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Effect of Magnesium Oxide Doping on Formation and Hydration of Aluminate
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(1. College of Materials and Science and Engineering, Xi'an University of Architecture and Technology, Xi'an 710055, China;
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Abstract: To investigate the occurrence of periclase in clinker aluminate and reveal the hydration mechanism, aluminates were
synthesized via MgO doping at various contents. Their structure and hydrates were characterized by scanning electron microscopy,
X-ray diffraction and Fourier transform infrared spectroscopy. The results indicate that higher sintering temperature and MgO content
improve the formation and stability of C,AF and C;,F;. A phase separation occurs in molten aluminum phase. The black phase
includes the main minerals like C;A and periclase, while glass and yellow phases both have a low MgO content. The hydration heat of
aluminate phase in the first day decreases with the increase of MgO content, indicating that MgO doping decreases the hydration rate
of aluminate phase. In addition, the layered double hydroxides with a Mg:Al ratio of 2 or 3 appear in the hydration products of
aluminate incorporated with MgO.
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. of concrete, thus requiring a precise control in the

1 Introduction clinker production process. Periclase in clinker is

) ) ) . typically introduced from limestone as a raw material.

.Cement clinker mgmly consists of four primary No more than 2% MgO, which has a negligible

mineral phases, 7.e., alite (C;S), belite (C,S), aluminate influence on the volume stability of the cement, can be

(C3A), and ferrite (C4AF); two minor secondary dissolved in the clinker mineral phases and glass''.

phases, free lime (f-CaO) and periclase (MgO), and a The approximate solid solubilities of MgO in each

small amount of glass. Among them, periclase is an clinker phase are 1.3%+0.2% in C;S, 0.6%+0.2% in
important component affecting the long-term stability C,S, 2.0%+0.5% in C3A, and 4.5%%0.5% in C4AF™?.
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Pure C;A has a cubic crystal structure and can form
an orthorhombic or a monoclinic crystal structure by
ion doping. The aluminate phase is a 3CaO-ALO;
solid solution doFed with ions such as Mg2+, Na', K,
Fe’*, and Si*P™"L Fukada et al. proposed a
generalized formula for ion-doped CsA,
(Na,K),(Ca,Mg)3_,[(ALFe);,Si,],06, but they did
not specify the values of x and y[é]v. Prodjosantoso et al.
reported that Mg substitutes Ca®" to form a solid
solution according to the formula Ca; Mg,Al,Og
(0<x<0.5), in which Mg”" has a stabilizing effect on
Ci2A7;, and the amount of Cj,A; increases with
increasing MgO content!'*],

Compared with the other three main phases,
aluminate phase has the maximum activity and
hydration rate. Although the content of aluminate
phase in clinkers is relatively low (2%—12%)[4’ 161 ¢
has a significant effect on the hydration heat and
setting characteristics of cement in the early stages'”.
In the presence of CaSO,, the second hydration heat
peak delays as MgO content in pure C;A increases.
However, MgO content of >1.5% accelerates the
hydration reaction, along with the earlier second heat
peak”.

Compared with other clinker minerals, aluminate
has the maximum activity and its hydration is crucial
for the early hydration and rheological properties of
cement. Some impurities such as Mg®" ions affect the
polymorph and formation of aluminate phase in
clinker, thus changing the hydration and hydrates. The
main hydration products of magnesium ions in cement
paste are Mg(OH),, MgCO;, CaMg(COs3), and so on.
For Mg(OH),, some of Mg”™ ions can be replaced by
tripositive ions, forming Mg—-Al LDH and Mg-Fe
LDH [Mgo75F€25(OH)2)(CO3)0.125(H20)0.5] under a
special condition!'”). To solve the unsoundness caused
by the hydration of periclase, a conversion way from
magnesium hydroxide to LDH should be proposed.
Therefore, aluminates with different MgO contents
were synthesized in different calcination regimes to

investigate the effect of Mg on the minerals and phases.

The hydration characteristics of these minerals and
phases were investigated. This paper was to provide an
effective approach to solve a problem regarding the
stability of high magnesium cement.

2 Experimental

2.1 Material

The laboratory C;A, aluminates and melten
aluminates were synthesized with analytical-grade
CaCO3, SiOz, (MgCO3)4Mg(OH)25H20, A1203,
Fe,03, TiO,, Na,CO3;, and K,CO; according to typical
chemical compositions of the three aluminates!”.
Table 1 shows the MgO contents in the C;A,
aluminates and melten aluminates. The contents of the
other oxides were the same as reported in a
reference!'”).

Table 1 Proportions of chemical reagents in the synthesized
aluminates and C;A mlg
Sample Series MgO CaO ALO; Na,O SiO, K,O TiO; Fe,0;
No.

co 0.00
Cl 1.40
2 2.80
c3 420
C 62.22 37.78 0.00 0.0 0.00 0.0 0.00

c4 5.60
cs 10.00
c6 20.00
c7 40.00
All 1.40
Al2 2.80
Al3 420
Al4,

10.00
MAl4* Al 56.60 3130 1.00 3.70 0.70 020 5.10
AlS,

20.00
MAI5*
Al6,

40.00
MAI16*
A21 1.20
A22 A2 240 53.90 2890 0.60 4.30 4.00 050 6.60
A23 3.60
A31 1.00

A32 A3 2.00 58.10 33.80 040 4.60 0.50 0.60 1.00
A33 3.00
*: Melten.

