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Effect of Magnesium on the C-S-H Nanostructure Evolution 
and Aluminate Phases Transition in Cement-Slag Blend
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Abstract: The microstructural study was conducted on cement and cement-slag pastes immersed in 
different concentrations of Mg(NO3)2 solutions utilizing 29Si, 27Al NMR spectroscopy and XRD techniques. 
The results show that the hydration of both the cement and cement-slag pastes is delayed when the pastes are 
cured in Mg(NO3)2 solutions as compared to the pastes cured in water. Moreover, Mg2+ ions also exhibit an 
decalcifying and dealuminizing effect on the C-A-S-H in cement and cement-slag pastes, and thereby decrease 
Ca/Si and Al[4]/Si ratios of the C-A-S-H. The dealuminization of C-A-S-H is mitigated for cement-slag paste 
as compared to pure cement paste. The depolymerized calcium and aluminum ions from C-A-S-H gel mainly 
enter the pore solution to maintain the pH value and form Al[6] in TAH, respectively. On the other hand, Mg2+ 

ions exert an impact on the intra-transition between Al[6] species, from AFm and hydrogarnet to hydrotalcite-like 
phase. NO3

- ions are interstratified in the layered Mg-Al structure and formed nitrated hydrotalcite-like phase 
(Mg1-xAlx(OH)2(NO3)x•nH2O). Results from both 27Al NMR and XRD data show that ettringite seems not to 
react with Mg2+ ions.
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1  Introduction

With the human exploration of the ocean, more 
and more concrete constructions are built to serve in 
marine environment. However, some ions in the ocean 
will cause the degradation of the concrete by involving 
a chemical reaction of these ions with cement paste. 
Mg2+ is one of these common ions in seawater which 
has a deleterious effect on the concrete. Due to the lim-
ited solubility of magnesium hydroxide (brucite), it is 
easy to precipitate in high pH environments as often 
found for hydrated Portland cement paste. The depletion 
of hydroxyl ions will result in the leaching of calcium 
and destabilization of the cement hydrates. Hence, Mg2+ 
ions have always been used as the cations in testing 
solution during the cement exposure experiments.

Bonen[1,2] has studied the effect of magnesium 
sulfate on Portland cement pastes, and the results 
show that the samples immersed in magnesium sulfate 
solution produced a “transition layer” on their suface, 
which contained an outer magnesium hydroxide layer 
(about 40-120 μm in thickness) and an inner gypsum 
layer (about 20-70 μm in thickness). Longer time of 
immersion caused the formation of magnesium silicate 
hydrate (M-S-H) in the samples instead of calcium sili-
cate hydrate (C-S-H). Taylor[3] studied the composition 
variation of C-S-H gel in plain and slag blended ce-
ment paste subject to sodium and magnesium solution 
and concluded that magnesium presence causes more 
severe decalcification of the C-S-H gel for the exposed 
pastes. Kunther[4] also found that MgSO4 solution has 
an stronger decalcifying effect on synthesized C-S-H 
than Na2SO4 solution with the same sulfate concentra-
tion, even than Na2SO4 solution with a tenfold increase 
in the sulfate concentration. The above investigations 
have demonstrated the enhancing effect of Mg2+ on sul-
fate attack on cement paste.

On the other hand, modern cementitious pastes 
are often prepared with a certain level of alumina-rich 
supplementary cementitious materials (SCMs) re-
placement, which leads to an increasing amount of 
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aluminum substituting into C-S-H gel[5,6], i e, calcium 
aluminosilicate hydrate (C-A-S-H) gel. Researches 
from experiment and molecular dynamics simulation 
suggest that the incorporation of aluminum in C-S-H 
can improve its nanomechanical properties[7,8] and 
seawater corrosion resistance[9,10]. As C-A-S-H gel is 
the main hydration product in cement paste providing 
cohesion strength, the Al substituting amount and coor-
dination distribution in C-A-S-H gel are also important 
microstructural parameters which determine the perfor-
mance and long-term durability of the pastes. As found 
in Ding Qingjun’s research[11,12], pure cement pastes 
exposed to both Na2SO4 and MgSO4 solutions exhibit a 
transformation from Al[4] in C-A-S-H and Al[6] in AFm 
to Al[6] in AFt.

