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Abstract: Alite-ye’elimite clinker is a high cementing clinker that is prepared by introducing calcium sulfoaluminate, a 
non-silicate mineral, into cement clinker. The industrial residue was used to produce cement clinker. The relationship of the 
aluminate modulus (IM) and the mineral composition and mechanics of tricalcium silicate-rich sulfur aluminate cement 
is reported. The effects of the aluminate modulus on the phase compositions, morphology and compressive strength were 
investigated. The phase morphology was analyzed by optical microscopy. The results show that the increase of IM in the 
clink can accelerate the formation of calcium sulfoaluminate; calcium sulfoaluminate can form at the temperature of 1250°C 
when the IM value is lower than 2.50, while it exists at a temperature of 1300°C without reheating when the IM value is 
higher than 2.50.

Introduction

	 Ye’elimite (C4A3$) is a mineral with rapid hydra-
tion, high early strength, small volume shrinkage during 
hydration and corrosion resistance [1-3]. Hence, a new 
clinker named alite-ye’elimite clinker was proposed 
by introducing ye’elimite into Portland cement clinker 
[4-7]. However, C4A3$ decomposes at 1350°C, while 
much C3S begins to form at 1400°C [8-12]. To enable the 
coexistence of alite and ye’elimite, university researchers 
in Jinan improved the decomposition temperature 
of ye’elimite by using the ions of Sr and Ba to partly 
replace the Ca ions. Based on thermodynamic principle, 
they cannot coexist. The decomposition kinetics of 
calcium sulfoaluminate have been investigated by Ma 
Suhua [13]. Shen Xiaodong et al. [14] prepared alite-
ye’elimite cement clinker by reheating. I. Odler and H. 
Zhang [15, 16] showed that the clinker can be produ-
ced at temperatures between 1250 ~ 1300°C by adding 
gypsum and fluorite as mineralizers. Ma Suhua [17] 
reported that a small amount of metal oxide (MnO2, 
ZnO, CuO) could expand their coexistence range. Also, 
0.1% MnO2 added into the raw meal could improve 
the decomposition temperature of C4A3$ by 100°C and 
enlarge the coexistence temperature scope between alite 
and C4A3$ by 57°C. Upon the addition of 1 % ZnO to the 
raw meal, alite is detected in the sample at 1300°C, as the 

temperature range of the coexistence of C4A3$ and alite 
was broadened to 50°C. The addition of CuO (0.1 % in 
mass) to the raw meal could lower the burn temperature 
of the clinker, promote the coexistence of C3S and C4A3$, 
and increase the strength of the clinker.
	 Based on the above research, industrial wastes were 
used as a raw material to make alite-ye’elimite by adding 
a small amount of metal oxide to decrease the formation 
temperature of the alite and promote the coexistence of 
the two phases. In this paper, the influence of IM on the 
preparation and mechanical properties of the cement 
made from alite-ye’elimite clinker was investigated, 
which can be useful for industrial applications.

Experimental 

Raw materials

	 Limestone, sandstone, copper slag, phosphorus 
slag, fly-ash and gypsum were used as raw materials. 
Their chemical compositions are shown in Table 1.

Preparation of the clinker

	 The raw materials were ground in a laboratory 
ball mill to obtain a fineness of 6 - 8 % over an 80 μm 
sieve. The raw meals were made by mixing these raw 
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materials in the laboratory ball mill according to control 
parameters including a lime saturation factor (KH) of 
1.00 ± 0.02, silicate modulus (SM) of 2.40 ± 0.02 and 
IM of 1.50, 2.00, 2.50, 3.00 and 3.50. The raw meal was 
mixed with water and pressed under a pressure of 15 MPa 
into a disk with Ф 40 mm × 25 mm. The dried disks were 
calcined in a resistance furnace at different temperatures 
(1250°C, 1300°C, 1350°C, 1400°C, 1450°C) for 60 min, 
then removed from the furnace immediately and cooled 
rapidly by a fan to produce clinker. To avoid the effect of 
the specific area, the specific area was controlled within 
a set range (360 ± 18 m2∙kg-1).

