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Abstract
Converter steel slag, currently underutilized crystalline metallurgical residue, was investigated for use as a precursor for

alkali activation. Water glass solution with various moduli (0.5, 1.0, 1.5 and 2.0) was used at the same Na2O dosage of 4%

in order to investigate effect of modulus on hydration. Pure cement paste with the same ratio of water to binder was

selected as the control sample. Results show that modulus has a significant impact on the hydration and mechanical

strength development of alkali-activated steel slag. Similar to pure cement paste, alkali-activated steel slag paste has C–S–

H gel and Ca(OH)2 as its main hydration products. However, alkali-activated steel slag pastes have lower hydration heat

and fewer amounts of hydration products. Additional silicate has a retarding effect on the hydration of steel slag. Hydration

heat, Ca(OH)2 contents and non-evaporable water contents reduce with increasing modulus. In addition, high silicate

modulus fines the pore structure and improves compressive strength of the hardened paste.
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Introduction

The development of new alternative cement has attracted

considerable attention due to the improvement in envi-

ronmental consciousness. Alkali-activated solid wastes

prepared with alkaline activators and industrial by-products

are potential and promising cementitious materials due to

their good performances, such as low cost, energy saving,

better fire resistance, encapsulation of radioactive sub-

stances, solidification of hazardous wastes and resource

recycling [1, 2]. In general, the most commonly used

alkaline activators are sodium and potassium-based solu-

tions, including silicates, hydroxide, sulfate and carbonate

[3]. Theoretically, any material composed of silicates or

aluminosilicates could be activated. Intensive research

work has been carried out in developing alkali-activated

binders, which indicated that inorganic polymeric materials

are formed at relatively low temperature (\ 100 �C)
yielding an amorphous and semi-crystalline three-

dimensional polymeric structure [4, 5]. Two models are

used to describe alkali-activated systems based on the

chemical composition of starting materials. One is the

high-calcium [Ca ? Si] system, whose main reaction

product is a type of hydrated calcium (aluminum) silicate

gel (C–(A)–S–H) with a low Ca/Si ratio. It was also

reported that Ca2? in C–A–S–H could be replaced by Na?,

forming a C–(N)–A–S–H inner type gel. The other is the

low-calcium [Al ? Si] system, whose main reaction pro-

duct is N–A–S–H type gel. The typical precursors for these

two systems are blast furnace slag and metakaolin/fly ash,

respectively. The activation of low-calcium materials

generally needs higher concentration of activator than that

of high-calcium system due to its lower activity [6–8].

Alkali activation could be considered as a promising

technology for the transformation of aluminosilicate

industrial wastes into construction materials.

Converter steel slag (SS) is a by-product from the steel-

refining process in a conversion furnace. It accounts for

about 15–20% of the crude steel output [8]. SS mainly

consists of rich CaO (45–60%), SiO2 (10–15%), Al2O3

(1–5%), Fe2O3 (3–9%), FeO (7–20%), P2O5 (1–4%) and

MgO (3–13%) [8, 9]. Its chemical composition is similar to

that of cement. According to the alkalinity calculation
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method proposed by Mason [M = x(CaO)/x(SiO2 ? P2-
O5)], SS could be divided into low alkalinity slag

(M\ 1.8), middle alkalinity slag (M = 1.8–2.5) and high

alkalinity slag (M[ 2.5). The common mineral phases of

SS are tricalcium silicate(C3S), dicalcium silicate(C2S),

dicalcium ferrite(C2F), tetra calcium aluminoferrite

(C4AF), RO phase (FeO–MnO–MgO solid solution) and

free CaO [10, 11]. The cementitious property of SS mainly

owes to its calcium silicate minerals. In terms of hydraulic

activity, the mineral phases of SS can be classified into four

groups: olivine group (M = 0.9–1.4), merwinite group

(M = 1.4–1.6), dicalcium silicate group (M = 1.6–2.4) and

tricalcium silicate group (M[ 2.4) [9–12].

Nowadays, SS is mainly used as pebbles in road con-

struction and as a mixer to produce cement [8–11]. It can

also be used in the fertilizer production and sewage treat-

ment [10, 11]. Nonetheless, most SS is still left untreated.

