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Abstract

Techniques that monitor in situ the setting and hardening of calcium aluminate cements (CACs) are of interest to the engineering

community. This paper focuses on one non-destructive technique, X-ray computed tomography (CT). The early hydration of the

cement can be followed from a few minutes to a few hours after mixing. This technique is based on both X-ray absorption mea-

surements and qualitative observations in chosen axial cross-sections. Results concerning an aluminous cement, Secar 71, are

presented (water-to-cement weight ratio: 0.33; duration: 0–24 h). Information deduced from these measurements clearly show that a

strong variation of X-ray absorption values occurs during the early age of hydration. Both quantitative and qualitative analyses of

CT data allow a chronology of cement setting to be proposed.

� 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Calcium aluminate cements (CACs) are a range of

ceramic materials which are of interest not only to in-
dustrialists since they cover a wide market in civil en-

gineering, refractory industry or specific niches, but also

to the materials science community [1–3]. In particular,

the complete understanding of hydration mechanisms at

an early age, from a few minutes to a few hours after

mixing the constituents, is not totally achieved. Several

approaches to describe the nature and the formation of

hydrates during this early stage have been reported in
the literature [4–29]. Conductivity and pH measure-

ments, usually carried out on dilute systems, enable to

describe hydration as a dissolution and precipitation

process [4,5]. Classical techniques such as thermal

analysis, X-ray diffraction (XRD), scanning electron

microscopy (SEM) give information about the chemical

nature and the morphology of the hydrates. Besides

these characterisations which have been done ex situ, i.e.

after stopping cement hydration, there are in situ ana-
lyses by proton and aluminium nuclear magnetic reso-

nance [10,11] or neutron diffraction [12,13] which have

been carried out on small volumes of specimen. There is

a need for characterisation techniques which are capable

of providing information on larger samples and in situ.

In this respect, ultrasonic characterisations can fulfil this

dimensional requirement [16–28] and provides a non-

destructive evaluation of the mechanical characteristics
of the material. This last aspect is essential to optimise

the drying process and the mechanical performance of

the final object. An example of practical interest is to be

able to improve the production yield of pre-cast ele-

ments for the refractory industry. Amongst other pa-

rameters, the mechanical performance is related to the

cement density and its variation as a function of setting

time. One classical method to determine bulk density
changes is based on Le Chatelier’s shrinkage. However,

this procedure gives only an average behaviour. In the

present paper, we wish to introduce another in situ and
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non-destructive technique to characterise the cement
hydration at early age. It is based on X-ray computed

tomography (CT), which has already proven to be reli-

able for the evaluation of density and porosity distri-

butions on green and sintered compacts [30–34]. CT is

appropriate for the inspection of a range of components

being non-contact, non-invasive and unlimited by the

complexity of internal and external surfaces. Moreover,

high-energy CT systems can penetrate large objects
fabricated from a wide variety of materials. The results

reported here refer to Secar 71.

2. Experimental procedure

2.1. Preparation of the cement paste

Although it is well known that CACs are nowadays

used in very small amounts in refractory castables, we

have chosen to use a large sample of cement paste alone

in order to focus specifically on the hydration reac-
tion of the paste. The reason behind this choice is

that CAC has its own reactivity and mixing it with other

constituents, such as sand or an admixture, can modify

the hydration mechanism due to possible chemical

interactions between the cement and these other prod-

ucts.

One batch of paste has been prepared with a

water-to-cement weight ratio (W/C) equal to 0.33 which
is commonly used in industry. This batch, called SE033,

has been mixed according to the normalised procedure

No. CEN 196-3. After mixing, the paste was poured

into a silicone foam mould (90 mm� 90 mm� 30 mm)

prior to CT measurements. Dimensions of the mould

have been chosen to be representative of volume effects.

Silicone foam has been selected for the moulds in order

to follow the shrinkage of the cement paste during hy-
dration. A possible separation between the mould and

the tested material is then avoided. The experiments

were carried out at 20 �C and 95% relative humidity.

The cement used was Secar 71 from Lafarge Aluminate.

Its composition and physical characteristics (supplied by

Lafarge) are given in Table 1.