As almost all previously reported works relevant 
with the magnesium ions attack on cement are per-
formed by utilizing magnesium sulfate solutions, i e, 
the combined attack of magnesium and sulfate ions, the 
effect of magnesium on cement pastes is hitherto not 
fully understood. Therefore, Mg(NO3)2 (aq) is selected 
as the exposure solution in this work. Pure cement and 
cement pastes blended with 30 wt% granulated blast 
furnace slag were prepared and exposed to different 
concentrations (0.0%, 2.5%, 5.0% and 10.0%) of Mg(-
NO3)2 solutions for 28 and 365 d. After the exposure, 
the samples were tested by 29Si, 27Al NMR, SEM-EDX 
and XRD to investigate the hydration and the micro-
structure evolution in the pastes.

2  Experimental

2.1  Materials
The Portland cement(PC) and granulated blast 

furnace slag (GBFS) used in this experiment were P.I 
52.5 cement produced by Huangshi Huaxin cement Co. 
LTD, China and GBFS produced by Jiangnan Grinding 
Co. LTD, China, respectively. The PC and GBFS used 
had a specific surface area of 374 m2/kg and 454 m2/kg, 
respectively, with their chemical compositions given in 
Table 1.
2.2  Sample preparation

Samples were prepared with water to cement ratio 
of 0.35 using cement containing 0% and 30 wt% slag, 

respectively. After 24 h of standard curing, the samples 
were immersed in plastic-sealed box which contained 
0.0% (also denoted as water), 2.5%, 5.0% and 10.0% 
Mg(NO3)2 (aq) solutions, in the standard curing room. 
Owing to that the MgO contents were lower than 10 
wt% for both materials (Table 1), and that the Mg-bear-
ing phases (mainly being hydrotalcite) were below the 
detection limit of XRD for cement-slag pastes (GBFS 
replacement <35% by weight of binder)[5,12,13], the influ-
ence of Mg impurity in raw materials can be negligible, 
as compared with external Mg ions. The immersion 
solutions were refreshed monthly. Then samples were 
removed after 28 and 365 d of immersion, the outside 
layer of about 2 mm thickness was cut off, cracked to 
particles of the size of about 3 mm, and quickly treated 
with absolute ethanol to stop the hydration process. 
Finally, they were ground to fine powders and stored 
in a vacuum dryer at 30 ℃ for 2 h. The acquired fine 
powders were then sealed and stored in drying vessel 
for subsequent tests.
2.3  29Si and 27Al NMR

The solid-state 29Si and 27Al magic angle spin-
ning nuclear magnetic resonance (29Si and 27Al MAS 
NMR) spectroscopy was performed on Bruker Avance 
III 400 MHz spectrometers (magnetic field 9.4 T; lar-
mor frequency of 79.5 MHz for 29Si, 104.3 MHz for 
27Al) using magic angle spinning (MAS) chemagnetics 
probes with 7 and 4 mm o.d. zirconia rotors for 29Si and 
27Al, respectively. The NMR experiments used a pulse 
width of 1 μs, pulse delay of 5 s, spinning speed of 
about 6 kHz and 2 048 scans for 29Si, and a pulse delay 
of 1s, spinning speed of about 12 kHz and 2 048 scans 
for 27Al. Chemical shifts for 29Si were referenced with 
respect to the downfield resonance of tetrakis(trimeth-
ylsilyl)silane (TTMS) at -9.8 ppm, for 27Al they were 
referenced with respect to Al(NO3)3·9H2O at 0 ppm. 
The spectra were fitted using the Peakfit software with 
the line shape of Lorentz distribution, detailed method 
are described in Ref.[14].
2.4  SEM-EDS and X-ray diffraction

The microstructure of fractured surface samples 
was examined using a Japanese Hitachi SU8020 scan-
ning electron microscope energy dispersive spectrom-
eter (SEM-EDS), with 20 kV acceleration voltage. 

