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Abstract 
Calcium aluminate cement (CAC) is very versatile special cement. It is advantageously 
employed with high performance in specific applications when: resistance to chemical attack, 
high early strength, refractory, resistance to abrasion, and/or low ambient temperature 
placement is required. During the setting and hardening, microstructure of material and 
amounts of certain phases (hydraulic cement minerals, water and formed hydrates) are 
changing. The hydration of CAC is highly temperature dependent, yielding morphologically 
different hydrates that alter material properties. Knowledge of the hydration reactions and 
microstructure evolution is important from the viewpoint of safe usage, good durability and 
functionality. 
   This paper presents a model of volume fraction evolution of reactants and products in CAC 
hydration process. The hydration of samples of commercial CAC ISTRA 40 (manufactured 
by: Istra Cement, Pula, Croatia) had been investigated at several temperatures under sealed 
and saturated conditions. Also, water to cement ratio was varied. The composition of cement 
and hydrates formed had been investigated by powder X-ray diffraction (XRD). Chemically 
bond water in the cement samples was determined by loss on ignition. The model predictions 
are compared to experimental results. 
 
Keywords: calcium aluminate cement, hydration, microstructure, mathematical modeling, 

quantitative X-ray diffraction. 
 
 
1 Introduction 
Due mainly to their higher cost, calcium aluminate cement (CAC) do not compete directly 
with Portland cements. Despite the well documented construction failures in the 1970’s, if 
CAC is used correctly as recommended (water to cement mass ratio, w/c < 0.4 and adequate 
curing), it is a good construction material to be advantageously employed with high 
performance in specific applications (resistance to chemical attack, high early strength, 
refractory, resistance to abrasion, low ambient temperature) (Mangabhai 2001; Mangabhai 
1990; Matusinović 2005). During the cement setting and hardening, microstructure of 
material and amounts of individual phases (hydraulic cement minerals, water and formed 
hydrates) are changing continuously. Knowledge of the hydration reactions and 
microstructure evolution is important from the viewpoint of safe usage, good durability and 
functionality. 
   Hydraulic hardening of CAC is primarily due to the hydration of CA (cement notation: 
C=CaO, A=Al2O3, S=SiO2, H=H2O), but other compounds may also participate in the 
hardening process especially in long term strength development (Bensted 2002). The 
hydration of CAC is highly temperature dependent, yielding CAH10 as main products at 
temperatures less than 20 oC, C2AH8 and AH3 at about 30 oC and C3AH6 and AH3 at 
temperatures greater than 55 oC. CAH10 and C2AH8 are known to be metastable at ambient 
temperature and convert to the more stable C3AH6 and AH3 (Matusinović 2005) with 
consequent material porosity and permeability increase and loss of strength. The conversion is 
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accelerated by temperature and moisture availability for the dissolution and re-precipitation 
processes to take place. George (in Midgley 1990) discussed the criticality of water to cement 
ratio to long-term performance of CAC concrete. He concluded that a very simple 
straightforward model based on stoichiometric water for complete hydration, allows the 
impact of both w/c and the conversion phenomenon on the porosity to be reasonably 
predicted. By relating porosity to strength (Matusinović 2003) and durability of CAC 
concrete, predictions provided a sound basis for safe usage and explanation of earlier 
construction failures.  
   In this work main reaction scheme of the CA hydration at temperatures less than 20 oC is 
applied to predict the composition of iron-rich calcium aluminate cement paste. The model 
enables the quantification of volume fractions of the various hydration products, free water, 
unreacted cement and chemical shrinkage as a function of the degree of hydration. In this way 
a relatively simple and robust cement hydration model obtained is suitable for engineering 
purposes. 
 
Mass balance model based on CA hydration 
In the case of CAC, the most hydraulic phases are CA and C12A7, while C2AS, C2S and ferrite 
phase (C4AF) are considered to have no significant reactivity at early ages (first 48 hours) 
(Bensted 2002). However, although C4AF reactivity has usually been disregarded in studies of 
CAC hydration, because of its high quantities (up to 30 %) one should be careful in 
considering its contribution. The main effects of C12A7 are on the dissolution rate, which is 
accelerated, and on the occurrence of the small quantity of C2AH8. Moreover, C12A7 is present 
in much smaller quantities (~2-5%) than CA (40-60%) and gives similar products as CA 
hydration, so its hydration can be treated together with CA hydration (CA quantity increased 
by C12A7). As typically 70% - 90% of the heat evolved is liberated in the first 24 h (George 
1983; Ukrainczyk 2008), simplified thermodynamic (non-kinetic) modeling of early age 
hydration process based only on CA hydraulicity seems reasonable: 
 

