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Abstract

Calcium aluminate cement (CAC) pastes containing Egyptian air-cooled slag (AS) or water-cooled slag (WS) were prepared using

different amounts of slag, namely, 5, 10, 15, 20 and 25 mass%. The pastes were prepared with deionized water using the required water of

standard consistency to produce normal workability. The variations of electrical conductivity with the hydration time were measured at 20, 40

and 60 8C. The results demonstrate that electrical conductivity is a useful technique to study the change in the phase composition at different

temperatures during the setting and hardening of calcium aluminate cement as well as reflecting the role of AS and WS, preventing the

conversion occurring during the CAC hydration.

D 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Calcium aluminate cement (CAC) is very resistant to

chemical attack and high temperatures. The temperature at

which hydrates are formed is important in the hydration of

CAC. Different hydration products are created, i.e., CAH10,

C2AH8 and C3AH6, depending on the temperature at which

the process takes place. The conversion of hexagonal phases

(CAH10 or C2AH8) to C3AH6 and AH3 in the hydration of

CAC under certain temperature conditions has been a major

problem, limiting its use as a structural material. This

conversion reduces the strength development of CAC.

Pure gehlenite does not seem to react with water, but the

phase present in CAC contains other oxides in solid solution,

and there is evidence that it is more reactive [1]. The

presence of gehlenite hydrate (C2ASH8), also called strat-

lingite, in CAC pastes has been studied [2,3]. Stratlingite is

an Afm phase closely related to C2AH8; it is stable relative to

hydrogarnet at ambient temperature. The formation of
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stratlingite prevents the conversion of the hydration products

of CAC [4]. It has also been shown that stratlingite forms as a

stable phase in the temperature range of 20–70 8C [5]. It was

reported that, in CAC-blends containing 30–50 mass% silica

fume, stratlingite is the dominant hydration product after 1

week at 40 8C or below, but at higher temperatures, C3AH6 is

already formed after 1 day. Microsilica and granulated blast-

furnace slag can react with CAC in the presence of water,

resulting in the formation of stratlingite [6,7]. Fentiman et al.

[8] found that stratlingite was formed as the dominant

hydrate when hydration occurs at 40 8C or above in mixtures

containing around 50 mass% slag. At early ages, the

strengths of 50:50 CAC/slag mixtures are lower than that

of CAC alone. However, the blends show continuous

increase in strength up to 2 years without a minimum in

strength associated as a result of the conversion process.

Electrical conductivity and pH measurements conducted

on dilute cement suspensions as a function of time indicated

that the hydration of CAC is a dissolution and precipitation

process [9–11]. Classical techniques such as XRD, DTA

and SEM and advanced techniques (ultrasonic velocity,

acoustic emission monitoring) were used to give informa-
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Table 1

Chemical analysis of the starting materials, (mass%)

Oxides CAC AS WS

SiO2 4.59 32.69 37.21

Al2O3 53.68 8.17 10.45

Fe2O3 1.24 1.89 1.27

CaO 35.52 33.57 35.70

MgO n.d. 1.35 2.05

SO3 n.d. 0.01 0.15

L.O.I n.d. – –

K2O n.d. 0.43 0.71

Na2O n.d. 1.47 1.60

TiO2 2.92 0.46 0.35

MnO Nill 4.48 3.50

BaO – 6.63 3.11

S� Nill 0.01 3.62

Blaine surface

area, cm2/g

3500 3500 3200

Fig. 1. Electrical conductivity cell.
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tion about the morphology and phase composition of the

formed hydrates [12,13].

Cement containing water-cooled slag (WS) has long been

used in Egypt. However, there are many other unexploited

slag by-products such as air-cooled blast furnace slag (BFS)

and steel-making slag. The feasibility of utilizing these

types of slags with cement has been ignored due to the

judgment that air-cooled slag (AS) is hydraulically unreac-

tive. Consequently, little of these materials is used, or their

use is limited to low-value applications. A comparative

study of the hydraulic reactivity of AS and WS produced

from the same blast furnace and the same raw materials has

been conducted [14]. Although the reactivity of AS is lower

than WS at room temperature, it can still be exploited as a

hydraulic material. Even, if these slags cannot fulfill the

requirements of the standard specifications for blended

cements, their hydraulic activities can be exploited in

building materials such as autoclaved products or bricks.

The latter may be an economical alternative for developing

countries inasmuch as little technology is required.