Table 1 Chemical compositions of Portland cement and granulated blast furnace slag/wt%

Composition SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O LOI

PC 21.35 4.67 3.31 62.60 3.08 2.25 0.21 0.54 0.95
GFBS 28.15 16.00 1.10 34.54 6.00 0.32 0.46 0.45 2.88

LOI: loss of ignition
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Bruker D8 ADVANCE X-ray diffraction analyzer was 
used to exam the powder of the samples. The analyses 
were acquired with 2θ range from 7 to 65° with a step 
size of 0.02° using Cu(Ka) ray in 100 mA and 40 kV.

3 Results and discussion

3.1  29Si NMR
The 29Si NMR spectra of cement and cement-slag 

pastes exposed to water and Mg(NO3)2 solutions for 28 
and 365 d are given in Fig.1. The spectra show clearly 
three partly overlapping resonances at -71, -79 and -85 
ppm, originating from silicate tetrahedra in anhydrous 
minerals (Q0), in terminal groups (Q1) and middle 
groups (Q2) of aluminosilicate chains for C-A-S-H, 
respectively. In addition, there also exists a resonance 
centered at -81.5 ppm by reference[15], which is ascribed 
to silicate tetrahedra connected to the substituting 
aluminum in the bridging sites in the aluminosilicate 
chains (Q2(1Al)). A schematic diagram describing the 
local structure of Qn species in C-A-S-H is depicted in 
Fig.2. The variation in the intensities of different sili-
cate species has been determined from deconvolution 
of these spectra with the results listed in Table 2. The 
hydration degrees of the blends and microstructural 
characteristics of C-A-S-H gel in the pastes, were cal-
culated according to the following equations proposed 
by I. G. Richardson[16,17].

Hydration degrees of the pastes: 

                                  (1)

Mean Chain length of C-A-S-H gel:  

                  (2)

Al[4] to Si ratios of C-A-S-H gel: 

                  (3)

3.1.1 Hydration degrees 

The hydration degrees of cement and cement-slag 
pastes immersed in different type of solutions for 28  
and 365 d are depicted in Fig.3 as column diagram. It 
can be noted that the hydration degree of water expo-
sure cement paste increases with hydration age, which 
are 72.92% and 85.03% for 28 and 365 d hydration 

Fig.1  29Si NMR spectra for cement and cement-slag pastes immersed in different concentration of Mg(NO3)2 solutions

Fig.2  Schematic diagram of silicate tetrahedra species in C-A-S-H



111Journal of  Wuhan University of  Technology-Mater. Sci. Ed.  www.jwutms.net  Feb.2018

of the paste, respectively. The hydration degrees are 
66.88% and 84.17% for cement-slag after 28 and 365 d
of immersion in water. Zhiliang Wang[18] have stud-
ied the hydration degree of cement paste by different 
test methods, and the results show that 28 d hydration 
degrees of cement paste were 73.32%, 77.14% and 
73.17% for chemical bond water and hydration heat 
flow method, respectively. The hydration degrees of the 
pastes calculated by Qn species proportion in 29Si NMR 
spectra in this paper are in good agreement with Yuxue 
Zhu’s research, which shows the capability of NMR in 
the characterization of cement hydration.

The 28 d hydration degree of cement-slag paste is 
lower than that of cement paste, while 365 d hydration 
degrees of cement and cement-slag pastes are simi-
lar. The lower reaction degree of cement-slag paste at 
hydration age of 28 d as compared to cement paste is 
due to the lower hydration reactivity of supplementary 
cementitious material – slag. At hydration age of 365 d, 
the hydration degree of slag can reach about 75% due 

to pozzolanic reaction[19], which is close to that of pure 
cement, leading to the increasing hydration degree of 
cement-slag paste.

