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Abstract
This paper deals with the design, synthesis, hydration mechanism and hydration products of novel Ba2?-, Cu2?- or Bi3?-

doped CaO–Al2O3–ZrO2-based cementitious materials used for heavyweight concrete mixes. The results of the heating

microscopy thermal analysis indicated that both Cu and Bi in a Ca7ZrAl6O18-based cement clinker can effectively reduce

the sintering temperature by 150–200 �C. Incorporation of barium for the synthesis of calcium zirconium aluminate-based

hydraulic binder increased its thermal resistance since Ba2?-doped Ca7ZrAl6O18 along with accessory (Ca,Ba)ZrO3 with a

perovskite-type structure and BaAl2O4 phases having high melting points were formed. The presence of metal ions, i.e.,

Cu2? or Bi3?, created conditions which were favorable for the formation of hexagonal calcium aluminate hydrates rather

than the cubic one, as confirmed by coupled DSC–TG/EGA–MS thermal analysis techniques and X-ray diffraction. For the

Ba2? doping ions, this effect was the least noticeable. The effect of metal ions including Ba2?, Cu2? and Bi3? on

microstructural features of cement pastes was investigated by SEM–EDS. These doping ions strongly affected the mor-

phologies of Ca–Al hydrates.

Keywords Simultaneous DSC–TG/EGA–MS � Gamma shielding cement composites � Cement hydration �
Microstructure

Introduction

Calcium aluminate cement (CAC) is a mixture of the

clinker phases calcium monoaluminate (CaO�Al2O3,

CaAl2O4 or CA), dodecacalcium hepta-aluminate

(12CaO�7Al2O3, Ca12Al14O33 or C12A7), calcium dialu-

minate (CaO�2Al2O3, CaAl4O7 or CA2) and other minor

constituents like alumina. Quantities of these minerals to

be formed were dependent upon the chemical composition

of raw materials and the consequent molar ratios of CaO to

Al2O3 [1–3].

The hypothesis that the presence of foreign ions in the

composition of given calcium aluminates may noticeably

affect the sintering behavior and hydraulic properties of the

mineral compounds of cement clinker can be formulated.

Hence, investigations of the extent of solid solution

occurring in calcium aluminates are important to cement

technologists. The dopant ions replace cations in the

crystalline lattice of cementitious compounds leading to the

formation of a substitutional solid solution. Such a

replacement may cause distinct deformations and distor-

tions of the crystalline lattice. Hence, the crystal-chemical

environment for Ca and Al atoms changes, as well as the

electron-binding energies [4]. Going into details, the

modification of hydraulic properties of the cementitious

minerals may be achieved by the incorporation of foreign

ions, including cations and anions, into both sublattices.

Many examples can be quoted among the clinker minerals,

some of which were the object of more or less recent

studies by several cement chemistry experts. Among the

many possible examples, we can quote here tricalcium

aluminate (3CaO�Al2O3, Ca3Al2O6 or C3A),
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dodecacalcium hepta-aluminate and calcium monoalumi-

nate. A general formula of C3A can be modified by cations

like Na?, K?, Mg2?, Fe3?, Si4? and others [5–8]. As a

result of experimental research, it was found that these

foreign ions alter the crystal structure and the hydraulic

activity of OPC (ordinary Portland cement) clinker phase

C3A. As an another example, the substitution of Ca2? by

Sr2? in this phase can induce some modifications in the

structure to obtain the mixed Ca/Sr aluminates Ca3-xSrx-

Al2O6, 3 B x B 0, reactions and properties [9]. Further, the

features of the X-ray diffraction pattern suggest that the

incorporation of Sn ions within C3A lattice caused the

deformation of lattice parameters since diffraction peak

positions show a light shifting [10]. Besides, studies of the

effect of Na? doping of CA, C12A7 and C3A have identi-

fied a C3A–Na2O solid solution of different symmetry

form, which was found to decompose into NaAlO2 and

CaO upon doping with larger amounts of Na2O doping

additives [11]. Tian et al. [12] synthesized clinker that has

Na2O-containing minerals (2Na2O�3CaO�5Al2O3 and Na2-

O�Al2O3) and Na2O-doped C12A7 with a poor crystalline

structure. From the structural point of view, Sr2? and Ba2?