Experiment methods

	 The content of free lime (f-CaO) was determined 
chemically after dissolving the clinker in ethanol-glycerin. 
A thermal analysis was performed on a METTLER 
TOLEDO 1600LF instrument with a combined TG and 
DSC system to investigate the physical and chemical 
changes to the raw meals during the heating. The raw 
meals were heated from 30°C to 1450°C with a heating 
rate of 10°C∙min-1 under N2 atmosphere. X-ray diffraction 
(XRD) analysis was used for phase identification and 
quantification. The XRD patterns was recorded on a 
Rigaku SmartLab 3000 A diffractometer with CuKα 
radiation (λ = 0.15406 nm). The X-ray tube was operated 
at 35 kV and 30 mA. The optics configuration includes 
a fixed divergence slit (1/2°) and a D/teX Ultra detector. 
The measurements were collected using θ-θ reflection 
geometry. Data were collected from 10° to 70° (clinker) 
and 5° to 65° (the hydration of cement) in the continuous 
mode. The mineral content of clinkers were be calculated 
by GSAS (Figure 1a,b).
	 To investigate the hydration of the clinker produced 
at temperatures of 1450°C and 1300°C, cement pastes 
were prepared with water/cement ratios of 0.50. All 
hydration experiments were performed at 20°C.
	 A conduction calorimeter (Thermometric TAM Air) 
was used to determine the rate of hydration heat libe-
ration during the first 72 h. A total of 4.00 g of the cement 
was weighed into a flask, and the corresponding amount 
of water was added using a needle. The flask was then 
capped and placed into the calorimeter until the reading 
was stable. The mixing was performed by a stirrer for 
approximately 1 min. Due to the internal mixing, the 
early thermal response of the samples could be measured. 

The total heat of hydration after 72 h was determined by 
the integration of the heat flow curve between 0 and 72 h.
	 The porosity and pore size distribution were measu-
red on fragments of the specimens by mercury intrusion 
porosimetry (MIP). Samples of both cements, paste 
hydrated (w/c = 0.5) and shaped cylindrical discs, were 
cured for times ranging between 1 d and 28 d. Before 
the test, at the end of each aging period, the sample was 
broken, treated with ethanol to stop the hydration and 
stored in a desiccator to protect against water and carbon 
dioxide. For each sample, two plots can be obtained 
from the porosimetric analysis: (a) cumulative and (b) 
derivative Hg intruded volume vs. pore

Table 1.  Chemical components of the raw materials measured by X-ray fluorescence (XRF).

	 LOSS	 SiO2	 Al2O3	 Fe2O3	 CaO	 MgO	 K2O	 Na2O	 P2O2	 CuO	 SO3

Limestone	 42.24	 2.63	   0.83	 0.44	 52.16	 1.46	 0.08	 0.01	 –	 –	 –
Sandstone	   1.55	 86.21	   5.02	   5.50	   0.62	 0.20	 0.82	 0.02	 –	 –	 –
fly-ash	   2.72 	 49.86	 31.84	   4.45	   5.41	 0.98	 0.98	 0.85	 –	 –	 –
copper slag	 –	 26.48	   9.01	 38.77	 11.89	 2.25	 0.61	 0.23	 –	 0.25	 –
phosphorus slag	 –	 39.32	   4.14	   0.86	 48.16	 1.93	 0.59	 0.17	 1.65	 –	 –
Gypsum	 20.16	 13.10	   4.85	   1.73	 23.68	 2.84	 0.95	 0.54	 –	 –	 31.47

Figure 1.  Rietveld refinement of the powder patterns of the 
clinker used: a) clinker produced at 1450°C, b) clinker produced 
at 1300°C.

b)

a)
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	 To analyze the phase morphology, optical microsco-
py (Olympus LEXT OLS 4000) was used. Before that, 
the clinkers were embedded with epoxy and kept for 1 d; 
then, the clinkers were polished and etched for 15 s in 
a nital solution (1 ml conc. HNO3 + 99 ml 99.5 vol. % 
ethanol). The compressive strengths of the cement 
mortars were measured according to EN 196-1.