Hydration degrees of the pastes decrease to var-
ious extents, when samples are immersed in different 
concentrations of Mg(NO3)2 solutions. Hydration 
degrees decrease by 3.8% and 1.9% for cement and 
cement-slag pastes, respectively, after 365 d exposure 
to 2.5% Mg(NO3)2 solution as compared to paste expo-
sure to water, 5.0% and 2.3% when exposure to 5.0% 
Mg(NO3)2 solution. This is due to the Mg(OH)2 precip-
itation around the samples which inhibit the transpor-
tation of water and ions, thus delaying the hydration of 
the paste.
3.1.2 Mean chain lengths of C-A-S-H gel

The MCLs of C-A-S-H in cement and cement-slag 
pastes immersed in different type of solutions for 28 
and 365 d are illustrated in Fig.4. The MCLs of C-A-
S-H for water exposure cement and cement-slag paste 
increase with age, implying the polymerization of sili-

Table 2  Deconvolution results of 29Si NMR spectra for cement and cement-slag pastes under the attack of magnesium ions

Slag content/% Mg2+ ions concentration/% Age/d
Relative intensities of Qn species/%

Q0 Q1 Q2(1Al) Q2B Q2P

0.0

0.0

28

27.99 49.88 7.25 5.01 9.87
2.5 34.74 36.80 5.46 7.68 15.32
5.0 35.11 34.80 4.89 8.57 16.63
10.0 36.66 31.25 3.47 9.51 19.11

30.0

0.0 35.01 37.18 8.47 6.48 12.86
2.5 37.36 31.97 8.07 7.87 14.73
5.0 39.03 30.07 7.56 8.08 15.26
10.0 41.19 25.78 7.72 8.62 16.68

0.0

0.0

365

15.31 53.21 4.24 9.13 18.10
2.5 19.21 42.48 3.33 11.74 23.23
5.0 20.22 40.60 2.14 12.41 24.62
10.0 21.46 35.50 2.03 13.62 27.38

30.0

0.0 16.21 41.02 10.99 10.78 21.00
2.5 18.16 37.92 10.05 11.35 22.53
5.0 18.80 34.03 8.87 13.17 25.13
10.0 20.24 30.90 7.92 13.56 27.38

Fig.3 Hydration degrees of cement and cement-slag pastes after 
28 and 365 days of immersion in Mg(NO3)2 solutions

Fig.4 MCLs of C-A-S-H gel in cement and cement-slag pastes 
after 28 and 365 days of immersion in Mg(NO3)2 solutions
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cate tetrahedra as hydration progresses. MCLs of C-A-
S-H gel are 3.03 and 3.26 for cement paste after 28 and 
365 d of water-curing, respectively, which is consistent 
with Rodger’s result[20]. It can be observed that the 
incorporation of slag leads to longer silicate chains 
formation in C-A-S-H phases, which is associated with 
a reducing molar Ca/Si ratio of the cement-slag paste 
and thus a lower Ca/Si ratio for C-A-S-H phases. As 
is described in[21], the polymerization degree of silicate 
tetrahedra increases, thus increasing MCL with the de-
crease of Ca/Si ratio of C-A-S-H gel.

