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ABSTRACT 
 
Ordinary Portland Cement (OPC) and Calcium Sulfoaluminate cement (CSA) differ in 
their fundamental makeup and strength development characteristics. OPC relies on the 
hydration of C3S to form a calcium silicate gel phase. While CSA relies on the hydration 
of Klein’s compound, C4A3Ś to form ettringite, a calcium sulfoaluminate fiber-like crystal. 
CSA cement develops strength more rapidly and earlier than OPC, as gel formation is 
slower than the formation of ettringite crystals. CSA is also formed from minerals that 
are high in aluminum, as well as sulfate, and at temperatures lower than that of OPC by 
about 200°C. This results in lowered CO2-emissions from limestone calcination and 
decreased fuel consumption.  
 
We have been synthesizing “hybrid” Alite-Calcium Sulfoaluminate cement (A/CSA) 
which contains both C3S and C4A3Ś. The overall goal of this work is the formation of 
cement that combines the lowered carbon footprint and early strength development of 
CSA with the high ultimate strength and long term stability of OPC.  
 
The behavior of this cement is greatly influenced by the ferrite phase, common to both 
systems. The reactivity of the ferrite phase during the hydration process is a key to 
reducing the cost and practicality of the A/CSA cement. This study examines the effect 
of the ferrite on the phase composition of A/CSA.   
 
This poster presents the laboratory synthesis of iron-rich A/CSA cements, from 
industrial by-products such as hydrated lime, fly ash, slag, bauxite, and red mud. Five 
compositions were formulated as follows: C3S from 20-50%, C2S from 9 to 20%, C4A3Ś 
from 10 to 20%, C4AF from 5 to 45% and CŚ from 4 to 6% by weight. 
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INTRODUCTION 
 
Years of research have already been dedicated to Ordinary Portland Cements (OPC) 
and Calcium SulfoAluminate (CSA) cements. These cements both present specific 
properties and numerous advantages. OPC cements are fabricated from common 
inexpensive materials, limestone, and shale. They achieve high strength through the 
hydration of the alite phase to form C-S-H gels. They have the disadvantage of 
generating large amounts of CO2 from the calcination of limestone and a high 
temperature of synthesis of 1400-1450 °C.  
 
CSA cements also achieve high strengths as a result of the hydration reaction of C4A3Ś 
to form the mineral ettringite. It generally builds strength at a faster rate than OPC, 
which is an advantage in many situations. It can be synthesized with much less 
limestone than OPC, at a lower temperature of 1250°C, and generates much less CO2-
emissions. It does contain much higher levels of aluminum, typically derived from 
bauxite, which increases its relative cost.   
 
The prospect of producing a cement with both Klein’s compound and alite phases is 
interesting, but difficult due to the temperature incompatibility between C3S and C4A3Ś. 
Alite begins to form around 1300ºC [1] and C4A3Ś begins to decompose at 1300-
1350ºC[2]. This difficulty can be resolved by using CaF2 and CaSO4 as fluxes and 
mineralizers in the firing process. [3, 4] 
 
Cements containing both of these phases have already been produced and typically are 
composed from 30-50% by weight of C3S, 30-40% of C2S, 5-20% of C4A3Ś, and 3-10% 
of C4AF [5]. This cement has great potential but is still at an early stage of development 
[6-8]. 
 
The initial idea for this work was to study the influence of C4AF phase into A/CSA 
cements. It has been known for years that the ferrite phase does not contribute much to 
the strength development of OPC. As discussed by Quillin [9], this phase can be  
demonstrated to have good strength development when combined with belite and CSA 
phases.  
 
By producing an iron-rich C3S-CSA-C4AF cement, the latter would require a large 
amount of iron that can be provided by the use of red mud, which is an abundant by-
product from aluminum manufacture. This would reduce the cost of A/CSA cements by 
replacing some of the bauxite, lower the firing temperature (compared to OPC), and 
emit less CO2. Finally it would have improved mechanical properties from the 
combination of C3S, C4A3Ś and C4AF phases. 
 
