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Abstract

A study of the hydration process and the porosity evolution in a cement paste is presented. The analysis of porosity was made in samples
with water to cement ratios (w/c) of 0.24, 0.40 and 0.60 at age of 3, 7, 28 and 365 days, respectively. Information on the evolution of total
porosity and on the strength of the paste were obtained using positron annihilation lifetime spectroscopy (PALS), scanning electron
microscopy (SEM), X-ray diffraction (XRD), mechanical tests (compression and flexion) and water absorption techniques. Specifically,
positron lifetime technique allowed us to analyze the evolution of gel and capillary porosity during the hydration process. Using a simple
function proposed, reasonable fits to the experimental data of the porosity evolution as a function of the compression strength were obtained.

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Concrete is the most widely used construction material
around the world [1]. It offers suitable engineering and
durable properties at low cost with energy-saving and
ecological benefits. On the other hand, concrete is a com-
posite material with a complex structure. Mechanical prop-
erties of concrete are dependent on the phases (the hardened
cement paste and the aggregates) and the interfacial transi-
tion zones between the paste and the aggregates. At any age,
the porosity of the cement paste is the most important
parameter that defines mechanical properties and conse-
quently, the mechanical behavior and durability of the
material in the hardened stage. In such a way, information
about porosity is of paramount importance for engineering
concrete applications.

The cement hydration process begins when this material
is mixed with water. The voids originally filled with water
are progressively occupied by hydration products (silicates,
hydroxides and sulfoaluminates of calcium) [2]; this is the
main process of hardening of the cement paste. The radii of
the pores in the hydrated cement paste have size ranges from
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subnanometric to micrometric scale. The smallest pores are
called gel pores, whilst pores with radii between 10 and
1000 nm are called capillary pores. This last kind of pores
results from voids initially water filled and, afterward,
partially filled with hydration products [1].

Cement paste is a complex multicomponent material
and its study by means of positron annihilation spectros-
copy (PAS) techniques is not fully developed yet. Some
positron annihilation lifetime spectroscopy (PALS) studies
on the microstructure of the cement paste were developed
by one of the authors of the present work [3—5]. Research
by means of PALS on cement pastes made by cement of
different sources around the world would allow to gain
further information regarding both the materials and the
technique itself. PAS, and specifically PALS, is an increas-
ingly important and well-established analytical, non-de-
structive technique used as a bulk probe of subnanometer
voids in porous media such as zeolite and gels [6—10] and
of free volumes in polymers [11-13]. The lifetime of
orthopositronium (0-Ps) formed in the open volumes of
the materials is correlated to the size of the holes. More
generally, the spectral component associated with o-Ps is
sensitive to variations in the density number as well as in
the size of the holes; therefore, it is possible to monitor
changes in the porosity during the hydration process by
means of PALS.
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A positron injected into a porous material can annihilate
as free particle or can pick up an electron and form in the
pore a neutral system called positronium (Ps), which in the
ground state exists in two sublevels, parapositronium (p-Ps,
antiparallel positron—electron spins) and o-Ps (parallel
spins). These two states are formed according to the ratio
1:3 between p-Ps and o-Ps, respectively. The probability of
Ps formation depends on the physical and chemical proper-
ties of the materials [14]. From the Ps annihilation process,
it is possible to obtain information regarding the porous
distribution. In fact, the lifetime of p-Ps (0.125 ns in a
vacuum) is too short to be influenced by volume factors. On
the other hand, the positron forming o-Ps can annihilate
with an electron other than its bound partner (having a spin
opposite to that of the positron), following a process
commonly called pick-off annihilation. The result is a
strongly reduced o-Ps lifetime with respect to vacuum
(142 ns), typically in the range of 0.5 to 10 ns [8].