2.2 Synthesis of C;A, aluminates and glass

The raw materials were firstly mixed with a
appropriate amount of water, and then dried. The dried
samples were pressed into a disc with a diameter of
40 mm. In Table 1, a series of samples A1, A2 and A3
were initially heated from room temperature to
1000 ‘C at a heating rate of 10 K/min, and then they
were heated to 1280 C and 1350 °C at a heating rate
of 5 ‘C/min and calcined for 2 h (B3). The samples
calcinated at 1 280 ‘C and 1350 ‘C were named as Bl
and B2, respectively. The samples MA14*, MA15%,
MA16*, and C1-C6 were heated with the same heating
programming as B1 and B2, while they were calcined
at 1400 °C for 2 h (B3). In the experiment, the sample
CO0 could not react completely at 1400 ‘C due to the
high content of f-CaO, thus it was calcined at 1450 C.

Samples A14*, A15* and A16* were melted with
B3 regime and cooled with a fan to obtain the glass.
Figure 1 shows the schematic diagram of the
preparation of C;A, aluminates and glass. Figure 2
shows the images of melten aluminates. The black and
yellow phases, and glass were carefully striped and their
chemical compositions (see Table 2) were measured by
a model Bruker S4 Pioneer X-ray fluorescence
spectroscopy (XRF, Bruker AXS, Inc., USA). According
to the results, the black substance and yellow substance
both occur for high MgO and low MgO phases.
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Samples sintered:

Co, C1, C2,C3, C4,C5,Ce6,C7
All,A12,A13,A14,Al15,Al6
A21,A22, A23, A31, A32,A33

Samples melten:

MA14, MA15, MA16

Fig. 1

(a) Rractured surface of sample A15%, 20 g MgO dosage,
1400 °C, 2 h, cooled with a fan blowing

(b) Polished surface of sample A15%, 20 g MgO dosage,
1400 C, 2 h, cooled with a fan blowing

Fig. 2 Images of the polished and fractured surfaces of samples

Table 2 Chemical compositions of different phases in Figure 2, sample A15* with 20 g MgO w/%
Sample Phase CaO Al,O3 MgO Fe O3 SiO, Na,O K,O TiO, SO3
Al5* High MgO, black 41.72 21.47 26.67 5.16 322 0.70 0.624 0.19 0.12
Al15* Low MgO, yellow 46.88 35.76 5.77 5.06 4.69 0.77 0.50 0.23 0.13
Al15* Glass 52.42 34.17 2.29 5.70 3.57 0.92 0.52 0.21 0.05

w—Mass fraction.

The resultant aluminate, glass and C;A samples
were ground and screened by a sieve with mesh 200
(i.e., 75 um). The heat release process was analyzed
with a model TAM-air (8-channel) hydration
calorimeter from TA instruments, USA. A model
Rigaku X-ray diffractometer (D/MAX2200 PC,
Rigaku, Japan) was used to determine the mineral
phases of aluminate and hydration products of cement
paste. In the XRD analysis, a Cu target was used and
K, line was selected. The tube voltage and tube current
were 40 kV and 30 mA, respectively, the scanning
range was 10°-70°, and the continuous scanning mode
was used with a scanning rate of 2 (°)/min. A model
Mettler-Toledo TGA/DSC1/1600 simultaneous
thermal analyzer (Mettler Toledo Corp., Switzerland)
with a temperature accuracy of £0.5 C was used to
perform the TGA. A model FEI Quanta 200 SEM (FEI

Company, USA) with EDS was used to determine the
cross-sectional morphology and the elemental
compositions of the specimens. The FTIR spectra of
the samples were measured using a model Nicolet
IS50 Fourier transform infrared spectroscope (Thermo
Fisher Scientific, USA), and the measurement range
was set between 400 and 1000 cm .

3 Results and Discussion

3.1 Effect of MgO on C;A

Figure 3 shows the XRD patterns of the samples
C0-C7. In Fig. 3, clearly, the main reaction products
are C3A and CpA;. The diffraction peak of CrA;
decreases with the increase of MgO content. When the
MgO content reaches 10 g, the diffraction peak of
C2A; disappears, and correspondingly the diffraction
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peak of C;A increases. When the MgO content reaches
20 g, the diffraction peak of C;A decreases, which is
attributed to a relatively lower content of C;A due to
the MgO content.