)C20(CAH H 10 CA o
10 ≤→+ T     (1) 

 
   The model input variables are mass fraction of CA and C12A7 in cement, water to cement 
ratio (w/c), while stoichiometry of reaction, densities, and molar masses of reactants and 
products are known. A constant total volume of cement paste during hydration is assumed in 
CAC paste microstructural modeling, as is commonly done for the Portland cement 
(Brouwers 2004). The effect of autogenous (external) shrinkage can be easily introduced 
latter for a more detailed calculation. For CAC paste and mortar, autogenous shrinkage after 
14 days of hydration is 0.8 % and 0.3 %, respectively (Hribernik 1960). 
   The developed model, written in MATLAB® is capable to deal with both saturated and 
sealed conditions hydration. The model enables the quantification of volume fractions of the 
various hydration products, free water, unreacted cement and chemical shrinkage as a 
function of the degree of CA hydration: 
 

CA( )i fφ α= ;  CA
,0 CA,0 inert,0 H,0

( ) ;i
i T i

iT

V V V V V V
V
αφ = = = +∑ +  (2) 

 
where: VT – is a total volume of cement paste (cm3). The degree of hydration represents the 
portion of reacted active phases (CA and C12A7).  
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The deduction of the microstructural model is based on 1 g of CAC. It follows that initial 
volumes (at αCA = 0), Vi,0 are: 
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where:  w – initial cement phase mass fraction in CAC, 

Vi,0 – initial volume of i-th phase (cm3): active – active cement phases (CA and C12A7), 
inert – inert cement phases, H – free water, CAC – cement phase, 

ρ  – density (g/cm3), 
w/c – water to cement ratio. 
 

Considering only one hydration reaction (1), a general form for the phases i volume fraction 
evolution during hydration is: 
 

( )i i iA Bφ α α= +      (4) 
 
where a general forms of intercept Ai and slope BBi are deduced from Figure 1 as follows. 
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   a)      b) 
Fig 1. General deduction of the microstructural model shown on examples of volume 
fractions during hydration at: a) w/c = 0.3 and = 0.45; and b) w/c = 0.55 and = 0.45. CAw CAw
 
From the characteristic points (start and end of reaction), marked with O in Figure 1, a general 
forms of slope and intercept in (4) are deduced. By inference to Fig. 1, volume fraction of 
CAC ( inertCACAC φφφ += ) decreases during hydration according to: 
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Total solids (
10CAHCACsolid φφφ += ) volume fraction increases during hydration, Fig. 1, as: 
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where: iM  – is molar mass of phase i (g/mol) 

iυ  – stoichiometric coefficient of phase i 
 
Volume fraction of solid with internal porosity, IP (due to chemical shrinkage) during 
hydration, from the Figure 1b: 
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or according to Figure 1a:  
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The equations (7) and (8) are same models deduced by two ways, Fig. 1a or 1b.  
   Depending on water to cement ratio, w/c and amount of active phases, wactive the reaction of 
hydration can be stopped by insufficiency of water or active cement phase as shown on Fig. 1 
a and b respectively. Another possibility to terminate the hydration, in the case of water 
saturated conditions, is insufficient free space for growth of reaction products. 
 
Sealed condition 
When cement paste is hydrated under sealed condition, an evolution of empty porosity occurs 
due to chemical shrinkage (volume of hydrate formed is less than the sum of volumes of 
reactants). In the case of active cement being the limiting reactant the value of max /1 v cα−  (9) 
quantifies water surplus. If the water is limiting reactant, max /v cα  states the maximal hydration 
degree. Therefore, if:  max /v cα  ≥ 1, then iteration holds for the segment 0 ≤ αactive ≤ 1; 

  max /v cα  < 1, then iterate in segment 0 ≤ αactive ≤ max /v cα . 
Water volume fraction evolution, by inference to Fig. 1: 
 

H solid + IP1φ φ= −     (10) 
 
Volume fraction evolution of internal porosity, Fig 1: 
 

IP solid + IP solidφ φ φ= −     (11) 
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Volume fraction evolution of formed hydrate (CAH10): 
 