The aim of this research work is to study the methods by

which each type of slag mixed with calcium aluminate

cement can be evaluated at 20, 40 and 60 8C curing
Table 2

Mix compositions and the required water for normal consistency of CAC/

slag blends

CAC AS WS Water of

consistency, %

M.0 100 0 – 25.5

M.5 95 5 – 24.9

M.10 90 10 – 24.5

M.15 85 15 – 24.3

M.20 80 20 – 24.0

M.25 75 25 – 23.8

C.5 95 – 5 25.2

C.10 90 – 10 24.9

C.15 85 – 15 24.6

C.20 80 – 20 24.3

C.25 75 – 25 24.0
temperatures. In the present study, electrical conductivity

technique was used for monitoring the changes occurring

during the initial setting from zero time (3 min) up to 7 days

(10080 min) as well as for assessing the hydraulic activity of

AS in comparison with WS. This investigation was carried

out using pastes to correlate the physicochemical and

microstructure characteristics of the hydration products

which are formed.
2. Experimental techniques

The materials used in this investigation were calcium

aluminate cement, Egyptian air-cooled and water-cooled

slags provided by the Iron and Steel Company, Helwan,

Egypt. The chemical composition of these raw materials is

given in Table 1. XRD pattern of air-cooled slag reveals the

presence of gehlenite (C2AS) and quartz. The quartz may be

contamination during the cooling process of molten slag.

The water-cooled slag shows a hump existing between 208–
358, indicating the presence of amorphous glassy phase. The

mix proportions are shown in Table 2. Each blend was

mixed in a porcelain ball mill with four balls for 1 h to
Fig. 2. Electrical conductivity of CAC at different temperatures.



Fig. 3. Electrical conductivity of CAC containing 5 mass% of AS or WS at different temperatures.
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assure complete homogeneity. The CAC was partially

substituted by 5, 10, 15, 20 and 25 mass% of air-cooled

or water-cooled slags. Different mixes were mixed with the

required water of normal consistency given in Table 2.

The mixing water was poured on the cement and mixed

for 3 min using a trowel and directly poured into 1-in. cubic

moulds and pressed until homogenous specimens were

obtained. The moulds were manually vibrated to remove

any air bubbles, and the surface was smoothed by spatula.

The moulds were cured in a humidity chamber at 100%

relative humidity at 20 8C for the first 24 h, then demoulded

and cured under water up to 60 days at three thermostati-

cally controlled temperatures: 20, 40 and 60 8C.
In electrical conductivity measurements, the test cell

was of the coaxial type and included concentric inner and

outer electrodes mounted on an insulated base plate, as

shown in Fig. 1. The electrodes were polished before the

experiment [15]. The mixing was done with the required

amount of water that gives normal consistency. The

measurements of the electrical conductivity were begun

exactly 3 min after mixing with water (zero time). The

cement pastes were placed in the space between the

electrodes. The cell was kept in a cabinet chamber at

100% relative humidity during the test period from 3 min

up to 7 days (10,080 min). The electrical conductivity was

measured at three different temperatures: 20, 40 and 60

8C. The electrodes were connected with RLC meter,

model SR 720. All data on the electrical conductivity
Fig. 4. Electrical conductivity of CAC containing 10
were measured during the setting and hardening at

relativity low AC frequency 1 V and 1000 Hz for

resistance measurements.

The phase compositions of the hydration products were

determined by X-ray diffraction using a Philips diffractorn-

eter with a scanning speed of 182u/min (Ni-filtered CuKa

radiation). Differential scanning colorimetry runs were

conducted using a Shimadzu type 50-thermal analyzer at a

heating rate of 10 8C/min. The microstructure of the selected

samples was examined using a high-resolution scanning

electron microscope JEOL JXA-840.
3. Results and discussion

3.1. Electrical conductivity

Figs. 2–7 show the variations of electrical conductivity of

CAC with curing temperature and slag content. When the

CAC grains come into contact with water [1], three distinct

reactions can be identified: dissolution, nucleation and

precipitation. During the first period, dissolution of the

cement particles bringing Ca2+and Al(OH)4
� ions into

solution takes place, and the electrical conductivity is

increased. A small amount of hydrates will form at this

stage where very slight changes of the electrical conductivity

are detected. The dissolution will continue with a consequent

increase in the concentration of Ca2+and Al(OH)4
� ions until
mass% of AS or WS at different temperatures.