P: Periclase (45-0946)  L: Lime (43—1001)
C: C,A (38-1429) M: Cp,A, (09-0413)
C
C | cfe € Cr o
e G5
é‘ ¢ gk L A &)
5 C4
=]
1 — L C3
. Jl‘ L S C2
. I ¢
v MM . Co
1 1 1 1 1 1
10 20 30 40 50 60 70
20/(°)
(a) 5°-70°
L L
C: C,A (38-1429) C
M: CpA, (09-0413) '
5.6 gMgO
10.0 gMgO——
= 20.0 g MgO—
5 40.0 g MgO —
2 .
0.0 g MgO—[:
M M
A ~
18 30 33
20/(°)

(b) 17.5°-43.5°

Fig. 3 XRD patterns of a series of samples C

3.2 Effect of MgO on aluminates

Figure 4 shows the XRD patterns of the samples
All, A21 and A31 with identical MgO contents for
typical aluminates''”)) and calcined under conditions
for samples B1 and B2. Clearly, the diffraction peak
corresponding to f-CaO for all the samples is not
pronounced, indicating that CaO in the samples mostly
forms other compounds. The intensity of the
diffraction peak of periclase is too low to observe. This
is due to a fact that the MgO contents in these typical
aluminates are significantly lower than those for the
solid solubility of MgO in aluminate (i.e., 2%
+0.5%), thus resulting in insignificant or rather
low-intensity diffraction peaks. Each of three series of
samples has a cubic crystal structure!'®. The samples
series Al and A2 contain 5.1 g and 6.6 g Fe,0s,
respectively, and C4AF forms. The intensities of the
diffraction peaks of C4AF sintered at 1350 °C (B2) are
lower than those of the samples sintered at 1 280 ‘C

(B1), indicating that a higher sintering temperature
enables Fe, 05 to dissolve in aluminates. Since a molar
ratio of Ca to Al for the sample series A3 (3.13) is
lower than that for sample series A2 (3.40) and sample
series Al (3.29), the diffraction peak of Ci,A7is higher
in sample series A3. A higher reaction temperature
significantly reduces the intensity of diffraction peak
of CipA;, especially for the samples Al and A2,
indicating that an increase of reaction temperature
promotes the combination of C;;A7 and CaO.

P: Periclase (45-0946)
B: C,AF (30-0226)
C: C,A (38-1429)

M: CpA, (09-0413)
L: Lime (43-1001)
. P
= c B C C
5 C ¢| c cic
e CM I XA A31-B2
| N—— AC A ?A M-NLM.A‘\. ,.J\.. A31781
~ S A
B

10 20 30 40 50 60 70
20/(°)
(a) 5°-70°

B: C,AF (30-0226)
M:C,,A, (09-0413)

Intensity

18.0 18.2 33.5 34.0 345
200°)
(b) 18.0°-34.5°

Fig. 4 XRD patterns of aluminates with typical chemical
compositions

Figures 5-7 show the XRD patterns of the sample
series Al, A2, and A3 with different MgO contents,
respectively. The most intense peak of periclase at 20
of 42.916° increases slightly, while the diffraction
peaks of Ci,A; and C4AF increase greatly with the
increase of MgO content, indicating that MgO has a
stabilizing effect on Ci,A;, and facilitates the
formation of C4AF. Since a molar ratio of Ca to Al for
the sample series A3 is relatively low, the samples
contain a larger amount of Cj;A;. As a result, the
diffraction peak of C;;A; negligibly shifts with
increasing the MgO content. The Fe,O3 contents in the
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samples Al and A2 are higher. In Figures 5 and 6,
increasing MgO content increases the C4AF formation,
which is attributed to higher Fe’" occupation of

P: Periclase (45-0946)
B: C,AF (30-0226)

C: C,A (38-1429)

M: CpA; (09-0413)
L: Lime (43-1001)

B C
M C
C CMC

Intensity

10 20 30 40 50 60 70
20/(°)

:

(a) 5°-70°

// ,
7/

P: Periclase (45—0946)

B: C,AF (30-0226)

M: C,A, (09-0413)

Z
g
E
A23
P - A22
L L L L L | L
17.5 340 345 43.0 435

20/(°)

(b) 17.5°-43.5°

Fig. 5 XRD patterns of sample series Al aluminates with
different MgO contents

/L
P: Periclase (45-0946)
B: C,AF (30-0226)
M: C,A; (09-0413)

Intensity

17.5 . 340 345 430 435
20/(°)

Fig. 6 XRD patterns of sample series A2 aluminates with
different MgO contents

i
7/

P: Periclase (45-0946)
B: C,AF (30-0226)
M: CpA, (09-0413)
> B
2 M
k| 33 A33
P AR
A3l A
A31 ‘A
17.5 340 345 43.0 435
200(°)

Fig. 7 XRD patterns of series A3 aluminates with different
MgO contents

tetrahedral sites promoted by Mg®""*'*) and the Mg*
solid solubility in C4AF[20]. The Fe,O; content in the
sample series A3 is significantly low, and this series
contains little C4AF.

Figure 8 shows the Rietveld structurally refined
XRD patterns of sample Al2. Table 3 lists the
corresponding calculation results. Clearly, the results
have a good reliability with an Ryp of 8.6. In addition,
the primary phase of the synthesized aluminates is
C3A. The C4AF content is the second maximum
amount in these samples due to the higher Fe contents
in both sampleseries Al and A2. Furthermore, the
sample series A3 contains more C;A7 than the other
series. These results indicate that the f~CaO content in
the samples also increases with the increase of MgO
content. When the MgO content increases by 2 to
3 times on the typical composition, the f-CaO in the
sample A23 reaches 3.97%. Since the MgO content in
the sample series Al is higher than that in the sample
series A2, the periclase content in the sample series Al
aluminates is correspondingly higher than that in the
sample series A2. C4AF and Cj,A; contents both
increase with the increase of MgO content.