ions are widely used to replace Ca2? ions in the crystal

structure of calcium aluminates to form the series of both

CaAl2O4-SrAl2O4 and BaAl2O4-CaAl2O4 solid solutions

[13–16]. The review of the literature points to the possi-

bility of modification of hydraulic properties through

structural modifications by doping with different cations. In

recent years, Ca7ZrAl6O18 and Sr2?-doped Ca7ZrAl6O18

phases arouse interest mainly due to their unique hydraulic

properties to produce a rapid curing mortar [17–19].

Following the review of literature, three main research

objectives for this paper were undertaken. Firstly, sintering

additives are able to activate changes in the sintering

temperature and kinetics of the clinker phases. Secondly,

hydration kinetics of clinker phases can be affected by the

presence of foreign cations. Thirdly, hydration products

may sorb foreign ions by surface processes, or they may

incorporate the ions in their structure by a solid solution

process. Despite the importance of calcium aluminates and

calcium zirconium aluminate and the potential incorpora-

tion of foreign cations such as Ba2?, Cu2? and Bi3?, there

is a lack of research on the effect of ions doping on the

clinker formation in the CaO–Al2O3–ZrO2 system. Hence,

this study will fill the gap in the literature concerning

synthesis, formation mechanism and hydraulic activity of

the metals (Me2?,Me3?)-doped CaO–Al2O3–ZrO2 cemen-

titious materials.

Experimental

Synthesis and methods of investigation

The present study deals with incorporating the BaO, CuO

or Bi2O3 oxides in the raw metal for the synthesis of

Ca7ZrAl6O18-based cement clinkers. The raw metal for the

synthesis of Ba2?-, Cu2?- or Bi3?-doped calcium zirco-

nium aluminate was prepared by mixing of calcium car-

bonate (CaCO3), aluminum oxide (Al2O3), zirconia (ZrO2)

and BaCO3, CuO or Bi2O3 in the mass ratios required for

compositions of 6.5CaO�0.5BaO�ZrO2�3Al2O3,

6.5CaO�0.5CuO�ZrO2�3Al2O3 and 7CaO�ZrO2�0.5Bi2O3-

3Al2O3, respectively. The reference pure clinker mineral

Ca7ZrAl6O18 was prepared by mixing reagent-grade

products in the molar ratio of 7CaO:3Al2O3:ZrO2. The

homogenization of all batches was performed in a labora-

tory ball mill for 2 h. Then, the homogenized powders

were pressed under pressure of ca. 30 MPa to cylindrical

samples of 2 cm in length and diameter. A two-step firing

procedure was used to minimize any inhomogeneity of

samples, as this has been known to occur with one-step

firing processes. The first calcination step was performed at

temperature of 1200 �C with a holding time of 10 h. The

pellets calcined were ground, homogenized and uniaxially

pressed again under 50 MPa. Variation of the second sin-

tering temperature, i.e., 1450 �C (reference and Ba-doped

samples) and below 1300 �C (Cu- and Bi-doped samples),

depended on the modifying cations. The sintering time was

20 h.

The heating microscopy thermal analysis (HMTA) was

applied to study the dimensional changes versus tempera-

ture during heat treatment process of the Ba2?-, Cu2?- or

Bi3?-doped C7A3Z. To this purpose, the powdered sample

calcined at 1200 �C was used to prepare small cubes of

3 mm height, in a manual press. The changing of the

samples shape was conducted by Carl Zeiss MH01

microscope at a heating rate of 10 �C min-1. The data of

the sample height were collected at intervals of 10 �C
during the experiment, and shrinkage curves were

obtained. The relative height change of the sample (dh) was

calculated according to formula 1.

dh Tð Þ ¼ h Tð Þ � h0

h0

� 100=% ð1Þ

where h0, initial height of the sample; h(T), height of the

sample at elevated temperature T.

