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Very high early strength calcium aluminate based binary and 
ternary cementitious systems: properties, hydration and 
microstructure 

Murat Saydana , €Ulk€u Sultan Keskina and Burak Uzalb 

aCivil Engineering Department, Konya Technical University, Konya, Turkey; bCivil Engineering Department, 
Abdullah Gul University, Kayseri, Turkey    

ABSTRACT 
Calcium aluminate cement (CAC) is a cement type that has superior prop
erties such as rapid strength gain, high resistance to high temperatures 
and harmful chemicals. However, the result of the using of CACs in the 
production of structural elements occur strength decreases at later ages as 
a result of a series of chemical reactions called ‘conversion reactions’ seen 
in these cements. In this study, the hydration kinetics and the crystalline 
and amorphous structures formed as a result of hydration were investi
gated in CAC containing different amounts and types of main oxides-based 
binary and ternary systems. Considering the results obtained, the main 
hydration product seen in these specimens was ettringite. Unlike many 
studies in the literature, metastable structures which cause conversion reac
tions, such as CAH10, C2AH8, have not been observed. Instead of conversion 
of the phases, ettringite needles were became thin and elongate which 
causes the paste structure porous and thus causing expansion and 
strength reduction at the later stages of hydration in some mixtures pro
duce high amounts of ettringite. On the other hand, it is understood that 
the formation of str€atlingite was limited strength decreases in systems 
where high silica fume is used.  

GRAPHICAL ABSTRACT  

Abbreviations: AFm: (Al – Fe)2O3 mono phases; AFt: (Al – Fe)2O3 tri 
phases; AH3: Gibbsite; C12A7: Mayenite; C2ASH8: Str€atlingite; C3A: Alite; 
C3A.3CS̅H32: Ettringite; CA: Monocalcium aluminate; CA2: Calcium   
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dialuminate; CAH: Calcium alumina hydrate; CASH: Calcium alumina silica 
hydrate; CH: Calcium hydroxide; CS̅: CaSO4; Li2SO4: Lithum sulphate; Mc: 
Monocarboaluminate; Ms: Mono sulphoaluminate

1. Introduction 

Calcium aluminate cement (CAC) which was first patented in 1888 (Snelus et al., 1888) not only is a dif
ferent type of cement from ordinary Portland cement (OPC) but also has superior properties than OPC 
such as rapid strength gain, resistance to high temperatures and temperature changes, resistance to 
chemical factors, resistance to impact and abrasion (Scrivener & Capmas, 2003; Snelus et al., 1888). 
Although CAC was developed due to its resistance to sulphate attack in concrete produced with OPC, it 
was started to be used in many special applications because of its high early strength and refractory 
properties in the following years (Anderson & Akono, 2017). In the following years, the use of CAC, which 
was first used in the bearing elements of some structures due to its high strength properties, is prohib
ited in many countries due to the reactions called ‘conversion reactions’ that occur especially at later 
ages and cause strength drops (Mangabhai, 1990; Zhu et al., 2022). 

OPC-based systems show a slower but more stable strength development compared to CAC-based 
systems because of the lower activity of their oxides and the difference of hydration behaviour in the 
mechanism of induction. On the other hand, CAC-based systems can reach higher strengths than OPC- 
based systems due to their metastable but very fast hydration reactions in the first hours. Nonetheless, 
the conversion of metastable phases into stable phases results in an increase in porosity and decrease in 
strength and this situation was caused the researchers to focus on the elimination of this problem (Deng 
et al., 2020; Ideker et al., 2019; Lothenbach et al., 2012; Osborne, 1994; Quillin et al., 2001; Singh et al., 
1999; Son et al., 2018). The most frequently used method in the literature to limit these strength drops is 
to support the formation of str€atlingite by substituting with supplementary cementitious materials 
(SCMs), and thus to prevent strength drops. Nevertheless, while the used SCMs gave successful results in 
preventing strength reductions, it was led to decreases in early strengths. 

In the literature, the materials most frequently used together with CACs are OPC, gypsum and various 
SCMs (granulated blast furnace slag [GBFS], fly ash [FA], silica fume [SF]) (Christensen et al., 2004; Deng 
et al., 2020; Fern�andez-Carrasco & V�azquez, 2009; Hidalgo et al., 2009; Osborne & Singh, 1995; Rayment & 
Majumdar, 1994). The studies examining the reactions of CAC with different SCMs have been started with 
the collapse of some structural elements produced with pure CAC after losing their strength as a result 
of conversion reactions and collapsing within 20–25 years (Osborne, 1994). The use of CAC was prohib
ited in structural elements after some collapses occurred at 1970s in UK. The used materials which form 
CAC-based binary and ternary systems, can significantly change the hydration kinetics of these systems 
and the types of hydration products to be formed, depending on the used ratios and the types of mate
rials. Since there are no metastable phases such as C2AH8 and CAH10 in the systems produced with low 
ratio of CAC and high ratio of OPC, no decrease in strength is observed at later ages. Thus, the mixtures 
show similar properties to the mixtures made with OPC. On the other hand, the mixtures in which rich- 
CAC are used, the same hydrates form as pure CAC mixtures so the properties of the such mixture are 
very similar to pure CAC systems. The reactions of CAC and OPC in other ratios are more complex, and 
especially the formation of str€atlingite is effective in determining the properties of the mixture (Ideker 
et al., 2019) 

One of the most important problems in mixtures made with CAC and OPC is flash setting. Gu et al. 
(1994) and Brooks and Sharp (1990) reported that the flash setting in such systems is due to the forma
tion of ettringite in the early stages of hydration. In particular, this flash setting can be seen as a result 
of mixing CAC with OPC between 20% and 50% (Gu et al., 1997; Zhang et al., 1997). Although the mech
anism of the hydration is not fully explained, it is thought that due to the depletion of the sulphate in 
OPC by reacting with CAC, C3A in OPC was caused by an uncontrolled reaction with a mechanism similar 
to a flash setting in PC (Kim et al., 2007; Scrivener, 2003). In order to prevent the flash setting in the bin
ary systems formed from CAC and OPC and the depletion of sulphate in the early stages of hydration, 
the researchers were created the ternary systems by adding gypsum to the binary systems consisting of 
CAC and OPC and thus they were able to prevent this flash setting in the early stages of hydration 
(Torr�ens-Mart�ın et al., 2013; Torr�ens-Mart�ın & Fern�andez-Carrasco, 2013; Zhang et al., 2018). The formation 
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mechanism of ettringite in CAC-based ternary systems is very important especially in terms of early age 
strength and setting properties. Ettringite formation occurs when CA and/or C3A in OPC or CAC react 
with SO4

� from a sulphate source (gypsum, seawater, groundwater, etc.) as given in Equations (1) and 
(2). 

C3Aþ 3CSHxþ2CHþ 32� 3xð ÞH$ C3A:3CSH32 (1) 

3CAþ 3CSHxþ 38� 3xð ÞH$ C3A:3CSH32þ2AH3 (2)  

As shown in Equation (1), the gypsum placed in the OPC to prevent flash setting reacts with C3A in 
the early stages of hydration to form ettringite. This ettringite quickly turns into monosulphate 
(C3A.3CS̅.H18) after the gypsum is consumed. However, if there is a moisture in the environment, the reac
tions given in Equations (3) and (4) take places. These reactions are known as AFt-AFm phase conver
sions. 