When the samples are immersed in Mg(NO3)2 

solutions, the MCLs of C-A-S-H gel in both cement 
and cement-slag pastes increase, and this increment in 
MCL extends with increasing concentration of Mg(-
NO3)2, which can be explained by the decalcifying ef-
fect of Mg2+ ions on C-A-S-H gel. Mg2+ ingress into the 
samples can react with OH- to form Mg(OH)2, which 
has a lower solubility and tends to precipitate, hence 
the pH value in the pore solution of the sample decreas-
es. C-A-S-H gels in acidic or neutral pH environments 
tend to release Ca2+ and transform into lower Ca/Si 
C-A-S-H gel with longer silicate chains.
3.1.3 Al[4]/Si ratios of C-A-S-H gel

The Al[4]/Si ratios of C-A-S-H in cement and ce-
ment-slag pastes immersed in different concentrations 
of Mg(NO3)2 solutions for 28 d and 365 d are illustrat-
ed in Fig.5. The Al[4]/Si ratios of C-A-S-H decrease 
with hydration age for water-curing cement sample, re-
flecting the gradual migration of substituted aluminum 
from silicate chains. This could be ascribed to the lon-
ger Al-O bond as compared to Si-O bond, which leads 
to the aluminum substitution in tetrahedral sites of 
the silicate chains being thermodynamically unstable. 
This phenomenon is consistent with the progressive 
richer in silicon for C-A-S-H gel observed by Fernán-
dez-Jimenez in alkali-activated fly ash pastes[22,23]. In 
the case of slag blended sample, it has a higher Al[4]/Si 
ratio for C-A-S-H gel and the ratio is slightly increases 
from hydration age of 28 to 365 d. This increase may 
involve the pozzolanic reaction of slag, which mainly 
occurs after 28 d of cement hydration and releases Al3+ 
ions available for substitution in C-A-S-H gel, thus im-
proving the Al[4]/Si ratio of C-A-S-H gel.

The Al[4]/Si ratios of C-A-S-H gel are lower for 
both cement and cement-slag pastes when the samples 
are immersed in Mg(NO3)2 solutions, and the decreases 
in Al[4]/Si ratios are more evident as the Mg(NO3)2 
concentration increases. This my reflect that Mg2+ ions 
exhibit a dealuminizing effect on C-A-S-H gel. The 

decrements of Al[4]/Si ratio in C-A-S-H gel are minor 
for slag blended samples, indicating that the blend of 
slag can improve the structural stability of C-A-S-H 
when it is subjected to magnesium attack.

3.2  SEM-EDS
In order to understand the relationship between 

the MCL and composition of C-A-S-H phases thor-
oughly, SEM-EDS analyses of C-A-S-H gel in part of 
the samples were performed (cement and cement-slag 
paste exposed to water, cement-slag paste exposed to 
5% Mg(NO3)2 solution). Fig.6 is the representative 
chemical composition of C-A-S-H gel in pastes. The 
EDS analyses suggest strong peaks of Ca, Si Al and 
O for all the samples, indicating the presence of cal-

Fig.5 Al[4]/Si ratios of C-A-S-H gel in cement and cement-slag 
pastes after 28 and 365 days of immersion in Mg(NO3)2 
solutions

Fig.6 SEM-EDS analyses of cement and cement-slag pastes after 
365 days of exposure to different solutions
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cium aluminosilicate hydrates. The presence of peaks 
assigned to carbon element suggests that the C-A-S-H 
phases are slightly carbonated, which may occur during 
the preparation of the sample. Twenty points was an-
alyzed for each of these samples and the Ca/Si ratio 
distribution of C-A-S-H is plotted in Fig.7 as scattering 
diagram.

The average Ca/Si ratio of C-A-S-H in cement 
paste is 2.33 (See Fig.7), which is a little higher than 
those in other researchers’ work. The excess in Ca/
Si ratio of C-A-S-H phase can be explained by the 
intermixture of C-A-S-H with portlandite at the scale 
too fine to be distinguished by energy dispersive spec-

troscopy probe. Both the incorporation of slag and 
exposure to 5% Mg(NO3)2 solutions lead to a decrease 
in Ca/Si ratio of C-A-S-H in the samples, which is in 
agreement with the NMR data, proving that lower Ca/
Si C-A-S-H gel has longer silicate chains in its struc-
ture.
3.3  27Al NMR