Fig. 5. Electrical conductivity of CAC containing 15 mass% of AS or WS at different temperatures.
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a saturation point is reached. After the dissolution reaction,

the nuclei are formed and grown to a critical size and

quantity [16]. In the rapid precipitation of hydrates that

follow, the electrical conductivity decreases promptly,

consuming ions from the solution. This causes a drop in

solution concentration, and the dissolution of the anhydrous

CAC is accelerated (the electrical conductivity rises).

It is generally observed that the formed hydrates depend

on the curing temperature. Four different types of hydrated

phases can be present in the CAC; namely, CAH10, C2AH8,

C3AH6 andAH3 formed according to the following reactions:

– At low temperatureb15 8C, CAH10 is the main formed

hydrate:

CAþ 10HYCAH10

– At temperature between 15 and 30 8C, CAH10 is

precipitated together with C2AH8 and AH3 gel:

2CAþ 11HYC2AH8 þ AH3

– At temperature N30 8C, C2AH8 and AH3 gel are formed

together and converted rapidly, if not simultaneously

above 45 8C into C3AH6 and AH3 (gibbsite):

2CAþ 12HYC3AH6 þ AH3

Fig. 2 shows the variation in electrical conductivity of

neat CAC with curing temperatures for time up to 7 days
Fig. 6. Electrical conductivity of CAC containing 2
(10,080 min). The electrical conductivity increases as

hydration develops with the curing time to reach a

conductivity maximum, then decreases. The solubility of

CAH10 increases significantly with temperature thus making

precipitation more difficult as the temperature increases.

With increase of the temperature up to 27 8C, nucleation of

this phase becomes increasingly difficult relative to C2AH8

[1]. As the curing temperature increases up to 40 8C, the
electrical conductivity increases while it shows a broad peak

as at 20 8C. This may be attributed to an increase of the

nucleation time with CAH10.

At 60 8C, the conductograms are similar in shape to

those obtained at 20 and 40 8C, with two main differences:

the intensity of the conductivity maximum is higher, and

the conductivity maximum is shifted to shorter hydration

times. These results can be attributed to the increase of

both the degree of hydration of the anhydrous cement

constituents and the rate of formation of hydration products

upon increasing temperature. The crossing of the con-

ductivity curves indicate that, in addition to their concen-

tration, the mobility of ions represents an important factor

in affecting the conductivity values. This result reflects the

effect of the nature of pores in these samples on the

mobility and therefore on the conductivity values. With

increase of the curing temperature up to 60 8C, the

hydration of CAC takes place very quickly; a maximum

of conductivity occurs within the first 12 min, and then, it

sharply decreases again.
0 mass% of AS or WS at 20, 40 and 60 8C.



Fig. 7. Electrical conductivity of CAC containing 25 mass% of AS and WS at 20, 40 and 60 8C.
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The results of Figs. 3–7 demonstrate the effect of slag

content on the electrical conductivity values of the CAC/

slag blend pastes. In general, the height of the first

conductivity maximum decreases as the slag content

increases (AS or WS). This is attributed to the hydration

compounds precipitated due to the hydration of the slag

portion as well as the reaction between the silica present in

the slag portion to form stratlingite (C2ASH8), which will

decrease the electrical conductivity values.

Edmonds et al., [17] showed that when water is added to

CAC/slag mixtures; the first reaction is the hydration of

CAC to produce hydrated calcium aluminates. The slag

reacts slowly to give crystalline hydrates containing silica.

The formation of C2ASH8 removes calcium ions from the

pore solution and hence restricts the conversion of CAH10

and C2AH8 to the stable cubic hydrate C3AH6. The

formation of C2ASH8 depends on the activation of the

glassy slag to release silica; so, it seems that slag activation

is enhanced by some of the minor phases in the commercial

CAC, possibly the alkali metal hydroxides [18]. Fu et al.

[19] consider that the slag acts as a inert microfiller in CAC,

particularly at early ages.

WS (5–10%) gave higher electrical conductivity values

than that containing AS at all curing temperatures. However,

at 40 8C, the electrical conductivity values for pastes
Fig. 8. Variation of electrical conductivity values of CAC and CAC containing 25
containing AS showed similar or higher values and shifted

to a shorter hydration time. On increasing the slag content to

15–25 mass%, the electrical conductivity peak correspond-

ing to AS was higher than WS and shifted to a lower

hydration time. On increasing the temperature to 60 8C, the
conductivity peaks shifted to a lower hydration time. On

progressive hydration, the consumption of the ions

increases, and more hydration products were formed; as a

result, the conductivity values decrease sharply.