Usually, in the analysis of positron lifetime spectra of
porous materials various lifetime components are obtained.
A semiempirical equation allows one to describe the corre-
lation between size of the pores and the long-lived lifetime
component corresponding to o-Ps. In the model proposed by
Tao [15] and Eldrup et al. [16], it is assumed that o-Ps is
trapped in a simple potential well, such as a spherical well of
radius R having an infinite potential barrier. Then, the
following expression is usually used to obtain information
concerning the holes’ radius [12,17]:

R 1 27R \1"
=051 — gin( 1
To-ps = 0.5 R+6R+2nsm<R+6Rﬂ (1)

where 7,ps 1S measured in nanosecond and OR is the
thickness (0.166 ns) of the electron layer that forms the
wall of the hole and overlapping with the o-Ps wave
function. The corresponding intensity /,ps gives informa-
tion about the pores concentration present in the samples
[4,5]. Therefore, information on the evolution of the pores
concentration with the aging of the material can be obtained.
In a cement paste pores, sizes are expected to be distributed
around an average value. However, from a PALS spectrum,
it is very hard to obtain a corresponding lifetime distribu-
tion, owing to the weak intensities associated with the long-
lived components.

The hydration process is usually studied by different
techniques. However, none of these could be reliably
employed to extract information on pores with a radius size
smaller than 1-2 nm [1,18]. In this work, the porous
structure is studied during the hydration process by means
of PALS. The experimental results are discussed in com-
parison with those obtained using other well-established
techniques used in the study of strength and hydration
process in cement paste: scanning electron microscopy
(SEM), X-ray diffraction (XRD), mechanical tests (com-
pression and flexion) and water absorption technique.

2. Experimental

Ordinary portland cement Type 1 without mineral addi-
tions according to the ASTM C-150 standard specifications
was used. The water to cement weight ratios in the inves-
tigated pastes were 0.24, 0.40 and 0.60. The chemical
compositions of the cement shown in Table 1 were calcu-
lated using the Bogue expression [1, p. 185]. In all cases, the
samples used were cured by immersing them in a water/lime
saturated solution at 20 2 °C. After that, the hydration
reaction was stopped at 3, 7, 28 and 365 days by drying the
samples for 2 h in oven at 40 °C and, immediately after, by
immersing the samples in acetone (99.8% purity). Finally,
the acetone was eliminated by drying the samples in oven at
40 °C for 2 h.

Cylindrical samples (3 mm thickness and 2 cm diameter)
were prepared for PALS measurements. Prismatic samples
of 2.5 x2.5 cm® with 7.5 cm between support separation
were used for flexion tests. For compression tests, cubic
samples of 2.5 cm for each side were prepared. For SEM
and XRD studies, the samples were treated in an identical
way than those used for PALS measurements. Water ab-
sorption tests were carried out by drying different samples at
378 K and, afterwards, by sinking the samples in water.

The lifetime spectrometer was a fast—fast timing coinci-
dence system with a time resolution (FWHM) of 254 ps. A
20-uCi source of *?Na deposited on a thin Kapton foil was
sandwiched between two identical specimens. The source
contribution and the response function were evaluated by
means of the RESOLUTION [19] code. The positron
lifetime spectra were measured with total number of 3—
4 x 10° coincidence counts and deconvoluted through the
POSITRONFIT program [19]. For more experimental
details see Refs. [20,21].

Mechanical tests were carried out at room temperature
using an Instron 4485 testing machine. XRD studies were
made with a Philips X’Pert diffractometer equipped with a
graphite monochromator using CuK,, radiation. For these
measurements, the XRD was operated at 40 kV and 20 mA.
In this case, to avoid the CO, contamination, as usual, the
samples were obtained from the inner part of the mechanical
test samples which, then, were milled and selected using a

Table 1
Chemical compositions of the cement calculated using the Bogue
expression [1, p. 185]

Chemical composition (%)  Bogue potential compounds (%)

CaO 6345 C5S 58

Si0, 2144  C,S 18

F6203 4.20 CgA 2

ALO; 3.40  C4AF 13

SO, 291 Specific surface (Blaine) Anhydrous state
K,0 1.18

Na,O 0.07 321 m%kg

MgO 0.57

Loss on ignition 1.82

Insoluble residue 0.23
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Fig. 1. Compression strength (a) and flexion strength (b) as a function of the
age until 28 days for w/c of 0.24 (A), 0.40 (@) and 0.60 (M). The solid
lines are only a visual aid.