10CAH solid CACφ φ φ= −     (12) 
 
Saturated condition 
In the case of saturated conditions (paste immersed in water) internal porosity due to chemical 
shrinkage is filled with additional environmental water. Hence the hydration reaction is 
thermodynamically never limited by water, but is limited by amount of active cement or 
available space. If the hydration stops due to consumed active cement the iteration is done for 
segment 0 ≤ αCA ≤ 1 (for every max /v cα ). At low water to cement rations (usually below 0.4) 
(Bensted 2002) hydration in saturated condition can also be terminated due to insufficient 
space for hydrates growth, so the iteration holds for:  

solid 1φ ≤      (13) 
 
Applying this condition to (6) we get the needed iteration segment: 
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Volume fraction evolution of internal porosity is calculated in the same manner as for sealed 
conditions (12) only for the segment max, /v cα α≤ . When the initial amount of water is 
consumed (according to w/c), additional chemical shrinkage does not form additional empty 
pores (earlier filled with environmental water) owing to the growth of new hydrates formed, 
shown in Figure 1 a. On that account, the volume fraction of internal porosity for max, /v cα α>  
is calculated as: 

IP solid1φ φ= −      (15) 
 
Water volume fraction evolution, by inference to Fig. 1: 
 

H s1 olidφ φ= −      (16) 
 
Total volume of paste per 1 gram of cement is: 
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    (17) 

 
The degree of hydration formulated on the basis of actual bond water and possible 
stoichiometric bound water: 

active
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  (18) 

 
By combining (2), (17) and (18) in (4) we get volume evolution per 1 gram of cement (Vi, 
cm3/g CAC) as a function of bound water (g/g CAC), bw: 
 

tot active
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bwV bw A B V
w

⎛ ⎞
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T⎟    (19) 

 
where the parameters Ai i BBi are taken by inference to (4) in (5, 6, 7, 8). 
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2 Experimental 
The CAC used was taken from a regular production of Istra Cement International, Pula, 
Croatia. The cement has the following nominal oxide mass fraction composition: CaO 37-
40%, Al2O3 39-42%, Fe2O3 14-17%, SiO2 2-5%, TiO2~2%, MgO<1.2% and SO3<0.4%. 
Residue on sieve at 90 μm 4%, fineness (Blaine) 3350 cm2/g, bulk density 1.15 g/cm3, 
specific gravity 3.20 g/cm3. The main compounds are CA and ferrite phase (C4AF-C6AF2), 
with mayenite, C12A7, gehlenite, C2AS and β-C2S as minor compounds. The composition of 
cement and hydrates formed was investigated by X-ray diffraction (XRD). The cement 
samples were investigated by loss on ignition determined by firing at 1000 oC in laboratory 
furnace. Cement pastes with w/c =0.3, 0.4, 0.5 and 1 were prepared by mixing the distillated 
water and cement stabilized at required temperature. Wafers of about 10 g of cement paste 
were placed in small capped plastic vials and cured in thermostated bath at 5, 10, 14 and 20 
oC. Sample notation in Table 1 indicates experimental variables, i.e. temperature and w/c ratio 
(5C04 indicates hydration at 5 oC and the w/c ration of 0.4). At the hydration time th (h) given 
in Table 1, specimens were removed from their vials and crushed to a fine powder. The 
hydration was blocked and free water removed by addition of acetone (2-propanon). This was 
done by grinding and mudding the sample in three doses with acetone in agate mortar. The 
bound water content (bw, g/g) was determined as loss on ignition at 1000 oC in laboratory 
furnace divided by the mass of the ignited sample and corrected for the loss on ignition of the 
unhydrated cement. For QXRD prepared hydrated samples were additionally fired at 450 oC 
to decompose the hydrates to amorphous calcium aluminium oxides and water vapor. In that 
way the interferences of hydrates were excluded from the diffractograms, and the degree of 
hydration of CA and C12A7 can be directly computed upon comparing the quantities in 
hydrated and unhydrated (initial) cement samples. The temperature for decomposition was 
chosen by inference to thermogravimetry and XRD analysis of hydrated samples (Ukrainczyk 
2007). 
   CAC quantitative X-ray diffraction using the adiabatic principle with auto flushing as 
proposed by Chung (1974) is proven to be a suitable method (Midgley 1975). In such method 
the relationship between the intensity of the characteristic X-ray reflection Ii is directly 
proportional to the weight fraction of the component by the factor ki which contains the mass 
absorption coefficient of the total sample. Experimentally determined ki values hold only for 
the detecting system and for no other. Resonable standard materials for such a study are rutile 
and corundum. The rutile used in this study had a narrow particle size distribution around 
approximately 0.4 μm, which would reduce microabsorption effect. XRD analysis of chosen 
standard rutile showed no traces of anatas. In this work, CA and C12A7 in CAC and fired 
hydrated samples are quantified based on Chung method. The ki values were determined by 
mixing of pure phase and standard mineral rutile (TiO2) in a 50:50 weigh ratio. For the 
syntheses of CA and C12A7, precipitated calcite (CaCO3 analytical grade purity, Kemika) and 
gibbsite (Al(OH)3, Sigma-Aldrich) have been wet homogenized in planetary mill (FRITSCH, 
Pulverisette 5, α-Alumina pot and grinding balls) in the required stoichiometric mole 
proportion, dried at 105 oC and then fired at 1350 and 1300 oC respectively, for 3 h in an air 
atmosphere electric furnace. Pure phases were milled in a ring agate mortar and sieved below 
40 μm to maximize the number of particles analyzed, improve powder homogeneity and 
packing characteristics, and minimize microabsorption-related problems. All mixtures were 
homogenized in an agate mortar with acetone (2-propanon) in three dosages. 
Appropriate corrections for peak overlap were meticulously applied by inference to the 
intensities of the pattern due to pure phases. 
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3 Results and discussion 
XRD analysis on samples hydrated at appropriate temperature for 30 h confirmed the hydrate 
compositions expected from the literature. In all samples CAH10 was the main hydrate 
observed, with barely detectable quantity of C2AH8 and AH3 that slightly rose with the 
increasing temperature.  