C3A:CH:H18þ 2 CHþ 3 �S þ11H $ C3A:3C�SH32 (3) 

C3A:C�S:H18þ 2 CHþ 2 �S þ12H $ C3A:3C�SH32 (4)  

Another important function of gypsum in binary systems consisting of CACþGypsum is to limit the 
formation of CAH10, which is the metastable phase on the hydration products. It has been observed that 
almost all types of gypsum can inhibit the formation of CAH10, especially in studies using high amounts 
of CAC, and therefore, the use of gypsum can limit the strength reductions that occur due to conversion 
reactions (Li et al., 2020; Son et al., 2019). 

The hydration of ternary systems is quite complex because all binders in the system have different 
chemical and physical properties (Amathieu et al., 2001; Ideker et al., 2019). While gypsum causes ettrin
gite formation in ternary systems as explained above, the stability, formation and the reaction rates of 
ettringite can easily change depending on the type and amount of gypsum, ambient temperature and 
humidity (Baquerizo et al., 2016; Brown & Bothe, 1993; Christensen et al., 2004; Hall et al., 1996; Qoku 
et al., 2017; Renaudin et al., 2010; Xu et al., 2012a, 2012b; Zhou et al., 2004; Zhou & Glasser, 2001). On 
the other hand, SCMs are another material that is widely used in CAC based ternary systems. The SCMs 
can also cause complex reactions because it may be contained the large amounts of impurities. In add
ition to the formation of ettringite in all systems containing CAC and CaSO4, another important hydration 
product in such ternary systems is str€atlingite (Ca2Al2SiO7.8H2O). The str€atlingite, which is essentially a sili
cate AFm phase, is seen naturally in volcanoclastics around the world (Hentschel & Kuzel, 1976; Passaglia 
& Turconi, 1982) and has taken this name because it was first synthesised artificially by W. Str€atling 
(Okoronkwo & Glasser, 2016a). However, it is more resistant to anions such as OH, Cl, SO4 and CO3 

because it contains a double layered tetrahedral aluminosilicate interlayer when compared to other AFm 
phases (Okoronkwo & Glasser, 2016b). This stability, which causes lower AFt-AFm phase transformations 
compared to other AFm phases, demonstrates the need to support str€atlingite formation in such ternary 
systems (Damidot et al., 2011). 

Considering the studies related to SCM containing ternary systems, it may be seen the complexity of 
the hydration of str€atlingite. Midgley and Bhaskara Rao (1978) said that the str€atlingite in CAC-based sys
tems may have been formed by the hydration of alumina gel and b-C2S within the FA or low alumina 
CAC. This approach has been confirmed by studies showing that in case of the use of pozzolanas that 
contain highly active Al3þ ions such as FA and GBFS it may led to more sulphate attack by increasing the 
amount of ettringite and str€atlingite in the systems (Hou et al., 2018; Hou & Li, 2018). In addition, if sul
phate ions are present in the environment at later ages, ettringite formation and sulphate attack can be 
seen in the mixtures designed by pozzolanic materials containing high alumina content which have not 
undergone any reaction. This reaction occurs with a reaction similar to the sulphate attack seen in OPC 
(Mehta & Monteiro, 2014). Furthermore, unlike the hydration of OPC, since there is no CH in the mixture 
as a result of the hydration of CAC, secondary C-S-H formation is not observed in such ternary mixtures. 
Instead, SiO2 from pozzolanas can form the C-A-S-H (str€atlingite) structure by entering between the C-A- 
H structures in CAC (Deng et al., 2020; Majumdar et al., 1990) 

Apart from these studies, there are other studies the high PH also support the formation of str€atlingite 
with and increase the thermochemical stability of CAH10, thus limits the strength decreases in later ages 
(Ding et al., 1995, 1996; Heikal et al., 2004; Kirca et al., 2013). 

As mentioned above, there are many studies in the literature on CAC-based binary and ternary sys
tems and their hydration mechanisms. In this researches, a single type of CAC was chosen depend on 
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the CA content because it is the main oxide of CAC and the hydration mechanism of CA with other bind
ers was examined. It is well known that if Al/Ca ratio is changed in production of CAC, some minor 
oxides of cement will change and this will cause to exhibit different hydration kinetics of CAC based 
systems. 

The aim of this study is to understand the mechanisms of hydration in binary and ternary systems pro
duced with different CACs that contains different rates of minor and major oxides and their interaction 
effects of hydration in binary and ternary systems. For this purpose, binary and ternary mixtures were 
produced with CACs, SF and hemihydrate (Hh) at different mixing ratios. The differences in cement 
oxides on the strength development and formed hydration products of the ternary systems were also 
investigated with three different CACs which containing different ratios of effective oxides such that CA, 
CA2 and C12A7. In addition, reactions were accelerated using Li2SO4 to examine and develop the early 
strength . in order to observe the hydration products at early ages. The aggregate and gypsum used in 
the mixtures were determined by preliminary experimental studies. Thus, the differences of hydrate struc
tures caused by the use of different cement oxides of binary and ternary systems have been investigated 
by various techniques such as in-situ and hardened conditions X-ray diffraction (XRD), thermogravimetric 
analysis (TGA) and field emission scanning electron microscopy (FE-SEM). In addition, the effects of these 
structures on mechanical behaviour were also examined comparatively. Likewise, it was also investigated 
the extent to which the hydration kinetics developed or changed at an early age with different mineral 
and chemical additives by the isothermal calorimetry analysis. 

2. Materials and methods 

Within the scope of the study, CAC-based binary and ternary systems were prepared. While designing 
binary systems, gypsum was mixed with CAC at different ratios to ensure the formation of ettringite and 
to see the effects of different CACs on ettringite. In addition, ternary systems were formed by substituting 
SF into binary systems to examine the capacity of SCM’s to form str€atlingite in different CACs. In order to 
study the hydration mechanisms of the systems during early rapid strengthening and to observe how 
the transformation reactions develop, the following methodology was considered, respectively;   

1. Using CACs with different ratios of oxides in order to examine the effect of different calcium alumina 
oxides on the hydration kinetics of ternary systems, 

2. The use of CaSO4 in the ternary system in order to dominate ettringite in CACs where strength 
decreases are seen as a result of conversion reactions and thus to reduce metastable phases in 
hydration products by supporting ettringite formation instead of metastable phases of CACs, 

3. To increase the stability of AFt structures and to support the formation of str€atlingite, which is 
known to be stable in the literature, the use of SF, which is known to have a high amorphous silica 
content, whose effectiveness in ternary systems has not been studied much in the literature, 

4. In all systems, adding lithium sulphate (Li2SO4) to the systems in order to accelerate early hydration 
and to examine the effect of the accelerated reaction on the hydration products of the ternary sys
tems from the first minutes (Ye et al., 2022). 

2.1. Materials 

2.1.1. CAC 
In the designed binary and ternary systems, Ciment Fondu, Secar 51 and Secar 71 CACs from 
Kerneos/Imerys Aluminates company were used which have low, medium and high alumina content, 
respectively. The oxide components of CACs were determined by XRF and XRD analyzes (Tables 1 and 2). 