Microstructure of the ceramic sample was characterized

by scanning electron microscopy (SEM) equipped with an

energy-dispersive X-ray spectroscopy (EDS) system to

allow for the chemical analysis. Sample surfaces were

ground and polished with a 1 lm diamond suspension.

Samples were then coated with a very thin layer of carbon
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and observed under NOVA NANO SEM 200 (from FEI

EUROPE COMPANY) and analyzed with EDS instrument

(from EDAX).

Cement paste preparation and methods
of investigation

The other samples were powdered for the XRD measure-

ment, and the dry cement powders were mixed with water

(w/c ratio 1.0). The cement paste samples were conditioned

at 50 �C and 85% relative humidity for 48 h. The

microstructures of hardened cement pastes were derived

largely from examination of fracture surfaces using SEM–

EDS. Finally, the samples were washed two or three times

more with 100% acetone to remove the remaining water. In

studies of the thermal behavior and decomposition of the

hydrated compounds formed in fully hydrated pastes, the

typical thermal analysis techniques used in addition to

thermogravimetry (TG) were differential scanning

calorimetry (DSC) and evolved gas analysis (EGA). For

this purpose, NETZSCH STA 449 F5 Jupiter coupled to

QMS 403 D Aëolos was used. The following conditions

were maintained during simultaneous DSC–TG–EGA run

of the samples: heating rate—10 �C min-1, atmosphere—

air, sample mass—25 mg, reference material—alumina.

Proof of crystalline mineral phases in both unhydrated

and hydrated cement pastes was performed by X-ray

detection (XRD). The X-ray analysis was performed by a

X’Pert Pro PANalytical X-ray diffractometer. The follow-

ing conditions were maintained during XRD run of the

samples: CuKa radiation, step size of 0.02� 2-theta, a scan

range from 5.00� to 40�, temperature 25 �C.

Results and discussion

Heating microscopy of Ba21-, Cu21- or Bi31-
doped C7A3Z

Calcined Ba2?-, Cu2?- or Bi3?-doped C7A3Z samples

sintering evaluation was done by heating microscopy

thermal analysis (HMTA). The relative height changes of

the sample (dh) versus temperature were presented as

expansion and/or shrinking curves and are shown in Fig. 1.

This figure shows, as examples, the heating microscope

images registered at 1390 �C. Compared to the respective

initial height of each sample, there was a mean shrinkage

of ca. 21% (Cu-doped sample) and ca. 50% (Bi-doped

sample) at 1390 �C, which was promoted by the presence

of the liquid phase formed during the sintering process. The

effect is clearly visible for Bi-doped sample. The lower

sintering temperature of both samples as a dimensional

variation corresponding to the - 2% with respect to the

first image acquired, which is taken to be 100%, was

established as ca. 1280 �C (Cu-doped sample) and ca.

1260 �C (Bi-doped sample). Hence, it was found that Cu

and Bi in a Ca7ZrAl6O18-based cement clinker can effec-

tively reduce the sintering temperature by 150–200 �C,

compared with both pure and Ba-doped Ca7ZrAl6O18.

Phase composition and microstructure of Ba21-,
Cu21- or Bi31-doped C7A3Z

This section uses several analytical techniques (XRD and

SEM–EDS) for the analysis of undoped C7A3Z and the Ba-

, Cu- and Bi-doped C7A3Z samples, aiming to identify

different phases within the sinters. The results of XRD

analysis of the samples as-synthesized are presented in

Fig. 2a–d. The diffraction peaks are well matched to the

corresponding JCPDS card data, and results are summa-

rized in Table 1. The results in Figs. 3–6 show the effect of

ion doping on the microstructure of the C7A3Z-based sin-

tered samples.

