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Abstract: The use of titanium gypsum instead of gypsum as
a raw material for the preparation of gypsum-slag cemen-
titious materials (GSCM) can reduce the cost and improve
the utilization of solid waste. However, titanium gypsum
contains impurities such as Fe2O3, MgO, and TiO2, which
make its effect on the performance of GSCM uncertain. To
investigate this issue, GSCM doped with different ratios of
Fe2O3, MgO, and TiO2 were prepared in this study, the set-
ting time and the strength of GSCM at 3, 7, and 28 days were
tested. The effects of different oxides on the performance of
GSCM were also investigated by scanning electron micro-
scopy, energy spectrum analysis, X-ray diffraction analysis,
and thermogravimetric analysis. The experimental results
showed that Fe2O3, MgO, and TiO2 all had a certain procoa-
gulant effect on GSCM and a slight effect on the strength.
Throughmicro-analysis, it was found that the main hydration
products of GSCM were AFt phase and calcium–alumina–
silicate–hydrate (C–(A)–S–H) gels. Fe-rich C–(A)–S–H gels
were observed with the addition of Fe2O3, and Mg(OH)2 and
M–S–H gels were observed with the addition of MgO. The

addition of TiO2 did not result in new hydration products
from GSCM.
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1 Introduction

Titanium gypsum is an industrial by-product produced
during titanium dioxide production by the sulfuric acid
process [1]. Each production of 1t of titanium dioxide pro-
duces 6t of titanium gypsum; according to statistics, China
produces about 30 million tons annually [2]. Experimental
research on titanium gypsum in recent years has focused on
cement retarders [3,4], preparation of composite cementi-
tious materials [5–7], production of gypsum building mate-
rials [8,9], soil conditioners, and land backfill materials
[10–12]. A large amount of titanium gypsum open pile pro-
cessing will occupy many lands and bring severe environ-
mental pollution, so the development and utilization of
titanium gypsum have become urgent [4]. Super sulfate
cement is mainly known as gypsum slag cement in China.
Compared with ordinary Portland cement, gypsum slag
cement has the advantages of low heat of hydration, good
resistance to alkali-aggregate reaction, good resistance
to sulfate and chloride erosion, and high late strength
[13–15]. Gypsum is the main component of gypsum slag
cement, the content of which accounts for more than 20%.
Suppose the raw titanium gypsum slag can be directly used
as the raw material of super sulfate cement, in that case, it
will increase the effective utilization of titanium gypsum
slag and reduce the environmental pollution and CO2 emis-
sion of titanium dioxide processing industry.

Some scholars studied the preparation of cementitious
materials using industrial by-product gypsum instead of
gypsum, but most of them focused on the modification of
phosphogypsum. Some researchers investigated the effect
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of phosphogypsum on the hydration process and micro-
structure of alkali-activated slag slurry with reference to
natural gypsum. The results showed that phosphogypsum
reduced the early strength and increased the late strength
of the specimens. The addition of phosphogypsum refined
the pore structure and produced lower porosity than nat-
ural gypsum, generated calcium–alumina–silicate–hydrate
(C–(A)–S–H) gels with higher polymerization degree [16].
Chinese researchers found that the engineering properties
of supersulfated phosphogypsum slag cement were com-
parable to those of silicate cement and had good water
stability, which comprised 40% phosphogypsum, 40–50%
granulated blast furnace slag, and a small amount of alkali
activator [17]. 10–50% of metakaolin reduced the setting
time of sulfur-phosphorus gypsum cementitious materials
by 13–38%. Metakaolin dosage of up to 20% effectively pro-
moted the strength development of cementitious materials,
where slag and metakaolin synergistically promoted the
formation of ettringite and C–(A)–S–H gels [18]. However,
some studies showed that the soluble impurities in phos-
phogypsum and the relatively slow hydration rate of slag
could affect the performance of persulfate cement. This
prolonged the setting time and reduced the compressive
strength of the specimens [19].