Intensity

1 M 1 - 1 "—'T" 1 1 'I 1
10 20 30 40 5 60 70 80
20/(°)

Fig. 8 Structurally refined XRD patterns of sample A12
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Table 3 Mineral phase contents calculated with Rietveld - CayAlLMe.Si,0g, 35-0133 ~ Ca,MgAl,, Oy, 14-0448
MgO, 45-0946

— A, 38-1429
CpA,, 09-0413

refinement w/%
Samples C3A CpA7 C4AF Periclase f-CaO
All 89.12 1.71 8.33 0.76 0.08
Al2 86.27 2.72 8.13 2.59 0.29
Al3 67.08 13.53 13.16 4.85 1.39
A21 83.69 1.11 15.00 0.09 0.11
A22 83.3 1.52 13.1 2.07 0.01
A23 63.54 9.36 19.22 3.91 3.97
A31 92.82 597 0.58 0.37 0.27
A32 81.47 11.43 4.39 1.66 1.06
A33 82.55 9.67 3.81 3.04 0.93

3.3 Effect of MgO on aluminates melted

Figure 9 shows the XRD patterns of the glass
stripped from sample A15* melted at 1400 ‘C. The
diffraction patterns for the glass show a wide
diffraction peak ranging from 20° to 35°. An
asymmetric diffraction peak, for the typical lamellar
and turbostratic structure decreases rapidly when the
20 increases from 5° to 15°. Such a disordered
structure  is  defined as the absence of
three-dimensional periodicity’®'. In addition, the
diffraction peaks of C;A and C,,A7 are rather distinct.
This may be due to the fact that C;A and C A
crystals both are wrapped in the glass, or the crystals
both are mixed when stripping the glass.

MgO, 450946
- C,A, 38-1429
CpA,, 09-0413  GA

Intensity

H 1
AT AL G ..|.|..u.=i lnLll!l-l-!ﬂl‘.Ll-’.n-Ld‘l;-..:l‘.'m;_l----‘
5 10 15 20 25 30 35 40 45 50 55 60 65 70
20/(°)

Fig. 9 XRD patterns of glass stripped from sample A15* with
20 g MgO

Figure 10 shows the XRD patterns of the glass
stripped from sample A16* melted at 1400 ‘C. Little
diffraction peak of periclase appears in the diffraction
patterns. The higher sharp peaks at the 26 of 28° and

31° are a combined peak of Ca;MgAl ;0,3 (JCPDS No.

140448), Cay;sMg8Al3;4054 (JCPDS No. 140416), and
CazMgAl, 09 (JCPDS No. 170137). In addition,
Mg-bearing compound includes CayMgzAlySi3Ogs
(JCPDS No. 350133). These results indicate that part
of MgO can be combined, thus forming the
compounds under the condition of rapid cooling.

- Ca;MgA,,0,, 17-0137
CaMgAly, Oy, 14-0416

Intensity

25 30 35 40 45
20/(°)

Fig. 10 XRD patterns of glass from sample A16* with 40 g

MgO

Figure 11 shows the XRD patterns of the low Mg
phase (i.e. yellow substance in Fig. 2) of molten
aluminates incorporated with 20 g (sample A15*) and
40 g MgO (sample A16*), respectively. In Figure 11,
clearly, a broad diffraction peak from 32.0° to 34.0°
appears, indicating that there is a certain amount of
glass in the low magnesium yellow substance. Such a
peak also causes the most intense diffraction peak
(26=33.168°) of C;A, while the second intense peak
(i.e., as 20=47.625°) and the third intense peak (i.e., as
26=59.270°) are not obvious. This indicates that the
content of C;A is low in the low Mg phase. In the
sample A15* with 20 g MgO content, the main crystal
phase is CjA;, while the diffraction peaks of
CazoAlzﬁMg3Si3O6g (Q phase, C20A113M3S3, JCPDS No.
350315)%* %! and CazsMgALO,o (CsMA,, JCPDS No.
170737)2% also appear.

The samples with 20 g MgO and 40 g MgO have no
difference in mineral phase types, but their contents
are different. The sample A15* with 20 g MgO
contains the more Cj,A7, while the diffraction peaks of
CazoAlzﬁMg3Si306g and Ca3MgA14010 samples with
40 g MgO are higher than those of the sample with
20 g MgO.

Figure 12 shows the XRD patterns of the high Mg
phase (i.e. black substance in Figure 2) of melted
aluminates incorporated with 20 g and 40 g MgO,
respectively. Clearly, the main minerals of the two
samples are C;A, Cj,A7, periclase and C4AF, and a
small amount of lime as well. The sample with 20 g
MgO has a slightly higher C;,A; content than the
sample with 40 g MgO.

Figure 13 shows the FTIR spectra of molten
aluminates A15* and A16*. The first region (400-550 cm ')
corresponds to the deformation of tetrahedron and
octahedron®®”! and the maximum absorption band at
850-700 cm ' corresponds to the as?/mmetric stretching
vibration of [AlO,] tetrahedron!*. Huang er al.
investigated the infrared spectrum of aluminosilicate
glass and divided the infrared spectrum into three
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regions of 400-550 (green area), 550-850, and 850—
1300 cm '), The third region gradually redshifts and
merges with the second region (blue area), and a

Intensity

shoulder band at near 700 cm ™' forms as Si0, content
decreases'™, which is similar to the infrared spectra of

the two glasses, as shown in Fig. 13.