As mentioned before, the cement main oxides of CACs vary depending on the amount of alumina 
content. As can be seen in Table 2, CA, C12A7, C4AF and C2S ratios are high in Ciment Fondu, CA and 
C2AS ratios are high in Secar 51 and CA and CA2 ratios are high in Secar 71 with low, medium and high 
levels of alumina, respectively. In this study, the mixtures produced with Fondu, Secar 51 and Secar 71 
will be referred to as ‘high C12A7 CAC’, ‘high CA CAC’ and ‘high CA2 CAC’, respectively, since the effects 
of different oxide ratios in cements on mechanical and microstructural properties were examined. 
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2.1.2. Silica fume 
The SF was used as a SCM in the designed ternary systems. The used SF was obtained from ET_I 
Electrometallurgy A.Ş. Antalya/Turkey and its oxide composition and specific weight of SF are given in 
Table 3. 

The biggest feature expected from the SF used is that the SiO2 in its content has a highly amorphous 
structure. In order to determine the degree of amorphousness of SF, XRD analysis was performed with 
Cu anode at 5–65� 2Ɵ scanning range at a step with 5 deg/min. As a result of XRD analysis, the amorph
ousness ratio of SF was determined by Mḭrkḭn (1961) (see Supplementary materials (SM) Equation (S1) 
and Figure S1 for calculation method and XRD analysis). 

The amorphous ratio of SF was calculated as 84%. When looking at the XRD pattern of SF, it is seen 
that the crystal structures caused by impurities affect the total amorphous ratio of SF. If these crystal 
structures are not taken into account, the amorphous rate may be higher, but even in this state, the 
used SF in the mixtures has a high amorphousness rate. 

2.1.3. Gypsum 
As an SO4 source, gypsum is the most easily available and the cheapest material in the market. However, 
there are different types of gypsum. According to the amount of water in their bodies there are three dif
ferent types of gypsum as anhydrite, Hh and dihydrate. When the literature is examined, it has been 
seen that these different plaster types have different effects on the hydration of the CAC (Xu et al., 
2012a, 2012b; Zhang et al., 2018). On the other hand, dihydrate gypsum has a lower effect on hydration 
kinetics compared to other gypsum types due to its lower solubility . In this studies, Hh was showed the 
highest efficiency on CACs (Cecilie & Hansen, 2001; Li et al., 2020; Son et al., 2019; Torr�ens-Mart�ın & 
Fern�andez-Carrasco, 2013). 

Within the scope of the study, since a high hydration rate is expected from the prepared systems in 
the first ages, Hh was used in the mixtures because of their highest dissolution rate (Rolnick, 1954; 
Tzouvalas et al., 2004). However, there are two different types of Hh as a-Hh and b-Hh. The effects of 
these gypsum types, which are generally produced with different techniques used during the dehydrat
ing of gypsum (Kelley et al., 1941), on CAC have not been adequately studied in the literature. For this 
reason, a preliminary trial study was conducted to determine the type of Hh providing the highest per
formance (see SM Figure S2 for details of preliminary trial). 

Table 1. The oxide composition of CACs as a result of XRF analysis.  

Oxides (% by weight) 

CAC Al2O3 CaO Fe2O3 SiO2 SO3 MgO K2O TiO2 Na2O P2O5 Cr2O3 MnO OMO CO2  

Fondu   39.9   37.6   14.3   4.29   0.09   0.32   0.14   1.76   0.06   0.13   0.12   0.10   0.09   1.10 
Secar 51   50.5   38.4   1.48   4.62   0.07   0.32   0.25   2.30   0.07   0.11   0.07   0.02   0.12   1.67 
Secar 71   68.3   30.2   0.17   0.32   0.02   0.11   0.02 –   0.31   0.01   0.01 –   0.01   0.52  

OMO, other minor oxides.

Table 2. Cement compounds and their physical properties as a result of XRD analysis.  

Cement Compounds (% by weight) 

Blaine Fineness (cm2/g) Specific weight (g/cm3) CAC CA C2AS C4AF CA2 C2S C3A C12A7  

Fondu   48.3   4.6   13.7 –   7.8   <1   5.6   3407   3.21 
Secar 51   66.2   19.2   <1   <1   2.8   <1   1.8   4306   2.99 
Secar 71   58.7   <1 –   37.2   <1 –   1.1   3874   2.91  

Table 3. The oxide composition and specific weight of SF.  

Oxides (% by weight) 

Specific gravity (g/cm3) SiO2 MgO K2O Na2O Cr2O3 SO3 Fe2O3 Al2O3 CaO CO2  

SF   81.1   6.8   3.41   2.71   2.46   0.65   0.55   0.58   0.59   1.15   2.42  
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As a result of preliminary trial, a-Hh was selected to use in the mixtures to be prepared within the 
scope of the study, since the compressive strength of the mortars prepared with a-Hh is higher than the 
b-Hh specimens. a-Hh has been supplied from Nuh Structural Materials Co./Kocaelḭ-TURKEY. 

2.1.4. Crushed marble 
The aggregate used in the mixtures was determined by making preliminary trial mixtures, similar to the 
method followed in the selection of the Hh to be used. Since the strength tests carried out within the 
scope of the study will be carried out on mortar specimens, aggregates with a maximum diameter of 
4 mm with different mineralogical properties and granulometry, which can be easily obtained from the 
market, were preferred (see SM Table S1, Figure S3 for details of preliminary trial and aggregate specifica
tions). According to the preliminary trial test results, it was decided to use the ‘crushed marble’ aggre
gate, which gives the highest compressive strength (see SM Figure S4). The minerological composition of 
the choosen aggregate was given Table 4. 

2.1.5. Water reducing and hydration accelerating agents 
SikaVR PC 15 (a commercially available product sold by the SikaVR Group) was utilised as a water reducing 
agent. SikaVR PC 15 is a modified polycarboxylate-based superplasticiser. The properties of this agent can 
be found on SikaVR ’s website. 

Another commercially available product, Peramin AXL 80 by imerys group, was used for hydration 
accelerating purposes. The product contains a minimum of 97% Li2SO4. The other product properties can 
be found on the Imerys group’s website. 

2.2. Mixture design and recipe 

Within the scope of the study, binary and ternary systems were prepared with CAC, a-Hh and SF in vary
ing proportions. Specimen nomenclature was made according to the types and ratios of raw materials 
used in the mixtures (Figure 1). The mortar specimens were prepared by adding aggregate, water and 
chemical additives (setting accelerator and water reducer) to the binder, and paste samples were 
obtained by adding only water and chemical additives. The detailed mixing ratios are given in Table 5. 

Figure 1. Specimen nomenclature according to ratios of raw materials.  

Figure 2. Thermogravimetric Analysis. (a) grinding, (b) holding, (c) device.  
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2.3. Methodology 

2.3.1. Preparation of the specimens 
The mortar cube specimens of size 50� 50� 50 mm for compressive strength test and the mortar bar 
specimens of size 25� 25� 285 mm for dimensional stability test were casted and cured under 99% rela
tive humidity and 20 ± 1 �C temperature environment. Also paste samples of size 20�40�20 mm for the 
microstructure analysis were casted and stored same conditions. The mortar specimen mixtures were 
made with a laboratory mixer and the paste sample mixtures were made with a hand mixer. In both spe
cimen types, water, water reducer additive and Li2SO4 were mixed together with a fast mixer at 800 rpm 
and added to the blended binder in the form of suspension. 