Related studies showed that the addition of nano-Fe2O3

can improve the flowability of cementitious materials,
refine the material pore structure, and promote cement
hydration. Thus, the mechanical properties and durability
of the low water-cement ratio cementitious material could
be improved to a certain extent [20]. Researchers blended
Fe2O3 into 15% fly ash cement mortar to analyze the
strength change of cementitious materials. The results
showed that the greatest increase in mortar compressive
strength was achieved at 1.25% addition of oxide powder
[21]. Similarly, researchers also studied the effect of Fe2O3

on the properties of 30% fly ash cement mortar. They
found that the incorporation of Fe2O3 powder improved
the mechanical properties of the composites at the optimum
content [22]. Scanning electron microscopy (SEM) observed
the microstructural differences between ordinary mortars
with and without Fe2O3 particles. The results showed that
the composites containing Fe2O3 particles had a denser
microstructure without microcracks and therefore had
higher compressive and flexural strength [23]. The Fe2O3

nanoparticles could positively affect the mechanical
properties of cement paste in a specific dose range, but
inappropriate dosage had negative influences [24,25]. In
addition, Fe2O3 particles affected the refractoriness of ordinary
Portland cement paste, and studies showed that the addition
of 1–2% Fe2O3 particles could improve the refractoriness of
cement paste [26].

MgO is a basic oxide with more active chemical prop-
erties, which can react directly with water to form Mg
(OH)2. The reaction will be accelerated under heating con-
ditions [27]. Research showed that MgO could be used as a
swelling agent for cementitious materials. MgO compen-
sated for the shrinkage of cementitious materials and
improved the cracking characteristics [28,29]. The higher
the reactivity of MgO, the lower the autogenous shrinkage
of the cement paste. MgO with higher activity hydrated
faster and therefore produced more expansion at an early
stage, which could more adequately offset the shrinkage of
the cement paste. But MgO with excessive content also
affected the mechanical properties of cement mortar [29].
The MgO over 8% content in ordinary Portland cement
would slightly affect the compressive strength of cement
mortar [30]. Researchers found that the best 28 days com-
pressive strength and flexural strength of modified cement
mortar specimens were obtained at 1.5% admixture of
nano-MgO [31]. In terms of setting time, the incorporation
of 5.0 and 7.5% MgO shortened the setting time of the
cement mortar by 20 and 10min, respectively, which indi-
cated that MgO had some pro-setting effect [32]. In terms of
durability, the incorporation of nano-MgO positively influ-
enced cementitious materials, which enhanced the perme-
ability and frost resistance of the cement mortar [33]. SEM
showed that the incorporation of nano-MgO resulted in a
denser internal structure of the cement paste [34], nano-
MgO made the interface between cement and aggregate
rougher and effectively reduced the generation of micro-
cracks [35].

TiO2 is considered one of the best-performing white
pigments in the world today, and the applications of TiO2

are mainly in the fields of coatings, cosmetics, and medi-
cine [36]. The addition of TiO2 affected the hydration pro-
cess and the development of the internal structure of the
cement. The addition of TiO2 nanoparticles to ordinary
Portland cement accelerated the early hydration of cement
[37,38]. The hydration rate was proportional to the agglom-
erate size, and the TiO2 particles led to a better filling of the
pores of cement mortar [39]. In cementitious materials,
TiO2 nanoparticles could influence the porous structure
of polymers. NMR and ultrasound were used to investigate
the effect of TiO2 nanoparticles on the hydration of cement.
The results showed that TiO2 accelerated the formation of
cement hydration products and reduced capillary porosity
in the early stage of hydration [40].

Compared with natural gypsum, the main impurity
components in titanium gypsum are Fe2O3, MgO, and
TiO2. The following problems exist in the current research
works on titanium gypsum replacement in gypsum-slag
cementitious materials (GSCM):

2  Yilin Li et al.



1) Research on industrial by-product gypsum mainly focuses
on phosphogypsum and desulfurization gypsum. There is
a lack of research on replacing titanium gypsum in GSCM.