Fig. 8 shows the change of electrical conductivity of

hydrated CAC and CAC containing 25 mass% of AS or WS

and cured at different temperatures from 24 to 168 h. At 20

8C, the electrical conductivity of CAC decreases from 24 up

to 72 h. After 72 h, there is no change in the electrical

conductivity of CAC. Most hydration products are formed

within the first 24 h. The product is strong and of a very

dense solid cementicious matrix. Whereas, the electrical

conductivity of CAC containing 25 mass% of AS or WS

have nearly the same values for the whole period.

When the curing temperature was increased to 40 8C for

CAC, an increase in electrical conductivity at 144 h (6 days)

was detected.

The formed cement hydrates CAH10 and C2AH8 are

metastable at 30 8C. In due course, they are converted into

C3AH6. During the conversion process, the existing cement
mass% of AS or WS curing at different temperature from 24 up to 168 h.



Fig. 9. Compressive strength of CAC and CAC containing AS or WS cured at 20, 40 and 60 8C at 60 days; first day cured at 20 8C.
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hydrates CAH10 and C2AH8 release water, as shown in

these two equations [20]:

3CAH10YC3AH6 þ 2AH3 þ 18H

3C2AH8Y2C3AH6 þ AH3 þ 9H

Water encourages future hydration, and the result is that

the electrical conductivity of neat CAC increases signifi-

cantly. At 40 8C, AS and WS prevent the conversion

reactions by the preferential formation of C2ASH8

compared to that of C3AH6 [5]. The electrical conductivity

of AS and WS were not changed at 40 8C up to 7 days

(168 h).

On increasing the curing temperature to 60 8C, the

electrical conductivity increases to reach a maximum within

the first 12–20 min and then sharply decreases to constant

values up to 24 h, as shown in Figs. 2–7, and then the

electrical conductivity is sharply increased up to 168 h (Fig.

8). In the presence of AS and WS, the electrical

conductivity is lower than that of CAC. It is therefore
Fig. 10. XRD patterns of hydrated CAC and hydrated CAC
obvious that, at 60 8C, the addition of AS and WS

effectively reduces the extent of conversion reactions.

These results confirm the result obtained from DSC and

XRD techniques, as shown later.

3.2. Compressive strength

The strength development of the investigated mixes at

different temperatures seems to be related to the minera-

logical transformation which takes place. Fig. 9 illustrates

the compressive strength of neat CAC and CAC containing

AS or WS cured at 20, 40 and 60 8C for 60 days. The

compressive strength increases with the slag content up to

10 mass% at 20 8C. With the increase of the amounts of

slag, the compressive strength showed a slight decrease but

is still higher than that of neat CAC. The increase of the

compressive strength is due to the formation of stratlingite

instead of C3AH6 and the formation of CSH (II). At 40 8C,
the compressive strength of CAC decreases from 74.5 at 20

8C to 12.0 MPa due to the conversion process. Addition of 5
-AS or CAC-WS pastes cured at 40 8C for 28 days.



Table 3

The enthalpy values of the characteristic endothermic peaks of gel and

C3AH6 phases with temperatures, (J/g)

Mixture no. 70–100 8C 270–280 8C

M.0 34.51 240.50

M.10 84.51 178.87

M.25 124.94 109.70

C.10 68.89 168.00

C.25 91.45 119.10
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mass% of either AS or WS slags increases the compressive

strength to 46.8 and 44.1 MPa, respectively. At this

temperature, the compressive strength increases with the

slag content up to 25 mass% to become 89.7 and 85.2 MPa

for AS and WS. This means that the increase in the curing

temperature may enhance the hydration reaction of the slag

as well as its reaction with the CAC-hydrated phases to form

the more stable stratlingite compound, as will be seen later

in XRD and DSC results, and this may compensate for the

strength decline. As the curing temperature increase to 60

8C, the compressive strength decreases due to the con-

version, which takes place at 1 day to produce C3AH6 in

preference to CAH10 and C2AH8. The volume of the

hydrates of CAH10 and C2AH8 are higher than that of

C3AH6; the crystallization of C3AH6 having small volume

leads to an increase in the apparent porosity, and con-

sequently, the strength decreases. The compressive strength

increases in the presence of slag AS or WS is due to the

formation of stratlingite. Stratlingite is a stable crystalline

phase in the temperature up to 70 8C [5]. In this system, AS

has a hydraulic activity nearly the same as that of WS. At

high temperatures, 40 and 60 8C, it gives higher strength

than that with WS.