2.2. Characterisation techniques

2.2.1. Description of CT technique

X-ray computed tomography was used to monitor

density changes in the material during hydration from a

few minutes to a few hours after mixing. This technique

allows the transmittance, T, through the length d of the

sample under test to be measured. T is defined by Beer–

Lambert’s law:

T ¼ I
I0
¼ e�ðldÞ; ð1Þ

where I and I0 are the final and the initial intensities,
respectively. l corresponds to the linear absorption co-

efficient (in cm�1); it depends on the wavelength of the

radiation, the nature of the absorber and is directly re-

lated to the atomic density of the material [30].

Eq. (1) only applies to monochromatic X-rays and to

a perfectly homogeneous material. A typical system for

medical or industrial applications uses a source which

emits polychromatic electromagnetic waves. Addition-
ally, the tested material in the present case, i.e. cement

paste, is far from being homogeneous. The CT system

used is assumed to operate on volume elements

which are small enough to be considered homogeneous.

As the absorption (also called attenuation ¼ 1�
transmittance), can be easily deduced from Eq. (1), the

collection of absorption measurements over many views

allows a 2D cross sectional image (CT image) to be
mathematically constructed. The values of the absorp-

tion coefficients are transformed into CT numbers using

the international Hounsfield scale:

CT number ¼ lmaterial � lwater

lwater

� 1000 ðHUÞ; ð2Þ

where lmaterial and lwater are the linear absorption coef-

ficients (in cm�1) of the material under test and water,

respectively. The CT numbers, in Hounsfield units
(HU), are representatives of the mean X-ray absorption

associated which each element area of the CT image.

The result of this computer treatment is a map of linear

absorption coefficients within the studied cross-section.

Table 2 gives the CT scan parameters of the equipment

(model high Speed Advantage from GE).

Table 1

Chemical composition, either in nature of cementitous phase or in oxide, for the cement

Chemical composition Percentage (wt%)

Cementitous phase CaAl2O4 (or CA) 56

CaAl4O7 (or CA2) 38

Al2O3a <6

Ca12Al14O33 (or C12A7) <1

Oxide CaO 26.6–29.2 wt%

Al2O3 69.8–72.2 wt%
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In order to describe the absorption variations as a

function of setting time on either a bulk or local scale,

2D reconstruction of the sample was determined from

slices 1 mm thick. These slices were contiguous. Con-

sidering the initial dimensions of the sample, 90 views

were taken in order to scan the whole specimen. For

three selected slices (two towards the sample edges, one

in the middle), different types of CT measurements
were carried out; the scanning configuration is shown in

Fig. 1.

On each slice, the variations of CT number along

longitudinal ðyÞ and vertical ðzÞ lines were taken (Line

Graph). In addition, the average values of CT number

for special regions of interest (ROI) of the slice were

also taken. Finally, a histogram of the CT images (CT

numbers distribution) was recorded. Fig. 2 illustrates
these different measurements.

2.2.2. Background on CACs hydration process

The full description of hydration mechanism of cal-
cium aluminate cements requires the use of several

techniques such as calorimetry, conductivity, X-ray

diffraction, thermal analysis and scanning electron mi-

croscopy.

The most encountered theory based on the results
obtained involves congruent dissolution of anhydrous

phases followed by precipitation of hydrates (Le

Chatelier’s theory). Experiments on dilute systems have

been interpreted from this theory. According to this

approach, grains of CA dissolve under the form of Ca2þ

and AlðOHÞ�4 ions. Their concentration rapidly reaches

supersaturation compared with that is necessary for

hydrate formation. Therefore, nuclei of hydrates start to
form. After this nucleation phase, also called the ‘‘dor-

mant period’’, a growth step takes place. It is charac-

terised by a massive precipitation of hydrates which is

accompanied with a significant heat generation. During

this stage, crystallised hydrates are developing. In real-

ity, though these hydrates form very early, i.e. just after

mixing the constituents, they cannot be detected imme-

diately by XRD [27]. Two hypotheses about this last
remark can be done. The germs of formed hydrates (in

their crystal form) are too small to be detected by XRD

or more probably the germs are in their amorphous

form. It is well known that the type of formed hydrates

in CACs is temperature dependent. Four different types

of hydrates can be present in the material, namely

CAH10, C2AH8, C3AH6 and AH3 in cement notation (C

for CaO, A for Al2O3 and H for H2O), according to the
following reactions:

CAþ 10H ! CAH10 T < 15 �C ð3Þ
2CAþ 11H ! C2AH8 þAH3

15 �C < T < 30 �C ð4Þ
3CAþ 12H ! C3AH6 þ 2AH3 T > 30 �C ð5Þ
The mentioned temperature limits are not strict. In the

present experiment, since the dimension of the sample

is fairly large, an important self-heating has been ob-

served (highest temperature measured inside the sample:
64 �C). Consequently, depending on the position inside

the cement sample, reactions (3), (4) or (5) can occur.

