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Abstract
The reactivity of the binary mixtures of reactive magnesia and hydratable alumina micro-powders with various compo-

sitions was investigated by calorimetric method, X-ray diffraction, simultaneous DSC–TGA with thermal evolved gas

analysis–mass spectrometry and scanning electron microscope observations. The effect of the MgO/Al2O3 molar ratio (2:1,

1:1 and 1:2) and temperature on the hydration behavior of pastes has been explored using the TAM Air isothermal

calorimetry system at 25 and 50 �C. Some structural aspects of a M–A–H (M:MgO, A:Al2O3, H:H2O) binding phase

formed upon the hydration of MgO–Al2O3 micro-powders at different curing time have been explored. The main hydrate

considered to be important in this system is hydrotalcite Mg6Al2CO3(OH)16�4H2O formed via the isomorphous substitution

of Mg2? ions by trivalent Al3? one in the brucite-like sheet. This was expressed as a systematic shift of the peak at 2-theta

value corresponding to the (003) reflection. Since both hydrotalcite and brucite are identified in the hydrating samples, the

thermal stability of hydroxyls in these hydration products can be placed in the decreasing order as follows: (Mg2Al)–OH-

hydrotalcite group[ (Mg3)–OH-brucite group[ (Mg3)–OH-hydrotalcite group.

Keywords Heat flow calorimetry � Thermal analysis � Time and temperature-dependent hydration mechanism �
Hydrotalcite � Structural properties

Introduction

Magnesia (MgO) is widely used in the production of

refractory materials due to its ultra-high melting point and

ability to form the binding system based on M–S–H

(M:MgO, S:SiO2, H:H2O) phase under moist condi-

tions and in the presence of, for example, silica fume [1–4].

Magnesium oxide with high chemical activity can be

obtained by optimizing the technological parameters

including calcination temperature and soaking time. The

most reactive MgO produced at the lowest calcination

temperature with the highest surface area and the smallest

crystallite size is required for the latest application [5–8].

In connection with these subjects, due to the excellent high

temperature properties of a-alumina, calcined aluminas are

also used in many refractory applications, in both mono-

lithic and shaped products [9–11]. Processing of simple

metal-oxides, i.e., fine nano- and micro-powders of both

MgO and Al2O3 in unshaped refractory materials (casta-

bles) technology, is now up-to-date trend of corundum-

spinel castables, mainly cement-bonded refractory

castable and no-cement-content (NCC) casta-

bles [10, 12–15]. Some literature reports concern a com-

bination of MgO–Al2O3 oxide system as a promising state-

of-the-art binding system based on M–A–H (A:Al2O3)

phase designed for the calcia-free refractory casta-

bles [10, 15, 16]. In our recent paper [15], it has been

shown that the powder fineness and particle size distribu-

tion result in a size-dependent hydration mechanism and

kinetics for MgO and Al2O3, and also determine cementi-

tious (hydraulic) activities. In situ reactions based on the

formation of hydrotalcite-like phases inside the refractory

MgO-bonded alumina castables were recently evaluated by

Santos Jr. et al. [12] and Ye et al. [10]. Hydrotalcite, a

natural mineral of chemical formula Mg6Al2(OH)16

(CO3)�4H2O, is a close mineral belonging to the layered
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double hydroxide family of anionic clays [17–21]. It was

proved that the hydrotalcite-like phases might enhance the

explosion resistance of Al2O3–MgO refractory castables,

since these compounds exhibit crystalline lamellas sepa-

rated by water molecules [12].

Based on these aspects, this paper firstly evaluates the

influence of both MgO/Al2O3 molar ratio and curing time

on the kinetics of water release from binder samples, and

secondly discusses some structural aspects of a M–A–H

binding phase formed upon the hydration of MgO–Al2O3

micro-powders. The main objective of this study was to

demonstrate an alternative route to elaborate the calcia-free

hydraulic binder systems designed for refractory corundum

castables with in situ spinel formation.

Experimental

Materials

The raw materials were high-purity hydratable alumina

NABALOX NO 115 TC, d50 = 3.5–5.0 lm, 99.5% Al2O3,

a-Al2O3-content approx. 98.0%) from NABALTEC and

analytical reagent quality magnesium oxide (d50 = 10 lm,

98% MgO) from Acros Organics. All cementitious pastes

were prepared using distilled water.