 
Table 1. Comparison of the hydration degree obtained from measured bond 

water (18) with the CA QXRD analysis. 
 

Sample th, h bw, g/g CA activeα α= bwα  error, % 
5C04 30 0.3278 0.62 0.640 3.20 
5C04 24 0.3159 0.61 0.617 1.08 
5C05 30 0.3683 0.71 0.719 1.25 
5C03 30 0.2591 0.50 0.506 1.15 
10C04 30 0.3380 0.65 0.660 1.50 
10C05 30 0.3880 0.74 0.757 2.34 
10C10 30 0.4272 0.84 0.834 -0.73 
14C04 30 0.3438 0.67 0.671 0.16 
14C05 30 0.3995 0.78 0.780 -0.03 
20C04 30 0.3512 0.70 0.686 -2.07 
20C05 30 0.4119 0.82 0.804 -1.95 
20C10 30 0.4439 0.88 0.866 -1.54 

 
   The results of bond water investigation (bw, g/g) are given in Table 1. Results of all 
methods are presented as an average of at least 3 separate measurements carried out for one 
hydration conditions. The statistical analysis on results calculated the measurement 
uncertainty of bond water to be ± 3% (with 95% confidence). The QXRD analysis of 
investigated CAC gave the mass proportions of CA and C12A7 to be 41 % and 4 %, 
respectively. From the QXRD analysis the degree of hydration of CA and C12A7 was 
calculated, for CA shown in Table 1. Uncertainty of the QXRD measurement of CA and 
C12A7 is evaluated to be ± 4 % and 15 %, respectively. The high scatter of C12A7 can be, at 
least partially, attributed to its low proportion in cement (initially 4 %). Furthermore, it is 
known that the CAC grains are poly-mineral (in Mangabhai 2002), i.e. many phases are 
intergrowth on varying scales. Examination of hydrated grains showed (in Mangabhai 1990) 
that reaction was mainly of the CA, which in places had dissolved away to leave protruding 
less reactive phases. Such heterogeneity could additionally explain our clearly observed high 
variations of the amount of C12A7 reacted during the repeated experiments. The average 
portions of reacted C12A7 are slightly below that of the CA. We conclude that congruent 
hydration can be approximated for the modeling purposes, i.e. the same portion of C12A7 is 
simultaneously reacting as CA. This can be expected because the availability of C12A7 for the 
hydration reaction is dependent upon the hydration of CA due to cement grains heterogeneity 
and large differences in its relative portions. Thus the inactive C12A7 that is restrained by 
intergrowth phases becomes available upon CA hydration. It can be argued that this 
heterogeneity effect is statistically more pronounced for the phases with relatively smaller 
portions. From the relative comparison of the C4AF intensities it was concluded that about 6 - 
10 % has reacted, the average degree increasing with the increasing temperature. Although 
C4AF reactivity has usually been disregarded in studies of CAC hydration (Bensted 2002), 
this results point out that one should be careful in considering its contribution. The reactivity 
of the C4AF is about 10 % of the CA reactivity. However, the higher stoichiometric water 
requirement attributed to C12A7 hydration by considering it to hydrate as CA (according to (9) 
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w/c stoichiometry is 1.1385 for CA and 0.7785 for C12A7 hydration), just about compensates 
the additional water that reacted by C4AF (w/c stoichiometry 0.5925). Calculated w/c 
stoichiometry of C4AF and C12A7 hydration is based on literature (Bensted 2002; Brouwers 
