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Abstract

The mechanical properties, particularly the elastic modulus and the hardness of the major phases of Portland cements (C3S and alite, C2S

and belite, C3A, C4AF) are measured at the microscopic scale by nanoindentation and at the macroscopic scale by the resonance frequencies

technique. At the microscopic scale, the elastic moduli of these phases range between 125 and 145 GPa. The hardness of the calcium

aluminate (C3A) is around 10 GPa while those of the silicates are lower (8 to 9 GPa). There are no significant differences between the elastic

properties of the pure phases (C3S, C2S) and those of their solid solution alite and belite found in industrial clinker. The results found at the

macroscopic scale takes into account the bulk porosity of the samples. The elastic moduli of the C3S, C2S, C3A phases decrease by about

35% when the porosity decreases by 15%. The elastic moduli obtained at the macroscopic scale, by extrapolation at zero porosity, are in good

agreement with the results obtained at the microscopic scale by nanoindentation. D 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The improvement achieved during the last decade from

the ordinary concrete to the high-performance concrete

(HPC), very-high-performance concrete (VHPC) and to

the reactive powder concrete (RPC) is mainly due to a

better understanding of the microstructure of the material

[1]. The microstructure of the hardened concrete depends on

the design of the concrete (proportion, quality of the starting

material, . . .), processing, curing, and on the rate of the

hydration of the cement [2]. The knowledge of the proper-

ties of the different constituents involved in the final

microstructure is consequently essential to improve the

concrete. There are calcium silicate hydrates, residual clin-

ker, aggregates, fibers, . . .
Modelling the microstructure is a promising way to

highlight the important parameters and reduce the quantity

of tests. It requires determining mechanical properties of the

residual clinker, hydrated phases and aggregates or other

additions such as fibers. This paper deals with the elastic

modulus and the hardness of the principal minerals con-

tained in Portland cement. A second study, published

further, is devoted to the measurement of the elastic proper-

ties of calcium silicate hydrates.

Modelling is very often limited by the lack of data

concerning the mechanical features of the materials (elastic

modulus, hardness) and more specifically, by the lack of

data obtained in situ (locally in the concrete matrix). Very

little information is found in the literature [3,4].

In the present paper, the measurements are carried out at

the microscopic scale by nanoindentation in order to obtain

local measurements, and at the macroscopic scale by reso-

nance frequency measurements, in order to relate both scale

of measurements independently on the porosity of the

sample involved at the macroscopic scale.

2. Methods

2.1. Sample preparation

Pure phases related to the constituents found in Portland

cement [tricalcium silicate (C3S), dicalcium silicate (C2S),
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tricalcium aluminate (C3A), calcium aluminoferrite (C4AF)]

have been synthesized from reagent grade oxide and

calcium carbonate. Synthetic alite and belite have also been

prepared in the same way by adding Al2O3, Fe2O3, MgO in

the proportion corresponding to an average industrial clin-

ker [5]. The structure and the purity of the synthesised

phases were checked by X-ray diffraction. The samples

devoted to the nanoindentation tests are prepared by com-

pacting slightly humidified powder at 40 MPa. The pellets

are dried at 110°C and sintered at 1450°C for C3S, C2S,

C3A and 1350°C for C4AF. Then, the pellets are embedded

in a low-viscosity epoxy resin and polished by using, at

first, abrasive papers of 400, 600 and 1200 grade and then

diamond suspensions (6, 3, 1, and 0.25 mm). Careful

attention is paid to the quality of the surface of the sample

(flatness, cracks, and scratches) for the measurements of

elastic moduli and hardness by nanoindentation to insure

the reproducibility of the small penetration of the indenter.

The chemical homogeneity is checked by SEM/EDS (after

carbon coating of the polished section). Fifty analyses are

carried out in the section and if the standard deviation of

the chemical analysis is higher than 1%, the sample is

rejected. Then the sample is repolished to remove the

carbon coating (0.25 mm) and is ready for the nanoindenta-

tion tests.