Preparation

A novel magnesia–alumina-based binder for in situ spinel-

bonded refractory castables was prepared by mixing MgO

and Al2O3 reactive micro-powders with MgO/Al2O3 molar

ratios of 1:0, 2:1 and 1:2. Dry raw materials were weighted

and pre-homogenized together. The water–solid material

ratio (abbreviated w/s) was used as a basis for sample

mixture proportioning. The cementitious pastes MA 1:1,

MA 2:1 and MA 1:2 were prepared with w/s = 0.7, and

then, all neat pastes were mixed by hand in the glass beaker

with a metal spatula until the powders and water were

uniformly distributed (approximately 5 min mix time).

Three cementitious paste samples were placed in sealed

polyethylene bag and cured up to 2 years in a climatic

chamber. The sealed/saturated curing conditions (relative

humidity * 96%, temperature * 50 �C) were maintained.

Characterization

Proof of crystalline mineral phases in hydrated cementi-

tious pastes was performed by X-ray detection (XRD). The

X-ray analysis was performed by a X’Pert Pro PANalytical

X-ray diffractometer using the following device parame-

ters: CuKa radiation, stepsize 0.028 2-theta, start: 5.008,
end 70.008, temp. 25 �C. Thermal decomposition data for

hydrated compounds were obtained using simultaneous

TG–DSC–EGA method (NETZSCH STA 449 F5 Jupiter)

at a heating rate of 10 �C min-1 under a flow of air

(25 mL min-1) with alumina as a standard substance. The

TG–DSC analyses were performed using a sample mass of

25 mg in alumina crucibles. The phase distribution and

microstructural changes of the M–A–H hardened pastes

were analyzed using scanning electron microscopy (SEM,

Nova Nano SEM 200, FEI).

The samples for XRD and TG–DSC–EGA investiga-

tions were obtained by grinding the hardened pastes with

acetone. Thus, the hydration reactions were stopped at

appropriate time intervals, i.e., 140 days, 255 days and

2 years.

Hydration heat evolution of the blended pastes con-

taining MgO and Al2O3 reactive micro-powders with

MgO/Al2O3 molar ratios of 1:0, 2:1 and 1:2 was deter-

mined with a TAM Air microcalorimeter (TA Instruments)

at 25 �C and 50 �C by integrating the continuous heat flow

signal during the 72-h and 16-h hydration processes,

respectively. An in situ mixing procedure using admix

ampoule was applied for this purpose [16]. In all cases, two

grams specimen of dry homogenized mixture was poured

into a glass vial. Water was weighed into mounted syr-

inges. Admix ampoule was introduced into the calorimeter

prior mixing, thus equilibrating to isothermal environment.

Mixing step was done after equilibration inside the

calorimeter to enable the quantitative access to the early-

age hydration peak. A second glass vial containing sand

was used as an inert reference in the twin channel of

calorimeter to ensure best stability of the baseline before

mixing step and after experiment. This reference materials

provide the same heat capacity than the mass of binder

paste.

Results and discussion

X-ray diffraction characterization of Mg–Al cementitious
matrices

All results of XRD on samples are presented in Figs. 1–4

and listed in Tables 1–4. The X-ray diffraction (XRD)

method was applied to analyze whether MgO/Al2O3 affects

the hydration progress of Mg–Al cementitious matrices

prepared with the reactive micro-sized alumina and reagent

grade magnesium oxide. Figures 1–3 present diffrac-

tograms of the Mg–Al cementitious matrices concerning

phase evolution over the curing time. The multiphase

composition of the Mg–Al cementitious pastes becomes

evident at 140, 255 days and 2 years of curing time. Among

the crystalline phases, a-Al2O3 and Mg(OH)2 phases are

the most easily recognizable. The magnesium oxide parti-

cles were fully hydrated to magnesium hydroxide at every
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curing stage, and no traces of MgO were noticed in the

Mg–Al cementitious samples.

