
mens for each mix. The cumulative drying and autogenous shrink-
age for the L mixture is greater than in the LG mixture. In both
mixtures, most of the total drying and autogenous shrinkage takes
place. When comparing activation using hydrated lime plus gyp-
sum (LG mixture) with activation using hydrated lime (L mixture)
results in a decrease of total porosity and an increase in mesopores
volume which is directly related to the increase of shrinkage due to
self-desiccation.
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Fig. 6. Porosity (a), incremental pore size (b), porosity distribution (c) and percentile frequency of LG mixture in 1, 3, 7 and 28 days.
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Fig. 9. Autogenous shrinkage of L and LG mortars.

The L mixture produced nearly twice as much drying shrinkage
as the LG mixture, which can be explained by porosity and nature
of the hydrated products. Fig. 10 presents the evolution of mass
changes during the drying shrinkage testing. Most of the water
present in the LG and L mortars was not chemically combined to
the hydration products in the early ages, being lost due to evapo-
ration (Fig. 10) and, consequently, caused drying shrinkage. The
amount of water evaporation in the LG mixture was similar to that
observed for the L mixture, however, the LG mixture presents a
greater volume of macropores, generating less capillary pressure.
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Fig. 10. Mass change of L and LG mixtures.

4. Conclusions

The main conclusions of this study are:

- The cumulative heat from hydration for the slag activated by

lime and gypsum (LG) was greater than for slag activated by
lime only (L), due to the formation of ettringite and its subse-
quent transformation in monosulfoaluminate. However, the
results obtained in both mixtures are lower than those reported
by ordinary Portland cement.

- Thermogravimetric analysis revealed a higher mass loss for slag

activated by lime and gypsum (LG) between 30 °C and 220 °C,
mostly attributed to the dehydration of ettringite. The slag acti-
vated by lime only (L) shows a mass loss peak for C-S-H, alumi-
nate phases, portlandite and calcium carbonate. The amount of
ettringite formed in the mixture activated by lime and gypsum
(LG) is the main difference between the mixes.

- The porosities of the L and LG mixtures were similar, yet the L

mixture shows a greater pore refinement with an increase in
mesopores volume with age. The mesopores volume of the L
mixture was around 57% larger than that in the LG mixture, hav-
ing a direct effect on mechanical properties and shrinkage. The
pore size distribution in LG mixture is more open than in L mix-
ture, confirmed by the macropore volume of the LG mixture,
which was around 60% in 28 days, compared to around 37%
observed in the mixture L.

- The compressive strength of the L mixture was greater than that

of the LG mixture. This behavior is a consequence of the reduced
macropore volume resulting from activation of the slag by lime
when compared with the activation of the slag by lime plus gyp-
sum. The compressive strength of the L mixture was around 34%
higher than in the LG mixture, reaching 35 MPa in 28 days.

- The drying shrinkage of the L mixture was greater than in the LG

mixture. This can be attributed to the more refined porous struc-
ture in comparison to the LG mixture and the nature of the
hydrated products, characterized by the predominance of CSH.
Besides the pore size distribution, the nature of the hydrated
products also contributes to explain the greater autogenous
shrinkage of the L mixture, because it has also a greater effect
of self-desiccation on the chemical shrinkage.
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