The massively deposited SS can occupy the farmland and

pollute soil and groundwater. Two factors limit its large

application in the concrete and cement as a kind of addi-

tive. On the one hand, both free CaO and MgO may result

in soundness problem when SS is applied in cement or

concrete. Free CaO comes from the addition of lime during

the ladle processing. MgO is usually ascribed to the addi-

tion of dolomite and the refractory lining of the furnaces.

The internal expansion caused by the formation of

Ca(OH)2 (CH) and Mg(OH)2 at the late age might damage

the microstructure of matrix and lead to volumetric insta-

bility. On the other hand, C3S content in SS is lower than

that in cement, and C2S phase in SS is different from that in

cement due to the lower cooling rate of SS. C2S undergoes

a series of polymorphic transformations during cooling,

especially b-C2S to c-C2S transformation at 490 �C. It is
accompanied by a volume increase in approximately 12%

and finally causes the slag to pulverize itself. Compared to

b-C2S in cement clinkers, c-C2S in SS is relatively inert

and hard to react with water, which results in a much lower

early activity of SS. However, c-C2S in SS is found to

exhibit significant cementitious property when chemical

activators are used. The sensitivity of the materials to

activation depends on the phase composition and fineness

of the slag and the type of activator used [7, 8]. Unlike

generally studied blast furnace slag and fly ash/metakaolin

with vitreous phase, SS is highly crystalline. Although

alkali-activated material has been widely studied, there are

only a few studies on the alkali activation of crystalline

slag. Kriskova et al. had shown that the hydraulic behavior

of crystalline slag is greatly modified after mechanical and

chemical activation [13–15]. Shi et al. studied the proper-

ties of crystalline ladle slag and also found that this

blending slag showed significant cementitious properties in

the presence of alkaline activator. Moreover, they found

that considerable compressive strengths can be achieved by

mixing crystalline ladle slag with siliceous materials under

autoclave curing at 175 �C for 4 h [16, 17].

Many studies have found that sodium silicate (water

glass) is the best alkali activator due to its relatively low

cost and availability. Moreover, compared to sodium

hydroxide, water glass can provide extra silicate sources

for the formation of gels. Some studies have investigated

effects of silicate modulus on the hydration and strength of

alkali-activated materials. Moruf et al. used SS/ultrafine

palm oil fuel ash as raw materials to study influence of

silicate modulus. They found increasing modulus posi-

tively affected homogeneity and structural units of hydra-

tion product due to the difference in Si–Al substitution

[18]. Gao et al. studied alkali-activated granulated blast-

furnace slag/class F fly ash blends, and they found that

lowering activator modulus could significantly accelerate

the early reaction but too high or too low modulus had

detrimental impact on strength [19]. Maochieh Chi inves-

tigated the properties and microstructure of alkali-activated

fly ash mortars. The higher modulus and Na2O dosage were

the better properties of the mortars achieved [20]. Zhenguo

Shi et al. also studied effects of silicate modulus and alkali

dosage on alkali–silica reaction (ASR) of alkali-activated

granulated blast-furnace slag. The highest ASR expansion

with an intermediate silicate modulus was observed. The

effect of silicate modulus on ASR expansion was found to

be governed by the pore solution alkalinity [21]. Darko

Krizan et al. studied alkali-activated slag cement and found

that the cumulative hydration heat increased with increas-

ing modulus, but was still lower than that of Portland

cement [22].

Silicate modulus and Na2O dosage are two significant

factors that influence the performances of alkali-activated

materials. Previous studies found that water glass-activated

SS could exhibit higher strengths than other activated SS at

room temperatures. However, few reports exist about the

influence of modulus and the dosage of Na2O on the alkali

activation of SS. Therefore, it is important to study the

influence of modulus on hydration of water glass-activated

SS, which plays an important role in exploring the reaction

mechanism and guiding the engineering design of alkali-

activated SS.