Results and discussion

The burnability of the cement clinker

	 The burning of the clinker is reflected by its free 
lime (f-CaO) content. The f-CaO contents are shown in 
Table 2 for clinkers burned at different temperatures. 
The IM governs the ratio of the aluminate to ferrite 
phases in Portland cement, which has important effects 
on the cement properties, and so determines the quantity 
of liquid formed at relatively low temperatures. At 
1338°C, the quantity of liquid reaches its minimum at 
an IM of 1.38 in Portland cement [1]. Table 2 shows 
that the addition of copper slag and phosphorus slag 
accelerates the burning of the clinker and promotes 
the absorption of f-CaO at a relatively low temperature 
(1250 - 1350°C) and with the increase of IM, f-CaO 
can be reduced specially at low temperature although 
an IM of more than 3.00 has an adverse effect on the 
burning of the clinker. It is suggested that the IM causes 
an increase in the liquid viscosity when it is more than 
3.00, although it enhances the amount of liquid. On the 
other hand, the optimal value of IM decreases with the 
increase of the burning temperature in this temperature 
range. At high temperatures (1400 - 1450°C), IM has 
little effect on the burning of the clinker. 

	 Previous research [18] showed that the addition 
of copper oxide did not reduce the decomposition tem- 
perature of calcium carbonate, but it decreased the 
formation temperature of C4AF and promoted the forma-
tion of C3S at low temperature. It has been reported [9] 
that a small amount of P2O5 (< 1.0 %) could improve 
the burnability of the raw mix by decreasing the surface 
tension of the liquid. However, it would inhibit the 
crystallization of C3S and the preferential formation of 
the C2S-P2O5 solid solution when the dosage of P2O5 
exceeds the solubility limit of P in the C3S phase (1.1 % 
P2O5). Sulfur forms an independent liquid in the process 

of burning. The addition of the copper slag, phosphorus 
slag and gypsum could improve the burnability of the 
raw mix. Compared to the sintering temperature of or-
dinary Portland cement clinker (1450°C), the sintering 
temperature is reduced to 1300°C for the clinker using 
copper slag, phosphorus slag and gypsum as raw 
materials. 

Thermal Analysis

	 The thermogravimetric results carried out on blends 
were used to obtain information on the decomposition of 
chemical compounds during calcination. Figure 2 shows 
the DSC curves, establishing the decomposition process 
of the compounds present in the raw material. The first 
endothermic peak (about 130°C) was attributed to the 
gypsum in the raw mixtures. The second endothermic 
peak observed at approximately 782°C was proven to 
be the endothermic decomposition of CaCO3, while the 
third endothermic peak was proven to be the formation 
of liquid. As the IM increases, the formation temperature 
of the liquid increased because of the decreasing of 
Fe2O3 amount.

XRD study

	 An X-ray diffractometer was used to analyze the 
phase composition of samples burned at different tem-
peratures (1250, 1300, 1350, 1400 and 1450°C). In this 
paper, the XRD patterns of the samples burned at 1250, 
1300, 1350 and 1450°C are provided in Figures 3. At 
1250°C, every sample contains six main phases, C3S(A), 
C2S(B), C3A(C), Ferrite(F), f-CaO(f), C4A3$(CA$) and 
CaSO4 (C$), whose diffraction peaks are shown in Figu-
re 3a,b,c,d. The intensity of characteristic diffraction 
peak (d = 0.375 nm) for C4A3$ was enhanced with the 

Figure 2.  DSC curves obtained from different clinker raw 
doped with industrial residue, using an atmosphere of N2 and
a heating rate of 10°C∙min-1.

Table 2.  f-CaO content vs. IM and temperature (%).