2.3.2. Mechanical tests 
In the present study, the compressive strength and dimensional stability tests were made on the pre
pared mortar specimens. In addition to the results obtained from the tests, repeated non parametric mul
tivariative variance analysis (PERMANOVA) were performed depend on normality tests on data (Anderson, 
2017; Hand & Taylor, 1987). The multiple significance tests and analysis of variance were determined by 
assigning the material ratios used in the mixtures as independent group variables. The multivariate vari
ance analysis was studied in SPSS and PAST software at 95% confidence level. 

Table 4. The oxide components and some physical properties of aggregate.  

Oxides (% by weight) 

Water absorption capacity (%) Specific weight (g/cm3) CaO CO2 SrO SiO2 MgO Al2O3 Fe2O3 SO3  

Crushed Marble 2   61.0   38.7   0.02   0.25   0.07   0.17   0.05   0.01   0.49   2.67  

Figure 3. The compressive strength of the specimens produced with C12A7 high CAC.  

Figure 4. The compressive strength of the specimens produced with CA high CAC.  
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2.3.2.1. Compressive strength test. The compressive strength tests of the specimens were carried out 
according to ASTM C109/C109M-21 (2020). The cured cubic specimens were subjected to compressive 
strength test at 1, 2, 6 and 24 h and 3, 7, 14, 28 and 90 days (considering the time when water is added 
to the mixtures). The compressive strength test was performed on three specimens for each age and 
group and mean compressive strengths were obtained. 

2.3.2.2. Dimensional stability test. Length changes of 25� 25� 285 mm prismatic mortar bars are deter
mined according to ASTM C490/C490M-21 (2021) standard. The length changes of prismatic mortar bars, 
which were kept in the same conditions with cube specimens, were measured with a digital comparator 
at 1, 2, 6, 24 h and 3, 7, 14, 28, 45, 90th days starting from the addition of water to the mixtures. Two 
prismatic specimens were prepared for each group and the results were recorded as the average of the 
two samples. The length values of the specimens read at the end of the first hour were accepted as L0 

and the relative length changes (in percent) of the samples were determined accordingly (Equation 5). 

Relative Length Change ¼
Lx � L0

L0
� 100 (5) 

where; 
Lx ¼ Length of the ‘x’ age specimen 

L0 ¼ Length of the specimen at the end of the first hour 

2.3.3. Microstructural analysis and determination of hydration kinetics 
Hydration kinetics and microstructural properties of the systems were determined on fresh and hardened 
paste specimens. 

2.3.3.1. Isothermal calorimetry analysis. Because the hydration of cements is an exothermic reaction, it is 
quite suitable to be measured by isothermal calorimetry. Determining the exothermic energy resulting 
from hydration with isothermal calorimetry is a useful qualitative method in terms of evaluating hydra
tion kinetics and factors affecting hydration. 

Within the scope of the study, isothermal calorimetry analyzes were carried out at 20 ± 1 �C with TAM 
Air isothermal calorimetry. A total of 7 g of each sample was mixed outside the calorimeter (ex-situ) 
throughout 15 s in polypropylene ampoules and then was placed in the calorimeter. The analysis was 
continued for 22 h. 

2.3.3.2. Thermogravimetric analysis. TGA analyzes of the samples were performed with the DTG-60H sim
ultaneous DTA-TG device of Shimadzu Co. (Kyoto, Japan) (Figure 2c). The hydration of the samples was 
stopped with isopropyl alcohol for to determine not the free water in the sample but the amount of 
bound water in the hydrated compounds. Then, approximately 50 mg of samples were placed in a plat
inum sample cup (Figure 2b) after the samples were ground to a powder with an agate mortar (Figure 
2a). The sample was heated from room temperature to 800 �C at a rate of 10 �C/min in 99.5% pure N2 

gas flow (10 mL/min). 

2.3.3.3. XRD analysis. Within the scope of the study, XRD analysis was performed on the paste samples 
produced with two different techniques. In-situ XRD analysis was performed on the samples during the 
first hour in order to see the formation of the phases within 1 h after the start of hydration, since very 
fast early strength is expected from the produced samples. A special silicone sample holder was used to 
perform XRD analysis in situ. The sample were placed in the XRD device immediately after two minutes 
of mixing with water and the first analysis was carried out immediately. Then, the analyze was repeated 
every 10 min until the 60th minute based on the time of adding water to the sample. A high resolution 
Lynxeye detector was used to better see the differences between patterns in analysis. 

Besides in-situ analysis of fresh paste, XRD analysis of aged samples was performed on specimens 
whose hydration was stopped in order to be compatible with FE-SEM imaging and TGA. The analyzes 
were carried out on the samples obtained by pelleting the powdered specimens with an agate mortar. 
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XRD analyzes on both in situ and hardened samples were performed on Bruker D8 Discover with CuKa 

anode at k¼ 1.54 Å wavelength. The scanning range parameter was setted at 5� to 90� (2Ɵ), 0.020� scan 
step length and 0.014 s/step scanning speed. It has been studied at power and energies of 40 kV and 
40 mA in X-Ray source. 

Although, quantitative phase analyzes of crystal structures on XRD patterns were performed according 
to the reference intensity ratios method, which is a modified version of the internal standard method, 
with the diffrac.eva software (Chung, 1973).  Using the ICDD pdf 4þ reference databases and the diffra
c.eva software, the quantitative analyzes of the phases were determined according to equation devel
oped by Hubbard and Snyder (1988). 

2.3.3.4. FE-SEM imaging and EDX analysis. Within the scope of the study, FE-SEM imaging was per
formed on the samples, which were cut and polished very thinly and the hydration was stopped and 
dried, with the GeminiSEM 500 device of Zeiss, and EDX analysis was performed with the 
UltimExtreme EDX device of the Oxford instruments co. In order to better visualise the surface topog
raphy, FE-SEM was carried out in-lens mode and at 1 kV energy. Thus, the surface images of hydrated 
structures could be obtained with higher resolution. The surfaces of the samples are coated with 4– 
5 nm—thick iridium before imaging. 

Figure 5. The compressive strength of the specimens produced with CA2 high CAC.  

Figure 6. The relative length changes of binary systems.  
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3. Results and discussion 

3.1. Mechanical test results 

The compressive strength test results of the binary and ternary systems were given in Figures 3–5. 
From the results, it was observed that the increase in the amount of CA in the cement was increased 

the early age compressive strength, whereas the increase in the amount of CA2 was decreased this 
strength. On the other hand, the late-age compressive strengths of ternary systems produced with 70% 
by weight CA2 high CAC were higher than the specimens produced with other CACs. Moreover, the add
ition of SF was clearly increased the compressive strength of mortars, especially at early age, compared 
to the binary systems. Although while SF have been regulated the compressive strength development of 
the mortars, it has decreased the late-age compressive strengths of the mixtures except prepared with 
CA2 high CAC. 

Figure 7. The relative length changes of the ternary systems produced with C12A7 high CAC.  