2) The effect of specific oxide components in titanium
gypsum on the setting time and mechanical properties
of GSCM is not apparent.

3) Whether there is any change in the microstructure
of GSCM mixed with different oxide components. The
mechanism of the action of oxide components on GSCM
is not clear.

In order to solve the above problems, three kinds of
oxide components of Fe2O3, MgO, and TiO2 in titanium
gypsum are selected to be mixed with GSCM, respectively.
This work studies the effects of the three oxides on the
setting time and mechanical properties of GSCM, and
explores the mechanism of the effect of the three oxide
components on the GSCM. It is hoped that this research
can solve the technical problems of titanium gypsum in
the effective application of GSCM.

2 Materials and methods

2.1 Materials

The raw materials used for the experiments are shown in
Figure 1(a)–(g). The specific chemical composition for XRF
analysis is shown in Table 1.

Titanium gypsum (T) is taken from the yard of Shandong
Jinhong TitaniumWhite Chemical Co., Ltd in China and has a
reddish-yellow appearance. Slag (S) is taken from Lingshou

County, Hebei Province, China, and has an off-white appear-
ance. Gypsum (G) is taken from Yousheng Mineral Products
Processing Plant in Lingshou County, Hebei Province, China,
with a white appearance of natural gypsum dihydrate. The
mineral composition of the raw materials is shown in
Figure 2.

Fe2O3 (F), MgO (M), and TiO2 (Ti) are all produced by
Tianjin Zhiyuan Chemical Reagent Co. The fineness is 325
mesh, and all are analytically pure.

The activator used in this experiment is anhydrous
Na2SiO3 and NaOH, produced by the Tianjin Dengfeng
Chemical Reagent Factory.

The standard sand used in the test is ISO 679 standard
sand (GSB08-1337), produced by Xiamen Aisiou Standard
Sand Co.

2.2 Testing design

2.2.1 Testing grouping

The precursors used in this experiment were slag and
gypsum, and the alkali activator was doped at 4%. The
range of three oxides doping ratio was determined
by referring to impurity content in titanium gypsum
shown in Table 1. Oxides were doped according to the
mass fraction of precursors. 4, 8, 12, 16, and 20% were
doped with Fe2O3; 0.6, 1.2, 1.8, 2.4, and 3% were doped
with MgO; 0.4, 0.8, 1.2, 1.6, and 2% were doped with TiO2

and compared with the control group with 0% content of
the three oxides. The specific experimental groups are
shown in Table 2.

Figure 1: Raw materials. (a) Gypsum. (b) Slag. (c) MgO. (d) TiO2. (e) Fe2O3. (f) NaOH. (g) Sodium silicate.
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2.2.2 Water-binder ratio

The bestwater consumption of paste testwas determined under
the Testing Methods of Cement and Concrete for Highway
Engineering (JTG 3420-2020) for standard consistency test. The
mortar water-binder ratio (w/b) was fixed at 0.5 according to the
requirements of the related technical specification [41].

2.2.3 Sample maintaining

According to the specification [41], each prepared mortar
sample was placed in a standard maintenance box for
24 h before demolding. Each specimen was put into the
maintenance room in turn after demolding, and the water
surface height should be 2 cm higher than the top of the
specimen. The temperature of the maintenance box was
20 ± 1°C, and the humidity was >90%.

2.3 Test methods

2.3.1 Setting time

According to the technical specification [41], after the stan-
dard consistency test, determine the water consumption,
and pre-dissolve the solid activator in water in advance.
Put the precursors and solution in a mixing pot, stir slowly
for 120 s, stop for 15 s, then stir quickly for 120 s. The setting
time was measured using the Vicat apparatus. Measure-
ments should be taken at 5 min intervals (or less) as the
initial setting time is approached. Measurements should be
taken at 15 min intervals (or less) as the final setting time is
approached. Measure again as soon as the initial or final
setting is reached. The two conclusions were the same to
determine the arrival of the initial or final setting time.

