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Abstract: Calcium aluminate cements with different MgAl2O4 spinel (CMA) contents and particle sizes were synthe-

sized. The results revealed that when the synthesis temperature was raised from 1400℃ to 1500℃, the particle size of 

MgAl2O4 (MA) increased from 5 μm to 15 μm. The MA particles appeared in clusters and were distributed around the 

CaAl2O4/CaAl4O7 (CA/CA2) particles for CMA synthesized at 1400℃, while MA particles were inserted in the 

CA/CA2 particles for CMA synthesized at 1500℃. At the same time, the setting time lengthened and the viscosity de-

creased with the increase in MA content and particle size for CMA. The corresponding minimum values of storage 

modulus and flow point were 0.15 MPa and 4.44%, respectively. It is believed that the higher content of the MA phase 

and the larger particle size of CA/CA2 particles in CMA cement can result in a weak flocculation structure in hydrates. 
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Because of their excellent corrosion and thermal shock 

resistance, refractory castables containing MgAl2O4 spinel 

are widely used in the high-temperature field such as ladle 

linings, ladle bottom impact area, and purging plug sys-

tems[1–3]. The constituents of MgAl2O4 spinel in refractory 

castables can effectively absorb the divalent ions of 

Fe2+/Mn3+ in molten slags to form a solid solution and 

consequently increase the viscosity of slag. Thus, slag 

penetration resistance can be improved significantly. Cur-

rently, there are two ways to incorporate the spinel phase 

into castables, including mixing preformed MA powders 

with cement and the in situ formation MA phase in cement 

forming calcium aluminate cement with MgAl2O4 spinel 

(CMA)[4]. However, mechanical mixing methods can 

hardly achieve a homogeneous mixture in the microcos-

mic aspect, and the inhomogeneous parts easily form cor-

roded areas in the bonding phase position. Therefore, 

CMA cement is developed to avoid this problem. Numer-

ous researchers have prepared CMA cement and tested its 

properties[5–9]. Xiao[10] found that CMA cement can sig-

nificantly improve corrosion resistance due to the intro-

duction of MA spinel, which had a high melting point and 

prevented slag from penetrating. Gehre[11] also revealed 

that corundum MgAl2O4-spinel based castables had high- 

temperature mechanical properties and thermal shock re-

sistance when 6wt% of CMA cement was used as a binder. 

Nevertheless, most researchers have focused on the prep-

aration process of CMA cement and its properties as a 

castable binder[12–17], and little attention has been concen-

trated on the rheological properties of CMA cement which 

will determine the workability of castables. It is also be-

lieved that a good knowledge of the rheological properties 

of CMA cement will be helpful in improving the proper-

ties of cement-bonded castables[18-19]. 

Sliva[20] studied the effect of particle size distribution on 

the rheological properties of self-flow castables and found 

that the fluid model transformed from Bingham to 

Herschel-Bulkley as the ratio of coarse particles increased. 

Oliveira[21] found that dispersants substantially influenced 

the rheological properties and setting time, and eventually 

affected the mechanical strength of castables. Wang[22] fur-

ther revealed that the dispersants changed the Ca2+ concen-

tration and cement hydration morphologies to affect the 

properties of refractory castables. Although many research-

ers focused on the external factors affecting the rheological 

properties of CMA cement, only a few paid attention to the 

effect of internal factors such as particle sizes and phase 

contents on the rheological properties of CMA cement.  

Therefore, the aim of this work is to investigate the ef-

fect of phase contents and particle size on the microstruc-

tures and rheological properties of CMA cement. Different 

MA contents and particle sizes of CMA cement were fab-
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ricated, and the phase distribution between MA and 

CA/CA2 in CMA cement is also analyzed in detail. The 

setting time and rheological properties of slurries, such as 

static state flow and dynamic state flow, are measured to 

explore the relationship between the microstructures and 

rheological properties. 