Experimental

Raw materials

P.I. 42.5 Portland cement conforming to Chinese National

Standard GB175-2007 (equivalent to European CEM I 74

42.5) and SS were used. Table 1 presents the major

chemical oxide compositions obtained by X-ray fluores-

cence (XRF) analysis. CaO forms the largest constituent in
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the slag. The CaO/SiO2 ratio is 2.55, and the Al2O3/SiO2

ratio is 0.33. The alkalinity of SS in this study is 2.25

(belonging to dicalcium silicate or middle alkalinity slag),

which is preferable as a cementitious material. The min-

eralogical phases of SS determined by the X-ray diffraction

(XRD) analysis are shown in Fig. 1, which were measured

by a Cu X-ray tube with a step size of 0.02� and a 2h range

from 10� to 70�. As can be seen in Fig. 1, SS is highly

crystalline and the major phase is c-C2S.

The specific surface areas of cement and SS are 342 and

624 m2 kg-1, respectively. The specific surface area of SS

is approximately two times larger than that of cement. The

shape of the SS particles was observed by a scanning

electron microscopy (SEM) using a FEI Quanta 200

instrument (as shown in Fig. 2a). The particles have

angular and irregular shapes, and their sizes are highly

variable. This is also evident from the grain-size distribu-

tion graph (in Fig. 2b) measured by a laser particle size

analyzer (Mastersizer 2000). The continuity of the particle

size distribution is very poor. There are more coarse and

fine particles than middle particles. The D50 for SS and

cement are found to be 6.3 and 17.3 lm, respectively. A

commercial water glass with a modulus ratio (SiO2/Na2O

molar ratio) equal to 3.12 (8.5% Na2O, 26.5% SiO2 and

65% H2O by mass) was prepared as alkali activators.

NaOH (analytical reagent, 99 mass%) was used to adjust

the modulus of sodium silicate solution.

Mix proportions

An equivalent Na2O content of 4% by mass of SS and the

water-to-binder ratio (W/B) of 0.45 were used in all mixes.

The water consisted of the added distilled water and the

water from activator solution. Four levels of activator

moduli (0.5, 1.0, 1.5 and 2.0) were used. All solutions were

first mixed to form aqueous solution of alkaline activator

and cooled up to room temperature prior to further use. The

detailed information of the mix proportions is listed in

Table 2. Alkali-activated SS pastes (ASP) bars were pre-

pared (40 mm 9 40 mm 9 40 mm). The pastes were

mixed with distilled water, and a pure cement paste (PCP)

was used as the reference sample (sample C-0.45). All

samples were cured at 25 �C and[ 90% RH until testing.

Testing methods

Compressive strength was measured as per Chinese stan-

dard GB177-85. In addition, the hydration kinetics of ASP

was studied by an isothermal calorimeter (TAM Air,

Thermometric) for the first 36 h under a constant temper-

ature of 25 �C. The solid raw materials were firstly mixed

with the activating solution for about 30 s, and then the

paste was loaded into the calorimeter. The microstructure

of the hardened paste was observed with SEM. The

chemical compositions of hydration products were mea-

sured by energy-dispersive X-ray (EDX) analysis. Ther-

mogravimetry (TG) curve was obtained by using a

thermogravimetric analyzer Q5000 instrument with a

heating rate of 10 �C/min from 50 to 900 �C in a through-

flow N2 atmosphere. The CH content of the paste was

calculated based on the TG curve. The non-evaporable

water content of the paste was obtained by the method of

ignition loss. Autopore II 9220 mercury intrusion

porosimeter (MIP) was applied to measure the pore struc-

ture of hardened pastes. The mass loss of samples was

calculated between 50 and 1050 �C and then divided by the

mass at 1050 �C. The results were corrected by the ignition

loss of SS.
10

3 4
1

3

31

1

1 1
1

1

1. γ-C2S

3. C3A

2. C2S

4. C12A7

6. Fe2O3

8. MgO7. f-CaO

5. RO phase

7
7

3432

71
2

2
2

2

3

2
6

8

5

5

8

11
1

1 1 1
1

A

A

20 30

2  /°θ

40 50 60 70

Fig. 1 XRD pattern of SS

Table 1 Chemical compositions

of raw materials/%
CaO SiO2 Al2O3 Fe2O3

a MgO P2O5 MnO TiO2 Na2Oeq
b LOI

SS 41.82 16.93 5.85 19.37 7.37 1.63 4.17 1.17 0.33 1.86

Cement 63.10 22.19 4.48 3.23 2.41 – – – 0.53 2.03

aFe2O3 = Fe2O3 ? FeO
bNa2Oeq = Na2O ? 0.658 K2O
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Results and discussion