2.3.2 Mortar strength

According to the technical specification [41], the fresh
mortar mixture was poured into the 40mm × 40mm ×

Table 1: Chemical composition of raw materials

Samples Chemical composition mass fractions (%)

SiO2 CaO Al2O3 Fe2O3 MgO SO3 TiO2 MnO Na2O

Titanium gypsum 1.69 36.7 1.06 8.79 1.48 37.9 0.876 0.332 0.168
Gypsum 0.24 32.47 0.12 2.90 0.02 39.14 0.03 — —

Slag 27.1 41.2 13.9 0.387 7.8 2.565 — — 0.467

Figure 2: XRD analysis of raw materials.

Table 2: Testing groups

Mix Id T:S G:S Activator
percentages
(%)

Fe2O3 (%) MgO (%) TiO2 (%)

TS 3:7 — 4 — — —

GS — 3:7 4 — — —

F1 — 3:7 4 4 — —

F2 — 3:7 4 8 — —

F3 — 3:7 4 12 — —

F4 — 3:7 4 16 — —

F5 — 3:7 4 20 — —

M1 — 3:7 4 — 0.6 —

M2 — 3:7 4 — 1.2 —

M3 — 3:7 4 — 1.8 —

M4 — 3:7 4 — 2.4 —

M5 — 3:7 4 — 3.0 —

Ti1 — 3:7 4 — — 0.4
Ti2 — 3:7 4 — — 0.8
Ti3 — 3:7 4 — — 1.2
Ti4 — 3:7 4 — — 1.6
Ti5 — 3:7 4 — — 2.0

Note: T:S and G:S are mass ratios.
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160 mm triplex test mold two times, and each time it was
run, it vibrated 60 times. Then, it was maintained under
standard environmental conditions (temperature 20°C ±

1°C, relative humidity >90%) for 24 h. After removing from
the mold, the specimens were placed in the sink and main-
tained under standard conditions until they reached the
ages (3, 7, and 28 days) for testing. The compressive and
flexural strength of the cementitious materials were mea-
sured using cement sand compressive and flexural apparatus.
The average values of the three specimens were determined
as the flexural and compressive strength of the mortar for the
corresponding curing times.

2.3.3 Micro-analysis

Crushed specimens were kept in anhydrous ethanol for 7
days to stop the hydration reaction after the flexural and
compressive strength tests [42,43]. Then, the specimens
were removed from the anhydrous ethanol and dried to
a dehydrated state. The morphology and elemental compo-
sition of the hydration products were determined using
SEM and EDS to determine the hydration products of
cementitious materials and the reaction mechanism. The
instrument used was a QUANTAFEG 250 field emission
scanning electron microscope manufactured by FEI, USA.
X-ray diffraction (XRD) was performed using a diffract-
ometer system XRD D8. The source was operated at a vol-
tage of 40 KV using Cu Kα radiation with a scanning range
of 10°–70°. The samples were scanned at a speed of 3°·min−1

with a step size of 0.02° to obtain the data for quantitative
analysis. TG-DTG used the SDT650 integrated thermal ana-
lyzer made by TA, USA, with a temperature range of
30–900°C, a nitrogen atmosphere, and a heating rate of
10°C·min−1.

2.3.4 Expansion ratio

According to the technical specification [44], the 25 mm ×

25mm × 280mm test mold was wiped clean and assembled.
The inner wall was evenly brushed with a layer of machine
oil, and the nail head was inserted into the small holes on
the end plate of the test mold. The nail head was inserted at
a depth of 10 ± 1 mm. The homogeneous mortar was mixed
and filled into the triple test mold three times, and vibrated
evenly. Then, the mold was taken off after curing in the
standard curing box until 24 h. After demolding, the nail
heads at both ends of the specimens were wiped clean
and immediately put into the comparator to measure the
initial length L1. After the specimens were cured in water to

specified ages (3 days, 7 days, 14 days, and 28 days), the
length LX of the specimen at the desired age was measured.
The volume expansion ratio (EX ) was calculated using
Eq. (1):

=
−

×E
L L

250
100,X

X 1 (1)

where EX is the expansion rate of the specimen at a given
age, expressed in %; LX is the length reading of the spe-
cimen at a given age in mm; L1 is the initial specimen
length reading in mm; 250 is the effective length of spe-
cimen 250 mm.