In general respect, the cementitious paste is a very

complex composite, where many crystalline phases coexist

surrounded by an amorphous product, the M–A–H gel. The

crystalline peaks do not show clear increase in peak width,

but only a decrease in intensities of each diffraction peak

with curing time from the first 140 days to 255 days. This

indicates that the transition from crystal to amorphous was

a direct transformation and can be best modeled as a

mixture of amorphous in character and crystalline materials

(Figs. 1–3a, b). Then, M–A–H structure has transformed

from amorphous to crystalline during the curing period

from 255 days to 2 years (Figs. 1–3b, c). As the time

progressively increases, the formation of magnesium–alu-

minate–hydrate (M–A–H), a key product of hydrated

cementitious pastes, takes place. For an example, the

variation of the diffraction peak relative intensity of

Mg(OH)2 versus the hydration time in the MAH sample is

presented in Table 1. The relative peaks intensity of brucite

is decreased up to 255 days of hydration, and it can be

deduced that the decreased crystallinity of Mg(OH)2 is

resulted from consumption of Mg(OH)2 against hydration

time. Unexpected increase in intensity of XRD peaks of

Mg(OH)2 between 255 days and 2 years of hydration is

rather difficult to explain. With these results, it can be

supposed that an increase in intensity of XRD peaks of

Mg(OH)2 could be regarded as the dissolution–recrystal-

lization–redissolution–recrystallization of magnesium

hydroxide that proceeded within continuous moist curing

of pastes. In fact, it can also be assumed that the measured

powder sample exhibits preferred orientation; thus, the

relative intensity between peaks changes, as the intensity

ratios of I001/I101, I001/I102, I001/I110 are presented in

Table 2.

The X-ray powder diffraction patterns of the MA 1:1,

MA 2:1 and MA 1:2 cementitious matrices (Figs. 1–3)

exhibit some of the typical diffraction peaks at about 7.69,

3.88, 2.58 and 1.53 Å generally assigned to (003), (006),

(009) and (110) planes of Mg6Al2CO3(OH)16�4H2O (Hy-

drotalcite, PDF-00-014-0191) [22]. There is an evidence in
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Fig. 2 X-ray diffraction patterns of the MgO/Al2O3 2:1 hydrated

matrix (w/s = 0.7) after 140 days a 255 days, b and 2 years, c of

moist curing at 50 �C
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Fig. 1 X-ray diffraction patterns of the MgO/Al2O3 1:1 hydrated

matrix (w/s = 0.7) after 140 days a 255 days, b and 2 years, c of

moist curing at 50 �C
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the gradual increase in XRD peak intensities corresponding

to an increase in both crystallinity and hydrotalcite content

along with increase in the curing time. As the hydration

proceeded over time, the intensity peak corresponding to

the strongest peak from the crystallographic plane (003) of

the Mg6Al2CO3(OH)16�4H2O gradually increased

(Table 3). Perhaps, the most important observation

regarding the mechanisms of the products formed during

hydration is that the alumina can significantly enhance the

formation of the M–A–H phases. This is clearly seen in the

pastes prepared using mixed oxides with stoichiometric

composition and with an excess of Al2O3 with respect to

the stoichiometric value of MA 1:1, i.e., in both MA 1:1

and MA 1:2 samples.

Hydrotalcite Mg6Al2CO3(OH)16�4H2O crystallizes with

hexagonal symmetry crystal structure. The lattice param-

eters both a (= 2d110) and c (= 3d003), were determined

from powder X-ray diffraction data. Details of the proce-

dure are presented elsewhere [15]. Table 4 lists the crystal

parameters and the calculated sizes of the hydrotalcite-like

compound within the MgO–Al2O3 cementitious matrices

with MgO/Al2O3 molar ratios of 1:1, 2:1 and 1:2 cured for

2 years. The effect of Mg/Al molar ratios in the

Table 1 The relative intensity (in %) of the diffraction peak at about

d = 2.36373 Å assigned to (101) plane of Mg(OH)2 (Reference code:

00-007-0239 [22]) in the MgO/Al2O3 hydrated matrices versus

hydration time

Hydration time MgO/Al2O3 molar ratio

2:1 1:1 1:2

140 days 74.18 25.08 10.82

255 days 60.23 20.33 9.02

2 years 65.01 25.70 8.82
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Fig. 3 X-ray diffraction patterns of the MgO/Al2O3 1:2 hydrated

matrix (w/s = 0.7) after 140 days a 255 days, b and 2 years, c of

moist curing at 50 �C

Table 2 The intensity ratios between some diffraction planes of

Mg(OH)2 extracted from XRD patterns

Hydration time I001/I101 I001/I102 I001/I110

MgO/Al2O3 molar ratio of 2:1

140 days 0.66 2.13 1.98

255 days 0.66 2.08 1.96

2 years 0.68 2.20 2.16

MgO/Al2O3 molar ratio of 1:1

140 days 0.66 2.12 1.80

255 days 0.70 2.36 1.87

2 years 0.67 2.38 2.16

MgO/Al2O3 molar ratio of 1:2

140 days 0.60 2.15 1.55

255 days 0.70 2.40 1.84

2 years 0.80 3.05 2.64
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Fig. 4 Positions of the diffraction peaks assigned to (003) plane of