Intensity

P: Periclase (45-0946)
L: Lime (43-1001)

C: C;A (38-1429)

M: C,A, (09-0413)

B: C,AF (440603)

G: C,A;M;S; (350133)
H: C,MA, (170737)

26/(°)

(a) 20g MgO

Intensity

G,H

P: Periclase (45-0946)
L: Lime (43-1001)

C: C,A (38-1429)

M: C,A, (09-0413)

B: C,AF (440603)

G: CA ;M;S, (350133)
H: C,MA, (170737)

20/(°)

(b) 40 g MgO

Fig. 11

P: Periclase (45—0946)
L: Lime (43-1001)

C: C;A (38-1429)

M: C,A, (09-0413)

B: C,AF (300226, 440603)

C ¢t
M C Le ‘C,M' A
C > N
B q B em Tl LM c
e L LA UEH l
g Mg

C

20 g MgO T h M |
10 20 30

40
20/(°)

50 60 70

Fig. 12 XRD patterns of the high Mg phase of melted
aluminate samples

Figure 14 shows the BSE images of molten
aluminate samples A15* and A16*. Clearly, a clear
boundary appears between the high and the low MgO areas

XRD patterns of the low Mg phase of melted aluminate samples

40 g MgO, glass

20 g MgO. glass

w681

Q
Q
=
8
‘E’ 40 g MgO, low MgO
172]
& | 20 2 MgOJow MgO
£ yMeb
2
40 g MgO. high MgO ‘
20 ¢ MgO, high MgO |
1 I I 0 I | iV 1 L
1 500 1300 1 100 90 700 500
Wavenumber/cm™

Fig. 13 FTIR spectra of molten aluminates A15* and A16*

of the melted samples. In the high MgO region, most
of periclase occupies the field of view, while in the
low magnesium region, only a small amount of
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periclase appears. It is puzzled that the densities of the
main phases including CjoAl;3M;S; (2.983 g/m3),
CsMA, (2.960 g/m’), and Cp,A; (2.676 g/m’) in the
low MgO region are lower than those of the main phases
of C3A (3.023 kg/m’) and periclase (3.584kg/m’)*” in the
high MgO region. However, periclase does not
precipitate at the bottom of the crucible. Meanwhile,
there are numerous big pores in the high MgO region,
while little or no pores occur in the low MgO region.

5
groesesass”

High MgO

High MgO

(b) Sample A16* with 40 g MgO
Fig. 14 BSE images of melted samples A15* and A16*

3.4 Effect of MgO on hydration of aluminates

Figure 15 shows the heat evolution curves of
samples C5, C6 and C7 in the first day. Clearly, a
lower heat of samples with MgO doping releases. The
heat release curves are similar among the three
samples before 0.2 h. After 1 day, the hydration heat of
samples C5, C6, and C7 are 461, 431, and 387 J/g,
respectively. the hydration heat is decreased by 6.5%
and 16.1% when the MgO content is increased from
10 g to 20 g and 40 g, respectively. The increased ratio
of MgO content is higher than the decreased ratio of
hydration heat, indicating that in addition to C;A
hydration, MgO also hydrates and releases the heat
(see Fig. 16).

Figure 17 shows the hydration heat flow curves of
series Al. In Figure 17, the first heat flow peaks of the
samples appear at 0.05 h, and the second heat flow
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Fig. 15 Heat flow and total heat of the samples C5, C6, and C7

81 1500
1.:0 6 1.2 g water, 3.0g MgO 1400
= 2
G 4300
= &
z 8.0 g water, 3.0 gMgO {1 2
3
T oL
4100
O 1 1 1 1 1 1 1 1 1 1
0 6 12 18 24 30 36 42 48 54 60
t/h
Fig. 16 Heat flow and total heat of MgO calcined from
(MgCOs3),-Mg(OH),-5H,0 at 1400 C for 2h
. 0.25 0.02
025 b Al
_ N ——AI2
o Lo 020 ——Al3
= 020f £
S L Eos
2 - 0.01
Z oISk =
3 s
B o0 £ oos
N Y .z
= R
g 0.00
Z 0.05 i 04.--¥Y2 4 6 8 10
: 1
0.00 12 16 20 24
t/h

Fig. 17 Heat flow curves of the samples A11, A12 and A13

peak of the All appear at approximately 2 h. The
samples A12 and A13 both do not show the second
heat peak with increasing the MgO content. The
cumulative heat of the samples A11, A12, and A13 are
379, 337, and 294 J/g, respectively. The hydration heat
decreases as the MgO content increases. Before 6 h,
the heat flow rate of the sample A13 is lower than that
of the other two samples, whereas the opposite trend
appears after 6 h. This may be due to the relatively
high C;A; content in the sample A13. Furthermore,
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the hydration rate of C;A is much higher than that of
C4AF[3 U And C12A7 hydrated at 20 ‘C has a second
heat peak at approximately 8 h*>~%.