45-um sieve. SEM micrographs at different aging stages
were obtained using a Philips microscope. The samples used
for this technique were prepared from the fractured surfaces
of the mechanical test samples.

3. Results

In Fig. 1, the results of mechanical tests obtained
through compression and flexion strength as a function of
the aging time are shown. For the three water to cement
ratios (w/c) studied, it can be seen that both the compres-
sion strength and the flexion strength increase with the age.
After 3 days, the compression strength rapidly increases
with aging to the values of 74.5, 38.3 and 11.9 MPa for w/c
equal to 0.24, 0.40 and 0.60, respectively (Fig. 1a). Then, a
slow increment of the abovementioned parameter is ob-
served, reaching after 28 days 96.7, 58.7 and 22.8 MPa,
respectively. The flexion results presented in Fig. 1b show a
similar behavior with a strong increase of the strength at an
age of 3 days, reaching 12.57, 6.6 and 2.75 MPa for w/c
equal to 0.24, 0.40 and 0.60, respectively. After that, a slow
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Fig. 2. Intensity (/) associated with the long-lived component (z4) as a
function of the age for w/c 0.24 (A), 0.40 (@) and 0.60 (M). The solid lines
are only a visual aid.

increase of the flexion strength results can be observed,
reaching the final values of 13.76, 8.36 and 6.91 MPa after
28 days.

In the analysis of PALS, spectra satisfactory fits were
obtained by means of a deconvolution of the positron
lifetime spectra into four components after subtraction of
the source contribution. In Table 2, the lifetimes and
intensities for w/c equal 0.24, 0.40 and 0.60 in parts a, b
and c, respectively, are shown. The long-lived lifetime
component 7,4 is usually associated to the o-Ps formation
in the pores of the cement paste. The corresponding inten-
sity 1, can be associated to the pores concentration [4,5]. In
Fig. 2, the evolution of I, with the age of the samples and

Table 2

Lifetimes 14, 73, Tp, 77 and their associated intensities /s, I3, I, I; obtained for ages of 3, 7 and 28 days and for different w/c

Age (days) 74 (ns) 1y (%) 73 (ns) I (%) 7, (ns) L (%) 71 (ns) I (%)
w/c=0.24

3 4.66 +0.23 1.08 + 0.04 0.99 +0.03 5.87+0.37 0.33+0.01 51.19 +3.20 0.19 £ 0.01 41.86 +3.50
7 5.474+0.43 1.20+0.10 1.16 £ 0.07 5.40 &+ 0.40 0.35+0.01 47.70 £ 4.20 0.19 £ 0.01 45.70 £ 4.70
28 4.58 +£0.27 1.20 £ 0.10 1.11 £ 0.04 6.70 + 0.30 0.354+0.01 49.40 £ 2.60 0.19 £0.01 42.70 £2.90
w/c=0.40

3 5.95+0.57 1.55+0.13 1.44 4+ 0.09 5.75+0.23 0.39 +0.02 38.60 +£3.70 0.21 £0.01 54.10 £3.90
7 5.84 +0.35 1.52+0.10 1.39 4+ 0.06 6.35+0.26 0.39+0.01 41.61 £+ 3.00 0.21 £0.01 50.52 +3.30
28 5.98 +£0.25 1.32+£0.06 1.50 £ 0.04 6.35+0.22 0.43 £0.02 34.40 £ 3.00 0.24 £ 0.01 57.93 £3.30
w/c=0.60

3 5.92+0.32 1.44+0.14 1.53+0.11 5.61 +0.40 0.44 +0.02 31.02 £ 3.60 0.23 +£0.01 61.93 +4.10
7 5.73+0.29 1.25+0.11 1.44 £0.05 7.00 £+ 0.30 0.43 +£0.01 3432 +£2.70 0.23 +£0.01 57.43 +£3.00
28 5.59+0.33 1.324+0.10 1.45+0.05 5.85+0.28 0.43 +0.02 36.77 £3.20 0.23 £0.01 56.06 + 3.50
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Fig. 3. SEM micrographs (X 1250) showing the growth of the CH crystals (white arrows) in a pore for w/c=0.24 at 3 days (a), 7 days (b), 28 days (c) and 365

days (d).
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Fig. 4. Intensity of XRD spectra (CuK,) as a function of the diffraction
angle 20 for samples with w/c=0.24 at 3, 7, 28 days and 1 year. Reference
peaks: CH (1), C,S (2) and C5S (3).