In the XRD pattern of the undoped C7A3Z sample

(Fig. 2a), all the main peaks related to pure heptacalcium

zirconium hexaaluminate (JCPDS No. 98-018-2622). Fig-

ure 2b-d shows the enlarged XRD patterns for the syn-

thesized Cu-, Bi- and Ba-doped samples corresponding to

(321), (231), (400), (222) and (040) planes, which indicate

significant shifts of the diffraction peaks for all the metal-

doped samples. The reason for the left shift (Fig. 2d) is due

to the substitution of Ba2? at the Ca2? site of the lattice.

Two cations Ca2? and Ba2? have difference in their ionic

radii (1.14 Å and 1.49 Å), and hence, one should expect

shift in X-ray diffraction peaks. Likewise, Fig. 2c shows a

clear left shift of all 2-theta values. With all substituted

samples besides the metal-doped calcium zirconium alu-

minate as major phase, the crystalline secondary phases

appeared in all cases. Secondary phases were identified by
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Fig. 1 Shrinkage curves of Cu-, Bi- and Ba-doped C7A3Z sample
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JCPDS cards and are listed in Table 1. Although an

interesting case can be seen with the sample sintered with

copper oxide additive (Fig. 2b), some of the peak positions

of the line profile shifted to a lower angle ((231), (222) and

(040)), while the others shifted to higher angle (400). This

non-uniform shift of peak positions in XRD pattern

(Fig. 2b) can probably be caused by the ‘‘non-uniform’’

lattice distortion of Ca7ZrAl6O18 compound. It is note-

worthy, that, no diffraction peaks from and Cu-, Bi- and

Ba-containing minor or accessory phases were detected in

the range 2h from 32� to 35� (Fig. 2a–d), indicating that

these metal ions have partly incorporated into Ca7ZrAl6O18

lattice.

SEM–EDS analysis was used to confirm the chemical

compositions and appearance of different phases.

Microstructure observations confirmed that different

microstructures correspond well to the different doping

ions. Figure 3 shows the typical microstructure of as-sin-

tered coarse-grained calcium zirconium aluminate (point 1

in Fig. 3) with randomly dispersed inclusions of calcium

zirconate (point 2 in Fig. 3).

The sintered Cu-doped C7A3Z sample exhibits mixed

coarse-grained (point 1 in Fig. 4a) and fine-grained (point 2
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Fig. 2 X-ray diffraction patterns of calcium zirconium aluminate

(a) and doped with copper oxide (b), bismuth oxide (c) and barium

oxide (d). BA = BaAl2O4 as an accessory phase

Fig. 3 SEM micrograph of undoped C7A3Z sample

Table 1 Crystalline phases in undoped, copper oxide-, bismuth oxide- and barium oxide-doped sintered samples identified by X-ray diffraction,

according to JCPDS cards and confirmed by SEM–EDS

Sample Phase JCPDS Card No.

Undoped C7A3Z Ca7ZrAl6O18 ??? 98-018-2622

CaZrO3 ? 00-035-0790

Cu-doped C7A3Z Ca7ZrAl6O18 ??? 98-018-2622

Cu-containing phase ? Unmatched to JCPDS card data, but confirmed by SEM–EDS

CaZrO3 ? 00-035-0790

Bi-doped C7A3Z Ca7ZrAl6O18 ??? 98-018-2622

4.2CaO�5.8Bi2O3 ?? 00-049-1542

CaZrO3 ? 00-035-0790

Ba-doped C7A3Z Ca7ZrAl6O18 ??? 98-018-2622

Ba0.8Ca0.2ZrO3 ? 98-009-7471

BaAl2O4 ? 98-001-6845

??? Major, ?? Minor, ? Accessory

4334 D. Madej, R. Boris
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in Fig. 4a) microstructures. Figure 4b shows the elemental