Figure 18 shows the heat flow and hydration heat
curves for high MgO, low MgO substance and glass
stripped from samples with the addition of 20 g
(sample A15%*) and 40 g (sample A16*) MgO. Clearly,
the heat flow peak of the high MgO substance
becomes smaller and narrower as the MgO content
increases from 20 g to 40 g. The heat flow peak of the
low MgO substance is much lower than that of the
high MgO substance. This is because the main mineral
phase of high MgO material is C;A, while the main
mineral phase of low magnesium material 1is
CyAl;3M3S; and CpA7 (see Fig. 11). The reactivities
of CjpA; and Cy0Al;3M3S; are lower than those of
C5A9 34,

400 =
f 400
350 ¢ 350 —— 20 g MgO, high MgO area
o —— 20 g MgO, low MgO area
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(b) Total heat

Fig. 18 Heat flow and total heat curves of the high MgO and
low MgO substances striped from the samples A15
and A16

3.5 Effect of MgO on hydrates

Figure 19 shows the XRD patterns of the samples
C6 and C7 after 3 d of hydration. In Figure 19, the
main phases are C;AHg, anhydrate periclase, Ci2A7,
and C3;A. Also, there exist Mg-bearing hydrates. The

diffraction peaks at 26 of 11.5° and 23.5 “C correspond
to Mg-Al LDHs, such as MgsAly(OH);,CO5-3H,0
(JCPDS No. 51-1528) or MgsAl,(OH),,CO5-4H,0
(JCPDS No. 14-0525), while no diffraction peak of
brucite appears.

E: C;AH,, 781532; P: Periclase, 450946; C: C,A, 381429,
D: Mg,Al,(OH),,CO,-3H,0, 511528

Intensity

i

—-vJE_LLLJ ib S ﬂw
Lo LW
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20/(°)

(a) 10°-80°

&

Mg, AL(OH),,CO,-3H,0, 511528
Mg,AL(OH),.CO,-4H,0, 140525 \

Intensity

20/(°)
(b) 10.0°-24.5°

Fig. 19 XRD npatterns of the samples C6 and C7 after 3 d
hydration

Besides, a LDH diffraction peak appears after
hydration for 3 d when pure C;A sample is mixed with
40 g MgO. For the aluminate sintered with 40 g MgO
(A16), the LDH diffraction peak is more prominent in
the hydration product after hydration for 3 d (see
Fig. 20). The C;A in aluminate has higher crystal
defects and higher activity rather than the pure C;A,
resulting in a higher LDH content in hydrates. Even if
the sample contains only 1.4 or 1.2 g MgO (samples
A1l and A21), LDH will be formed (see Fig. 21). The
partial Mg in the LDH may originate from the
Mg-bearing solid solution because the MgO content in
the samples A11 and A21 is rather low. The diffraction
peak of the Mg-Al LDHs also gradually enhances with
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E: C,AH,, 781532; M: C,,A, ,090413;
D: Mg,Al,(OH),,-3H,0, 511528;
P: Periclase, 450946; C: C,A, 381429
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Fig. 20 XRD pattern of hydrates of the sample A16 with 40 g MgO for 3 d hydration
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Fig. 21

increasing the MgO content in the sample series Al
and A2.

Figure 22 shows the XRD patterns of hydrates of
the black substance and glass stripped from the molten

E: C;AH,, 781532; M: C,,A, 090413; P: Periclase, 450946;
C: C,A, 381429; D: Mg,Al(OH),,CO,-3H,0, 511528
P

Intensity

Black, 40 g MgO
Black, 20 g MgO

. i Glass, 40 g MgO

l l l i l A h \ Glass, 20 g MgO
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Fig. 22 XRD patterns of the glass and high-MgO substance of
the samples A15* and A16* after 1 d hydration
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XRD patterns of aluminates after 3 d of hydration

samples A15* and A16* after hydration for one day. In
Figure 22, almost no LDH appears since the MgO
content in the glass is rather low. However, there is an
obvious LDH diffraction peak in the reaction product
of black substance.

Figure 23 shows the TG and differential TG (DTG)
curves of the aluminates after 1 d hydration. The
thermal decomposition at approximately 300 C is
caused by the dehydroxylation of C;AHg ™. The
sample series Al display the maximum hydration
degree, followed by the sample series A3 and the
sample series A2. The hydration degree of the
aluminates decreases with increasing the MgO content,
which can be explained by the decrease of the C;A
contents in the samples (see Table 3).

Figure 24 shows the TG and DTG curves of the
hydrates of the glass and high MgO substance of the
Al5* and A16* samples after 1 d hydration. The
weight loss between 100 C and 200 C refers to the
dehydration of MgeAl,(OH),,CO5-4H,0, while the
weight loss at 400 ‘C is caused by decarbonation of
MggAl,(OH)4CO5-4H,0),
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Fig. 23 TG and DTG curves of the aluminates after 1 d hydration

Fig. 25 shows the SEM images of aluminates after
3 d hydration. For the samples A12, A22, and A32
sintered at 1350 ‘C, the hexagonal lamellar clusters of
the C;AHg have clear edges and are composed of
mostly euhedral or subhedral crystals (see Figs 25 (a)
and (b)). In addition, a flocculent surface appears at
high magnification (see Fig. 25 (¢)). In Figure 25 (d),
hydrated Mg*" can form a flocculent phase. Based on
the EDS data (see Table 4), the Mg/Al ratio of the
magnesium- containing phase is ~2. A small amount of
C in the sample may originate from the adsorption of
CO; from air during the sample preparation.