Heat of hydration

The isothermal calorimetric analyses per unit mass of the

binders were conducted to all five mixes, and the results are

illustrated in Fig. 3. In general, the hydration process of

cement-based material can be divided into five stages:

initial dissolution, induction/reorganization, acceleration,

deceleration and stable period [1, 23]. Similar to exother-

mic rate curves of PCP, the ASP also has the typical five

stages. However, ASP has a relatively higher, steeper and

broader first peak than PCP. A very shorter induction

period with higher hydration rate appears after first peak of

ASP. Moreover, different from PCP, the shapes of second

peaks of ASP are inconspicuous due to the different

hydration mechanism between ASP and PCP. Calcium

silicate and calcium aluminate in SS dissolve quickly due

to high alkalinity from activator solution, forming the ini-

tial dissolved silicate and aluminate units. Finally, com-

plexation reaction occurs with calcium and sodium,

repolymerize to form gels and release heat. As can be seen

in Fig. 3b, the cumulative hydration heat of ASP is higher

than that of PCP before 9 h, whereas the heat is lower after

15 h due to slow rate of heat release after 9 h. The reason is

that the amount of calcium silicate in SS is less than that in

cement. Furthermore, the early hydration products formed

by the rapid reaction wrap SS particles, which hinders the

further reaction of SS. Therefore, ASP is ‘‘low-heat

cement’’. This property plays a great role in massive con-

crete. And thermally induced stress cracks can be caused

by a large temperature gradient [20–22].

During the second peak, the polymerization rate of ini-

tial reaction products exceeded the decomposition rate of

SS. The number of monomers decreases as the reaction

progresses. As can be seen in Fig. 3c, the acceleration

period of ASP is significantly delayed and reaction rate of
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Fig. 2 a Angular particle

morphology of SS. b Particle

size distribution of raw

materials

Table 2 Mix proportions of all mixes

Sample Modulus Binder Mixing liquid Na2O/binder W/B

C-0.45 – Cement Water 0 0.45

S-M0.5 0.5 SS Water glass 4%

S-M1.0 1.0

S-M1.5 1.5

S-M2.0 2.0
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second peak also drops as the modulus increases, which

indicates that silicate has a retarding effect on the early

reaction of ASP [24]. The cumulative hydration heats

within 36 h are reduced with increasing modulus (in

Fig. 3c), which illustrates reduction in total reaction

products. This may be because the low alkalinity of the

activator with high modulus results in little SS depoly-

merization and a slow reaction rate. Meanwhile, rich Ca2?

from SS reacts with abundant SiO3
2- from the activator

with higher modulus to form the highly amorphous silicate

gel wrapping SS particles, which hinders the further reac-

tion of SS.

The cumulative hydration heats of samples S-M1.5 and

S-M2.0 are close to each other, suggesting that the pres-

ence of a higher level of silicate (modulus[ 1.5) in the

activator has a slight effect on reaction kinetics. The results

of hydration heat seem different with the findings of other

studies on blast furnace slag where it has been suggested

that increased modulus results in increased reactivity

[21, 22]. The probable reason is highly crystalline SS, but

blast furnace slag has predominantly glassy phase. Com-

pared to the highly crystalline material, the amorphous

glassy phase with poor crystallinity is easily destroyed

when exposed to the alkaline activator.

SEM and XRD analysis

SEM microphotographs and EDX point analyses spectrums

of S-M0.5 at 3 days are given in Fig. 4. The SEM image

and EDX spectrums clearly reflect the formation of product

layers. It shows that SS particles are uniformly covered by

a layer formed by the slag dissolution in alkali environ-

ment. The obvious presence of a big particle is RO phase

(in Fig. 4, spot 1), which is difficult to dissolve. Some

studies have shown that RO phase is undissolved crystal

phase even though SS has hydrated for many years

[11, 12]. A calcium silicate hydrate (C–S–H) gel is con-

firmed by EDX analysis (spot 2). Al substitution is low in

C–S–H gel due to the low content in SS.