Mg6Al2CO3(OH)16�4H2O (Reference code: 00-014-0191 [22]) in the

MgO/Al2O3 cementitious matrices with different composition (MgO/

Al2O3 molar ratios of 2:1, 1:1 and 1:2) cured for 2 years. Positions

changes versus time for MA 1:1 hydrated matrix are marked in gray
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cementitious pastes on the structural properties of hydro-

talcite is evident. The calculated value of the lattice

parameter c, corresponding to the thickness of the brucite-

like layers and the interlayer space, decreases in the series

of MgO/Al2O3 molar ratios of 2:1, 1:1 and 1:2. It suggests

that hydrotalcite formed in the Mg–Al cementitious matrix

was enriched with a larger proportion of the smaller,

trivalent Al ions. As it can be also observed in Fig. 4, the

position of 2-theta is shifted for (003) plane of Mg6Al2-

CO3(OH)16�4H2O toward higher 2 theta value. Thus, the

isomorphic substitution of the Mg2? ions by the smaller

Al3? ions is determined by both chemical composition

(MgO/Al2O3 molar ratio (Mg/Al ratio)) of the cementitious

paste and curing time. The light grey lines represent the

observed data for MA 1:1 matrix hydrated for 255 days and

2 years.

Thermal analysis of Mg–Al cementitious matrices

Simultaneous DSC–TG–EGA measurements show several

decomposition stages of the Mg–Al cementitious matrices

with different composition (MgO/Al2O3 molar ratios of

2:1, 1:1 and 1:2) after curing time of 2 years (Figs. 5–7).

The consumption of free water for cementitious materials

hydration, especially as MgO/Al2O3 molar ratio dependent,

can be clearly seen. The progress of hydration processes

produces hydrates; thus, the highest loss of mass due to the

evaporation of the water chemically bonded to Mg–Al

phases was achieved after 2 years of moist curing

(Table 5). According to thermogravimetric analysis results

displayed as TG curves and the values presented in

Table 5, the total mass loss due to decomposition of the

hardened binder pastes within the temperature range

- 35 �C to 1050 �C was 19.85, 16.72 and 11.14% of the

initial mass of the MA 2:1, MA 1:1 and MA 1:2 samples,

respectively. The MA 2:1 cementitious material is more

susceptible to hydration than its MA 1:1 and MA 1:2

counterparts, owing to its higher magnesia content.

The high mass loss up to 420 �C is associated with

endothermic peaks in the DSC curves and was due to the

loss of three kinds of water (surface, interlayer and struc-

tural water) from both hydrotalcite and brucite. Based on

Table 3 The relative intensity (in %) of the diffraction peak at about

d = 7.690 Å assigned to (003) plane of Mg6Al2CO3(OH)16�4H2O

(Reference code: 00-014-0191 [22]) in the MgO/Al2O3 hydrated

matrices versus hydration time

Hydration time MgO/Al2O3 molar ratio

1:1 2:1 1:2

140 days 7.46 7.52 9.04

255 days 12.33 9.09 13.53

2 years 59.80 22.51 65.89

Table 4 XRD data and structural parameters of hydrotalcite-like

compound within the MgO–Al2O3 cementitious matrices with dif-

ferent composition (MgO/Al2O3 molar ratios) cured for 2 years

Structural parameter MA 2:1 MA 1:1 MA 1:2

d003/nm 0.7768 0.7749 0.7693

d110/nm 0.1530 0.1530 0.1528

b for [003]/8 0.2502 0.2223 0.2271

b for [110]/8 0.2410 0.1536 0.2320

Lattice parameter a/nm (= 2d110) 0.3060 0.3060 0.3056

Lattice parameter c/nm (= 3d003) 2.3304 2.3247 2.3079

Crystallite size in the direction a/nm 37.77 59.25 39.25

Crystallite size in the direction c/nm 31.58 35.54 34.79
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data from the literature, it can be generally agreed that the