	 1450°C	 1400°C	 1350°C	 1300°C	 1250°C

IM = 1.50	 0.05	 0.06	 0.09	 0.36	 4.49
IM = 2.00	 0.06	 0.10	 0.21	 0.30	 3.79
IM = 2.50	 0.06	 0.06	 0.29	 0.34	 3.62
IM = 3.00	 0.03	 0.03	 0.29	 0.41	 4.73
IM = 3.50	 0.08	 0.12	 0.41	 0.53	 4.32
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increase of IM, while the intensity of characteristic 
diffraction peaks (d = 0.263 nm, d = 0.348 nm) of the 
ferrite phase and CaSO4 seem to decrease. In addition, 
the diffraction peak of the C3A phase is not observed 
at this temperature. With the ongoing increase of the 
temperature, the characteristic peak of C4A3$ disappears 
for the samples with an IM of less than 2.50 due to 
its decomposition at 1300°C. At the same time, the 
characteristic diffraction peak of C3A appears and 
increases with the increase of IM. When the temperature 
is more than 1350°C, C4A3$ completely disappears, and 
the phase composition includes C3S, C2S, ferrite, C3A 
and CaSO4 for all of the samples.   

Microstructure

	 To investigate the phases morphology, pictures 
taken by light microscopy are shown in Figure 4 for 
the samples with IM = 3.50 at temperatures of 1450°C 

and 1300°C. Crystals of alite and belite are embedded 
in a matrix of aluminate and ferrite phases. In general, 
alite crystals are angular, often pseudohexagonal, and 
belite crystals are rounded and normally striated. In this 
paper, the alite and belite crystals are blue for samples 
burned at 1300°C due to the use of 1.0 % HNO3 as the 
etchant. Compared with the DSC analysis, the quantity 
of the liquid phase was less at this temperature, and 
the alite does not crystallize well and does not show 
significant angles. The belite appears rounded, and the 
alite and belite cluster together. At 1450°C, alite crystals 
show a pseudohexagonal structure due to complete 
crystallization. Their average size is larger than that at 
1300°C. In addition, little belite was found. Most of the 
silicate phases are alite, which distributes homogeneously 
in the matrix of the aluminate phase and ferrite phase 
without clustering. Figure 4a has a lower porosity 
than Figure 4b because the high temperature causes 
easy sintering and consequently lowers the porosity. 

2θ° (CuKα)

IM = 3.5

IM = 3

IM = 2.5

IM = 2

IM = 1.5

AA A
C

CS

A AF

f

A,B A,B

A,B
A,B

10 20 30 4015 25 35

2θ° (CuKα)

IM = 3.5

IM = 3
IM = 2.5

IM = 2
IM = 1.5

AA A
C

CS
A A

F f

A,B

A,B

A,B

A,B

10 20 30 4015 25 35

CAS

2θ° (CuKα)

IM = 3.5

IM = 3

IM = 2.5

IM = 2

IM = 1.5

AA A
C

CS
A A

F f

A,B A,B

A,B

A,B

10 20 30 4015 25 35

2θ° (CuKα)

IM = 3.5

IM = 3
IM = 2.5

IM = 2
IM = 1.5

AA A C
CS A AF

f

A,B

A,B

A,B

A,B

10 20 30 4015 25 35

CAS

Figure 3.  The XRD patterns of the samples burned at 1450°C (a), 1350°C (b), 1300°C (c), 1250°C (d).
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Compressive strength