Figure 26 shows the SEM images of the high-MgO
substance of the molten sample Al5* (20 g MgO) after

0.0 100
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.TE ~0.4 — 20 g Glass 95
'SJ -0.6 —— 20 g High MgO,black X
£ gl I —1—40 g Glass E
a —f— 40 g High MgO,black 9
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2 -1.0F N\ 90 &
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7/C
Fig. 24 TG and DTG curves of the hydrates of the glass and

high MgO substance of the samples A15* and A16*
after 1 d hydration

(a) Sample A12 (b) Sample A22

(c) Sample A32 (d) Sample A22
Fig. 25 SEM images of aluminates after 3 d hydration

Table 4 EDS elemental analysis of sample points in Fig. 25

Mole fraction/%
(0] Mg Al Si Ca Ti Fe
1 236 725 1.53 838 122 1211 005 1.85
324 7203 1.57 8.05 2.02 11.06 019 1.84
208 7178 1.08 893 1.67 1229 033 184
7.07 6721 1243 671 1.01 351 018 1.88

Point

A WD

Fig. 26 SEM image of the high-MgO substance of the sample
Al5* (20 g MgO) after 12 h hydration
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12 h hydration. A crystal containing Mg occurs.
According to the EDS analysis, the contents of Ca, Mg,
Al, Si, Fe, and C of the crystal are 9.09%, 4.95%,
8.23%, 3.27%, 4.05%, and 13.73%, and therefore the
formula of this crystal is calculated as
MgCa; g4Al; 66Fen 2[Si0s” Jo.66(CO5™ )277(OH)gs from
the charge balance.

4  Conclusion

1) The MgO content had a significant effect on the
mineral phase content of the aluminate. Increasing the
MgO doping content increased the contents of the
periclase, f-CaO, C4AF, and C1,A.

2) A phase separation appeared in molten aluminate.
The main minerals in the black phase were the C;A
and periclase, and MgO in the glass and yellow phase
was rather low. CaypAl,sMg3Si306s and CazMgAl,O19
occurred in the yellow phase, while Ca;MgAl;(O,3,
CaysMg8Al340g4, and CazMgAl, O, appeared in the
glass.

3) The hydration heat of the aluminate gradually
decreased with increasing the MgO doping content.
The hydration rate of the black phase in the molten
aluminate was higher than that of the glass and yellow
phase. The hydration degree of the aluminate
decreased with increasing the MgO content. The
hydrated Mg** could form Mg-Al LDHs with a Mg/Al
mole ratio of 2 or 3.

References:

[1] MO L, DENG M, TANG M, et al. MgO expansive cement and
concrete in China: Past, present and future[J]. Cem Concr Res, 2014,
57(3): 1-12.

[2] KURDOWSKI W. Cement and concrete chemistry[M]. London:
Springer Dordrecht Heidelberg, 2014: 108—109.

[3] HAN K, GARD J, GLASSER F. Compositions of stable and
metastable C3A solid solutions crystallized from simulated clinker
melts[J]. Cem Concr Res, 1981, 11(1): 79-84.

[4] MOHAMED B, SHARP J. Kinetics and mechanism of formation of
tricalcium aluminate, Ca;Al,O4[J]. Thermochim Acta, 2002, 388(1/2):
105-114.

[5] VARMA S P. An examination of sodium substitution in tricalcium
aluminate by infrared absorption spectroscopy[J]. J Appl Chem
Biotechnol, 1976, 26(1): 391-394.

[6] FUKUDA K, INOUE S, YOSHIDA H. Cationic substitution in
tricalcium aluminate[J]. Cem Concr Res, 2003, 33(11): 1771-1775.

[7] SHIN G, GLASSER F. Interdependence of sodium and potassium
substitution in tricalcium aluminate[J]. Cem Concr Res, 1983, 13(1):
135-140.

[8] LEE F, BANDA H, GLASSER F. Substitution of Na, Fe and Si in
tricalcium aluminate and the polymorphism of solid solutions[J]. Cem
Concr Res, 1982, 12(2): 237-246.

[91 STEPHAN D, WISTUBA S. Crystal structure refinement and

hydration behaviour of doped tricalcium aluminate[J]. Cem Concr Res,
2006, 36(11): 2011-2020.

[10] ZHU J, CHEN Y, ZHANG L, et al. Revealing the doping mechanism
of barium in sulfoaluminate cement clinker phases[J]. J Clean Prod,
2021, 295(8): 126405.

[11] ZHAO R, ZHANG L, GUO B, et al. Unveiling substitution preference
of chromium ions in sulphoaluminate cement clinker phases[J].
Compos Part B-Eng, 2021, 222(14): 109092.