3 Results and discussion

3.1 Setting time

According to Figures 3–5, the initial and final setting times
were slightly prolonged for GS compared to TS. Still, the
difference between them was not very large, which

Figure 3: Effect of different amounts of Fe2O3 on setting time.

Figure 4: Effect of different amounts of MgO on setting time.
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indicated that titanium gypsum and gypsum had similar
effects on the setting time properties of cementitious mate-
rials. The results showed that setting times of the speci-
mens doped with the oxide components were all shorter
than that of GS. With the increase in oxide dosage, the
initial and final setting times roughly showed a decreasing
trend with small fluctuations.

In Figure 3, when Fe2O3 doping was 4%, there was no
significant change in the initial setting time, and the final
setting time was only shortened by 3.3%, which had little
effect. When the Fe2O3 doping was 8%, the initial and final
setting times were significantly shortened. The initial set-
ting time of F2 was shortened by 20%, and the final setting
time was shortened by 21% compared with GS. When the
Fe2O3 doping was 20%, the initial and final setting time was
greatly shortened. 36% of the initial setting time and 29% of
the final setting time were shortened for F5 compared with
GS, which had the most significant coagulation promotion
effect and significantly shortened the setting time of GSCM.
This was consistent with the related study that iron-rich
precursors had fast-setting properties [45].

In Figure 4, when the MgO doping was very low at
0.6%, the initial setting time of M1 was only 8% shorter
than that of GS, and the final setting time was 13% shorter
than that of GS. The changes were not noticeable. When the
MgO content was 1.8%, the initial and final setting times
were the lowest at 17 and 57 min, respectively. Compared
with GS, M3 had the most significant time reduction of 32%
in the initial setting time and 37.4% in the final setting time.
This was consistent with the hydration of slag promoted by
high-active MgO [46].

In Figure 5, when TiO2 doping was very low at 0.4%, Ti1
was shortened by 12% compared to GS initial setting time,
and final setting time was only shortened by 6.6%, which
was a slight change. TiO2 doping of 1.6% showed the lowest
values of initial and final setting times of 15 and 65 min,
respectively. Ti4 showed a significant reduction of 40% in
the initial setting time and 28.6% in the final setting time
compared to GS. The generated pro-setting phenomenon
was similar to that of the addition of TiO2 nanoparticles
to ordinary Portland cement could accelerate the early
hydration of cement [37,38].

3.2 Mechanical property

In Figure 6(a), the compressive strengths of all specimens
showed an increasing trend with the increase in age. The 3
days compressive strength of GSCM with Fe2O3 reached
about 65% of the 28 days compressive strength, and the 7
days compressive strength reached about 80% of the 28
days compressive strength. This indicated a rapid increase
in early compressive strength. The incorporation of Fe2O3

slightly affected the early compressive strength of GSCM. 3
days compressive strength was lowest at 12% Fe2O3, which

Figure 6: The effect of different amounts of Fe2O3 on compressive strength and flexural strength: (a) compressive strength and (b) flexural strength.

Figure 5: Effect of different amounts of TiO2 on setting time.
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was 13.6% lower than the 3 days compressive strength of
GS. 7 days compressive strength was lowest at 8% Fe2O3,
which was 11% lower than the 7 days compressive strength
of GS. The lowest value of 28 days compressive strength
occurred at 4% Fe2O3, which was 9% lower than the 28 days
compressive strength of GS. The effect of Fe2O3 doping on
the variation in compressive strength of GSCM was not
significant.

In Figure 6(b), the early flexural strength of GSCM
grew rapidly, and the later flexural strength grew slowly.
The 28 days flexural strengths of F1, F2, and F3 were 7.5, 6.8,
and 1.4% lower than the 7 days flexural strengths. GSCM
improved its 3 days and 7 days flexural strength due to
increased Fe2O3 dosage.