The 27Al NMR spectra of cement and cement-slag 
pastes exposed to water and Mg(NO3)2 solutions for 28 
and 365 d are given in Fig.8. Peaks at 74 and 60 ppm 
can be assigned to tetra-coordinated Al (Al[4]) in C-A-
S-H[24] and anhydrous slag (Fig.8(c)). Aluminum in 
AFt,  AFm and Third Aluminate Hydrate (TAH) are 
hexa-coordinated (Al[6]), which shows resonances at 
13.2, 10.0 and 4.1 ppm, respectively. TAH is an amor-
phous phase precipitated on the surface of C-A-S-H 
phase[25], which exsits in the form of [Al(OH)6]

3- or 
[OxAl(OH)6-x]

(3+x)-. For slag blended pastes, there also 
shows a slightly raised peak centered at about 34 ppm 
belonging to penta-coordinated aluminum (Al[5])[26]. In 
addition, there exists a resonance with chemical shift 
≈ 9.0 ppm designated to hydrotalcite-like phase (i e,
 a Mg-Al layered double hydroxide (Mg-Al LDH)) in 
the spectra for pastes with slag addition and high MgO 
content[27,28]. Peaks of hydrotalcite-like and AFm phases 

Fig.8 27Al NMR spectra for cement and cement-slag pastes immersed in different concentration of Mg(NO3)2 solutions (T-Al[6] in TAH; 
M/HT-Al[6] in AFm or hydrotalcite-like; E-Al[6] in AFt; S-Al[4] in slag; C-Al[4] in the C-A-S-H)

Fig.7 Ca/Si ratio distribution of C-A-S-H gel in the selected 
samples after 365 days of exposure to different solutions
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can’t be differentiated clearly in the spectra due to the 
similar chemical shifts of these two phases. Neverthe-
less, the slight shift in position to upfield and decrease 
in full width at half maximum (FWHM) of the overlap-
ping resonances for these two phases can demonstrate 
the phase transition occurring from AFm in water-cur-
ing samples to hydrotalcite-like phase in Mg(NO3)2 
solutions curing samples. 

To quantitatively study the aluminate species 
transition in the samples, deconvolution of the spectra 
was performed. As aluminum in cement clinker mainly 
exists in C3A mineral which is almost fully hydrated 
after 3 days, the contribution from anhydrous cement in 
the spectra is not considered in the fitting process. Hy-
drotalcite-like and AFm phases are taken as a mixture 
(M/HT) phase, for their resonances overlap with each 
other. The deconvolution results of these spectra are 
plotted as stack column in Fig.9.

With increasing hydration age and Mg(NO3)2 con-
centration, the relative proportion of aluminum in C-A-
S-H decreases (See Fig.9), which is in accordance with 
the fitting results of 29Si NMR spectra. The relative 
proportion of aluminum in C-A-S-H is higher for slag 
blended paste than for pure cement paste, indicating 
more aluminum entering the bridging position of sili-
cate chains of C-A-S-H. Moreover, it can be observed 
from Fig.9(b) that the amount of anhydrous slag in the 
paste increases with increasing concentration of Mg(-
NO3)2. This is in agreement with the results in Section 
3.1.1, proving that Mg2+ ions’ presence can delay the 
hydration of cement-slag paste.

For water-curing cement paste, the amount of 
AFt decreases and AFm increases from 28 to 365 d 
(Fig.9(a)), implying the gradual transformation from 
AFt to AFm. The amount of Al in C-A-S-H is lower for 
cement sample cured with increasing concentration of 
Mg(NO3)2 solution, which suggests that Mg2+ ions have 
a dealuminizing effect on C-A-S-H. This part of alu-

minum may turn into TAH phase, as shown in Fig.9(a) 
that TAH becomes more prominent with increasing 
Mg(NO3)2 concentration. When the samples are blend-
ed with slag, the proportion of each phase changes 
(Fig.9(b)). Firstly, the AFt content in the samples obvi-
ously decreases as compared to pure cement samples, 
which is typical for aluminum-rich pastes. Secondly, 
cement-slag pastes display a larger increment in AFm/
HT content and a minimal decrement in Al in C-A-S-H 
content from hydration age of 28 to 365 d. This can 
be explained by the hydration of slag, which provides 
enough Al3+ to form C-A-S-H and AFm/HT. Lastly, the 
amount of AFt appears to be independent of Mg(NO3)2 
concentrations for both cement and cement-slag sam-
ples, reflecting that this phase don’t react with Mg2+ 
ions.
3.4  X-ray diffraction