2005). The predicted degree based on measured bound water and the simplified model (18) is 
in excellent accord with the values obtained by QXRD. This would seem to be a remarkable 
agreement, but considering the accuracy of the QXRD measurement the model predictions 
should be considered to be less confident. Deviations tend to be more negative at higher 
temperatures. This can be attributed to the lowering of stoichiometric water requirement due 
to the appearance of more C2AH8 and AH3, and more reactivity of other phases besides CA 
and C12A7, primary C4AF due to its high quantity (~ 25 %) and observed reactivity. XRD 
analysis of cement is difficult as the multiple phases result in substantial peak overlap. There 
is also difficulty in securing suitable pure phase reference standards. For better accuracy, 
these concerns may be addressed using the quantitative Rietveld analysis of all CAC phases. 
More accurate quantitative data on hydration of different CAC should be used to additionally 
test the proposed simplified microstructural model of CAC hydration.  
 
4 Conclusions 
A relatively simple and robust microstructural model of calcium aluminate cement hydration 
is deduced. Main reaction scheme of the CA hydration at temperatures less than 20 oC can be 
applied to predict the composition of iron-rich calcium aluminate cement paste. In future 
work the given modelling methodology should be extended to simultaneously model all three 
reactions of CA hydration, and even the C12A7 and C4AF hydration. Evolution of the 
fractional changes of chemical shrinkage, solid content and active cement should be measured 
to additionally validate the proposed model. 
 
5 Acknowledgement 
The authors acknowledge support from the Croatian Ministry of Science, Education and 
Sports under project’s no. 125-1252970-2983 “Development of hydration process model”. 
 
6 References 
Bensted J, Calcium aluminate cements, Structure and Performance of Cements, 2nd ed., (Eds. 

Bensted J, Barnes P), London, 2002. 
Brouwers, H.J.H, The work of Powers and Brownyard revisited: Part 2, Cement Concrete 
Research 35 (2005) 1922 – 1936. 
Chung, F.H, Quantitative interpretation of X-ray diffraction patterns of mixtures. II. Adiabatic 

principle of X-ray diffraction analysis of mixtures, J.Appl Crystall 7 (1974) 526-531.
George C.M, Industrial aluminous cements, Structure and Performance of Cements (ed. 

P.Barnes), Applied Science, London, (1983) 415-470. 
Hribernik E, Properties of CAC ‘Istrabrand’, Cement (Zagreb) (1960) 62-68. (in Croatian) 
Mangabhai R.J, Glasser F.P, Ed, Proc. Int. Conf. on CAC, Edinburgh, UK, 2001. 
Mangabhai R.J, Ed, Proc. Int. Conf. on CAC, Chapman and Hall, London, 1990. 
Matusinović T, Vrbos N, Šipušić J, Rapid setting and hardening calcium aluminate cement 

materials, Zement-Kalk-Gips International 5 (2005) 72-79. 
Matusinović T, Šipušić J, Vrbos N, Porosity-strength relation in calcium aluminate cement 

pastes, Cement Concrete Research 33 (2003) 1801-1806. 
Ukrainczyk, N, Šipušić, J, Dabić, P, Matusinović, T, (2008), Microcalorimetric Study On 

Calcium Aluminate Cement Hydration, 13. International conference on Materials, 
Processes, Friction and Wear - MATRIB'08, Vela Luka, Croatia, 382-388. 

Ukrainczyk N, Matusinović T, Kurajica S, Zimmermann B, Šipušić J, Dehydration of a 
layered double hydroxide-C2AH8, Thermochimica Acta 464 (2007) 7–15. 