This paper presents the first part of this work. It includes the production of several 
compositions with different amounts of C4AF into A/CSA cements. The raw materials for 
these experiments are derived from industrial by-products. Different firing parameters 
were tested for each composition and optimized based on free lime determinations and 
XRD analyses. 
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Cement Abbreviations: 
 
C=CaO S=SiO2 A=Al2O3 F=Fe2O3 Ś=SO3 
 
 
MATERIALS AND EXPERIMENTS 
 
The chemical compositions of the by-products have been defined by XRF in term of 
oxides and are displayed in the Table 1 below. The volume median diameter d(0.5), 
representing the diameter where 50% of the distribution is above and 50% is below this 
specific particle size, is also given in µm in the Table 1. 
 
Table 1: Chemical composition of by-products from XRF analysis in percentage by 
weight (*data from Fisher website) 

 
Hydrated 

Lime 
Bottom 

Ash 
Red 
Mud 

Bauxite 
BF Slag 
Fines 

Class C Fly 
Ash 

Fluorite 

CaO 65.27 45.91 6.96 0.16 38.34 26.28 - 
SiO2 1.96 15.3 9.41 6.64 37.03 35.24 - 
Al2O3 1.56 5.95 15.33 58.54 10.25 20.47 - 
Fe2O3 0.42 3.44 41.81 6.28 1.13 5.13 - 
SO3 0.07 23.14 0.44 0.24 0.80 1.83 - 
LOI 29.83 4.61 12.81 27.60 0.54 0.38 0.30 
MgO 2.11 1.99 0.45 0.20 10.99 5.04 - 
K2O 0.07 0.47 0.18 0.01 0.39 0.46 - 
Na2O 0.11 0.11 1.59 0.01 0.30 1.47 - 
P2O5 0.01 0.11 0.74 0.22 0.01 1.43 - 
TiO2 0.07 0.30 5.70 2.18 0.49 1.24 - 
CaF2 - - - - - - 100.00 
Sum 101.48 101.33 95.42 102.08 100.27 98.97 100.00 
d(0.5) 9.6235 25.214 14.706 17.462 14.792 9.0715 1.82* 

 
The primary goal of this project is to study the influence of the ferrite phase in the alite-
calcium sulfoaluminate system. A range of compositions of cements were considered. 
Five of them were investigated and presented in the Table 2 below. The amount of 
C4A3Ś and the ratio of C3S to C2S were kept approximately constant for each 
composition. The only changes were the C4AF amount and the total amount of C3S and 
C2S resulting from this substitution.  
 
Table 2: The five theoretical compositions chosen to be produced (in % by weight) 

 C3S C2S C4A3Ś C4AF CŚ MgO TiO2 C3S/C2S 

Batch #1 – BP 48 20 15 5 5 5.5 0.4 2.4 
Batch #2 – BP 42 17 15 15 5 4.5 0.8 2.47 
Batch #3 – BP 35 14 15 25 5 3.5 1.3 2.5 
Batch #4 – BP 28 12 15 35 5 2.5 1.8 2.33 
Batch #5 – BP 21 9 15 45 5 1.5 2.2 2.33 

 
Modified Bogue equations, were established and followed to formulate these 
compositions [10]. CaF2 and CaSO4 were added as fluxes and mineralizers to induce a 
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liquid phase at a lower temperature and increase the reaction rate of C2S with C and 
form C3S in a temperature regime that is compatible C4A3Ś phase stability.  
 
The raw materials were mixed in a mortar and pestle until the red/brown color from the 
iron oxide was homogeneous through the sample. Small pellets were produced from 
mixing 10g of raw materials with 10% by weight of di-ionized water in a mortar and 
pestle. The pellets are homogenized to promote good contact in the solid phases and 
produce uniform products. They were then pressed into 28x7mm pellets with a load of 
around 8000lbs. The pellets were finally dried in an oven at 65ºC for 4 hours. 
 

 
Figure 1: Small pellets made from by-products before the firing process 
 
The pellets were then fired at 800ºC for 30 minutes followed by different final firing 
temperatures from 1250 to 1300ºC with a dwelling time of 30 to 60 minutes. The 
samples were then air quenched, ground in a shatter box and analyzed by several 
characterization methods. 
 