X-ray diffraction was also employed to study the 
phase transition of cement-slag paste after 365 d of 
immersion in Mg(NO3)2 solutions of the concentration 
of 0.0%, 2.5% and 10.0% by weight with the diffrac-
tograms shown in Fig. 10. The patterns show that the 
diffraction intensity of portlandite decreases and bru-
cite increases for samples cured in more concentrated 
Mg(NO3)2 solution, which suggests a large number 
of brucite production at the expense of portlandite. 
This also accounts for the decrease in pH value of 
the pore solutions when Mg2+ ions are present. Weak 
peaks of hemicarbonate are observed for water-curing 
cement-slag paste, implying slight carbonation of the 
sample. Moreover, peaks at 2θ = 10.2° and 20.5° are 
observed in the patterns for samples immersed in Mg(-
NO3)2 solutions, indicating the transformation from 
AFm to hydrotalcite-like phase. This phase was also 
detected in MgO modified alkali-activated slag paste[5]

[28], where the peaks from hydrotalcite-like phase at 2θ 
= 11.7° and 23.4° are clearly observed. The shift of the 
reflection for hydrotalcite-like phase to lower 2θ an-

Fig.9  Aluminate species proportion in cement and cement-slag pastes after 28 and 365 days of immersion in Mg(NO3)2 solutions
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gles in this work has been related to the NO3
- presence 

which is interstratified in the layered Mg-Al structure, 
Mg1-xAlx(OH)2(NO3)x•nH2O, where x = 0.20-0.34[29]. 
For samples cured in Mg(NO3)2 solutions, peaks for 
carbonate phases were not detected above the noise 
level, implying the instability of these phases. There 
also exhibit small peaks of ettringite for all the tested 
samples. These peaks are all with similar intensities 
regardless of the type of curing solution, which is cor-
responding to the results from 27Al NMR spectra.

3.5 Microstructure evolution mechanism 
for cement-slag blend in the presence of 
Mg2+ ions
Through the analyses of the above experimental 

results, the microstructure evolution mechanism for 
cement-slag blend in the presence of Mg2+ ions can be 
hypothesized as follows:

Mg2+ ions penetrated into cement paste will first 
react with OH- to form Mg(OH)2, which precipitates in 
the outer layer[1] of the sample and thus inhibits the dif-
fusion of water and ions. Hence, the Mg(OH)2 precip-
itate around the sample can delay the hydration of the 
paste. On the other hand, the Mg(OH)2 formation can 
lead to the decrease in pH value of the pore solution 
and decalcification of C-A-S-H gel. Decalcification will 
lead to structural regulation of the silicate tetrahedra, 
where longer silicate chains are formed to balance the 
deficit in positive charge due to the removal of interlay-
er calcium ions. The substituted aluminum may depo-
lymerize from the silicate chains during the regulation 
process thereby resulting in decreasing Al[4]/Si ratio 
for C-A-S-H. This part of depolymerized aluminum 
mostly transforms into TAH. When the cement pastes 
are blended with slag, the dealuminizing effect of Mg2+ 
ions on the C-A-S-H phase is mitigated. This is because 

of the pozzolanic reaction of slag at later hydration 
age (28-365 d) which can release Al3+ available for the 
secondary formation of C-A-S-H. Furthermore, magne-
sium ions can also exert an impact on the intra-transi-
tion between Al[6] species, from AFm and hydrogarnet 
to hydrotalcite-like phase, where the released calcium 
ions may enter the pore solution to keep the pH value 
of the environment. Overall, the reaction equations can 
be expressed as follows:

 Mg2++OH-→Mg(OH)2                      (4) 

            High Ca/SiC-S-H+H2O→
Low Ca/SiC-S-H+Ca2++OH-          (5)

            4CaO·Al2O3·13H2O+Mg2++NO-
3→

Mg1-xAlx(OH)2(NO3)x·nH2O+Ca2+        (6)

3CaO·Al2O3·6H2O+Mg2++NO-
3→    

Mg1-xAlx(OH)2(NO3)x·nH2O+Ca2+        (7)

Most of the studies have reported that large 
amount of ettringite and gypsum were formed in pure 
cement or blended paste during magnesium sulfate at-
tack, whereas no hydrotalcite-like phase was found[1]. 
This may suggest that hydrotalcite-like phase can only 
be formed when there is no excessive sulfate in the 
paste, high sulfate concentration would lead to the de-
composition of this phase and the formation of ettring-
ite. On the other hand, ettringite as a alkaline cement 
hydration product dissolves when the environmental 
pH is below 10.7[30]. It should be noted from the NMR 
and XRD data that the ettringite has been existing even 
after 365 d of immersion in the Mg(NO3)2 solutions, 
which indicates that the pH in the pore solution is still 
maintained at a higher value by dissolving of portlan-
dite and decalcifying of C-A-S-H. More concentrated 
solutions or longer ages of immersion are needed to 
consume the Ca(OH)2 in the pastes and then to decom-
pose the ettringite.

4  Conclusions 

This study involves the characterization of micro-
structure of cement and cement-slag pastes immersed 
in different concentrations of Mg(NO3)2 solutions. The 
hydration of both the cement and cement-slag pastes is 
delayed when the pastes is cured in Mg(NO3)2 solutions 
as compared to the pastes cured in water. Additionally, 
Mg2+ ions exhibit a decalcifying effect on the C-A-S-H 
in cement and cement-slag pastes. The decalcification 

Fig.10 XRD patterns of cement-slag pastes immersed in different 
concentrations of Mg(NO3)2 solutions for 365 days
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of the C-A-S-H is accompanied by a prolonged MCL 
of its aluminosilicate chains. Mg2+ ions’ presence would 
also cause the depolymerization of aluminum substitut-
ed in the silicate chains and thus the decrease in Al[4]/
Si ratio of the C-A-S-H (denoted as dealuminization) in 
cement and cement-slag pastes, the latter shows weak 
dealuminization due to pozzolanic reaction of the slag. 
This part of depolymerized aluminum mianly forms 
Al[6] in TAH. On the other hand, Mg2+ ions exert an im-
pact on the intra-transition between Al[6] species, from 
AFm and hydrogarnet to hydrotalcite-like phase, as in-
dicated by 27Al NMR and XRD analyses. NO3

- ions are 
interstratified in the layered Mg-Al structure and formed 
nitrated hydrotalcite-like phase (Mg1-xAlx(OH)2(NO3)x•
nH2O), causing the shift of this phase reflection in 
XRD diffractograms. Ettringite is detected for all the 
samples, whose amounts seem to be independent of the 
type of curing solution, meaning that this phase doesn’t 
react with Mg2+ ions. 

27Al NMR spectroscopy is a powerful tool for the 
quantitative analysis of different aluminate species. 
However, the close chemical shifts of AFm and hydro-
talcite-like phases, as well as the stronger second-order 
quadrupolar broadening at low magnetic field (9.4 T), 
results in the difficulty in distinguishing the overlap-
ping resonances of these two phases in the spectra. 
Perhaps NMR spectrometer with higher magnetic field 
(18.8 T) can be utilized to quantitatively study the tran-
sition between these two phases in the near future.
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