analyses of the main mineral of sintered matrix in the form

of Cu-doped Ca7ZrAl6O18. According to the SEM obser-

vations (Fig. 5a), the sintering products of Bi-doped C7A3Z

sample are formed through a liquid phase. As shown in

Fig. 5a, in the connection area, the minor phase is the

calcium bismuth oxide melt, which is confirmed by EDS

analysis (point 2). The main phase is in the form of Bi-

doped Ca7ZrAl6O18, which is confirmed by EDS analysis

(Fig. 5b). Figure 6a is an example of a fine and homoge-

nous microstructure of the Ba-doped Ca7ZrAl6O18 (point 1)

with secondary phases such as BaAl2O4 (point 2) and

(Ca,Ba)ZrO3 (point 3). The results discussed in this section

points to the general conclusion that the doping of Ba2?,

Cu2? and Bi3? ions induces microstructural changes in

C7A3Z samples.

Phase composition of Ba21-, Cu21- or Bi31-
doped hydrated C7A3Z cements

X-ray diffraction patterns of all the samples were obtained

at 48 h from mixing. A control paste was prepared from

Ca7ZrAl6O18 without any doping ions. The powder X-ray

diffraction patterns of the undoped hydrated C7A3Z, Ba-

doped hydrated C7A3Z, Cu-doped hydrated C7A3Z and Bi-

doped hydrated C7A3Z are illustrated in Fig. 7. Almost all

the peaks of the XRD pattern in Fig. 7A-a can be indexed

to the pure cubic phase Ca3Al2O6H2O6 (JCPDS Card, No.

01-071-0735), meaning that the hydration of the Ca7-

ZrAl6O18 phase is very fast and thus the consumption is

noticeable during the 48 h. The results of the secondary

phases detected by XRD agree with the phase equilibria of

CaO–Al2O3–H2O system and the results presented else-

where [20, 21] well.

The diffraction patterns of the Ba-, Cu- and Bi-doped

hydrated C7A3Z sample reveal a multiphase character, with

the stable cubic phase Ca3Al2O6H2O6 as the main hydra-

tion product and hexagonal hydrates being the main sec-

ondary phases. It needs to be highlighted that two

thermodynamically unstable calcium aluminate hydrate

phases C2AH8 and C4AH19 were formed in the metal ion-

doped C7A3Z samples (Fig. 7A b–d). X-ray patterns of

these two phases are almost coincident, so it was difficult

to distinguish these two phases. Usually, the XRD of the

C2AH8 shows the 100% intensity peak centered typically at

2h = 8.170� (d = 10.81270 Å), whereas a characteristic

peak of the C4AH19 is centered at 2h = 8.301�

1.0 4.0 8.0 keV

(a)

(b)

Fig. 4 a SEM micrograph of Cu-doped C7A3Z sample. EDS analysis

in points 1 and 2—Cu-doped Ca7ZrAl6O18, 3—Cu-containing

accessory phase. b Typical SEM–EDS spectrum of Cu-doped

Ca7ZrAl6O18 in points 1 and 2 of Fig. 4a

1.0 4.0 keV

(a)

(b)

Fig. 5 a SEM micrograph of Bi-doped C7A3Z sample. EDS analysis

in point 1 Bi-doped Ca7ZrAl6O18, 2—calcium bismuth oxide minor

phase, 3—CaZrO3. b Typical SEM–EDS spectrum of Bi-doped

Ca7ZrAl6O18 in point 1 (a)

Synthesis, characterization and hydration analysis of Ba2?-, Cu2?- or Bi3?-doped CaO–Al2O3–ZrO2… 4335

123



(d = 10.64350 Å). In the metal ion-doped C7A3Z samples,

the peak that corresponds to hexagonal hydrates shifts

toward the higher 2h angles, as can be observed in Fig. 7B.