The pressure and sintering techniques are used to

obtain dense particles in order to obtain a polished

section to check the chemical homogeneity and to mini-

mize the standard deviation of the results of E and H. It

is more difficult to carry out these experiments on pow-

ders. The volume of matter, which is concerned for the

nanoindentation test, is about 5 mm3 (the order of magni-

tude of the volume analysed by the electron beam in

SEM). In this case, it is not necessary to have a large

pellet of high bulk density but dense particles of few

millimeters are recommended.

For the macroscopic tests (using resonance frequencies

measurements method), prism specimens are prepared

with humidified powders compacted at 40 MPa. The

specimens are dried at 110°C and sintered at 1450°C for

C3S, C2S, C3A and 1350°C for C4AF. In this case, the

target is to obtain a large sample with a high bulk density.

In order to obtain different porosity for every sample, two

powders with a different specific area are mixed by

varying the quantity of each powder to have an extended

particle size distribution. The porosity of the samples is

deduced from the comparison between the measured and

the theoretical density.

2.2. Experimental procedures

The experiments at the microscopic scale by nanoin-

dentation were performed using a Nanoindentation TM II

shown schematically in Fig. 1. The instrument continu-

ously monitors the displacement of the indenter by a

capacitance gauge as a load is applied. The load and

displacements resolutions of the apparatus are respectively

75 nN and 0.04 nm. The measurements of hardness and

elastic modulus were obtained using a Berkovich inden-

ter, i.e., three-sided pyramid diamond, with the same

nominal area to depth relationships as the standard Vick-

ers pyramid.

Experiments were performed using a load ± time

sequence that is shown in Fig. 2. The indenter was first

loaded and then unloaded three times at a constant rate of

loading. In order to insure that the contact was maintained

between the specimen and the indenter, the load reached

at the end of unloading is 10% of the maximum load

(i.e., if the maximum load is 40 mN, the minimum is 4

mN, see Fig. 2). The multiple loadings and unloadings

are necessary to check the reversibility of the deformation

and thereby to make sure that the unloading data used for

analysis purpose are mainly elastic. Every three unload-

ing, the load was held constant for a period of 100 s

(`̀ hold'' period) at 10% of the peak value while the

displacement was carefully monitored to establish the

ratio of displacement produced by thermal expansion in

the system.

The system is thermally buffered from its surrounding

and from the room within which it is housed. The room is

temperature controlled within 1°C. However, thermal fluc-

tuations are caused by some components of the apparatus.

To account for the thermal variations, the rate of displace-

ment was measured during the `̀ hold'' period and the

Fig. 1. A schematic representation of experimental equipment used to

perform the indentation experiments.
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displacement data were corrected by assuming that the

temperature drift rate was constant through out the entire

test. Following the `̀ hold'' period, the specimen was loaded

for a fourth and final time, with another 50-s `̀ hold'' period

during the peak load, to avoid plastic effects, and finally, the

specimen was fully unloaded.

The simultaneous measurement of the load and the

displacement during the indentation allows a direct mea-

surement of the elastic modulus and the hardness without

direct imaging of the indentation using the method

described by Oliver and Pharr [6,7] and developed by

Boudoukha [8] for ceramics.

The relations used to computing the hardness, H, and the

effective indentation modulus, Er, from the measured data

are (Eqs. (1) and (2)):

H � Pmax

Ac

�1�

S � dP

dh
� b

2���
p
p ���

A
p

Er �2�

where Pmax is the peak load at the maximum of the curve, h

is the displacement, Ac is contact area, S the contact

stiffness, and b is a correction factor (approximately equal to

1.034 for the Berkovich indenter [6]). For the indentation

data studied in this paper, 90% of the unloading curve was

fitted to the relation described by Oliver and Pharr used to

determine the contact stiffness S.

Eq. (2), which follows an analytical solution derived by

Sneddon [9] for the penetration of an elastic half space by an

axisymmetric indenter of arbitrary smooth profile, relates

the experimental stiffness and the contact area to the

effective elastic modulus.

From the measurement of the effective modulus, Er, the

elastic modulus of the material, E, is obtained using the

equation (Eq. (3)):

1

Er

� 1ÿ �2

E
� 1ÿ �2

i

Ei

�3�

where ni and Ei are the Poisson coefficient and the elastic

properties of the diamond indenter and n is the Poisson

coefficient of the measured phase.