	 The P.II 52.5 cement selected as a reference was 
provided by a Chinese cement company. It has a ty-
pical phase composition including C3S (alite), C2S 
(belite), C3A (tricalcium aluminate), C4AF (tetracalcium 

ferroaluminates) and some calcite. Two cements were 
made of two clinkers and gypsum. With the higher 
quantity of C4A3$, the IM = 3.5 is chosen for the two 
clinkers. However, one clinker is synthesized at 1300°C 
and the other at 1450C. The dosage of gypsum is 5 % 
by weight of the cement. Their compressive strengths 
are shown in Figure 5. The compressive strengths of 
the two cements synthesized are higher at early ages 
and lower at later ages compared to cement P.II 52.5. 
C4A3$ has some good properties with early strength 
and little expansion because its hydration leads to the 
formation of an initial ettringite (AFt) network and the 
subsequent infilling by mixtures of ettringite, calcium 
monosulfoaluminate (AFm) hydrate, alumina and ferrite 
gels. The XRD results demonstrate that C4A3$ exists 
in the clinker burned at 1300°C, apart from C3S, C2S, 
C3A and C4AF. Hence, the introduction of C4A3$ may 
cause the increase of the early strength at early ages for 
the cement burned at 1300°C. The early compressive 
strengths were increased by approximately 27 % and 
17 %, respectively, for the cement burned at 1300°C. The 
increase of the early strength may be attributed to the 
change of phase composition and crystal structure for the 
cement burned at 1450°C. In addition, the compressive 
strength was higher for the cement burned at 1300°C 
compared to that burned at 1450°C. 

Isothermal calorimetry

	 The conduction calorimetry results are shown in 
Figure 6. Figure 6a shows that the heat release during 
the initial period (0 to 0.4 h) was more quickly for the 
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Figure 5.  Comparison of the compressive strength of OPC and 
clinkers burned at different temperatures.

Figure 4.  Microscopic view of the clinker heated with IM = 
= 3.50 at the temperatures of 1450°C (a) and 1300°C (b).

b)

a)

Table 3.  Chemical composition of P.II 52.5 cement and IM = 3.50 burning at the temperature of 1450°C.

	 LOS	 CaO	 SiO2	 Al2O3	 Fe3O4	 MgO	 SO3	 Na2O	 K2O

P.II 52.5	 2.2	 63.8	 19.8	 4.4	 3.2	 1.6	 3.8	 0.2	 0.3
IM = 3.50	 –	 64.6	 19.4	 6.4	 1.8	 2.6	 3.7	 0.1	 0.4
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clinker produced at temperature of 1450°Cthan for the 
clinker produced at temperature of 1300°C due to the 
minerals of C3A (1450°C) and C4A3$ (1300°C) in the 
clinkers. The first peaks of two clinkers were dissolution 
peak followed by an induction period, and then a re-
acceleration of hydration is observed. The second peaks 
of the curves were attributed to alite hydration. The 
difference from the clinker produced at the temperature 
of 1450°C, the peak three come from the presence of the 
C4A3$ phase and its reaction with gypsum. 

	 Figure 6b displays the cumulative heat of hydra-
tion that reflects the previous observation: compared to 
the clinker produced at 1450°C, more heat of the clinker 
produced at 1300°C was observed.

X-ray diffraction of hydration products

	 Figure 7c shows the hydration of the cement clinker 
after 1 day. The diffraction patterns of the cement clinkers 
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Figure 7.  Observed diffraction patterns for hydrated clinker: 
a) clinker burned at 1450°C mixed with 5 % gypsum; b) clinker 
burned at 1300°C mixed with 5 % gypsum; c) hydration of 
cement clinker after 1 day.
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were similar. The gypsum was consumed completely at 
12 h, and AFm was found at 3 day, attributed to the lack 
of gypsum and the high IM (Figure 7a, b). In the sample 
with no ye’elimite (Figure 7a), ettringite and portlandite 
were the main crystalline products found by XRD at 
the early stages, regardless of the curing method. Over 
time, AFt phases increased in these samples (at 3, 5, 12 h 
and 1 d). After 1 day, the ettringite peaks weakened, 
while the Afm phases (monosulfoaluminate) appeared 
and became stronger at 28 days. The clinker phases 
were consumed at different rates, with alite, aluminate 
and ferrite reacting more quickly than belite. Compared 
to the sample without the ye’elimite, the hydration rate 
of the ye’elimite phase was greater than that of the 
aluminate phase. In one type of behavior, the ye’elimite 
peaks weaken at 24 h and ultimately disappear after 3 
days (Figure 7b).