3. Results and discussion

3.1. Qualitative observations

Fig. 3 shows the CT images obtained for slice S2 and

for increasing times after mixing. A notable evolution of

the greyscale can be observed as long as the curing time

increases.

From 0 h to approximately 3 h after mixing, the

corresponding CT image (Fig. 3(a)) exhibits a fairly

homogeneous level of greyscale which suggests that the

X-ray absorption of the tested medium is also relatively
homogeneous. A more accurate examination of the

micrograph shows that a clearer layer can be observed at

the bottom of the sample. This specific zone, whichFig. 1. Scanning configuration of the cement specimen.

Table 2

CT scan standard parameters

Parameter Standard setting

Field of view (FOV) 150 mm

Slice thickness 1 mm/5 mm

Type of slice Contiguous

Slice per sample 90/20

Display matrix 512� 512 pixels

Reconstruction matrix 512� 512 pixels

Spatial resolution ð150=512Þ � 300 lm
Exposure time 1 s

X-ray tube voltage 120 kV

X-ray tube current 200 mA
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corresponds to a localised high-density area, can be

probably related to an early sedimentation phenomenon

due to the difference of density between the water and

the anhydrous powder. As already said, during this pe-

riod, called the dormant period, a small number of hy-
drates starts to nucleate. This stage has already been

characterised [35,36] by electrical measurements at high

frequency (1 MHz–1.8 GHz). These hydrates, which are

probably amorphous, are of nanometric dimensions;

this is too small to be resolved by the CT scan. There-

fore, the CT image relates to the simultaneous presence

of water and cement.

At 3.5 h after mixing (Fig. 3(b)), a dark area appears
in the centre of the specimen. This reveals a notable

drop in the X-ray absorption of the material. It is im-

portant to note that the highest temperature value re-

Fig. 2. Examples of typical CT measurements: (a) longitudinal line graph, (b) vertical line graph, (c) ROI (1: left, 2: centre, 3: right), (d) histogram.
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corded inside the sample is around 64 �C. At this tem-
perature, some water can evaporate. The combination of

this water evaporation and the chemical reaction taking

place in the sample could induce a notable variation of

the average X-ray absorption coefficient. Moreover,

some rounded patterns are clearly visible in the CT

image. This observation could be related to a well

known phenomenon in CAC pastes, the ‘‘nodular set-
ting’’, where precipitation occurs in only a few isolated

nuclei, forming nodules [37]. Besides, an absorption

gradient is observed between the centre and the edges of

the specimen under test. This fact can be related to the

heterogeneity of the thermal field which exists in the

material during setting. The massive formation of

hydrates is associated with an exothermic reaction

[5,10,28]. In our case, the diffusion of heat in the mate-
rial is heterogeneous and can induce a gradient in hy-

drate formation within the volume of the sample. In the

heart of the sample, where the temperature is the high-

est, the hydration is more advanced than at the edges.

As the curing time increases, the hydration continues

and a clearing of the corresponding CT image (Fig. 3(c))

is observed. To summarise, from 3 to 5.75 h after mix-

ing, where massive hydration takes place, the X-ray

absorption decreases (Fig. 3(b)), and subsequently in-

creases (Figs. 3(c) and (d)). During this period, the

material is also stiffening [28].

Beyond this time, the evolution of the greyscale on

the CT image is less marked as the setting time increases

(comparison between Fig. 3(d) and (e)), and the grey

seems to be more uniform. The greyscale of the corre-

sponding CT image (Fig. 3(e)) is slightly darker than the
initial one (Fig. 3(a)). This observation denotes that the

final average X-ray absorption of the set cement is lower

than in the initial mix.

4. Quantitative measurements

In order to validate the preceding hypothesis, some

quantitative measurements have been performed on

several slices at different curing times. The histograms of

the corresponding CT images, already discussed in the

previous paragraph, are presented in Fig. 4.