removal of physically adsorbed and interlayer water

molecules (dehydration, removal of H2O) occurs below

300 �C, but both dehydroxylation of hydroxide layers

(elimination of OH- groups) and loss of exchange anions

CO2�
3 and OH-) occur in the temperature range from 300

to 500 �C [23–27]. In these studies, the gaseous products

evolved from the samples were also analyzed. Evolution of

both H2O (m/z = 18) and CO2 (m/z = 44) shows parallel

run to the DSC curves having local maximums at the same

temperature values. The endothermic dehydration and

decarbonization peaks are more sensitively detected by the

MS than DSC curves, and the characteristic peaks of

evolution of H2O and CO2 are clearly visible in all

cementitious matrices. The results of MS are presented as a

plot of the total ion current against the temperature (H2O—

dot line—and CO2—dash line).

We have thus assigned the events at around 381, 374

and 365 �C to dehydroxylation of (Mg3)–OH-brucite sites

and (Mg3)–OH-hydrotalcite sites, since both Mg(OH)2 and

Mg6Al2CO3(OH)16�4H2O were detected by XRD in the

2-year hydrated MA 2:1, MA 1:1 and MA 1:2 samples.

This assignment predicts the lower thermal stability of

(Mg3)–OH-hydrotalcite sites than that of OH in Mg(OH)2.

Also note that the Al3? ion stabilizes (Mg2Al)–OH group

[15, 28] and increases its thermal stability to 417, 411 and

408 �C in the 2-year hydrated MA 2:1, MA 1:1 and MA

1:2 samples, respectively.
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Calorimetric studies of reactive magnesia–
hydratable alumina hydrating mixtures

The heat of hydration was measured for the mixtures of

reagent oxides MgO and Al2O3 (MgO/Al2O3 1:1, 2:1 and

1:2 in molar ratios) whose particle size distribution known

as the median diameter or the medium value of the particle

size distribution was about 10 lm. The isothermal heat

flow calorimetry measurement taken at two temperatures

(25 �C and 50 �C) was a useful tool for both studying and

assessing the hydration behavior of new alternative binders

for corundum castable compositions. The heat flow curves

for the MA 1:1, MA 2:1 and MA 1:2 hydrating special

cementitious mixtures prepared with a water/solid ratio of

0.7 at 25 �C and 50 �C are presented in Figs. 8 and 10,

respectively. The accelerating effect of temperature was

clearly visible from calorimetric curves plotting the rates of

heat evolution in W g-1 by all hydrating MA pastes as a

function of time when reacted with water for 72 h and 16 h

at temperatures from 25� to 50 �C. The exothermic heat

effects observed in the microcalorimeter at 25 �C (Fig. 8)

were shortened to a few hours for the measurement tem-

perature of 50 �C (Fig. 10). The calorimetric curves mea-

sured at 25 �C exhibit three major details (Fig. 8). The first

of these is intense heat evolution peak which occurs

directly after mixing dry material with water (a mixing

peak). The heat effect in the first 20 min is attributable to

both the heat of initial wetting of the powder with the

Table 5 Thermoanalytical data

for the MgO–Al2O3

cementitious matrices cured at

50 �C for 2 years

Samples DSC peak temperature/�C TG data/% DTG data/%

MA 2:1 55 2.48 2.48

200 3.91 1.43

381 13.05 9.14

417 17.42 4.37

Total mass loss at 900 �C from TG data/% 19.85 2.43

MA 1:1 56 2.16 2.16

205 4.25 2.09

374 11.09 6.84

411 14.22 3.13

Total mass loss at 900 �C from TG data/% 16.72 2.50

MA 1:2 209 2.30 2.30

365 6.61 4.31

408 8.95 2.34

Total mass loss at 900 �C from TG data/% 11.14 2.19
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liquid and Mg(OH)2 formation. Depending on the com-