X-ray Diffraction is used for phase identification. These analyzes were performed with a 
Philips X’Pert diffractometer operating at 45 kV and 40 mA. The samples were dry 
mounted in aluminum holders and scanned with a size step of 0.017° at 0.035°/sec over 
7-60°-2θ with Cu K-α radiation. Free lime determinations were also used in addition to 
XRD analyzes to confirm the presence or absence of any free lime in the sample. The 
alternative Test Method B, also called Rapid Sr(NO3)2 Method, was followed for this 
determination [11]. For each firing parameter tested, XRD is first performed on each 
sample. If the free lime peak on the X-ray diffraction pattern is not observed, a free lime 
determination is made. If the peak for free lime is high the sample is discarded. 
 
The presence of CaO (free lime) is critical as it is a measure of clinkerization and an 
excessive amount (i.e. >2%) indicates an incomplete reaction [12]. The presence of a 
significant C3A peak indicates that the temperature is too high and reactions went too 
far, as C4A3Ś is decomposing into C3A and CaSO4 

[13]. 
 
 
RESULTS 
 
We will utilize only Batch #3-BP as an example to explain the approach taken to derive 
the optimal firing temperature and dwell time for all the samples. The X-ray diffraction 
graphs for this composition are displayed in Figure 2.  
For the 30 minute dwell time at temperatures of 1250°C (lowest graph in Figure 2) and 
1275°C, a strong CaO peak can be observed in the diffraction patterns. The presence of 
the strong CaO peak clearly indicates that the clinkerization process is not complete.  
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At temperatures of 1275°C with 60 minutes dwell time and 1300°C with 30 minutes 
dwell time, a strong C3A peak is found. This indicates that C4A3Ś is decomposing. This 
is also confirmed by the diminishing C4A3Ś peak, which is barely present at 1275°C for 
60 minutes, and is absent at 1300°C for 30 minutes.  
 
The only sample demonstrating the optimum phase composition is the one fired at 
1250°C for 60 minutes, as no free lime and no tricalcium aluminate is present, and the 
C3S peak is also better defined. The sample fired at 1275°C for 30 minutes, a higher 
temperature for a shorter time, shows good, but not optimum, compositional 
development having a more poorly developed C3S peak. This shows the importance of 
longer retention time in developing high levels of C3S.  
 
In order to confirm these data, free lime tests are then performed on all samples, except 
the one fired at 1250°C for 30 minutes which is not necessary as the presence of CaO 
is obvious. 

 
Figure 2: XRD graphs for Batch#3-BP for each firing temperatures and dwelling times 
tested 
 
As shown in the Table 3, the free lime results for the Batch#3-BP are all below the 
target value of 2.0% by weight. This means that all the free lime initially presents in the 
raw mix has completely reacted with the other materials. These data confirmed the 
earlier XRD graphs, further demonstrating that the temperature of 1250°C with a dwell 
time of 60 minutes is the optimal firing parameter as very low levels of CaO is present 
(0.7%) in this clinker.  
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Table 3: Free lime results for each batch produced from by-products at a specific firing 
temperature and dwelling time (TH means Too High, not measured due to the presence 
of a strong CaO peak on XRD graphs)  

Temperature (°C) 1250 1275 1300 

Dwelling Time (min) 30 60 30 60 30 
#1 - BP TH 2.1 1.2 1.1 0.8 
#2 - BP TH 1.1 1.1 1.6 0.2 
#3 - BP TH 0.7 1.3 0.5 0.3 
#4 - BP TH 0.5 1.1 0.7 0.2 
#5 - BP 2.5 1.0 1.0 0.6 0.6 

 
By employing the same methodology, all the other batch compositions were found to 
have the optimum firing regime of 1250°C and 60 minutes, with the exception of Batch 
#1-BP which shows that it is best formed at a firing temperature of 1275°C for 60 
minutes. 
 
 
CONCLUSIONS  
 
The production of iron-rich C3S-C4A3Ś-C4AF cements has been made possible by the 
use of fluxes and mineralizers, such as CaF2 and CaSO4.  
 
Even with the presence of these chemicals, specific firing parameters have to be 
identified and depend on the clinker phase composition. For example, Batch#1-BP with 
low-iron content requires a higher firing temperature of 1275°C, where the high-iron 
compositions require a firing temperature of 1250°C in order to be produced. 
 
The formation of C3S was clearly favored by longer dwell times and is best developed at 
60 minutes. 
 
These iron-rich A/CSA cements are expected to present great mechanical properties 
due to the combination of the highly active clinker phases present. 
 
Further experiments are in progress to demonstrate the properties of these cements. 
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