for the different w/c ratios is shown. In Fig. 2a (w/c=0.24),
1, increases from 1.08% to 1.20% from 3 to 7 days; then, it
remains almost constant up to 28 days. After 1 year of age,
1, reaches 1.5%. Fig. 2b shows I, for w/c=0.40. The
observed behavior is different from the previous one since
during the time interval from 3 to 28 days, the intensity
progressively decreases from 1.55% to 1.32%. After 1 year
of age, I, reaches a value of about 1%. The data
corresponding to w/c=0.60 plotted in Fig. 2c show an

Table 3
Intensity (in arbitrary units) of the XRD CH peak as a function of w/c and
age

Age (days) CH peak (20=18°+20=34°)

wl/c

0.24 0.40 0.60
3 258 - -
7 343 641 818
28 487 684 1054
365 542 - -
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Fig 5. Compression strength as function of the water absorption for the w/c
equal to 0.24 (A), 0.40 (@) and 0.60 (m). The age of each point is indicated
in the same figure. The line is a fit using Eq. (2).

initial decrease of I from 1.44% to 1.25% from 3 to 7 days.
Then, the intensity results in 1.32% at 28 days. For a further
aging up to 1 year, /; decreases, reaching a final value of
1%.

In Fig. 3, SEM results for samples with w/c of 0.24 are
displayed. In the different micrographies corresponding to
aging times of 3 days (a), 7 days (b), 28 days (c) and 1 year
(d), the presence of calcium hydroxide (CH) crystals inside
the capillary pores can be observed; they are evidenced by
white arrows. The nature of the hexagonal crystals was
determined by using an electron microprobe analysis
(EDAX).

In Fig. 4, XRD results for the abovementioned samples
are presented. Intensities of the diffraction patterns, obtained
for the X CuK, peak as a function of the diffraction angle
20, are shown. The peak labeled 1 can be related to the
presence of CH crystals. A systematic increase of the
intensity of such a peak when the aging proceeds is
observed. This corresponds to a growth of the CH crystals.
Likewise, the peaks labeled 2 and 3 decrease their intensities
showing a decrease of the dicalcium silicate (C,S) and
tricalcium silicate (C5S) crystals, respectively. The relative
intensities in arbitrary units are shown in Table 3 as a
function of the w/c and age obtained from the diffraction
patterns.

In Fig. 5, results of the compression stress tests as a
function of water absorption and for different aging times
are shown.

4. Discussion

The mechanical strength resistance of the cement paste
is associated with the hydration reaction of calcium
silicates (CsS, C,S). Calcium silicate hydrated (CSH)
and CH are also produced in the reaction. Our pastes
show an adequate hydration process; indeed, in the

sequence of SEM analysis (see Fig. 3) for w/c=0.24,
the growth of the CH crystals inside a pore is clearly
visible. Increase of the XRD intensity of Peak 1 in Fig. 4
leads to the same conclusion. Furthermore, from the same
figure, the decrease of the intensity of Peaks 2 and 3 is an
indication that the hydration reactions of C;S and C,S
proceed with aging. As it can be seen from Table 3, there
exists a growth of the CH peak intensity when the w/c
increase. Such a behavior could be assigned to higher
development of the CH crystals. The lowest w/c (i.e., W/
c¢=0.24) prevents a complete cement hydration, and
therefore, there are still some CsS anhydrous in the
sample with 365 days age (Peak 3 in Fig. 4). On the
other hand, for higher w/c (i.e., w/c=0.4 and w/c=0.6),
C;S are not observed. This can be attributed to the water
excess that makes possible a complete hydration process.
We conclude that in the cement pastes under study, a
good hydration process is developed. Besides, this process
is complete for w/c=0.4 and 0.6. Therefore, it can be
pointed out that the hydration process depends on the w/c
ratios.