position of the sample, a decrease in the first peak intensity

associated with the increase in the MgO content is clearly

observed (Fig. 8b). Within a few hours, second exotherm

appears in the MA 1:2 sample (Fig. 8a). Such peak is

mostly associated with the primary reaction in which

anhydrous solids are converted to the product phases, i.e.,

the further formation of Mg(OH)2, and both AH3-gel and

amorphous M–A–H phase. The times at which these

reaction peaks occur and their durations exhibit a strong

MgO/Al2O3 molar ratio dependence. For example, this

second exothermic peak was split into two heat effects, as

it can be observed in the MA 1:1 and MA 2:1 curves

(Fig. 8a). The third MgO/Al2O3 molar ratio-dependent

feature is the appearance of periods of low heat evolution

between the mixing and reaction peaks. This induction

period which is generally a time of minimal hydration

activity between the initial hydration reactions upon wet-

ting and the later primary reaction both MgO and Al2O3

with water to form Mg(OH)2, AH3-gel and amorphous M–

A–H phase occurs between about 20 min and\ 2 h (MA

2:1), 2 h (MA 1:1) or 4 h (MA 1:2). Thus, for a higher

MgO content, the accelerated hydration peak is intensified

and it appears earlier (Fig. 8a). Figure 9 shows curves of

the total heat liberated during the first 72 h of reaction of

MA 2:1, MA 1:1 and MA 1:2 mixtures. Comparing the

three data, it can be seen clearly that the extent of heat

liberation increases with increasing MgO content in the

hydrating pastes. The slope of the heat liberation curve of

MA 2:1 sample exhibits period of rapid reaction, followed

by extended periods of slow reaction. This behavior is

consistent with a hydration mechanism which is initially

controlled by interfacial reactions between water molecules

and the solid surfaces, and then controlled by diffusion

processes. Hydration at higher temperature, i.e., 50 �C,

brings about a reduction in the total amount of heat

released during hydration of the MA 1:1 and MA 1:2 pastes

in the first 16 h (Fig. 11 and Table 6). The reason for this is
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Table 6 The total amount of heat released during hydration of bin-

ders at 16 h of curing time in J g-1 exposed to 25 �C and 50 �C
isothermal temperatures

Samples T = 25/�C T = 50/�C

MA 1:1 24 13

MA 2:1 54 114

MA 1:2 12 5
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mixtures (with in situ mixing).
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evidently the inability to achieve complete hydration at

elevated temperature since the hydration products adhere

firmly to the surfaces of the anhydrous reactive alumina.

However, the sample prepared with an excess of MgO

(MA 2:1) with respect to the stoichiometric value of

MA 1:1 exhibits an increase in the total heat evolved in the

first 16 h because the temperature activates hydration

process of MgO. Moreover, the induction period is absent

and both mixing and reaction peaks overlap in the

calorimetric curve of the MA 2:1 sample at temperature of

50 �C (Table 7). It may be also supposed that an

endothermic valley presented in Fig. 10 for MA 1:2 sample

corresponds to the dissolution/hydrolysis of alumina and

the exothermic peak is related to the dissolution of mag-

nesia and the formation of hydration products. As can be

seen in Fig. 10, an accelerated hydration peak occurs in the

MA 1:1 paste when hydration is carried out at 50 �C.

Table 7 Calorimetric data for

the MgO–Al2O3 cementitious

matrices cured at 25 �C and

50 �C

Samples Intensity of the first wetting exothermic peak Induction period

T = 25 �C
MA 1:1 1.8 mW g-1 20 min–2 h

MA 21 2.4 mW g-1 20 min–\ 2 h

MA 12 1.7 mW g-1 20 min–4 h

T = 50 �C
MA 11 460 lW g-1 No

MA 21 18 mW g-1 No

MA 12 Endothermic effect No

Fig. 12 Morphologies of hydrated MAH pastes with different MgO/Al2O3 molar ratio prepared at w/s = 0.7 and cured for 50 days at 50 �C:

a MA 1:1, b MA 2:1, c MA 1:2
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Morphological structure of Mg–Al cementitious matrices:
SEM and TEM analysis

The MgO/Al2O3 molar ratio influences both the hydration

behavior of magnesia–alumina-based binder systems, as

previously highlighted in XRD, DSC–TG–EGA and

microcalorimetry discussion. The morphological changes

of samples due to time were also studied by SEM method.

Figure 12a–c presents SEM micrographs of the neat MA

pastes with MgO/Al2O3 molar ratios of 1:1, 2:1 and 1:2,

respectively, prepared with 0.7 of w/s and cured at 50 �C
for 50 days. Besides, Fig. 13a–c presents SEM images of

these hydrated materials subjected to 259 days of curing

period. This curing time-dependent morphological changes

of Mg–Al cementitious matrices are evident from the

micrographs in Figs. 12 and 13. SEM image of the fracture

surface of the paste prepared with an excess of Al2O3 (MA

1:2, Fig. 12c) with respect to the stoichiometric value of

MA 1:1 (Fig. 12a) exhibits dense structure of amorphous

or semicrystalline gel of M–A–H phase and Mg(OH)2 that

covers the surface of the reactive alumina grains. A few

crystals of Mg(OH)2 are present in spongy clusters of

50-day cured samples (Fig. 12a, b) between Al2O3 parti-

cles. As time proceeded to 259 days, most of these crystals

disappeared; thus, it seems that Mg(OH)2 was consumed.