This graph clearly shows what we can call a ‘‘boo-
merang effect’’ of the average X-ray absorption varia-

tion. The initial value is nearby 1650 HU. After 2 h, a

drop from 1650 HU to approximately 1300 HU is

Fig. 3. CT images for the S2 slice and for different times after mixing: (a) 1 h, (b) 3.5 h, (c) 5 h, (d) 5.75 h, (e) 24 h.

T.J. Chotard et al. / Cement & Concrete Composites 25 (2003) 145–152 149



observed. From 5 h, the average X-ray absorption in-

creases again to reach its final value (1550 HU). Con-

sidering this variation of X-ray absorption, some

explanation can be proposed. As we know, the X-ray

absorption coefficient depends on the wavelength of the
radiation, the nature of the absorber and is directly re-

lated to the atomic density of the material. The organ-

isation of the atoms in the considered volume can also

induce a variation of this coefficient. It has been shown

recently [28] that during the dormant period, the hy-

drates which start to nucleate are probably in an

amorphous form and as the reaction continues, a mas-

sive precipitation of these amorphous germs occurs.
Thereafter, a crystallised form of the hydrates can be

detected by XRD measurement [27]. It is important to

note that the original mix contains crystalline particles

(the anhydrous powder). It is the same for the final

product (anhydrous and hydrates). A possible explana-

tion of the ‘‘boomerang’’ variation of the average X-ray

absorption coefficient could be summarised as follows:

crystalline particles in the initial mix (anhydrous pow-
der) keep the average absorption coefficient at around

its initial value. Then, the massive precipitation of small

amorphous germs induces a local variation of the

atomic density especially in the centre of the sample

where the highest temperature has been recorded. At

this time, water evaporates. This variation can notably

affect the average X-ray absorption of the sample. Af-

terwards, hydrates start to crystallise; this crystallisation
can be responsible for a local variation of the atomic

density which affect the value of the absorption coeffi-

cient.

Fig. 5 presents the results of X-ray absorption mea-

surements in specific regions of interest (ROI) for the

CT images. This graph emphasises the existence of an

X-ray absorption gradient between the centre and the

edges of the sample during the hydration process. This

measurement confirms the observations made on CT

images (Fig. 3). It is important to note that the ob-

served gradients involve the overall volume of the

sample, which is confirmed by line graph measurements

(Fig. 6).

If we compare the evolution of the different sets
of data, namely qualitative observations, CT measure-

ments such as histograms, ROI and line graphs, we can

propose the following chronology, divided into five

principal stages which are pointed out in Fig. 7:

Stage 1 (0–2 h after mixing): The X-ray absorption

distribution is relatively homogeneous in the sample.

During this initial period, hydrates are probably formed

only in very low amounts.
Stage 2 (2–3 h after mixing): A strong decrease in the

X-ray absorption value of the specimen is observed. It

can be explained by massive production of hydrates in

amorphous form and also by evaporation of water.

Stage 3 (3–4.5 h after mixing): Slight evolution of

X-ray absorption while the hydration continues.

Fig. 5. Density measurements as a function of setting time for the S2

slice at different ROI.

Fig. 4. Histograms of the S2 slice deduced from Fig. 6.
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Stage 4 (4.5–5.75 h after mixing): Increase of the

X-ray absorption of the sample is closely related to the

crystallisation of hydrates. Beginning of the stiffening of

the specimen (setting).

Stage 5 (5.75–24 h after mixing): The sample reaches

its final hardened state.

5. Conclusion

This paper describes the analysis of CT images and

CT measurements performed on Secar 71 cement paste

just after mixing (W/C¼ 0.33). Qualitative observations

and quantitative measurements enable us to propose

some conclusions:

• CT can be beneficial to describe the X-ray absorption

variations in relation to the progression of the hydra-

tion process in the cement paste.

• CT gives important information concerning the
X-ray absorption gradients which take place in the

specimen. The heterogeneous character of the setting

process is clearly emphasised. Hydration probably

starts in the heart of the sample before spreading all

over. In addition, a ‘‘boomerang effect’’ of the X-rays

absorption values is pointed out.

This technique provides another non-destructive in
situ tool, which can be applied to fairly large specimens

(cement, mortars or concrete). It allows us to propose a

qualitative description of the chronology of hydration.

A complete interpretation of hydration phenomena

needs the combination of this technique with other in

situ measurements (XRD, DTA, and TG) and ex situ

techniques (ultrasonic velocity, acoustic emission mon-

itoring).
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