Figure 8. The relative length changes of the ternary systems produced with CA high CAC.  
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When the compressive strength results are examined, the obtained values reveal that the oxide phases 
of cement have a direct effect on the compressive strengths. Among these phases, the setting time of 
the mortars produced with C12A7 high CAC is quite short due to the rapid reaction of the C12A7, which is 
very reactive compared to the other aluminate phases (Singh & Glasser, 1988), but the C11A7.Ca(OH)2 

formed as a result of the hydration of this phase does not have a positive effect on strength (Singh & 
Glasser, 1988). Contrary to C12A7, CA2 is a phase that has a slow hydration and can take a long time, as 
mentioned before. This situation also explains the decrease in early age compressive strength of the tern
ary systems produced with CA2 high CAC. The early-age strength of mortars produced with CA high CAC 
were showed to be quite high among the cements used. 

SF has considerably increased the early age compressive strength of the ternary systems, even if it is 
used in small amounts. Especially, while the amount of SF used in the mixtures increases, the decrease in 
the late-ages strength of the specimens suggests that SF causes a filling effect in the mixtures rather 
than reacting with CAC. However, the high late-age compressive strength of ternary systems produced 
with CA2 high CAC and a high amount of SF was distorted this estimation. 

The dimensional changes of binary systems relative to each other is given in Figure 6, and comparison 
of dimensional changes of ternary systems is given in Figures 7–9. 

The increase in the amount of Hh in binary systems caused expansion in the specimens. The expan
sions were much higher in the specimens produced with especially high ratios of Hh (>30%) and C12A7 

or CA2 high CAC compared to other specimens. The highest expansion was observed as 0.473% on the 
91st day in the sample containing 60% C12A7 high CAC and 40% Hh by weight. However, even this 

Figure 9. The relative length changes of the ternary systems produced with CA2 high CAC.  

Table 6. Normality tests and two way PERMANOVA analysis. 

Dependent variables 
Repeated  
measure 

Independent  
variables 

Multivariate  
normality  

test  
(omnibus) 

Box-M  
test Effects 

Mahalanobis 

F Value p Value  

Depend on  
Compressive  
Strength 

Results of Cement  
type 

Hh 
SF   

0.10   0.0005 Main Hh   0.948   0.0015�

C12A7 high CAC 
CA high CAC 
CA2 high CAC 

SF   0.597   0.0483�

Interact Hh�SF   � 2.813   0.7334 

Depend on  
Dimensional  
Stability 

Results of Cement  
type 

Hh 
SF   

10� 34   0.0005 Main Hh   3.086   0.001�

C12A7 high CAC 
CA high CAC 
CA2 high CAC 

SF   3.084   0.004�

Interact Hh�SF   � 3.021   0.999  

�Significant.
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highest expansion did not exceed the crack threshold value in the samples and thus did not cause any 
crack. The crack threshold value can be accepted as the point where the intrinsic tensile stresses caused 
by expansions exceeded the maximum tensile strength (Lu et al., 2023). Especially, the expansion rates in 
all binary systems have increased even more after the 45 days. On the other hand, the shrinkage occurred 
between the 1 h to the 45 days in binary mortar systems contained low amount of Hh, except those pro
duced with C12A7 high CAC. 

In the ternary systems examined, it is seen that different length changes occur in different CAC types 
and Hh amounts. When looking at Figure 7, the expansions has been seen at the first hours in the speci
mens produced with C12A7 high CAC and contained more than 10% Hh by weight. The shrinkage was 
occurred to be inversely proportional to the amount of SF from 6 h up to 3 days in the specimens. After 

Figure 10. Relationship of SF and Hh with estimated marginal means of compressive strengths as a result of PERMANOVA statis
tics. (a) produced with ‘C12A7 high CAC’, (b) produced with ‘CA high CAC’, (c) produced with ‘CA2 high CAC’.  

Figure 11. Relationship of SF and Hh with estimated marginal means of relative length changes as a result of PERMANOVA statis
tics. (a) produced with ‘C12A7 high CAC’, (b) produced with ‘CA high CAC’, (c) produced with ‘CA2 high CAC’ (d) Effect of Hh on dif
ferent CAC types.  
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Figure 12. The heat flow curves of specimens produced with ‘C12A7 high CAC’.  

Figure 13. The heat flow curves of specimens produced with ‘CA high CAC’.  

Figure 14. The heat flow curves of specimens produced with ‘CA2 high CAC’.  
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the 3 days, the expansion was started to increase in the specimens containing high Hh, however, no sig
nificant shrinkage or expansion was observed in the other samples. 

In ternary systems prepared with CA high CAC, the shrinkage was occurred from the first hour to the 
24 h, unlike the specimens prepared with C12A7 high CAC as can be seen Figure 8. After the 24 h, the 
length of the specimens was continued to expanding with increasing slopes. Similarly, with ternary sys
tems formed CA high CAC, the systems produced with CA2 high CAC were also shown generally shrink
age in the first 3 days, and the expansion was dominated the systems until the 91 days (Figure 9). 

In addition, when all binary and ternary systems were examined, it was observed that the increase in 
cement ratios was reduced the expansion of the specimens and even it was caused shrinkage in most 
cases at late-ages. On the contrary, the expansions dominated the dimensional properties in systems 
using less cement by ratio. Considering to this situation, it is evaluated that the increase in the CAC/Hh 
ratio in the mixtures was caused shrinkage. On the other hand, although the decrease of this ratio was 
generated the expansion in late-ages, the shrinkage occurs in the early stages of hydration. In addition, it 
is understood from the graphs given in Figures 7–9 that SF does not have a direct effect on the length 
changes of the specimens in terms of expansion and shrinkage. However, it can be seen that the length 
changes in the specimens using 60% CAC, 30% SF and 10% Hh in all CAC types were proportionally 
lesser than containing 60% CAC, 30% Hh and 10% SF. In particular, this supports the idea that the add
ition of SF not only shows a filler effect but also reduces the amount of metastable or expansion-sensi
tive AFm-AFt phases in the systems, thus limiting expansion and shrinkage. 

On the other hand, the effects of Hh and SF ratios on compressive strength and dimensional stabil
ity in terms of main and interaction effects were investigated using PERMANOVA analysis. The results 
obtained from the analysis of variance are given in Table 6. The PERMANOVA statistics, which is a 
much more flexible method than parametric variance analysis, was used since the data do not comply 
with multivariate normality and/or sphericity and homogeneity test (Tang et al., 2016). The p value <
.05 was accepted that the independent variable with had a significant effect on the dependent vari
able. Since the p value less than .05, the independent variable has significant on the dependent varia
bles was accepted. Contrary to this situation, since the p values obtained in the normality and Box-M 

Figure 15. The crystal phase distributions and the amorphous ratios of samples produced with ‘C12A7 high CAC’ (in-situ XRD 
analysis).  
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tests were less than .05, the H0 hypothesis was rejected and the data was not comply with this 
assumptions. 

The main effects of Hh and SF on the dependent variables were shown in Figures 10 and 11. 
Interaction effect of SF and Hh were not significant on the results but the main effect of both was sig
nificant. The compressive strength and dimensional stability results were highly affected from Hh and 
SF ratios. In addition, Hh has a higher effect on both results. Although SF had an increasing effect on 
the compressive strength of the samples at early ages, it was decreased the compressive strength at 
middle and later ages (see SM Figure S5). The effect of Hh on early strengths may have increased due 
to the accelerating effect of Li2SO4 (Sun et al., 2022). The increase in the Hh ratio was caused the 
expansions on the specimens. In contrast to Hh, the increase in SF ratios were limited the length 
changes in the specimens. On the other hand, the type of CAC shows significant differences on the 
results depending on the raw material ratios. Especially in CA high CAC, the increase in SF ratio from 
0% to 10% was resulted in higher strength increases compared to the other two cement types. Apart 
from this, the decrease in CAC ratios or the increase in SF ratios were caused decreases in compressive 
strengths. It is an expected situation that the amount of hydrated products will decrease due to the 
decrease in the amount of cement. Therewithal, the specimens produced with C12A7 high CAC has 
expanded much more than others. 