1  Experimental 

Industrial alumina (98.5wt% Al2O3 and d50 = 14 μm), 
light burned magnesia (83.9wt% MgO and d50 = 88 μm) 
and calcium carbonate (99.3wt% CaCO3 and d50 = 10 μm) 
were used as raw materials. The mass ratio of raw materi-
als and mineral phase compositions of CMA were de-
signed and are shown in Table 1, wherein the chemical 
compositions of designed cement samples are located in 
the sub-triangle of CaAl2O4-CaAl4O7-MgAl2O4 at the 
Al2O3-MgO-CaO ternary phase diagram[23-24]. The raw 
materials were ball-milled in water media for 3 h to obtain 

a homogeneous mixture. After drying at 110℃, the mixed 

powders were calcined at 1400℃ and 1500℃ with a 

soaking time of 3 h. Finally, the calcined powders were 
ground to a suitable fineness, and the specific surface area 
measured by BET was greater than 0.3 m2/g. 

The phase compositions and morphology characteris-

tics of prepared CMA cement samples were determined by 

X-ray diffraction (XRD; χ’Pert pro) and scanning electron 

microscopy (SEM; Nova NanoSem 400). The setting time 

of cement paste was measured according to GB/T 

1346–2011, in which the penetrated depth of the Vicat 

equipment needle was recorded. 

Slurries used to conduct the rheological experiments 

were prepared as follows: tabular alumina (98.9wt% 

Al2O3; Zhejiang Zili Co. Ltd., China) of various particle 

sizes (<0.088 mm and 0–1 mm), reactive alumina 

(99.23wt% Al2O3, d50 = 4.1 μm; Zhejiang Zili Co. Ltd., 

China) and prepared CMA cement. Rheological tests 

were carried out under the static state flow and dynamic 

state flow conditions. A rheometer (MCR301; Parr Phy-

sica, Austria) with a coaxial cylinder geometry 

(ST22-4V-40 system) was used, and the testing tempera-

ture was set at 25℃. Under the static state flow test, the 

shear rate range was between 0.1 s-1 and 500 s-1. Strain 

was increased from 0.01% to 500% logarithmically, and 

10 rad/s natural angular frequency was used for the am-

plitude sweep test. 

2  Results and discussion  

2.1  Phase compositions and microstructures 

of CMA cement 
The XRD patterns of CMA cement synthesized at dif-

ferent temperatures are depicted in Fig. 1 and Fig. 2. Al-
though the main phases are MA, CA and CA2 in all sam-
ples, the diffraction peaks of MA phase become stronger 
as MA contents increase from 63wt% to 73wt% at the 
same temperature according to enlargement of the main 
peak in Fig. 1. Meanwhile, compared with the synthesis 

temperature at 1400℃ in Fig. 2, the MA phase diffraction 

peaks slightly enhanced at 1500℃ because rising tem-

perature accelerates the synthesis reactions of spinel and 
promotes the particle growth of MA particles. 

The morphologies of different CMA samples are pre-

sented in Fig. 3. Figure 3(a,b) indicates that the CA phases 

in the sample calcined at 1400℃ show a tabular mor-

phology; the MA phases’ shape is granular without octa-

hedral morphology. The MA particles are in clusters and 

are distributed around the CA particles. When the synthe-

sis temperature is raised to 1500℃, the tabular phases of 

CA are observed to grow up to 3–5 μm, and the particle 

size of MA phases is between 1 μm and 2 μm (Fig. 3(c), 

(d)). Their particle size increased about 3 times. At the 

same time, MA phases are in octahedral form and are ho-

mogeneously distributed among CA particles. 

As synthesis temperature is increased from 1400℃ to 

1500℃, the microstructures of cement samples are different 

for the same composition of cement in Fig. 3 (a, c) and (b, 
d), respectively. This indicates that, besides the particles’ 
growth, the phase distribution of CA/CA2 and MA also 
changes dramatically. When the synthesis temperature is 

1400℃, MA particles are in clusters in the cement, and MA 

and CA/CA2 particles are almost separated loosely. 