It is also note worthy that in diffraction patterns of pastes

containing Cu and Bi, the peaks of both C2AH8 and

C4AH19 have higher intensity than the one in sample

containing Ba. A general conclusion that one can draw

from the research reviewed in this part is that doping of

Ca7ZrAl6O18 phase especially with Cu and Bi and also Ba

promotes the formation of metastable hexagonal phases.

Further, C2AH8 hydrate is more produced in hardened Cu-

doped C7A3Z cement paste than in other hardened cement

pastes. These results also confirmed the expected deceler-

ation of Ca7ZrAl6O18 cement hydration due to the effect of

‘‘foreign metal’’ doping. The unhydrated residuals were

recognized in XRD patterns by the presence of the most

intense peaks of Ca7ZrAl6O18 (Fig. 7B b–d).

Dehydration mechanism of Ba21-, Cu21- or Bi31-
doped hydrated C7A3Z determined by combined
DSC–TG–EGA–MS

Combined with the X-ray diffraction analysis, DSC–TG–

EGA–MS curves of undoped C7A3Z and the Ba-, Cu- and

Bi-doped C7A3Z samples can be a further qualitative

analysis of the changes in the composition of the hydration

products due to the effect of ‘‘foreign metal’’ doping. TG,

DSC and EGA–MS curves are shown in Fig. 8a–d. Typi-

cally, the DSC curves are used merely as fingerprints for

the identification of different crystalline and non-crys-

talline hydrates which are obtained via hydration of cal-

cium aluminate (CACs) and Ca7ZrAl6O18 cements under

different curing conditions [22]. For example,

Ukrainczyk et al. [23] studied dehydration of a layered

double hydroxide C2AH8. From DTG curve, they con-

cluded that the thermal decomposition of C2AH8 is an

endothermic process which takes place in three main steps,

at about 110, 175 and 300 �C (or at 100, 160–200 and 250–

300 �C [24]). Fleisher [25] and Hill [26] have reported that

the thermal decomposition temperature of C4AH13–19 is in

the range of 200–280 �C or at 250 �C. Monocarboalumi-

nate 3CaO�Al2O3�CaCO3�11H2O (C4A �CH11; �C=CO2)

gives a typical broad endothermic peak in the temperature

range of 160–200 �C, located similar to C2AH8 [27].

According to the result given by Barbakadze et al. [24], the

cubic compound C3AH6 displays an endothermic effect at

330 and 500–520 �C. Other references to thermal stability

of hydrated calcium aluminates can be found in Ref. [28]

and presented as follows: The endothermic effects in the

range 140–150 �C and 240–285 �C are attributed to

hexagonal C2AH8 and C4AH13 hydrates, respectively, and

the two endothermic effects at 290–300 �C and

460–500 �C are attributed to the cubic C3AH6 hydrates.

Typical DSC plot of undoped hardened C7A3Z paste

cured for 48 h at the curing temperature of 50 �C is shown

in Fig. 8a in which the endothermic peaks at 264 and

302 �C corresponding to H2O? emission are attributed to

Al(OH)3 and C3AH6, respectively [21]. Differential ther-

mal analysis of the Cu-doped hydrated C7A3Z sample

helped to establish that among the calcium aluminate

hydrates, the most possible is C2AH8, which displayed an

endothermic effect at 88, 145 and 292 �C (Fig. 8b), while

the last endothermic effect at 292 �C also represents the

dehydration of C3AH6. Cement pastes containing foreign

Ba or Bi ions display similar evolved gas profiles for H2O?

(Fig. 8c–d) with the dominant peak present around 290 �C,

which could be due to dehydration of crystalline C3AH6.