3.2. Analysis of microstructure 

3.2.1. Hydration kinetics 
The heat flow curves in the systems were obtained as a result of calorimetry analysis on the samples 
selected for microstructural analysis given in Figures 12–14. 

It is seen in Figure 12 that the first peak formed due to the rapid dissolution of Hh in the systems pre
pared with C12A7 high CAC is almost intertwined with the second peak formed as a result of the 

Figure 16. The crystal phase distributions and the amorphous ratios of samples produced with ‘CA high CAC’ (in-situ XRD 
analysis).  
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Figure 17. The crystal phase distributions and the amorphous ratios of samples produced with ‘CA2 high CAC’ (in-situ XRD 
analysis).  

Figure 18. The crystal phase distributions and the amorphous ratios of samples produced with ‘C12A7 high CAC’.  
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dissolution of the C12A7, and the precipitation of the first hydration products. This situation was more evi
dent in systems produced with CA high CAC due to a slight shift of the second peak to the right (Figure 
13). Similar to this case, the first peaks became highly visible because the second peak shifted more to 
the right in systems produced CA2 high CAC (Figure 14). When looking at all the graphs, it can be easily 
said that this interpenetration is due to the differences on the dissolution and precipitation rates of the 
cement oxides rather than the dissolution of Hh. If this situation is explained with the oxides of the used 
CACs, the dissolution period was occurred at the highest rate in the samples produced with C12A7 high 
CAC, which causes a fast reaction, and on the contrary, the slowest rate of dissolution was observed in 
CACs containing high amount of slow-reacting CA2. As stated by Rodger and Double (1984) and Capmas 
et al. (1990), the induction period required in order for the hydrated phases to precipitate, where starts 
with the dissolution of the calcium aluminate phases in water and ends with the Ca2

þ and Al(OH)4
� ions 

Figure 19. The crystal phase distributions and the amorphous ratios of samples produced with ‘CA high CAC’.  

Figure 20. The crystal phase distributions and the amorphous ratios of samples produced with ‘CA2 high CAC’.  
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reaching a certain concentration in the solution, occurred together with the other periods and without 
any delay because the effect of Li2SO4. 

On the other hand, when the mixtures with the same cement ratios by weight are taken into consider
ation, the SF increased the maximum heats of ternary systems containing SF relative to binary systems, 
between 28% and 32%, 23% and %25, 11% and 13% in systems produced with C12A7 high CAC, CA high 
CAC and CA2 high CAC, respectively. It is possible to explain this effect of SF, which affects hydration 

Figure 21. The DTG curves and total weight loss due to dehydration of the samples (a) F60Hh40, (b) F60f10Hh20, (c) 
F60f10Hh30, (d) F60f30Hh10.  

Figure 22. The DTG curves and total weight loss due to dehydration of the samples (a) S60Hh40, (b) S60f10Hh20, (c) 
S60f10Hh30, (d) S60f30Hh10.  
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rates, in two ways (Bizzozero, 2014): (1) Because of it has particles smaller than cement, SF provided extra 
nucleation area for hydrates to form in the solution. This was significantly accelerated the hydration espe
cially in the first minutes and thus the amount of hydrated product increased in the same time. (2) SF 
also showed a diluting effect in mixtures, allowing enough space for the hydrates to grow and reach the 
appropriate concentration in the solution. 

When looking at all mixtures, the third peak indicating sulphate depletion occurred in ternary systems 
containing 60% CAC, 30% SF, 10% Hh and binary systems containing 80% CA and/or CA2 high CAC and 
20% Hh. Sulphate depletion is an expected situation, since the system containing 60% CAC, 30% SF, 10% 
Hh has the highest CAC/Hh ratio among the systems. Gosselin (2009) has shown that increasing the 
water/cement ratio reduces the slope of the deceleration period of the second peak, in other words, it 
was decreased the reaction rate. Based on this study, it could be said that the absence of the third peak 
in other mixtures with high CAC/Hh ratios may be due to the rapid and early completion of the hydra
tion, because the water/binder ratio (w/b¼ 0.3) was low in these mixtures. On the other hand, unlike the 
binary systems prepared with CA or CA2 high CAC, the third peak does not appear in the binary systems 
prepared with 80% C12A7 high CAC and 20% Hh. This was shown that the amount of CA was also quite 
effective in terms of sulphate depletion 

3.2.2. Hydration products and phase compositions 
XRD analyses were carried out on both in situ and hardened samples, and TGA analyses were only carried 
out on hardened samples so that free water would not affect the analysis parameters, and the phase 
compositions and hydration products were examined. Accordingly, from the XRD analyzes performed 
between 0 and 60 min of in-situ samples, it is seen that the main phase that starts to form from the first 
minutes of hydration in all prepared binary and triple system samples is ettringite (Figures 15–17). In bin
ary and triple systems prepared with C12A7 or CA high CACs, ettringite formation started from the 10th 
minute and continued to increase continuously throughout the 60-minute analysis period (Figures 15 
and 16). In the mixtures prepared with CA2 high CAC, the peaks showing the formation of ettringite 
started to occur 20 min after the start of hydration (Figure 17). Apart from the formation of ettringite, 
other important phases seen in the mixtures are AFm phases such as monosulphoaluminate (Ms), hydro
calumite and thaumasite. It can be said that these structures were formed more in samples where Hh is 

Figure 23. The DTG curves and total weight loss due to dehydration of the samples (a) �S60Hh40, (b) �S60f10Hh20, (c) 
�S60f10Hh30, (d) �S60f30Hh10.  
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used less. However, due to the low water/binder ratio (0.3) chosen in the mixtures, it is also striking that 
Hh and CA were not completely consumed in many systems since the hydration reaction slowed down 
very early. In short, the most important parameter limiting the hydration in the systems was the water/
binder ratio. Str€atlingite, which is expected to form in the systems and is a more stable structure than 
ettringite, was formed in all samples, especially in samples containing high amounts of SF. However, 
apart from the dominant ettringite precipitation, the formation of other phases remained very limited. 

Besides these phases, phases such as CAH10, C2AH8, AH3 and C3AH6, which are expected to occur as a 
result of hydration of CACs, were not observed in the prepared binary and ternary systems either in the 
first hours or in the late age of hydration. On the other hand, these phases are not easily detectable 
experimentally because they have weak crystal structures or are easily soluble. Furthermore, CAH10 is a 
very difficult phase to nucleate (Capmas et al., 1990; Parr et al., 2005). In addition, the solubility of the 
CAH10 phase is quite high at 20 �C where the analysis was performed (Matschei et al., 2007). Moreover, 
phases such as CAH10 and C2AH8 are very difficult to detect by XRD because they have weak crystalline 
structures in the early stages of hydration (Ukrainczyk et al., 2007). AH3 could only transform into crystal 
structures such as gibbsite at the end of high temperatures and in microcrystalline and amorphous struc
tures. For these reasons, it is thought that it is not possible to see these structures during the XRD ana
lysis of the samples. 