Because of the complexity of the cement paste, it is very
hard to establish a direct association among the lifetime
components 1y, T,, T3 obtained by PALS and a specific
annihilation process [4,5]. However, as it is usual in this
type of analysis, the long-lived lifetime component 74 can be
assigned to o-Ps annihilation in the pores. By using Eq. (1)
and the positron results obtained for 7, which ranges
between 4.50 and 6.00 ns, a radius of 0.5 nm or higher
for the cavity where o-Ps is annihilated would be estimated.
However, we should be aware that internal pores can still
contain water, so a direct correlation between 74 and cavity
radius is lost (Eq. (1) is valid only for evacuated pores). On
the other hand, it is worth mentioning that at present, we
cannot assign a clear interpretation to the origin of the 13
specially because it has a long-lived lifetime ( ~ 1—-1.5 ns,
see Table 2). This lifetime component contributes with a
variable intensity /5 (see Table 2) that cannot be linked to
any other variable of the cement pastes studied.

As shown in Fig. 2, for w/c=0.24, the porosity as
monitored by I, increases with the aging time. On the
other hand, for w/c equal to 0.40 and 0.60, the porosity
decreases with aging and the effect becomes more impor-
tant for w/c=0.60.

From the literature, it is known that the porosity
decreases with aging [1,2,22]; this diminution has been
assigned to the hydration process. In the present work, the
same results were obtained through water absorption tests.
The decrease of porosity is a consequence of the volume
reduction of the capillary pores that overcomes the growth
of the gel pores [1]. For w/c>0.32, a total hydration is
produced in the cement paste [22]. For w/c of 0.40 and
0.60, the water excess chemically not combined is respon-
sible for a higher capillary porosity. In this scenario, for w/
c¢=0.24 we assume that the longest lived component is
mainly due to o-Ps annihilations in gel pores. As it is



96 W. Salgueiro et al. / Cement and Concrete Research 34 (2004) 91-97

known [1,2,22], the hydration process increases the gel
pores concentration and this behavior is reflected by the
evolution of I, (Fig. 2). Conversely, in the samples
characterized by w/c=0.40 and 0.60, the main contribution
to I, comes from o-Ps annihilation in capillary pores.
Indeed, the capillary pores concentration decreases with
aging and this is just the behavior shown by I;. In other
words, capillary pores are the most important source of o-
Ps annihilation in samples with w/c of 0.40 and 0.60, since
the water excess leaves more open volumes during the
hydration process. In samples with w/c=0.24, the gel
pores are the most important source of o-Ps annihilation
because there is no excess water.

When the results of compression test are displayed as a
function of the water absorption porosity study (Fig. 5), an
interesting correlation is found. The relation between the
porosity (p) and the stress of the cement paste f/ can be
fitted by the expression used in Ref. [23]:

f = foe™ (2)

where f, is the intrinsic stress at zero porosity and b is a
constant which depends on the cement. By assuming that
Eq. (2) gives information about the open porosity, a fit to the
experimental points shown by a line in Fig. 5 gives

fo =243.76 and b = 0.0646 (3)

The fit is relevant since it provides further information
about the total porosity at any age from mechanical test at
normalized test age of 3, 7 and 28 days, it confirms a
decrease of the porosity with the age and gives a corre-
lation between mechanical properties and water absorption
tests. Information obtained by positron annihilation is
more specific since it allows getting information about
the main contribution to the porosity. The techniques used
in this work to study the cement paste are therefore
complementary.

5. Conclusions

In this work, information about porosity in cement
pastes was obtained by PALS from the intensity /, associ-
ated with the long-lived lifetime in the PALS spectra. The
results show that the gel pores evolution is the main
contribution to /, for the lowest w/c (0.24); however, an
important contribution from o-Ps annihilation in capillary
pores must be taken into account when w/c is incremented
to 0.40 and 0.60. The effect is due to a higher density of
capillary pores in the paste as a result of the voids
produced by the initial water excess during the CSH
hydration. The porosity results obtained by the different
techniques are in good agreement. Further studies are in
progress to extract more information from the PALS results
and water absorption test.
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