Other endothermic effects corresponding to H2O? emission

at 77 and 139 �C in Fig. 8c and at 124 and 146 �C in

Fig. 8d due to C2AH8 are also observed. The endothermic

2.0 4.0 keV

(a)

(b)

Fig. 6 a SEM micrograph of Ba-doped C7A3Z sample. EDS analysis

in point 1 Ba-doped Ca7ZrAl6O18, 2—BaAl2O4, 3—(Ca,Ba)ZrO3.

b Typical SEM–EDS spectrum of Ba-doped Ca7ZrAl6O18 in point 1

(a)
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effect caused by dehydration of 3CaO�Al2O3�Ca(OH)2-

18H2O, which was identified previously by XRD in the Ba-

, Cu- and Bi-doped C7A3Z samples, overlaps with the

broad endothermic effect at ca. 290 �C which is due to

ongoing decomposition of C3AH6. Also, the endothermic

peaks of C4A �CH11 and Ca2Al(OH)7�3H2O phases were not

readily discernible on the curves, indicating thereby that

the amount of both C4A �CH11 (Fig. 8a–d) and Ca2-

Al(OH)7�3H2O (Fig. 8c) formed was very small. There

were observed only traces of C4A �CH11 (Fig. 7A a–d) and

Ca2Al(OH)7�3H2O (Fig. 7A d) in the XRD patterns.

The results discussed in this section led us to the general

conclusion that the ability of cement pastes to develop

stable cubic hydrate C3AH6 and AH3 (gibbsite) can be

ranked as follows, according to both the presence of

unhydrated residues and the formation of metastable and

stable phases: undoped hydrated C7A3Z[Ba-doped

hydrated C7A3Z[Bi-doped hydrated C7A3Z[Cu-doped

hydrated C7A3Z.
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Fig. 7 A X-ray diffraction

patterns of the undoped

hydrated C7A3Z (a), Ba-doped

hydrated C7A3Z (b), Cu-doped

hydrated C7A3Z (c), Bi-doped

hydrated C7A3Z (d), where

filled diamond Ca3Al2O6H2O6

(JCPDS No. 01-071-0735),

filled circle

3CaO�Al2O3�Ca(OH)2�18H2O

(JCPDS No. 00-042-0487) and

2CaO�Al2O3�8H2O (JCPDS No.

00-045-0564), r Al(OH)3

(JCPDS No. 00-007-0324),

?3CaO�Al2O3�CaCO3�11H2O

(JCPDS No. 00-041-0219),

open square: Ba0.8Ca0.2ZrO3

(JCPDS No. 98-009-7470),

open circle Ca2Al(OH)7�3H2O

(JCPDS No. 00-016-0333),

; Ca7ZrAl6O18 (JCPDS No.

98-018-2622), * CaZrO3

(JCPDS No. 00-035-0790) and

B over a narrow range of 2 theta
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Microstructure of Ba21-, Cu21- and Bi31-doped
hydrated C7A3Z

In this experiment, the morphology of hydrates between

hardened undoped C7A3Z cement paste and doped with

three different metal ions (Ba2?, Cu2? and Bi3?) was

further observed with SEM, so as to provide a clearer

analysis. A typical SEM micrograph of the undoped

Ca7ZrAl6O18 hydrated at 50 �C for 48 h is presented in

Fig. 9, showing the somewhat spherical, cubic C3AH6

crystals and agglomerated rounded gibbsite crystals. Fig-

ure 10 shows an SEM image of closely packed thin plates

of hexagonal calcium aluminate hydrate with composition

C2AH8 (point 1) formed within the Cu-doped C7A3Z

cement paste. Crystalline hydrates, such as C3AH6 (point
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Fig. 8 Simultaneous DSC–TG curves of the undoped hydrated