Figure 24. The internal structures of binary systems produced with different CACs (the hydration was stopped at the 1st hour). 
(a, b) F60Hh40, (c, d) S60Hh40, (e, f) �S60Hh40. (E, ettringite; Hh, hemihydrate; CP, cement particles; B, void) (the scales of the 
images are different).  
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Figures 18–20 shows the change in the crystal structures of the mixtures prepared with CACs with 
high C12A7, high CA and high CA2 ratios, respectively, in advanced ages of hydration. When the figures 
are examined, it is seen that although the amount of ettringite in the samples decreased a little after the 
24th hour until the 28th day, it also increased at the 90th day. Moreover, it is quite clear that substituting 
10% SF to binary systems containing 40% Hh increases the amount of ettringite formed, especially at 
early ages. More clearly, this difference could be seen in 10% SF added ternary systems produced with 
C12A7 high CAC. In samples produced with CA2 high CAC, hydration progressed more slowly at 24 h com
pared to the other two CAC types. However, 40% Hh added binary systems of samples produced with 
CA2 high CAC, unlike those produced with C12A7 or CA high CAC, produced more ettringite after 24 h 
than 10% SF substituted ternary systems (Figure 20). 

Figure 25. Elementary analyzes of the points shown in Figure 27 (7 kV, in-lens).  

Figure 26. The internal structure of the F60Hh40 sample becomes hollow. (a) 28th day, (b) 90th day.  
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SF substitution was increased the reaction rates in the other two CAC type while decreasing the reac
tion rates in samples produced with CA2 high CAC, especially at early ages, as seen from the isothermal 
calorimetry results. Furthermore, it is seen that SF also increases the early age strength of samples pro
duced with CA2 high CAC compared to binary systems, and this clearly reveals that SF has a filling effect 
that increases the compressive strength in mixtures rather than forming a hydration product at an early 
age. While the addition of a low rate of SF (10%) accelerates the hydration reaction in C12A7 or CA high 
CAC types, the addition of a low rate of SF slows the hydration reaction down in mixtures produced with 
CA2 high CAC, indicating that the amount of Hh in cement containing high alumina is very important in 
terms of reaction kinetics. 

Another critical issue in the analyzes performed on both in situ and late age samples is the change in 
the amorphous/(amorphousþ crystalline) ratio in all hydrated structures according to the sample ages. 
This ratio, which decreases with the transition of ionisation to phase formation and the rapid formation 
of crystalline structures such as ettringite in the first hour of hydration, increases with the increase of 
amorphous structures in the systems at later ages of hydration. On the other hand, as can be seen 
from the plots, the increase and decrease in the amorphous ratio of some samples with time was also 
an indication that crystal structure formations and/or crystal structure-amorphous structure transfor
mations (such as ettringite-AFm transformations) within the samples continued with increasing hydra
tion ages. As a result of these transformations, it clearly reveals that changes on the compressive 

Figure 27. Internal structure images of F60f30Hh10 at different hydration ages. (a, b) 1 h, (c, d) 24 h, (e, f) 28 day (E, ettringite; SF, 
silica fume; str, str€atlingite) (the scales of the images are different).  
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strength and the length were occurred in the mortar specimens. The amorphous hydration products 
formed in the specimens were also examined with TGA and accordingly DTG curves were shown in 
Figures 21–23. 

When the TGA analyzes of the samples were examined, besides ettringite, dihydrate and monocarboa
luminate (Mc) (hydrocalumite, thaumasite, etc.) phases and AH3 were also detected. The peak indicating 
the presence of Str€atlingite (C2ASH8) was not seen in binary systems without SF, but was observed in all 
other systems containing SF. In addition, it could be easily understood from the comparison of the sam
ples containing 30% SF and 10% SF that the increase in the amount of SF in the produced systems leads 
to the formation of str€atlingite at a higher rate. Similarly, the C-A-H structure (CAH10, C2AH8, C3AH6) was 
not detected in the TGA results of the samples, like XRD. This situation manifests those metastable and 
stable phases, which are the main hydration products of CACs, do not form in such ternary and binary 
systems, even if they are amorphous or weakly crystalline in both early and later ages. In addition, from 
the TGA analyzes of all prepared samplesshow that the amount of AH3 in the samples increases with the 
age of the samples. This increase in AH3 indicates that the alumina hydrate formed is not in the form of 
gibbsite, but in a microcrystalline or amorphous structure. Thus, it was evaluated that this increase in the 
amorphous rates, which was also seen in the XRD analysis of the ternary systems, was largely due to the 
formation of AH3. 

3.2.3. Internal structure morphology 
In this study, FE-SEM and EDS analyzes were performed on the samples prepared by choosing different 
material ratios, and the internal structure morphologies of the samples were tried to be determined. 

3.2.3.1. Internal structure morphology of binary systems. When the internal structures of the binary sys
tems were examined, a similar internal structure was observed in three different cement types. The 
reticulated crystal structure is prominent in all images (Figure 24). As could be seen from Figure 25, this 
structure is basically ettringite, considering the presence of Al and S. However, whereas ettringite gener
ally consists of larger diameter needle-shape smooth particles (Poupelloz et al., 2020; Shimada & Young, 
2004), the ettringite seen in this study consists of longer fibrils and interlocking reticulated structures. 
The morphology of hydration products in cementitious materials depends on many factors such as w/b 
ratio, temperature, additives and drying methods, as it is known (Zhang et al., 2018). Mainly, it is known 
that drying methods could change the morphology of crystals that bind large amounts of water like 
ettringite (Pratt & Ghosh, 1983). Zhang et al. (2018) detected ettringite structures similar to the 

Figure 28. Elementary mapping of the F60f30Hh10 sample at the 1st hour hydration (SE, 7 kV).  
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morphology in this study in samples that were suddenly dried with nitrogen, and stated that this sudden 
drying method caused this reticulated morphology. However, in our study, although isopropanol, which 
is known to cause less damage to the internal structure, was used instead of a lyophiliser, the long and 
reticulated ettringite structure shows that the morphology of ettringite is dependent on factors other 
than the drying method. One of these factors is thought to be stopping hydration at a very early age 
(Lange et al., 1991). 

Figure 29. Internal structure images of S60f30Hh10 at different hydration ages. (a, b) 1 h, (c, d) 24 h, (e, f) 28 day, (g, h) 90 day (E, 
ettringite; T, thaumasite; AH3, gibbsite; Hh, hemihydrates; MP, minor phases) (the scales of the images are different).  
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Although it is observed that the inner structure is mainly composed of ettringite at the 24th hour, 
there are also structures such as AH3, thaumasite formed on the cement particles. On the 28th day, the 
ettringite needles are seen in addition to CaSO4. The ettringite structure covered the profile almost 
homogeneously on day 90. One of the critical issues here is the thinning and elongation of the reticu
lated ettringite with the age of the sample. As shown in Figure 26, as a result of this elongation and thin
ning, the microstructure contains more numerous and, more importantly, larger dimensional voids at the 
advanced ages of the samples. This is thought to be one of the reasons for the fluctuations in compres
sive strength of many of the samples, particularly those containing high levels of Hh. 