The XRD patterns of four ASPs with different moduli of

activator are shown in Fig. 5. Compared to the pattern of

SS, the intensities of some diffraction peaks remarkably

decrease and some peaks disappear. It’s clear that a wide

diffraction peak nearby 29�–37� 2h in curves appears,

indicating that the amorphous three-dimensional network

structure is formed. It is consistent with the conclusion of

SEM observation. In addition, C2S and C3S crystallization

diffraction peaks decrease, suggesting that they partially

react with alkaline solution to produce two kinds of new

hydrated products, C–S–H gel and CH. There is also

CaCO3 resulting from carbonization of CH.

TG analysis

TG is widely used to monitor the hydration process and

determine the content of hydrated phases such as C–S–H
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and CH. Figure 6 shows TG curves of ASP and PCP. The

detailed mass losses for all samples are signed. Both pastes

experienced mass reductions with temperature increase. A

mass reduction in ASP after temperature exposures is

significantly lower than that of PCP at the same age. It

states that the amount of hydration products of PCP is more

than those of ASP, which is in line with the results of

hydration heat. Exposure to high temperatures leads to

changes in chemical structure and the dehydration of

products. This is believed to be one of the reasons for the

poorer performance of pure cement concrete after fire. In

addition, a major mass loss of ASP occurs below 700 �C,
suggesting that there is little decomposition of hydration

products above 700 �C. This also provides evidence for

better fire resistance of alkali-activated SS materials [25].

Obviously, the mass loss generally decreases as modulus

increases. This phenomenon is more obvious in the early

days (1 day and 3 days). It demonstrates that additional

silicate has a retarding effect on the early reaction but a

slight effect on the late hydration of ASP.

Mass loss usually corresponds to decomposition of

substances. In general, there are three decomposition

reactions in cement-based materials subjected to high

temperature: the dehydration of C–S–H gel at around

100 �C, the decomposition of CH at around 400 �C and the

decarbonization of CaCO3 formed by carbonation reaction

of CH at about 600 �C [26]. However, the decompositions

of CH and CaCO3 occur at lower temperature in ASP

system than usual decomposition temperature. This might

be due to the fact that the presence of alkali promotes the

decomposition of carbonate phases [27]. The second pos-

sible reason can be that part of the carbonates formed is

amorphous in nature. Indeed, these result in both poorly

crystallized CH and CaCO3 decompose at lower tempera-

tures [27, 28]. Calculations were performed in accordance

with the method proposed by Taylor [29], described in

formula (1) for the dehydration of CH

WCH ¼ 74� 18�MLCH þ 74� 44�MLCaCO3
ð1Þ

where MLCH and MLCaCO3
are mass loss during the

dehydration of CH and the decomposition of CaCO3,

respectively. The molecular weights of CH, water and CO2

are 74, 18 and 44, respectively. The CH contents of all

samples are shown in Fig. 7. It is clear that the CH content

in PCP is approximately two times more than that in ASP.

CH is produced by the hydration of C2S and C3S. The total

content of two minerals in SS is lower than that in cement,

leading less CH in ASP. CH content of ASP decreases with

increasing modulus, suggesting that the weaker alkalinity

of the activator due to additional silicate inhibits the for-

mation of CH.
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The non-evaporable water content

The non-evaporable water content is the important index of

the hydration degree, which represents the relative amount

of hydration products. The non-evaporable water content of

the pastes at 1, 3 and 180 days is presented in Fig. 8. In

line with the results of TG analysis, the non-evaporable

water content, corresponding to hydration products,

increases with the age of the samples, which indicates the

enhancement of the hydration degree. As expected, the

non-evaporable water content of ASP is smaller than that

of PCP at all age, indicating that the hydration products of

SS are much lower than that of cement. In ASP system, the

non-evaporable water content generally decreases with

increasing modulus, indicating that the increase in silicate

can inhibit the hydration of SS. This phenomenon is more

obvious in the early days (1 day and 3 days). However, the

non-evaporable water contents of samples S-M1.5 and

S-M2.0 at 180 days are very close to each other, indicating

that the high modulus has little effect on the late-age

(180 days) hydration degree of SS. The growth rate of ASP

is lower from 1 to 3 days than that of PCP whereas is

higher from 3 to 180 days. In other words, the later growth
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rate of ASP is far larger than that of PCP, which indicates

larger growth of reaction degree of ASP.