The experiments at the macroscopic scale were per-

formed by the resonance frequencies technique. This type

of measurement is commonly used for testing mortar and

concrete [10,11]. In the resonance method, the test specimen

is made to vibrate as a whole in one of its natural frequency

modes (transverse, longitudinal, or torsional). The reso-

nance frequency depends on the geometry of the sample,

on its density, its pores distribution, and on the elastic

properties. We use prisms in our experiments.

3. Experimental results and discussion

3.1. Nanoindentation results

The elastic modulus and the hardness of C3S, alite,

C2S, belite, C3A, C4AF, are measured by nanoindentation

at penetration depths of about 300 and 500 nm. Fig.

3(a±d) present the typical load±displacement curves at

applied penetration of 500 nm for C3S (a), C2S (b), C3A

(c), and alite (d). We can notice for this penetration

depth, corresponding to applied forces ranging between

40 and 50 mN, that these anhydrous phases exhibit first

an elastoplastic behaviour during the first loading, and

then during the successive cycles a hysteresis loop

occurs. No creep phenomenom is observed at constant

force. The hysteresis behaviour corresponds to an energy

dissipation (damping phenomenom) probably due to a

viscoelastic behaviour appearing after plastic deformation.

However, this effect can be neglected in order to

calculate the elastic modulus and the hardness (the

elastic modulus is measured by using the last unloading

curve). Table 1 shows the elastic moduli of the phases,

measured at two depths of penetration. These values are

an average of 10 to 20 experiments and are calculated

Fig. 2. Typical displacement± time sequence.
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using an approximate Poisson's ratio of 0.3 for all

constituents [7].

We check that the samples are homogeneous as the

moduli and the hardness values do not vary with the

penetration depth. The elastic moduli are similar to each

other in the range of 125 to 145 GPa. The comparison of

moduli between a pure C3S phase and alite shows clearly

that the influence of minor element included as solid

solution in C3S is not significant. The same conclusion

stands for the pure C2S and belite.

The standard deviation of the measurement is about 7%,

except for C2S and C4AF. In the first case, this greater

scatter can be explained by the polymorphic transformation

during the cooling generating microcracks in the matrix. In

the case of the C4AF sample, the presence of a discontinuity

was noticed on load±displacement curves (Fig. 4). This

discontinuity seems to be a typical phenomenon of micro-

cracks formation generated by the indenter during the first

loadings. Such a phenomenon seems to indicate that the

toughness of C4AF phase is smaller than the one of the other

anhydrous phases.

Table 2 shows the hardness of the phases, measured at

two penetration depths. These values are an average of 10 to

20 experiments.

As for the elastic modulus, the hardness of the different

calcium silicates are in the same range. The calcium

aluminate C3A shows a slightly stronger hardness (10.8

GPa) than silicate calcium phases (8±9 GPa.).

3.2. Resonance methods results

In order to correlate the results obtained at microscopic

level to the results obtained for the bulk samples (mortar or

concrete), the elastic moduli of anhydrous phases are

measured at the macroscopic scale. At that scale, the

values obtained integrate the intrinsic elastic modulus of

the solid, but also the total porosity of the sample. To take

into account the influence of the macroscopic porosity on

Fig. 3. Typical load± displacement curves for the anhydrous phases: (a) C3S, (b) C2S, (c) C3A, (d) alite.
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the elastic modulus, the dynamic moduli vs. relative

porosity were determined by measuring the resonance

frequency for the fundamental mode of flexural vibrations

of the bar shape specimens (10� 1� 2 cm) [10]. For these

calculations, we took, as previously, a Poisson's ratio of

0.3. By extrapolation at zero porosity, it is possible to

compare these values to those obtained by the nanoinden-

tation method.

Fig. 5(a±c), show the macroscopic dynamic moduli of

C3S, C2S, and C3A as a function of the relative porosity in

Fig. 3 (continued).

Table 1

Elastic moduli (E) of calcium silicates, calcium aluminate, and calcium

aluminoferrite present in Portland cement clinker

C3S C2S C3A C4AF Alite Belite

E (GPa) 135 130 145 125 125 127

S.D. 7 20 10 25 7 10
Fig. 4. Load±displacement curve for the C4AF phase.
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the range from 5% to 30%. We confirm that the elastic

moduli decrease as the porosity increases and their evolu-

tion follows the classical polynomial relation described by

Powers [12]. From 10% to 20% of porosity, the moduli

decrease to about 30% to 40% depending on the samples.