In Figure 7(a), the compressive strength of the speci-
mensmixed with different contents of MgO all increasedwith
the extension of the curing age. The compressive strength
increased rapidly in the first 7 days. The 3 days compressive
strength reached about 63% of 28 days compressive strength,
and 7 days compressive strength reached about 75% of 28
days compressive strength. The specimen with 1.8% MgO
doping had the lowest 3 days compressive strength. The spe-
cimen with 0.6% MgO doping had the lowest 7 days compres-
sive strength. M3 and M1 were 11.8 and 13.1% lower than GS,
respectively. With the extension of the curing age, the com-
pressive strength of the specimens with each MgO doping
amount at 28 days did not differ much. There was little dif-
ference in the compressive strength of the specimens with
different MgO content at 28 days.

In Figure 7(b), the doping of MgO slightly enhanced the
3 days flexural strength of the specimens but it slightly
reduced the 7 days and 28 days flexural strength. The 7
days flexural strength of specimens with 3% MgO doping
was the lowest, 9.1% lower than that of GS. The 28 days
flexural strength of specimens with 1.2% MgO doping was

the lowest, which was 13% lower than that of GS. The effect
of MgO on the flexural strength of specimens was not
significant.

In Figure 8(a), the compressive strength of all speci-
mens doped with TiO2 increased with the extension of the
curing age. The 3 days and 7 days compressive strength
increased rapidly, and the 7 days compressive strength
already reached more than 70% of the 28 days compressive
strength. With the increase in TiO2 doping, the 3 days com-
pressive strength reduced with different degrees, which
indicated that TiO2 adversely affected the early strength
of specimens. The specimen with 2% TiO2 doping had the
lowest 3 days compressive strength, which was 17.2% lower
than the 3 days compressive strength of GS. The specimen
with 1.2% TiO2 doping had the lowest 7 days compressive
strength, which was 7.9% lower than the 7 days compres-
sive strength of GS. The specimen with 0.4% TiO2 doping
had the lowest 28 days compressive strength, which was
5.7% lower than the 28 days compressive strength of GS,
and the strength effect was minimal.

In Figure 8(b), all the specimens doped with TiO2

showed different degrees of increase in 3 days flexural
strength. The specimens with TiO2 doping of 0.4% had
the highest 3 days flexural strength, which increased by
18.2% over the 3 days flexural strength of GS. The 7 days
flexural strength of the specimens doped with TiO2 did not
change significantly. When the TiO2 doping was 2%, the
maximum 28 days flexural strength was 8.2 MPa.

3.3 Expansion ratio

In Figure 9(a)–(c), it is shown that GSCM produced volu-
metric shrinkage by testing the expansion rate of GSCM at

Figure 7: The effect of different amounts of MgO on compressive strength and flexural strength: (a) compressive strength and (b) flexural strength.
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different ages. Shrinkage rate increased with the ages of
maintenance. The addition of three different ratios of
oxides to GSCM slightly reduced the shrinkage of GSCM.
The shrinkage of GSCM decreased with the increase in
oxide doping. It shows that the three oxides Fe2O3, MgO,
and TiO2 reduce the shrinkage of GSCM.

3.4 SEM-EDS analysis

The hydration reaction products of the gelling system
formed by slag and gypsum were mainly AFt crystal and
C–(A)–S–H gels [47], and the main reactions are shown in
Eqs. (2) and (3).

+ + + → − −+ −SiO Ca H O OH C S H,2
2

2 (2)

·+ + + →+ −Al O Ca OH CaSO 2H O AFt.2 3
2

4 2 (3)

In Figure 10(a), it was found that in addition to the
C–(A)–S–H gels, the incorporation of Fe2O3 resulted in

the generation of some flaky gels within the hydrated
system. EDS scanning was performed on the flaky gels,
and the EDS analysis results in Figure 11 showed that the
material should be Fe-rich C–(A)–S–H gels [48,49]. Under
alkaline conditions, a large amount of −