Pore structure

Porosity, average pore diameter (APD) and critical pore

diameter (CPD most probable pore diameter) of all pastes

measured by MIP are shown in Fig. 9. According to the

previous researches, the pores in cementitious materials are

classified as follows: harmless pores (\ 20 nm), little

harmful pores (20–50 nm), harmful pores (50–200 nm) and

much harmful pores ([ 200 nm) [30, 31]. In this study, the

pore structure distributions of different kinds of hardened

pastes at the age of 3 days and 90 days are shown in

Fig. 10.

As can be observed from Fig. 10, the cumulative pore

volume and porosity decrease below modulus 1.5 at 3 days.

Sample S-M2.0 has the highest pore volume and porosity.

However, total volumes of harmless and little harmful

pores significantly increase with the increase in modulus.

The change of total harmful and much harmful pores vol-

umes shows an obviously opposite trend. Meanwhile, APD

and CPD decrease with the increase in modulus (in Fig. 9).

The hydration degree of ASP continuously increased with

ages. Compared to 3 days, the cumulative pore volume,

porosity and APD and CPD obviously decrease at 90 days

due to more hydration products filling the pores. In par-

ticular, sample S-M2.0 has the highest degree of reduction

in porosity, from 39.8 to 31.7%. Similar to the tendency at

3 days, harmless pore volumes increase, but the total

harmful and much harmful pores volumes decrease. This

phenomenon suggests that increasing activator modulus

can significantly reduce the pore size.

Compressive strength

The changes of compressive strength of all pastes with ages

are shown in Fig. 11. As illustrated in Fig. 11, the com-

pressive strengths of ASPs show similar tendency at all

ages. Compressive strengths of ASPs relatively increase

with the increase in modulus, which corresponds to the

result of pore structure. Many researches have confirmed

that the modulus of water glass has significant effect on the

strength of the alkali-activated materials. At the same

dosage of Na2O, increasing modulus provides more silicate

to the system for geopolymerization, thus improving the

strength gains [32]. Moreover, Si/Al ratio is a significant

parameter on the development of compressive strength.

Additional silicate increases the Si/Al ratio resulting in

more formation of Si–O–Si bonds, which are stronger than

Si–O–Al and Al–O–Al bonds, thus leading to strength gain

[33, 34]. Other studies suggested that the existence of more

initial C–S–H and polymerization of SiO3
2- in water glass

solution with high modulus promotes formation of denser

microstructure [21]. In this study, when the dosage is 4%,

the optimum modulus for compressive strength is 2 for all
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ages. However, in general, the pastes do not achieve

appreciable compressive strength. The highest value is only

25 MPa at the age of 180 days. Therefore, SS as a sole

precursor may not be an ideal raw material for alkali-ac-

tivated cementitious material.

Conclusions

The alkali-activated SS cement, as low-cost product and

with the possibility of using industrial waste, provides a

solution to the present ecological problem. This study has

investigated the influence of modulus of water glass on

reaction degree, porosity and compressive strength of ASP

at the same Na2O content of 4%. The main conclusions

extracted from this research are as follows:

1. Hydration processes of ASP and PCP are similar to

each other. However, ASP has lower cumulative heat

of hydration. Hydration heat of ASP reduces with the

increase in modulus.

2. Similar to PCP, ASP also has C–S–H gel and CH as

main hydration products. However, the amount of

hydration products of SS activated by water glass is

much less. CH content and non-evaporable water

content decrease as modulus increases.

3. Total volumes of harmless and little harmful pores

significantly increase with the increase in modulus.

And total harmful and much harmful pores volumes

reduce. It states that increasing activator modulus can

significantly reduce pore size. Therefore, the higher the

modulus of alkaline solution, the more superior the

compressive strength of ASP. Furthermore, higher

silicate modulus provides more and stronger Si–O–Si

bonds, which also improves compressive strength.

4. Under the Na2O dosage of 4% and water-to-binder

ratio of 0.45, silicate modulus 2 may be considered as

the optimum modulus based on the results.
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