Table 1  Chemical and mineral phase compositions of CMA cements 

Constituent of raw materials/wt% 
Designed phase composition of the ce-

ment/wt% 
Sample No. Synthesis temperature 

Industrial 
alumina 

Calcined 
magnesia 

Calcium 
carbonate 

MA CA CA2 

A 63.1 15.9 21.0 63.3 33.8 2.9 
B 

1400℃ 
65.5 20.0 14.5 73.0 23.5 3.5 

C 63.1 15.9 21.0 63.3 33.8 2.9 
D 

1500℃ 
65.5 20.0 14.5 73.0 23.5 3.5 

Note: MA–MgAl2O4, CA–CaAl2O4, CA2–CaAl4O7. 
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Fig. 1  XRD patterns of CMA cements synthesized at 1400℃ (a) 

(samples A and B) and 1500℃ (b) (samples C and D) 

          

Fig. 2  XRD patterns of CMA cements containing 63wt% (a) 
(samples A and C) and 73wt% (b) (samples B and D) 
 

However, as the temperature rises to 1500 ℃ , MA 

particles are distributed homogeneously and alternately 

with CA/CA2 particles. This phenomenon suggests that 
rising temperature effectively promote the diffusion of 
Mg2+/Al3+ or Al3+/Ca2+. The nucleation and crystal growth 
process is the main reaction at the initial stage and then 
transforms into a diffusion-controlled process. Owing to 
the different ion diffusion rates, the distribution of 
MA/CA phases is also changed. 

2.2  Analysis of the setting time of CMA cement 
Figure 4 presents the setting time of different CMA 

cements. It shows that the setting time increases with MA 
contents and particle size increasing. The cement sample A 
has the shortest setting time with initial setting time of 
55 min and final setting time of 185 min. In comparison, 
cement sample D has the longest setting time with initial 
and final setting times of 195 min and 340 min, respec-
tively. The difference in setting time for CMA cement 
samples can be attributed to the different hydration proc-
esses of calcium aluminate cements. The CA phase is the 
main hydration material, while the MA phase does not 
hydrate in CMA cement[25]. Thus, cement samples con-
taining more CA hydrate faster, leading to a shorter setting 
time. In addition, the particle size and content of CA parti-
cles also have a strong effect on the setting time of CMA 
cement. As shown in Fig. 3, when synthesis temperature 

increases from 1400℃ to 1500℃, the particle size of CA 

phase increases from 3 μm to 8 μm, which leads to a de-
crease in hydration activity. Thus, the hydration process is 
inhibited and the setting time of CMA cement is extended. 
On the other hand, the distribution condition of MA and 
CA particles can strongly affect the hydration process of 
CMA cement[21]. In Fig. 3(b, d), MA particles around CA 
particles would hinder the water from penetrating into the 
inside of cement particles that can react with CA. This will 
lead to a difficult hydration and result in a longer setting 
time. In contrast, MA and CA particles present alternative 
distribution features in Fig. 3(a, c). There are some defects 
in the CA particles because they cannot form perfect or 
large particles. Thus, CA can fully contact with water, 
which leads to faster hydration. 

2.3  Rheological performances of CMA cement 
slurries 

Figure 5 shows the static rheological curves of slurries 
for different CMA cement samples. It can be observed that 
all cement sample slurries show shear thinning behavior in 
the measured shear rate region. The shear stress increases 
rapidly as the shear rate increases from 0 to 1 s-1. As the 
shear rate continuously increases from 1 s-1 to 10 s-1, the 
shear stress decreases drastically, and the yield stress is 
obtained in this range. However, as the shear rate increases 
to higher than 10 s-1, the shear stress increases linearly 
with the shear rate. 
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Fig. 3  SEM micrographs of CMA cement samples A, B, C and D (a-d) 

 

 

Fig. 4  Setting time of different CMA cements 
(a) Mortar for CMA cement A; (b) Mortar for CMA cement B; (c) Mortar 
for CMA cement C; (d) Mortar for CMA cement D 