[12] ZHU J, YANG K, CHEN Y, et al. Revealing the substitution preference
of zinc in ordinary Portland cement clinker phases: A study from
experiments and DFT calculations[J]. J Hazard Mater, 2021, 409:
124504.

[13] ZHAO R, ZHANG L, FAN G, et al. Probing the exact form and doping
preference of magnesium in ordinary Portland cement clinker phases:
A study from experiments and DFT simulations[J]. Cem Concr Res,
2021, 144: 106420.

[14] PRODJOSANTOSO A, KENNEDY B. Heavy metals in cement phases:
on the solubility of Mg, Cd, Pb and Ba in Ca3Al,O4[J]. Cem Concr Res,
2003, 33(7): 1077-1084.

[15] JOSEPH S, SKIBSTED J, CIZER O. A quantitative study of the C;A
hydration[J]. Cem Concr Res, 2019, 115: 145-159.

[16] DUBINA E, PLANK J, BLACK L. Impact of water vapour and carbon
dioxide on surface composition of C3A polymorphs studied by X-ray
photoelectron spectroscopy[J]. Cem Concr Res, 2015, 73: 36-41.

[17] TAYLOR H F. Cement chemistry[M]. London: Thomas Telford, 1990:
1-10.

[18] REN X, YAO Y, ZHANG W, et al. Influence mechanisms of
magnesium oxide on formation and properties of clinker[J]. J Chin
Ceram Soc, 2019, 47(8): 1137-1142.

[19] MALVEIRO J, RAMOS T, FERREIRA L, et al. Magnesium doping on
brownmillerite Ca,FeAlOs[J]. J Solid State Chem, 2007, 180(6):
1863-1874.

[20] NEUBAUER J, SIEBER R, KUZEL H J, et al. Investigations on
introducing Si and Mg into brownmillerite—A Rietveld refinement[J].
Cem Concr Res, 1996, 26(1): 77-82.

[21] ROOSZ C, GRANGEON S, BLANC P, et al. Crystal structure of
magnesium silicate hydrates (MSH): The relation with 2: 1 Mg-Si
phyllosilicates[J]. Cem Concr Res, 2015, 73: 228-237.

[22] KAPRALIK I. Studies of the system CaO-AlLO;-MgO-SiO, in
relation to the Quaternary phase Q[J]. T Br Ceram Soc, 1980, 79:
128-133.

[23] MAJUMDAR A J. The quaternary phase in high-alumina cement[J]. T
Br Ceram Soc, 1964, 63: 347-363.

[24] ZF1E, RER. WEEAS W REKERE D Q ML,
FERR Eh 444K, 2005, 33(10): 1276-1280.

JIANG Fenghua, XU Delong. J Chin Ceram Soc, 2005, 33(10):
1276-1280.

[25] GLASSER F. Quaternary phases in the system CaO-MgO-AlL,Os—
SiO,[J]. Trans Br Ceram Soc, 1975, 74: 113-119.

[26] CRIVITS T, HAYES P C, JAK E. Freeze linings in the



250 B 11 Kooum L EAEEBAR

X Ea IR I O K AL R S :

2867 -

[27]

(28]

[29]

[30]

311

Al,0;—Ca0-Si0; system[J]. Int J Mater Res, 2018, 109(7): 638-653.
PARK J H, MIN D J, SONG H S. Structural investigation of
Ca0-AlL 05 and CaO-Al,O3—CaF; slags via Fourier transform infrared
spectra[J]. ISIJ Int, 2002, 42(1): 38-43.

QI J, LIU C, LI C, et al. Effect of cerium oxide on the structure of
silicate melt and aluminate melt[J]. J Non-Cryst Solids, 2021, 568:
120945.

HUANG C, BEHRMAN E. Structure and properties of calcium
aluminosilicate glasses[J]. J Non-Cryst Solids, 1991, 128(3): 310-321.
BALONIS M, GLASSER F P. The density of cement phases[J]. Cem
Concr Res, 2009, 39(9): 733-739.

PLOWMAN C, CABRERA J. Mechanism and kinetics of hydration of
C;A and C4AF. Extracted from cement[J]. Cem Concr Res, 1984, 14(2):
238-248.

[32]

[33]

[34]

[35]

EDMONDS R, MAJUMDAR A J. The hydration of 12Ca0. 7A1,0; at
different temperatures[J]. Cem Concr Res, 1988, 18(3): 473-478.
RAAB B, POELLMANN H. Heat flow calorimetry and SEM
investigations to characterize the hydration at different temperatures of
different 12Ca0-Al,O3 (Ci2A7) samples synthesized by solid state
reaction, polymer precursor process and glycine nitrate process[J].
Thermochim Acta, 2011, 513(1/2): 106-111.

KAPR LIK I, STEVULA L, HANIC F. Hydration and hydraulic
properties of the Q phase in the system CaO-Al,0;—MgO-H,O referred
to high alumina cements[J]. Cem Concr Res, 1989, 19(4): 519-526.
AHYAOUI R, JIMENEZ P E S, MAQUEDA L A P, et al. Synthesis,
combined  kinetic of

(MgsAl(OH),6CO5-4H0)[J].

and thermal
decomposition  of

Thermochim Acta, 2018, 667: 177-184.

characterization analysis

hydrotalcite