SO4

2 entered the gels
and resulted in a reduction of free −

SO4

2 in the system,
which facilitated the participation of Fe in the system in
the reaction. The microscopic morphology showed more
pores and more significant porosity in the cementation
between the C–(A)–S–H gels and the ettringite phase. The
structure of the slurry was looser and reduced the 3 days
compressive strength slightly. As shown in Figure 10(b),
with the continuous hydration reaction, the slag activity
was continuously activated. The potentially active soluble
ions were continuously dissolved, dispersed, and bonded.
The crystallinity of the hydration products was enhanced,
and the C–(A)–S–H gels were continuously increased. Fe
acted in the silicate network in the same way as Al, produ-
cing a gel-like product similar to C–(A)–S–H [49]. The
microscopic morphology was found to develop from a

Figure 8: The effect of different amounts of TiO2 on compressive strength and flexural strength: (a) compressive strength and (b) flexural strength.

Figure 9: GSCM expansion ratio at 3, 7, 14, and 28 days. (a) Fe2O3; (b) MgO; (c) TiO2.
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sparsely scattered shape in 3 days to a dense mesh-like
structure. The generated ettringite phase was wrapped
with the continuously generated Fe-rich C–(A)–S–H gels and
showed good macroscopic 28 days compressive strength. This
was similar to the fact that adding Fe2O3 to phosphor-alumi-
nate cement decreased the early strength of the matrix but
increased the later strength [50].

In Figure 12(a), it was observed that in addition to the
C–(A)–S–H gels, the incorporation of MgO caused the gen-
eration of lamellar hydration products inside the system.
Figure 13 shows the EDS analysis of the lamellar material,
points 3 and 4 both contained a high content of Mg and Si
elements, and the growth state of point 3 was denser than
point 4. Combined with the literature analysis, point 4 was

Figure 10: SEM morphology of F5 specimens at different maintenance ages: (a) 3 days and (b) 28 days.

Figure 11: EDS image of spot 1 of F5 specimen at 3 days hydration age.

Figure 12: SEM microscopic morphology of M5 specimens at different maintenance ages: (a) 3 days and (b) 28 days.
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a combination of low polymerization degree M–S–H and
Mg(OH)2, and point 3 was a high polymerization degree Mg
(OH)2 and M–S–H [51,52]. The high polymerization degree
M–S–H had properties similar to C–(A)–S–H [27]. A low
degree of polymerization M–S–H and Mg(OH)2 led to a
more sparse structure of the material throughout, which
slightly affected the 3 days compressive strength. In Figure
12(b), the hydration reaction proceeded continuously, and
the fibrous gels generated inside the system kept increasing.
The dense C–(A)–S–H and M–S–H gels were mixed, and
the pores within the structure were gradually filled and
interlaced to grow into a dense three-dimensional mesh
structure, which macroscopically exhibited a good 28 days

compressive strength. The main reactions after adding MgO
are shown in Eqs. (4) and (5).

+ → ++ −MgO H O Mg OH ,2
2 (4)

+ + + → − −+ −SiO Mg H O OH M S H.2
2

2 (5)

In Figure 14(a), when doped with TiO2, it was observed
that the internal structure of the whole hydrated system
had more tiny pores, and the structure was similar to
Figures 10(a) and 12(a), which was looser. The microscopic
morphological laxity was mainly due to the non-uniform
dispersion of TiO2 particles in the cementitious materials at
the early hydration stage [53,54], which slightly affected the

Figure 13: EDS image of spot 1–4 of M5 specimen at 3 days hydration age.

Figure 14: SEM microscopic morphology of Ti5 specimens at different maintenance ages: (a) 3 days and (b) 28 days.
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early strength of the matrix. No new hydration products
were found to be generated after TiO2 incorporation, but
TiO2 acted as a pore filler in the matrix and accelerated
hydration [55]. In Figure 14(b), as the hydration reaction
continued, the microscopic morphology showed that the
pores gradually became smaller, and the whole structure
developed into a dense mesh-like structure similar to that
of Figures 10(b) and 12(b). This was mainly due to the fact
that TiO2 particles reduced the porosity and roughness and
densified the C–(A)–S–H, which enhanced the strength of
the polymer [39].