3.2.3.2. Internal structure morphology of ternary systems. Incontrast to binary systems, the most striking 
difference in the internal structure images of ternary systems containing SF was that they had a much 
denser internal structure (Figure 27). The voids of the reticulated structure of ettringite in binary systems 
were not observed in ternary systems containing high amount of SF. Internal structure images in ternary 
systems proved the filling effect of SF, which is also seen in the hydration kinetics and compressive 
strengths of the samples. 

In Figure 28, the internal structures of the samples produced with a C12A7 high CAC, SF, Hh, respect
ively, 60%, 30%, 10% by weight were given according to their hydration ages. It is observed that a reticu
lated ettringite structure was formed in the internal structure of the samples from the first hour. 
However, unlike the binary system, the ettringite structure could not cover the entire surface. This situ
ation was clearly revealed the importance of gypsum in ettringite dominant systems. The ettringite struc
tures formed in the system, whose hydration was stopped at the end of the first hour, can be easily seen 
with elemental mapping on the sample F60f30Hh10. The S/Al ratio in these structures, which are seen in 
yellow colours (Figure 28), was quite high. 

The internal structure images of the S60f30Hh10 were given in Figure 29. Ettringite formations were 
observed from the first hour in samples produced with CA high CAC, similar to the samples produced 
with C12A7 high CAC. On the other hand, the difference in the proportions of cement oxides also affected 
the structures of the formed ettringites. In these samples, ettringite began to form in the end regions of 
structures which, according to EDX analysis, resembled thaumasite. The thaumasite structure when the 
sample was still in the first hour of hydration seen in Figure 29b, grew together with the ettringite nee
dles as seen in Figure 29d. Moreover, it is seen that the ettringite structure was wrapped in long needles 
in the form of a reticulated structure on the dough at the 28th and 90th days. In addition, ettringite is 
also nucleated on Hh particles (Figure 29f and h). From the spectral elemental analysis of the points 

Figure 30. Elementary analysis of the points and area given in Figure 29.  
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marked in Figure 29, the silica content of the floral structures consisting mainly of thaumasite was also 
higher containing high amount of SF (Figure 30). 

The internal structure images of the �S60f30Hh10 produced with CA2 high CAC at different hydration 
ages were given in Figure 31. Correspondingly to the XRD results, Ettringite formation was less at the first 
hour of hydration when compared to other samples. The cement and SF particles in the sample can be 
easily seen in the first hour of hydration (Figure 31a). However, ettringite needles formed in the first hour 
of hydration were larger diameter and smooth particles in contrast to the reticulated ettringite structure 
formed from mixtures produced with the other two CAC (Figure 31b). In addition, the S/Al ratio of this 
ettringite structure is close to 1 unlike the others. However, it is seen that the ettringite structures formed 
in the sample develop mostly within the voids as shown in Figure 31c–f. 

4. Conclusions 

Within the scope of this study, binary systems were created by using CACs with different oxide types and 
ratios and Hh gypsum, and triple systems were created by adding SF to these systems. In addition, by 
using these materials in different ratios, the effects of these different ratios on the hydration kinetics and 
products of the systems and the morphology of the internal structure were investigated. On the other 
hand, in order to detect the hydration products of the systems from the early ages, the setting 

Figure 31. Internal structure images of �S60f30Hh10 at different hydration ages (a, b) 1 h, (c, d) 24 h, (e, f) 28 day (E, ettringite; T, 
thaumasite; AH3, gibbsite; SF, silica fume) (the scales of the images are different).  
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accelerator (Li2SO4) is used to accelerate the early age strength. As a result of the analysis carried out on 
the samples, the following findings were obtained;  

� In binary and ternary systems, the main hydration product is ettringite, both in early and later ages. 
Except for ettringite, the samples did not encounter metastable and/or stable calcium alumina 
hydrated structures that cause strength and porosity changes. 

� The presence of peaks indicating ettringite formation could be seen from the in-situ XRD results, 
considering the first minutes of hydration. However, both TGA and FE-SEM analyzes of samples 
whose hydration was stopped after 1 h of hydration indicate that the formation of thaumasite, and 
hydrocalumite, is also relatively high. It is thought that these two different results may have resulted 
from different reasons; Firstly, because the XRD reference peaks of thaumasite and hydrocalumite are 
very close to each other, it is very difficult to distinguish between the nested peaks in XRD analyzes 
on both in-situ and hardened samples. Secondly, the reason for the lower amount of ettringite in 
the TGA analysis performed on the samples whose hydration was stopped and dried may be due to 
the AFt – AFm phase transformations due to this drying. Thus, it can be said that all AFt structures 
were formed at a higher rate in the first stages of hydration from XRD and FE-SEM analyzes. 
However, it is quite difficult to completely separate the amounts of these structures in the total 
phase from each other quantitatively. 

� In systems where Hh is used at high ratios, a high early strength was observed as a result of the 
rapid development of ettringite. In addition, as the ettringite continued to form, the expansions in 
the systems continued to increase. On the other hand, the shrinkage may have occurred due to the 
sulphate depletion caused by rapid formation of ettringite in the first minutes and the AFt-AFm 
transformations later in the specimens contain high CAC/Hh ratio. This conversion was also seen to 
some extent in the calorimeter results. 

� The fact that the compressive strengths of CA high CAC are higher than those of C12A7 high CAC, 
which react very rapidly, suggests that the increase in the Al/Ca ratio in the hydration products has a 
positive effect on the compressive strength. The late strength of CA2 high CAC with slow dissolution 
rate is higher than the other two CACs confirms this result. It is also observed that the formation of 
AH3 significantly increases the compressive strength of the specimens. The SF used in the mixtures 
has considerably increased the early age strength of the systems, as it has both a filling effect and 
creates an extra area for the nucleation of hydration products. This nucleation effect of SF is under
stood from the fact that the cumulative heat energies of the ternary systems determined by isother
mal calorimetry are higher than the binary systems. The filling effect in the mixtures can be easily 
seen from the density of the internal structure images of the systems containing SF. On the other 
hand, the amount of expansion in the �S60f10Hh30 is higher than in the F60f10Hh30 at late ages is 
another proof that SD accelerates the reaction of CA2, which can react very slowly, and can form 
higher AH3 and ettringite due to the high alumina content. 

� Another consequence of the formation of str€atlingite in mixtures using a high ratio of SF was that 
the specimens prepared in this way are more stable in terms of dimensional stability. Since str€atlin
gite is a much more stable structure unlike ettringite, the relative length changes in specimens con
taining high ratios of SF were also less than SF not using ones. 

When comparing the results obtained from the three cements, it may be appropriate to use CA high 
CAC when very high early strength is expected, and CA2 high CAC when high ultimate strength and high 
stability are expected from ternary systems. C12A7 high CAC can be used in the production of some non- 
structural repair mortars where high early strength is desired but very high stability is not expected, as it 
is a cheaper cement type compared to other cement types. 

In the light of the results obtained from this study, the following suggestions will contribute to this 
field;  

� The effect of AH3 on mechanical behaviours and its long-term stability should be analyzed. It should 
also be investigated whether there is any relationship with the formation of str€atlingite. 

� The interaction effects on the hydration properties and products of highly reactive oxides of CACs 
should be further investigated. 
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� The effects of changes in the Al/Ca ratio on the morphology of the hydration products should be 
studied in detail. 
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