Table 2

Hardness (H) of calcium silicates, calcium aluminate, and calcium

aluminoferrite present in Portland cement clinker

C3S C2S C3A C4AF Alite Belite

H (GPa) 8.7 8 10.8 9.5 9.2 8.8

S.D. 0.5 1.0 0.7 1.4 0.5 1.0

Fig. 5. Elastic moduli as a function of the relative porosity of the phases of: (a) C3S, fit: E = 146.89 * eÿ 3.4p, R = 0.99; (b) C2S, fit: E = 140.2*(1ÿ p)4.65,

R = 0.92; (c) C3A, fit: 164.2*(1ÿ p)3.36, R = 0.97.

Table 3

Comparison between the elastic moduli (E) obtained by nanoindentation

and by resonance frequency technique for C3S, C2S, and C3A

Phases

E measured by resonance

frequency (GPa)/S.D.

E measured by

nanoindentation/S.D.

C3S 147/5 135/7

C2S 140/10 130/20

C3A 160/10 145/10
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In the present case, the moduli obtained by extrapola-

tion to zero porosity depend very little on the type of

relation used to fit the experimental results. The values

obtained using the relation E = E0(1ÿ p)n [12], where E0

and p are the modulus at zero porosity, can be compared

to those measured by nanoindentation (Table 3).

4. Discussion

The results obtained at the microscopic scale come from

the measurement of the elastic properties of small particles

(few mm3). At this scale and being given the method of the

preparation of the sample, it is easy to check that the

porosity of the particles can be taken at zero (the density

of the particle is close to the theoretical mass density of the

compound). If the porosity were different from particles to

particles, the standard deviation of the measurement would

be very high. For the measurements obtained by the

resonance frequency technique where the particles are

agglomerated to form a prism, the porosity is due to the

pores between the particles and not to the porosity of the

particles themselves.

There is a good consistency between the values obtained

at the macroscopic scale and those measured at the micro-

scopic scale by nanoindentation. Very few determinations of

elastic moduli of different constituents of cement are found

in the literature. Granju [4] measured the elastic moduli of

clinker on polished blocks. By extrapolating at zero poros-

ity, he found an elastic modulus for the clinker ranging

between 60 and 300 GPa. The scatter of the results was due

to the cracks introduced during the preparation of the

sample. Boumiz [3] measured the elastic modulus of com-

pacted powder of C3S. He prepared cylindrical samples with

a density of the same order as the density of C3S grains

(3.14 g/cm2). Assuming that the material has a zero porosity,

the author found by acoustic method the elastic modulus of

C3S equal to 117 GPa. This last value is consistent with the

values obtained in the present work by nanoindentation and

by extrapolation method at zero porosity level.

5. Conclusions

The results found at the microscopic scale by nanoin-

dentation showed that:

� The elastic moduli of C3S, C2S, C3A, C4AF, are

similar and range between 125 and 145 GPa.
� The hardness of calcium silicate (C3S, C2S) and

calcium aluminoferrite (C4AF) are similar (between 8

and 9.5 GPa) and lower than the hardness of C3A

(10.8 GPa).

� There is no significant difference between the elastic

moduli and the hardness of pure C3S and the alite or

between pure C2S and belite, showing the little

influence of the minor elements.

The results obtained at the macroscopic scale by fre-

quency resonance technique showed that:

� The elastic moduli of C3S, C2S, C3A, decrease as the

porosity increases. From 10% to 20% of porosity, the

moduli decrease from about 30% to 40%.
� The elastic moduli obtained by extrapolation at zero

porosity are in good agreement with the results

obtained at the microscopic scale by nanoindentation.

This work is the initial step toward developing a con-

stitutive relationship for mechanical properties of hydrated

cements. The consistency of the results obtained at the

microscopic and macroscopic scales supports the use of

the technique of nanoindentation to the hydrated paste of

cement that is the next step of our work.
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