 
When CMA cement contacts with water, CA/CA2 

starts to hydrate, forming a flocculation structure, so the 
shear stress increases rapidly as the shear rate increases 
from 0 to 1 s–1. When the shear rate is higher than 1 s-1, 
the flocculation structure of hydration phases starts get-
ting destroyed due to the rotor rotation. Thus, the shear 
stress decreases quickly as the shear rate increases from 
1 s-1 to 10 s–1. However, by the time the shear rate is 
higher than 10 s–1, the flocculation structure of hydration 
phases is almost fully destroyed and the fluid becomes a 
kind of Newton fluid[26], so the shear stress increases 
linearly with the shear rate. The fitting equations of the 
shear rate-shear stress curves at the stage of Newton fluid 

are as follows: 
Slurry for CMA cement A: τ = 0.89γ + 365.8    (1)  
Slurry for CMA cement B: τ = 1.00γ + 257.9    (2)  

    Slurry for CMA cement C: τ = 0.46γ + 210.4       (3) 
    Slurry for CMA cement D: τ = 0.78γ + 115.1       (4) 
These fitting results indicate that the four slurries are 

well fitted with plastic flow and belong to Bingham fluid, 
in which the relationship between shear rate and shear 
stress is linear[27]. 

Figure 5 also shows that shear stress decreases with 
MA content and particle size increasing, and the slurry 
with CMA cement containing 63wt% MA exhibits the 
largest yield stress of 365.8 Pa. According to Fig. 3 and 

Fig. 4, the particle size of the CA phase is about 3 m and 
the setting time is the shortest, indicating that the hydra-
tion degree of CMA cement A is the largest. Thus, the re-
maining free water after hydration in slurry A is the least, 
and consequently the resistance produced on surface of 
particles is the largest[25], resulting in maximum shear 
stress at the same shear rate. With MA contents increasing 
to 73wt%, the quantity of CA particles participating in the 
hydration reaction reduces. Thus, under the same shear 
rate, the shear stresses of slurries with 73wt% MA de-
crease due to the increase in the remaining free water in 
slurries. Similarly, CMA cement sample D contains the 
least CA particles with larger particle size and low hydra-
tion activity; therefore, there is a higher amount of re-
maining free water after the hydration reaction. Thus, the  
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Fig. 5  Shear rate-shear stress curves of CMA cements 

 

Fig. 6  Viscosity-shear rate curves of CMA cements 

 
slurries show the minimum yield stress and the lowest 
shear stress.  

Figure 6 displays the viscosity-shear rate curves. It can 
be seen that the apparent viscosities of these four slurries 
decrease rapidly with the increase in shear rate, and they 
tend to be stable finally. It can be seen that the apparent 
viscosity decreases with MA content and particle size in-
creasing. When the shear rate reaches 200 s-1, the slurries 

with 63wt% MA (synthesized at 1400℃) and with 73wt% 

MA (synthesized at 1500℃) resulted in the highest and 

lowest viscosity values of 5 Pa·s and 2 Pa·s, respectively. 
The change trend of viscosity indicates that the apparent 
viscosity is strongly affected by the phase compositions 
and particle size. It is well known that flocculated struc-
tures formed in slurries are the fundamental factor that has 
a great influence on the apparent viscosity. Finer CA parti-
cles in CMA cement sample A promote the hydration 
process and formation of flocculation structure, so there is 
small amount of remaining free water in slurries and this 
leads to a higher resistance for the rotor[21]. Therefore, it 
shows the highest viscosity among the four slurries. 

Although static state flow tests can detect the viscosity 
and suggest the shear thinning behavior of slurries, they 
cannot provide sufficient information about CMA slurries. 
In this case, more detailed information would be obtained 

via dynamic oscillatory shear measurements in the fol-
lowing tests. Figure 7 shows the amplitude sweeps of 
these four CMA cement samples. Although the shapes of 
the curves are consistent approximately, the yield points 
and flow points are different. When strain is less than 0.02%, 
the flocculated structures in the slurries are integrated. 