SEM images provide excellent evidence of the existence of

hexagonal-shape sheet of hydrotalcite-like crystals formed

during hydration process of the mixture of MgO and Al2O3

micro-powders. These Mg-, Al-containing crystals are

embedded in the investigated 50-day hydrated cementitious

matrices between alumina/hydrated alumina and magne-

sium hydroxide particles (Fig. 12a–c). A greater amount of

hydration products, i.e., newly formed thin-walled plates of

MAH compound, appeared in the 259-day cured material

(Fig. 13a–c). These thin-walled crystals are embedded in

the coagulated products of the 259-day cured MA cemen-

titious pastes.

Conclusions

In this paper, an experimental investigation of hydration

mechanism of the binary cementitious pastes containing

MgO and Al2O3 micro-powders was presented. According

Fig. 13 Morphologies of hydrated MAH pastes with different MgO/Al2O3 molar ratio prepared at w/s = 0.7 and cured for 259 days at 50 �C:

a MA 1:1, b MA 2:1, c MA 1:2
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to the current research, some certain conclusions can be

drawn:

1. The MgO/Al2O3 molar ratio affects the heat flow

curves of reactive magnesia-hydratable alumina pastes

hydrated at 25 and 50 �C.

2. Structural changes in the hardened binary cementitious

pastes containing MgO and Al2O3 micro-powders,

subjected to the different time/temperature curing

conditions, were studied at micrometer and nanometer

levels.

3. Both MgO/Al2O3 molar ratio and curing time affect

the substitution of Mg2? ions by the Al3? ions in

brucite-like layers [Mg(OH)2] of the binary cementi-

tious pastes containing reactive MgO and Al2O3

micro-powders. Hence, an excess concentration of

aluminum ions over the concentration of magnesium

ions and prolonging the hardening time up to 2 years

promote the formation of hydrotalcite-like hydration

product.

4. The products formed are a Mg–Al–CO3 hydrotalcite-

like compound known as a Mg–Al layered double

hydroxide (Mg–Al–LDH) and magnesium hydroxide.

5. The sharpening of Mg–Al–CO3 hydrotalcite-like com-

pound main peaks intensity means that the crystallinity

and phase content of nanoscale Mg–Al–CO3 hydrotal-

cite are effectively improved after the prolonged

curing time.

6. The thermal stability of hydroxyls in hydration prod-

ucts can be placed in the decreasing order as follows:

(Mg2Al)–OH hydrotalcite group[ (Mg3)–OH-brucite

group[ (Mg3)–OH-hydrotalcite group.
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of time and temperature on ageing and phases synthesis in the

MgO–SiO2–H2O system. Thermochim Acta. 2013;567:57–64.

4. Li Z, Yu Q, Chen X, Liu H, Zhang J, Zhang J, Yang Y, Wei J.

The role of MgO in the thermal behavior of MgO-silica fume

pastes. J Therm Anal Calorim. 2017;127:1897–909.

5. Bai L, Ma Y, Zhao W, Deng Y, Li S. Optimization and mecha-

nism in preparing active magnesium oxide from magnesite.

J Therm Anal Calorim. 2017;129:1103–9.

6. Liu B, Thomas PS, Ray AS, Guerbois JP. A TG analysis of the

effect of calcination conditions on the properties of reactive

magnesia. J Therm Anal Calorim. 2007;88:145–9.

7. Liu XW, Feng YL, Li HR, Zhang P, Wang P. Thermal decom-

position kinetics of magnesite from thermogravimetric data.

J Therm Anal Calorim. 2012;107:407–12.

8. Ren H, Chen Z, Wu Y, Yang M, Chen J, Hu H, Liu J. Thermal

characterization and kinetic analysis of nesquehonite, hydro-

magnesite, and brucite, using TG-DTG and DSC techniques.

J Therm Anal Calorim. 2014;115:1949–60.
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