C7A3Z (a), Cu-doped hydrated C7A3Z (b), Bi-doped hydrated

C7A3Z (c) and Ba-doped hydrated C7A3Z (d) measured in air at flow

rate 50 mL min-1 (heating rate 10 �C min-1, initial mass of sample

25 mg). EGA–gas evolution curve for representative mass spectro-

scopic ion fragments of H2O? (m/z = 18) vapors

Fig. 9 SEM image of hardened undoped C7A3Z cement paste cured

at 50 �C for 48 h

Fig. 10 SEM image of hardened Cu-doped C7A3Z cement paste

cured at 50 �C for 48 h. EDS analysis in point 1—hexagonal crystals

of calcium aluminate hydrates
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1) in the form of cubic crystals and C2AH8 (point 2) as a

thin well-formed hexagonal platelet crystals, were clearly

distinguished in the SEM image of hardened Bi-doped

C7A3Z cement paste (Fig. 11). This microstructure also

consists of thin, irregular flakes of C4AH19 hydrate that fills

the space between hydrated calcium aluminate crystals.

The EDS analysis of the point 1 (Fig. 12a, b) indicated that

the barium was incorporated in Ca–Al hydrates. An addi-

tional EDS point analysis made from an elongated crystal

indicated that this particle contains mainly Ba, Al and O

with minor Ca and can be recognized as Ba-Al hydrates

(point 2 in Fig. 12a, c). One valuable conclusion that could

be drawn from this experiment is that the metal ions

including Ba2?, Cu2? and Bi3? can strongly affect the

morphological properties of Ca–Al hydrates.

Conclusions

This research project aimed in the studies of synthesis,

reaction mechanism and phases formation during hydration

process of novel Ba2?-, Cu2?- or Bi3?-doped Ca7ZrAl6-

O18-based fast-setting cements. The complete sintering to

melting thermal behavior of the Ba2?-, Cu2?- or Bi3?-

doped Ca7ZrAl6O18 was studied by heating microscopy

thermal analysis (HMTA). The hydraulic behaviors and

phase evolution were discussed regarding XRD, DSC–TG–

EGA–MS and SEM–EDS results. Some general conclu-

sions can be drawn based on the results of this work:

1. Efforts to reduce the sintering temperature of Ca7-

ZrAl6O18, resulted in discovery that Cu2? and Bi3?

metals additions were effective via liquid phase

sintering and activated sintering. The sintering tem-

perature drops to about 1300 �C.

2. Barium doping can increase the thermal resistance of

Ba2?-doped Ca7ZrAl6O18-based cement clinker since

the accessory (Ca,Ba)ZrO3 with a perovskite-type

structure and BaAl2O4 phases were also formed.

3. The presence of selected metal ions (Cu2?, Bi3?)

created conditions which were favorable for the

formation of hexagonal calcium aluminate hydrates

rather than the cubic C3AH6 one. The role of Ba2?

doping ions in this matter was the least noticeable.

4. Microstructural features of cement pastes modified

with metal ions including Ba2?, Cu2? and Bi3? were

investigated by SEM–EDS. These doping ions strongly

affected the morphological properties of Ca–Al

hydrates.

5. A group of novel cements containing heavy metals (the

metals with their atomic mass heavier than 50) for

special applications with new and innovative technolo-

gies as components of X-rays and gamma radiation

shielding concretes is proposed.
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Fig. 11 SEM image of hardened Bi-doped C7A3Z cement paste cured

at 50 �C for 48 h. EDS analysis in point 1—cubic crystals of C3AH6

hydrate and 2—hexagonal crystals of calcium aluminate hydrates

2.0 4.0 keV 2.0 4.0 6.0 keV

(a)

(b) (c)

Fig. 12 a SEM image of hardened Ba-doped C7A3Z cement paste

cured at 50 �C for 48 h. EDS analysis in point 1—hexagonal crystals

of Ba-doped calcium aluminate hydrates and 2—Ba-rich hydrated

aluminate phase. b Typical SEM–EDS spectrum of hexagonal

crystals of Ba-doped calcium aluminate hydrates in point 1 presented

in a. c Typical SEM–EDS spectrum of crystals of Ba-rich hydrated

calcium aluminate phase in point 2 presented in a
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