Therefore, the storage modulus (G) is almost constant. 
When strain exceeds 0.03%, the storage moduli begin to 
decline rapidly, suggesting that the flocculated structure is 
partly destroyed and slurries belong to viscoelastic solid at 
this stage. However, slurries begin to flow as the strain in-
creases to the flow point. At this stage, slurries have been 
transformed from a viscoelastic solid to viscoelastic liquid, 
and it is in the gel state at the flow point[27]. 

The corresponding strain of yield points and flow 
points is also found in Fig. 7. It can be seen that both sto-
rage modulus and flow point decrease with increasing MA 
content and particle size. The storage modulus and flow 
point for sample A reach the maximum values of 
0.84 MPa and 48.55%, respectively. In the range of linear 
viscoelastic (LVE), storage modulus is strongly affected 
by the content and particle size of the CA phase[18]. Yield 
points and flow points can reflect the flocculation struc-
tural strength in slurry, where a stronger flocculated struc-
ture leads to a higher yield stress and viscosity[28]. Based 
on the X-ray patterns and SEM morphologies, the higher 
content and smaller particle size of the CA phase in CMA 
cement sample A led to a stronger flocculation structure 
during the hydration process. Thus, the flow point of slur-
ry exhibited in Fig. 7(a) lagged behind significantly from 
the three other slurries. With CA content reducing and 
particle size increasing in CMA cement, the strength of the 
flocculation structure of hydration decreases, resulting in a 
decrease in both yield points and flow points. 

3  Conclusions 

Calcium aluminate cements with MgAl2O4 spinel are 
prepared with different compositions and particle sizes. 
The results show that the mineral phases are mainly CA, 
CA2 and MA in cement. The shape of MA particles 
changes from granular to octahedron as the temperature 

increases from 1400℃ to 1500℃. The distribution of MA 

and CA/CA2 is largely influenced by MA content and par-
ticle size. The MA particles are in clusters and are distrib-
uted around the CA/CA2 particles when synthesized at 

1400℃, whereas CA particles are surrounded by or inter-

spersed with MA particles at 1500℃. 

The particle size and content of MA particles have a 
strong effect on the setting time and rheological properties 
of CMA cement. The CMA cement with higher MA con-
tent and larger particle size demonstrates longer setting  
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Fig. 7  Strain-sweep curves of different CMA cements 

(a) Slurry for CMA cement A; (b) Slurry for CMA cement B; (c) Slurry for CMA cement C; (d) Slurry for CMA cement D 
 

time and weaker flow behavior. On the other hand, the 
higher content and smaller particle size of the CA phase in 
CMA cement lead to a strong flocculation structure during 
the hydration process. Both storage modulus and flow point 
decrease with the increase in MA content and particle size. 
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含镁铝尖晶石的铝酸钙水泥的合成与流变特性 

付云飞, 朱伯铨, 李享成, 陈平安 

(武汉科技大学 省部共建耐火材料与冶金国家重点实验室, 武汉 430081) 

摘 要: 在 1400℃和 1500℃温度下合成了不同配比的铝酸钙水泥(CMA)。检测结果显示, 当温度升高时镁铝尖晶石的

粒径由 5 μm 生长到 15 μm。合成温度达到 1400℃时, 镁铝尖晶石晶粒呈团簇状并分布在铝酸钙晶粒周围; 当合成温

度升高至 1500℃时, 镁铝尖晶石晶粒穿插在铝酸钙晶粒中。另外, 随着水泥中镁铝尖晶石含量的增加, 水泥的凝结时

间延长, 同时粘度下降。相应的, 水泥储能模量和流动点的大小分别为 0.15 MPa 和 4.44%。提高镁铝尖晶石相的含量

或增大铝酸钙晶粒尺寸会减弱水泥水化时絮凝结构的强度。 

关  键  词: 铝酸钙水泥; 镁铝尖晶石; 合成; 流变性能 
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