Finally, the 28 days micrograph morphologies of the
three oxides doped with Fe2O3, MgO, and TiO2 were similar,
with dense reticular structures and stable morphologies.

This indicated that none of the three oxide components
significantly affected the 28 days strength of the cementi-
tious materials.

3.5 XRD

In Figure 15(a) and (b), all the XRD energy spectra can observe
diffraction peaks pointing to the presence of C–(A)–S–H,
ettringite, and calcite crystalline phases. For the same sample,
the types of hydration products did not changewith the age of
hydration. It was found that with the doping of Fe2O3, more
diffraction peaks pointing to ettringite and C–(A)–S–H gels
could be observed. With the doping of MgO, diffraction peaks

Figure 15: XRD spectra of different specimens: (a) 3 days and (b) 28 days.
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Figure 16: TG-DTG curves of specimens: (a) 3 days and (b) 28 days.
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capable of pointing to the presence of Mg(OH)2 crystalline
phase were detected. However, diffraction peaks pointing to
M–S–H were not detected, and this finding confirmed earlier
studies that the combination of Mg with silica slag consumed
to form M–S–H, which was difficult to detect by XRD [46,56].
No new crystalline phase was detected with the doping of
TiO2, which indicated that the doping of TiO2 did not lead
to the generation of new hydration products.

3.6 Thermogravimetric analysis (TG-DTG)

TG and the first derivative of TG (DTG) signs are direct and
very fast measurements of the weight loss and its rate of
occurrence during analysis, by which different materials
are identified based on their thermal characteristics. The
TG-DTG curves for 3 and 28 days are shown in Figure 16.
From Figure 16, it can be concluded that for the same
sample, the types of hydration products did not change
with the age of hydration.

In Figure 16, significant mass loss was observed in each
group of specimens when the temperature was heated
from 30 to 900°C. The first heat absorption peak appeared
around 100°C, which corresponded to the dehydration
caused by the combined water in the C–(A)–S–H gels,
Ettringite hydration products. The second heat absorption
peak occurred at a temperature of about 350°C. This might
be due to the dehydration of hydroxyl groups in the hydra-
tion product crystals in the specimen, while the heat
absorption peaks from the decomposition of Mg(OH)2 in
the specimen M5 was shown in Figure 16(a) and (b). The
third heat absorption peak appeared around 700°C, this
heat absorption peak was mainly caused by the decompo-
sition of carbonate impurity in the specimen.

4 Conclusion

Based on the study of the effects of different doping
amounts of Fe2O3, MgO, and TiO2 on the setting time and
mechanical properties of GSCM, the following conclusions
were drawn:
1) The three oxide components, Fe2O3, MgO, and TiO2, had

similar patterns of influence on the properties of GSCM.
All three oxides had a certain procoagulant effect, which
slightly affected the early strength of GSCM, but did not
have a significant effect on 28 days strength.

2) The incorporation of Fe2O3 affected the hydration process
of GSCM. Relatively loose Fe-rich gelatinous hydration

products were generated in the early stage, and as the
hydration reaction continued, an iron-rich gelatinous
hydration similar to the C–(A)–S–H product was generated
with a dense structure in the later stage. The incorporation
of MgO affected the hydration process of GSCM. The
system generated loose Mg(OH)2 in the early stage, and
the dense C–(A)–S–H andM–S–H gel substances generated
in the later stage would lead to continuous and stable
increase in strength. No new hydration products were
found to be generated by the incorporation of TiO2.
Higher dosages of Fe2O3 and MgO did not affect the
volume stability of cementitious materials.

3) The microscopic morphology of the three oxides mixed
into the GSCM is similar, and the effect on the 28 days
strength of the GSCM is not significant. Therefore, GSCM
can be prepared using titanium gypsum instead of
gypsum, but attention should be paid to the difference
in setting time and early strength required for the use
scenarios.
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