3.3. XRD

XRD patterns of hydrated CAC and CAC containing 10

and 25 mass% of AS and WS pastes cured under water at 40

8C up to 28 days are presented in Fig. 10. Hydrogarnet is the

major hydrated cement phase in CAC pastes. Addition of

slag (10 mass% of AS or WS) reduces the peak intensities of

C3AH6 phase. Twenty-five mass% of AS or WS appears to

be more effective in reducing the C3AH6 formation.

However, it does not prevent the conversion completely;

only small peaks of C3AH6 were detected in pastes
Fig. 11. DSC thermograms of CAC and M.10, M.25, C.10 and C.25 cured

at 40 8C for 60 days.
containing 25 mass% of slag. Small peaks representing

stratlingite found in CAC/slag pastes may be due to the

encapsulation of the formed stratlingite compound by large

quantity of AH3 gel formed as a result of the conversion

process.
Fig. 12. SEM of hydrated CAC (A) and CAC containing AS (B) or WS (C)

pastes cured at 40 8C for 60 days.
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3.4. DSC

Fig. 11 depicts the DSC thermograms of hydrated CAC/

slag pastes containing 10 and 25 mass% of AS and WS

cured at 40 8C up to 60 days. The thermograms show four

endothermic peaks located at 70–100, 160–180, 220–230

and 270–280 8C. The first endothermic peak is due to AH3

gel. The endothermic peak located at 150–180 8C is

attributed to the semicrystalline C2AH8. The broad endo-

thermic band that occurs at 160–180 8C in CAC/slag is

mainly due to C2ASH8. The third endothermic peak is due

to gibbsite (gAH3). The last endothermic peak is attributed

to C3AH6. The enthalpies of endothermic peaks that are

located at 270–280 and 70–100 8C are given in Table 3. It is

clear from Table 3 that the addition of 10 mass% of AS

(M.10) or WS (C.10) reduces the formation of C3AH6 by

c26.3% and 30%, respectively. On the other hand, 25

mass% of AS (M.25) and WS (C.25) reduces the formation

of C3AH6 by c54.6% and 50.4%, respectively. The great

differences in the enthalpy values of the peak located at 70–

100 8C for specimens containing AS and WS are due to the

formation of CSH (II) as a result of the slag hydration

reactions [21].

3.5. SEM

The morphology and microstructure of hydrated CAC

and CAC pastes containing 25 mass% of AS or WS cured at

40 8C are depicted in Fig. 12. The micrograph in Fig. 12A

shows the presence of cubic and granular crystals of C3AH6

as well as AH3 gel, which could be detected in the upper

part of the micrograph. The porous and weak structure may

be responsible for the low strength. The microstructures

shown in Fig. 12B and C illustrate the dense texture to

which the strength improvement is related. Stratlingite phase

was detected in this micrograph. Stratlingite (C2ASH8) was

formed in significant quantities in preference to C3AH6. Fig.

12B and C show little amounts of amorphous gel materials

located around the stratlingite phase.
4. Conclusions
(1) In hydrated CAC pastes containing AS and WS, the

electrical conductivity maximum decreases as the slag

content increases. This result is mainly attributed to

the interaction of slag with Ca2+ ions released, leading

to the formation of stratlingite (C2ASH8), which

results in a corresponding decrease in the electrical

conductivity values.

(2) At 40 8C, electrical conductivity of CAC increases

after 144 h (6 days), whereas CAC containing 25

mass% of AS or WS have nearly the same values.

(3) The compressive strength increases with the slag

content up to 10 mass% at 20 8C. On increasing the

amounts of slag, the strength values show a slight
decrease, but it is still higher than that of neat CAC.

At 40 8C, the compressive strength increases with slag

content. In this system, AS has a hydraulic activity

nearly the same as WS. At high temperatures (40 and

60 8C), it gives higher strength than WS.

(4) Addition of slag (AS or WS) reduces the X-ray peak

intensities of C3AH6 phase. It does not prevent the

conversion, but it suppresses the hydrogarnet forma-

tion. Ten mass% of AS or WS reduces the formation of

C3AH6 by c26.3% and 30%, whereas replacing the

CACwith 25mass%AS andWS reduces the formation

of C3AH6 by c54.6% and 50.4%, respectively.
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