Mercury intrusion

	 According to previous research [18-21], mercury 
intrusion porosimetry plots do not represent the actual 
distribution of pore size in the hydration of cement. 
Large internal pores mostly open only to smaller pores 
communicating with the outside. They do not fill until 
the higher pressures that are needed for the mercury 
penetration into the smaller pores are reached. Therefore, 
almost all of the volume at larger pressures is mistakenly 
allocated to the size of the smaller ones. Moreover, the 
measured intrudable porosity does not coincide with 
the total porosity because, in addition to the pore space 
actually intruded by mercury, finer pores are present in 
cement pastes that require a pressure value for entry 
higher than the maximum available pressure of the 
commercial instrumentation. A few isolated pores that 

are entirely sealed against intrusion may exist as well. In 
this investigation, the pore diameter and the total volume 
of intruded mercury can be taken as useful indicators of 
the processes of space filling and pore refinement.
	 Figure 8 shows the intruded Hg volume vs. pore 
diameter for cement pastes cured at various ages. Figure 
8b, d showed that the pore size distribution of the pastes 
in mortar have the different shape between the clinker 
produced at the 1450°C and 1300°C. The lower total 
porosity of the cement paste produced at the 1300°C was 
contributed to the hydration of ye’elimite. The addition 
of gypsum substantially retarded reaction of the C3A, 
this has been attributed to the protective action of a 
layer of ettringte. But the gypsum had no effect to the 
hydration of ye’elimite. The pore size distribution of 
the cement paste which clinker produced at the 1450°C 
was bimodal, while it was unimodal which clinker 
produced at the 1300°C. It was noted that as the pastes 
cured, the character of the porosimetry curves changed. 
As the hydration proceeded, the hydration products 
grew into the pore space of the hardened cement pastes. 
The initially sharp peak became less dominant, and 
a second more rounded peak represented the smaller 
pore sizes. The increase of the curing time resulted in 
lower total porosity values and smaller threshold pore 
widths (Figure 8a,c,e). Figure 8f showed the pore size 
distribution of the paste had the same shape. The initial 
peak corresponds to intrusion into a material phase with 
a distinct network of larger pores, and the roundness of 
the peak corresponds to a wide distribution of pore size 
in this material. The pore sizes of the clinker produced 
at 1450°C were larger than that of the clinker burned at 
1300°Cafter 1 day. After 28 days, the pore sizes of the 
clinker burned at 1450°C decreased more quickly than 
those of the clinker burned at 1300°C.

a) b)

Figure 8.  Intruded Hg volume vs. pore diameter for cement pastes cured at various ages: clinker (IM = 3.5) burned at 1450°C 
and 1300°C mixed with 5 % gypsum, cumulative plot (a, c, e); clinker (IM = 3.5) burned at 1450°C and 1300°C mixed with 5 % 
gypsum, derivative plot (b, d, f). Continue on next page.
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Conclusions

	 The influence of industrial residue on the phase 
composition and formation of cement clinker under 
laboratory conditions was reported in this paper. 
Industrial residues (copper slag, phosphorus slag) have 
a distinctly positive effect on the alite crystal nucleation, 
and they stabilize alite by entering its structure. Ye’elimite 
formation is blocked by the IM and the temperature. 
IM changes the viscosity of clinker melt, while the Al 
content promotes the formation of ye’elimite. When 
the temperature is higher than 1300°C, ye’elimite is 
separated. The hydration rate of the ye’elimite was more 
rapid. The cumulative Hg volume and the pore threshold 
diameter of the alite-ye’elimite clinker decreased little as 
the curing time progressed from 3 days to 28 days. The 
compressive strength of the clinker was higher than that 
of ordinary Portland clinker at 1 and 3 days, but lower at 
28 days.
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